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PREFACE TO THE SERIES 

This book series aims to provide a comprehensive survey of the many facets of drug 
delivery and targeting for senior undergraduates, graduates and established workers 
carrying out research in this area. Both drug delivery technologies and targeting 
grow in scope and potential, as well as complexity, almost daily. New opportunities 
arise through the development of new materials for the design and fabrication 
of drug delivery vehicles and carriers; new challenges are posed by the discovery 
and development of new therapeutic agents, which include not only small organic 
and inorganic molecules but also macromolecules that frequently have a natural 
propensity for transport across biological barriers. The series has to date covered 
delivery technologies in microencapsulation1, liposomal d e l i ~ e r y ~ , ~ ,  the promotion 
of drug absorption4, the important issues surrounding peptide and protein delivery5, 
and interfacial phenomena in drug delivery and targeting6. The technology of drug 
delivery can never be dealtwith in isolation, but always in the context of the biological 
environment in which delivery vehicles will operate in vivo. 

This volume in the series deals in a timely and comprehensive manner with the 
crucial topic of biodegradable polymers of natural synthetic or semi-synthetic origin. 
All the key classes of absorbable polymers used in the fabrication of microspheres and 
nanospheres, membranes, reservoirs and other components of injected or implanted 
delivery systems are covered. A better understanding of the chemical and physical 
factors affecting biodegradability will allow more precise prediction of the lifetime 
of systems in vivo and the more informed choice of polymeric vehicle. 

Drexler7 talks of conventional drug delivery as somewhat haphazard. "Drugs are 
dumped into the body, tumble and bump around in solution haphazardly until they 
bump a target molecule, fit and stick." He proposed that the future of therapy will 
consist of nanomachines which will gain access to diseased sites, recognize the target, 
disassemble damaged parts, rebuild and reassemble. We are perhaps some way from 
that vision, but the progress that is made step by step is the stuff of research in 
drug delivery and targeting. It is the role of a book series to record and analyze 
that progress, and we hope that this series will achieve those aims and provide some 
stimulus for further discovery. 

Alexander T. Florence and Gregory Gregoriadis 
Series Editors 
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PREFACE 

There has been an explosion of interest recently in the topic of biodegradable 
polymers for medical applications. The reason is clear: these materials are versatile 
building blocks of devices that can achieve targeted delivery of drugs and/or tissue 
augmentation. 

In its genesis, inventions in this field related to the production of suture materials. 
Fibers could be engineered with varying absorption rates to match the healing 
profiles of the tissues they helped to repair. The synthetic materials offered clear 
advantages over conventional gut and silk sutures in terms ofversatility and low tissue 
reactivity. Synthetic bioabsorbable orthopedic fixation devices too offered clear 
advantages over their steel counterparts since they would ultimately be degradable 
where an indefinite material was not truly needed or might require removal. Further 
advances have centered around the development of degradable materials for vascu- 
lar grafts, ligament reconstruction, adhesion prevention and organ regeneration. 
The development of endoscopic surgical techniques has widened the opportunity 
for placement of drug delivery devices at specific anatomic locations. A number of 
these devices are now at late stages in their development. 

After reviewing the available books in the field we felt that a reference work that 
provides technical and practical information on biodegradable polymers would be 
useful. The purpose of this volume is to provide a source manual for synthetic 
procedures, properties and applications of bioerodible polymers. In pursuing this 
goal, we have included descriptions of widely available materials such as polylactides, 
collagen and gelatin as well as polymers of emerging importance such as the 
genetically engineered and elastin based polymers which are as yet either proprietary 
and/or in early stages of development. The book is organized into three sections 
and contains 23 chapters, one for each type of polymer. Section 1 deals with synthetic 
absorbable polymers, Section 2 contains seven chapters focusing on natural, semi- 
synthetic and biosynthetic polymers, and Section 3 provides information on the 
characterization of biopolymers and a chapter on non-medical polymers. In this way 
we hope that this book will have utility for many years to come. 

We are honored to have received contributions from such a distinguished panel 
of investigators and experts in this field. We thank all our contributors for their time 
and expertise in preparing this work. 

Abraham J. Domb 
Joseph Kost 

David M. Wiseman 
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1. POLYGLYCOLIDE AND P LYLACTIDE 

DANA E. PERRIN1 and JAMES P. ENGLISH2 

ILznvatec Corporation, a division of Zimmer, a Bristol-Myeis Squibb Cornpan?, 
1131 1 Concept Boulevard, Largo, Florida 33773, USA 

^Absorbable Pohrner Technolop,  115B Hilltop Business D m e ,  
Pelham, Alabama 35124, USA 

INTRODUCTION 

The biodegradable polyesters, polyglycolide and polylactide, are often commonly 
referred to as poly(glyco1ic acid) (PGA) and poly(1actic acid) (PLA). However, 
high-molecular-weight polymers of glycolic and lactic acid are not possible to obtain 
by direct condensation of the related carboxylic acids because of the reversibility of 
the condensation reaction, backbiting reactions, and the high extent of reaction 
required. Therefore, polyglycolide and polylactide are typically made by ring- 
opening polymerization of their respective cyclic diester dimers, glycolide and 
lactide. Since the repeating unit of these polymers is actually glycolide or lactide, the 
nomenclature of these polymers should more correctly be polyglycolide (PG) and 
polylactide (PL) and copolymers should more correctly be named as poly(1actide- 
co-glycolide) s (PLG) s or poly (glycolide-co-lactide) s (PGL) s. 

The monomers glycolide and lactide are prepared by first condensing gly- 
colic or lactic acid into their respective low-molecular-weight condensation poly- 
mers. These low-molecular-weight polymers are then thermally cracked, prefer- 
entially forming the six-membered cyclic diesters. The crystalline cyclic diesters 
are highly purified by distillation, recrystallization, or both and then polymer- 
ized by ring-opening, addition polymerization to form the high-molecular-weight 
polymers. 

PG is a crystalline, biodegradable polymer having a melting point (Tin) of -225-'C 
and a glass transition temperature (Tg) of -35^C. The heat of fusion of 100% 
crystalline PG is 45.7 cal/gram. The repeating n~olecular structure of PG consists 
of one nonpolar methylene group and a single relatively polar ester group having 
the empirical formula of (C2H2O2),]. Relative to other biodegradable polymers, PG 
is a highly crystalline polymer, with crystallinity typically reported in the range of 
35-75%. The molecular and subsequent crystalline structure of PG allow very tight 
chain packing and thus afford some very unique chemical, physical, and mechanical 
properties to the material. For example, the specific gravity is typically in the range 
of about 1.5-1.7 which is extremely high for a polymeric material. The polymer 
is very insoluble in most organic solvents with the only solvents of utility being 
hexafluoroisopropanol (HFIP) and hexafluoroacetone sesquihydrate (HFASH). In 
its highly-crystalline form, PG has a very high tensile strength (10,000-20,000 psi) 
and modulus of elasticity (-1,000,000 psi) (BPI 1995). 

PG biodegrades by hydrolysis of the readily accessible and hydrolytically unstable 
aliphatic-ester linkages. The degradation time is just a few weeks depending on 
the molecular weight, degree of crystallinity, crystal morphology, physical geometry 
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4 D.E. PERRIN and J.P. ENGLISH 

of the specimen, and the physico-chemical environment (Ginde and Gupta, 1987, 
Browning and Chu, 1986, and Katz and Turner, 1970). Without the benefit of 
its unique crystalline behavior, PG would degrade much more rapidly. Additional 
information regarding the in-vitro and in-vivo degradation of PG, PL, and PGL is 
given later in this chapter. 

Although structurally very similar to PG, the polylactides (PL) s are quite different 
in chemical, physical and mechanical properties because of the presence of a 
pendant methyl group on the alpha carbon. This structure causes chirality at the 
alpha carbon of PL; and thus, L, D, and DL isomers are possible. L-PL is made 
from L(-)-lactide and D-PL is made from D(+)-lactide while DL-PL is made from 
DL-lactide which is a racemic mixture of the L(-) and D(+) isomers and the meso 
form having both the D(+) and L(-) configuration on the same dimer molecule. 

To date, L-PL, DL-PL, and their copolymers have received the most attention and 
achieved the greatest commercial success; therefore, the remainder of this discussion 
will be limited to L-PL, DL-PL, and their copolymers. 

L-PL is a crystalline, biodegradable polymer having a melting point (T,J of 
approximately 17yC and a glass transition temperature (Tg) of approximately 65>C 
(Schindler et al., 1977). Fisher, et al. (1973) has reported a calculated value for the 
heat of fusion of 100% crystalline PL as 93.7 J/gram, while the heat of fusion for 
commercial products has been reported as low as 30 J/gram (PURAC 1996). The 
empirical formula of the polylactides is (CgH*Odn. 

L-PL is generally less crystalline than PG, with crystallinity reported in the range 
of 35% (Gogolewski et al., 1983). The specific gravity is approximately 1.2-1.3. The 
polymer is very soluble in common organic solvents such as chloroform. In its more 
crystalline form, L-PL has a very high tensile strength slightly lower, although similar 
to PG (-10,000-15,000 psi) but a much lower modulus of elasticity (-500,000 psi) 
(BPI 1995). 

On the other hand, DL-PL is a completely amorphous polymer having a Tg of 
-57Â° (Hollinger and Battistone, 1986, Schindler et al., 1977). The specific gravity 
is -1.2-1.3, similar to L-PL. Because of its lack of crystallinity, DL-PL has a much 
lower tensile strength (-5,000 psi) and modulus of elasticity (-250,000 psi) (BPI 
1995). 

The methyl group in PL causes the carbonyl of the ester linkage to be sterically 
less accessible to hydrolytic attack; and depending on the type of PL, its molecular 
weight, degree of crystallinity, the physical geometry of the specimen, and the 
physico-chemical environment the PLs are typically more hydrolytically stable than 
PG. However, the lack of crystallinity in DL-PL causes this polymer to degrade faster 
than L-PL. 

As stated above, high-molecular-weight polymers and copolymers of glycolide and 
L- and DL-lactides are prepared by ring-opening addition polymerization of their 
respective cyclic dimers. Copolymers having a wide range of physical and mechanical 
properties with varying rates of biodegradation can be prepared with glycolide 
and lactide and a variety of lactones, other lactides, cyclic carbonates, and lactams 
(Dijkstra et al., 1991; Feng et al., 1983; Kricheldorf et al., 1985; Zhu et al., 1986). 

In making copolymers, attention to monomer reactivity differences is very impor- 
tant and depending on the specific conditions for copolymerization, wide differences 
in copolymer microstructure (monomer sequencing) are possible (Dunn et al., 
1988). 
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POLYGLYCOLIDE AND POIY1ACTIDE 
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Figure 1 Polymerization of Polyglycolide, Polylactide, and Copolymers 

As with PG and PL homopolymers, the copolymers of lactide and glycolide are also 
subject to biodegradation because of the susceptibility of the aliphatic ester linkage 
to hydrolysis. However, biodegradation of the copolymers is normally faster than 
the homopolymers because copolymerization reduces the overall crystallinity of the 
polymer, thus giving the polymer a more open macrostructure for easier moisture 
penetration. 

POLYMERIZATION OF POLYMERS AND COPOLYMERS OF 
POLYGLYCOLIDE AND POLYLACTIDE 

The synthesis of PG, PL and PGL is depicted in Figure 1. 

Polyglycolide 

In the polymerization of glycolide, temperatures in the range of 140-235'C are 
typical, although lower temperatures can be used. When polymerization tempera- 
tures are less than the melting point of the polymer (-225'C), crystallization of the 
polymerizing polymer occurs resulting in what is known as solid-state polymerization. 
Solid-state polymerization can be a useful tool in forming very high-molecular-weight 
polymers. 

The PG polymerization reaction is normally catalyzed by stannous 2-ethyl hex- 
anoate (stannous octoate) or stannic chloride dihydrate because of their very low 
toxicity. Other catalysts which can be used include various Lewis acids, organometal- 
lie compounds and organic acids. 

In the polymerization of L-lactide, temperatures in the range of 105-185'C are 
typical. When polymerization temperatures are less than the melting point of the 
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polymer (-175'C), crystallization of the polymerizing polymer occurs, resulting in 
solid-state polymerization as with PG. Solid-state polymerization has been useful in 
forming very high-molecular-weight polymers with molecular weights of -1,000,000 
Daltons (Bergsma et al., 1993). 

As with PG, the L-PL polymerization reaction is normally catalyzed by stannous 
octoate or stannic chloride dihydrate, however other catalysts can also be used. 

In the polymerization of DL-lactide, temperatures in the range of 135-155Â° are 
typical. Since DL-PL is an amorphous polymer, solid-state polymerization does not 
occur as with PG and L-PL. The DL-PL polymerization reaction is also normally 
catalyzed by stannous octoate or stannic chloride dihydrate. 

Molecular weights of PG, PL, and PGL copolymers are controlled by the addition 
of chain-control agents. These chain-control agents are usually water or primary 
alcohols; however, amines or other active hydrogen compounds can be used. Linear 
polymers are typically prepared using alcohols having functionalities of less than 
or equal to two, such as 1-dodecanol, or 1,6-hexanediol. Branched polymers can 
also be prepared by using tri- or poly- functional chain-control agents (Shalaby and 
Jamiolkowski, 1985; Cowsar et al., 1985). 

The polymerization details are given below for small scale laboratory polymer- 
izations of PG, L-PL, and DL-PL homopolymers and a pilot-scale polymerization of 
75/25 DL-PLG copolymer. 

Acquisition, Characterization, and Qualification of Glycolide and Lactide Monomers 

High-purity glycolide and lactide monomers are manufactured by Purac and 
Boehringer Ingelheim and may be obtained from either PURAC America of 
Lincolnshire, Illinois or BI Chemicals of Montvale, New Jersey. Lpon receipt, the 
monomer is sampled for identity and purity testing. During sampling, the monomer 
is blanketed wit11 dry, high-purity nitrogen to avoid moisture contamination. The 
monomer is then stored inside a freezer at <OLC under a dry, high-purity nitrogen 
atmosphere in the original container until qualified for use. 

The sample is first characterized by infrared spectroscopy (IR) and compared to 
a standard IR spectrum for identification. Monomer purity may be determined in a 
variety of ways such as melting point, DSC, etc., but is best determined by preparation 
of a small test sample of the homopolymer. A 10 gram test polymer is made by 
adding an appropriate quantity (0.03-0.10 wt %) of stannous octoate, available from 
Sigma Chemical Company of St. Louis Missouri, as a solution in dry toluene, with no 
chain control agent, to 10 grams of the monomer in a 20 mL glass vial under a dry, 
high-purity nitrogen atmosphere. The vial is sealed and submerged in an oil bath at 
135-l55'C for -18-24 hours. After partial melting, the monomer/catalyst mixture 
is agitated well initially and every 5 minutes thereafter until the melt becomes too 
viscous to agitate. After -18-24 hours the test polymer is removed from the oil bath, 
cooled to room temperature and a sample of the polymer is removed from the vial 
for determination of its molecular weight. The relative molecular weight for PG, 
L-PL, and DL-PL is determined by dilute solution viscosity. L-PL and DL-PL are also 
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analyzed by gel permeation chromatography (GPC) as described below. GPC is not 
routinely done in most laboratories on PG because it requires the use of HFIP as the 
solvent and the mobile phase, which is both expensive and hazardous. 

PG prepared in this manner should have an inherent viscosity of 2.0 dL/g or 
greater in HFIP to be assured of high-purity monomer. L-PL and DL-PL should have 
an inherent viscosity greater than 2.0 dL/g in chloroform and a weight-average 
molecular weight (Mw) by GPC of greater than 250,000 Daltons. If glycolide, 
L-lactide, or DL-lactide monomer purity is shown to be insufficient by these tests, 
they may be improved by recrystallization of the monomer. 

Small-scale Polymerization of Glycolide, L-lactide, and DL-lactide 

Small-scale polymerization of glycolide, L-lactide, or DL-lactide is conveniently 
carried out in a 1 Liter, stainless steel resin kettle equipped with a glass top, a 
stainless steel mechanical stirrer, a thermometer, and a gas inlet tube. The resin 
kettle, mechanical stirrer, and all glassware is predried overnight in an oven at 
150'C and cooled inside a glove box in a dry, high-purity nitrogen atmosphere. 
Both the loading of the monomer and assembly of the apparatus are also conducted 
inside the glove box in a dry, high-purity nitrogen atmosphere. Qualified, high-purity 
glycolide, L-lactide, or DL-lactide monomer (300 grams) and an appropriate amount 
of chain control agent for the desired molecular weight is charged to the flask. The 
resin kettle is then closed, removed from the glove box, and immediately connected 
to a low flow source of dry, high-purity nitrogen as a continuous purge. The flask 
is then submerged in an oil bath at 133-155^C and slow stirring is begun. After 
the monomer/chain control agent mixture has reached the reaction temperature, 
stirring is discontinued. At this time, an appiopriate amount of stannous octoate 
catalyst is added as a solution in dry toluene. Mechanical stirring is immediately 
resumed and maintained until the polymerizate becomes viscous or in the case of 
PG and L-PL begins to show signs of crystallization. Stirring is then discontinued, 
the stirrer and thermometer are raised from the melt, and heating is continued 
for a total of -18-24 hours after which the resin kettle assembly is removed from 
the oil bath and cooled to room temperature under a continual nitrogen purge. 
When the polymer has cooled, the resin kettle top, stirrer, and thermometer are 
removed from the resin kettle. The polymer is removed by supercooling the resin 
kettle. When thoroughly cooled the polymer mass will separate readily from the 
resin kettle. While still cold, the polymer is removed and broken into several smaller 
pieces. The polymer pieces are allowed to warm to room temperature overnight 
inside a vacuum oven to avoid condensation of moisture from the air. At this point 
L-PL and DL-PL can be purified by methanol precipitation from a dichloromethane 
solution as described by Eling et al. (1982). 

After precipitation, the purified polymer is then redried inside a vacuum oven 
under high vacuum at room temperature (- 24 hours), cooled with liquid nitrogen, 
and ground on a Wiley Mill. The ground polymer is finally vacuum dried an 
additional 24 hours at room temperature. A 5 gram sample of the polymer is 
removed for characterization, and the remainder is stored inside a polyethylene bag 
evacuated and backfilled three times with dry, high-purity nitrogen prior to sealing. 
The polyethylene bag is then placed inside an outer polylined foil bag containing 
a bag of DRIERITEB desiccant, sealed, and then stored in a freezer at <OLC. The 
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yield is typically 75-95%. The molecular weight and thus the inherent viscosity of a 
typical polymer prepared by this process vary depending on the quantity of catalyst, 
the type and quantity of chain control agent, and the specific reaction conditions 
chosen. 

Pilot-scale Polymerization of 75/25 DL-PLG 

A very useful reactor assembly for pilot-scale polymerization of lactide and glycolide 
polymers and copolymers is an 8-CV mixer from Design Integrated Technologies 
(DIT) of Warrington, Virginia. The 8-CV is a dual cone mixer (8 qt. capacity) 
equipped with double helical mixer blades, a gas inlet line, and a large vacuum 
port. 

The reactor is first cleaned and dried thoroughly. Appropriate amounts of 
qualified, high-purity DL-lactide and glycolide monomers to yield a 75:25 copolymer 
ratio are then charged to the reactor. The reactor is heated under positive nitrogen 
pressure. When the monomers have partially melted, stirring is begun and continued 
until the monomer mixture reaches 135-155'C. Stirring is then discontinued and 
the reactor is depressurized. At this time, an appropriate amount of the desired 
chain-control agent is added, the reactor is repressurized and stirring is resumed. 
Next, a sufficient quantity (0.03-0.10 wt %) of stannous octoate catalyst is added, the 
reactor is repressurized, and stirring is resumed and continued until the polymerizate 
becomes veryviscous. Stirring is then discontinued and heating of the polymer melt 
is continued under pressure for a total elapsed heating time of 18-24 hours. 

After the polymerization is complete, a vacuum is slowly applied to the polymer 
melt with continual slow stirring to remove residual monomer. The reactor is then 
pressured with dry, high-purity nitrogen, and the discharge valve is opened slowly 
until a steady stream of polymer flows from the reactor. The polymer extrudate is 
quenched while continuously pelletizing the cooled polymer strand. The pelletized 
polymer is then dried under high vacuum at room temperature for 24 hours in 
a vacuum dryer, and packaged inside a polyethylene bag under dry, high-purity 
nitrogen. This bag is then placed inside an outer polylined foil bag containing 
desiccant, sealed, and finally stored in a freezer at <OPC. The final yield is typically 
7595%. The molecular weight and thus the inherent viscosity of a typical polymer 
prepared by this process vary depending on the quantity of catalyst, the type and 
quantity of chain control agent, and the specific reaction conditions chosen. 

POLYMER CHARACTERIZATION 

Molecular Weight and Molecular-Weight Distribution 

PG, PL, and PLG copolymers are characterized by first determining their inherent 
viscosity (qinh) and/or intrinsic viscosity, [q], in a suitable solvent (benzene, toluene, 
chloroform or HFIP) . A method is given in ASTM D-2857. Intrinsic viscosity is also a 
convenient means of determining the molecular weight of the homopolymers using 
the Mark-Houwink relationship between intrinsic viscosity [ q ]  and molecular weight. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



POLYGLYCOLIDE AND POLYLACTIDE 9 

Relative molecular weight and molecular weight distribution (MWD) or polydis- 
persity of PL and PLG copolymers is determined by GPC. GPC may be carried out in 
a variety of solvents. In a typical method for PL and PLG both the dissolution solvent 
and mobile phase solvent of choice is chloroform. A suitable flow rate for the mobile 
phase is 1 mL/min. Three 5 micron particle size, microstyrogel columns (1,000 A, 
10,000 A, and 100,000 A) arranged in series are convenient sizes to use. The polymer 
is dissolved in chloroform at a concentration of 0.5 g/dL and a 100 /xL injection is 
made into the mobile phase. Data is collected using a refractive index (RI) detector. 
Comparison of the chromatographic data is made against chromatographic data 
obtained from a series of known M., polystyrene standards in the same solvent. A 
similar method can be devised for PG using HFIP as the solvent and mobile phase. 

The MWD or polydispersity of PL, and PLG polymers prepared as described above 
and determined in this manner is normally about 1.5-2.0. 

Determination of the Final Comonomer Ratio in the Polymer 

As stated, glycolide and lactide may be copolymerized or copolymerized with avariety 
of other monomers. The final ratio of monomers incorporated into a copolymer 
of lactide and glycolide is determined by proton nuclear magnetic resonance 
spectroscopy ('H NMR) in deuterated chloroform. The ratio of the methylene 
protons adjacent to the oxygen in glycolide is compared against that of the methyne 
protons in the lactide. The ratio is expressed as lactide to glycolide. 

Numerous other papers and patents have been published regarding the polymer- 
ization and physical properties of PG, PL, and PLG copolymers (Eenink, 1987; Dunn 
et al., 1988; BIKG, 1994; PURAC, 1996). 

PROCESSING 

PL polymers with inherent viscosities less than about 4.0 g/dL can be injection 
molded using conventional reciprocating screw thermoplastic molding machines 
provided the polymers are dried thoroughly prior to molding (von Oepen. 1995). 
Even when residual moisture is minimized, a substantial reduction in the molecular 
weight is observed (von Oepen & Michaeli, 1992). Ellis and Tipton (1994) have 
shown that the tensile strength and molecular weight of PL test bars can be affected 
by processing temperature and injection speed. Thermal degradation of PL and PG 
polymers would not be unexpected since their respective cyclic dimers are made 
from thermal cracking of the low molecular weight polymers. 

Typical injection molding conditions for PL are shown below (BIKG, 1995): 

Feed Zone Temperature: 45'-'C 
Barrel Zone 1: 2OO0C 
Barrel Zone 2: 215'C 
Barrel Zone 3: 22O0C 
Nozzle: 200Â° 
Injection Pressure: 1.5 bar 
Mold Temperature: ambient 
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Using similar techniques and lower processing temperatures, it is possible to mold 
DL PL, and PLG copolymers. 

PG and PL have been successfully spun into fibers by various authors using both 
melt and solvent spinning techniques (Ginde & Gupta, 1987; Eling et al., 1982; 
Gogolewski & Pennings, 1983; Frazza & Schmitt, 1971; Horacek & Kalisek, 1994; 
Fambri et al., 1994). Eling, et a1 (1982) reported spinning fibers from a 6% solution 
of PL with a viscosity average molecular weight of 5.3 x in toluene at 110Â° 
through a conical capillary die with an opening of 1 mm. Wind up speeds were 
25-35 cm/minute. The fibers were then drawn through a 196.5^C oven having a 
length of 500 mm at take up speeds of 25-35 mm/minute to yield fibers with draw 
ratios between 4 and 17, having tensile strengths ranging from 0.28 and 0.80 GPa, 
and elongations of 16 to 18 percent. 

The research groups of Tormala (Tampere University, Finland), Tune (Johnson 
and Johnson, New Jersey, USA) and Ikada (Kyoto University, Japan) have developed 
methods for producing what are termed "self-reinforced" PL and PG devices. The 
process published by Tune and Jadhav for PL devices has been identified as an 
"orientrusion" process. These technologies involve the molding and orientation of 
a "preformed" shape. The oriented preform is then machined or further processed 
during the manufacture of the device. This orientation results in a finished device 
with significantly improved tensile and flexural strength (Lautiainen el al., 1994; 
Vainionpaa et al., 1987; Tune and Jadhav, 1988; Shimamoto et al., 1995; Ikada et al., 
1990). 

DEGRADATION 

From a review of the literature, which includes both animal and human clinical 
study data, it is possible to construct a composite model of how absorbable devices 
degrade in living tissues. One version of such a model is presented below which we 
believe accounts for the majority of the published observations with PL devices. With 
the exception of degradation rate, this same model can also be generally applicable 
to devices made from PG and PLG copolymers. For additional information specific 
to PG and PLG polymers, the reader is referred to Chu (1985) and Katz & Turner 
(1970). Published observations of inflammation associated with devices made from 
PG and PLG copolymers may or may not be pertinent to the model described below 
for PL. Observations of inflammation will be discussed in the section on HUMAN 
CLINICAL STUDIES. 

From a chemical standpoint, absorbable devices are thought to undergo five 
general stages of degradation (Kronenthal, 1975). These stages are not discrete 
and may overlap. First, hydration of the implant begins when the device is placed 
in the body. During this stage, the device absorbs water from the surrounding 
environment. Depending upon the mass and surface area of the implant, this 
diffusion process occurs over the course of days or months. Hydration of the 
amorphous segments of the polymer occurs faster than with the crystalline segments. 
Because of their hydrophilic nature, PG, PL, and their copolymers will absorb water. 
In a three dimensional polymer matrix, water penetrates deeply into the interior 
areas eventually resulting in a fragmentation degradation mechanism as opposed 
to the surface erosion mechanism observed with more hydrophobic polymer 
matrices. 
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Immediately after soft tissue implantation, a histological examination of the 
implant site shows a cellular response typical of acute trauma (hematoma), followed 
by the formation of a fibrous capsule around the implant (Chawla et al., 1985). In 
osseous tissues, new bone formation begins to form periosteally and endosteally. 
Granulation tissue can be observed between the bone and the implant. A few giant 
cells are present, but no other inflammatory cells are observed (Majola et al., 1991; 
Matsusue et al., 1991). 

The second stage of degradation is depolymerization or chemical cleavage of 
the polymer backbone which results in a reduction in mechanical properties 
(strength). In this process, water reacts with the polymer in a hydrolytic fashion 
resulting in cleavage of covalent chemical bonds with a commensurate reduction in 
average molecular weight and physical strength. The kinetics of the loss of strength 
depend upon a great many factors such as implant size, surface area, polymer type, 
polymer purity, polymer crystallinity, surrounding pH, sterilization method, and 
initial molecular weight (Matsusue et al., 1991; Cutright et al., 1974; Miller et al., 
1977; Rozema et al., 1991; Nakamura et al., 1989). The degradation of amorphous 
zones of the polymer matrix occurs first, followed by the degradation of the more 
crystalline zones. It has been demonstrated that bacterial contamination does not 
influence the rate of PL degradation in-uitro (Hoffman et al., 1990). 

In an in-nitro experiment performed at Linvatec, molded PL devices were soaked 
in buffered saline at 37 degrees Centigrade for a number of months and the 
loss in tensile strength as a function of time was measured. Figure 2 shows the 
change in tensile strength (as a percentage of the initial value) as a function of 
total elapsed degradation time. Initially, the tensile strength starts out at 100% and 
remains relatively high (above 75%) for approximately 20 weeks. Published in-viva 
reports of PG ( D E X O N ~  Suture) degradation show a much faster degradation 
rate. After 1 week, approximately 80% of the original strength is retained. The 
tensile strength falls to about 10% after 3 weeks (Chu 1983). Figure 3 shows the 
in-vitro degradation curve for PG fibers (Ginde and Gupta 1987). The crystallinity 
and annealing conditions used during the production of the PG suture can affect 
the degradation rate (Hollinger & Battistone, 1986; Browning & Chu, 1986). For 
PGL copolymer (VICRYLB Suture), approximately 90% of the original strength 
is retained after 1 week, 55% is retained at 2 weeks, with essentially no strength 
remaining after 4-5 weeks (Chu, 1983). 

Also during this degradation phase, the mass of the device remains essentially 
unchanged. As this depolymerization process occurs, histologically in soft tissue, the 
fibrous tissue capsule surrounding the implant begins to become thinner with a few 
foreign body cells observed at the tissue-implant interface. The capsule appears to 
consist mainly of collagen fibers wit11 a few sporadic fibrocytes and mononuclear 
macrophages (Gogolewski et al., 1993). In osseous tissue, the amount of granulation 
tissue around the implant decreases and the thickness of the new bone formation 
around the implant increases. No inflammatory reaction is observed. Cracks can 
be seen on the surface of the implant (Majola et al., 1991). A transitory and slight 
infiltration of lymphocytes in the vicinity of the marrow cavity can be observed. 
More new bone forms around PL implants than around stainless steel controls 
(Matsusue et al., 1991) It is during this depolymerization stage that osseous healing 
occ~irs.Consolidation and complete union of osteotomies of rat femora and rabbit 
tibiae are observed during this stage (Majola et al., 1991; Matsusue et al., 1991). 
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Figure 2 In  v i t r o  Degradation of Poly(L-lactide): Retained Tensile Strength vs Time 
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Figure 3 In vitro Degradation of Polyglycolide: Retained Tensile Strength vs Time. Adapted 
from Ginde and Gupta (1987). 
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The role of enzyme-mediated hydrolysis (depolymerization) of PL has been 
investigated (Schakenraad et al., 1990). This study concluded that the major route of 
degradation of PL is most likely via simple (non-enzymatic) hydrolysis. However, the 
results of the study showed that the possibility of some enzyme-mediated hydrolysis 
could not be ruled out as a minor pathway. The conclusion that the process is not 
enzyme mediated is supported by another study which showed that the degradation 
rates measured in-vivo (sheep, dogs, and rats) were essentially the same as measured 
in-vitro (Leenslag et al., 1987). 

The third stage in the degradation process is loss of mass integrity which occurs 
when the implant has essentially no cohesive strength and begins to fragment into 
pieces of low molecular weight PL. At this stage histologically, in soft tissue, a collagen 
capsule around the implant can be observed and depending upon the extent of 
degradation, a mild inflammatory response is also observed. In osseous tissue, the 
thickness of the bony layer around the implant continues to increase without an 
observable foreign body response. The size of the implant is noticeably reduced. 
The amount of granulation tissue appears to be reduced (Majola et al., 1991). In 
some instances, phagocytic cells and giant cells with villous projections are observed 
(Outright & Hunsuck, 1972). 

The fourth stage of degradation is absorption which occurs when further hy- 
drolysis causes the fragment size to be suitable for assimilation by phagocytes or 
when further hydrolysis simply leads to soluble monomeric (lactate or glycolate) 
anions which dissolve into the intercellular fluid. One report suggests that the 
presence of hydrolyzing lactide-containing implants can modify and enhance the 
tissue regeneration process via modulation of lactate dehydrogenase present in 
macrophages (Salthouse & Matagla, 1984). It is during this stage that the implant 
undergoes an observed loss in mass which corresponds to the physical absorption 
process. Several published studies with PL devices indicate that the absorption 
of PL devices may require from 20 months to 5 years (Pihlajmaki et al., 1992; 
Bergsma et al., 1995). A long term sheep study sponsored by Linvatec revealed 
almost complete absorption of PL screws placed intraosseously after approximately 
3 years. 

Unlike PL, extracellular enzymes are thought to have a role in the in-viva 
degradation of PG outside the cell. This suggests that PG degradation at the cellular 
level may occur via two possible pathways. First, extracellular degradation occurs via 
a combination of simple hydrolysis and enzyme-mediated hydrolysis. The fragments 
thus generated would then be brought into the cell via phagocytosis. Once inside the 
cell, the fragments would then degrade intracellularlyvia simple hydrolysis. Glycolate 
is metabolized along a slightly different route of the Krebs cycle than lactate. The 
absorption time for PG is 6-17 weeks (Hollinger and Battistone, 1986). 

The final stage of degradation is elimination. During this stage, L-lactate is 
converted into carbon dioxide and pyruvate. Pyruvate then enters Krebs cycle via the 
acetylation of Coenzyme A. During this final stage, the majority of the elimination 
of PL degradation products occurs through respiration (carbon dioxide) with only 
minor elimination via urine and/or feces (Brady et al., 1973). Final hydrolysis of PG 
results in glycolate, some of which is excreted directly in the urine. Some glycolate 
may also be oxidized to glyoxylate which is then converted to glycine, serine, and 
pyruvate. Pyruvate then can enter the Krebs cycle as before with lactate (Hollinger 
and Battistone, 1986). 
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A similar model is proposed by Grizzi and others (1995) to describe the hydrolysis 
of Poly(DL-Lactide). Recently, Cordewener et al. (1995) have begun to investigate 
copolymers of 96% L-co-4% D Lactic Acid. The presence of the 4% D Lactic Acid 
segment in the polymer yields a lower crystallinity and result in a faster degradation 
rate. 

BIOCOMPATIBILITY 

Biocompatibility of PL 

Numerous animal studies have examined the biocompatibility of PL in soft tissue 
(Kulkarni et al., 1966; Chawla et al., 1985; Gogolewski el al., 1993; Salthouse & 
Matagla 1984; Brady ef  al., 1973; Kulkarni et al., 1971; Pistner et al., 1993a, 1993b, 
1994). Generally, good biocompatibility is observed with normal histological changes 
occurring during the healing and degradation processes. 

Several notable exceptions to this generalization were published recently. 
In a 1993 study, particles of PTFE (control) and predegraded particles of PL 

having diameters of less than 38 microns were injected intraperitoneally into mice. 
After up to 7 days, cells were harvested from the abdominal cavity. Microscopic 
examination of cell morphology revealed evidence of cell damage and death caused 
by phagocytosed PL particles. Cell death was not observed with the phagocytosed 
PTFE particles (Lam et al., 1993). In a similar study with PL and PTFE films, Lam 
and coworkers (1995) found a more pronounced inflammatory response with PL 
films than with PTFE films in subcutaneous tissues of rats. The response was more 
pronounced if the films were porous and wettable. 

In a 1991 study, PL plates were implanted subcutaneously in 35 rats. At 104 weeks, 
no adverse reactions were noted. At 143 weeks; however, one animal exhibited a 
histologically indisputable late foreign body reaction to the PL implant (Bos et al., 
1991). 

Bergsma et al. (1995d) reported the use of a copolymer made of 96% L and 4% D 
Lactic Acid in subcutaneous tissues of rats for up to 52 weeks. Prior to implantation, 
discs made from the copolymer and homopolymer PL were predegraded in-vitro 
(Bergsma et al., 1995e). While the degradation of the copolymer was faster than the 
homopolymer, inflammation was observed with both. 

As in the above soft tissue studies, osseous studies also yielded inconsistent 
observations. In the 1970s, three studies appeared wherein PL devices were used to 
repair mandibular defects and orbital blowout defects in monkeys and mandibular 
defects in dogs. Healing was observed without inflammation at 38 weeks. Follow-up 
of the dog study at 40 weeks revealed that the fracture sites were histologically similar 
to contiguous bone (Cutright & Hunsuck 1972; Cutright et al., 1971; Getter et al., 
1972). In a 1974 article which contained a review of the past studies, the authors 
concluded that PL exhibited good tissue receptivity, slow resorption, attended by 
varying numbers of phagocytic cells, and without inflammatory reaction after the 
wound had healed (Cutright et al., 1974). 

PL and stainless steel screws were compared in a canine calcaneus osteotomy 
model over 12 weeks. Radiographically, all sites healed without any note of inflam- 
mation. Also, more bone per unit area was observed with the PL screws than with 
the stainless steel screws (Tunc et al., 1986). 
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A similar study evaluated the use of PL screws versus stainless steel screws in a 
rabbit tibia osteotomy model. Healing of the osteotomy was observed within 4 to 8 
weeks. Histomorphometric analysis of the osteotomy sites at 8 weeks revealed more 
bone present between the PL screw threads than for the stainless steel screw threads. 
Histologically no inflammation was observed with either screw type during the course 
of the 16 week study (Matsusue et al., 1991). 

The use of fixation screws made from PL in the repair of rabbit proximal femoral 
osteotomies has been reported. Histologically, at the maximum 48 week follow-up 
time, healing was observed without inflammation. The implants appeared to be 
completely surrounded by a layer of new bone. This report also references three 
studies performed by other investigators wherein the incidence of localized osteitis 
following dental extractions was reduced by 12.7% through the use of a PL surgical 
dressing (Majola et al., 1991). 

PL screws (4.5 mm diameter) have been implanted in canine femora and 
compared to stainless steel screws and "empty hole" bone defects. After 3 years, 
histologic evaluations showed that PL screws exhibited good biocompatibility. 
A "gel-like" PL residue was observed in the defect area, with bone repair and 
reorganization in progress, however, a filling-in of the bone defect was not observed 
(Chen et al., 1992). 

Porous PL cylinders have been used as substrates upon which rabbit periosteal 
grafts are implanted as a means to effect repair of articular defects. Two articular 
defects were made in both the left and right medial femoral condyles in 18 rabbits. 
In the right leg, the defect was filled with a PL cylinder only, while in the left leg, the 
defect was filled with a periosteal graft supported on a PL cylinder. After 12 weeks, 
it appeared that the PL had allowed for de nouo growth of neocartilage in all grafted 
specimens. Also, small amounts of PL were observed underneath the neocartilage 
with the majority of the PL being replaced by bone. The overall graft survival rate 
was 89% (von Schroeder et al., 1991). 

There are three additional published animal studies with dogs and sheep wherein 
PL devices were evaluated in fracture fixation applications without the observation 
of any adverse effects (Raiha et al., 1990; Manninen et al., 1991; Suuronen 1991). 

In contrast to the above studies where adverse effects were not observed, we are 
aware of only two published animal studies where adverse effects associated with 
the use of PL devices were observed in osseous applications. In the first study, the 
diaphyseal femora of a single goat were implanted with six different 5 mm x 7 mm 
plugs (two PL, two hydroxylapatite/PL composites, one PL implant plasma coated 
with hvdroxylapatite, and one 316 stainless steel). After two years, the deep inguinal 
lymph nodes were harvested. Visual examination revealed that the nodes were 
swollen. Light microscopy revealed no evidence of chronic inflammation. Histology 
revealed the abundant presence of phagocytes with a morphology consistent with 
active sinus histiocytosis. Because this observation was not made with goats implanted 
with only hydroxylapatite or other non-PL-containing implants, the authors inferred 
that the histiocytosis observed in this one goat was related to the degradation of the 
PL-containing implants (Verheyen et al., 1993). 

The only other published animal study wherein adverse reactions were observed 
is in a canine study. In this study, PL and stainless steel coupons were implanted 
within an ultra high molecular weight polyethylene chamber in the right femora 
of eight dogs. While the intramedullary area around the PL coupons showed more 
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bone growth than the stainless steel coupons at 3, and 6 weeks, the amount of bone 
present around both coupons at 12 weeks was markedly reduced. At 12 weeks, an 
inflammatory reaction was observed l~istologically in the area near the PL coupons, 
but not in the area of the stainless steel coupons (Suganuma &Alexander, 1993). The 
observation of reduced bone formation for rigid stainless steel coupons at 12 weeks 
was not unexpected since a previous paper reported similar findings with titanium 
coupons in the identical canine model. The authors attributed this resorption to 
stress shielding resulting from the use of the coupon chamber (Spivak et al., 1990). 

When considering the long term suitability of implantable materials in general, 
one must always consider the potential for material-induced tumor formation. Three 
reports of sarcoma formation in rats having soft tissue PL implants have been 
published (Gutwald et al., 1992, Pistner et al., 1993, Nakamuraet al., 1994). The 
authors indicated that the sarcoma formation was probably not material related 
due to the fact that many non reactive implantable materials are observed to 
induce tumors in rats, a phenomenon referred to as solid-state tumorigenesis or 
the Oppenheimer effect. 

Biocompatibility of PG and PGL 

Numerous reports regarding the biocompatibility of PG and PGL have appeared 
in the literature since the introduction of Vicryl suture in the 1970s. The reader is 
referred to four representative papers which give details of the biocompatibility of 
PG and PGL in rabbits, dogs and rats (Winet et al., 1995; Riddick et al., 1977; Case 
et al., 1976; Craig et al., 1975; Lautiainen et al., 1994). 

HUMAN CLINICAL STUDIES 

Because the clinical results vary according the type of polymer used to make the 
device, we will summarize the results in a separate fashion. 

PG and PGL Copolymers 

The successful clinical use of VICRYL (PG 90%-co-PL 10%) and DEXON (PG 
homopolymer) suture has proven that PG containing polymers can be used safely in 
soft tissue applications. Recently, severe late-stage foreign body reactions have been 
associated with the use of PG rod implants used for fracture fixation (Bostman et al., 
1990). Additional reports of late-stage severe foreign body reactions in approximately 
5 4 %  of patients with PG rod implants are summarized in two excellent reviews 
(Bostman et al., 1991, Litsky, 1993). These authors infer that since PG and PL are in 
the same general polyester chemical category, that all PL devices can be expected to 
elicit the same severe foreign body reactions that are well known for PG devices. It 
is important to note that while PL and PG are chemically similar, they differ in two 
ways. First, it is well known that PG degrades (in-vivo and in-vitro) at a faster rate than 
PL (Kronenthal, 1975). The fast degradation rate of PG may challenge the body's 
ability to remove and assimilate the degradation products from the implant site. 
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Secondly, glycolic acid is metabolized by the cell along a metabolic pathway which is 
slightly different from the metabolic pathway for lactic acid (Hollinger et al., 1986, 
Bostman 1991). Thus it would not be unreasonable to suspect that the body would 
assimilate PG differently than PL. 

Svensson and coworkers (1944) reported the use of PG rod fracture fixation 
devices in 50 pediatric patients having transphyseal or osteochondral fractures. All 
of the fractures healed without incident during the one year study. In two cases 
followed for beyond one year, nonunions of intraarticular fractures were observed. 
The authors attributed the nonunions to the probable occurrence of late stage 
foreign body reactions. 

Edwards and coworkers (1994) reported a high incidence of intracapsular 
synovitis in patients having shoulder (Bankart) repair procedures wherein the 
SURETAC@ device was used. This device was made from a copolymer of glycolide 
and trimethylene carbonate. In a similar study, Paganini and others reported no 
device-related complications with 22 SURETAC patients followed for two years 
(Paganini et al., 1995). 

Toljan and Orthner (1995) published details of the clinical use of an interference 
screw (for reconstruction of the Anterior Cruciate Ligament) made from a PGL 
copolymer. After 6 months, MlU data show the presence of local reactions at the 
implant site (edema and defined cysts) and a "liquidization" of the screw in 41% of 
the patients. Clinically, no febrile episodes or sterile effusions were observed. 

PL Homopolymers 

There have been apparently conflicting reports in the literature regarding the 
incidence of late stage foreign body reactions in PL devices. In general, we are 
aware of eight clinical studies involving the implantation of PL devices in a total of 
412 patients. In all, 20 patients (4.9%) experienced adverse outcomes which could 
generally be described as late stage foreign body reactions. As one looks closely 
at the studies, the devices, and the polymer morphologies used, it seems prudent 
to begin to make some basic distinctions. Clearly, the factors which contribute to 
late stage reactions are numerous and complex, and many of the details of the 
polymer characterizations are not specifically defined in the literature because of 
the proprietary nature of the products. Nonetheless, it appears that at least three 
distinctly different morphologic forms of PL have been used clinically: 

1. Bulk-polymerizate: Several early papers reported the use of devices which were 
machined from a bulk polymerized block of PL. This material had an extremely 
high average molecular weight (approximately 1,300,000 Daltons) , a very high 
crystallinity, and because the polymer was machined from the bulk polyrnerizate, 
it may have contained a relatively high level of residual free lactide dimer. We will 
refer to this material as bulk-PL. 

2. Self-reinforced: The work of Tormala and Tunc, as mentioned previously (see 
PROCESSING above) has resulted in several clinical trials with devices made 
using self-reinforced PL material. We will refer to this material as SRPL. 

3. Melt-processed: Another set of studies have been conducted with devices made 
via a melt process from purified PL. The purification process was designed to 
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minimize the level of residual lactide dimer prior to injection molding. After 
injection molding, the devices had an average molecular weight (from GPC using 
Polystyrene standards) of approximately 500,000 daltons. We will refer to this 
material as MPPL. 

Eitenmuller et a1 reported the use of bulk-PL screws and plates to repair ankle 
fractures in 25 patients. In four of these patients, remnants of the plates were 
observed to extrude through the skin and in one case, a partially degraded plate 
had to be removed after about 12 months (Eitenmueller et al., 1990). 

In a series of papers, Bergsma, et al. (1993,1995c, 1995d, 1995e), Bos, et al. (1987), 
and Rozema, et al. (1992, 1994) reported that after three years post-operatively, a 
late foreign body reaction was observed in four of ten patients who originally had 
zygomatic fractures repaired with bulk-PL plates and screws (Rozema et al., 1991). 
A follow up study with the same patient group revealed that five additional patients 
experienced late stage foreign body reactions after up to 68 months. One patient in 
this study died for unrelated reasons. 

From the above, one would estimate that the incidence of late stage foreign body 
reactions associated with the use of bulk-PL devices would be approximately 13 in 
39 or 33%. 

SRPL 

SWL screws (made via the "orientrusion process" or other orientation processes) 
and stainless steel screws were used to repair ankle fractures in 60 patients followed 
over the course of 9 months. Union was achieved in each case. No soft tissue reactions 
to the PL screws were noted. The incidence of chronic irritation from the screw heads 
under the medial malleolus was greater in the metal screw group (29 patients) than 
in the PL screw group (31 patients) (Bucholz, 1992). In what is most probably a 
continuation of the 1992 study, a second paper reported results with 83 patients 
followed for up to 59 months. No cases of late stage foreign body reactions were 
observed, although three PL screws were removed due to chronic tissue irritation 
from the screw heads (Bucholz et al., 1994). 

SRPL screws (Tampere process) were used in 32 patients to repair small fragment 
fractures and osteotomies of hand, foot, elbow, and patella. With a follow-up time 
of up to 37 months, no inflammatory reactions were observed. Biopsies in two 
patients at 20 and 37 months revealed that no polymeric material remained, that the 
implant channel had become filled with fibrous connective tissue without evidence 
of restoration of bony architecture (Pihlajmake et al., 1992). 

SRPL screws (probably made via the "orientrusion" process)have been used in 
acetabular osteotomy repair of 28 hips followed for one year. Union occurred in all 
cases with no observation of inflammatory reactions (Nakamura et al., 1993). 

BIOFIX@ pins made from a self-reinforced PL (Tampere process) were used to 
repair osteochondritis dissecans defects in 10 knees of 9 patients. In 5 knees, severe 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



POLYGLYCOLIDE AND POLYIACTIDE 19 

inflammatory reactions were observed between 3 days and 10 months post op. The 
authors also report circumstantial evidence that PL may activate the compliment 
system. Because the authors did not report compliment test results for control 
devices (like metal screws), it is difficult to draw firm conclusions regarding the 
role that PL may or may not play in compliment activation (Tegnander et al., 1994). 
Mainil-Varlet (1995) commented that the Tegnander study was not well-controlled 
and that the compliment test methodology was not appropriately applied. Further 
testing must be performed to answer the questions raised by Tegnander and 
Mainil-Varlet. 

From the above, one would estimate the incidence of late stage foreign body 
reactions associated with SRPL devices would be 5 in 152 or 3.3%. 

MPPL tacks have been used to repair glenohumeral defects in 127 patients. Of these 
127, 37 underwent secondary procedures to remove loose tack fragments or for 
various other reasons. Of these 37,12 developed some degree of synovitis presumably 
due to mechanical irritation of the joint from the device fragments. In onlv one 
case was there a clear histopathological indication of a foreign body reaction with 
birefringent material being observed under polarized light at 18 months post-op. 
In all cases, the synovitis resolved after the second surgery. Selected clinical results 
have been published (Snyder et al., 1993, Elrod 1993). 

In another human clinical study, 100 patients received BioscrewB MPPL interfer- 
ence screws as a means of providing fixation of bone-patellar tendon-bone autografts 
during anterior cruciate ligament reconstruction. The control group consisted of 
99 patients who received standard titanium alloy interference screws. Patients were 
initially followed for up to 1 year after the surgery. In both study groups, the 
postoperative device related complication rates were low (0% for the BioScrew group 
and 1 % for the metal screw group). In the BioScrew group, one patient experienced 
mild synovitis after 101 days post-op, however it is unlikely that this complication 
was device related. In no cases were late stage foreign body or other inflammatory 
reactions observed. Comparison of the study groups after 1 year (42 BioScrew, 38 
metal screw) revealed no significant differences in Lysholm scores, Tegner activity 
levels, KT 1000/2000Arthrometer results or range of motion reacquisition (McGuire 
et al., 1994). Similar results were reported in a two year follow up (McGuire et al., 
1995, Barber et al., 1995). At the time of this writing, many of the patients in 
this study had progressed without any adverse outcomes up to four years post 
implantation. 

From the above studies with purified and melt processed PL, one observes a much 
lower incidence of late stage foreign body reactions (1 in 227 patients or 0.4%) than 
with bulk-PL (13 in 39 patients or 33%) or with SRPL (5 in 152 or 3.3%). The role 
of polymer purity has been considered as a mitigating factor in at least one paper 
(Pihlajmaki et al., 1992). 

A recent report from Dawes and Rushton (1994) gives evidence that prostaglandin 
Eq is released by human synovial fibroblasts in-nitro upon exposure to lactic acid. 
The authors hypothesize that this may explain the isolated inflammatory responses 
exhibited by some individuals with PL implants. 
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APPLICATIONS 

The first types of devices to be introduced were sutures, due largely to the fact that 
the initial absorbable polymer technology yielded polymers with low strength and 
molecular weight. As further advances were made however, it became possible to 
produce polymers with sufficient strength for some orthopaedic applications. While 
the list below shows some of the devices which are commercially available, other 
devices are currently under investigation. 

DEXONB PG Suture1 
ITcRYLB PGL copolymer Suture2 
MAXON@ TMC/PG copolymer Suture1 
MONOCRYL@ PG/Polycaprolactone copolymer Suture2 
POLYSORBtnl PGL Suture3 
BIOSYNtnl PDS/PGA/TMC Suture7 
~ i o ~ c r e w ~  PL Interference Screws4 
BIOFIX@ PG and PL Pins5 
PL-FIX PL Pins6 
SURETAC@ TMC/PG copolymer Suture Anchor7 
Biologically Quiettn1 PGL copolymer Interference Screw8 
Biologically Quietilll PGL copolymer Staple8 
Bio-Interference Screw9 
ENDOFIX@ TMC/PG Interference Screwlo 
SYSORBB DL-PL Interference Screw" 
PHUSILINE 98%L-PL/2%D-PL Interference Screw' 
~ios top@ Cement Restrictor13 

In addition to the above, investigators have reported the use of PG, PL, and 
their copolymers to produce suture anchors (Barber el al., 1993), replacements for 
bone grafts (Coombes & Meilkle 1994), in tissue regeneration (Dunn et al., 1994), 
a scaffold for treatment of bone and cartilage defects (Boyan and Walter 1996), 
subcuticular staples (Zachman e t a / . ,  1994), for protein drug delivery (Agrawal et al., 
1995), and for numerous other drug delivery applications (Dunn et al., 1988; Cowsar 
et al., 1985; Heya et al., 1991). 

CONCLUSION 

Considering the clinical observations of late stage foreign body reactions in osseous 
applications, it would seem beneficial if future research could be directed at 
understanding the role of the polymers in the etiology of such reactions. Even 
though such reactions have been reported to occasionally occur, PG, PL, and related 
copolymers have been extensively used in numerous applications over the past 25 
years to improve the quality of life of large numbers of patients. In 1995 and 1996, 
the number of absorbable devices introduced into the US market nearly doubled 
compared with the number released in 1993 and 1994. This trend is expected to 
continue, particularly with regard to the potential suitability of these polymers in 
drug deliver)' and tissue engineering applications. 
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ENDNOTES 

DEXON and MAXON are registered trademarks ofDavis & Geck. For DEXOX, see Herrmann et al., 1970. 
For MAXOX, see Metz et al., 1989. 

VICRYL and MONOCRYL are registered trademarks of Ethicon. For VICRYL see Conn et al., 1974. For 
MONOCRYL, see Bezwada et al., 1995. 

POLYSORB and BIOSYN are trademarks of U.S. Surgical. 
BioScrew is a registered trademark of the Linvatec Corporation. See McGuire et al., 1994, 1995; Barber, 

1995; Ross & Bassetti, 1995. 
BIOFIX is a registered trademark of Bioscience, Ltd. 
PL-FIX rods are sold by Zimmer Japan, a Bristol-Myers Squibb Company. 
SURETAC is a registered trademark of Acufex Microsurgical, Inc. See Paganini et al., 1995; Warner & 

Warren, 1991. 
Biologically Quiet is a trademark of Instrument Makar. See Johnson, 1995 
Bio-Interference Screws are sold by Arthrex, Inc. 
ENDOFIX is a registered trademark of Smith and Nepheiv. 
SYSORB is a registered trademark of SYNOS. 
PHL'SILIXE is a trademark of PHL'SIS. 
Biostop is a registered trademark of BIOLAND 
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APPENDIX 

Polymer Name Structure Precursor/polymer Source 

Polv(L-lactide) (CH (CH,)COO) n Id-lactide PURAC biochem bv 
Boehringer Ingelheim KG 

S t a n n o ~ ~ s  Octoate Sigma Chemical Company 
(catalvst) 

1,6-Hexanediol Aldrich Chemical Company 
(& other chain 
control agents) 

Poly(L-Lacride) 
(various M'w) 

(CH (CHs)COO) 11 D-lactide 

Poh (D-lactide) 

(CH (CH,) COO)n DL-lactide 

Birmingham Polymers, Inc. 
Boehringer Ingelheim KG 
PURAC biochem bv 

PURAC hiorhem hv 

PURAC biochen~ bv 
Birmiiigham Polymers, Inc. 
Boehringer Ingelheim KG 

PURAC biochem bv 
Birmingham Polymers, Inc. 
Boehringer Ingelheim KG 

PFRAC biochenl bv 
Birmingham Polymers, Inc. 
Boehringer Ingelhei~n KG 

PFRAC biochem bv 
Boehringer Ingelheim KG 

PFRAC biochem bv 
Birmingham Polymers. Inc. 
Boehringer Ingelheim KG 

(various Miv) PURAC biochexn bv 
Birmingham Polymers. Inc. 
Boehringer Ingelheim KG 
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INTRODUCTION 

Since the development in the early 1970's of the first synthetic absorbable polymer, 
polyglycolic acid, biodegradable polymers have become increasingly important in 
biomedical applications (Kronenthal, 1975; Frazza, 1976; Chu, 1983, 1985, 1990, 
1995; Barrows, 1986; Heller, 1985; Shalaby and Johnson, 1994; Arnecke et al., 1995; 
Wu, 1995; Hollinger et al., 1995; Gilding). Five cyclic lactone monomers (Figure 1) 
have been used alone or in combination to produce the synthetic absorbable sutures 
which are currently marketed: VICRYLThl, DEXONThl, POLYSORBThl, PDSTL1, 
MAXONThl, MONOCRYLThl, and BIOSYXT" (Figure 2) .  VICRYL is a braided suture 
produced from a copolymer of glycolide/lactide at a 90/10 mol/mol composition 
(Craig et al., 1975; Reed and Gilding, 1981). POLYSORB is also based upon a 
combination of glycolide and lactide but at a different composition. DEXON(Craig 
et al., 1975; Reed and Gilding, 1981) is a braided suture based upon the homopolymer 
of polyglycolic acid (PGA), or more accurately, polyglycolide. MAXON (Katz et al., 
1985) is a monofilament suture produced from a segmented block copolymer of 
glycolide and trimethylene carbonate, while MONOCRYL (Bezwada et al., 1992, 
1995), the most pliable monofilament suture to date, is formed from a segmented 
block copolymer of glycolide and caprolactone. Recently, BIOSYN (Roby et al., 
1995), a monofilament suture based on a non-random terpolymer of p-dioxanone, 
trimethylene carbonate and glycolide, was introduced. 

Glycolide L(-) Lactide p-Dioxanone 

Caprolactone Trimethylene carbonate (TMC) 

Figure 1 Cyclic monomers. 
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Glycolide L(-) Lactide 'VICRYL" 
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0 Ã‘Ã‘(OC~C 
Glycolide "DEXON" 

0 0 
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I1 II fi + - ~ O C H ~ C ~ O C H Z C ~ C ~ O C ~ O C ~ C ~ &  

Y 

0 
0 

"MAXON" 
TMC Glycolide 

0 
I1 

0 0 
I I It o0 + oJ'~O- +oc~cMocH2c~zcH2cH2c~c~ocH2cH 

Y 

Caprolactone Glycolide "MONOCRYL" 

PDO 0 
TMC Glycolide 'BIOSYN" 

Figure 2 Synthetic absorbable sutures. 

PDS suture, the very first synthetic absorbable monofilament, is formed from 
poly(p-dioxanone) polymer which is, of course, based on the homopolymerization 
of p-dioxanone monomer (Doddi et al., 1977). Polymers and copolymers based on 
p-dioxanone have gained increasing interest in the medical device and pharmaceu- 
tical fields due to their degradability in vivo, low toxicity (Doddi et al., 1977; Ray 
et al., 1981), softness and flexibility. The low moduli of poly(p-dioxanone) and its 
copolymers distinguish them from glycolide and lactide based absorbable polymers 
which have a high degree of stiffness, and therefore, when used as sutures, must be 
used in a multifilament braided construction to achieve the handling characteristics 
needed by the surgeon. 
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PDS (polydioxanone suture) can thus be utilized in applications which require 
good handling, and tissue pass-through (Shalaby and Koelmel, 1984; Bezwada, 
Shalaby, and Newman, 1987, 1991; Bezwada, et al., 1987, 1990; Bezwada, Shalaby, 
and Erneta, 1991; Bezwada and Shalaby, 1991; Bezwada, Shalaby, and Hunter, 1991). 
Although PDS resin is inherently soft, PDS I1 suture, formed by novel and proprietary 
processes, was recently introduced with improved handling properties (Broyer, 
1995). In addition, the extended strength retention profile of PDS sutures makes 
them useful in comparison to other absorbable surgical sutures when extended 
healing times are encountered. 

Although the softness and flexibility inherent in poly(p-dioxanone) has allowed 
researchers to develop this material for monofilament suture applications, poly(p- 
dioxanone) has also been injection molded into a number of non-filamentous 
surgical devices, namely ABSOLOKT" and LAPRA-TYTbf. 

Commercial products which utilize poly(p-dioxanone) are: 

Product Device Processing; Method Polymer type 

PDS II Suture Extrusion PDS hon~opolymer 
BIOSYN Suture Extrusion Terpolvmer 
ABSOLOK Ligating clip Injection molded PDS homopolymer 
LAPRA-TY Suture clip Injection molded PDS homopol~mer 
ORTHOSORB Pin Extrusion PDS homopolymer 

The following describes the synthesis, physical characteristics and in vitro/in v ~ v o  
properties of poly(p-dioxanone) and its copolymers with other lactone derived 
absorbable polyesters and related structures, as well as the synthesis of the monomer, 
p-dioxanone. 

SYNTHESIS OF p-DIOXANONE MONOMER 

One synthetic route to p-dioxanone monomer (Doddi et al., 1977) is by first reacting 
the monosodium salt of ethylene glycol with chloroacetic acid. Sodium metal is 
dissolved in a large excess of ethylene glycol under a stream of nitrogen to form the 
monosodium salt of ethylene glycol. 

This is then reacted with 0.5 moles of chloroacetic acid per mole of sodium 
to form sodium hydroxyethoxyacetate. (See Figure 3) Excess ethylene glycol and 
by-products of the reaction are removed by distillation and by washing with 
acetone. The sodium hydroxyethoxyacetate is converted to the free hydroxy acid 
by the addition of hydrochloric acid. The resulting sodium chloride is removed 
by precipitation with ethanol, followed by filtration. In the presence of MgCOg, 
the hydroxyacid is then heated in a distillation apparatus to about 20OCC. Upon 
further heating, crude p-dioxanone is formed and distilled over at 200-220'C. The 
crude p-dioxanone is purified to over 99% by multiple recrystallizations and/or 
distillations. 

An alternative approach (Figure 4) to p-dioxanone utilizes the dehydrogenation 
of diethylene glycol (DEG) and leads to improved yields (Jiang, 1995a, 1995b). Thus, 
to a two neck 3L round bottom flask equipped with an overhead stirrer and nitrogen 
inlet, 2 Kg of diethylene glycol and a copper-chromium catalyst is added. The flask 
is placed in an oil bath at 220-240CC and stirred for several hours. 
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I Sodium metal, Na 

Sodium salt of 
ethylene glycol 

1) CICH2COOH 
2 )  HCI 

Figure 3 Preparation of p-dioxanone monomer. 

The resulting crude reaction product of p-dioxanone and unreacted DEG is dried 
over molecular sieves (4 Angstroms) overnight and then filtered utilizing a Buchner 
funnel. 

The dried mother liquor is then placed in a two neck flask equipped with a 
distillation head and stopper. Benzyl bromide (100 grams) and pyridine (50 grams) 
are then added. The mixture is then distilled under reduced pressure at a rate of 60 
drops per minute. Approximately 1.6 Kg of crude p-dioxanone is recovered. 

Two hundred grams of the crude reaction product is then placed in an Erlenmeyer 
flask alongwith 200 ml of ethyl acetate at room temperature. The stirred, clear, yellow 
solution is then cooled to -20Â°C After 10 minutes, stirring is stopped and 2 grams 
of pure p-dioxanone monomer crystal seeds are added. After 1 hour, the solution is 
cooled to -34OC for 2 hours. 
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1 Benzyl bromide, pyridine , 2000C 

Figure 4 Preparation of p-dioxanone monomer via dehydrogenation. 

The partially purified crystalline p-dioxanone monomer (100 grams) is then 
filtered using a Buchner funnel and then added to a Erlenmeyer flask along with 75 
grams of ethyl acetate. The mixture is stirred until the monomer dissolves. Stirring 
is then stopped; the solution is cooled to 03C and 1 gram of pure p-dioxanone seed 
crystals are added. The mixture is then allowed to stand at -30'"C for 12 hours, then 
filtered and dried. Sixty grams of pure p-dioxanone are obtained (30% yield). 

SYNTHESIS OF POLY(p-DIOXANONE) 

Several polymerization methods, including melt, solution and emulsion have been 
applied to lactone monomers to form high molecular weight polymers. Typically, a 
catalyst such as a metal oxide or metal salt, stannous 2-ethylhexanoate or stannous 
chloride, is used along with a free hydroxy containing initiator such as water, an 
alcohol, hydroxy acid or ester to activate the lactone ring to initiate polymerization. 

Furthermore, since impurities in the monomer feed can limit molecular weight, 
monomers must be highly pure and great care must be taken to use dry glassware 
and glove box procedures when setting up a polymerization run. Additionally, 
the formed crude polymer, especially poly(p-dioxanone) and its copolymers, will 
contain unreacted monomer in amounts typically greater than 1 %. Vacuum or other 
extraction techniques must be utilized to remove residual monomer and catalyst in 
order to obtain polymers with optimized properties. 
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Propagation 

Figure 5 Polymerization mechanisms of p-dioxanone to poly(dioxanone) 

The polymerization of p-dioxanone has been described in several references 
(Doddi et at., 1977; Shalaby and Koelmel, 1984; Jamiolkowski et al., 1989). As de- 
scribed above, highly purified p-dioxanone monomer is polymerized in the presence 
of an organometallic catalyst such as diethyl zinc or zirconium acetylacetone to obtain 
high molecular weight, fiber forming polymer (Figure 5 ) .  

Thus, in a nitrogen purged glove box, 1.0 mole (102.8 g) of highly pure (99.99+%) 
p-dioxanone monomer, 1-dodecanol (0.358 grams; 0.192 mole percent based on 
monomer) and a catalytic amount of stannous octoate in a toluene solution (0.0025 
mole% based on monomer) is added to a two neck round bottom flask, equipped 
with an overhead stirrer and nitrogen inlet. The mixture is heated under an inert 
dry nitrogen at 90Â° for one hour. The viscous polymer is discharged into trays, and 
post cured at 80Â° for 96 hours under nitrogen. The polymer is isolated, ground, 
and dried in vacua at room temperature for 10 hours and then at 80'C for 32 
hours. A weight loss of approximately 4% (predominately unreacted monomer) 
is obtained during the vacuum drying. The polymer thus formed has an inherent 
viscosity' ("IV") of about 1.72 dL/g, as determined at a concentration of 0.1 g/dL in 
hexafluoroisopropvl alcohol at 25^C. Poly(p-dioxanone), so produced, has a glass 
transition temperature (Tg) of -17C, and a melting temperature (Tm) of about 
1 1YC as measured by differential scanning calorimetry (DSC), and about 37 percent 
crystallinity as measured by X-ray diffraction. 

Polymer Extrusion 

In the preparation of fibers, PDS can be melt extruded through a spinnerette 
in a conventional manner using a single screw extruder to form one or more 
filaments. The following is a general procedure which can be used for laboratory 
scale experiments. 
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Extrusion of PDS can be accomplished using an INSTRON Capillary Rheometer. 
The resin is packed in the preheated (80 to 90'C) chamber (3/8" diameter) and 
extruded through a 40 mil diameter round hole die (L/D = 24.1) using a ram speed 
of 2 cm/min after a dwell time of about 11 minutes. Extrusion is typically done at 
temperatures of about 10 to 8S^C above the Tm, ranging from 125 to 200CC, but 
temperatures from about 140 to 160% work best. At lower temperatures, the melt 
viscosity may be too high, while at higher temperatures the rate of degradation is too 
high. The extrudate is taken up through an ice water quench bath. A take-off speed 
of 24 feet/minute provides an extrudate wit11 a diameter of approximately 0.019 
inches. Other take-up speeds can be used to vary the diameter of the extrudate. 

The extrudate, which preferably should be allowed to partially crystallize (con- 
veniently achieved by allowing it to stand at room temperature for 1 to 24 hours) 
are subsequently drawn about 6x  to 7 . 5 ~  in a one or multistage drawing process in 
order to achieve molecular orientation and improve tensile properties. 

Drawing of the extrudate (diameter range, usually 18-20 mils) is accomplished 
by first passing it through rollers at an input speed of four feet per minute and into 
a heated draw bath of glycerine. The temperature of the draw bath can vary from 
25 to 90CC, but is typically between 49 and 60Â°C The draw ratio in this first stage of 
drawing can vary from 3 x to 7 x . 

The partially drawn fibers are then placed over a second set of rollers into a 
glycerine bath and are kept at temperatures ranging from 67 to 73'C with draw 
ratios of up to 2x .  The fiber is passed through a water-wash, taken up on a spool 
and dried. A set of hot rollers can be substituted for a portion or all of the glycerine 
draw bath. 

The resulting oriented filaments have good straight and knot tensile strengths. 
Dimensional stability and in vivo tensile strength retention of the oriented filaments 
may be enhanced by subjecting the filaments to an annealing treatment. This 
optional treatment consists of heating the drawn filaments to a temperature of 60 to 
90^C while restraining the filaments to prevent any substantial shrinkage or at least 
to control it. Restraining may begin with the filaments initially under tension or with 
up to 20% shrinkage allowed prior to restraint. The latter is referred to as relaxation 
and usually results in a softer, but somewhat slightly weaker, fiber. The filaments 
are held at the annealing temperature for a few minutes to several days, or longer, 
depending on the temperature. In general, annealing at 60 to 90CC for up to 24 hours 
is satisfactory. Optimum annealing time and temperature for maximizing a particular 
property or combination of properties, such as fiber in vivo strength retention and 
dimensional stability, is readily determined by simple experimentation. 

The characteristic properties of the filaments such as tensile properties (i.e., 
straight and knot tensile strengths, Young's Modulus, and elongation) are generally 
determined with an INSTRON tensile tester. Typical fiber properties of PDS 
monofilament (size 2/0) are given below in Table 1. Improved mechanical properties 
and toughness can also be obtained by using higher molecular weight polymer 
(Jamiolkowski et al., 1995; Datta et al., 1995). 

PDS monofilament sutures with improved flexibility and handling characteristics 
have been reported. These were achieved by additional processing improvements 
in a proprietary (Broyer, 1995) melt spinning process which includes the step of 
drawing the filaments in a heated zone maintained at a temperature above the melt- 
ing temperature of the filament. The resulting monofilament sutures have a higher 
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Table 1 Fiber properties of PDS monofilament 
(size 2/0) (Ray et al., 1981) 

Property' Value 

without the he 

Diameter 13 mils 
Straight tensile strength 80,000 psi 
Knot tensile strength 50,000 psi 
Elongation to break 30% 
Young's modulus 250,000 psi 

elongation and lower modulus than comparable sutures obtained ated 
drawing step, and are characterized by a crystalline structure which is more highly 
ordered in the core of the monofilament suture than in the surrounding annualar 
area. Some of the improved fiber properties (PDS 11) with this new process are 
described in Broyer (Broyer, 1995). 

Breaking Strength Retention In Vivo (BSR) 

The mechanical properties of a suture should ensure adequate apposition of tissues 
until the wound heals. The initial strength of the suture should be such that the 
wound strength should be that of normal tissue. If the suture is absorbable, the 
reduction in breaking strength should, ideally, not be greater than the gain in wound 
strength that healing provides. 

The in vivo breaking strength retention (BSR) of sutures is commonly evaluated 
by implanting the suture in laboratory animals, usually subc~~taneously. The suture 
strands are recovered after various periods of in vivo residence and their breaking - 
strength is determined using an appropriate tensiometer. 

Quite commonly, the BSR of a fiber is determined by implanting two strands 
of the fiber in the dorsal subcutis of each of a number of Long-Evans rats. 
Typically eight (8) strands are used for each period requiring four rats per period. 
Thus 16, 24, or 32 segments of each fiber are implanted corresponding to two, 
three, or four implantation periods. Typical periods of in vivo residence for a 
study can be 5, 7 ,  14, 21, and/or 28 days. The ratio of the mean value of 8 
determinations of the breaking strength at each period to the mean value for 
the fiber prior to implantation constitutes its breaking strength retention for that 
period. 

In an important 1981 paper (Ray et al., 1981), Ray et al. report their work on 
poly(p-dioxanone). PDS sutures, sizes 2/0 and 6/0, were implanted in the posterior 
dorsal subcutis of female Long Evans rats for periods of 14, 21 and 28 days. The 
sutures were recovered at the designated periods and tested for straight tensile 
strength (Table 2).  Monofilament sutures, sizes 2/0 and 6/0, retained an average 
of 74 per cent of the unimplanted strength following two weeks of in vivo residence 
in the rat subcutis. At four weeks, an average of 58 per cent of the original strength 
of both dyed and undyed poly(p-dioxanone) suture remained. After six weeks, the 
strength remaining averaged 41 per cent. At eight weeks, both sizes (2/0 and 6/0) 
of monofilament poly(p-dioxanone) suture still retained an average of 14 percent 
of its original strength. 
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Table 2 In-vivo BSR of PDS suture (Ray et al., 1981) 

Suture strength ( 7 6 )  

Suture size 2 wks 4 wks 6 wks 8 wks 

In Vivo Absorption/Tissue Reaction 

The term absorbable suture implies that absorption eventually will cause dis- 
appearance of the suture from the site of implantation, thereby limiting the 
duration of the tissue response. Absorption of synthetic absorbable sutures oc- 
curs following hydrolytic or enzymatic breakdown of the polymer chain and 
resultant molecular weight reduction. With properly produced filaments, this 
proceeds in a regular and predictable manner in tissue. Like breaking strength, 
the rate of absorption is assessed following implantation, often intramuscularly, 
of suture strands in laboratory animals. It is judged by molecular weight degra- 
dation, radiotracer studies utilizing labeled suture or, more commonly, by his- 
tologic assessment. Absorption of dyed, PDS monofilament suture following in 
vivo residence in rat muscle, judged histologically, is summarized below in 
Table 3. 

Values in Table 3 are expressed in average percent suture remaining. Size 1, 4/0 
and 8/0 are based on the data from one lot, whereas size 7/0 is based on data from 
two lots and size 2/0 data from three lots. 

During the healing period, absorbable sutures are replaced by healthy tissue. In 
general, the tissue response to synthetic absorbable sutures is foreign body in nature. 
Further, the inflammatory response has been reported by Blomstedt (Blomstedt and 
Osterberg, 1978) to be less pronounced around suture materials with low capillarity. 

Poly(p-dioxanone) is a polyester which degrades by chemical hydrolysis in the 
body; there is no evidence of chain cleavage by enzymatic degradation. 

Ray and his coworkers, besides studying the BSR profiles of PDS monofilament 
sutures, and their absorption rates, also studied their in vivo performance by 
evaluating tissue reaction (Ray et al., 1981). 

Table 3 In vivo absorption of PDS monofilament sutures (Ray et al., 1981) 

Average I emaining (9%) 

Suture size 5 days 9 1 140 154 168 182 
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Two, 2 cm, segments of monofilament fiber having a diameter corresponding to 
size 2-0 suture were implanted aseptically into the left gluteal muscles of 24 female 
Long Evans rats. The implant sites were recovered after periods of 60, 90, 120 and 
180 days and examined microscopically to determine the extent of absorption. After 
60 days the suture cross-sections were still transparent and intact. The tissue reactions 
were slight and most sutures were encapsulated with fibrous tissue. 

At 90 days, the sutures were becoming translucent and had lost some of their 
birefringent properties. Afew of the suture cross-sections stained pink (eosinophilic) 
around the periphery and the edges were indistinct, indicating the onset of 
absorption. The tissue reactions generally consisted of a fibrous capsule and a layer 
of macrophages interposed between it and the suture surface. 

At 120 days the sutures were translucent, most cross-sections had taken on an 
eosinophilic stain, and the sutures appeared to be in the process of active absorption. 
The few reactions consisted of an outer layer of fibroblasts with an interface of several 
cell layers thick. Absorption at 120 days was estimated to be approximately 70 percent 
complete. At 180 days, absorption of the suture was substantially complete. The 
incision healed with minimal adverse tissue reaction. 

Several histologic changes accompanied the degradation of the polymer. At the 
five and 91 day postimplantation intervals, the cross sections of poly(p-dioxanone) 
were unstained and retractile. At these intervals, the polymerwas strongly anisotropic. 
By the 168th postimplantation day, anisotropy became much less pronounced, 
and the suture sections appeared to be blue gray. Occasionally, when filaments 
remained in sites at the 168th day interval, they were extensively fissured and were 
eosinophilic. 

The tissue responses were judged to be slight to minimal for all sizes of poly(p- 
dioxanone) suture tested. The cellular responses were found only in the vicinity 
of the implant site and were predominately mononuclear in character. Such tissue 
responses were similar to those previously reported by Craig and colleagues (Craig 
et al., 1975) following implantation of polyglactin 910 suture and polyglycolic acid 
suture in gluteal muscles of rats. 

Poly(p-dioxanone) suture elicited foreign body reactions which were judged to be 
minimal or slight for all periods that the suture remained. At five days, the reaction 
consisted primarily of small numbers of macrophages and proliferating fibroblasts. 
Neutrophils, foreign body, giant cells, eosinophils and lymphoctyes were rarely seen 
in this interval. At 91 days and later periods, no neutrophils were seen and only 
macrophages and fibroblasts remained consistently present in implant sites until 
the suture completely absorbed. After absorption, reactions were either absent or 
identified by the presence of a few enlarged macrophages or fibroblasts localized 
between otherwise normal muscle cells. Occasionally foci of fat cells were noted to 
occupy the implant site after absorption of the suture. 

The prolonged retention of breaking strength of poly(p-dioxanone) suture is 
accompanied by a somewhat slower rate of absorption than that reported for 
polyglactin 910 suture or polyglycolic acid suture. Poly(p-dioxanone) suture was 
found to be essentially completely absorbed from the rat muscle by 180 days versus 
60 to 90 days for polyglactin 910 and more than 120 days for polyglycolic acid suture, 
when similarly tested. 

From the study of ^C-labeled poly(p-dioxanone) suture, absorption was also 
judged complete by approximately 180 days. Furthermore, I3C was not accumulated 
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in any organ or tissue following suture absorption, indicating that the degradation 
products of poly(dioxanone) suture are rapidly excreted by the body. Confirmatory 
evidence of this conies from the excretion profile which closely represents the 
absorption profile. 

The direct correlation of molecular weight and breaking strength loss with 
both in vivo and in vitro incubation implies a similar mechanism of degradation. 
Because in vitro incubation provides only a buffered aqueous environment, the 
chemical degradation of the suture appears, in both instances, to be by nonenzynatic 
hydrolysis of the ester-bonds. Hydrolysis would be expected to proceed until small, 
soluble products are formed which then dissolve and are removed from the suture 
and the implant site. 

CONCLUSIONS 

Special grade poly(p-dioxanone) synthetic absorbable polymer has been developed 
into monofilament PDSThl suture, formulated to provide wound support through an 
extended healing period, as well as to minimize the variability of breaking strength 
retention and absorption and to invoke minimal tissue reaction. These features are 
particularly beneficial in critical applications, such as those involving slowly healing 
tissues. 

The inherent flexibility of poly(p-dioxanone) allows it to be fabricated into a 
monofilament fiber useful for all sizes of sutures. Poly(p-dioxanone) suture has 
greater pliability than poly(propy1ene) suture and can provide substantial strength 
when compared to most other monofilament sutures. 

In the body, poly(p-dioxanone) suture retains its strength for longer periods than 
other synthetic absorbable sutures. It elicits a low order of tissue response and is 
absorbed by simple hydrolysis. 

POLY(p-DIOXANONE) COPOLYMERS 

Although great commercial successes have been generated with poly(p-dioxanone) 
as shown by the development of PDS sutures, as well as ABSOLOK and 
clips, investigators have also prepared poly(p-dioxanone) copolymers (i.e., BIOSYN) 
with interesting physical properties that can be utilized for various medical device 
applications. The following describes the polymerization, properties and potential 
uses of poly(p-dioxanone) copolymers. 

POLY(p-DIOXANONE-CO-L (-) LACTIDE) SEGMENTED COPOLYMERS 

Like poly(p-dioxanone) homopolymer, copolymers of PDO and lactide can be 
prepared by several conventional polymerization means. The most commercially 
viable method relies upon melt polymerization. Since a thermodynamic equilibrium 
between the monomer (p-dioxanone) and the polymer [poly(p-dioxanone) 1,  results 
during polymerization (Bezwada et al., 1987, 1990) in conversions ranging from 
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Figure 6 Poly(p-dioxanone-co-(L-) lactide) segmented copolymers. 

about 95% at reaction temperatures of 80-85'C, to about 75% at 1 10^C, to about 50% 
at 150CC, a convenient way to carry out copolymerization of PDO and other lactones 
is in a two step process. One first conducts a melt polymerization of p-dioxanone to 
produce a mixture of PDO homopolper and monomer (Figure 6). 

This homopolymerization is carried out in the presence of a catalytically effective 
amount of a suitable metal-containing catalyst such as stannous octoate (stannous- 
2-ethylhexoate - Sn(CgHi-i02)2) or stannous oxalate. Typically the catalyst levels 
are reported as monomer:catalyst molar ratios. Level vary widely depending on 
the catalyst but stannous octoate is preferably used from 15,000:l to 40,000:l. The 
polymerization is carried out in the presence of an initiator such as an alkanol, a 
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glycol, a hydroxyacid, or an amine. Specific initiators that have been used include 
1-dodecanol, diethylene glycol, glycolic acid, lactic acid, and ethanol amine. Typical 
proportions of the initiator, reported as monomer:initiator molar ratios, are 500:l to 
1800:l. The polymerization of p-dioxanone is carried out at elevated temperatures 
under an inert atmosphere for a period of time sufficient to produce a mixture 
of p-dioxanone homopolymer and p-dioxanone monomer. Typical polymerization 
reaction temperatures are within the range of 1OOcC to 1303C. 

The polymerization reaction is normally carried out until an equilibrium is 
reached between polymer and monomer. Depending on the temperature and 
catalyst concentration, this reaction usually takes from 4 to 8 hours. At a preferred 
temperature of l1O2C, the usual reaction time is 5 to 6 hours. 

The resulting mixture is then reacted with lactide and subjected to an elevated 
temperature for a period of time sufficient to produce a copolymer. As a general 
rule, the reaction temperature for this polymerization will be within the range of 
1 1 0 T  to 1603C. At reaction temperatures within this range, the polymerization will 
be complete within a period of about 1 to 4 hours. 

Thus, to a dry, round bottom, two neck flask, 95 grams of p-dioxanone, 0.197 
ml of 1-dodecanol, and 0.0975 ml of stannous octoate (0.33 molar in toluene) are 
added. The stirred reaction mixture is heated under nitrogen for 6 hours at lOOcC. 
Five grams of L(-)lactide are added to the reaction mixture, and the temperature 
is raised to 140Â° and maintained there for 2 hours. The copolymer is isolated, 
ground, and vacuum dried for 48 hours at 80JC. 

Using similar procedures, Bezwada and coworkers (Bezwada et al., 1987, 1990) 
prepared copolymers of PDS-melt/L(-)lactide at 90/10, and 80/20 (by weight). 
A series of PDO/L(-)lactide random copolymers at 95/5 and 90/10 (by weight) 
were also prepared for comparative purposes. To a dry round bottom two neck 
flask, equipped with an overhead stirrer and nitrogen inlet, 95 grams (0.93 mole) of 
p-dioxanone, 0.197 ml of 1-dodecanol, 0.0975 ml of stannous octoate (0.33 molar in 
toluene) and 5 grams (0.347 mole) of L(-)lactide were added. The reaction mixture 
was heated at 110'C for 8 hours. The resulting copolymer was isolated, ground 
and vacuum dried for 64 hours at 80'C. The melting points of these copolymers 
were measured utilizing hot stage microscopy; the copolymer compositions were 
determined by NMR. Inherent viscosity values were measured at a concentration of 
0.1 grams of polymer per dL of hexafluoroisopropyl alcohol at 25l-,C. 

Extrusion of the poly(p-dioxanone-co-L(-)lactide) segmented and random copoly- 
mers was performed in a similar fashion as that of poly(p-dioxanone). The tensile 
properties were determined with an INSTRON tensile tester. The breaking strength 
retention (BSR) in uivo of the fibers was determined by implanting two strands of 
the fiber in the dorsal subcutis of each of a number of Long-Evans rats. 

RESULTS AND DISCUSSION 

The physical and biological properties of the segmented copolymers are summarized 
in Table 4. Compared with p-dioxanone homopolymer, the segmented copolymers 
displayed a gradual increase in compliance (the reciprocal of Young's modulus) 
with an increase in the concentration of lactide moieties. From a glass transition 
standpoint alone, one might think that adding lactide would increase the modulus 
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of the copolymers. A small amount of lactide, however, is morphologically disruptive 
enough to slightly lower the crystallinity to result in a softer material. (Also note in 
Table 4 the drop in the melting point with increasing lactide content, indicative of 
increasingly poorer crystal perfection.) When considering segmented copolymers 
low in lactide, this disruption is still not great enough to significantly lower tensile 
strength. 

Similar properties could not be realized for the random copolymers of the same 
overall composition because of the lack of adequate crystallinity in the fibers. (See 
Table 5; the melting transion for the 90-10 random copolymer is 12% lower 
than the corresponding 90-10 segmented copolymer shown in Table 4.) The 
absorption profile and breaking strength retention of the segmented fibers reflected 
an interesting balance between the decreasing crystallinity of fibers and decreasing 
rate of hydrolysis of the copolymers with incorporation of lactide moieties in the 
chain. This situation is more noticeable in the BSR profile of the monofilaments 
than for their absorption. 

Table 4 Physical properties of PDO-PLA segmented copolymers 

Composition (b\ ~ $ 1  ) of PDO PLA 

I.V. (dl.&) 
Tin CC) 

Fiber properties 
Diameter (mils) 
Ten. strength (Kpsi) 
Knot strength (I+) 
Elongation (%)  
Young's modulus (Kpsi) 

In vitro BSR (%) @ 5WC/pH 7.27 
4 days 
7 clays 

In vivo BSR (7%) 
3 xvks 
4 wks 
6 wks 
8 wks 

100-0 (PDS) 
1.8 
107 

Table 5 Physical properties of PDO-PLA random copolymers 

Composition ( 1 ~  nt.) PDO-P1 A 

Fiber properties 
Diameter (mils) 
Ten. strength (Kpsi) 
Knot strength (Kpsi) 
Elongation (5%) 
Young's modulus (Kpsi) 
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Catalyst 
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11OOC 

p-dioxanone 

Figure 7 Poly(p-dioxanone-co-glycolide) segmented copolymers. 

POLY(P-DIOMONE-CO-GLYCOLIDE) SEGMENTED COPOLYhIERS 

Segmented copolymers of p-dioxanone/glycolide (Bezwada, Sl~alaby and New- 
man, 1987) can be prepared by a similar method as segmented copol~mers of 
p-dioxanone/L(-)lactide. Fii-stlv, p-dioxanone (PDO) monomer is melt polymer- 
ized to produce a mixture of poly(p-dioxanone) homopolymer and p-dioxanone 
monomer. 

The polymerization is carried out in the presence of a cataly5t, such as stannous 
octoate and an initiator such as 1-dodecanol, or diethylene glycol. Typical polymer- 
ization reaction temperatures are from 100-C to l3OcC, preferably llOcC for 4 to 
8 hours. The polymerization is carried out until an equilibrium is reached between 
polymer and monomer. This is usually obtained in about 5 to 6 hours. 
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Next, glycolide is added to the mixt~lre, and the resulting reaction mixture's 
temperature is elevated to 120 to 18O3C for 1 to 4 hours (Figure 7). 

The proportion of glycolide that is added to the mixture of p-dioxanone ho- 
mopolymer and monomer can be varied, and in the examples that follow, it is from 
3 to 25 weight percent, based on total weight of the reaction mixture (i.e., total 
weight of glycolide, p-dioxanone l~omopolymer, and p-dioxanone monomer). 

Thus, to a flame dried, 250 milliliter, round bottom, three-neck flask fitted with 
a flame dried overhead stirrer, nitrogen inlet and stopper, 95 grams (0.9306 mole) 
of p-dioxanone, 0.266 milliliter of 1-dodecanol, and 0.0984 milliliter of stannous 
octoate (0.33 molar solution in toluene) were added. The contents of the reaction 
flask were held under high vacuum at room temperature for about 16 hours. The 
reaction mixture was then heated to 11OoC, and maintained there for 5 hours with 
stirring. A small sample of the resulting polymer was removed for analysis (inherent 
viscosity = 1.21 dL/g), and 50.0g (0.04308 mole) of glycolide was added to the 
reaction mixture. The temperature was raised to l4O0C, and maintained there for 1 
hour. The temperature was lowered to 909C, and maintained there for 65 hours. 

The resulting copolymer was isolated, ground, and dried for 48 hours at 8OCC 
under 0.1 mm Hg to remove any unreacted monomer. A weight loss of 13.7% was 
observed. 

Using this general scheme, two more copolymers of PDO/glycoIide at 90/10 and 
80120 initial weight composition were prepared. Itwas found that the polymerization 
of the first stage occurred best at 6 hours at 10O3C, ulth a second stage of 1 to 2 hours 
at l4OcC. 

The copolymers were characterized using Varian XL-300H and C1? KMR, DuPont 
DSC, Waters-Model 150C GPC, and X-ray diffractometers. Inherent viscosities 
(I.V.) were obtained in hexafluoroisoprop~~l alcohol (HFIP) at 25-C and 0.1 g/dL 
concentration using a Ubbhlode ~lscometer. Properties of these polymers are 
summarized in Table 6. 

The fibers were extruded in a fashion similar to that used for the poly(p- 
dioxanone-co-L(-)lactide) copolymers. The resulting oriented filaments have good 
straight and knot strength. Oriented and rack annealed (12 hours/603C, constrained 
lengthlno relaxation) fiber properties of these copolymers are summarized in 
Tables 7 and 8. The effect of initiators 1-dodecanol and diethylene glycol on the 
copolymer properties were also studied, and the properties are summarized in 
Table 9. In uzuo absorption and breaking strength retention is compared with PDS 
homopolymer (Table 10). 

Table 6 Properties of PDO-PGA segmented copolymers 

Feed composition (by ~ v t . )  PDO-PGA 100-0 95-5 90-10 80-20 

Final comp. (by mole %) PDO-PGA 100-0 - 87-13 83-17 

1.1: (dL/g) 1.8 1.63 1.44 1.64 

Co11ver5ion (5%) 95 86 86 93 

CrystdSinity (%) 50 - 45 40 

Tm ('C) -1 2 - -8 -2 

Tg ice) 112 - 97 125 
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Table 7 D r a ~ l n g  conditions and properties of unannealed PDO-PGA copolymers 

PDO-PGA (rvt. %) 95-5 90-10 80-20 

Dl-awing Conditions 4x at 58'C folloxved 5 x at 52'C follo~ved 5 x at 5OCC foIIor%,ed 

bv 2 x at 75'C IJTJ 2x at 72'C by 2x at 71Â° 

Dia. (mil) 7.1 7.3 7.5 

Tensile strength (Kpsi) 88 87 6.5 

h o t  strength (Kpsi) 53 49 43 

\'ield(%) 49 6 1 94 

iVIodulus (Kpsi) 21 1 143 8 1 

Table 8 Tensile properties of drawn, annealed monofilaments of PDO-PGA segmented 
copolymers 

Composition (by rvt.) PDO-PG.1 100-0 (PDS) 95-5 90-10 80-20 

Fiber properties 

Diameter (mils) 

Str. strength (Kpsi) 

Knot strength (Kpsi) 

Elo~lgation (72) 
Young's modulus (Kpsi) 

In vitro BSR (%) 

4 Ckays/5o=c 

Table 9 Effect initiator on fiber propel-ties 

Compositiori (by rvt,) PDO-PGA 90-10 90-10 

Inittator ? y e  1-doclecanol diethylene glycol 

I.V. ( d ~ / s )  1.44 1.88 

Fiber Properties 

(annealed 12h1-s./60'C) 

Diameter (nlils) 

Str. strength (Kpsi) 

Knot strength (Kpsi) 

Elongatio~~ (%)  

Young's hIoc1ulus (Kpsi) 

In-vitro BSR (%) 

4 days/503C 
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Table 10 Comparati~e properties of PDS and a PDO-PGA 
90-10 segmented copolymer 

Cornpix i t io~~ (PDO-PGA) 
1.Y. (dL/g)  
Tin ( 'C)  

Fiber properties 
Dianeter  (1iliI5) 
Str. s t r e ~ l g t l ~  (l<p$i) 
Knot strength (Kpsi) 
Eloriptii>n (%)  
\'OLIII~'S n ~ o d u l { ~ $  (Kpsi) 

In-vivo BSR (%) 
3 xcks 
4 ~ c k s  
6 wks 

In vivo absorption (wt 7; r e ~ r l a i n i ~ ~ g )  
91 &a:s 
1 19 dam 
182 clay5 
210 days 

100-0 (PDS) 
1.8 
112 

RIZSLTLTS AND DISCUSSION 

Melt polymerization of p-dioxanone proceeds to about 75% conversion in 5-6 
hours at 11OcC when using stannous octoate as a catalyst at a level as described 
above. Addition of glycolide at this stage to the p-dioxanone polymerization 
mixture allows for the copol~7merization of the unreacted p-dioxanone with gly- 
colide to produce amorphous glycolide/p-dioxanone segments at the end of the 
poly(p-dioxanone) chains. Incorporation of such segments provides much more 
compliant monofilaments as compared with those made from poly(p-dioxanone). 
The segmented copolymers provided monofilaments with higher strength and 
improved absorbability and more rapid loss of i n  uiuo breaking s t r e ~ ~ g t l ~  than 
poly(p-dioxanone) . 

With an increase of glycolide content from 0 to 20%, crystallinity appeared to 
drop from 50% to 40%. The Tg of the copolymers increased with the increase in 
glvcolide ratio, and a slight increase of Tm could be observed. Copolymer with 
20% glycolide displayed a Tm of 125'C. It appears that diethylene glycol (DEG) 
initiated 90/10 copolymer yielded fiber possessing similar tensile strength to that 
derix~ed from 1-dodecanol initiated polymer; these fibers however lost strength zn uitro 
slightly faster and had a slightly lower mod~~lus .  This may suggest that the copolymer 
has a different microstructure; this is important as certain key properties can be 
effected by sucl~ microstructures. The segmented copolymers of PDO/glycolide at 
90/10 exhibited a much faster BSR profile, with complete absorption in 119 days, 
whereas complete absorption takes 210 days for poly(p-dioxanone) monofilament. 
The absorption and BSR profile of the segmented copolymer of PDO/glycolide 
monofilaments are similar to PGA braided sutures. 
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POLY(p-DIOWONE-CO-GLYCOLIDE) BLOCK COPOLYiVlERS 

Unlike poly(p-dioxanone-co-glycolide) segmented copolymers, poly(p-dioxanone- 
co-glycolide) block copolymers are prepared by reacting p-dioxanone homopolper 
that is essentially free of unreacted monomer (Jamiolkowski et ul., 1989). That is, 
the homopolymer, prior to the copolymerization reaction, contains not more than 
about 3 or 4 weight percent of unreacted p-dioxanone monomer. The reaction 
of the p-dioxanone homopoIymer with glycolide is preferably carried out in such 
a manner that the homopolymer is first dissolved (or at the very least, intimately 
mixed) in the glycolide monomer before significant polymerization of the glycolide 
occurs. This is done in order to minimize the presence of homopolymeric species in 
the final product. This leads to copolymers that are blocky, tending towards an Al3A 
structure. Furthermore, by reacting substantially monomer-free poly(p-dioxanonej 
with glycolide, the copolymers will contain poIy(g1ycolide) blocks or sequences that 
are capable of developing a significant degree of crystallinity (Figure 8). 

Catalyst 
Initiator 
1 1 o o c  

Poly(p-dioxanone) homopolymer 

Figure 8 Poly (p-dioxanone-co-glycolide) block copolymers. 
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As a general rule, the reaction temperature for the reaction of poly(p-dioxanone) 
with glycolide is 140 to 240CC. When the glycolide content of the reaction mass is 
less than about 50 weight percent, the reaction temperature can be 140 to 180Â°C 
When glycolide is the predominant component in the reaction mass, the reaction 
temperatures are usually raised to 200 to 235'C. By using as low of a reaction 
temperature as possible, the incidence of transesterification reactions is lowered, 
and therefore, randomization is diminished. 

Thus, p-dioxanone homopolymer is prepared, as described previously, by charging 
pure p-dioxanone, dodecanol, and a catalytic amount of stannous octoate in toluene 
solution (0.0025 mole percent based on monomer) to an appropriate reactor, and 
heating under an inert dry nitrogen atmosphere at 90CC for one hour. 

Then, to a flame dried, 250 ml round bottom three-neck flask, equipped with 
a overhead stirrer, nitrogen inlet and stopper, 25.0 g of the poly(p-dioxanone) 
homopolymer was added. The flask was equipped with a vacuum adapter. Vacuum 
was applied and the flask was lowered into a silicone oil bath heated at 803C. Heating 
at 80' C under high vacuum was maintained for 16 hours to remove any residual water 
and to remove as much residual monomer as possible (i.e., 2 wt%). 

The vessel was removed from the oil bath and allowed to cool. Then, one hundred 
grams of pure glycolide monomer was introduced into the flask under dry nitrogen. 
The flask was then placed in a preheated oil bath at 120^C. Within 10 minutes at 
l2OcC the stirred reaction mass was noted to be clear and not very viscous. After 
15 minutes, the temperature was increased to 1403C and maintained there for 10 
minutes upon which it was noted that the PDS appeared to be completely dissolved. 
The reaction temperature was then raised to 215%. Stirring of the highly viscous 
melt was continued for an additional 2 hours. At this stage, the vessel was removed 
from the oil bath and allowed to cool under a stream of nitrogen. The copolymer 
was isolated, ground, and dried in vacuo at room temperature and at l103C for 1.5 
and 16 hours, respectively, to remove any unreacted monomer. 

The resulting poly (p-dioxanone-b-glycolide) block copolymer (20/80 initial weight 
ratio) had a melting point of 210Â° with an IV of 1.59 dL/g. A weight loss of 11.1 % 
was observed. 

Using a similar procedure, poly(p-dioxanone-b-glycolide) block copolymers at 
30/70, 40/60, 50/50, and 60/40 initial weight ratios were prepared, isolated and 
characterized. 

The copolymers were extruded into monofilaments using an INSTRON capillary 
rheometer. The extrudates were drawn in two stages at about 54'C and then about 
74^C using draw ratios of about 4.5 and 1.3X, respectively. After annealing, tensile 
properties were measured (Table 11). 

Table 11 Properties of PDO-PGA block copolymers 

Composition (by wt.) PDO-PGA 
I.V. (cIL/g) 
Tm ("C) 
Fiber properties 
Diameter (mils) 
Str. strength (Kpsi) 
Knot strength (Kpsi) 
Elongation (%) 
Young's Modulus (Kpsi) 
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RESULTS AND DISCUSSION 

The block copolymers of PDS and PGAwith 20 to 60% PDS moieties can be made into 
crystalline materials which may be converted to strong, complaint monofilaments. 
Copolymers based on 50 to 60% PDS moieties produce very high strength and highly 
compliant monofilaments. The melting data indicates that the crystalline phase is 
primarily composed of PGA moieties, while those of PDS dominate the amorphous 
phase. Therefore, copolymers with about 50-60% PDS moieties exhibit moduli equal 
to or less than those of p-dioxanone homopolymer, with melting temperatures closer 
to that of PGA. Monofilaments made from these copolymers, because of the presence 
of the rapidly hydrolyzable glycolide moieties and morphological considerations, 
display an accelerated loss of their in vivo breaking strength profile as compared 
with PDS sutures. 

POLY(p-DIOXANONE-CO-e-CAPROLACTONE) COPOLYMERS 

Both blocky and random poly(p-dioxanone-co-e-caprolactone) copolymers were 
prepared and extruded into monofilaments to study their physical and biological 
properties (Bezwada, Shalaby, and Erneta, 1991). Random copolymers were pre- 
pared by polymerizing the desired proportions of p-dioxanone and e-caprolactone 
in a single step process in the presence of an organometallic catalyst and an initiator 
at elevated temperatures as described above for p-dioxanone. 

Thus, to a flame dried 250 ml, round bottom three-neck flask, equipped with a 
flame dried overhead stirrer, nitrogen inlet and stopper, 90 grams (0.7885 mole) 
of distilled e-caprolactone, 10 grams (0.0980 mole) of p-dioxanone, 0.0253 ml of 
distilled diethylene glycol, and 0.108 ml of stannous octoate (0.33 molar solution in 
toluene) were added. The flask was held under high vacuum (0.1 mm Hg) for about 
16 hours then purged with nitrogen three times before being vented with nitrogen. 
The stirred reaction mixture was then placed in an oil bath at 160Â° for 24 hours, 
then cooled to 110:C and stirred for an additional 24 hours. The polymer was cooled 
to room temperature under a stream of nitrogen, isolated, ground and devolatilized 
under vacuum (0.1 mm Hg) at 50'C for 16 hours, then at 80'C for an additional 48 
hrs. 

The polymer was melt spun, drawn and annealed to prepare oriented, dimension- 
ally stable filaments using extrusion techniques previously described. 

For the preparation of block copolymers, e-caprolactone is polymerized into 
a "prepolymer" and then reacted with p-dioxanone monomer. This results in a 
copolymer with a center block of e-caprolactone and one or two end blocks of 
p-dioxanone. This forms block copolymers with a diblock (AB) or triblock (ABA) 
architecture (Figure 9). Diblock copolymers can be prepared by first prepolper-  
izing e-caprolactone with a monofunctional initiator such as 1-dodecanol, followed 
by polymerization with p-dioxanone monomer. 

Thus, a diblock copolymer is formed by adding to a flame dried, 250 ml round 
bottom three-neck flask equipped with a flame dried overhead mechanical stirrer, 
nitrogen inlet and stopper, 10 grams (8.9 wt. percent) of monohydroxy-terminated 
poly(e-caprolactone) prepolymer with a weight average molecular weight of 10,000 
(gel permeation chromatography, Scientific Polymer Products, Inc). The reaction 
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Diblock (A-B) copolymer 

Triblock (A-B-A) copolymer 

Figure 9 Poly (p-dioxanone-co-caprolactone) copolymers 

flask was then held under high vacuum at 80Â° for about 64 hours. After cooling to 
room temperature, the flask was charged with 102.1 gm (1.0 mole, 91.1 wt. percent) 
of p-dioxanone, and 0.101 ml of stannous octoate (0.33 molar solution in toluene). 
The contents of the reaction flask were then held under high vacuum at room 
temperature for about 16 hours, followed by purging with nitrogen three times 
before being vented with nitrogen. 

The flask was then placed in an oil bath at 90'C. After 15 minutes, the stirred, low 
viscosity solution became clear. The viscosity began to increase and the temperature 
was raised to IOOaC. Stirring of the high viscosity melt was continued for 4 hours. The 
temperature was then lowered to 90aC and stirring was continued for an additional 
24 hours. Then, the temperature was lowered to 80Â°C Stirring was continued at 
803C for three more days. The resulting copolymer was cooled to room temperature 
under a stream of nitrogen, isolated, ground and dried for 8 hrs. at 609C, then 8 hrs. 
at 70CC under high vacuum (0.1 mm Hg) to remove residual monomers (about 15 
percent). 

The poly(p-dioxanone-co-e-caprolactone) block copolymer had an inherent vis- 
cosity of 2.18 dL/g in hexafluoroisopropyl alcohol (HFIP) at 25'C, and a melting 
point by hot stage microscopy of llOGC. 

Triblock copolymers can be prepared in a similar manner, except that the initiator 
used for prepolymerization of e-caprolactone is difunctional (i.e., diethylene glycol). 
This will yield a triblock copolymer, with a center block of poly(e-caprolactone) and 
end blocks of poly(p-dioxanone) . 

The copolymers were melt spun, drawn and annealed to prepare oriented, 
dimensionally stable filaments using conventional extrusion techniques. 

The mechanical and biological properties are described in the literature (Bezwada, 
Shalaby and Erneta, 1991) and show that a surgical filament prepared from a 
block copolymer of e-caprolactone and p-dioxanone has equivalent straight and 
knot tensile strength to p-dioxanone homopolymer, but has significantly enhanced 
flexibility as demonstrated by the reduction in Young's Modulus. 

The block copolymer filaments are semi-crystalline and have mechanical 
properties substantially equivalent to the mechanical properties of p-dioxanone 
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Triblock (A-B-A) terpolymer 

Figure 10 Poly(p-dioxanone-co-glvcolide/lactide) block terpolymers. 

l~omopolymer, wit11 a straight tensile strength of 60,000 psi, and a knot tensile 
strength of 40,000 psi. The Young's Modulus was 300,000 to 100,000 psi, with 
elongation-to-break of 30 to 80 percent. Furthermore, the block copolymer fila- 
ments exhibit an in viuo absorption profile comparable to poly(p-dioxanone), with 
complete absorption occurring not more than 210 days after implantation. 

POLY(p-DIOaVONE-CO-GLYCOLIDE-CO-MCTIDE) TERPOLYMERS 

Terpolymers comprising glycolide, lactide and p-dioxanone have also been prepared 
(Bezwada, Newman and Shalaby, 1991). Polymerization consists of reacting glycolide 
and lactide to form a low molecular weight "prepol~7mer", which is then further 
polymerized with p-dioxanone to form the terpolymer (Figure 10). 

The ratio of lactide to glycolide used to prepare the prepolymer must be adjusted 
so that the resulting prepolymer structure is amorphous. The amount of amorphous 
lactide/glycolide prepolymer used to prepare the terpolymer can vary over a wide 
range, and will depend to a great extent on the physical and absorption properties 
desired. Tpically, an amount from 5 to 50 percent by weight of the composition of the 
polyester is acceptable. This is important to facilitate the successful copolymerization 
of the pl-epolymer with p-dioxanone. 

Amorphous prepolymers exhibiting the properties desired for copolymerization 
with p-dioxanone can generally be prepared at a molar ratio of lactide to glycolide 
as low as 50:50, but a ratio of 60:40 to 70:30 is preferred. Generally, if the amount 
of glycolide exceeds 30 mole percent of the prepolymer, thrn the prepolymer 
would not 0111~7 crystallize, but its melting temperature would be greater than the 
desired temperature for copolymerizing with p-dioxanone. Prepolmers prepared 
from greater than 70 mole percent lactide typically pro~ide  a polyester exhibiting 
a slower rate of absorption and a larger retention of breaking strength. For most 
applications, this is not desired. 

The prepoljmei- of lactide and glycolide is prepared by conventional polymer- 
ization techniques. The terpoljmer is then prepared by polymerizing the desired 
proportions of prepolymer and p-dioxanone in the presence of an organometallic 
catalyst and an initiator at elevated temperatures from 100 to 1603C for approxi- 
mately 16 hours. Alternatively, the polymerization can be carried out in 2 or more 
successive stages - for example, for 1-2 hours at 100-140cC, followed by 2 to 5 days 
at 803C. 
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Figure 11 Poly (p-dioxanone-co-alkylene oxide) copolyiners. 

These terpolymers have a degree of crystallinity and an intrinsic viscosity which 
render them suitable for extrusion into fibers or films and for injection molding 
into surgical dellces such as staples. In uiuo BSR and rate of absorption of the 
formed filaments were determined. The straight tensile strength of monofilaments 
is greater than 50,000 psi, while the knot tensile strength is greater than 40,000 psi. 
Additionally, the Young's Modulus was less than 500,000 psi, with some displaying 
moduli less than 300,000 psi, while the elongation was less than 80%. 

POLY(p-DIOMONE-CO-KmENE OXIDE) COPOLYMERS 

Copolymers of p-dioxanone and alkylene oxides have also been prepared (Bezwada 
and Shalaby, 1991) (Figure 11). These crystalline copolymers can be either blocky 
or branched. Diblock (B) and tl-iblock copolymers (ABA) are derived from mono- 
functional and difunctional poly(alky1ene oxides), respectively, while branched 
copolymers, are formed from pol~functional poly(alky1ene oxides). Polymerization 
occul-s by reacting p-dioxanone with the desired type and amount of poly(alky1ene 
oxide) in the presence of an organometallic catalyst at elevated temperatures. 

Thus, to a flame dried, 250 ml round bottom, three-neck flask, eq~iipped with 
an overhead stirrer, nitrogen inlet and stopper, 4.18 grams of a propylene-ethylene 
oxide (Pluronic, Tm 6S7C, Mn = 8350 g/mol) block copolymer was added. The 
reaction flask was held under high vacuum at SO'C for about 18 hours. After cooling 
to room temperature, the reaction flaskwas chargedwith 102.1 gm (1.0 mole, 96.1 wt. 
percent) of PDO, and 0.101 ml of stannous octoate (0.33 molar solution in toluene). 
The contents of the reaction flaskwere held under high ~ ~ a c u u m  at room temperature 
for about 16 hours. The flask was then fitted with a flame dried mechanical stirrer and 
an adapter, and purged with nitrogen three times before being vented with nitrogen. 
The flask was then placed in an oil bath at l1OcC and maintained there for about 
one hour, lowered to 903C for an additional 24 haul-s, and then lowered further to 
SOcC for three more days. The copolymer was cooled to room temperature, isolated, 
ground and dried for 16 hours at 6OUC, 16 hours at 703C, and finally for 32 hours at 
80cC under high vacuum (0.1 mm Hg) to remove any unreacted monomer (16%). 

The resulting poly(p-dioxanone-co-ethylene propylene oxide) copolymer had an 
inherent viscosity of 3.43 dL/g in hexafluoroisopropanol (HFIP), and a melting 
point of 120'-C. 
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n =  1 to 10 
Figure 12 Poly(1)-dioxanone-co-alkylene carbonate) copolymers 

Using methods previously described, poly(p-dioxanone-co-ethylene propylene 
oxide) copolymers were melt extruded into monofilaments. Tensile strengths were 
found to be equivalent to PDS homopolymer, but handling properties were improved 
(Bezwada and Shalaby, 1991 ) . 

POLY(p-DIOWTONE-CO--ONATE) COPOLYMERS 

Such as the previously described, poly(p-dioxanone-co-alkylene oxide) copolymers, 
bioabsorbable copolymers comprising linkages other than esters have been pre- 
pared. Cnless one views carbonates as esters of carbonic acid, this would also include 
the family of polymers based upon p-dioxanone and M-BB type poly(alky1ene 
 carbonate)^ such as poly(hexamethy1ene carbonate) (Bezwada, Shalaby and Hunter, 
1991) (Figure 12) .  

Synthesis involves the formation of a pol~7(alkylene carbonate) prepolymer formed 
from intermediates of organic carbonate moieties by reaction of a diol and organic 
carbonate monomer at elevated temperatures in the presence of a catalyst such as 
stannous octoate. Diols include 1,6-hexanediol, 1,4butanediol and 1,8-octanediol, 
while carbonates include diphenyl carbonate and dibutyl carbonate. p-Dioxanone 
is then added to form the poly(p-dioxanone-co-alkylene carbonate) copolymer. 

The molecular weight of the final copolymer depends upon the molecular 
weight of the particular prepolymer employed in its synthesis. Low molec~dar 
weight prepolymers will yield low molecular weight bioabsorbable copolymers and 
high molecular weight pi-epol~7mers will yield high molecular weight polymers. 
Additionally, the ratio of reactants ~7ill also control the molecular weight of the 
copolymer. 
h is typical in a polj7condensation reaction employing transesterification, the 

molecular weights of the formed prepolymers ale controlled by in large measure 
by reaction conditions. The ratios of the respective reactants can influence the time 
needed for reaction - the prepolynlers monomer feed is typically an excess of 0.5 
to 0.6 mole percent diol and a slight deficiency of 0.4 to 0.5 mole percent organic 
carbonate. 

Hence, a prepolper  of poly(hexamethy1ene carbonate) was formed by adding to 
a flame dried 250 ml single neck flask 36.6 g of 1,6-hexanediol and 69.2 g of diphenyl 
carbonate. The flask was fitted with a mechanical stirrer, a distillation adapter and 
receiving flask. The reaction flask was held under high vacuum at room temperature 
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for about 18 hours. Then, the flask was placed in an oil bath, under a stream of 
nitrogen, at 180QC for 1.5 hours. The stirred solution became clear after 15 minutes 
and began to increase in viscosity as volatiles were distilled off. The temperature 
of the reaction was then raised to 200CC for 1 hour, followed by polymerization 
at 220Â° for 3 hours. Then, the temperature was lowered to 200CC and a strong 
~~acuum (0.01 mm Hg) was slo~vly applied to 1-emove residual monomers. Stirring 
under vacuum was continued for an additional 18 hours. 

The resulting poly(hexamethy1ene carbonate) was cooled to room temperature 
under a stream of nitrogen, isolated, ground, and dried under vacuum (0.1 mm 
Hg). The polymer had an I.V. of 0.38 dL/g. 

Five grams of the poly(hexamethy1ene carbonate) was then added to a flame 
dried 100 ml two-neck flask, equipped wit11 an overhead stirrer and nitrogen inlet, 
and dried at 603C and 0.1 mm Hg for 24 hours. p-Dioxanone (20 g (0.196 mole)) 
and 0.02 ml of stannous octoate (0.33 molar in toluene) were then added to the flask 
and held under high 17acuum (0.1 mm Hg) at room temperature for an additional 
24 hours. The flask was then placed in an oil bath at 1103C. A4fter 15 minutes, the 
stirred solution became homogenous and began to increase in viscosity. Stirring was 
continued for 8 hours under nitrogen. 

The resulting poly(p-dioxanoi~e-co-hexamethylene carbonate) copolymer was 
cooled to room temperature, isolated, ground, and dried at 8OCC under high vacuum 
to remove any unreacted monomer. The copolymer had an 1.1'. of 0.38 dL/g. 

These low molecular weight copolymers have been found useful in the fabrication 
of surgical articles, particularly in bioabsorbable coatings for sutures due to their ~ ~ e q 1  
soft, pliable cl~aracteristics. 

Their softness allows penetration deeply into the coated substrate, and conse- 
quently, leaves less coating build-up on the substrate's surface. For coated sutures, 
such build-up is manifested by flaking which occurs when the suture is tied 
into a knot or secured otherwise. Thus, when sutures are coated with poly(p- 
dioxanone-co-alkylene carbonate), flaking is reduced. Furthermore, because the 
low molecular weight copolymers penetrate into the suture, the coatings exhibit 
enhanced conformability. Additionally, tactile smoothness is imparted to s~lrgical 
articles. Such smoothness serves, for example, to reduce the tissue drag. Lower 
molecular weight coatings also lessen the degree of fibrillation during the formation 
of both wet and dry knots. In addition, the low molecular weight copolymers are more 
readily absorbed into bodily tissues than higher molecular weight polymers. 

POLY(p-DIOWONE-GLYCOLIDE-MCTIDE) RANDOM TEFWOLWERS 

Random terpolymers of p-dioxanone, glycolide and lactide have also been prepared 
(Bemada and Kronenthal, 1991) and have exhibited excellent coating properties 
due to their softness and pliability. Polymerization occurs by reacting p-dioxanone, 
lactide and glycolide with a mono- or polyhydric alcohol initiator such as diethylene 
glycol, glycerol, 1-dodecanol, and mannitol, or a llydroxy acid S L I C ~  as lactic or 
glycolic acid. 

Molecular weights and viscosities can be contl-olled by the type of initiator and by 
the ratio of initiator to monomer. Handling properties of the coating copolymers 
can be controlled by changing the mole ratios of p-dioxanone, lactide and glycolide. 
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Type and proportion of initiator control the molecular structure and molecular 
weight of the copolymer. The proportion and type of initiator is selected such that 
the polymer will have an inherent viscosity of 0.05 to 0.5 dL/g as determined in 
hexaf1uoroisp1-opanol at 25OC and a concentration of 0.1 g/dL. 

The exact amount and type of initiator required to achieve the desired molecular 
weight can be determined by routine experimentation. For instance, a polyhydric 
alcohol initiator having three or more hydroxy groups will result in a branched chain 
polymeric structure, whereas a mono- or dihydric alcohol or a hydroxy acid (having 
only one carboxy group and one hydroxy group) will result in a linear polynleric 
structure. The monomers are used in proportions such that the resulting polymer 
is either a liquid or a waxy solid at room temperature (25-C). .& a general rule, 
the ratio of the monomers is 0.1 to 0.5 moles of lactide and/or glycolide, with the 
remainder being PDO. 

The copol~mers are prepared by synthesis techniques that are analogous to 
processes described previously. For instance, the initiator, monomers, and a suitable 
esterification or ester exchange catalyst are charged to a suitable vessel and the 
contents of the vessel are heated to a temperature within the range of 80 to 180'C 
for a period of four hours to four days. 

Hence, to a flame dried, 250 ml round bottom, two-neck flask, equipped with 
an overhead stirrer and nitrogen inlet, 12 milliliters of distilled diethylene glycol, 80 
grams (0.7836 moles) of p-dioxanone, 20.0 grams (0.1388 moles) of L(-) lactide, and 
0.093 milliliters of stannous octoate (0.33 molar solution in toluene) were added. 
The flask was held under high vacuum at room temperature for about 16 hours 
and then purged with nitrogen three times followed by venting with nitrogen. The 
flask was placed in an oil bath at 17'OCC and stirred for 3 hours. The tempel-ature 
was lowered to 120'C and stirring of the low viscosity melt was continued for an 
additional 5 hours. 

The resulting poly(p-dioxanone-co-lactide) copolymer was cooled to room tem- 
perature under a stream of nitrogen, isolated, and dried for 96 hours at 80'C under 
vacu~~m (0.1 mm Hg) to remove any unreacted monomers. The copolj1me1- had an 
inherent viscosity of 0.1 1 dL/g. 

ESCLTS AND DISCUSSION 

Low molecular weight absorbable copolymers of p-dioxanone ("PDO") with lactide 
and/or glycolide can be used as coatings for surgical filaments to improve their tie- 
down and tactile smootl~ness. The copoljmers can be used as a coating on braided or 
monofilament sutures and ligatures. The improve~nents imparted by the copolymers 
are most pronounced on braided sutures and ligatures. The filaments can be 
absorbable or non-absorbable. Among the types of filaments which can be coated 
by the copolymers are absorbable materials such as polyglycolide, poly(1actide-co- 
glycolide), poly(p-dioxanone), and other absorbable materials, and non-absorbable 
materials such as aromatic polyesters, nylon, silk, and poly(propj71ene). 

The copolymers are coated on the surgical filaments by procedures such as passing 
the filaments through an organic solvent solution of the copolymer, and then 
through a drying oven to evaporate the solvent. As a general rule, coating levels 
are from about 1 to lo%, based on the weight of the filament. 
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POLY(p-DIOXAXONE-CO-E-CAPROLACTONE) LIQUID/LOW 
MELT COPOLYMERS 

Liquid and low melting p-dioxanone/e-caprolactone copolymers were prepared by 
methods described previously (Bezwada, 1995; Roller and Bezwada, 1996; Cooper). 
Several specific compositions of p-(dioxanone) and e-caprolactone, especially molar 
ratios of 40/60, 50/50, and 60/40 can form liquids at room temperature. This 
is caused in part by the low Tg's of the homopolymers, -60'C for PCL and - 
15^C for PDS. At the compositions described above, the copolymers exhibit 110 
crystallinity. Consequently, at low molecular weights (I.V. of 0.1-0.5 dl/g), these 
copolymers are fluid at room and body temperatures. Low melt polymers (40- 
55cC) were prepared with compositions of PDO/caprolactone at molar ratios of 
30/70 to 10/90. 

By blending the liquid and low melt polymers, semi-solid fluids with yield points, 
can be prepared that form dispersions. A unique balance of physical, thermal 
and rheological properties was obtained, yielding fluids they can be administered 
as spreadable lotions, injectables or coatings for implantable or non-implantable 
devices. If properly designed and formulated, the fluids behave like semisolids that 
stay where they are placed, retain their shape and do not migrate like simple low 
viscosity liquids (Roller and Bezwada, 1996). 

RADIATION STERILIZABLE ABSORBABLE PDO COPOLYMERS 

All implantable surgical devices, including sutures, ligating clips, bone plates and 
screws, need to be sterilized. In most cases, they are sterilized by heat, ethylene oxide, 
or gamma radiation (employing Co6" source). In many cases, gamma irradiation is 
the most convenient and effective method of sterilization. However, not all polymeric 
materials, in particular, absorbable polymers, retain their properties, and therefore, 
their usefulness upon irradiation. This is due to free radical formation which causes 
branching, crosslinking and chain scission, and leads to chemical structure changes 
and physical property detriments. 

However, polymers which contain free radical scavengers such as benzene rings 
can preserve their physical characteristics. Poly(ethy1ene 1,4phenylene-bis-oxy- 
acetate) [PG2] was investigated and found to retain useful properties (Jamiolkowski 
and Shalaby, 1990a). In order to increase the absorption rates, however, copolymer- 
ization with glycolide was attempted (Jamiolkowski and Shalaby, 1990a; 199b). Multi- 
filament braids derived from the block copolymers of PG2/PGA exhibited excellent 
physical and biological properties, even after gamma radiation (Jamiolkowski and 
Shalaby, 1990b). This concept was extended by replacing the hydroquinone moiety 
with a p-hydroxybenzoic acid moiety with similar results (Bezwada, Jamiolkowski, 
and Shalaby, 1985a, 1985b). Fibers derived from all these materials were too stiff for 
use as monofilament sutures. For certain procedures, surgeons prefer monofilament 
sutures with good handling (low modulus) properties. 

In order to improve the handling properties, copolymerization with p-dioxanone 
was attempted (Koelmel et al., 1985; 1991). These copolymers, like their PGAanalogs, 
were also found to be radiation sterilizable with little loss of physical properties 
(Koelmel et al., 1985; 1991). 
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Figure 13 Radiation sterilizable prepolymers. 

The preparation of precursor dimethyl 1,4phenylene-bis-oxyacetate [PGM] and 
dimethyl 1,4(carboxymethoxybenzoic acid [CPM] has been described in the lit- 
erature (Jamiolkowski, and Shalaby, 1990a; Bezwada, Jamiolkowski, and Shalaby, 
1985a). The preparation of the prepolymers, poly(trimet11ylene 1,4phenylene-bis- 
oxyacetate) [PG3], poly(trimet11ylene 1,3-phenylene-bis-oxyacetate) [RG-31, and 
poly(trimethy1ene 4(carboxymethoxy) benzoate) [CP-31 are also described in 
several patents (Koelmel et a[., 1985) and displayed in Figure 13. 

Thus, copolymers of PG-3, RG-3, and CP-3 with p-dioxanone were prepared using 
the following general procedure; a flame dried, 250 ml, round bottom, three neck 
flask equipped with a overhead stirrer, nitrogen inlet and stopper, was charged 
under nitrogen with 15 grams of the prepolymer. The flask was held for 16 hours 
at SO'C under 0.1 mm Hg. After drying, 85 grams of p-dioxanone and 0.126 ml of 
0.33M stannous octoate in toluene were added. The mixture was placed in an oil 
bath at 75'C for one hour to melt the p-dioxanone monomer and to dissolve the 
prepolymer in p-dioxanone. The temperature of the bath was raised to 9 0 C  and 
maintained there for 24 hours. Stirring was stopped after 3 to 4 hours at 90'C. The 
temperature of the oil bath was lowered to 80% and maintained there for 72 hours. 
The copolymer was isolated, ground and dried for 18 hours at 8OCC under 0.1 mm 
Hg to remove any unreacted monomer. Inherent viscosities (IV), melting points by 
hot stage microscopy, and composition via NMR were determined. 
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Table 12 Properties of radiation sterilizable PDO copolymers 

Polymer type PDS PG3/PDS RG3/PDS CP-3/PDS 

Final composion (mole 9%) 100 13/87 17/83 16/84 
I.V. (dL/g) 1.79 1.99 1.82 1.55 
Tm ('C) 112 - 107 108 

Extrusion conditions 
Extrusion Temperature ('C) 1 M 170 150 155 
First stage (draw ratio/temp., -"C) 4x154 4x/55 4x/49 5x160 
Second stage (draw ratioltemp.. ^ C )  1 . 5 ~  173 1 . 5 ~ 1 8 2  1.5x/78 1 . 2 ~ / 8 0  
Overall draw ratio 6 x 6x  6 x 6x 

Fiber Properties* 
Straight strength (Kpsi) 71/58 80/70 85/69 59/54 
Knot strength (Kpsi) - 49/47 60/50 51 150 
Elongation (5%) 39/37 47/42 51 153 60/55 
Young's modulus (Kpsi) 310/301 124/165 153/144 191/189 

fiber properties represent annealed, non-sterilized vs. annealed, Go-60 sterilized, respectively. 

Table 13 In vivo breaking strength of cobalt sterilized PDO 
copolymers 

Polymer type PDS PG3/PDS RG3/PDS CP-3/PDS 

Zero day strength (Ibs.) 3.1 3.6 3.1 2.7 

BSR (%) 
1 wk - 82 8 1 - 

2 wks. 43 1 h 75 - - 
I "I 

*. 

3 wks. 30 68 70 62 
4 wks. 25 58 .5 6 54 

Table 14 In  vivo absorption of cobalt sterilized PDO copoly- 
mers 

Copolxmer hpe PDS PG3/PDS RG-3/PDS CP-3/PDS 

Post-implantation time 
5 d a ~ s  100 100 100 - 

119 davs 83 - 8 7 - 

154 dais - 0 0 - 

182 daxs 43 0 0 - 

210 daxs 0 0 0 - 

The copolymers were extruded using an INSTRON capillary rheometer. The 
extrudate filaments were annealed at room temperature from 2 hours to about 
one week prior to orientation. Fibers were drawn in a two stage glycerine bath, and 
annealed at 80' for 6 hours at 5% relaxation. The tables above summarize the data 
for these copolymers (Tables 12, 13 and 14). 

All copolymers exhibited a nonrandom sequence distribution. 
The properties of the monofilaments exhibited equivalent or higher strength 

than PDS homopolymer with much lower modulus (better handling properties). 
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Furthermore, due to the low Tgof PDS, low molecular weight copolymers of PDS 
with glycolide and/or lactide can be liquids or low melt polymers. Such copolymers 
can be used as absorbable coatings, or bone wax. Liquid copolymers of p-dioxanone 
and trimethylene carbonate, and p-dioxanone and caprolactone have potential for 
use in drug delivery and soft tissue augmentation. 
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INTRODUCTION 

Poly(c-caprolactone) (PCL) is a semicrystalline, biodegradable polymer having a 
melting point (Tm) of --60CC and a glass transition temperature (Tg) of - -60'C 
(Brode & Koeleske, 1973; TONEo P700,1983) .' The repeating molecular structure 
of PCL homopolymer consists of five nonpolar methylene groups and a single 
relatively polar ester group. This structure gives PCL some unique properties. The 
mechanical properties are similar to polyolefin because of its high olefinic content, 
while the presence of the hydrolytically unstable aliphatic-ester linkage causes the 
polymer to be biodegradable. This combination also gives PCL the unusual property 
of being compatible wit11 numerous other polymers and PCL polymer blends having 
unique properties have been prepared (Brode & Koleske, 1972; Kalfogu, 1983; 
Olabisi et al., 1979; TONE Polymers, 1983). 

POLYMERIZATION OF POLYMERS AND COPOLYMERS OF 
POLY (E-CAPROLACTONE) 

High molecular weight polymers and copolymers of c-caprolactone are prepared 
by ring-opening, addition polymerization over a wide range of temperatures. 
Copolvmers can also be prepared with a variety of other lactones, lactides (Pitt 
et at., 1981a), and lactams (TONE Polymers, 1983; Interox, 1977). In making 
copolymers, attention to monomer reactivity differences is important and depending 
on the specific conditions for copolymerization wide differences in copolymer 
microstructure (sequencing) are possible. 

Polymerization temperatures in the range of 140-1503C are typical. The polymer- 
ization is normally catalyzed by stannous 2-ethyl hexanoate (stannous octoate) or 
stannic chloride dihydrate. Other catalysts which have been used include various 
Lewis acids, alkyl metals and organic acids (Schindler, et al., 1982; Interox, 1977). 
Molecular weight is controlled by addition of chain control agents. These chain con- 
trol agents are usuallywater, primary alcohols, amines, or some other active hydrogen 
compound. For example, linear polymers can be prepared using alcohols having 
functionalities less than or equal to two, such as 1-dodecanol or 1,6-hexanediol, 
and branched polymers can be prepared using alcohols having functionalities 
greater than two, such as various, sugars, pentaerythritol, and trimethylolpropane 
(Schindler, et al., 1982). 

'TONEo is a registered trademark of the Union Carbide Corpoiation, Danbury, Connecticut. 
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Figure 1 Polymerization of PCL. 

While PCL and its copolymers are subject to biodegradation because of the 
susceptibility of its aliphatic ester linkage to hydrolysis, biodegradation of the 
PCL homopolymer is considerably slower than the poly(o'-hydroxy acids) such as 
polylactide because of the combination of its crystallinity and high olefinic character. 
On the other hand, copolymers with lactides and blends wit11 other degradable 
polymers and copolymers reduce overall crystallinity increasing the accessibility of 
ester linkage, and thus significantly enhance the rate of hydrolysis. Therefore, PCL 
copolymers and polyblends can be prepared having a wide range of physical and 
mechanical properties with varying rates of biodegradation. The synthesis of PCL is 
shown in Figure 1. 

The polymerization details are given for a small scale laboratory polymerization 
and a larger pilot scale polymerization of PCL homopolymer. A general description 
for laboratory copolymerization with lactide or glycolide is also given. 

Acquisition and Characterization of 6-Caprolactone 

High purity c-caprolactone monomer is readily available from several commercial 
sources. Lpon receipt, the monomer is sampled for identity and purity testing. 
During sampling, the monomer is blanketed with dry, high purity nitrogen to avoid 
moisture contamination. The monomer is then stored under a dry, high purity 
nitrogen atmosphere in the original container at room temperature until qualified 
for use. 

The sample is first characterized by infrared spectroscopy (IR) and compared to a 
standard IR spectrum of e-caprolactone for identification. Monomer purity may be 
determined in avariety ofways such as boiling point, DSC, etc., but is best determined 
by preparation of a small test sample of the homopolymer. A 10 gram test polymer 
is made by adding an appropriate quantity (0.03-0.10 wt %) of stannous octoate, 
available from Sigma Chemical Company of St. Louis Missouri, as a solution in dry 
toluene, to 10 grams of the monomer sealed in a 20 mL scintillation vial under a 
dry, high-purity nitrogen atmosphere. The vial is sealed and submerged in an oil 
bath at 140-150^C for 18-24 hours. The monomer/catalyst mixture is well agitated 
until the melt becomes too viscous to agitate. After 18-24 hours, the test polymer 
is removed from the oil bath, cooled to room temperature, and a sample of the 
polymer is removed from the vial for molecular weight determination. The molecular 
weight is determined by dilute solution viscosity and gel permeation chromatography 
(GPC) as described below. PCL prepared in this manner should have a molecular 
weight of 200,000 Daltons or greater by GPC to be assured of high purity monomer. 
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If monomer purity is shown to be insufficient by this test, it may be improved by 
vacuum fractional distillation of the monomer from CaHy and collection over dry 
molecular sieves. 

Lactide and Glycolide onomers for Copolymerization 

A wide variety of high-purity monomers are available commercially for copolymeriza- 
tion with e-caprolactone. high-purity L-lactide, D-lactide, DL-lactide, and glycolide 
monomers may be obtained from either PURAC America of Lincolnshire, Illinois 
or BI Chemicals of Montvale, New Jersey. 

Upon receipt the monomer is sampled for identity and purity testing. As with 
e-caprolactone, the monomer is blanketed with dry, high-purity nitrogen to avoid 
moisture contamination during sampling. The monomer is then stored in the 
original container under dry, high-purity nitrogen in a freezer at <ObC. The 
monomer sample is characterized by IR comparing the test sample spectrum to 
a standard spectrum for identification; and similar to the 6-caprolactone, a 10 gram 
test polymer is made to determine monomer purity. 

POLYMER SYNTHESIS 

Small-scale Polymerization of e-Caprolactone 

Small-scale polymerization of e-caprolactone is conveniently carried out in a 1 Liter, 
stainless steel resin kettle equipped wit11 a glass top, a stainless steel mechanical 
stirrer, a thermometer, and a gas inlet tube. The resin kettle, mechanical stirrer, 
and all glassware are predried for 18 hours in an oven at 150cC and cooled inside 
a glove box in a dry, high-purity nitrogen atmosphere. Both the loading of the 
monomer and assembly of the apparatus are also conducted inside the glove box 
in a dry, high-purity nitrogen atmosphere. Qualified, high-purity e-caprolactone 
monomer and an appropriate amount of the desired chain control agent are 
charged to the flask. The resin kettle is then closed, removed from the glove box, 
and immediately connected to a low flow source of dry, high-purity nitrogen as a 
continuous purge. The flask is then submerged in an oil bath at 140-15OCC and 
slow stirring is begun. After the monomer/chain control mixture has reached the 
reaction temperature, stirring is discontinued. At this time, a sufficient quantity 
(0.03-0.10 wt 5%) of tin octoate catalyst is added as a solution in dry toluene. 
Mechanical stirring is immediately resumed and maintained until the polymerizate 
becomes very viscous. Stirring is then discontinued and the stirrer and thermometer 
are raised from the melt, and heating is continued for a total of 18-24 hours 
after which the resin kettle assembly is removed from the oil bath and cooled 
to room temperature under a continual nitrogen purge. When the polymer has 
cooled, the resin kettle top containing the stirrer and thermometer are removed 
from the resin kettle. The polymer is removed by submerging the resin kettle into 
liquid nitrogen in an insulated metal container (metal Dewar flask). The insulated 
container should be quickly covered with a loose metal cap. This procedure should 
be done quickly and carefully behind a safety shield. When thoroughly cooled, the 
polymer mass will separate readily from the resin kettle. While still cold, the polymer 
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is removed and cut into several smaller pieces. The polymer pieces are allowed to 
warm to room temperature overnight inside a vacuum oven under high vacuum 
to avoid condensation of moisture from the air, and then dissolved in an excess of 
dichloromethane in a sealed glass jar on a laboratory shaker. The solution is then 
filtered through a sintered glass filter using aspirator vacuum, and finally precipitated 
into excess methanol. 

After precipitation from dichloromethane into methanol, the purified polymer is 
then redried inside a vacuum oven under high vacuum at room temperature (-24 
hours), cooled with liquid nitrogen, and ground through a 6 mm screen on a Wiley 
Mill. The ground polymer is finally vacuum dried an additional 24 hours at room 
temperature. A 5 gram sample of the polymer is removed for characterization, and 
the remainder is stored inside a polyethylene bag evacuated and backfilled three 
times with dry, high-purity nitrogen prior to sealing. The polyethylene bag is then 
placed inside an outer polylined foil bag containing a bag of DRIERITE@ desiccant, 
sealed, and then stored in a freezer at -s0GC.2 The yield is typically 7595%.  The 
molecular weight and thus the inherent viscosity of a typical polymer prepared by 
the process vary depending on the quantity of catalyst, the type and quantity of chain 
control agent, and the specific reaction conditions chosen. 

Small-scale Copolymerization of 6-Caprolactone 

In preparation of small scale copolymers of e-caprolactone, a convenient poly- 
merization apparatus is again a 1 Liter stainless steel resin kettle equipped with 
a glass top, a stainless steel mechanical stirrer, a thermometer, and a gas inlet tube. 
As mentioned above, wide variations in monomer sequencing can be obtained 
depending on comonomer reactivity and the specific reaction conditions. For 
example, block copolymers of e-caprolactone and glycolide have been prepared by 
first prepolymerizing a mixture of the two monomers rich in e-caprolactone using 
stannous octoate as the catalyst and 1,6-hexanediol as the chain control agent. During 
the course of the polymerization, an additional quantity of a monomer mixture rich 
in glycolide is added. More random copolymers can be prepared by copolymerizing 
the entire monomer mixture at once (Shalaby & Jamiolkowski, 1985). 

Pilot-scale Polymerization of 6-Caprolactone 

A very useful reactor assembly for pilot-scale polymerization of e-caprolactone is an 
8-CV mixer from Design Integrated Technologies (DIT) of Warrington, Virginia. 
The 8-CV is a dual cone mixer (8 qt. capacity) equipped with double helical mixer 
blades, a gas inlet line, and a large vacuum port. 

The reactor is first cleaned and dried thoroughly. The desired amount of high- 
purity e-caprolactone monomer, and an appropriate amount of the desired chain- 
control agent are then charged to the reactor. The reactor is heated under positive 
nitrogen pressure until the monomer mixture reaches 140-150'0. At this time, a 
sufficient quantity of stannous octoate catalyst is added. Stirring is continued until 
the polymerizate becomes very viscous. Stirring is then discontinued and heating of 
the polymer is continued for a total elapsed heating time of 12-18 hours. 

QRIERITE@ is a registered trademark of W.A. Hammond DRIERITE Companj, Xenia, Ohio 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



After the polymerization is complete, avacuum is applied to the polymer melt with 
continual slow stirring to remove residual monomer. The reactor is then cooled, 
pressurized with dry, high-purity nitrogen, and the discharge valve is opened slowly 
until a steady stream of polymer flows from the reactor. The polymer extrudate 
is quenched by passing the molten strand through a cooling bath of deionized, 
reverse osmosis purified water at room temperature while continuously pelletizing 
the cooled strand. The pelletized polymer is then dried under high vacuum at room 
temperature for 48 hours in a rotary-cone dryer, and packaged inside a polyethylene 
bag under dry, high-purity nitrogen. This inner bag is then placed inside an outer 
polylined foil bag containing desiccant, sealed, and finally stored in a freezer at <OCC. 
The final yield is typically 7595%. The molecular weight and thus the inherent 
viscocity of a typical polymer prepared by this process vary depending on the quantity 
of catalyst, the type and quantity of chain control agent, and the specific reaction 
condition chosen. 

POLYMER CHARACTERIZATION 

Molecular Weight and Molecular-Weight Distribution 

PCL and PCL copolymers are characterized by first determining their inherent 
viscosity ( v ,~ , , )  and/or intrinsic viscosity, [ r j ]  , in a suitable solvent (benzene, toluene, 
or chloroform). A convenient method is given in ASTM D-2857 using chloroform 
as the solvent at 30Â°C Intrinsic viscosity is a convenient means of determining 
the n~olecular weight of the PCL h o m o p o l ~ e r .  The Mark-Houwink relationship 
between intrinsic viscosity [r]] in benzene and molecular weight is (TONE P700, 
1983): 

Relative molecular weight and molecular weight distribution (MWD) or polydis- 
persity of PCL and PCL copolymers may be determined by GPC. GPC may also be 
carried out in a variety of solvents; however, in a typical method for PCL both the 
dissolution solvent and mobile phase solvent of choice is chloroform. A suitable flow 
rate for the mobile phase is 1 mL/min. Three 5 micron particle size, microstyrogel 
columns (1,000 A, 10,000 A, and 100,000 A) arranged in series are convenient sizes 
to use. The polymer is dissolved in chloroform at a concentration of 0.5 g/dL and a 
100 ~ u L  injection is made into the mobile phase. Data is collected using a refractive 
index (RI) detector. Comparison of the chromatographic data is made against 
chromatographic data obtained from a series of known M,,, polystyrene standards 
in the same solvent. The MWD or polydispersity of polycaprolactone homopolymers 
prepared as described above and determined in this manner is normally about 
1.5-2.0 (Schindler, et al., 1982). 

Caprolactone Comonomer Ratio 

As stated, e-caprolactone may be copolymerized with a variety of monomers. A 
method is given for determination of the monomer ratio in a copolymer wit11 
DL-lactide. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



68 D.E. PERRIN and J.P. ENGLISH 

The final ratio of monomers incorporated into a copolymer of DL-lactide and 
e-caprolactone is determined by proton nuclear magnetic resonance spectroscopy 
(lH NMR) in deuterated chlorofornl. The ratio of the methylene protons adjacent 
to the oxygen in e-caprolactone is compared against that of the methyne protons in 
the lactide dimer. The ratio is normally expressed as lactide dimer to 6-caprolactone; 
however it can be expressed as lactic acid to e-caprolactone and care should be taken 
to not confuse the two. 

Numerous other papers and patents have been published regarding the poly- 
merization and physical properties of polycaprolactone (Pitt & Schindler, 1983a; 
Schindler, et al., 1977; Erode & Koleske, 1973; Schindler, ef al., 1982; Hostettler, et al., 
1966). A comparison of the various physico-mechanical properties of a number of 
biodegradable polymers was published by Engelberg and Kohn (1991). 

PROCESSING 

PCL homopolymers have processing characteristics which are very similar to poly- 
olefins with the exception that the overall processing temperatures are somewhat 
lower. Since hydrolytic degradation can occur during processing, it is usually prudent 
to dry the polymer prior to processing. While the possible range of conditions 
is actually quite large, injection molded articles can be made using the following 
conditions (TONE Polymers, 1990) : 

Screw Speed 
Zone 1 
Zone 2 
Zone 3 
Nozzle 
Melt Temperature 
Injection Pressure 
Mold Temperature 

90-290 rpm 
160'F 
1803F 
200'F 
2 0 0 ~  
230T 
2000-3000 psi 
ambient 

PCL may also be extruded into various profiles and can also be drawn into fibers 
having tensile strengths of over 60,000 psi. Such monofilaments will meet USP suture 
requirements after sterilization wit11 an elongation of 20-30% (Perrin, 1989). Typical 
extrusion conditions are shown below (TONE Polymers, 1990): 

Extruder Diameter 
Screw Length/Diameter 
Zone 1 
Zone 2 
Zone 3 
Adapter 
Die 
Melt Temperature 

1.5 inches 
24/1 
120'F 
140-F 
145'F 
135'F 
1 70GF 
1 W F  

Additional information regarding the processing of PCL has been published by 
Liu and others (1991). 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



POLYCAPROLACTONE 

PCL HOMOPOLYMER DEGRADATION 

The in-vitro and in-vivo degradation characteristics of PCL homopolymer have been 
characterized by Pitt and coworkers (1981b). In this study, the rates of degradation 
were measured both in saline at 40'C and in a rabbit model. The authors found 
the two hydrolytic rates were essentially similar and concluded that enzymatic 
involvement was not a factor in the degradation process. The observed rate constant 
for the initial part of the degradation (from 2-110 weeks) was found to be 3.07 x 
day-1. After 110 weeks, the crystallinity of the polymer increased from about 50% 
at 2 weeks to around 70% at 110 weeks. The reported crystallinity fractions were 
based upon an enthalpy of fusion value of 139.5 J/g for 100% crystalline PCL 
as reported by Crescenzi and others (1972). The degradation study also reported 
the observation that the chain scission of PCL was not accompanied by the loss of 
low molecular weight PCL fragments until the molecular weight had decreased to 
around 5,000. 

Woodward and others (1985) have extensively studied the intracellular degra- 
dation of PCL. Their work provides perhaps the most comprehensive details on 
the biocompatibility of PCL throughout the degradation process using an animal 
model (Sprague-Dawley rats). During the first stage (nonenzymatic bulk hydrolysis), 
the implant became encapsulated by collagen filaments containing only occasional 
giant cells. The connective tissue capsule was observed to be avascular with a 
thickness of less than 100 micrometers. This capsule was well developed after two 
weeks post implantation. Due to the tissue trauma associated with implantation, a 
transient initial inflammatory response was observed during the first two weeks. This 
inflammation subsided as the initial stages of the wound healing process occured. 
Significant weight loss of the implant was not observed during this first stage which 
lasted approximately nine months. After nine months, when the molecular weight 
decreased to about 5,000, the second stage of the degradation process was observed. 
During this second stage, the rate of chain scission slowed, the hydrolytic process 
began to produce short chain oligomers, and weight loss was observed. Eventually 
the implant was observed to fragment into a powder. Predegraded PCL powders 
were produced with a molecular weight of about 3,000 and having particle sizes in 
two ranges: 53-106 micrometers and 221-500 micrometers. Approximately 25 mg 
of each powder were placed in gelatin capsules, sterilized with gamma radiation, 
and then implanted under the dorsal abdominal panniculus carnosus. Light and 
scanning electron microscopy techniques were used to evaluate the histologic 
response at various time intervals. The authors found that the histologic response was 
the same for both particle sizes. The degradation of fragmented PCL was observed 
inside the phagosomes of macrophage and giant cells. Inside these cells, the observed 
degradation rate was rapid, requiring only 13 days for complete absorption in 
some cases. PCL fragments were also observed inside some fibroblasts. The authors 
concluded that intracellular degradation was the primary degradative pathway for 
the absorption of PCL. Unpublished studies referenced by these authors specify 
e-hydroxy caproic acid as the sole metabolite. 

More recently, hydroxyl free radicals have been implicated as a major factor in the 
degradation of PCL (Ali, et al., 1993; Williams, 1994). In addition, certain bacteria, 
yeast, and fungi have been shown to possess the ability to degrade PCL (Ookuma, 
et al., 1993; Benedict, et al., 1983a & 1983b; Cook, et al., 1981). 
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APPLICATIONS 

A review of the literature regarding PCL polymers reveals extensive research activity 
mainly in the areas of controlled release drug delivery and in suture applications. 
The reader is referred to two excellent review articles which cover PCL polymers in 
detail (Pitt & Schindler, 1983b; Gilbert et al., 1982). 

Drug Delivery Applications 

The early drug delivery work was performed by Schindler and others who reported 
zn-vitro values for diffusivities, solubilities, and normalized fluxes for five steroids 
in homopolymeric PCL capsules. The release kinetics showed initial rapid release 
during the first 20 days followed by a slower rate over the next 20-150 days. Observed 
variations in kinetics were attributed to the wall thickness of the device (Schindler, 
et al., 1977). 

In a related study, Pitt and others (1979a) reported release rates of various 
steroids from monolithic films and capsules made from homopolymeric PCL, poly 
(D,L-lactide), and copolymers of caprolactone and D,L-lactide (in both 60/40 
and 90/10 caprolactone/D,L-lactide acid ratios), and copolymers of glycolic acid 
with D,L-lactide. The release rates of the steroids from the caprolactone-co-lactide 
polymers were similar to the homopolymeric PCL. However, the release rates from 
the glycolide-co-lactide polymers were much slower than those observed with PCL. 
Further data analysis revealed that the observed release kinetics depended upon 
the steroid dissolution rate (in the polymer) and the polymer crystallinity. While 
it is outside the scope of the current discussion, a good background reference on 
PCL thermodynamics and crystallinity is given by Lebedev (1979) and Chynoweth 
& Stachurscki (1986). 

In another study, Pitt and others compared the steroidal release kinetics of capro- 
lactone homopolymer, D,L-lactide homopolymer, and their related copolymers to 
silicone rubber. While the observed release rates from the pol? (D,L-lactide) were 
much slower than any of the other materials studied,incorporation of a plasticizer 
such as tributyl citrate into the poly(D,L-lactide) seemed to increase the release 
rates. The other caprolactone-based materials showed release kinetics similar to that 
of silicone rubber (Pitt et al., 1979b). 

The in-vivo controlled release of norgestrel from PCL capsules implanted in rats 
was reported by Pitt and Schindler (1980a). This study showed that a constant release 
rate of 8-10 micrograms/day/cm capsule could be attained over a period of 292 days. 
This paper gives avaluable comprehensive review of the related literature concerning 
numerous other polymeric drug delivery systems. 

In a related paper, Pitt, Marks, and Schindler (1980) reported similar results 
with naltrexone delivery pertinent to narcotic antagonist therapy. This study used 
radiolabelled naltrexone delivered to monkeys via implanted capsules made from a 
copolymer of caprolactone and D,L-lactide. Acute stage efficacy was observed over 
the course of 33 days with this system, even though the delivery rate was not quite 
zero order as with the norgestrel study. 

The work of Pitt and Schindler culminated wit11 the development of Capronorm, a 
biodegradable capsular delivery system for delivery of levonorgestrel ~ontraceptive.~ 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



POLYCAPROLACTONE 71 

In one of many papers dealing with this delivery system, the authors describe a 
general model for the in-uivo degradation rate of PCL capsules in rabbits. The 
polymer used in this study had an initial number average molecular weight of 
around 50,000 and a crystallinity of about 45%. The degradation of PCL in-vivo 
was observed to occur in two stages. The initial stage appeared to involve random 
hydrolytic cleavage of ester bonds. After 4 weeks, the crystallinity increased to 50% 
apparently due to the annealing effect of the 40'-C in-vivo environment. During this 
first stage, the reduction in molecular weight as a function of time was essentially 
linear. Mass loss was negligible during this stage. A second stage in the degradation 
process was observed after 120 weeks. At this time, the number average molecular 
weight dropped to 4,600 and the crystallinity increased to about 80%. The authors 
attributed the late stage increase in crystallinity to the crystallization of tie segments 
made possible by chain cleavage in the amorphous phase (the glass transition of 
PCL is around -6O"C, well below the in-vivo temperature). Due to the increase in 
crystallinity after 120 weeks, the rate of degradation dramatically slowed after this 
time. 

The authors further investigated this late stage degradation of the PCL in detail 
using tritium labelled PCL which had been predegraded in-vitrousing an accelerated 
hydrolytic technique to yield a polymer with a number average molecular weight of 
around 3,000. Both predegraded capsules and powder (of defined particle sizes) 
were implanted in rats contained in Rot11 metabolism cages. The degradation of the 
PCL was followed by measuring the radioactivity levels in urine, feces and expired 
water. In powder form, only 50% of the initial radioactivity was present at the implant 
site after 60 days and only 9% remained after 120 days. With the predegraded 
capsules, 22% ofthe original radioactivity was found at the implant site after 180 
days. Additional kinetic data for the release of testosterone from PCL capsules are 
also reported in this study (Pitt & Schindler (1980b). 

Ory and others (1983) reported the first human clinical use of Capronor implants 
in 8 women. This preliminary study investigated the feasibility of using a PCL 
implant to modulate the release of levonorgestrel as a means of contraception. 
Rods containing 15.9 mg of levonorgestrel were implanted in the hip of each 
patient. Ovulation was suppressed in seven of the eight women. Serum levels of the 
levonorgestrel were monitored. The authors concluded that the Capronor implant 
was worthy of a larger clinical trial. 

The second report of the human clinical use of Capronor with 48 women followed 
over approximately 40 weeks was published by Darney and coworkers (1989). The 
study evaluated the contraceptive efficacy of subdermal rod implants which were 2.5 
cm long (containing 12 mg of levonorgestrel) and 4.0 mm long (containing 21.6 
mg of levonorgestrel). While the devices were found to deliver the levonorgestrel 
as expected, a few pregnancies did occur. The authors concluded that the 4.0 mm 
device was probably the minimum design for partial clinical efficacy and that further 
studies were necessary. The devices were well tolerated by the patients and no adverse 
systemic side effects were observed. At the beginning of the study, four patients 
experienced a localized swelling or itching at the implant site which resolved after 
treatment with topical corticosteroids. 

"Capronor@ is a registered trademark of the Research Triangle Institute, Research Triangle Park, 
North Carolina. 
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Figure 2 In-vzuo Degradation of Absorbable Sutures. 

Other dmg delivery applications include deliver}' of 5-fluorouracil for anticancer 
therapy (Gebelein, et al., 1990), delivery of neuroactive drugs (Menei, et al., 1994), 
ketoprofen (Giunchedi, et al., 1994), phenobarbitone (Berrabah, et al., 1994), 
cyclosporin, (Guzman, eta/.,  1993), cisplatin (Wada, et al., 1991), carte0101 (Marchal- 
Heussler, et al., 1993), flurbiprofen (Pandey, et a/., 1994), chlorpromazine (Chang, 
et al., 1994), povidone-iodine (Dunn, et al., 1986), and minocycline (Kyun, el al., 
1990). 

Sutures 

Most absorbable sutures such as VICRYL@, PDS@, DEXON@, and MAXON@* are 
designed to retain strength so as to provide secure soft tissue approximation for 
about two to six weeks. For orthopaedic applications, where soft tissue is reattached 
to bone, the healing time may be as long as three to six months. Sutures made from 
homopolymeric PCL were evaluated in a rabbit model by Barber and Click (1992) 
to determine their associated degradation rate. The results of this study are shown 
in Figure 2. Included in Figure 2 are data from another rabbit study with these same 
PCL sutures conducted over a longer time frame (Perrin, 1989). 

While ethylene oxide is an acceptable means of sterilizing homopolymeric PCL 
sutures, electron beam and gamma irradiation at 2.5 MRad causes only a slight loss 
in physical properties (Perrin, 1989). Narkis and others (1985) have published a 
study detailing the effects of radiation on PCL. 

%EXOX% and MAXOh'g are ~egisteied trademai ks ot Davis & GecL (Amencan C\anamid Coipora- 
tion), Uanburj, Conncc~~cut  
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Sutures can also be made from a block copolymer of polyglycolide (PG) and PCL. 
Extensive in-vitro and in-viuo biocompatibility and efficacy studies with this copolymer 
have been performed and have lead to the introduction of MONOCRYL@ ~ u t u r e s . ~  
Because of the presence of PG in this copolymer, the degradation of MONOCRYL 
is rapid compared to the homopolymer. Using size 2/0 monofilament sutures 
implanted subdermally in rats, MONOCRYL sutures retain 50% of their original 
strength after about one week, whereas homopolymeric PCL monofilament size 2/0 
sutures also implanted subdermally in rats retain 50% of their original strength after 
about 52 weeks (Bezwada, et al., 1995; Persin, 1989). 

Other Applications 

Copolymers of PCL with other comonomers (such as glycolide, lactide, and 1,5- 
dioxepan-2-one, and blends of PCL with other polymers (such as polyhydi-oxyvalerate 
and polyhydroxybutyrate) have been the subject of numerous papers and patents 
(Yasin & Tighe, 1992). Applications include suture coatings (Bezwada, 1995; Bennett 
& Liu, 1995; Bennett, etal., 1995; Shalaby, 1980), as well as awide variety ofabsorbable 
medical devices (Shalaby & Jamiolkowski, 1986; Jamiolkowski & Shalaby, 1987; Lin, 
1987), including microporous intravascular stents (Rajasubramanianm, et al., 1994), 
as a support to autologous vein grafts (Hinrichs, et al., (1994), and as a nerve guide 
device (Perego, et al., 1994). 

In addition to the above, PCL and other copolymers have been evaluated for other 
medical uses such as an external casting material for broken bones (Phillips, 1972), 
as a material for use in making custom dental impression trays (Pelerin, 1993), and 
as a material used to fabricate a radiation therapy mask (Radiology, 1992). 

CONCLUSION 

In comparison to the other commercially available absorbable materials, PCL is 
one of the most flexible and easy to process. However, PCL has one of the slowest 
degradation rates of all such materials. This unique blend of characteristics fills a 
gap in the property spectrum unmatched by any other absorbable material. 
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APPENDIX 

Polvmer Name Structure Precursor/pol~ mer 

Poly(e-caprolactone) ( ( C H h - C O O )  11 e-caprolactone 

Stannous Octoate 
(catalvst) 

Polv(6-caprolactone) 
(various Mw) 

Poly(e-capro1actone)- ((CIH;))5-COO)~i- e-caprolactone 
co-(glycolide) (CHi,-COO)v 

Gk colide 

Polv(c-caprolactone)- ( (CH2)  r,-COO) 11 6-caprolactone 
co-(L,-lactide) (CH (CH,^-COO)y 

L-lactide 

Poly(e-caprolactone)- 
co-(L-lactide) 
(various MK) 

Source 

L'nion Carbide Corp. 

Sigma Chemical Company 

IMcl~-ich Chemical Company 
(& other chain 
control agents) 

Birmingham Polymers, Inc. 
Union Carbide Corp. 

L'nion Carbide Corp 

Boehringer Ingelheim KG 
B.I. Chemicals, Inc. 
PL'RAC bioche~il bv 
PURAC America 

Birmingham Polyn~ers, Inc. 

Vilion Carbide Cor p 

Boehri~iger Ingelliei~n KG 
B.I. Chemicals. Inc. 
PURAC biochem bv 
PURAC America 

Birmingham Polymers. Inc. 
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INTRODUCTION 

A wide variety of microorganisms synthesize an optically active polymer of (R)-3- 
hydroxybutyric acid and accumulate it as a reserve energy source (Anderson and 
Dawes 1990; Doi 1990a; Steinbuchel 1991). Poly((R)-3-hydroxybutyrate) (P(3HB)) 
isolated from such microorganisms is a biodegradable and biocompatible thermo- 
plastic with a melting temperature around 180'C. Many prokaryotic organisms, 
such as bacteria and cyanobacteria, have been found to accumulate P(3HB) up 
to 80% of their cellular dry weight when growth is limited by the depletion of an 
essential nutrient such as nitrogen, oxygen, phosphorus, or magnesium. Recently, 
many bacteria have been found to produce copolymers of (R)-3-hvdroxyalkanotic 
acids with a chain length ranging from 4 to 14 carbon atoms (Steinbuchel 1991). 
In addition, 3-hydroxypropionic acid and 4hydroxybutyric acid have been found 
as new constituents of microbial polyhydroxyalkanoates (PHA) (Doi 1990a). The 
general class of microbial polyesters is called PHA. The thermal and mechanical 
properties of PHA can be regulated by varying the compositions of the copolymers 
(Holms 1988; Inoue and Yoshie 1993). 

A remarkable characteristic of PHA is their biodegradability in various environ- 
ments (Lenz 1993). A number of microorganisms such as bacteria and fungi in 
soil, sludge, and sea water excrete PHA depolymerases to hydrolyze the solid PHA 
into water-soluble oligomers and monomer, and they utilize the resulting products 
as nutrients within cells. Aerobic and anaerobic PHA-degrading microorganisms 
have been isolated from various ecosystems, and the properties of their extracellular 
PHA depolymerases have been studied (Shirakura et al., 1986; Schirmer et al., 1993; 
Mukai et al., 1993). The purified PHA depolymerases consist of a single polypeptide 
chain and their molecular weights are in the range of 37,000-59,000, having a serine 
residue at the active site. 

These biodegradable PHA polymers have attracted attention as environmentally 
degradable thermoplastics to be used for a wide range of agricultural, marine, and 
medical applications. This paper surveys the biosynthesis and properties of bacterial 
PHA. 

Biosynthesis of Polyhydroxyalkanoates 

Copolymers containing hydroxyalkanoic acids with a chain length ranging from 3 
to 14 carbon atoms have been produced from various carbon substrates (such as 
sugars, alkanoic acids, alcohols, and alkanes) by a variety of bacteria over 70 strains 
(Steinbuchel1991). The PHA compositions produced by a bacterium are dependent 
of the substrate specificities of enzymes in the PHA biosynthetic pathway. 
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Table 1 Microbial synthesis of PHA copolymers containing (R)-3HB as a constituent 

Bacterial strain Carbon substrate Random copolyner 

Alraligenes eutrophus propionic acid 
pentanoic acid 

(R)-3HB (R)-3h'V 

Aeromonas came olive oil 

Table 1 shows the PHA copolymers containing (R)-3-hydroxybutyrate as a con- 
stituent. A random copolymer of 3-hydroxybutyrate and 3-hydroxyvalerate, P(3HB- 
CO-~HV), has been produced commercially by Zeneca in the United Kingdom in a 
fed-batch culture of Alcaligenes eutrophns by feeding propionic acid and glucose (By- 
rom 1987). The copolymer composition varies from 0 to 47 mol % 3HV,depending 
on the compoition of carbon substrates in feed. The Zeneca process is based on a 
large-scale, two-stage fermentation in a batch reactor. In the first stage, A. eutrophus 
cells grow and multiply in a glucose-salts medium under conditions of carbon and 
nutrient excess. Then the phosphate supply becomes depleted and the feeding 
of propionic acid is started. The P(3HB-co-3HV) copolymers are produced in the 
second stage of phosphate limitation. At present, Zeneca produces 500-1OOOt of 
P (3HB- co-3HV) per year. 

P(3HB-co-3HV) copolymers with a wide range of compositions (up to 95 mol%) 
were produced in A. eutiophus by using pentanoic and butyric acids as the car- 
bon sources (Doi et al., 1988). The P(3HB) homopolymer was produced from 
butyric acid, while a P(3HB- co-3HV) copolymer with 95 mol% 3HV was produced 
from pentanoic acid. P(3HB-co-3HY) copolymers with a wide composition range 
were produced by varying the ratio of pentanoic acid to butyric acid in the 
feed. 

A random copolymer of 3HB and 3-hydroxypropionic acid, P(3HB-co-3HP), was 
produced by A.eutrophus from carbon substrates such as 3-hydroxypropionic acid 
and 1,5-pentanediol (Nakamura et al., 1991). The mole fraction of 3HP unit in the 
copolymer was lower than 7 mol%. The copolymer was synthesized in Alcaligenes latus 
from mixed carbon substrates of sucrose and 3-hydroxypropionic acid (Shimamura 
et al., 1994a). A. latus accumulated P(3HB) homopolymer in the cells up to 60% 
of the dry weight during the course of growth, when sucrose was used as the 
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sole carbon source. In contrast, A. latus did not grow in the medium containing 
3-hydroxypropionic acid as the sole carbon source. When 3-hydroxypropionic acid 
was fed with sucrose, P(3HB-co-3HP) copolyesters were accumulated in the cells. 
The composition of copolymers varied from 0 to 26 mol% 3HP, depending on the 
fraction of carbon substrates. In addition, the P(3HB-co-3HP) copolymers with a wide 
range of compositions varying from 0 to 88 mol% 3HP were produced by A. latus 
from the mixed carbon substates of 3-hydroxybutyric and 3-hydroxypropionic acids. 
The copolymers were shown to have a random sequence distribution of 3HB and 
3HP monomeric units by analysis of 13C NMR spectra. The Mn of copolymers were 
in the range 1.1-3.5 x lo3. 

A random copolymer of 3HB and 3-hydroxyhexanoic acid, P(3HB-co-3HH), was 
produced by Aeromonas caviae from olive oil (Shimamura et al., 1994b). The mole 
fraction of 3HH unit in copolyrners was in the range of 11-17 mol%, depending on 
the fermentation conditions. 

A random copolyester of 3HB and 4hydroxybutyric acid, P(3HB-co-4HB), was 
produced by A. eutrophus (Kunioka et al., 1988, 1989; Nakamura et al., 1992), A. 
latus (Hiramitsu et al., 1993) or Comamonas acidovorans (Saito and Doi, 1994), when 
4hydroxybutyric acid, 1,4butanediol or y-butyrolactone was used as the carbon 
source. The P(3HB-co-4HB) copolymers with a wide range of compositions from 0 
to 100 mol% 4HB was produced by A. eutro~lzz~s from the mixed carbon substrates 
of 3-hydroxybutyric and 4hydroxybutyric acids in the presence of some additives 
(Nakamura et al., 1992). When 4hydroxybutyric acid, citrate, and ammonium 
sulfate were fed to A. eutrophus, P(3HB-co-4HB) copolymers with compositions of 
70-100 mol% 4HB were produced. In contrast, C. acidovorans produced a P(4HB) 
homopolymer in the presence of 1,4butanediol or 4hydroxybutyric acid without 
additives (Saito and Doi, 1994). 

Physical Properties of Polyhydroxyalkanoates 

The physical and thermal properties of bacterial PHA copolymers can be regulated 
by varying their molecular structure and copolymer compositions. The P(3HB) 
homopolymer is a relatively stiff and brittle material. The introduction of hy- 
droxyalkanoate comonomers into a P(3HB) chain greatly improves its mechanical 
properties. The PHA family of polyesters offers a wide variety of polymeric materials, 
from hard crystalline plastic to elastic rubber. The PHA materials behave as 
thermoplastics with melting temperatures of 50-180T and can be processed by 
conventional extrusion and molding equipment (Holm 1988). 

The optically active P(3HB) homopolymer is a highly crystalline thermoplastic 
with a highly crystalline thermoplastic with a melting temperature around l8O3C. 
The unit cell is orthorhombic [a=0.576 nm, b =  1.320 nm, c(fiber axis) =0.596 nm, 
space group P2i212i], and two molecules of P(3HB) pass through the unit cell. The 
conformation of the P(3HB) molecule has a compact, right-handed 2i helix with 
a twofold screw axis and a fiber repeat of 0.596 nm (Cornibert and Marchessault 
1972). The mechanical properties of Young's modulus (3.5 GPa) and the tensile 
strength (43 MPa) of P(3HB) material are close to those of isotactic polypropylene. 
The extension to break (5%) for P(3HB) is, however, markedly lower than that of 
polypropylene (400%). 
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Figure 1 Degrees of X-ray crystallinities of various PHA copolymers containing 3HB unit. 
(e)  : P (3HB-ce3HH), (0) : P (3HB-ce3HV), (c) : P (3HB-ce3HP). 

Figure 1 shows the degrees of X-ray crystallinities of various PHA copolymers 
containing 3HB unit as a constituent. The P(3HB-co-3HV) copolymers have approx- 
imately the same high degree of crystallinity (50-70%) throughout a wide range of 
compositions (Kunioka et al., 1989). A structural characteristic of P(3HB-co-3HV) is 
isodimophism, i.e., P(3HB-co-3W) copolymers crystallizing either in a P(3HB) or 
P(3HV) crystal lattice for the 3HV fraction's lower or higher than 40 mol%, respec- 
tively (Bluhm et al., 1986). On the other hand, the crystallinities of P(3HB-co-3HP) 
and P(3HB-co-3HH) copolymers decrease with an increase in the content of second 
momer unit. The crystallographic parameters of P(3HB-co-3HP) with compositions 
up to 43 mol% 3HP were little influenced by the presence of 3HP unit, and the 
crystallinities decreased from 60 to 7% as the 3HP content was increased from 0 to 
67 mol% (Shimamura et ul., 1994a). The crystallinities of P(3HB-co-3HH) decrease 
with the 3HH fraction (Shimamura et al., 1994b). These results indicate that 3HP 
and 3HH units cannot crystallize in the sequence of 3HB units and act as defects in 
the P(3HB) crystal lattice. 

The physical and thermal properties of P(3HB-co-4HB) copolymers are listed in 
Table 2. The crystallinity of P(3HB-co-4HB) decreased from 60 to 14 % as the 4HB 
content increased from 0 to 49 mol% (Kunioka et al., 1989). Only one crystalline 
form of the P(3HB) lattice was observed for the X-ray diffractions of P(3HB-co4HB) 
copolymers with compositions of 0-29 mol% 4HB. In contrast, only the P(4HB) 
lattice was observed for the P (3HB-co-4HB) copolymers with compositions of 78-100 
mol% 4HB (Saito and Doi 1994). The tensile strength of P(3HB-co-4HB) films with 
compositions of 0-16 mol% 4HB decreased from 43 to 26 MPa with an increase 
in the 4HB fraction, while the elongation to break increased from 5 to 444%. 
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Table 2 Physical and thermal properties of P(3HB-co-4HB) copolymers 

4HB fraction (mol%) 

Melting temp. ('C) 
Glass transition temp. ('C) 
Crystallini~ ( 5 % )  
Density (g -cm3  
Water uptake ( ~ 1 % )  
Stress at yield (MPa)" 
Elongation at yield (%)"' 
Tensile strength (MPa)-* 
Elongation to break (%)"  

a t  23%. 

Table 3 Changes in the thickness of bacterial P(3HB) films 
in various environments 

Environment Change in the thickness 
(brn/week) 

Sea water (22:C) 5 
Activated sludge (25'C) 7 
Soil ( W C )  5 
Sterile sea water (253C)a 0 

~'Autoclaved at 12PC for 15 min. 

The tensile strength of the films with compositions of 64-100 mol% 4HB increased 
from 17 to 104 MPa with increasing the 4HB fraction. The true tensile strength 
of P(4HB) homopolymer is calculated to be as large as 1 GPa if the cross-section 
is corrected. Thus, P(3HB-co-4HB) copolymers exhibit a wide range of material 
properties. 

Biodegradation of Polyhydroxyalkanoates 

One of unique properties of bacterial PHA is their biodegradability in various 
environments. P(3HB) is the best studied material of PHA and probably most 
abundant in the environment. Table 3 shows the rates of biodegradation of P(3HB) 
films in various environments such as soil, sludge, and sea water. Table 3 also shows 
that no simple hydrolysis of P(3HB) takes place in the water without microorganisms. 
Since PHA is a solid polymer of high molecular weights and incapable of being 
transported through the cell wall, PHA-degrading microorganisms excrete extra- 
cellular PHA depolymerases to degrada environmental PHA. Such PHA-degrading 
microorganisms were isolated from various environments such as soil (Pseudomonas 
lemoignei) , activated sludge (Alcalzgenes faecalis) , laboratory atmosphere (Pseudomonas 
pickettii), sea water (Comamonas testosteroni) , and lake water (Pseudornonas stutzeri) . 

The extracellular PHA depolymerases have been purified from different isolates, 
and their properties have been studied. (Mukai et al., 1993, 1994). Almost all 
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Figure 2 Weight loss (erosion) of P(3HB-co-4HB) films with various compositions after the 
enzymatic degradation of 2h at 37Â° wit11 different PHA depolymerases in a 0.1 M phosphate 
buffer (pH 7.4). 
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Figure 3 Rates of enzymatic erosion of various PHA copolymer films in the aqueous solution 
of PHA depolymerase (from Alcalzgenesfaecalis) at 37'C and pH 7.4. (a)  : P (3HB-ce3HH), (0) : 
P (3HB-re3HV), (9) : P (3HB-ce3HP). 

extracellular ?HA depolymerases can be prepared by hydrophobic interaction 
column chromatography. The purified PHA depolymerases consisted of a single 
polypeptide chain and their molecular weights were in the range of 37,000-59,000. 
All enzymes have a serine residue at the active site. 
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Enzymatic degradation of PHA films were performed in an aqueous solution 
of purified PHA depolymerases at 3YcC. The enzymatic degradation occurred on 
the surface of PHA films, and the thickness of the films decreased with time (Doi 
et al., 1990). Figures 2 and 3 show the weight loss of different PHA films by PHA 
depolymerases from various microorganisms. The rate of film erosion by PHA 
depolymerases was strongly dependent of the copolymer composition. The rate of 
enzymatic degradation remarkably increased with an increase in the 4HB fraction, 
and the highest rate was observed at 14 mol% 4HB (see Figure 2).  Thus, the presence 
of 4HB units in the P(3HB) sequence accelerated the enzymatic degradation. We 
showed that the rate of surface erosion of P(3HB) film by PHA depolymerase was 
markedly decreased with an increase in the crystallinity, and that the rate of enzymatic 
degradation on the amorphous phase of the P(3HB) film was about twenty times 
higher than the rate on the crystalline phase (Kumagai et al., 1992). As Figure 
3 shows, the acceleration of enzymatic degradation was observed on the films of 
P(3HB-co-3HP) and P(3HB-co-3HH) as well as on the P(3HB-co-4HB) films, which 
may be caused by the decrease in crystallinity. 

REFERENCES 

Anderson. AJ. and Dawes, E.A. (1990) Occurrence, metabolisn~, n~etabolic role, and industrial use of 
bacterial polyhydroqalkanoates, Murobid. 1h .  54, 450-472. 

Bluhm, T.L., Hamer. G.K., Marchessault. R.H., Fyfe, C.A. and Veregin, R.P. (1986) Isodimorphism in 
bacterial poly(b-hydroxybutvrate-cfrb-hydroyalerate), A'lac7-oi~iolecules 19, 2871-2876. 

Byrom. D. (1987) Polymer synthesis by ~~~icroorganis~ns:technoloe\- and ecornon~ics, Trends Bioterlrrzol. 5, 
246-250. 

Cornibert, J. and Marchessault, R.H. (1972) Physical propeties of poly-b-1'~droxybutyrate: conformatio~~al 
analysis and crystalline structure,/. Mol. Biol. 72, 735-756. 

Doi, Y,  Tamaki. A,. Kunioka, M. and Soga, K. (1988) Production of copolyester of 3-hvdroxybutyrate and 
3-l~vdrox>valerate b\ Alrulrgmes eutiophus from buhric and pentanoic acids, A@/. Min'obiol. Biotechnol., 
28,330-334. 

Doi, Y. (1990a) Microbial polyesters, VCH Publishers, New York. 
Doi, Y,  Kanesawa, Y,  Kunioka, M. and Saito, T. (1990b) Biodegradation of microbial copo1:esters: 

poly(3-hydroxybutyrate-ro-3-hydrovalerate) and poly(3-hydro~buhrate-co-4h~dro~butyrate), 
Mc~cromol~cul~.~ 23, 26-31. 

Hiramitsu. M., Koyama, h'. and D0i.Y (1993) Production of poly(3- hydrombuqrate-co-4hydroxybutyrate) 
by A l r ~ ~ l ~ ~ - i  lotus,, Biolechnol. Lett., 15. 461-464. 

Holm, P.A. (1988) Biologically produced (R)-3-h~droxvalkanoate polymers and copolymers. In Develop- 
ment in Crystalline Poljmler (Ed. by D. C. Bassett), Elsevier, London, pl-65. 

Inouc, Y. and Yoshie, N. (1992) Structure and physical properties of bacterially synthesi7ed polyesters, 
Piog. Pohi~z. Sri., 17, 571-610. 

Kumagiai,Y., Kanesan-a, Y. and Doi, Y. (1992) Enzymatic degradation of microbial poly(3-hvdroxybutyrate) 
films, Makromol. Chew/., 193, 53- 57. 

Kunioka, M., Nakamura, Y. and Doi, Y. (1988) New bacterial copolyesters produced in Akalgen~.s  eutropl~z~s 
from organic acids, Poljm. Commun,, 29. 176176. 

Kunioka, M., Kawaguchi, Y and Doi, Y (1989a) Production of biodegradable copolyesters of 3- 
hydroxybutyrate and 4hydroxybutvrate by Ahaligenes eutroj~hus, Appl. Microbial. Biotechnol., 30,569-573. 

Kunioka, M., Tamaki, A. and Doi, Y. (1989b) Crystalline and thermal properties of bacterial copolyesters: 
poly(3-l'iyd1-oxybuh-rate-co-3-hvclroxyvalerate) and poly(3-hydro~butyrate-cfr4l~vdroxybutyrate), 
Mucroiirokrules, 22, 694-697. 

Lenz, R.W. (1993) Biodegradable polymers, Adv. Polym. Sci. 107, 1-40. 
Mukai, K., Yamada, K. and Doi, Y. (1993a) Kinetics and mechanism of heterogeneous hydrolysis of 

poly[(R)-3-hydroxybutyrate] film by PHA depolymerases, Int.J. Biol. ~~lacromol., 15, 361-366. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



Mukai, K.. Doi, Y,  Senia, Y. and Tomita, K. (1993b) Substrate specificities in hydrolysis of polyhydrox- 
yalkanoates by microbial esterases, Bioterhnol. Lett., 15, 601-604. 

Mukai, K., Yamada, K. and Doi, Y. (1994) Efficient hydrolysis of polyhydro.yalkanoates by Pseudomonas 
iitutzeijYM1414 isolated from lake water, Polym. 11%. Stab., 43, 319-327. 

Nakamura, S., Kunioka, M. and Doi, Y. (1991) Biosynthesis and characterization of bacterial poly(3- 
hydroxybutyrate-ro-3- hyciroxypropionate), Macromol. Rep., A28, 15-24. 

Naka~nura, S., Doi, Y and Scandola, M. (1992) Microbial synthesis and characterization of poly(3- 
hydroxyl~utyrate-co-4-hydroxybuvrate), :Marromolerules, 25, 4237-4241. 

Saito, Y and Doi, V. (1994) Microbial synthesis and properties of poly(3-hydroxybutyrate-co-4h)droxy- 
butyrate) in Cornamonas acidovora?~.~, Int.]. Biol. Maci-omol. 16, 99-104. 

Schirmer, A.,Jendrossek, D. and Schlegel, H.G. (1993) Degradation of poly(3-hydroxyocdtanoic acid) by 
bacteria: purification and properties of a P(3HO) depolymerase from Pvudomonas fluorescent GK13, 
Appl. Environ. Microbial., 59, 1220-1227. 

Shirnan~ura, E., Scandola, M. and Doi, Y (1994a) Microbial synthesis and characterization of poly(3- 
hydroxvbuvrate-co-3-l~ydroxypropionate) , Mammolecules, 27, 4429-4435. 

Shimamura, E.,  Kasuya, K., Kobayashi, G., Shiotani, T., Shima, Y. and Doi, Y. (1994b) Physical properties 
and biodegradability of microbial poly (3- hydroxybutyrate-ro-S-hydroxyhexanoate) , Macromolecules, 
27,878-880. 

Steinbfichel, A. (1991) Polyhydroxyalkanoic acids, In Biomaterials (Ed. by Byrom, D.), Macmillan Pub., 
Basingstoke, pp. 123-213. 

Shirakura, Y ,  Fukui, T., Saito, T., Okamoto, Y,  Narikawa, T., Koide, K., Ton~ita, K., Tamemura, T. 
and Masa~nune, S. (1986) Degradation of polv(3- hydroybutyrate) by poly(3-hydroxybutyrate) 
depolymerase from A lcaligenes faecalis TI,  Biochim. Biophys. Acta. 880, 46-53. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



SUShT J.  PETER^, M I C W L  J. MILLER2, MICHAELJ. YASZEMSK13 
and AIVTONIOS G. MIKOS1,* 

Cox Laboratorj for Biomedical Engzneering Jnstitute of Biosciences and Bioengzneering 
and Department of Chemical Engzneering Rice Universitj\ 

P 0. Box 1892, Houston, Texas 77251-1 892 
2Department of Plastic and Reconstructine Surgerj, 1M.D. Anderson Cancer Centeq 

The Uniuersig of Texas, 1515 Holcornbe Blud., 
Box 62, Houston, Texas 77030 

3Department of Orthopaedic Sz~rgery, Wil~?ord Hall ~Vledical Centm; 
Lackland Air Force Base, Texas 78236 

INTRODUCTION 

Synthetic biodegradable polymel-s have become an invaluable asset in the medical 
field. Polymers have an advantage over other synthetic materials because their 
properties, such as degradation rate and mechanical strength, can be tailored to 
specific applications. They are also free of the immunological response that biologi- 
cal materials can cause. For example, poly(a-hydroxy esters), such as poly(1actic acid) 
and poly(glyco1ic acid), are ~ ~ s e d  as sutures for surgery. Poly(anhydrides) are used for 
drug delivery. Specifically for 01-thopaedic applications, a synthetic, biodegradable, 
injectable polymer that crosslinks in situ would be useful for filling osseous defects 
and inducing bone regeneration. One such polymer, poly(propy1ene fumarate) 
(PPF), is being studied in an attempt to create a biodegradable bone cement. 

PPF is an unsaturated linear polyester (Figure 1) that degrades into fumaric acid 
and propylene glycol, both biocompatible degraaation products. Many formulation 
methods have been proposed for orthopaedic applications. Once PPF is produced, 
it can be crosslinked through the fumarate double bond wit11 a vinyl monomer. 
Various filler particles can be incorporated to create porosity, increase mechanical 
properties, and enhance osteoconducti17ity. This mixture creates a moldable paste 
suitable for filling irregularly shaped bone defects that hardens in a short period of 
time. This review describes the many metllods used to synthesize and characterize 
PPF, and explores possible applications. 

Sanderson (1988) produced PPF by a transesterification of diethyl fumarate and 
propylene glycol with a para-toluene s~~lfonic acid catalyst (Figure 2).  The two 
components were combined and slowly heated to a temperature of 250cC over a five 
hour period. This mixture was cooled to 1OO2C and placed ~inder a vacuum of 1 mm 
Hg to remove any remaining volatile components. Still under vacuum, the reaction 

T o  nhonl co~respondence should be addressed. 
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CH3 
Ho- [ + O & ~ ~ ~ O H  0 n cH3 

Poly(l'ropy1ene Fumarate) 

Figure 1 Poly(Propy1ene Fulnarate) , 

Diethyl Fumarate Propylene Glycol 

Poly(F'ropy1ene Fumarate) 

Figure 2 Poly (Propylene Fulnarate) Synthesis Method of Sanderson (1988). 

vessel was heated to 220JC and held there for four hours. The resulting polymer Jvas 
a clear, thick, viscous mixture separated by fractionation from methylene chloride 
with ether. When vacuum dried, the PPF was a white to yellow powder with a 35% 
yield by weight of the reactants. 

Gerhart and Hayes (1989) prepared PPF through a conde~~sation reaction of 
propylene glycol and fumaric acid (Figure 3). The mixture was initially heated to 
145'C for five hours, with a subseq~~ent increase in temperature to l8OGC. Samples 
were removed during the course of the reaction to monitor the viscosity of the 
product. Initially the viscosity was at a value of 2 poise, and rose steadily with 
increasing reaction time. The reaction was terminated when the viscosity reached 
10-15 poise. The productwas consistentlj7within a number average molecular weight 
(Mn) range of 500 to 1200, with a polydispersity index (PI) ranging from 3 to 4. 
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Fumaric Acid 
CH3 

Propylene Glycol 

Poly(F'ropy1ene Fumarate) 

Figure 3 Poly(Propy1ene Fumarate) Synthesis Method of Gerhart and Hayes (1989). 

Domb et al. (1989) prepared PPF through several reaction methods. The first 
method involved preparing bis-propylene glycol fumarate (PFP trimer) by reacting 
fumaric acid with propylene glycol for 20 h o ~ ~ r s ,  using pyridine as a catalyst 
(Figure 4). The viscous liquid trimer was shaken with Na2HP04, and then the phases 
were allowed to separate. The lower water phase was discarded, while the upper 
phase containing the tl-imer was washed with KCl, filtered, and dried. Propylene 
glycol dibutenoic ester (MPM trimer) n7as prepared through the reaction of maleic 
anhydride in toluene with propylene glycol at 1OO3C for 24 hours. The mixture was 
cooled and allowed to separate into two phases. The ether phase was washed with 
hexane and rotary evaporated to remove the solvents. PPFwas formulated by the melt 
polymerization of PFP with MPM at l8OzC for two hours, giving a liquid product. 
Higher molecular weights were achieved by using pentamer or higher molecular 
weight forms of PFP and MPM. PPF was also prepared by the step polymerization 
reaction of the PFP trimer with maleic anhydride at 11O3C for 24 hours. The 
final for-mulation method to prepare PPF was through the controlled reaction of 
propylene glycol and fumaric acid at l3OzC for 10 hours and then at l8O3C for 2 
hours. The reaction yielded a clear viscous liquid. The PPF samples prepared by this 
final method had an Mn of 300 to 2000, with a PI range of 1.5 to 1.7. 

Domb et ul. (1996) also investigated variation of the terminal groups of PPF in 
an attempt to improve the mechanical properties of PPF composites without the 
use of a crosslinking monomer (Figure 5). Trimeric bis(2-hydroxypropyl fumarate) 
(HPF) was prepared through the dropwise addition of propylene glycol to a mixture 
of fumaric acid and dry pyridine in acetone (Domb et al., 1990). The solvents were 
removed by drying, yielding a slightly viscous yellow liquid. Propylene bis (hydrogen 
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0 
Fmmic Acid 

Bis(2-Hydroxypropyl Fumarate) Trimer 

CH3 
Propylene Glycol 

F'ropylene Bis(Hydrogen Maleate) Trimer 

Poly(Propy1ene Fumarate) 

Figure 4 Poly(Propy1ene Fumarate) Synthesis Method of Domb et al. (1989). 

maleate) (PHM) was formed through the dropwise addition of propylene glycol 
to a solution of maleic anhydride in toluene. The addition took place at 100cC 
0\7er a 24 hour period. The product was cooled and any remaining solvents were 
evaporated. The intermediate product, PPF, was prepared by a melt condensation 
reaction between HPF and PHM at 140JC for 24 hours. The system was then placed 
under a 5 mmHg vacuum to remove any volatile components. The molecular weight 
was found to be Mn 7'50 with a PI of 2.4. This polymeric form of PPF was reacted 
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I 

Acrylate Tednated-Poly(Propy1ene Fumarate) 

ropylene Fumarate) 

I 
Epichlorohyd~n 

Epoxide Tehnated-Poly(Propy1ene Fumarate) 

Figure 5 Two Methods of Modifj6ng the Terminal Groups of Poly(P~-opylene Fumarate) 
devised by Domb et al. (1989). 

with acryloyl chloride in a chloroform solution over a three day period of time. The 
solvent was then evaporated, yielding a viscous oligomer of acrylate terminated PPF. 
A second variation of PPF was formed through a reaction with epichlorohydrin. 
PPF was dissolved in dry toluene and held at 9OCC. Tin chloride catalyst was added, 
followed by epichlorohydrin, ~mder  nitrogen. After 3 hours at 90-C the reaction 
was brought to room temperature for a period of 3 days. Upon evaporation of the 
solvent, the diepoxide-PPF oligomer was obtained. 
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0 C H ~  

Fumaryl Chloride Propylene Glycol 

Bis(Hydroxypropy1 Fumarate) 

Transesterification 

Poly(Propy1ene Fumarate) 

Figure 6 Poly(Propy1ene Fumarate) Synthesis Method of Yaszemski et al. (1994). 

Yaszemski et al. (1994) prepared PPF through an initial reaction of fumaryl 
chloride and propylene glycol at room temperature (Figure 6). The product, 
bis (2-hydroxvpropyl fumarate) , was purified through solution-precipitation in THF 
and petroleum ether, respectively. This was followed by a transesterification at 160Â° 
under vacuum with antimony trioxide as a catalyst in a nitrogen atmosphere. Excess 
propylene glycol was boiled off and collected during the reaction. The reaction 
time ranged from 4 hours to 24 hours. Purification was completed through a 
solution-precipitation as mentioned above, followed by drying in a rotary evaporator. 
The resulting polymer was a yellow viscous liquid of Mn 750 and PI of 1.7 when reacted 
for 7 hours, and of M,, 850 and PI of 2 when reacted for 8 hours (Yaszemski et al., 
1994). Without the use of the catalyst, a reaction time of 30 hours produced PPF 
with MQ 1225 and PI of 1.6. The highest molecular weights were found with the use 
of the catalyst for longer reaction times, reaching an Mn of 1500 with PI of 3. 
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Gresser et al. (1995) prepared PPF through a direct esterification of fumaric acid 
and propylene glycol, using ptoluene sulfonic acid monohydrate as a catalyst, a 
modification of the method by Sanderson (Figure 2).  Addition of t-butyl hydro- 
quinone prevented crosslinking at high temperatures. The polymer was dissolved 
in methylene chloride and filtered to remove residual fumaric acid. Subsequent 
washing with 20% aqueous methanol was used to remove remaining propylene 
glycol. The product was precipitated from the methylene chloride with diethyl ether. 
Further purification was carried out by dissolution in acetone, filtration, drying, and 
removal of the solvent under vacuum. The Mn was found to be 2600, with a PI of 2.6. 

CHARACTERIZATION 

Sanderson (1988) combined PPF with a calcium sulfate filler, benzoyl peroxide, and 
N-vinyl pyrrolidinone (VP). The mixture hardened in 15 to 30 minutes. Mechanical 
studies gave a compressive strength of 50 MPa for the crosslinked composites. 
This value was alterable by varying the molecular weight of the polymer and the 
ratio of the polymer to the filler. Beads 1.5 mm in diameter were created with the 
crosslinking formula and cured at 37^C. These beads were placed in distilled water 
at 37'C and agitated for 16 days. A 50% weight loss was found without a macroscopic 
change in structural integrity. The weight loss was most likely due to dissolution 
of the filler, creating a porous structure. Further crosslinking was performed in 
saline at 3P3C, demonstrating that the crosslinking can be carried out in a wet 
surgical environment. In vivostudies were performed using a rat model. A composite 
formulation including powdered human bone as a filler component was prepared 
and used to fill one-eighth inch holes in the rat tibia, cranium, tooth or jaw. This 
study showed that the composite mixture hardened in situ and bone grew into the 
crosslinked areas within four to six weeks, leaving little residual putty. 

Gerhart and Hayes (1989) crosslinked their PPF with methyl methacrylate (MMA) 
in a ratio of 85:15 respectively. A free radical initiator (benzoyl peroxide) and 
an accelerator [dimethyl-ptoluidine (DMT)] were used to crosslink the PPF-MMA 
mixture. Calcium phosphate ceramic and a resorbable calcium salt were added to 
the PPF-MMA matrix to promote osteoconduction and create porosity, respectively. 
The compressive strength and modulus of the composite were found to be 19 
MPa and 200 MPa, respectively. In in vitro experiments, crosslinked samples were 
immersed in water buffered at neutral pH. Slight swelling was observed, causing 
a decrease in mechanical strength and stiffness. Secondary calcium ions from the 
ceramic were believed to have complexed with PPF carboxylic end groups, causing 
the samples to regain their initial mechanical strength after several days. When the 
environment was made alkaline, the samples swelled further, causing a significant 
decrease in mechanical strength, as well as an increase in degradation rate. However, 
an increased ratio of MMA to PPF allowed for a longer degradation time. In vivo 
studies were performed in rabbits using a subcutaneous implantation site. Samples 
crosslinked with varying amounts of MMA were mechanically tested at regular 
intervals post-implantation. At one day following implantation the specimens showed 
a decrease in strength, believed to be due to swelling. After four days, the mechanical 
properties increased, again believed to be due to secondary calcium ion reactions. 
Later samples showed varying strengths dependent on MMA content: the larger the 
MMA ratio, the higher the maintained level of mechanical strength. 
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Additional studies were performed using a paraspinal, subcutaneous rat model, 
with 6 x 12 mm cylinders being implanted (Frazier et al., 1995). Implant composition 
and length of degradation time were investigated. Increasing the amount of 
methyl methacrylate and benzoyl peroxide was found to significantly increase the 
compressive strength over time, but had no effect on the modulus over time. With 
a formulation consisting of PPF, 10% MMA, 15% benzoyl peroxide, 33% tricalciuin 
phosphate and 33% calcium carbonate, the compressive strength was found to 
increase linearly through day 21 to 5 MPa, and then decreased linearly to 1 MPa 
by the 84th day of the study. 

Proximal femur fractures were studied as well through the use of a PPF composite 
consisting of PPF, MMA, tricalcium phosphate and calcium phosphate (Witschger 
et al., 1991). Dynamic hip screws were placed in cadaveric proximal femora and 
fixed in place with the PPF composite mixture. The yield load when placed under 
mechanical testing was 1130 N, just slighly under 1750 N corresponding to the use 
of MMA alone. 

Domb et al. (1990) mixed their PPF with calcium particulates and crosslinked this 
mixture with MMA in order to assess the mechanical properties of the crosslinked 
polymer. Benzoyl peroxide and DMT were used to effect the crosslinking process. 
The compressive strength of the PPF bone cement was found to increase with 
increasing polymer chain length and narrowing polydispersity, reaching a maximum 
of 7 MPa. In vitro degradation studies showed an initial decrease in mechanical 
properties due to the swelling of the matrix (Domb, 1989). After several days, the 
samples regained their mechanical strength. Under alkaline conditions, increased 
degradation was evident. In an acidic environment, the phosphate was leached 
out, causing a decrease in stiffness, though the samples retained their shape. 
Increased MMA content delayed degradation. Due to the stepwise addition during 
polymerization, the terminal group can represent either the carboxylic acid of the 
fumaric acid or the hydroxyl group of the propylene glycol. The balance of hydroxyl 
end groups to carboqlic acids end groups was found to effect the mechanical 
properties of the composites, showing an increase in compressive strength with 
higher carboxylic acid end group content. 

PPF with acrylate and epoxide terminal groups was produced by Domb et al. 
(1996). The polymers were crosslinked in a ratio of 30 wt% PPF and 70 wt% 
calcium carbonate-tricalcium phosphate mixture. The strongest samples required 
incorporation of both W and MMA. The PPF-diacryl alone gave a stress level of 43.4 
MPa, but had values as high as 130 MPa when mixed with the vinyl monomers. The 
PPF diol had a compressive strength of 56 MPa and 38 MPa when mixed with VP 
and MMA respectively, but had a value of less than 10 MPa without incorporation 
of either vinyl monomer. The epoxide terminated PPF gave strong composites, but 
was difficult to crosslink through a free radical reaction. Again, the best mechanical 
properties were found when one of the vinyl monomers was added to the crosslinking 
mixture, giving a maximum stress of 37 MPa with both monomers, and a value of 24 
MPa without. 

Yaszemski et al. (1995) incorporated sodium chloride as a pore forming compo- 
nent into a composite formulation also including /5-tricalcium phosphate (/5-TCP) 
or a calcium phosphate matrix. The mixture was crosslinked with VP to form a 
biodegradable bone cement. The mechanical properties of the composite were 
studied over several varying factors in a fractional factorial design. These mixtures 
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were crosslinked using benzoyl peroxide and DMT. The results were as follows: 
increasing the sodium chloride content, using a lower molecular weight PPF, and 
decreasing the amount of VP all increased the compressive strength and compressive 
modulus; increasing the amount of /3-TCP effected a higher compressive modulus 
(Yaszemski et al., 1995). By changing the levels of the above components, the 
compressive strength was varied from 2 to 14 MPa, and the compressive modulus 
was varied from 13 to 138 MPa. These values encompass the target strength and 
modulus for bone replacement (Goldstein et al., 1991). 

In vitro mechanical studies were performed over time with varying amounts 
of crosslinker in the formulation (Yaszemski et al., 1996). A composite material 
formulation consisting of PPF of molecular weight 1780, /3-TCP (at a ratio of 
/3-TCP/PPF of 0.75/1), and VP (at the same ratio of VP/PPF 0.75/1) showed an 
initial compressive strength of 18 MPa which rose to a final value of 21 MPa after 
12 weeks in phosphate-buffered saline (PBS) at 37Â¡C The compressive modulus for 
the same formulation also increased during the 12 week testing period from 113 
MPa to 696 MPa. The increase in mechanical properties with degradation time was 
related to the degradation of the composite material and may prove to be useful for 
orthopaedic applications. 

In vivo studies were performed with the same formulation through a 2-mm 
proximal tibia defect in rats (Yaszemski et al., 1995). Histologically it was seen that 
increasing amounts of bone grew into the polymer over time, beginning at the 
peripheral surface and progressing towards the center of the defect. The polymeric 
material was seen to degrade over time and be replaced by new woven bone, without 
eliciting an immune response. The composite was found to degrade faster at the 
surface of the implant, allowing the interior of the implant to maintain its mechanical 
integrity for a longer period of time. This will be useful in repairing bone defects 
located in load bearing areas of the skeleton, lending stability until the bone has 
fully replaced the polymer's function in filling the defect as well as in support. 

Gresser et al. (1995) combined their PPF with VP and hydroxyapatite, crosslinking 
this mixture with benzoyl peroxide and DMT. Samples were allowed to crosslink at 
37'C for 24 hours. These hardened samples were ground to analyze the amount of 
PPF andVP incorporated. The ground power was run in acetonitrile on reverse-phase 
thin layer chromatography plates, and developed with iodine vapor or ultraviolet 
light. Over 90% of the PPF was found to have been crosslinked in mixtures containing 
between 0.33 to 2 PPF/VP ratios. The fraction of VP incorporated was dependent 
on the ratio of the two components. The fraction of PPF or VP incorporated was 
independent of the amount of hydroxyapatite, benzoyl peroxide, or DMT used. The 
VP monomer was found to add to poly(viny1 pyrrolidinone) twice as often as it added 
to the fumarate double bond. 

ORTHOPAEDIC APPLICATIONS 

Orthopaedic surgeons must fill defects created by trauma, removal of cancerous 
tumors, or abnormal development. Bone replacement and fixation are also issues 
for plastic surgeons in craniofacial procedures, hand and foot deformities, and 
extremity injuries. Though poly(methy1 methacrylate) (PMMA) bone cement is 
currently in use to address these problems, it in nonbiodegradable, remaining in 
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the patient's body forever, often leading to the problems of stress shielding and 
particulate wear. If a biodegradable, injectable bone cement were available, many 
of these problems would be avoided. For orthopaedic applications, a bone cement 
that polymerizes in situ with minimal heat emission and maintains its mechanical 
integrity as it degrades and is replaced by new bone is preferred. The mechanical 
properties of a biodegradable bone cement must approximate those of the material 
it is replacing: the compressive strength and modulus of human trabecular bone are 
5 MPa and 50 MPa, respectively (Goldstein et al., 1991). It is the goal of researchers 
working on PPF to create crosslinked composites of PPF with all of these required 
properties. 

PPF can further be used as a drug delivery' agent to deliver bioactive molecules to 
bone. Gerhart et al. (1994) used as their design goals a carrier that would release a 
drug within four to twelve weeks, and degrade in a period of sixteen to twentv weeks. 
The study involved the use of gentamicin and vancomycin for treating Staphylococczis 
aureus osteomyelitis. The antibiotics were impregnated into PPF-MMA and PMMA 
cylinders (Gerhart et a/., 1988). These were implanted subcutaneously in rats, with the 
blood and wound fluid levels monitored over a two week time period. The PPF-MMA 
was found to have higher wound antibiotic levels than the PMMA bone cement. 
However, these levels remained below maximum safety levels. Mechanical testing 
showed no significant loss of mechanical integrity due to antibiotic incorporation. 
PPF-MMA was found to be a successful antibiotic carrier, with the advantage over 
PMMA of being biodegradable. Other drugs, such as thioridazine hydrochloride or 
thioridazine base were also incorporated into PPF with much success (Sanderson, 
1988). 

FUTURE DIRECTIONS 

PPF is a versatile polymeric material with great potential for use in bone healing. 
Composite materials of crosslinked PPF have sufficient mechanical stability to 
replace the structural role of the missing bone, and retain this strength during 
bone ingrowth and remodeling. With the incorporation of a leachable porogen, 
pores for cells to migrate into the composite are formed. Moreover, drugs can 
be incorporated into the matrix to fight infection and enhance healing. Further 
work can be in the avenue of functionalization of the polymeric backbone with 
cell adhesion specific molecules to allow for modulation of receptor-mediated 
processes which contribute to tissue development and growth. There is also potential 
for use as a carrier for cells, genes, and bioactive molecules to induce wound 
repair and facilitate tissue formation and remodeling. Further applications are 
being investigated through the development of a PPF copolymer with poly(ethy1ene 
glycol) for use as a biodegradable, injectable vascular stent (Suggs et al., 1995). 
Poly(propy1ene fumarate) has the potential to have an enormous impact in the 
engineering of hard and soft tissues. 
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DEVELOPMENT OF POLY(ORTH0 ESTERS) 

Development of poly(ortho ester) started in 1970 and four distinct families of such 
polymers have been now prepared. These will be designated as poly(ortho ester) I, 
poly(ortho ester) 11, poly(ortho ester) I11 and poly(ortho ester) IV. 

Poly(0rtho Ester) I 

The first example of a poly (ortho ester) was described in a series of patents assigned 
to Alza in 1978-79 (Choi et al., 1978a, 1978b, 1978c, 1979a, 1979b). The polymer is 
prepared as shown in Scheme 1. 

Scheme 1 

Typical Experimental Procedure 

To 45 g (0.312 mole) of anhydrous trans-1,4-cyclohexanedimethanol and 0.05 g 
polyphosphoric acid in a commercially available polymerization reactor is added 
with constant stirring under an inert nitrogen environment and normal atmospheric 
pressure 50 g (0.312 mole) of anhydrous 2,2-diethoxytetrahydrofuran. Next, the 
mixture is heated to 110-115'C and held at that temperature for 1.5 to 2 hr 
with slow distillation of ethanol. Then, while maintaining the temperature, the 
pressure is gradually reduced to 0.01 mm of mercury and at this reduced pressure 
the temperature is slowly increased to 180'C. The reaction is continued at this 
temperature for 24 hr. The polymer is isolated by extrusion from the reactor. 

Polymer Hydroly sis 

When this poly (ortho ester) is placed in an aqueous environment, an initial 
hydrolysis to a diol and y-butyrolactone takes place. The y-butyrolactone then 
rapidly hydrolyzes to y-hydroxybutyric acid. This reaction path is shown in Scheme 2. 
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Scheme 2 

The hydrolysis is an autocatalytic process because the y-hydroxybutyric acid 
hydrolysis product accelerates hydrolysis of the acid-sensitive ortho ester linkages. 
Therefore, in order to prevent autoacceleration of the hydrolysis, a base such as 
CaC03 is incorporated into the polymer to neutralize the y-hydroxybutyric acid. 

Applications 

Despite the fact that the polymer was developed in the early 1970's, very little 
information related to its actual use in controlled drug release has been published 
and the polymer has not been identified beyond the code names of C l l l  and 
ClOlct. However, it can be inferred that ClOlct refers to a polymer prepared from 
diethoxytetrahydrofuran and ris/trans-cyclohexane dimethanol and C l l l  refers to a 
polymer prepared from diethoxytetrahydrofuran and 1,6-hexanediol. The polymer 
has been used for the release of naltrexone (Capoza et a/., 1978) the release of 
contraceptive steroids (Gabelnick, 1983) and in the treatment of burns (Vistness 
ef al., 1976). Very recently (Solheim et al., 1995) described the use of ClOlct for the 
release of indomethacin in the prevention of reossification of experimental bone 
defects. 

The polymer is covered by US Patents 4,079,038; 4,093,709; 4,131,648; 4,138,344 
and 4,180,646 assigned to the Alza corporation, was originally designated as 
ChronomerThl and is currently known as AlzamerB. It is not commercially available 
nor has had FDA approval. 

Poly(0rtho Ester) II 

Ortho esters can also be prepared by the reaction between a ketene acetal and an 
alcohol as shown in Scheme 3 (Heller et al., 1980). 

Scheme 3 
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Clearly, formation of polymers requires the use of a diketene acetal. Early work 
with this polymer system was based on the reaction of the diketene acetal 3,9- 
bis(methy1ene) 2,4,8,10-tetraoxaspiro[5,5]undecane and l,&hexanediol as shown 
in Scheme 4 (Heller et ul., 1980). 

Scheme 4 

However, the diketene acetal 3,9-bis(methy1ene) 2,4,8,10-tetraoxaspiro [5,5] un- 
decane contains a double bond connected to two electron donor groups and is thus 
extremely susceptible to a cationic polymerization. For this reason, the synthesis of a 
more useful diketene acetal was e~rolved as shown in Scheme 5. In this diketene 
acetal, the cationic polymerization has been inhibited by the introduction of a 
methylene group which sterically hinders the facile cationic polymerization. This 
diketene acetal can be readily prepared by a rearrangement of the commercially 
available diallylpentaerythritol as shown in scheme 5 (Ng et ul., 1992). 

Scheme 5 

Polymers are easily prepared by the addition of a diol to the diketene acetal as 
shown in Scheme 6 (Ng et ul., 1992). 
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Scheme 6 

The reaction proceeds readily at room temperature and to prepare polymers it is 
merely necessary to dissolve the monomers in a polar solvent such a tetrahydrofuran 
and add a trace of an acid catalyst. Polymerization is exothermic and high molecular 
weight polymers are formed virtually instantaneously. 

Mechanical properties of the polymer can be controlled by an appropriate clloice 
of the diols used in the condensation reaction (Heller et al., 1983). Use of the rigid 
diol trans-cyclohexanedimethanol produces a rigid polymer having a glass transition 
temperature of 120QC while use of the flexible diol 1,6-hexanediol produces a soft 
material haling a glass transition temperature of 2OCC. Mixtures of the two diols 
produce polymers that have glass transition temperatures between these avo values. 

0 
0 2 0 4 0 6 0 8 0 100 

PERCENT 1,6-HEXANEDIOL 

Figure 1 Glass transition temperature ofpolymer prepared fi-o~n 3,9-bis (ethylidenel-2,4,8,10- 
tetraoxaspiro [5 ,5 ]  undecane, l,&hexanediol and t~ans-cyclohexanedimethanol as a function 
of mol % l,&hexanediol. Reprinted with permission from Heller et al., 1983. 
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Figure 2 Effect of diol chain length on the glass transition temperature of polynlers prepared 
from 3,9-bis (ethy1idene)-2,4,8,10-tetraoxaspiro [5,5] undecane and a-w diols. Reprinted with 
permission from Heller et al., 1993. 

Variation of the glass transition temperature with composition of the diol mixture 
is shown in Figure 1 (Heller et al., 1983). It is also possible to prepare materials 
having lower glass transition temperatures by using diols that have more than six 
methylene groups (Heller et al., 1995). Glass transition temperature of the polvmer 
as a function of the number of methylene groups is sl~own in Figure 2. 

The preparation of poly(ortho esters) by the addition of diols to diketene acetals is 
similar to the preparation of poljwrethanes by the addition of diols to diisocyanates. 
Because the condensation between a diketene acetal and a diol, just like that 
between a diisocyanate and a diol, proceeds without the evolution of volatile 
by-products, dense, crosslinked materials can be produced by using reagents ha~lng 
a functionality greater than two (Heller et al., 1985a). 

To prepare crosslinked materials, a molar excess of the diketene acetal is used and 
the resulting prepolymer with ketene acetal end-groups is reacted with a trio1 or a 
mixture of diols and triols. This synthesis is shown in Scheme 7. 

Typical Experimatal Procedures 

Preparation of 3,9-bzs (ethj1idene)-2,4,8,1 0-tet~aoxaspi~o[j,j]undecant 

In a 3-L three necked flask fitted with a mechanical stirrer, argon inlet tube, 
thermometer and rubber septum is placed 1.2-L of ethylene diamine. The flask is 
cooled with ice water and the contents kept at about 8'C under an argon atmosphere. 
A hexane solution of 130 g (2  moles) of n-butyllithium is added via a stainless steel 
hypodermic U-tube p~ished through the rubber septum using carefully controlled 
argon pressure over a period of 1 hr. 
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CROSSLINKED POLYMER 

Scheme 7 

Next, a mixture of 530 g (2.5 moles) of 3,9-bis (vinyl)-2,4,8,10-tetraoxaspiro [5,5] 
undecane and 0.5-L of ethylenediamine is cooled to gbC and added to the three 
necked flask. After stirring at 8'C for 3 hr, the reaction mixture is poured into 
3-L of ice-water with vigorous stirring. The aqueous mixture is extracted twice with 
I-L portions of hexane. The combined l~exane extracts are washed three times 
with 1-L portions of water, dried over allhydrous magnesium sulfate and filtered 
under suction. The filtrate is evaporated to dryness on a rotary evaporator to give 
413 g (78%) of crude material containing 90% of 3,9-bis (ethylidenel-2,4,8,10- 
teti-aoxaspiro [5,5] undecane. 

The crude product is dissolved in 2-L of hexane containing 10 ml of triethylamine 
and the solution placed in a 4 L  filter flask, sealed and stored in a freezer at -20'C 
for 2 days. The crystals thus formed are collected by basket centrifugation at -5'C 
under an argon atmosphere. Distillation of the brownish product through a 12 in. 
\igreaux column at I-educed pressure gives 313 g (61%) of 3,9-bis (ethy1idene)- 
2,4,8,10-tetraoxaspiro [5,5] undecane as a colorless liquid, b.p. 8zLC (0.1 torr) which 
crystallizes at room temperature, m.p. 30 C; characteristic IR band at 1700 cm-I. 

Preparation of Linear Polymers 

Into a 5-L, three necked flask equipped with an overhead stirrer, an argon inlet tube 
and a condenser are placed 89.57g (0.621 mole) of trans-cyclohexanedimethanol, 
39.52 g (0.334 mole) of 1,6-hexanediol, and 1.8 L of distilled tetrahydrofurai~. The 
mixttire is stirred until all solids have dissolved; then, 200 g (0.942 mole) of 3,9-bis 
(etl1ylidene)-2,4,8,l0-tetraoxaspiro [5,5] undecane is added. The polymerization is 
initiated by the addition of 2 mL of a solution of ~toluenesulfonic acid (20 mg/mL) 
in tetrahydrofuran. 

The polymerization temperature rapidly rises to the boiling point of tetrahydro- 
furan and then gradually decreases. Stirring is continued for about 2 hr, I0 mL of 
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triethylamine stabilizer added, and the reaction mixture then veiy slowly p o ~ ~ r e d  
with vigorous stirring into about 15 gallons of methanol containing 100 mL of 
triethylamine. The precipitated polymer is collected by vacuum filtration and dried 
in a \7acuum oven at 60LC for 24 hr. The weight of the dried polymer is 325 g (98.8% 
yield) 

Preparation of Crosslinked Polyners 

To a solution of 31 .S4 g (0.1 59 mole) of 3,9-bis (ethy1idene)-2,4,8,lO-teti-aoxaspiro 
[5,5] undecane in 200 mL of distilled tetrahydrofuran is added 10.42 g (0.100 
mole) of 2-methyl-1,4butanediol. The solution is stirred under argon and 0.5 1nL of 
ptoluenesulfonic acid solution in tetrahydrofuran (20 mg/ml) is added to initiate 
the reaction. After the heat of reaction has subsided, the solution is stir-I-ed until 
the temperature returns to ambient and then concentrated on a rotarv evaporator 
followed by heating in a vacuum oven at 40'C to remove residual solvent. 

Devices are then prepared by mixing into the prepolymer an excess of 1,2,6- 
hexanetriol and the desired excipients and curing the mixture in a mold at 75'C 
for 5 hr. Best results are obtained when the mole ratio hydroxyl to ketene acetal is 
about 1.3. 

Characterization 

Figure 3 shonis a 25.2 MHz 13C-NMR spectrum of a polymer prepared from 
3,9-bis (methylene) 2,4,8,10-tetraoxaspiro [53] undecane and 1,6-hexanediol. Band 
assignments are show11 in Figure 3 (Hellel- ~t ul., 1980). The spectrum verifies that the 
expected structure was obtained and that there are no extraneous bands indicating 
abnormal linkages. 

PPM 

Figure 3 25.2 MHz I3C NMR spectrum of a polymer prepared from 3,9-bis (lnethylenej- 
2,4,8,10-tetraoxaspiro [5 ,5]  undecane and 1,6-hexanediol in CDC13 at room temperature. 
Reprinted with permission from Heller et al., 1981. 
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Polymer Hydrolysis 

When these poly (ortho esters) are placed in an aqueous environment they hydrolyze 
as shown in Scheme 8 (Heller et al., 1983). A mechanistic study establishing the 
nature of all degradation products of the hydrolysis has been carried out (Heller 
et al., l987a). 

+ HO-R-OH 

Scheme 8 

Even though the hydrolysis eventually produces an acid, polymer erosion rate is 
controlled by hydrolysis of the ortho ester bonds. The subsequent hydrolysis of the 
ester bonds takes place at a much slower rate so that the neutral, low molecular 
weight reaction products can diffuse away from the bulk polymer before hydrolysis 
to an acid takes place. Thus, unlike the poly (ortho ester) system I, no autocatalysis 
is observed and it is not necessary to use basic excipients to neutralize the acidic 
hydrolysis product. 

Control of PolymerHydrolysis Rate 

Although ortho ester linkages are very labile in solution, when they are incorporated 
into a highly hydrophobic polymer matrix, rate of hydrolysis is very slow. This 
is illustrated in Figure 4 which shows weight loss of a polymer prepared from 
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Figure 4 Weight loss of a polymer prepared from 3,9-bis (1net11ylene)-2,4,8,10-tetraoxaspiro 
[5,5] undecane and 1,6-hexanediol as a function of time. Disks, 37'C, pH 7.4 phosphate 
buffer. 

3,9-bis (methy1ene)-2,4,8,10-tetraoxaspiro [5,5] undecane and 1,6-hexanediol. As 
shown, weight loss of the polymer disk is extremely slow and in one year, only about 
50% weight loss is observed. To accelerate polymer hydrolysis and the concomitant 
release of incorporated therapeutic agents, the hydrolysis needs to be accelerated 
and such acceleration can be achieved by the incorporation of acidic excipients into 
the polymer matrix. Rate of hydrolysis can also be accelerated by increasing matrix 
hydrophilicity which accelerates water penetration into the matrix (Heller et al., 
l987b). 

When a poly(ortho ester) with a physically dispersed acidic excipient is placed 
into an aqueous environment, water will diffuse into the polymer, dissolve the acidic 
excipient in the surface layers and the lowered pH will accelerate hydrolysis of the 
ortho ester bonds. This process is schematically shown in Figure 5A where it has 
been analyzed in terms of the movement of two fronts, VJ, the movement of a 
hydrating front and Vq, the movement of an erosion front (Heller, 1985b). Clearly, 
the ultimate behavior of a device will be determined by the relative movement of 
these two fronts. If Vi >V9, the thickness of the reaction zone will gradually increase 
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Excipient 

REACTION ZONE REACTION ZON 

Figure 5 Schematic representation of water intrusion and erosion for one side of a bioerodi- 
ble device. (A) device containins dispersed acidic excipient and (B) device contains dispersed 
Mg(OH)9. 

and at some time, the matrix will be completely permeated by water. At that point, 
all ortho ester linkages will hydrolyze at comparable rates and bulk hydrolysis will 
take place. However, if Vi =V2, then hydrolysis is confined to the surface layers 
and only surface hydrolysis will take place. In this latter case, rate of polymer 
erosion will be completely determined by the rate at which water intrudes into 
the polymer. 

The sorption of water by poly (ortho esters) has been found to be relatively small, 
about 0.30 to 0.75% with a diffusion coefficient ranging from a high of 4.07 x 
cm2.s-I for a polymer based on 1,6-hexanediol (To. 22^C) to a low of 2.11 x 
cm2.s-I for a polymer based on twns-cyclohexanedimethanol (Ty 122 C) (Nguyen 
et al., 1985). Thus, assuming a disk thickness of about 2 mm and using the lowest 
diffusion coefficient, the disk would be completely permeated by water in about 10 
days. Thus, the use of acidic excipients limits the design of surface eroding devices 
to lifetimes that do not exceed two to four weeks, depending on the actual thickness 
of the device. However, if bulk erosion is acceptable, then longer delivery times are 
possible. 

If delivery times of many months are desired and if bulk erosion needs to be 
prevented, a basic excipient must be incorporated into the matrix. Because ortho 
ester linkages are stable in base, polymer hydrolysis in the interior of the device 
is prevented even though the matrix is completely permeated by water. During 
early work, bases such as W C O ; ;  were used (Heller et al., 1981). However, use 
of a water-soluble base leads to osmotic imbibing of water with consequent matrix 
swelling (Fedors, 1980). For this reason, Mg(0H) which has a water solubility of only 
0.8 mg/100 ml was selected. No swelling was noted when Mg(0H) was used and for 
this reason, this basic salt was used in all subsequent studies. A plausible mechanism 
for erosion of devices that contain Mg(OH)q is shown in Figure 5B (Heller, 1985~) .  
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According to this mechanism, Mg(OH)2 stabilizes the interior of the device and 
erosion can only occur in the surface layers where the base has been eluted or 
neutralized. This is believed to occur by water intrusion into the matrix and diffusion 
of the slightly water-soluble IVI~(OH)~ out of the device where it is neutralized by the 
external buffer. Polymer erosion then occurs in the Mg(OH)2-depleted layer. 

Applications 

This polymer system has been extensively investigated in a number of applications 
which can be divided into (a) use in an insulin self-regulated delivery' system, (b) in 
short term delivery' and in (c) long term delivery'. 

( a )  Insulin Self-Regulated Delivery System 
A self-regulated insulin delivery system, contains insulin dispersed in a bioerodible 
polymer and variable insulin delivery' is achieved by changes in polymer erosion rate 
which occur in response to small pH changes caused by the interaction of glucose 
and glucose oxidase. To be useful in such an application, the poly(ortho ester) must 
be able to significantly change rate of hydrolysis in response to small changes of 
external pH. Since the poly(ortho ester)s I1 thus far discussed are unable to achieve 
the desired pH sensitivity, the structure was modified by the incorporation of a 
tertiary amine function as shown in Scheme 9 (Heller et al., 1990). 

Scheme 9 

The significantly enhanced rate of hydrolysis, as measured by cumulative insulin 
release, in response to small pH changes is shown in Figure 6. Unfortunately, despite 
the greatly enhanced rate of hydrolysis in response to small pH changes noted in 
vitro, subsequent work has shown that this behavior was due to a general acid catalysis 
specific to a citrate buffer and that pH changes induced by a glucose-glucose oxidase 
reaction had no significant effect on polymer hydrolysis. 

(b) Short Term Delivery 
Two applications have been extensively investigated. One application deals with the 
development of a delivery system for 5-fluorouracil for the treatment of cancer and 
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Figure 6 Release of insulin from a polymer prepared from 3,9-bis (ethy1idene)-2,4,8,10- 
tetraoxaspiro [5,5] undecane and N-methyldiethanolamine as a function of external pH 
variation between pH 7.4 and 5.0 at 37'C. Buffer was continuosly perifused at a flow rate 
of 2 ml/min and a total effluent collected at 1-10 min intervals. (3) buffer pH (e) insulin 
release. Reprinted with permission from Heller et al., 1990a. 

the other application deals with the delivery of naltrexone for the treatment of 
narcotic addiction. In the 5-fluorouracil delivery, 0.15 wt% suberic acid incorporated 
into a polymer prepared from 3,9-bis (ethylidene) 2,4,8,10-tetraoxaspiro [5,5] 
undecane and 1,6-hexanediol resulted in a system that completely eroded in about 2 
weeks and was able to release 10 wt% incorporated 5-fluorouracil in a linear manner. 
Devices implanted intraperitoneally in DBAg mice inoculated with L1210 tumor cells 
increased survival times from 16 days to 25 days (Seymour et al., 1994). 

In the other application naltrexone pamoate was incorporated into a polymer 
prepared from 3,9-bis (ethylidene) 2,4,8,10-tetraoxaspiro [5,5] undecane and 1,6- 
hexanediol. In this particular application, it was necessary to use naltrexone pamoate 
since naltrexone free base with a pKa of 8.13 will produce a saturated aqueous 
solution having apH of about 10. Because this would stabilize the polymer, the slightly 
acidic naltrexone pamoate was used. In this particular case, naltrexone pamoate 
without the incorporation of suberic acid was able to catalyze polymer erosion and 
excellent, linear release was achieved over about 50 days. Incorporation of 1 and 3 
wt% suberic acid decreased the time to total release to 30 and 10 days, respectively 
(Maa et al., 1990). 

(c) Long Term Delivery 
The objective of this study was to develop an implant capable of delivering the 
contraceptive steroid levonorgestrel for one year. As already discussed, long erosion 
times requires the use of a base which will stabilize the interior of a device and 
only allow erosion to take place in the outer layers from which the base has been 
depleted by diffusion. In the development of these devices a crosslinked polymer 
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was used. Devices were fabricated by first preparing a ketene acetal terminated 
prepolymer derived from two equivalents of the diketene acetal3,9-bis(ethy1idene) 
2,4,8,10 tetraoxaspiro [5,5] undecane and one equivalent of the diol 3-methyl-l,5- 
pentanediol. Then, 30 wt% levonorgestrel, 7 wt% Mg(OH)2 and a 30 mole% excess 
of 1,2,6-hexanetriol were mixed into the prepolymer and this mixture then extruded 
into rods and cured. Erosion and drug release from these devices was studied by 
implanting the rod shaped devices subcutaneously into rabbits, explanting at various 
time intervals and measuring weight loss and residual drug (Heller et al., 1985). 

Levonorgestrel blood plasma levels determined by radioimmunoassay showed a 
reasonably constant level for one year, once the initial burst subsided. However, the 
steady state plasma level was too low and thus a more rapidly eroding polymer was 
needed. To achieve a more rapid erosion, a material containing 7 wt% Mg(OH) 9 and 
1 mole% copolymerized 9,10-dihydroxystearic acid was prepared. The devices were 
again implanted into rabbits and levonorgestrel blood plasma level determined. 
Results of these studies have shown a much higher, satisfactory drug plasma level 
(Heller, 1993). 

The explanted devices were also examined by scanning electron microscopy which 
clearly showed surface erosion as a progressive diminution of a central uneroded 
zone and the development of voids around the periphery of the rod-shaped device 
(Heller, 1985). The presence of voids suggest that once erosion starts, generation 
of hydrophilic degradation products at that location accelerate further polymer 
hydrolysis. 

Commercial Availability 

A composition of matter patent, US Patent No. 4,304,767, issued in December 8, 
1981 is held by SRI International. The polymer is not commercially available. The 
rearrangement of diallylpentaerythritol is covered by US Patent No. 4,513,143, issued 
in April 23, 1985, also held by SRI International. 

Although the polymer has been used extensively in a number of in vivo studies 
and no evidence of adverse toxicological reaction have ever been observed, no GMP 
toxicological studies have been submitted to the FDA and the polymer does not have 
FDA approval. 

Poly(0rtho Ester) I11 

This family of poly (ortho esters) can be prepared as shown in Scheme 10 by reacting 
a triol with two vicinal hydroxyl groups and one removed by at least three methylene 
groups with an alkyl orthoacetate (Heller et al., 1990). 

The intermediate does not have to be isolated and continuous reaction produces 
a polymer. The use of flexible triols such as 1,2,6-hexanetriol produces highly 
flexible polymers that have ointment-like properties even at relatively high molecular 
weights. Properties such as viscosity and hydrophobicity can be readily varied by 
controlling molecular weight and the size of the alkyl group R'. Use of a rigid triol 
such as 1,1,4cyclohexanetrimethanol produces a solid polymer (Heller et al., 1992). 
This synthesis is shown in Scheme 11. The solid polymer is designated as poly(ortho 
ester) IV and is covered later in this chapter. 
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Scheme 10 

Typical Experimental Procedure 

Under anhydrous conditions 48.67 g (0.30 mole) of triethyl orthoacetate, 40.25 g 
(0.30 mole) of 1,2,6-hexanetriol and 20 mg of frtoluenesulfonic acid were weighed 
into a 500 mL round bottom flask equipped with a magnetic stirring bar. Next, 
300 mL of cyclohexane was added and the flask adapted to a 60 cm spinning 
band column. The reaction flask was heated to 100-C with vigorous stirring and 
the ethanol-cyclohexane azeotrope was rapidly removed at 55Â°C Throughout the 
procedure, strictly anhydrous conditions were maintained. When the boiling point 
began to climb above 55 C, the take-off ratio of the column was reduced to 1/20 
distillation/reflux ratio until the boiling point reached 8 P C  where the take-off 
was set for total reflux. After heating for an additional 4 hr, the solution was 
cooled to room temperature. Five drops of triethylamine were then added to 
stabilize the product and the solvent removed by distillation. The product was 
a viscous, ointment-like material with an average molecular weight of 29,000 as 
determined by gel permeation chromatography using a Waters 150-C instrument 
with Waters ultrastyrogel lo3 and lo4 columns, with tetrahydrofuran sohent at 
30 C with a small amount of triethylamine stabilizer. Polystyrene was used for 
calibration. 

HO- 

Scheme 11 
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Polymer Hydroly sis 

Polymer hydrolysis occurs as shown in Scheme 12 for a polymer prepared from 
1,2,6-hexanetriol. Initial hydrolysis occurs at the labile ortho ester bonds to generate 
one or more isomeric monoesters of the triol (Wuthrich et al., 1992). This initial 
hydrolysis is followed by a much slower hydrolysis of the monoesters to produce a 
carboxylic acid and a triol. Thus, as with the poly (ortho ester) 11, no autocatalysis is 
observed. 

CH2-CH-(CH2)3-CHg + RCOOH 
I I I 
OH OH OH 

Scheme 12 

Applications 

Because this polymer has an ointment-like consistency at room temperature, a 
number of unique applications are possible. Of particular interest are applications 
where sensitive therapeutic agents, such as proteins, are incorporated into the 
polymer at room temperature and without the use of solvents. Initial results carried 
out at room temperature with lysozyme incorporated into polymers having different 
molecular weights and R-groups suggested that pulsatile release could be achieved 
with pulses spaced more than one month (Wuthrich et al., 1992). However, when 
these experiments were repeated at the physiological temperature of 37'C, pulse 
times were shortened to only a few days (Heller et al., 1995). Thus, despite initial 
encouraging results, prospects of developing a useful multipulse vaccine did not 
materialize. 
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Another potential application investigated in some detail, was treatment of 
periodontal disease. I n  vitro studies have shown that good control over release of 
tetracycline could be achieved and very good in vitro adhesion to bovine teeth was 
demonstrated (Roskos et al., 1995). However, studies in beagle dogs with naturally 
occurring periodontitis were not successful because ointment-like polymers with a 
relatively low viscosity are squeezed out of the pocket within about one day, despite 
good adhesiveness. Additional studies are currently underway in an attempt to 
develop materials that have the right combination of adhesiveness and mechanical 
consistency. 

The polymer is covered by a composition of matter patent, US 4,066,747 issued on 
January 3, 1978 and assigned to the Alza Corporation. The use of acidic and basic 
excipients to control hydrolysis rate is covered by US Patents 5,030,457, issued in July 
9, 1991 and is held by Pharmaceutical Delivery Systems and by US Patent 5,336,505, 
issued in August 9, 1994 also held by Pharmaceutical Delivery Systems. It is not 
commercially available, nor has had FDA approval. 

POLY (ORTHO ESTER) IV 

The general synthetic procedure used to prepare the ointment-like poly(ortho 
esters) 111 can also be used in the preparation of solid polymers. To do so, it 
is only necessary to replace the flexible triol with a rigid one, such as 1,1,4 
cyclohexanetrimethanol, as already shown in Scheme 11 (Heller ef ul., 1992). As 
before, the intermediate does not have to be isolated and continuing reaction 
produces a polymer. The triol, 1,1,4cyclohexanetrimethanol can be prepared as 
shown in Scheme 13 (Heller et al., 1992). 

Typical Experi~nental Procedure 

1,4-Cyclohexanedimethanol monoacetate. A mixture of cis and trans 1,4cyclohexane 
dimethanol, (930 g, 6.448 moles) was dissolved in 3 L of tetrahydrofuran and 550 
mL of pyridine, (7.69 moles) added. The solution was cooled in an ice bath and 
stirred under argon. An acetyl chloride solution, (506.4 g, 6.45 moles) in 500 mL of 
tetrahydrofuran was added dropwise over a 2 hour period. The ice bath was removed 
and the reaction mixture stirred for 2 hours at room temperature. It was then filtered 
to remove the pyridine HC1 salt and evaporated to remove the tetrahydrofuran. 
The residue was dissolved in 2 L of ethyl acetate and the solution extracted with 
diluted aqueous HCl(2 x 300 mL), warm water (2 x 300 mL) and aqueous NaHC03 
solution (2  x 300 mL). The ethyl acetate solution was dried over anhydrous MgS04 
and the ethyl acetate removed on a rotoevaporator. Vacuum distillation of the residue 
yielded 335 g of product. GC analysis showed that the product contained 59% 
cyclohexanedimethanol monoacetate and 41% cyclohexanedimethanol diacetate. 
The overall yield of the monoacetate was 16.5%. 

4-Acetoxymethyl-1-cyclohexanecarboxuldehyde. Under anhydrous conditions, oxalyl chlo- 
ride (358 g, 2.82 moles) was dissolved in 2.5 L of methylene chloride and the 
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solution cooled to -40CC. Dimethylsulfoxide (407 g, 5.2 moles) dissolved in 200 
mL of methylene chloride was then added via a dropping funnel while the reaction 
mixture was vigorously stirred and the temperature maintained between -40Â° and 
-20CC. Next, a solution of cyclohexanedimethanol monoacetate (600 g, 59% pure, 
1.9 moles) in 200 mL of methylene chloride was added dropwise while the reaction 
temperature was kept below -203C. After the addition of cyclohexanedimethanol 
monoacetate solution was completed, the reaction mixture was stirred for an 
additional 15 min. and triethylamine (658 g, 6.5 moles) added. The cooling bath was 
removed and the reaction mixture stirred for 2 hrs. It was then extracted successively 
with diluted aqueous HC1, aqueous NaHC03 and aqueous NaCl. After drying over 
anhydrous MgS04, the methylene chloride solution was distilled under argon to 
remove the solvent. The residue was distilled at 8OCC at 0.4 mm to give the aldehyde 
(248 g, 70.8% yield). 

CHO 
0 I 

Pyridine DMSO 1 

HO 
AcO 

AcO 

Scheme 13 

4-Acetoxymethyl-l,l-cyclohexanedimethanol. A mixture of 4acetoxymethyl-1-cyclohexa- 
necarboxaldehyde, (248 g, 1.46 moles), a 37 wt% formaldehyde solution (700 mL, 
8.6 moles) and tetrahydrofuran (200 mL) was cooled in an ice water bath. Calcium 
oxide was then added in small portions while the mixture was vigorously stirred 
with an overhead mechanical stirrer. After the addition of CaO was completed, the 
ice bath was removed and the mixture stirred for 2 hrs. It was then evaporated to 
dryness and the product extracted into acetone. Evaporation of the acetone solution 
produced a viscous oil. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



116 J. HELLER 

1,1,4-cyclohexanetvimethanol. The crude 4acetoqmethyl-1,l-cyclohexanedimetllanol 
was added to 1L of an aqueous 2N NaOH solution and the mixture heated at 100JC 
for 2 hrs. After cooling to room temperature, the reaction mixture was neutralized 
with aqueous HC1 and extracted with methylene chloride. The aqueous solution 
was evaporated to dryness and the residue extracted with acetone. After drying over 
anhydrous MgS04, the acetone solution was evaporated to dryness. Distillation of 
the crude product from the acetone solution at 175^C and 0.1 mm yielded a viscous 
liquid. Repeated trituration with methylene chloride produced a solid product 
(150 g, 59% yield, 98.8% purity by GC). 

Scheme 14 

Preparation of Polymer 

Under anhydrous conditions, 1,1,4-cyclohexanetrimethanol (3.524 g, 20 mmoles), 
trimethyl orthoacetate (2.403 g, 20 mmoles), ,6-toluenesulfonic acid ( 3 mg) and 
distilled cyclohexane (80 mL) were added to a pre-dried flask. The flask was fitted 
with a spinning band column and heated at 1003C under argon. Methanol was 
removed azeotropically at 560C at a fast rate and as the boiling point began to 
rise, the distillation rate was reduced to 4 drops/min. and heating continued for 
15 hrs. The polymer thus prepared precipitated out of cyclohexane. The powdery 
polymer is crystalline with a melting point (DSC) of 212'C. It is insoluble in the usual 
organic solvents such as methylene chloride, chloroform, ether, tetrahydrofuran, 
ethyl acetate, acetone, dimethylformamide, and dimethylsulfoxide. 

In a similar manner, 1,1,4cyclohexanetrimethanol (3.524 g, 20 mmoles) was 
allowed to react with triethyl orthopropionate (3.634 g, 20 mmoles). This reaction 
produced a polymer which remained in the cyclohexane solution. Precipitation 
into methanol yielded a polymer having a MW of 51,000 (GPC using polystyrene 
standards) and aTo of 67.BÂ°C The polymer was soluble in organic solvents with low or 
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medium polarities such as methylene chloride, chloroform, ether, tetrahydrofuran 
and ethyl acetate. 

Polymer Hydrolysis 

When these poly ( ortho esters) are placed in an aqueous environment they hydrolyze 
as shown in Scheme 14 (Heller et al., 1992). 

Polymer Physical Properties 

Recent work has shown that when R=CH3, the polymer is crystalline, but that 
the crystallinity disappears when R= CHgCHg (Heller et al., 1992). This is the only 
example of a crystalline poly(ortho ester). 

Commercial Availability 

The polymer is not commercially available and is covered by US Patent 5,336,505, 
issued in August 9, 1994 and held by Pharmaceutical Delivery Systems. The 
monomer, 1,1,4cyclohexanetrimethanol can be readily prepared in small quantities, 
but scale-up has not been successful. 
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INTRODUCTION 

In the past 3 decades the use of synthetic polymers in medicine has increased 
tremendously. Dexone (American Cyanamid), a homopolymer of glycolic acid has 
been in use in surgical medicine as biodegradable and bioabsorbable suture material 
since the early 1960's. Furthermore, in the past decade or so, the environmental 
damage caused due to inertness of several polymers in land fills has lead to a 
concerted effort in developing biodegradable polymers for daily consumer use. The 
ester bond unlike the amide linkage, which is quite stable under various conditions 
and undergoes only enzymatic cleavage 7n mvo by amidases, is more susceptible to 
hydrolysis under both mildly alkaline and acidic conditions and also by esterases. The 
hydrolytic susceptibility of the ester linkage has thus, made it a mainstay in de~eloping 
biodegradable polymers. Among the many applications where degradation of the 
polymer is desirable, the biomedical applications such as polymer based drug 
delivery systems and synthetic polymer scaffolds for tissue engineering have been 
areas of main focus in the recent years. The most widely used polyesters are the ones 
derived from lactic acid, glycolic acid, hydroxybutyric acid and caprolactone and are 
described in separate chapters in this book. This chapter has been divided into two 
parts. The first part will cover the synthesis and characterization of some polyesters 
namely, poly (ether-esters), unfunctionalized and functionalized polyiester amides) , 
polyiester-urethanes), and their block copolymers. In the second part we have 
included a brief description of poly(phosphate ester) as it is not described elsewhere 
in this book. 

PART I 

Among the various poly(ether-esters) (see chapter by Bezwada) the aliphatic 
poly(ether-esters) obtained by the ring opening homo and co-polymerization of 

Correspondence: Venkatram Shastri, 45 Carleton st., Bldg. E-25, Rm. 342, Massacl~~lsetts Institute of 
Technology, Cambridge, MA 02139. 
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l,4dioxan-2-one (A), 1,s-dioxepan-2-one (DXO) (B) and its cyclic dimer 1,4,6- 
trioxaspiro [4.4] nonane (C) (Scheme 1) with lactides, glycolides and e-caprolactones 
have been of immense interest due their in vivo hydrolytic degradation and 
bioabsorption. 

Organotin 
or Lewis acid catalyst 
P 

Scheme 1 (Adapted from Mathisen, 1989) 

While, the homopolymer of l,4-dioxan-2-one(poly(p-dioxanone) can be viewed 
as an alternating co-polymer of a-hydroxy acetic acid and ethylene glycol, the 
homopolymer of l,4,6-trioxaspiro[4.4]nonane can be viewed as an alternating 
co-polymer of y-hydroxy butanoic acid and ethylene glycol and the homopolymer of 
1,5-dioxepan-2-one in essence is an alternating co-polymer of 3-hydroxy propanoic 
acid and ethylene glycol. Poly(p-dioxanone), which is a partly crystalline polymer 
(melting temperature (Tm) of llOcC and a glass transition temperature (Tg) of 
-16'C), and currently in use as a biodegradable suture has been discussed in detail 
elsewhere in this book. This section will focus on the synthesis, characterization and 
polymerization of l,5-dioxepan-2-one. Recently, Albertsson et al., (Mathisen, 1989) 
have developed efficient routes to synthesize DXO (Mathisen, 1989; Lofgren, 1994). 

Synthesis of l,5-dioxepan-2-one(DX0) polymers (Mathisen, 1989;Lofgren, 1994) 

In the first step, 3-chloropropionyl chloride is converted to 1,5 dichloropentane- 
3-one via Friedel-Crafts acylation in presence of ethylene at 20LC as described by 
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Arentzen et al., (Arentzen 1975). In the subsequent step, l,5-dichloropentane-3-one 
is converted to the cyclic intermediate tetrahydro-4H-pyran-4one(THP-one) via 
cyclization under basic conditions. In the next step, THP-one is converted to DXO 
by Baeyer-Villiger oxidation ring expansion using m-chloro peroxybenzoic acid 
(mCPBA). In brief, 0.55 moles of THP-one is added to a slurry of 0.75 moles 
of 82 % mCPBA and 1 mole of sodium bicarbonate in 800 ml of dry methylene 
chloride. The slurry is initially maintained at OCC under constant stirring for a 
period of 1-2 hours following which stirring is continued for an additional 16 
hours at 203C. At the end of the reaction the excess per-acid is neutralized by 
washing the organic (methyiene chloride) phase first with sodium bisulfite followed 
by sodium bicarbonate. The pure DXO is then obtained by distillation of the 
resulting yellow oil under reduced pressure in 50% overall yield. DXO is purified 
by re-crystallization from anhydrous diethyl ether and stored under dry conditions 
until use. 

The homopolymerization of DXO was reported by Albertsson and co-workers 
(Mathisen, 1989). The homopolymers were synthesized via the ring opening of the 
cyclic monomers using organo-metallic catalysts. In brief, monomer and initiator 
in the desired ratio are transferred into a 20 ml serum bottle equipped with a 
magnetic stir bar, purged with nitrogen and sealed. The typical polymerization time 
for DXO is 6 h at 100GC. At the end of the polymerization, the polymer is dissolved 
in methylene chloride and then washed with 2 M HC1 to remove traces of catalyst 
and residual monomer. The homopolymer of DXO is completely amorphous with 
a Tg around -40-C. Albertsson and co-workers have synthesized homo and di and 
tri block co-polymers of DXO with e-caprolactone (e-CL) using aluminum alkoxides 
as initiators (Lofgren, 1994). The "living" characteristic of the polymerization was 
demonstrated by the formation of block co-polymers by sequential addition of 
monomers. The narrow polydispersity of these polymers is typically in the range 
of 1.03-1.16, a further indication of the "living" nature of this polymerization. These 
di and tri block co-polymers of DXO with e-CL exhibit two distinct Tg's one at 
-55'C due to the e-CL block and one at -40Â° due to the DXO block. These block 
co-polymers, unlike the homopolymers of DXO, exhibit a melting transition (Tm) 
around 59^C. In contrast the homopolymer of e-CL has a Tg around -65'C and Tm 
around 57-C. The reaction conditions, conversions and molecular weights of some 
block co-polymers of DXO with e-CL are listed in Table 1. 

Table 1 Reaction conditions, conversions and molecular weights of some block copolymers 
of DXO with s-CL (Data from Lofgren 1994) 

- -- 
block copolvesters polym. time;' (h) c o n ~ .  ( 5 % )  Mn GPC Mn /M,I  

PCL block 2.5 >99 15500 1.18 

PCLA/PDXO 2.5 99 26500 1.15 

PCL/ PDXO/PCL 2.0 37 3 1500 1.18 

PCL block 1.0 >%I 10.500 1.15 

PCL/PDXO 1.0 98 16500 1.20 

PCL/PDXO/PCL 3.3 90 26000 1.21 

All copolymerizations were initiated by A l ( 0  Z P ~ ) ~  in toluene at  WC. 
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Degradation of homo and co-polymers of DXO with L- and D,L-lactide have been 
carried out for over 20 months under physiologically relevant conditions of pH 7.4 
phosphate buffered saline (PBS) at 37' C. The analysis of degradation products using 
headspace gas chromatography (Karlsson 1994) has shown that these polymers do 
undergo biodegradation and 2-ethoxy hydroxy propionic acid is the degradation 
product of p (DXO) . 

Poly(ester-ether) networks 

ABA type block co-polymer of lactide, glycolide (Kricheldorf, 1993; Xiong, 1995; 
Du, 1995) or e-caprolactone ((Sawhney 1990) containing a hydrophilic 'B' block 
is typically synthesized by using polyethylene glycol (PEG) diols as ring opening 
polymerization initiation sites using stannous octoate as initiator. In a recent study, 
Pluronic F-68 (BASF) a hydroxy terminated di-block co-polymer of polyethylene 
oxide (PEO) and polypropylene oxide (PPO) in 20:80 wt%.) was utilized as the 
hydrophilic block. These ter polymers exhibit a wide variety of physical properties 
ranging from materials that are highly crystalline to totally amorphous and those 
that are brittle to ones that are syrupy in consistency. Multiblock copolymers of 
polyethylene glycol and poly(hydroxy acids) have been synthesized (Gref 1995). 
First, several methoxy PEG amine (M-PEGNH?) chains were attached together at 
one chain end by reaction with citric, mucic, tartaric acid or other functional 
molecules. The remaining hydroxyl groups were further used to initiate the 
ring-opening polymerization of the a-hydroxy acids. The structure of the copolymers 
of lactide is described in Scheme 2. These copolymers were used to prepare drug 
loaded PEG coated nanospheres for prolonged blood circulation. Lidocaine was 
used as a model hydrophobic drug to study the factors that determine encapsulation 
efficiency, nanosphere mean diameter and release patterns (Gref, 1994, 1995). Re- 
gardless of the polymer used, high entrapment yields were achieved. The nanosphere 
diameter and the entrapment efficiency depend upon the polymer physico-chemical 
characteristics. In the case of diblock PEGPLA polymers, the entrapment efficiency 
is independent of the loaded drug and on the PEG molecular weight. Conversely, 
in the case of PEG3-PLA brush polymer, a slight decrease of the entrapment 
yield with the decrease in MW was observed. Nanospheres injected in mice show 
about 20% of the injected dose in the blood circulation, 5 hours post injection. 

Okada et al., have synthesized homo and copolyesters containing 2,5-linked and 
2,6-linked tetrahydropyran rings and pendant carboxylic acids by cationic ring 
opening polymerization of their respective bicyclic lactones (Okada, 1994a, 1995). 
These polymers were found to undergo degradation both in soil and activated 
sludge into low molecular weight compounds and finally to hydroxy-tetrahydropyran 
carboxylic acid. In general the polymers without pendant groups and with 2,6-linked 
tetrahydropyran in the backbone underwent degradation much readily then their 
2,5 counterparts (Okada, 1994b). However, among polymers containing pendant 
groups a decrease in hydrolysis rates with increasing hydrophobicity of pendant 
groups was observed. Even small concentrations of free carboxylic acids on the 
polymer backbone significantly enhanced polymer hydrolysis. Recently, Okada et. 
al., synthesized polyesters from l,4:3,6-dianhydrohexitols and aliphatic dicarboxylic 
acids such as, adipic acid (Okada, 1995) which undergo spontaneous hydrolysis in 
phosphate buffer at elevated temperatures. 
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I 
HOOC-C-OH + CH3 

I 

Lactide CH2 0 I 0 -- C H ~ - C H ~ ~ N H O C Ã ‘ C - O { ~ - ~ ~ ~ - ( " - ~ - O  
n I Stannous octoate 

a 2  
c H 3  

I 

PEG3-PLA Brush copolymer 

Scheme 2 (Adapted from Gref, 1994) 

Bengs et al., have synthesized polytartaric acids with alternating ethyl ester and 
ketal side groups (Bengs, 1995). By varying the chemical composition of the side 
chain, polymers with wide range of properties could be obtained. Buserelin-an 
LHRH antagonist, has been encapsulated in microsphere formulations and released 
in a reproducible manner in rats and dogs. Polypeptide release upto twelve weeks 
without any initial burst was obtained. Single and multiple dose toxicity studies in 
rats and mice reveal no adverse side effects or skin irritation. Also, an Arnes test 
on the degradation products of the polymer was negative for mutagenecity. These 
polymers hold considerable promise as controlled release matrices. 

In view of synthesizing polymers with non-toxic degradation products, in recent 
years increased attention has been paid to synthesis of polymers derived from 
intermediates of the Krebs cycle. Poly(P-malic acid), which is an aliphatic polyester 
with pendant carboxyl groups derived from malic acid, a Krebs cycle intermediate 
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has immense potential in controlled drug delivery and tissue engineering. Guerin 
et al., have synthesized optically active poly(benzy1 jfi-malate) by anionic ring opening 
polymerization of benzyl malolactonates derived from L-Aspartic acid, using triethyl 
an amine-aluminum porphyrin as initiator (Guerin, 1986). Polymers with molecular 
weight as high as 41,000 were obtained. In an other approach Guerin et al., have 
synthesized poly(jfi-malic acid alkyl esters) by the ring opening of jfi-substituted /?- 
lactones which was synthesized by the cycloaddition of a ketene to an alkyl glyomlate 
(Ramiandrasoa 1993). The final step in the synthesis of poly(/?-malic acid) involves 
a palladium catalyzed hydrogenolysis of the benzyl protecting group. By comparing 
the carbonyl NMR resonance's of copolymers of jfi-malic acid and benzyl /?-malate 
with different comonomer sequences using a specialized one-dimensional NMR 
technique called INEPT it has been shown that palladium catalyzed hydrogenolysis 
of benzyl /?-malate leads to the formation of block copolymer of /?-malic and benzyl 
jfi-malate (Guerin, 1992). 

Poly(ester amides) (PEA) and Function 

The utility of polyamides in biomedical applications has been limited due to the 
chemical stability' of the amide linkage in vivo. Unlike the ester bond, which can 
undergo hydrolysis under mildly basic conditions such as the in vivoenvironment, the 
amide linkage is not easily hydrolyzed even under strong acidic or basic conditions. 
In vivo, the only available route for cleavage of an amide bond is enzymatic. The 
enzymes that specifically cleave amide linkages, known as amidases however are 
very site and amino acid specific in their activity' and action. Hence, in the recent 
years attempts have been made at improving the utility of polyamides in in vivo 
biomedical applications by incorporating easily hydrolyzable bonds such as aliphatic 
ester linkages in the polymer backbone. 

In the late eighties Barrows and his team (Barrows, 1994, 1982, 1984) at 3M Corp. 
(St. Paul, Minnesota) designed and synthesized poly(ester-amides) which could 
exploit the inductive effect of the amide linkage in enhancing polymer degradation. 
Their efforts lead to the development of the 3M poly(ester-amides) . However, recent 
attempts to synthesize poly(ester-amides) have focused on the incorporation of an 
aliphatic ester linkage in the poly(ester-amide) derived from a-hydroxy acids such 
as glycolic and lactic acid and their derivatives. In an other approach (Andini, 1988; 
Simone, 1992) degradable blocks of polyesters derived from lactides or giycolides 
were incorporated in the polyamide backbone via an interfacial polycondensation 
reaction. A second approach is based on the ring opening polymerization of 
depsipeptides (morpholine-2,5-diones) (Veld, 1990, 1992). Morpholine-2,s-diones 
and their derivatives are formed by the condensation of a-hydroxy acid with an 
a-amino acid. The resulting polymer i.e., the polydepsipeptide is an alternating 
poly(ester-amide). Functionality can be introduced into the polymer backbone by 
utilizing morpholine-2,5-dione derivatives containing lysine, aspartic acid or cysteine 
as the a-amino acid component. 

In yet another approach Katsarava et al., synthesized regular PEAs based on 
natural amino acids (Arabuli, 1994). Their choice of an a-amino acid to introduce 
hydrolytic susceptibility was based on the fact that the esters of N-acyl-L-a-amino 
acids are easily cleaved by a-chymotrypsin and at a rate five orders in magnitude 
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greater than the corresponding amides. In their synthetic approach, in the first 
step N-BOC-protected L-phenyl alanine is coupled with dibromo alkane under 
basic conditions to yield the diamine-diester. In the subsequent step the amine 
group is deprotected and then converted to the salt of /Koluenesulfonic acid by 
refluxing in a mixture of benzene and pnitro benzene (1:l) with removal of water. 
Condensation of the saltwith his (pnitrophenyl adipate) in presence of triethylamine 
in N-methyl-2-pyrrolidone (NMP) or chloroform yielded the polymer in almost 
quantitative yield. The intrinsic viscosity's of the polymers ranged from 0.3-0.6 
dL/g depending on the alkyl chain length coupling the L-phenyl alanine and the 
solvent used during polymerization. These polymers exhibit very good film forming 
properties and are fusible at low temperatures. Biodegradation studies carried out 
on polymer films at 37-C under nitrogen atmosphere in presence of a-chymotrypsin 
showed that these films do undergo enzymatic hydrolysis with 50% of the ester groups 
cleaved at 4 h. Furthermore, an increase in polymer degradation rate with increasing 
alkyl chain length is observed. It appears that the degradation process occurs from 
the surface inwards and is controlled by the adsorption of the enzyme onto the 
polymer surface. 

3Mfioly (ester-amides) 

In order to exploit the inductive effect of the amide bond on the hydrolysis of 
the ester linkage in the polymer backbone the amide and ester linkage should be 
ideally separated by one methylene unit. It was apparent that a hydroxyacetamide 
structure would yield such an linkage. Hydroxyacetamide amidediols were obtained 
in high yields as the thermodynamically favorable product upon heating glycolic 
acid with alkane diamine neat with removal of water (Barrows, 1982, 1988, 1994). 
The polymer is then obtained either by trans esterification polymerization of 
the diol (his-hydroxyacetamides) with the desired diester of the diacid or by the 
reaction of his-hvdroxyacetamides with diacid chlorides (Scheme 3) (Barrows 1982, 
1988, 1994). Poly(ester-amides) can be prepared from a wide variety of different 
his-hydroxyacetamide amidediols and diacids. 

Trans esterification polymerization of the diol monomer with the respective 
dimethyl ester of a diacid yielded low molecular weight polymers. However, con- 
densation of the diol monomer with adipoyl chloride yielded high MW polymers 
with an inherent viscosity of 0.95. Linear aliphatic diamines and diacids were 
chosen for biodegradable polymers. Fibers made of poly(ester-amides) based on 
hexamethylene diamine-glycolic acid-succinic acid (Scheme 3, x = 2, y= 6) had 
comparable mechanical properties to the commercial erodible sutures  axo on@ 
and PDS@ with an estimated 8 month for bioabsorption which is similar for the 
commercial sutures. Extensive in vivo studies were carried out to ascertain the 
metabolic fate of the degradation products. The metabolism of PEA primarily re- 
sulted in urinary excretion of mostly unchanged amidediol as the major degradation 
product, as determined by carbon-14 labeled fibers implanted in rats. It was found 
that the elimination or clearance time for the diols ranged from three days for 
the water soluble Cg-diol to sixteen days for the water insoluble Ci9-diol (Barrows 
1988). Furthermore, the acute toxicity of the Cg-amidediol was determined by the 
intraperitoneal administration at a dose of 5000 mg/kg in rats. No evidence of any 
acute toxicity was observed upto two weeks post-administration. (Barrows 1994). 
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Step I 

Step 2 

0 0 0 0 
I1 

C l - 8 - ( - C H 2 ~ - C I  + NH-C-CH2-OH 

PEA- X,Y 

Scheme 3 (Adapted from Barrows, 1988) 

Synthesis of Poly (ester-amides) ContainingDegradable Blocks 

Palumbo and co-workers (Andini, 1988; Simone, 1992) have synthesized poly(ester- 
amides) containing hydrolyzable segments of L-lactide via a two step approach. 
In the first step, a telechelic oligomer of L-lactide bearing hydroxyl end groups 
is synthesized by standard ring opening polymerization of the lactide monomer. 
In the second step, the oligomer is converted to the diacid chloride derivative by 
reacting itwith an excess of alkyl diacid chloride such as sebacoyl dichloride, followed 
by interfacial condensation with an alkyl diamine to yield the poly(ester-amide). 
L-lactide telechelic oligomer (PLA-OH) was synthesized by reacting 85 mmole of 
L-lactide, 8.5 mmole of 1,4butanediol and 13 mg of 2-ethylhexanoate in a sealed 
glass ampule heated at 1003C for 3 h. By changing the monomer/initiator ratio 
(M/I), PLA-OH of different molecular weights can be obtained. Telechelic hydroxy 
functionalized oligomers ranging from 600-1500 in molecular weight have been 
synthesized using this approach with a yield of 85-95%. The structure of PLA-OH 
oligomer is shown in Scheme 4. 

Synthesis of functionalized biodegradable polymers is key in the development 
of the next generation of bio-interactive polymers. The ability to attach bio-active 
ligands such as GRGDY, which contains the cell adhesion sequence RGD, and cell 
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Scheme 4 (Adapted from Andini, 1988; Simone, 1992). 

homing molecules in a biodegradable polymer backbone will have a profound 
impact on both drug delivery as well as tissue engineering. Recognition between 
the cellular matrix and the polymer scaffold at a molecular level is key in attaining 
maximum tissue-polymer matrix interaction and tissue regeneration. 

Synthesis of Morpholine 2,s-dione and Derivatives 

In one synthetic approach (Veld 1990, 1992), alanine is first converted to the bromo 
derivative via the reaction of the diazonium salt of the amine with hydrogen bromide. 
In the next step the acid functionality is activated by converting it to the acid chloride 
using thionyl chloride. The activated acid is condensed with a protected a-amino 
acid to yield the dipeptide intermediate which is then cyclized by heating in presence 
of Celite (ion exchange resin) to yield the final product. However, the overall yield 
of this reaction is fairly low. A more elegant approach is shown in Scheme 5 .  In this 
approach, an a-amino acid with a protected side chain (e.g., e-Z-lysine) is reacted 
with 2-bromo-propionyl bromide under Schotten-Bauman conditions (Fischer 1908) 
to yield the intermediate 5a, which is then cyclized under basic conditions to the 
depsipeptide 5b. 

TEA, DMF 
*Ã  ̂

R= CH 2-COO-Bz, (CH2)4-NH-Z, CHz-S-MBz 
(Bz = benzyl, Z = benzyloxycarbonyl, MBz = p-metoxybenzyl) 

Scheme 5 (Adapted from Veld, 1992) 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



VENKATRAM R SHASTRI et a1 

1) Polymerization 

2) Deprotection 

H X = protective group 

BzOOC 1) Polymerization 

2) Hydrogenoly sis 

COOBz 

1) Polymerization 

Scheme 6 

The chemical structures of some representative monomers and functionalized 
biodegradable polymers obtained by the ring opening polymerization are shown 
in Scheme 6. Copolymers of 5b with other lactones were synthesized by ring 
opening polymerization of the desired derivatized morpholine-2,5-dione (5b) and 
the co-monomer such as lactide or E-CL initiated by stannous octoate at 1302C 
for 48 h (Scheme 7). Copolymers of aspartic acid, lysine and cysteine derivative of 
morpholine-2,5-dione with lactide and E-CL had a molecular weight ranging from 
20,000 to 60,000 with Tg's in the range of 40Â° and -3O'C for the lactide and 
caprolactone, respectively (Veld 1990, 1992). 

Recently, Langer and co-workers have attached cell adhesion peptide sequence 
such as RGD onto co-polymers of lactides containing lysine residues (Ban-era, 
1993). These materials exhibit improved cell interactions in comparison with the 
homopolymer of lactic acid. They have also synthesized comb polymers containing 
poly(L-lysine) pendant groups (Hrkach, 1995) by the nucleophilic ring opening 
polymerization of the N-carboxy anhydride of E-Z-L-lysine, which was initiated by 
the &-amino terminus of the lysine residue in the co-polymer backbone. 
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Scheme 7 

Biodegradable Polyester Networks 

Poly (ester-urethane) Elastomeric Networks 

Polyurethanes have found extensive use in several in vivo biomedical applications 
such as blood catheters and artificial heart valves, due to their excellent blood 
contacting and mechanical properties. Biomer@, which is the most widely used 
medical grade polyurethane, is a poly(etl1er-urethane), synthesized using aromatic 
diisocyanate. These aromatic diisocyanate units are hydrolyzed in vivo into their 
respective diamines, which are toxic and potential carcinogens and teratogens. 
In order to overcome this deficiency diisocyanates derived from di-amine con- 
taining amino acids such as lysine have been explored by several researchers 
(Bruin, 1988; Wiggins, 1992). Furthermore, for certain biomedical applications 
such as, vascular grafts or cell-scaffolds for tissue engineering shorter and more 
predictable degradation behavior might be desirable. Towards this goal biodegrad- 
able poly(ester-urethane) networks derived from lysine diisocyanate and degradable 
polyester blocks of lactide and glycolide have been synthesized (Wiggins, 1992). 
In all the approaches a core molecule, typically a multifunctional alcohol, such as 
pentaerythyritol, meso-inositol, sorbitol or glycerol is utilized to form the highly 
branched (star) polyester block. This is then crosslinked using lysine diisocyanate 
to establish the ester-urethane network. Ethyl 2,6-diisocyanatohexanoate (L-lysine 
diisocyanate) is synthesized by reacting L-lysine monohydrochloride ethyl ester with 
phosgene in dichlorobenzene at 100-1 103C for 8-12 h. The branched biodegradable 
polyester core is synthesized by reacting the monomer(s) (lactide, caprolactone 
etc.), the multifunctional hydroxy core molecule, and the initiator in the desired 
ratio in dry DMF at 100Â° for 20 11 under dry nitrogen. The poly(ester-urethane) 
elastomeric network is obtained by cross-linking the polyester core with ethyl 
2,6-diisocyanatohexanoate ( [OH] / [isocyanate = 1) in a mixed solvent system of 
toluene and methylene chloride. 
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PART I1 

Polyphosphate Esters 

The earliest report on the nonbiological synthesis of polyphosphonates and polyphos- 
phate ester was by Arvin. (Arvin, 1936). Much of the earlier work in the synthesis of 
polyphosphate ester was carried out by Millich et al., (Millich, 1969, 1974). One of 
the earliest reviews in the interfacial synthesis of polyphosphonates, polyphosphates 
and polyphosphites by Millich et al., (Millich, 1977) is highly recommended. 

Millich et al., have synthesized several poly(phosphonates) derived from both 
aromatic diols such as, hydroquinone and resorcinol and, aliphatic diols such as, 1,3- 
dihydroxy acetone, ethylene glycol, 1,4butane diol, tartaric acid, 1,3-propane diol 
and derivatives via an interfacial synthesis involving the diol and phenyl phosphonic 
dichloride under basic conditions (Millich, 1969, 1974). They found that the 
polymer yield was significantly higher at higher pH's with a maximum yield around 
pH 12. Polycondensation of diphosphoric monomers with aromatic diols such 
as, bisphenol A (BPA) has also been explored by Corallo et al., (Corallo 1978). 
However, the molecular weights (Mn) of the polymers so obtained were rather 
low ranging from 1800-4300. Ring opening polymerization of cyclic phosphates 
under elevated conditions in presence of acid or base catalyst do yield linear 
polymers but with a rather low DP of about 10-20 monomer units (Millich 1977 
and references therein). Recently, Nishikobu et al., (Nishikobu, 1994) reported the 
synthesis of polyphosphonates by the addition of a diepoxide, bisphenol A diglycidyl 
ether (BPGE) with phenyl phosphonic dichloride in the presence of quaternary 
ammonium salts. Polymers were obtained in 20-95% yield with MI, ranging from 
4000-17,000. 

In the late sixties and early seventies several organic polyphosphonates and 
polyalkyl polyphosphonates derived from low molecular weight polyethylene were 
evaluated as possible synthetic materials for bone repair and dental restoration 
(Anbar, 1971, 1974) with quite promising results. Recently, polyphosphates and 
polyphosphonates have been explored as a biodegradable carrier for drug delivery 
and fracture fixation by Leong et al., (Richards, 1991a, 1991b; Leong 1994). The 
polymers were synthesized by interfacial condensation of either ethyl or phenylphos- 
phorodichloridates and various dialcohols including BPA and polyethylene glycol 
under phase transfer conditions (Scheme 8). The interfacial polycondensation was 
found to be dependent on the catalyst concentration with an optimum around 
5-10 mole% of phase transfer catalyst such as tetra alkylammonium halide. Typical 
molecular weights for the BPA polymers ranged from 20,000 to 40,000 with a Tg of 
around 1 10cC. 

These polymers are expected to degrade in the presence of a nucleophile, 
such as a hydroxyl ion, to release a diol and a phosphate molecule. The rate of 
degradation is influenced by the chemical characteristic of the side chain wherein, 
polymers with aliphatic pendant groups are more susceptible to cleavage and 
degradation than aromatic pendant groups. The polymers based on BPA degraded 
over several months, with a weight loss of 5% and 20% for the ethyl and phenyl 
phosphonate derivative respectively, after 8 months in buffer pH 7.4 at 37'C. 
The in vitro swelling results corresponds well to those for degradation. After 10 
days, the ethyl derivative had swollen more than 60% while values for the phenyl 
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Phase Transfer 
0 Catalyst 
II ".0QOK \ / I  \ I + CI-1 

a 3  
R CH2C12/H 20 

BPA 

Scheme 8 (Adapted from Richards. 1991) 

phosphate were less than 20%. However, when implanted in rabbits these polymers 
exhibited an initial weight loss of about 10% presumably due to the extraction of low 
molecular weight oligomers which are more soluble in body fluids. A weight loss of 
around 80% was observed at 15 months post implantation for the ethyl phosphate 
derivative. Histological evaluation of the tissues at the implant site displayed an 
initial inflammatory response at 3 to 7 weeks with lymphocytes, giant cells, and 
macrophages present in varying amounts. 

This chapter summarizes several co-polyesters that may have potential biomedical 
applications. 
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ABBREVIATIONS 

BPA = Bisphenol-A 
BPGE = Bisphenol A diglycidyl ether 
BOC = Butyloxycarbonyl 
E-CL = E-Caprolactone 
mCPBA = meta-Chloro pel-oxybenzoic acid 
DMF = N,N-dimethylformamide 
DP = Degree of polymerization 
DXO = l,5-dioxepan-2-one 
GRGDY = Glysine-Arginine-Glysine-Aspartic acid-Tyrosine 
I = Initiator 
INEPT = Intensive Nuclear Enhancement by Polarization Transfer 
LHRH = Lutenizing Hormone Releasing Hormone 
M = Monomer 
M-PEGNH, = Methoxy-PEGAmine 
NCA = N-carboxy anhydride 
NMP = N-methyl-2-pyrrolidone 
NMR = Nuclear Magnetic Resonance 
PEA = Poly(ester-amides) 
PEG = Polyethylene glycol 
PEO = Polyethylene oxide 
PLA = Poly (lactic acid) 
PLA-OH = L-lactide telechelic olia uomer 
PGA = Poly(glyco1ic acid) 
PCL = Poly(&-Caprolactone) 
PPO = Polypropylene oxide 
RGD = Arginine-Glysine-Aspartic acid 
Tg = Glass transition temperature 
Tm = Melting temperature 
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THP-one = Tetrahydro-4H-pyran-4one 
Mn = Number average molecular weight 
MW = Weight average molecular weight 
MW = Molecular weight 
PDI = Polydispersity Index 
Z = Benzyloxycarbonyl 
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INTRODUCTION 

Polyanhydrides are useful bioabsorbable materials for controlled drug delivery. They 
hydrolyze to dicarboxylic acid monomers when placed in aqueous medium. Since 
their introduction to the field of controlled drug delivery, about 15 years ago, 
extensive research has been conducted to study their chemistry as well as their 
toxicity and medical applications. Several review articles have been published on 
polyanhydrides for controlled drug delivery applications (Domb et al., 1992; Leong 
et al., 1989; Laurencin 1995). 

The earliest report on the synthesis of poly(anhydrides) was by Bucher and 
Slade (1909). Years later, Hill and Carothers (1930 and 1932) had synthesized 
polymers based on aliphatic diacid monomers for textile applications. During the 
1950s and 1960s, Conix (1958) and Yoda (1963, 1962) synthesized over a 100 
new polyanhydrides based on aromatic and heterocyclic diacid monomers. In 1980 
Langer proposed the use of polyanhydrides as biodegradable carriers for controlled 
drug delivery systems (Rosen, 1983), resulting so far into two implantable devices for 
human use (e.g. GliadelTX1 implant for the treatment of brain tumors and SeptacinTXf 
implant for treating chronic bone infections (Brem et al., 1995; Domb et al., 1994). 
This chapter reviews the chemistry, degradation, biocompatibility and applications 
of polyanhydrides. 

SYNTHESIS 

Polyanhydrides have been synthesized by melt condensation of activated diacids 
(Domb et al., 1987), ring opening polymerization, dehydrochlorination, and dehy- 
drative coupling agents (Leong et al., 1987; Domb et al., 1988). Solution polymeriza- 
tion yielded in general low molecular weight polymers. The most widely used method 
is the melt condensation of dicarboxylic acids treated with acetic anhydride: 
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reflux 
HOOC-R-COOH + (CH3-CO) ?O Ã‘Ã‘Ã CH7-CO-(0-CO-R-CO-) n,O-CO-C 

(I) 

180 C 
(I) Ã‘Ã‘Ã CHa-CO-(0-CO-R-CO-),,O-CO-CHa 

The polycondensation takes place in two steps. In the first step the dicarboxylic 
acid monomers are reacted with excess acetic anhydride to form acetyl terminated 
anhydride prepolymers with a degree of polymerization ranging from 1 to 20, which 
are then polymerized at elevated temperature under vacuum to yield polymers with 
Dp ranging from 100 to over 1000. Acetic acid mixed anhydride prepolymers were 
also prepared from the reaction of the diacid monomers with ketene or acetyl 
chloride. A typical procedure for polyanhydride synthesis is as follows: To a 1L flask 
containing 500 ml refluxing acetic anhydride, 100 g of recrystalized sebacic acid is 
added. The sebacic acid is dissolved in acetic anhydride (approx 5 minutes) and the 
reaction is stopped 15 minutes after the complete solubilization of the diacid. The 
solution is filtered and concentrated at 60% under reduced pressure. The liquid 
residue is then mixed with 70 ml dichloromethane and the solution is added to 
a 1:l mixture of petroleum ether: ether (500 ml) to precipitate the prepolper. 
The white precipitate is isolated and dried under vacuum before further use. The 
polymerization is carried-out in a 1L polymerization kettle equipped with a vacuum 
sealed overhead stirrer and a vacuum inlet. The kettle is immersed in a 18OCC 
silicone oil bath to melt the prepolymer after which a high vacuum (<0.5 mm Hg) is 
applied to the melt to initiate the condensation polymerization. The polymerization 
is continued for 90 minute to yield a viscous yellowish melt which in cooling solidifies 
into an off-white polymer (>go% yield) with molecular weight in excess of 50,000. 
The polymer is then purified by precipitation into excess of petroleum ether from a 
solution in methylene chloride. The polymer is then transferred to a glass containei- 
flushed with dry argon and stored at 0'C or below. 

The condensation reaction of diacetyl mixed anhydrides of aromatic or aliphatic 
diacids is carried out in the temperature range of 150 to 20OCC (Domb and 
Langer 1987). A variety of catalysts have been used in the synthesis of a range of 
polyanhydrides. Significantly higher molecular weights in shorter reaction times 
were achieved by utilizing cadmium acetate, earth metal oxides, and ZnEt9-H90. 
Except for calcium carbonate which is a safe natural material, the use of these catalysts 
for the production of medical grade polymers is limited because of their potential 
toxicity. 

Polyanhydrides can be synthesized by melt condensation of trimethylsilyl dicar- 
boxylates and diacid chlorides to yield polymers with an intrinsic viscosity 0.43 
dl/g (Gupta 1988). Direct polycondensation of sebacic acid and adipic acid at 
a high temperature under vacuum resulted in low molecular weight oligomers 
(Knobloch et at., 1975). The preparation of adipic acid polyanhydride from cyclic 
adipic anhydride (oxepane-2,7-dione) was investigated (Albertsson et al., 1990). 

A variety of solution polymerizations at ambient temperature have been reported 
(Leong et al., 1987, Domb at al. 1988). Partial hydrolysis of terephthalic acid chloride 
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in the presence of pyridine as an acid acceptor yielded a polymer of MW = 2100. 
The use of N,N-bis(2-0x0-3-oxazo1idinyl)phospharamido chloride, dicyclohexylcar- 
bodiimide, chlorosulfonyl isocyanate, and phosgene as coupling agents produced 
low molecular weight polymers. Furthermore, homo- and copolyanhydrides have 
also been synthesized via aqueous and non aqueous interfacial reaction conditions 
with limited success. Various aromatic polymers were prepared from the reaction 
of equimolar amounts of the acid dissoh ed in aqueous base and the corresponding 
diacid chloride dissolved in an organic solvent (Leong et al., 1987; Domb et al.. 
1988; Subramanyam et id., 1985). Because the reaction is between a dibasic acid in 
one phase and an acid chloride in the other phase, the copolymers may present 
a iegularly alternating structure. In the reaction between sebacoyl chloride in 
chloroform and isophthalic acid sodium salt in water a copolymer that contain mostly 
sebacic acid units, was obtained. This result can be explained on the bases of a side 
reaction occurring between sebacic acid which is formed on the two imisible phases 
with the acid chloride in the organic phase resulting in the formation of a polymer 
rich in sebacic acid. 

POLYANHYDRIDE STRUCTURES 

Since the discovery' of polyanhydrides in 1909, hundreds of polymer structures have 
been reported (Encyclopedia, 1969). A representative list of polymers developed till 
the 70's is shown in Table 1. Polyanhydrides intended for use in medicine that have 
been developed since 1980 are described below: 

Unsaturated Polymers 

A series of unsaturated polyanhydrides were prepared by melt or solution polv- 
merization of fumaric acid (FA), acetylenedicarboxylic acid (ACDA) , and 4,4'- 
stilbendicarboxylic acid (STDA) (Domb et al., 1991). 

The double bonds remain intact throughout the polymerization process and were 
available for a secondary reaction to form a crosslinked matrix. The unsaturated 
homopolymers were crystalline and insoluble in common organic solvents whereas 
copolymers with aliphatic diacids were less crystalline and were soluble in chlorinated 
hydrocarbons (Domb et al., 1991). 
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Table 1 Representative polyanhydrides synthesized during the years 
1909-1980 

Polymer structuie Melting point ('C) 

-0c -y coo-] 

[ -OC 
COO-] 
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Table 1 Continued 

Polymer structt~re Melting point ('(2) 

[ - m e  0- coo-] 

[ - m e  CH2 0 COO-] 

1 -0C-(CH~)~CONH- C- NH-CO-(CH dqCOO- 
I I 

H 
-~C-(CH~)&ONH- C- NH-CO-(CH d4-coo- 

H I 
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Amino Acid Based Polymers 

General methods for the synthesis of poly(amide-anhydrides) and poly(amide- 
esters) based on naturally occurring amino acids were described (Domb ef al., 
1990). The polymers were synthesized from dicarboqlic acids prepared by amidation 
of the amino g r o ~ ~ p  of an amino acid with a cyclic anhydride, or by the amide 
coupling of two amino acids with a diacid chloride. Low molecular weight polymers 
from methylene bis(p-carboxybenzamide) were synthesized by melt condensatioi~ 
(Hartmaiin et al., 1989). A series of amid0 containing polyanhydrides based on 
p-aminobenzoic acid were synthesized by melt condensation. The polymers melted 
at 58 to 177'C and had a molecular weight of 2500 to 12400. 

Poly [methylenebis (p-cal-boqbenzamide)] 

Trimelitic-and pyromelitic- mino acid based polymers 

0 
N-(CH 2)x-C - 0- 

n 

The trimellitic-amino acid polymers and its copolymers wel-e extensively studied 
for use as drug carriers (Staubli et al., 1990, 1991). The following amino acids 
were incorporated in a cyclic imide stl-ucture to form a diacid monomer: glycine, 
b-alanine, y-aminobutyric acid, L-leucine, L-tyrosine, 1 1-aminoundecanoic acid 
and 12-aminododecanoic acid. The homopolymers of all N-trimellitylimido acids 
containing amino acids were rigid and brittle with MW below 10,000 (Staubli 
et al., 1991). Higher molecular weight polymers were obtained by incorporation of 
flexible segments, i.e. copolymers with aliphatic diacids, in the polymer backbone. 
Copolymers of N-trimellitylimido-glycine or aminodecanoic acid with either sebacic 
acid (SA) or l,&bis(p-carb0q~henoq)hexane (CPH) were prepared in defined 
ratios. High molec~dar weight copol~mers (>lOO,OOO) were generally obtained with 
an increasing content of the SA or CPH comonomer. 
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Poly(imide-anhydride) based on trimellitic-imide diacids 

Poly(imide-anhydride) copolymers with sebacic acid 

Polyanhydrides of diacid monomers containing aliphatic and aromatic moieties, 
poly[p-carboxyphenoxy)alkanoic anllydride], were synthesized by either melt or 
solution polymerization with moleculai- weights of up to 44,600 (Domb et al., 1989). 

Aliphatic-Aromatic homopol~~anhydi-ides 

The pol~7mel-s of carboqyhenoxy alkanoic acid of n = 3,5,  and 7 methylenes 
were soluble in chlorinated hydrocarbons and melted at temperatures below 100Â°C 
These polymei-s displayed zero-order hydrolytic degradation profile for 2 to 10 weeks. 
The degradation time was dictated by the length of the alkanoic chain wherein, an 
increasing degradation time was observed mrith an increasing chain length. 

Soluble Aromatic Copolymers 

Aromatic homopolyanhydrides are insoluble in common organic sol~ents and melt 
at temperatures above 200Â° (Domb et al., 1992b). These properties limit the use 
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Table 2 Soluble and Low Melting Aromatic Copolymer Compositionsa 

Copolymer of Con~positioils, % nlonomer Ccqx+mxr ofi Compositions, % moiicjmer 

TA-CPP 20 to 30 TA T-1-SA 0 to 30 TAX 
CPP-IPA 10 to 60 CPP CPP-SA 0 to 6.5 CPP 
TA-IPA 10 to 40 TA IPL4-SA 0 to 70 IPA 

aPol~~ners  in this range have a solubility of > I% in dicl~lor(~mcthaiic and melting points beloxv 1.5OcC;, 
T,%-terephthalic acid; IPA- isophthalic acid; CPP-bis(p-carboxyphenoxy propane); SLl-sebacic acid, Tlie 
estimated range is in mole 5% with an error of &5% (taken from Domh et a[,, 1992b). 

of purely aromatic polyanhydrides, since they can not be fabricated into films or 
microspheres using solvent or melt techniques. Fully aromatic polymers that are 
soluble in chlorinated hydrocarbons and melt at temperatures below IOOÂ° were 
obtained by copolymerization of aromatic diacids such as isophthalic acid (IPA), 
terephthalic acid (TA), 1,s-bis(carboxyphenoxy)-propane (CPP) or hexane (CPH) 
(Table 2). 

Copolyanhydrides of terephthalic acid and isophthalic acid 

4,4'-alkane- and oxa-alkanedioxydibenzoic acids were used for the synthesis of 
polyanhydrides (McIntyre 1964). The polymers melted at a temperature range 
of 98 to 176>C and had a molecular weight of up to 12,900. Di- and tri-block 
copolymers of poIy(capro1actone) , poly(1actic acid) and poly(hydroxybutyrate) 
have been prepared from carboxylic acid terminated low molecular weight polymers 
copolymerized with sebacic acid prepolymers by melt condensation (Abuganima 
1996). Similarly, di-tri- and brush copolymers of poly(et11ylene glycol) (PEG) with 
poly(sebacic anhydride) have been prepared by melt copolymerization of carboxylic 
acid terminated PEG (Gref 1995). 

Ester Containing Polyanhydrides 
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Fatty Acid Based Polyanhydrides 

Polyanhydrides were synthesized from dimer and trimer unsaturated fatty acids 
(Domb et al., 1993). The dimers of oleic acid and erucic acid, are liquid oils contain- 
ing two carboxylic acids available for anhydride polymerization. The homopolymei-s 
are viscous liquids, copolymerization wit11 increasing amounts of sebacic acid forms 
solid polymers with increasing melting points as a function of SA content. The 
polymers are soluble in chlorinated hydrocarbons, tetrahydrofuran, 2-butanone, and 
acetone. Polyanhydrides s~mthesized from nonlinear hydrophobic fatty acid esters, 
based on ricinoleic, maleic acid and sebacic acid, possessed desired physico-chemical 
properties such as low melting point, hydrophobicity and flexibili~j, in addition 
to biocompatibility and biodegradability. The polymers were synthesized by melt 
condensation to yield film-forming polymers wit11 molecular weights exceeding 
100,000 (Domb et ul., 1995). 

Incorporation of long chain fatty acid terminals S L K ~  as stearic acid, in the polymer 
composition alters its hydrophobicity and decreases its degradation rate (Do~nb 
and Maniar, 1993b). Since natural fatty acids are monofuctional they w o ~ ~ l d  act 
as polymerization chain terminators and control the molecular weight. A detailed 
analysis of the polymerization reaction show that LIP to about 10 mole% content 
of stearic acid, the final product is essentially a stearic acid terminated polymer. 
Whereas, at higher amounts of acetyl stearate in the reaction mixture resulted in 
the formation of increasing amounts of stearic anhydride by-product with minimal 
effect on the polymer molecular weight which remains in the range of 5,000. Physical 
mixtures of polyanhydrides with triglycerides and fatty acids or alcohols did not form 
uniform blends. 

p o l y ( e r ~ ~ i c  acid dimer-co-sebacic acid) 

poly(ricino1eic acid maleate-co-sebacic acid) 

Stearic acid terminated poly(sebacic acid) 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



144 ABRAHAM J. DOME el a1 

MODIFIED POLYANHYDRIDES AND BLENDS 

The physical and mechanical properties of polyanhydrides can be altered by modi- 
fication of the polymer structure with a minor change in the polymer composition. 
Several such modifications include the formation of polymer blends, branched and 
crosslinked polymers, partial hydrogenation and reaction with epoxides. 

Biodegradable polymer blends of polyanhydrides and polyesters have been inves- 
tigated as drug carriers (Abuganima 1996, Domb 1993~) .  In general, polyanhydrides 
of different structures form uniform blends with a single melting temperature. 
Low molecular weight poly(1actic acid) (PLA), poly(hydroxybutyrate) (PHB), and 
poly(capro1actone) (PCL) are miscible with polyanhydrides while high molecular 
weight polyesters (MW>10,000) are not compatible with polyanhydrides. Uniform 
blends of PCL with 10 to 90% by weight of poly(dodecanedioic anhydride), PDD 
were prepared by melt mixing and exhibited good mechanical strength. DSC 
thermograms showed two separate peaks (at 55^C and 7590% for PCL and PDD, 
respectively) for all compositions. IR and weight loss measurements of the blends 
during hydrolysis indicated a rapid degradation of the anhydride component. After 
20 days, the blends contain only PCL with some diacid degradation products and 
no anhydride polymer. This study indicate that the anhydride component degraded 
and released from the blend composition without affecting the PCL degradation. 

Branched and crosslinked polyanhydrides were synthesized in the reaction of 
diacid monomers with tri- or polycarboxylic acid branching monomers (Maniar et al., 
1990). Sebacic acid was polymerized with 1,3,5 benzenetricai-boxylic acid (BTC) and 
poly(acry1ic acid) (PAA) to yield random and graft-type branched polyanhydrides. 
The molecular weights of the branched polymers were significantly higher (mol. 
wt. 250,000) than the molecular weight of the respective linear polymer (mol. 
wt. 80,000). The specific viscosities of the branched polymers were lower than 
linear polyanhydrides with similar molecular weights. Except for the difference in 
molecular weights, there were no noticeable changes in the physico-chemical or 
thermal properties of the branched polymers and the linear polymer. Release of 
drug was faster from the branched polymers as compared to the respective linear 
polymer of a comparable molecular weight. 

CHARACTERIZATION 

The characterization of polyanhydrides and data obtained about their chemical com- 
position and structure, crystallinity and thermal properties, mechanical properties, 
and thermodynamic and hydrolytic stability is summarized in this section. 

Composition by lH NMR 

The following copolymer characteristics have been studied by IH NMR (Ron 
et al., 1991), the degree of randomness that suggests whether the polyanhydride 
is either a random or block copolymer, the average length of sequence (Ln), 
and the frequency of occurrence of specific comonomer sequences. Copolymers 
of l,3-bis(carboxyphenoxypropane) (CPP) and sebacic acid (SA) were used as 
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Table 3 Comonomer sequence distribution of the poly(CPP-SA) series 
- - -  

mole ratio Of 
SA-CPP in the 
polymer, p(SA) 

0.96 
0.87 
0.82 
0.63 
0.59 
0.49 

probability of 
finding the diad 
SA-SA, p (SA-SA) 

probability of 
finding the diad 

SA-CPP. p (SA-CPP) 

0.14 
0.22 
0.30 
0.36 
0.47 
0.49 

average block 
length I,(SA) 

12.3 
7.8 
- ?  

.'"L 3 

3.5 
2..5 
2.0 

degree of 
randomness 

Data taken from (Ron ct a!., 1991) 

model polymer. The protons on the aromatic ring close to the anhydride groups 
experience a lower density of shielding electrons and absorb at lower frequency. 
On the other hand, the protons next to aliphatic comonorners, absorb at higher 
frequency. Accordingly, the CPP-CPP and CPP-SA dyads were represented by peaks 
at 8.1 and 8.0 respectively, and the triplets at 2.6 and 2.4 represent the SA-CPP and 
SA-SA diads, respectively. By integration of the 'H NMR spectra of poly(CPP-SA) 
of various compositions the degree of randomness, average block length, and 
the probability of finding the diacid SA-SA or SA-CPP were calculated (Table 3). 
Similar data analysis was applied also to aromatic-aliphatic homopolymers (Domb 
et al., 1989) and copolymers of sebacic acid with fumaric acid (Domb et a!., 1991), 
I ,3-bis (p-carboxyphenoxy) hexane (CPH) (Uhrich et al., 19951, and trimellitic-imide 
derivatives (Staubli et al., 1991b). 

The molecular weight of polyanhydrides were determined by viscosity measurements 
and gel permeation chromatography (GPC) (Ron ef al., 1991). The weight average 
molecular weight (Mw) of polyanhydrides ranges from 5,000 to 300,000 with a 
polydispersity of 2 to 15 which increases with the increase in Mw. The intrinsic 
viscosity [{I increases with the increase in Mw. The Mark-Houwink relationship for 
poly(CPP-SA) was calculated from the viscosity data and the Mwvalues as determined 
by universal calibration of the GPC data using polystyrene standards. 

[n] = 3.88 x 10^MwO 658 

The acetic acid end group determination for molecular weight estimation was not 
used because the polymer may contain cyclic macromolecules with no acetate end 
groups (Domb and Langer 1989b). 

Crystallinity 

Since crystallinity is an important factor in controlling polymer erosion, analysis 
of the effect of polymer composition on crystallinity was studied (Ron et al., 1991; 
Uhrich et al., 1995; Staubli et al., 1991b). Polymers based on sebacic acid (SA), CPP, 
CPH and fumaric acid (FA) were investigated. The crystallinity was determined by 
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Table 4 Heat of fusion and crystallinity of poly(CPP-SA) 

Heat of Crystallinitv 
Tm Tg fusion Xc We 
cC Â¡ cal/g % % 

Poly(SA) . 100% 
poly(CPP-SA)4:96 
poly(CPP-SA) 13:87 
polv(CPP-SA)22:78 
pol? (CPP-SA) 31 :69 
poly(CPP-SA)41:59 
poly(CPP-SA)46:54 
poly (CPP-SA) 60:40 
poly(CPP-SA)80:20 
poly(CPP),100% 

Tnl, Tg and heat of fusion were determined by DSC. The crystallinih was determined from tlie X-ray 
diffraction and the heat of fusion. Data taken from Ron et al. (1991). 

X-ray diffraction, a combination of X-ray and DSC, and data generated from 'H NMR 
spectroscopy and Flory's equilibrium theory. Homopolyanhydrides of aromatic and 
aliphatic diacids were crystalline (>50% crystallinity). The copolymers possess high 
degree of crystallinity at high mole ratios of either aliphatic or aromatic diacids. The 
heat of fusion values for the polymers demonstrated a sharp decrease as CPP is added 
to SA or vice versa (Table 4).  The trend of decreasing crystallinity, as one monomer 
is added, appeared using the X-ray or DSC methods. The decrease in crystallinity 
is a direct result of the random presence of other units in the polymer chain. A 
detailed analysis of the copolymers of sebacic acid with the aromatic and unsaturated 
monomers, CPP, CPH, FA, and trimellitic-amino acid derivative was reported (Staubli 
et al., 1991b). Copolymers with high ratios of SA and CPP, TMA-gly, or CPH were 
crystalline while copolymers of equal ratios of SA and CPP or CPH were amorphous. 
The poly(FA-SA) series displayed high crystallinity regardless of comonomer ratio. 

Infra Red and Raman Analysis 

Anhydrides present characteristic peaks in the IR and Raman spectra. In general, 
aliphatic polymers absorb at 1740 and 1810 c m l  and aromatic polymers at 1720 
and 1780 c m l .  A typical IR spectra of aliphatic and aromatic polymers that contain 
aliphatic and aromatic anhydride bonds may present 3 distinct peaks, where the 
aliphatic peak is shown at 1810 cm-I, the aromatic peak is shown at 1780 c m l  and 
the peaks at 1720-1740 cm-I in general overlap. The presence of carboxylic acid 
groups in the polymer can be determined from the presence of a peak at 1700 cm-I. 
The degradation of polyanhydrides can be followed by IR from the ratio between 
the anhydride peak at 1810 and 1700 cm-I. The significance of this analysis is that 
it measures the degradation of the anhydride bonds and not the dissolution of 
the degradation products which is dependent on the solubility of the degradation 
products. 

Fourier-Transform Raman Spectroscopy (FTRS) was used to characterize an 
homologous series of aliphatic poly(anhydrides) , poly (carboxyphenoxy) alkanes, 
and copolymers of carboxyphenoxy propane (CPP) and sebacic acid. All anhydrides 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



show two diagnostic carbonyl bands, the aliphatic polymers has the carbonyl pairing 
at 1803/1739 cm-I, and the aromatic polymers have the band pair at 1764 and 
1712 cm-I (Tudor et al., 1991; Davies et al., 1991). All the homo- and copolymers 
showed methylene bands due to deformation, stretching, rocking and twisting; the 
spectra for the aromatic poly(anhydrides) such as PCPP also showed diagnostic 
benzene para-substitution bands. It was possible to differentiate between aromatic 
and aliphatic anhydrides bonding and in conjunction with other diagnostic bands 
to monitor the change in individual monomer composition within a copolymer 
mixture. 

FTRS was used to study the hydrolytic degradation of polyanhydrides (Davies et al., 
1991). PSA rods exposed to water for 15 days were analyzed daily by FTRS. The 
carbonyl anhydride band pair (1803,' 1739 cm-l) diminished in intensity from day 
zero to 15, with the emergence of the complimentary acid carbonvl band (1640 
cm-l) which increased in intensity over the same period. Similarly, the increase in 
the intensity of the C-C deformation at 907 cm-I with hydrolysis reflects the increased 
freedom of the methylene chain in the low molecular weight oligomers. 

The morphology of polyanhydrides was studied by Scanning Electron Microscope 
(SEM) to elucidate the mechanism of polymer degradation and drug release 
from polyanhydrides (Mathiowitz et al., 1990). The surface chemical structure of 
aliphatic polyanhydride films has been examined using time-of-flight secondary 
ion mass spectroscopy (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS) 
(Davies et al., 1996). The main peak at 285 eV corresponds to the C-H. The peak 
at 289.5 eV arises from 0 - C = 0  . The XPS data confirmed the purity of the surface, 
and the experimental surface elemental ratios were in good agreement with the 
known stoichiometry of the examined polyanhydrides. The ToF-SIMS spectra of the 
polyanhydrides are shown to reflect the polymer structure. The SIMS data confirms a 
systematic fragmentation, in both negative- and positive-ion SIMS spectra, occurring 
throughout the entire series of the polyanhydrides examined. Radical cations were 
observed in the positive-ion spectra. The ion at m/z 71 which may arise from the 
fragmentation of the anhydride unit, CH2=CHCOO-was seen for all polyanhydrides. 
The combined use of ToF-SIMS and XPS is shown to provide a detailed insight 
into the interfacial chemical structure of polyanhydrides. Atomic force microscopy 
(AFM) was used to follow the degradation of poly(sebacic acid) and its blends 
with poly(1actide) (Shakesheff et a/., 1994, 1995). These AFM studies reveal the 
surface polymer morphology to a resolution comparable to vacuum based scanning 
electron microscopy and demonstrate the influence of a variety of factors including 
polymer crystallinity and the pH of the aqueous environment on the kinetics of the 
degradation of biodegradable polymers and their blends. Typical AFM images of the 
degradation of PSA/PLA blends are shown in Figure 1. 

STABILITY 

The stability of polyanhydrides in solid state and dry chloroform solution was studied 
(Domb and Langer 1989b). Aromatic polymers such as poly(CPP) and poly(CPM) 
maintained their original molecular weight for at least one year in solid state. 
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Figure 1 Atomic force microscopy (AFM) images of the degradation of poly(sebacic anhy- 
dride) /poly(lactide) blends spun cast on glass from chloroform solution (1 % w/w). Parts a-c 
show the exposure of isolated islatd of PLA on a glass substrated as PSA is preferentially lost 
from a 70% PSA: 30% PLA films. Degradation of a 1:l PSA:PIA film resulted in the exposure 
of network of PLA (taken from Shakesheff 1994). 

In contrast, aliphatic polyanhydrides such as PSA decreased in molecular weight over 
time. The decrease in molecular weight shows first-order kinetics, with activation 
energies of 7.5 Kcal/mole- K. The decrease in molecular weight was explained by 
an internal anhydride interchange mechanism, as revealed from elemental and 
spectral analysis. This mechanism was supported by the fact that the decrease in 
molecular weight was reversible and heating of the depolymerized polymer at 1 8 0 C  
for 20 min. yielded the original high molecular weight polymers. However under 
similar conditions the hydrolyzed polymer did not increase in molecular weight. It 
was also found that in many cases, the stability of polymers in the solid state or in 
organic solutions did not correlate with its hydrolytic stability. A similar decrease in 
molecular weight as function of time was also observed among the aliphatic-aromatic 
co-polyanhydrides and imide containing co-polyanhydrides. (Domb et al., 1989; 
Staubli et al., 1991, 1991b). 

The effect of y-irradiation on polyanhydrides for sterilization purposes has been 
studied (Mader et al., 1996). Aliphatic and aromatic homo- and copolymers were 
y-irradiated at a 2.5 Mrad dose under dry ice and the properties of the polymer 
before and after radiation were monitored. All polymers did not change in physical 
or mechanical properties and their lH-NMR and IR spectra remain the same. 
A slight increase in molecular weight was found for aliphatic polyanhydrides. 
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Electron paramagnetic resonance (EPR) spectroscopy (1.2 GHz and 9.25 GHz, 
room temperature) was used to characterize free radicals in gamma sterilized 
biodegradable polymers. Free radicals were detected in all irradiated polymer 
samples. The temperature of irradiation (room temperature vs. dry ice) is only of 
minor influence of the radical yield and the shape of the EPR spectra. In contrast, 
polymer composition and incorporated drugs strongly influence the radiation 
induced free radical formation and reactivity. In general, polymers with high melting 
points and crystallinity give the highest yields of room temperature observable 
radicals. These endogenous free radicals were used to study processes of water 
penetration and polymer degradation in vzvo (Mader et al., 1996). The detection of 
gamma sterilization induced free radicals in vivo using EPR, could be of significance 
in that, the changes in the mobility of the radicals can be used as the tool to the 
study of drug release kinetics in an non-invasive and continuos fashion without the 
need of the introduction of paramagnetic species. 

FABRICATION OF DELIVERY SYSTEMS 

The low melting point to the solubility of the polymers in common organic solvents 
such as methylene chloride, allows for the easy dispersion of drug into the polymer 
matrix. Drugs can also be incorporated via compression or melt molding processes. 
For example, drugs can be incorporated into a slab either by melt mixing the 
drug into the melted polymer or by solvent casting. Polymer slabs loaded with 
a drug can also be prepared by compression molding a powder containing the 
drug. Similarly, one can injection mold the drug-polymer formulation into beads or 
rods. Polymer films can be prepared by solvent evaporation by casting the polymer 
solution containing the drug onto a Teflon coated dish. Microspheres based delivery 
systems can be formulated by the common techniques including solvent removal, 
hot-melt encapsulation and spray drying (Mathiowitz et al., 1987; Pekarek et al., 1994; 
Bindschaedler et al., 1988; Tabata et al., 1994). However, it is essential that all processes 
be performed under anhydrous conditions to avoid hydrolysis of the polymer. 

IN WTRO DEGRADATION AND DRUG RELEASE 

The degradation of polyanhydrides, in general, varies with anumber of factors. These 
factors include, the chemical nature and the hydrophobicity of the monomers used 
to produce the polymer, the level of drug loading in the polymeric matrix, the pH 
of the surrounding medium (the higher the pH, the more rapidly the polymers 
degrade), the shape and geometry of the implant (the degradation is a function of 
the surface area) and the accessibility of the implant to water (porous materials will 
degrade more rapidly than non-porous) . The porosity in an implant is dependent on 
the method of fabrication. For example, a compression-molded device will degrade 
at a much more rapid rate than an injection molded device due to the presence of 
a higher porosity in the polymer as compared to the latter. 

The degradation rates for a number of polyanhydrides are available in the 
literature (Leong et al., 1986; Shieh et al., 1994; Domb et al., 1995b; Tamada and 
Langer, 1993; Dang et al., 1996). Most studies focused on the degradation of the 
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clinically tested plyanhydrides namely, poly(CPP-SA) and poly (FAD-SA) . In general, 
during the initial 10 to 24 hours of incubation in aqueous medium, the molecular 
weight dropped rapidly with no water mass loss. This period was followed by a fast 
decrease in wafer mass accompained by a very small change in polymer molecular 
weight. The period of extensive mass loss starts when the polymer molecular weight 
reaches a number average molecular weight (Mn) of about 2,000 regardless of the 
initial molecular weight of the polymer. During this period which lasts for about 
one week, sebacic acid, the relatively water soluble comonomer, is released from the 
wafer leaving the less soluble comonomer, CPP or FAD, which is slow to solubolize 
(Dang et at., 1996) increasing the content of sebacic acid in the copolymer increases 
the hydrophilicity of the copolymer, which results in a higher erosion rate and hence 
higher drug release rates. This could be explained by the fact that the anhydride 
linkages in the polymer are hydrolyzed subsequent to penetration of water into the 
polymer. The penetration of water or water uptake depends on the hydrophobicity 
of the polymer and therefore, the hydrophobic polymers which prevent water 
uptake, have slower erosion rates and lower drug release rates. This is valuable 
information since one can alter the hydrophobicity of the polymer by altering the 
structure and/or the content of the copolymer, thereby being able to alter the 
drug release rate. Since in the P(CPP-SA) and P(FAD-SA) series of copolymers, 
a 10 fold increase in drug release rate was achieved by alteration of the ratio of 
the monomers, both polymers can be used to deliver drugs over a wide range of 
release rates. 

As mentioned above, there is no correlation between the rate of drug release and 
polymer degradation expressed as % decrease in the molecular weight, which at first 
glance might appear to be contradictory (D'Emanuele et at., 1994). However, on 
closer examination, it appears that drug dispersed in the polymer matrix is released 
when the eroding polymer brings the drug with it into solution. Thus, the release 
rate would depend on the rate of erosion expressed as volume of the matrix dissolved 
per unit time, times the drug load rather than the rate of polymer degradation. The 
implication being that drug release should correlate with weight loss, which is a 
more appropriate indicator of erosion rate than the decrease in molecular weight. 
Another feature of surface erosion is that while the molecular weight of the polymer 
at the surface may decrease, the interior of the device may still retain the same 
molecular weight. Furthermore, the lower molecular weight fragments so formed 
may not diffuse out or dissolve into the release medium. Therefore, it is not the 
decrease in molecular weight but the subsequent weight loss to the diffusion and 
erosion of molecular weight fragments, which should correlate with drug release. 
This also explains why drug release from these polymer devices, was independent of 
the initial molecular weight of the copolymer (D'Emanuele et al., 1994). 

As mentioned earlier, factors that affect drug release from polyanhydrides include 
polymer composition, fabrication method, size and geometry, particle size of 
incorporated drug, drug solubility and drug loading. In general, hydrophilic drugs 
are released much more rapidly than the hydrophobic drugs and also suffer from 
a significant initial burst effect, which is also a function of drug particle size. 
Also the correlation between drug release and polymer degradation is better for 
injection or melt molded devices compared to compression molded devices (Domb 
el at., 1994b). In a recent report, the release of indomethacin from poly(CPP-SA) 
and poly(FAD-SA) was studied and was found to be independent of drug loading 
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(Gopferich and Langer 1993). A simple model that takes into account the following 
kinetic steps namely, the spontaneous degradation of polymer to crystallized 
monomer, the creation of pores, the dissolution of monomers inside the pores and 
the final release of monomer via diffusion through the pore network was putforth 
by Gopferich & Langer to explain this unusual release behavior (Gopferich and 
Langer, 1993, 1995, 1995b, 1995~) .  Erosion was then simulated using a Monte Carlo 
method that describes these morphological changes during erosion (Gopferich and 
Langer 1995). 

A noninvasive in vivo and in vitro monitoring of drug release and polymer 
degradation was done using EPR spectroscopy (Mader et al., 1996b, 1996~) .  By the 
incorporation of a nitroxide radical probe such as 2,2,5,5-tetramethyl-3-carbo~yl- 
pyrrollidine-1-oxyl (= PCA) at a 5 mmole/kg, the microviscosity and drug mobility 
as well as the pH within a device can be monitored both in vivo and in vitro using 
EPR methods. Low frequency EPR spectrometer was used to study the in v i v o  and in 
vitro degradation of polvanhydrides. Tablets loaded with PCA were exposed to 0.1 M 
phosphate buffer pH 7.4 at 37' C or implanted subcutaneously in the back of rats or 
mice. Measurements were carried out using a standard 9.4 Ghz EPR spectrometer 
or a 1.1 GHz spectrometer equipped with a surface coil. EPR measurements of pH 
are based on the effect of protonation / deprotonation of groups located in close 
proximitly to the radical moiety which induces changes in the hyperfine splitting 
constant and the y-value. The measurements of pH values in the range between 
0 and 9 are possible by using probes with different pKa values. 

In vitro and in vivo studies have demonstrated the environment within the 
polyanhydride tablets is acidic pH (around 4 and less) when the degradation is 
carried out in a 0.1 M pH 7.4 phosphate buffered solution. One approach that has 
been taken to counteract the acidity is the incorporation of buffering substances into 
during the device fabrication. It has been shown that the incorporation of buffering 
substances within the polymer does result in an increase of the pH inside the delivery 
system (device). The microviscosity and drug mobility as well as the formation of 
radicals within a device were monitored both in vivo and in vitro using EPR methods. 
Spectral spatial EPR imaging (EPRI) which introduces a spatial dimension by means 
of additional gradients was applied to characterize the degradation front and the 
microenvironment of polyanhydride disks loaded with a pH sensitive nitroxide 
(Mader et al., 1996~) .  Exposure to buffer (pH 7.4) resulted in the formation of 
a front of a degraded polymer from outside to inside. A pH gradient was found to 
exist within the polymer matrix which raises with time from 4.7 to 7.4. The issue 
of possible chemical reaction between arnine and hydroxyl group containing drug 
moieties with the anhydride bonds in the polymer during drug incorporation and 
release has also been investigated (Domb et al., 1994~) .  
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BIOCOMPATIBILITY AND ELIMINATION 

The biocompatibility and safety of polyanhydrides were established following the 
1986 guidelines by the Food and Drug Administration (FDA) for testing and 
evaluating new biomaterials. Several accepted criteria and tests to evaluate new 
biomedical materials were used to assess the safety of polyanhydrides (Leong et al., 
1986b; Braun et al., 1982; Laurencin et al., 1990). In this study, poly[bis(p-carboxy- 
phenoxy)propane anhydride (PCPP) and its copolymers with sebacic acid were 
tested. Neither mutagenicity nor cytotoxicity or teratogenicity was associated with the 
polymers or their degradation products, as evaluated by mutation assays [66,68]. The 
tissue response of these polyanhydrides was studied by subcutaneous implantation 
in rats and in the cornea of rabbits. The polymers did not provoke inflammatory 
responses in the tissues over a six week implantation period. Histological evaluation 
indicated relatively minimal tissue irritation with no evidence of local or systemic 
toxicity (Laurencin et al., 1990). Systemic response to the polymer was evaluated 
by monitoring of blood chemistry and hematological values, and by comprehensive 
examination of organ tissues. Both methods revealed no significant response to the 
polymer. 

Since the CPP-SA copolymer was designed to be used clinically to deliver an 
anticancer agent directly into the brain for the treatment of brain neoplasms, in 
vivo safety- evaluations and brain biocompatibility were assessed in rats (Tamargo 
et al., 1989), rabbits (Brem et al., 1989), and monkeys (Brem et al., 1988). In the rat 
brain study, the tissue reaction of the polymer (PCPP-SA 20530) was compared to 
the reaction observed wit11 two standard materials used in surgery', which have been 
extensively studied namely,   el foam@ (absorbable gelatin sponge), and SurgicelB 
(oxidized cellulose absorbable hemostat commonly used in brain surgery). Histo- 
logical evaluation of the tissue demonstrated a small rim of necrosis around the 
implant, and a mild to marked cellular inflammatory reaction limited to the area 
immediately adjacent to the implantation site. The pathological response associated 
with poly(CPP-SA) copolymer was slightly more pronounced than ~urgicel@ at the 
earlier time points, but noticeably less marked than Surgicel@ at the later times. 
The reaction to   el foam@ was essentially equivalent to that observed in control 
rats. In a similar brain biocompatibility study carried out in monkeys, no tissue 
abnormalities were noted either in CT and MRI's. Furthermore, no abnormalities 
were observed either in the blood chemistry or hematology evaluations (Brem et al., 
1988). Their appeared to be no adverse systemic effects due to the implants as 
assessed by the histological evaluation of tissue tested. Overall, no unexpected or 
untoward reaction to the treatment was observed. Copolymers of sebacic acid with 
several aliphatic comonomers such as dimer of erucic acid (FAD), fumaric acid and 
isophthalic acid were also tested subcutaneously and in the rat brain were found to be 
biocompatible as well (Rock et al., 1991). The hydrolysis and elimination processes 
of polyanhydrides has been studied using a series of polyanhydrides derived from 
different linear aliphatic diacids (Domb et al., 1995b). These polymers degrade into 
their monomer or oligomers units at about the same rate but differ in the water 
solubility of their degradation products. Polymers based on natural diacids of the 
general structure -[OOC-(CH2)x-COI- where xis between 4 and 12, were implanted 
subcutaneously in rats and the elimination of the polymers from the implantation 
site studied. The in vitro hydrolysis of this polymer series was studied by monitoring 
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the weight loss, release of monomer degradation products and the changes in the 
content of anhydride bonds in the polymer as a function of time. It was observed 
that, both in vitro and in vivo the rate of polymer elimination was a function of 
monomer solubility. The elimination time for polymers based on soluble monomers 
(x = 4 8 )  was 7-14 days, while the polymers based on monomers with lower solubility 
(x = 10-12) were eliminated only after 8 weeks. All polymers were found to be 
biocompatible and useful as carriers for drug delivery'. 

The elimination of the biodegradable polymer poly(CPP-SA) based implant 
(GliadelTlf), which is currently in clinical use for the treatment of brain cancer, was 
studied in rabbit and rat brains using radioactive polymer and drug (Domb et al., 
1994d, 1995~) .  The implant is composed of N,N-bis(2-chloroethy1)-N-nitrosourea 
(BCNL) dispersed in a copolyanhydride matrix of CPP and sebacic acid (SA). 
Four groups of rabbits were implanted with wafers loaded with BCNU, one in a 
^C-SA-labeled polymer, another in a ^C-CPP- labeled polymer, and two groups 
with "C-BCNU in a nonlabeled polymer, one for BCNU disposition study and one 
for residual drug study. In the rabbits implanted with the ^C-SA-labeled polymer, 
approximately 10% of the radioactivity was found in the urine and 2% in the feces, 
and about 10% remained in the device seven days after implantation. In contrast, 
only 4% of the radioactivity associated with the ^C-CPP labeled polymer was found in 
urine and feces during this period. However, a drastic increase in the CPP excretion 
was found after 9 days, and at 21 days during which 64% of the implanted ^C-CPP 
was recovered in the urine and feces, and 29% was still in the recovered wafers. 
Studies with radiolabeled BCNU in rabbit brain revealed that approximately 50% of 
the BCNU in the wafers was released in 3 days, and over 95% was released after 6 
days in the rabbit brain. Excretion of this polymer after implantation in the rat brain 
using radiolabeled polymers showed that over 70% of the sebacic acid comonomer 
was excreted in seven days with about 40% of the sebacic acid metabolized to GOn 
(Domb et al., 1995~) .  The elimination of poly(FAD-SA) rods loaded with 0,10 and 20 
weight% of gentamicin sulfate after implantation in the femoral muscle and bone 
of dogs was studied as part of the preclinical studies for SeptacinTx^bone implant 
(Domb and Amselen~, 1994). Most of the polymer implant was gradually eliminated 
from bone and muscle within 4 to 8 weeks post implantation with the elimination 
from bone being faster leading to new bone formation in the implant site without any 
polymer entrapment. The elimination rate was dependent mainly on the amount of 
polymer implanted. Gentamicin was released for a period of about 3 weeks with no 
residual drug detected in the polymer remnants 8 weeks post implantation. In all 
experiments, no local or systemic toxicity was observed. 

Mader (Mader et al., 1996b) utilized the non-invasive technique Magnetic Res- 
onance Imaging (MRI), to visualize both the polymer erosion (in vivo and in 
vitro) and the physiological response (edema, encapsulation) to the implant. MRI 
enables one to monitor in vivo, in non-invasive manner the water content, implant 
shape, and the response of the biological system to an implant in real time without 
stopping the experiment. MRI images taken during the course of degradation 
of slabs of PSA- a fast degrading polyanhydride, placed in physiologic buffer 
solution and subcutaneously implanted in rats are shown in Figure 2. The bright 
contrast indicates high water content in and around the device. The PSA slab 
absorbed water within 3 days in vitro and completely eroded in 9 days in vivo. 
In contrast, in the case of the control polymer PLGA no changes were observed 
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Figure 2 T2 magnetic resonance images taken during the course of degradation of 2 mm 
thick poly(sebacic anhydride) (PSA) implants placed in physiologic buffer solution (upper 
row) or subcutaneously implanted in rats (lower row). The bright contrast indicates high 
water content in and around the device (taken from Mader 1996~). 

during the first week. However, a water penetration front is clearly visible at day 
21 in vitro and at day 32 the bright image shows that the entire polymer matrix is 
filled with water. This brightness was never noticed in vivo. Instead, a deformation 
of the implant is observed startingwith the rounding of the corners (day 9) which 
progressively increases (days 16 and 20) and completed at day 28. MRI makes it 
possible to monitor water content, implant shape, and the response of the biological 
system in real time without the need to stop the experiment at certain time points. 

APPLICATIONS 

Applications of Polyanhydrides have been recently reviewed by Domb (Domb et al., 
1992) and Laurencin (Laurencin, 1995). Several drug delivery applications have 
been realized using polyanhydrides. For example, local anesthetics were successfully 
delivered from polyanhydride cylinders in close proximity to the sciatic nerve to 
produce a neural block for several days (Masters al., 1993a, 1993b). Anticancer 
agents were incorporated in polyanhydride wafers are currently approved by the 
FDA for the site-specific chemotherapy for the treatment of brain tumors (Domb 
and Ringel, 1994~) .  Phase 111 human clinical trials have demonstrated that site 
specific delivery of BCNU (carmustin) from a poly(CPP-SA)20:80 wafer (GliadelR) 
in patients with recurring brain cancer (glioblastoma multiforme) significantly 
prolongs patient survival (Brern et a t ,  1995). GladelR has recently won approval 
from the FDA adjuct therapy for the treatment of brain tumors. In the past 5 
years investigations has expanded to newer polymers and other drugs such as 
4hydroperoxy cyclophosphamide (4HC), cisplatin, carboplatin, Taxol and several 
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alkaloid drugs in an effort to develop a better system for treating brain tumors (Brem 
et al., 1994; Oli\iet al., 1996; Judy et al., 1995). Carboplatin incorporated in poly(FAB- 
Â§A) prepared by mixing the drug in the melted polymer has been evaluated for the 
treatment of brain tumors in laboratory animals with promising results (Olivi et al., 
1996). Poly(FAD-SA) has also been used to develop a delivery system for gentamicin 
sulfate for the treatment of osteomyelitis (Domb and Arnselem, 1994; Laurencin 
et al., 1993). A sustained release of gentamicin sulfate over a period of few weeks was 
obtained both in vivo and in vitro using this system. The delivery device which is in the 
form of a chain of beads is currently undergoing Phase I human clinical trials in the 
USA. The effect of long term glutamic acid stimulation of trigeminal motoneurons, 
using poly (FAD-SA) microspheres has also been explored. This study was undertaken 
to determine the role of glutamate in possible growth disorders of the craniofacial 
skeleton. Pronounced skeletal changes in the snout region were observed in rats that 
received glutamate showing that sustained release of glutamic acid in vivo can effect 
the development of skeletal tissue in growing rats (Hamilton-Byrd et al., 1992). 
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ABBREVIATIONS 

ACDA = acetylenedicarboxylic acid 
BTC = 1,3,5-benzenetricarboxylic acid 
Co = drug loading in gm/cc 
CPH = l,6-bis (p-carboxyphenoxy) hexane 
CPP = l,3-bis (p-carboxyphenoxy) propane 
CPV = carboxphenoxy valerate 
DMF = N,N- dimethylformamide 
DSC = differential scanning calorimetry 
EPR = electron paramagnetic resonance 
EPRI = electron paramagnetic resonance imaging 
FA = fumaric acid 
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FAD = fatty acid dimer 
Gelfoamo = absorbable gelatin sponge 
Gliadelo = polyanhydride brain tumor implant containing BCNU 
GPC = gel permeation chromatography 
4HC = 4hydroperoxycyclophosphamide 
Ln = average length of sequence 
MIT = Massachusetts Institute of Technology' 
Mw = weight average molecular weight 
Mn = number average molecular weight 
MRI = magnetic resonance imaging 
NMR = nuclear magnetic resonance 
PLA = poly (lactic acid) 
PCL = poly(capro1actone) 
PHB = poly(hydr0xybutyrate) 
PSA = poly(sebacic acid) 
SA = sebacic acid 
SEM = scenning electron microscope 
SepticinrL1 = polyanhydride antibacterial bone implant 
STDA = 4,4'stilbendicarboxylic acid 
Surgicela = oxidized cellulose absorbable hemostat 
TA = terephthalic acid 
Tg = glass transition temperature 
TMA-gly = trimellitimide-glycine 
ToF-SIMS = time-of-flight secondary ion mass spectroscopy 
Vycrylo = synthetic absorbable suture 
Xc = degree of crystallinity 
XPS = X-ray photoelectron spectroscopy 
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J. VANDORPE, E. SCHACHT, S. DEJARDIN and Y. LEMMOUCHI 

Polyner Materials Research Group, Department of Organic Chemistry, 
Unive1'sity of Gent, Krijgslaan 281 S4bis, Gent, Belgium 

GENERAL INTRODUCTION 

Poly[(organo)phosphazenes] (Figure 1) are polymers with an inorganic backbone, 
consisting of alternating nitrogen and phosphorous atoms linked by alternating 
single and double bonds. 

Figure 1 Structure of poly [ (organo)phosphazene] . 

The R group can be an alkoxy, aryloxy, amino, alkyl, heterocyclic ring or an 
inorganic or organometallic unit. Allcock and co-workers were the first who did 
study extensively the synthesis of poly[(organo)phosphazene] derivatives. Most 
polyphosphazene derivatives are prepared starting from a precursor polymer, 
poly[(dichloro)phosphazene]. A variety of polymers with variable properties can 
be prepared by nucleophilic displacement reactions (Allcock, 1972, 1979, 1986) 
(Figure 2). 

Figure 2 Overall synthesis procedure for phosphazene polymers. 
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Figure 3 Structure of hexacl~loi-ocyclotriphosphazene. 

METHODS OF PREPARATION ON POLY[(DICHLORO)HOSPmENE] 

Several methods are described for the preparation of poly[ (dichloro)phosphazene] . 

Ring-opening Polymerization 

The chemistry of small molecule phosphazene can be traced back to the discovery 
that phosphorous pentachloride and ammonium chloride react to yield a mixture 
of compounds of which the main product is a volatile white solid, known to have the 
cyclic trimer structure, shown in Figure 3 (Ross, 1832; Liebich, 1834; Stokes, 1897). 

It was later noticed that the hexachlorocyclotriphosphazene can be polymerized by 
heating in the melt to yield an uncrosslinked linear high polymer, poly[ (dich1oro)- 
phosphazene] (Allcock et al., 1965-1966; Rose, 1968). Further heating results in 
the formation of an insoluble crosslinked material. This leads in both cases to a 
transparent, rubbery elastomer which hydrolyzes slo~vly, when exposed to moist~lre, 
forming phosphate, ammonia and hydrochlo1-ic acid. At temperatures above 350Â°C 
the polymer depolymerizes to cyclic oligomers. The uncrosslinked species serve as 
highly reactive polymeric precursor. 

This ring-opening polymerization has been studied extensively and several mecha- 
nisms have been proposed (Allcock, 1972-1980; Emsley eta/., 1984; Gleria et al., 1984; 
MacCallum et al. 1967; Singler et a/. 1975). The polymerization process is currently 
thought to occur via a cationic ring-opening mechanism, initiated by the cleavage 
at the polar Pt-Cl- (Figure 4). 

It has been mentioned that traces of impurities can function as powrerful catalysts 
for the polymerization reaction (Allcock et al., 1975; Ganapathianppan et al., 1987; 
Gimblett, 1960; MacCallum et ul., 1969). During the extended polymerization 
of hexachlorocyclotriphosphazene there is a tendency for crosslinking but these 
side reactions are generally avoided by the use of low ti-imer conversion degrees 
(30-60%). A typical uncatalyzed bulk polymerization at 250Â° yields 17eq7 high 
molecular weight polymers (e.g. MTV 2 - 10 x lo6) with a broad distribution (10). 

More recently, the solution polymerization in chloroform, hydrocarbons, or CS2 
has also been investigated (Kajiwara eta/., 1984; Konecny et al., 1960; Mujumdar et al., 
1989-1990; Patat et al., 1951; Scopelianos et ul., 1987). In these cases, polymers having 
medium molecular weights (lo5) and narrower molecular weight distributions are 
generally formed. 
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Initiation: 

Propagation: 

= EG (endgroup) 
Termination: 

cooling down 
+el- - 

Crosslinking: 

Figure 4 Polymerization mechanism of [iYPC12] 3. 
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Figure 5 Polymei-ization method by De Jaeger and Haluin 

echanism by De Jaeger and 

A newT polymerization method for the formation of poly[(dichloro)phospl~aze~~e] 
was introduced by De Jaeger and Haluin (D'Halluin et al., 1989-1992; Helioui 
et al., 1982). This polymerization invol~es a high conversion condensation of the 
monomeric phospl~oraninline, K-dic1oi-ophospl~oryl-?-trichloromonopl~ospl~azene 
C12?(Q)N = ?C13 with the elimination of phosphoryl trichloride, ?QC13 (Figure 5). 
The polymers prepared according to this method have a molecular weight in the 
order of 5 x lo5 with a very broad molecular weight distribution (15). 

ethod by Hornbaker and Li 

Another polymerization method was mentioned by Hornbakei- and Li (1978). This 
method describes the direct formation of poly[(dichloro)phosphazene] starting 
from the basic compounds ?C13, C12 and KH4Cl and without intermediate isolation 
of a precursor compound (Fig~~re  6). 

Figure 6 Polymerization mechanism by Hornbaker and Li 
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R = Me, Phe, Et, . . .  

Figure 7 Polycondensation Reaction of N-silyl-phosphoranimines 

Thermal Polymerization of Phosphoranimines 

Poly[(organo)phosphazenes] can also be synthesized by the condensation reaction 
of N-silyl-phosphoranimines (Neilson et al., 1988; Wisian-Neilson et al., 1980-1986). 
This method yields to polyphosphazenes directly substituted with alkyl- or aq71- side 
groups (Figure 7). 

The molecular weights of the polymers prepar-ed by this method are varjlng 
between 10.000 and 200.000. The mechanism of this neb7 synthetic route has 
been intensively studied by Matyaszewski et al. (1992), who also reported the 
synthesis of p0l~7[(0rgano)phospha~enes] with alkoxygroups by the condensation 
of phosphoranimines (1992, 1993, 1994). 

BIODEGRADABLE POLYF'HOSPHAZENES 

Amino Acid Derivatives 

The first biodegradable polyphosphazenes that have been synthesized were substi- 
tuted by amino acid derivatives. Allcock et al. (1977) prepared polyphosphazenes 
with glycine ethylester, leucine methylester, alanine methylester and phenylalanine 
methylester by reaction of poly[(dichloro)phosphazene] with the amino acid ester 
in the presence of triethylamine. Since only glycine ethylester gave total halogen 
replacement, complete substitution of the chlorine was achieved by subsequent 
introduction of methylamino as cosubstit~ient. A general synthesis procedure is given 
in Figure 8. 

These materials are susceptible to a slow hydrolytical degradation leading to 
"harmless" products: amino acid(ester), phosphate, ammonia, ethanol or methanol 
and methylamine. In uztro degradation studies on polyphosphazenes with different 
amino acid derivatives sho~v that it takes the materials several months to degrade 
(Allcock et al., 1994; Crommen et al., 1992-1993; Ruiz et al., 1993) depending on 
the amino acids present. The rate of degradation could be varied by preparation of 
copolymers containing different amino acid esters in different ratios. Goedemoed 
et al. (1988) prepared copolymers containing ethylglycinate and glutamic acid 
diethyl ester (Figure 9) or phenylalanine ethylester (Figure 10) to achieve a different 
rate of polymer degradation and subsequent release of a drug. 
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BIODEGRADABLE POLWHOSPHAZENES 

Figure 10 Poly[(phenyl alanine ethylester)-co-(ethylglycinate )phosphazene]. 

Allcock et al. (1977) synthesized copolymers containing amino acid esters and 
methylamino side groups (Figure 11). The in vitro degradation and water solubility 
of these polymers could be varied by using different amino acid esters and different 
ratios of methylamine. 

The same group also prepared 3 different poly[ (amino acid ester)phosphazenes] : 
poly [di (ethylglycinato) phosphazene] , poly [di (ethylalanato) phosphazene] and 
poly[di(benzylalanato)phosphazene] (Allcock et al., 1994). These polymers show, 
in the order given above, a decreasing molecular weight decline, a decreasing mass 
loss and a decreasing release of small molecules. The release occurred through 
diffusion of the small molecules through the solid and by decomposition of the 
polymer. 

For the hydrolytic degradation of polyphosphazenes several mechanisms have 
been proposed (Allcock et al., 1977-1994; Goedemoed et al., 1988). However, 
analysis of the degradation products revealed that the main hydrolysis pathway 
involves release of the amino acid ester side group, followed by hydrolysis of the 
ester with formation of the amino acid and the alcohol (Ci-ommen et al., 1992) 
(Figure 12). 

Figure 11 Poly [ (amino acid ester)-co-(methylamine) phosphazene] 
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Figure 12 Degradation of poly [(amino acid ester) phosphazene] . 

Initial hydrolysis of the ester bond with subsequent release of the amino acid 
cannot be excluded but is probably predominant (Figure 13). 

Another way to control the rate of polymer degradation is to introduce hydrolyt- 
ical sensitive groups. Allcock et al. (1981-1982) showed that polyphosphazenes 
containing imidazol side groups were unstable in aqueous medium and that it 
was the imidazole side chain substituent which conferred hydrolytic instability 
to the polymer. Laurencin et al. (1987) prepared hydrophobic polyphosphazenes 
(Figure 14) containing p-methyl-phenoxy side groups and different amounts of 
imidazol to control polymer degradation and hereby control the drug release. 

An increase in imidazole content, resulted in a faster initial mass loss. Release of 
p-nitro-aniline appeared to follow t1I2 diffusional release kinetics as predicted by 
Higuchi (1963). Release of progesteron and BSA was possible over long periods of 
time. 

Caliceti el  al. (1994) on the other hand prepared hydrophobic polyphosphazenes 
containing L-alanine ethyl ester and different amounts of imidazole (Figure 15). 
These polymers were used as a matrix for the release of naproxen, acetyltrypto- 
phanamide and narciclasine. Again, higher amounts of imidazol led to increased 
rates of drug release. 

It has been suggested by Allcock et al. (1982) that polyphosphazene degradaton is 
catalyzed by acids. This leads to the idea that the presence of a controlled amount of 
acid groups on the polymer could be a method for controlling polymer degradation. 
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Crommen et al. (1992) prepared poly[(organo)phosphazenes] bearing side groups 
with hydrolysis sensitive ester functions: the so called depsipeptide-esters (Figure 16). 
He proved (Crommen et al., 1992) that the rate of biodegradation can be varied by 
changing the chemical composition of the polymer (Figures 17 and 18). 

Figure 13 Alternative degradation mechanism for poly[(amino acid ester)phosphazene]. 

Figure 14 Poly [(imidazole)-co-(p-metl~ylphenoS)phosphazene]. 
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Figure 15 Poly [(imidazole)-co-(L-alanine ethyl ester)phosphazene]. 

Figure 16 Poly [(depsipeptide ester)-co-(amino acid ester)phosphazene] . 

The rate of drug release from a polymer matrix cannot only be controlled by 
polymer degradation but also by the rate of hydrolysis of the covalent linkage between 
polymer and drug. Grolleman et al. (1986) prepared biodegradable amino acid ester 
substituted polyphosphazenes for the controlled release of a covalently linked drug 
naproxen. The drug was linked to the polymer chain by an amino acid residue as a 
spacer group (Figure 19). No tissue inflammation was detected after implantation 
in rats. The rate of naproxen release was larger than in vitro but was still very low. 
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BIODEGRADABLE POLYPHOSPHAZENES 

Figure 17 Poly [(ethyl 2-(0-glycyl )lactate)-co-(glycine ethyl ester)phosphazene]. 
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Figure 18 Mass loss of poly [(ethylglycinate)phosphazene] containing different amounts of 
the depsipeptide glylacOEt. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



I 
0 
I I \ 

NH-C-CH 
I 
I 

1- 
( a 2  a 3  

m 3  

CH-COOEt 
I 

NH 
I 1 2x 

Figure 19 Poly [ (naproxen)-co-(ethylglycinate) phosphazene] . 

Biodegradable polyphosphazenes containing steroidal and amino acid ester 
groups have been prepared by Allcock et al. (1980) (Figure 20). 

Figure 20 Poly [ (ethylg1ycinate)-co-(steroid)phosphazene] . 

Hydrophilic Polyphosphazenes 

Water-soluble polyphosphazenes have been prepared by Allcock et al., (1986) by 
substitution of poly[(dichloro)phosphazene] with alkylether side groups (-0(CH9 
CH20)nCH3 with n = 1, 2, 7 ,  12, 17). Cosubstitution with hydrophobic groups 
(-OCH7CFg) gave a range of polyphosphazenes with, depending on the ratio of these 
substitutes, different water-solubility properties and different applications. Another 
possibility is the substitution of glyceryl side groups, as done by Allcock et al. (1988) 
(Figure 21). 
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BIODEGRADABLE POLYPHOSPHAZhNES 

Figure 21 Poly [ (diglyceryl)phosphazene] . 

To avoid crosslinking during the synthesis of the polymer, glycerol had to be 
protected before substitution to the polymer and deprotected after complete 
polymer substitution. The resulting polymers are water soluble and hydrolyze slowly 
in aqueous media to yield glycerol, phosphoric acid and ammonia. The hydroxyl 
units provide sites for the covalent linkage of drug molecules. The protected and 
deprotected polymers could be crosslinked and produced hydrogels. 

Polyphosphazenes that bear -D-glucosyl side groups cosubstituted with methyl- 
amine, alkoxy or aryloxy side groups have been synthesized (Allcock et al., 1991) 
(Figure 22) resulting in a range of polymers with varying water solubility, hydrophilic- 
ity or hydrophobicity. 

Figure 22 Polyphosphazenes bearing -D-glucosyl side groups. 

Again subsequent crosslinking of the resulting polymers offered a new series of 
polymers that could have applications as membranes, hydrogels, biomaterials and 
bioerodible polymers. 

Other Biodegradable Polyphosphazenes 

Biodegradable polyphosphazenes containing esters of glycolic or lactic acid as side 
groups (Allcock et al., 1994) have been described (Figure 23). The degradation 
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Figure 23 Poly[(glycolic acid ester) phosphazene] (Rl  = H) or poly [(lactic acid ester)phos- 
phazene] (Rl = CH3). 

products of subsequent hydrolysis, ethanol, benzylalcohol, glycolic or lactic acid, 
phosphate and ammonia are considered nontoxic and easily metabolized. These 
materials are non crystalline and are hydrolized relatively fast. 
Poly[(amino)phosphazenes] have been synthetised by the replacement of chlo- 

rine atoms in poly[(dichloro)phosphazene] by amines (Allcock et al., 1966). Drug 
molecules bearing an amino-group are substituted in the same way, such as the 
anesthetic molecules procaine, benzocaine, chloroprocaine, butyl-p-aminobenzoyl 
and 2-amino-4picoline (Allcock et al., 1982). The poly[(diamino)phosphazene] is 
not water soluble but this can be achieved by cosubstitution with methylamine, 
procaine or 2-amino-4picolino. 

Molecules, bearing a carboxylic group, can be attached to a polyphosphazene 
chain through linkage to a spacer group. For this, p-(aminomethy1)phenoxy was 
used by Allcock et al. (1982) to substitute bioactive molecules such as N-acetyl-DL- 
penicillamine, p-(dipropylsulfamoy1)benzoic acid and 2,4dichlorophenoxyacetic 
acid. 

BIOMEDICAL APPLICATIONS OF POLY[ (ORGANO) PHOSPHAZENES] 

A wide range of polyphosphazenes have been used for a number of biomedical 
applications. Examples are inert biomaterials for cardiovascular and dental uses, 
bioerodible and water soluble polymers for controlled drug delivery applications 
(Allcock et al., 1990). 

Some poly[(organo)phosphazene] materials are of interest as biomedical poly- 
mers as non-interacting tissue replacement materials. Allcock examined the possi- 
bility of poly[(organo)phosphazenes] to be used as coating materials for artificial 
implants (Allcock et al., 1992). This coating materials should be able to enhance the 
antibacterial activity of the surface of implanted materials. 

Studies were made by Laurencin et al. (1993) to examine the possible use of 
polyphosphazenes for skeletal tissue regeneration. Polyphosphazenes with imida- 
zole or ethylglycinate side groups next to methylphenoxy groups were evaluated. 
The in vitro evaluation on several cell cultures of these materials suggested that 
these polyphosphazene materials could be suitable candidate biomaterials for the 
reconstruction of a cell-polymer matrix for tissue regeneration. 
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The applicability of poly [ (ethyla1anate)-co-(imidazole) phosphazene] derivatives 
as bioresorbable tubular nerve guides prosthesis wasverified by Langone et al. (1995). 
In this case the implant has only a temporary function and needs to be present only 
during the time necessary for growth and maturation of the nerve within the tube. 

Applications of poly[(fluoroalko~)phosphazenes] in dentistry have also been 
reported (Dootz et al., 1992; Kawano et al., 1994). The use of a polyphosphazene 
fluoroelastomer as denture liner for the covering of dental prosthesis has been 
described. This material is known under the name of ''No~us'' (Hygenic Corp. Akron, 
USA). 

Another field of biomedical applications in which polyphosphazenes can be used, 
is the field of drug delivery systems. One can distinguish two types of drug delivery 
systems. In a first type of systems, the drug to be released, is covalently attached to 
the polymer backbone. In a second concept, the polymer material is used as matrix 
system in which the drug is physically dispersed. 

A large variety of drugs and other bioactive molecules have been covalently linked 
to the polyphosphazene chain. Steroids were covalently linked by reaction of the 
s o d i ~ ~ m  salt of steroidal alcohol functional groups with poly[(dichloro)phosphazene] 
(Allcock et al., 1980). Remaining chlorine side groups were replaced wit11 methyl- 
amine, a side group which promotes the water solubility of the resulting polymer. 

The linkage of local anesthetic drugs, as procaine, benzocaine, chloroprocaine, 
butyl-p-aminobenzoate and 2-amino-4picoline, via their amino group to the phos- 
phazene chain was also studied in more detail (Allcock et al., 1982-1986) (Figure 24). 
Homopolymers and polymers with methylamino groups as co-substituents have been 
described. 

Biologically active amines can also be linked indirectly to aryloxyphosphazenes 
by SchifE's base formation through a pendant aldehyde group. Drugs such as 
sulfadiazine have been coupled in this way (Allcock et al., 1981). A similar procedure 
was used for the immobilization of the enzymic glucosephosphate dehydrogenase 
and trypsin (Allcock et al., 1986) (Figure 25). 

Figure 24 Pi-ocaine-substituted poly [(organo)phosphazene] 

Figure 25 Immobilization of enzymes by covalent linkage with poly [(organo)phosphazenes] 
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As mentioned before, La~irencin et al. (1987) used polyphosphazene derivatives 
with imidazole and methylphenoxy side groups as monolithic controlled release 
system. In uitro and in uiuo release studies were performed, using progesterone 
as a low molecular weight drug example and bovine serum albumine (BSA) as a 
polypeptide drug example. It was found that both, low molecular weight molecules 
as well as polypeptides, could be released over prolonged periods. 

Goedemoed et al. (1988-1991) did use different polyphosphazene polymers based 
on amino acid esters as s~lbstittltes on the polyphosphazene chain, to develop locally 
acting anti t~~mor devices. A model anticancer agent, melphalan, was physically 
incorporated. The drug was incoi-poi-ated into polymer microspheres by means of 
a solvent evaporation process. In uzt7-o tumor models were used for the drug release 
st~ldies. 

Ethidium has been succesfully incorporated in poly[(amino acid ester)phos- 
phazeneldevices by Crommen et al. (1990). This drug is ~lsed for the cure of bovine 
trypanosomiases (sleeping disease) which is a chronic disease very widely spread by 
the cattle in Mi-ica. Successful release studies are performed both in uitro and zn uiuo. 

Allcock also used different types of poly[(organo)phosphazenes] based on ethyl 
and benql esters of amino acids as side groups (Allcock et al., 1994). Small molecules 
like ethacrynic acid, a diuretic, and Biebrich Scarlet, an azo dye, were incorporated 
as model release components. 

Polypl~osphazenes with amino acid esters and imidazole as cosubstituent were also 
used by Caliceti et al. (1994). Matrices were prepai-ed in the form of films by solvent 
evaporation and spheres by solvent extraction. The release of model drugs naproxen, 
narciclasine and acetyl trytophanamide was evaluated. The films were found more 
suitable for drug release. 

BIOCOMPATIBILITY OF POLY[ (ORGAVO) PHOSPHAZENES] 

Biocompatibility of polyphosphazenes is often mentioned, but few detailed studies 
about the biocompatibility of polyphosphazenes zn uzuo have been made. Bio- 
compatibility itself is a x7ery complex topic. The biocompatibility of a material 
is very much dependent upon the situation of testing. Animal species, place of 
implantation, shape of material, etc., are all\7eryimportantfactors that nil1 determine 
the biocompatibility of the material. For that reason it is very important that 
specifications about the test conditions are given. This, however, is often lacking. 

The first type of poly[(organo)phosphazenes] that can be considered are those 
with fluoroalkoxy side groups. S~~bcutaneous zn uzvo testing of these polymers have 
shown minimal tissue response (Wade et al., 1978). PoIy [ (aryloxy) phosphazenel- 
derivatives also show great promise as inert biomaterials on the basis of preliminary 
in uzuo tissue biocompatibility tests (Wade et al., 1978). 

Lora et al., did try to enhance the biocompatibility of poly[bis(trifluoroethoxy)- 
phosphazenes] (PTFP) and poly [bis (phenoxy) phosphazenes] (PPP) by grafting 
different side groups on the polymer surface (Figure 28). Graft copolymeriza- 
tion with dimeth~~laminoethylmethac~late (DMAEM) onto the polyphosphazene 
surfaces highly enhances their biocompatibility. Subsequent heparinization has 
a negative effect, which is more appreciable with the PPP-based samples (Lora 
et al., 1991). Surface modification of poly[bis(trifluoroetho~)phosphazene] with 
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Figure 28 Structure of polyphosphazenes with fluoroalkoxy or aryloxy side groups, 

polj~ethylene glycols was heading to materials with enhanced biocompatibility in 
comparison to non modified polymers (Lora et al., 1993). In a third study the 
PTFP was grafted with hydrophilic monomers like dimethylacrylamide (DMAA) and 
acrylamide (AAm) (Lora et al., 1994). Large differences in the biocompatibility of 
these materials were found. For the AAm-grafted samples the biocompatibility was 
greatly enhanced, while for the DW-gra f t ed  samples an opposite behavior was 
found, and a severe reaction against the samples was observed. All studies with these 
samples were done by intraperitoneal implantation of thin films in adult male wistar 
rats. Tissue around the implantation site was evaluated by histological examination 
after 25 days. 

Laurencin et al., (1987) studied the biocompatiblity of poly[(organo)phospha- 
zene] derivatives containing imidazole groups and methylphenoxy side units. 
(Figure 14) Polymer matrix systems were implanted subcutaneously on the dorsum 
of female Sprague-Dawley rats. After one month, polymer and surrounding tissue 
were removed and histologically examined. At time of explantation no gross areas 
of surrounding inflammation was found. Polymer was found to be intact and 
surrounded by a fibrous capsule. 

The same result has been found by Lagone et al., (1995) who used poly[(ethyl- 
a1anate)-co-(imidazole)phosphazene] derivatives for zn uiuo evaluation. Films of thi5 
polymer type were subcutaneously implanted in rats. The animals were killed after 30 
days, or 60 days. Biopsy samples of the implant zone were histologically examined. 
In both cases the animals were healthy. The biological material surrounding the 
polymer was found to correspond to fibroblast collagen with only a few monocytes 
in the internal site. 

Some zn uzuo experiments about the biocompatibility of poly[(organo)phospha- 
zenes] were also performed by Grolleman et al. (1986). They used polyphosphazenes 
with aminoacid ester side groups. Biocompatibility of some naproxen-containing 
poly[ (aminoacid ester)phosphazene] derivatives was also performed. Implants were 
placed subcutaneously in rats and removed after 4 weeks, and 4 and 6 months. 
Sample tissue containing the implants were excised and histologically evaluated. In 
none of the experiments inflammation was observed at the implantation site. A slight 
encapsulation but no "foreign-body reaction" was observed. There was no significant 
difference in interaction with the material, whether the implant contained naproxen 
or not. 

In uiuo experiments of poly[bis(ethylglycinate)phosphazene] with and without 
ethidium were performed by Crommen et al. (1990). Polyphosphazene sample rods 
were implanted subcutaneously by injection in the thorax of rabbits, just behind 
the shoulder. The implantation sites were checked after 4 days for possible tissue 
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Figure 29 Heparinized poly [ (aryloxy)phosphazene] 

reaction. No or very little reaction was observed around the implants devoid of 
ethidium. At the most, avery small membrane was formed around the implant. There 
was more tissue reaction observed around the implants which contained ethidium. 

In uitro biocompatibility tests were also performed by Neenan et ul. (1982). They 
used heparinized poly[(organo)phosphazenes] to enhance the anti-thrombogenic 
properties of polyphosphazenes. Films of these materials containing heparine were 
subjected to bovine blood clotting tests (Figure 29). 

An appreciable non-thrombogenic response w7as observed for these materials. 
They also examined the antibacterial activity and mutagenicity of 8 different 
poly[(organo)phosphazenes] (Allcock et ul., 1992). They reported that several 
of those polyphosphazenes showed a strong antibacterial activity. None of the 
phosphazene compounds was found to be mutagenic under the circumstances. 

GENERAL CONCLUSION 

Starting from poly[(dichloro)phosphazene] a whole range of polyphosphazenes 
mlth different side groups can be synthesized. A versatility of polyphosphazene 
derivatives with different composition and different properties can be made avail- 
able. Depending upon the nature of side groups, polymers that are stable or 
hydrolytically degradable can be obtained. Both, biodegradable and non-degradable 
polyphosphazene derivatives, can be used for a variety of biomedical applications. 
Biodegradable poly[ (organo)phosphazenes] can be used as biomaterials or as drug 
delivery systems. The rate of degradation can be varied by a proper choice of the 
chemical composition. 
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INTRODUCTION 

Cyanoacrylates polymers are considered of high interest because of the strong 
reactivity of the corresponding monomers, able to polymerize easily in various media 
including water. Their adhesive properties are also remarkable. For these reasons, 
cyanoacrylates have been started to be investigated and extensively used as surgical 
glue. At the moment, an important application consists in their use in pharmacy 
as drug particulate carriers: poly(alky1cyanoacrylate) (PACA) nanoparticles are now 
among the most promising colloidal drug delivery system. A phase I clinical trial 
of PACA nanoparticles loaded with doxorubicin has been conducted in 21 patients 
with refractory solid tumors (Kattan et al., 1992). 

This review provides information on the synthesis of the monomers, the prepa- 
ration of the corresponding polymers, the mechanism of polymerization and the 
characterization of the polymer, as well as the technologies available for nanoparticle 
preparation. Finally, the review focuses on the application of PACA and PACA 
nanoparticles in medicine and pharmacy. 

SYNTHESIS AND PURIFICATION OF CYANOACRYLATE MONOMERS 

The chemical structure of cyanoacrylate esters is represented on Figure 1. Monomers 
present different lateral alkyl chain of length ranging from methyl to decyl. Methods 
of synthesis of cyanoacrylates were described in details by Leonard et al. (1966). 
Typical synthesis is as follows: paraformaldehyde (135g), 300 ml of methanol, 100 ml 
of diglyme (dimethyl ether of ethylene glycol), 2.0 ml of piperidine, are placed in a 
two-liter three-necked flask, fitted with a mechanical stirrer, water-cooled condenser, 
Dean and Stark trap, and dropping funnel. This mixture is stirred and heated until 
the methanol refluxed vigorously. Then a 5-mole portion of butyl cyanoacetate 
(705 g) is added through a dropping funnel at a rate sufficient to maintain reflux, 
after removal of the external heat source. Methanol is then distilled off until the 
vapor temperature reached 88^C. Benzene (250 ml) is added, and water is removed 
from the reaction mixture by azeotropic distillation. The apparatus is then converted 
to a conventional distillation set up, and a total of 3.5 mole water is removed. 
At this stage, 15 g of phosphorus pentoxide is added, benzene is removed under 
water aspirator, and residual benzene and diglyme are removed at 3 mm Hg. 
The vacuum distillation is continued until the pot temperature reaches 16OCC to 
remove any residual unreacted butylcyanoacetate. At this point, cracking begin to 
occur and a receiver with small amounts of pyrogallol and phosphorus pentoxide is 
attached to the apparatus, and the monomer is collected. At this stage, some polymer 
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Figure 1 Structure of cyanoacrylates monomers and mechanism of polymerisation. 

may tend to form on the sides of the distilling adaptors; however, the replacement of 
the adaptors and addition of another charge of 15 g of phosphorus pentoxide to the 
reaction mixture minimizes this condition. Over 500 g of crude monomer collected 
is redistilled through a 6 inches Vigreux column. A sulfur dioxide bleed is introduced 
through a capillary tube as an inhibitor to prevent anionic polymerization and also 
bumping during distillation. 

- - 

The monomers obtained by this procedure were found to have average purities 
of 98.5% and more, based on the peak areas on the gas chromatograms. 

It is very difficult to handle the monomer in pure form, i.e. when freed from the 
acid stabilizers (SOg, sulfonic acid, etc) or free radical scavengers (hydroquinone) 
whose presence is normally necessary to prevent spontaneous polymerization. 

SYNTHESIS OF THE PO R AND MECHANISM OF PO 

Polymerization of cyanoacrylates can be achieved by both free radical (Alvotidinov, 
1982) and anionic/zwitterionic mechanisms (Donelly, 1977; Pepper, 1978, 1992) 
(Figure 1 ) . 
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The free radical mechanism of polymerization is determined by a high activation 
energy (125 KJ/mol). This polymerization is very slow and the reaction rate depends 
strongly on the temperature and the quantity of radicals. 

The anionic/zwitterionic polymerization mechanisms hold much greater interest 
because it is more rapid and easier to handle, thus suitable for biomedical appli- 
cations. Furthermore, even very weak bases, such as OH-ions deriving from water 
dissociation, are capable to initiate the reaction. Classical initiators are clearly ionic 
compounds (e.g. I ,  CH3CO0, Br-, OH-, etc), but also nucleophilic compounds, 
such as tertiary bases (phosphine, pyridine) exhibit activity as initiators (Donelly 
et al., 1977; Pepper 1978, 1992). They presumably generate zwitterions, rather than 
singly charged anionic species, capable of anionic propagation. 

Propagation of the polymerization occurs after formation of carbanions that are 
able to react with another monomer molecule leading to the formation of living 
polymer chains. 

Termination is due to the presence of a cation that leads to the end of the 
polymerization. After testing different anionic chains terminators (Oy, Coy,  HgO, 
HCl), Pepper (1978) found out that only strong acids were efficient to stop 
polymerization. However, water is also able to terminate the polymerization through 
the conjugate acid H30t  (Eromoselle, 1989). Anionic polymerization leaves a 
polymer which consists in an "onium salt". In the case of zwitterionic polymerization, 
termination generally occurs with the formation of intramolecular bonds, leading 
to the cyclization of the polymer, or intermolecular bonding, leading the doubling 
of the polymer chain length (Pepper, 1978). The zwitterion appears to be stable and 
insensitive to other anionic chains terminators such as water and carbon dioxide, 
leading to the formation of high molecular weight polymers (MW) (Pepper, 1978). 

CHARACTERIZATION AND METHOD OF ANALYSIS 

The main experimental difficulty with cyanoacrylate characterization, as emphasized 
by Pepper (1978), is the extreme reactivity of the monomer and its sensitivity to 
apparently spontaneous polymerization, caused by traces of unknown initiators. 
To prevent this, commercial preparations of the monomer contain a few parts 
per million of undisclosed "stabilizers" (e.g. sulphur dioxide). If these stabilizers 
are removed, the monomers can be preserved only in the frozen state, and after 
liquifying, they polymerize to glassy solids of very high MW ( l O ^ l O i  Da). 

Concerning the polymer, the main problem is the difficulty to find suitable 
solvents for PACA characterization, especially for the determination of their MW. The 
strongly polar solvents (nitromethane, acetonitrile and DMF) dissolve the polymers 
from methyl, ethyl and n-butyl esters (PMCA, PECA, PBCA), but they are suspected 
to cause degradation. Ether-type solvents are supposed to be inert, thus suitable. 
THF is indicated only for PBCA, since PMCA is insoluble, and PECA of high MW in 
THF shows a high viscosity and GPC anomalies. 

Spectroscopic Analysis 

The mechanism of anionic polymerization of alkylcyanoacrylates requires that the 
base initiating specie is present as an endgroup in the polymer, as reported by 
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Leonard et al. (1966). This can be demonstrated by the infrared (IR) spectra 
of the polymer. Polymer preparation, and in particular the composition of the 
polymerization medium, is very important and can be evidenced in the spectra 
obtained. For example, polymers prepared in water can show the OH peak at 
3600 cm-l, whereas the polymer prepared in undried methanol shows a suppression 
of this band. 

This indicates an apparent competition between the methoxy and hydroxy 
nucleophiles for the initiation of the polymerization. Polymers prepared in aqueous 
solutions of pyridine, cysteine, alanine and glycine, show also a suppression of 
the OH band, suggesting that nucleophiles other than the OH may preferably 
be involved in the initiation of the polymerization. This fact has important con- 
sequences for in vivo applications of PACA as adhesives, since such initiation of the 
monomer could lead to primary chemical bonding of the adhesives to the tissue 
substrate. 

Molecular Weight 

Polymer MW can be determined by gel permeation chromatography (GPC) cal- 
ibrated with polystyrenes (Pepper, 1978). Polymers number average MW can be 
determined in acetonitrile by using vapor phase osmometer (Leonard et al., 1966). 

PACA MW can vary from a few hundreds Da for oligomers up to more than 
one million Da, due to the nature of the polymerization medium, which, as 
explained previously, can affect the polymerization process. In general, free radical 
polymerization yields high molecular weight polymer (Coover et al., 1990). As 
postulated by Pepper (1978), polymer produced by stronger bases should have MW 
determined by the "living polymer" relationship, with a high monomer conversion. 
Zwitterions formed from weaker bases, prone to a termination process increasing 
with temperature, would be expected to form polymers with MW decreasing with 
temperature increase. On the contrary, the complete conversion produced by 
these initiators is always of very high MW, irrespective of temperature or reagent 
concentrations. This can be explained by the fact that the elimination of base 
by combination of "onium" and carbanion ends can take place intermolecularly 
between two zwitterions as well as between the two ends of one zwitterion. Such 
intermolecular elimination of base is still a termination reaction, but it causes an 
effective doubling of the polymer chain length. Repetition of such intermolecular 
termination processes would determine indefinite growth. However, working at low 
temperatures and thus with termination reactions relatively slow, it was observed 
an increase of intrinsic viscosity with conversion in polymerization, that led to an 
increase in MW. 

Some salts, such as sodium tetraphenyl borate, were found to cause reduction 
of MW, but increase in polymerization rate. This behavior is consistent with the 
salt's providing counter ions for both ends of propagation zwitterion, reducing 
the degree of intermolecular association and hence the rate of termination by 
the mutual chain-doubling process. Salts of alkyl ammonium cations determined 
strong reductions of both polymerization rate and MW, suggesting their role as 
transfer/termination agents, presumably by alkyl-group transfer to the growing 
carbanionic ends (Pepper, 1978). 
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Thermal Degradation and Stability 

Low Molecular Weight Oligomers 

As reported by Rooney (1981a), thermal degradation of methyl and ethyl cyanoacry- 
lates oligomers of number-average MW 370-1350 is shown to proceed by de- 
polymerization at temperatures in the range 140'-18O0C, with the formation of 
monomeric products, as observable by isothermal pyrolysis as thermogravimetric 
analysis. Liquid chromatograms of low MW oligomers were depicted by Rooney 
(1981b). Spectroscopic analysis (NMR) of the degradation residues during pyrolysis 
gave no evidence of structural change in the oligomers, except a gradual MW 
decrease (Rooney, 1981a). Results indicated that weight loss kinetics appear to be 
governed by the diffusion of the monomer vapor through the liquid sample (Rooney, 
1981a). 

High Molecular Weight Polymers 

The thermal degradation and stability of PACA with high chain regularity and of 
MW ranging from a few thousands to more than a million, was investigated by 
Birkinshaw and Pepper (1986) using thermogravimetry, DSC and pyrolis-gas-liquid 
chromatography. The polymer of n-butylcyanoacrylate (PBCA) was selected as a 
model, since it is soluble in THE. PBCA was found to degrade between 150'C and 
32OCC, leading to the formation of volatile products, detectable by an interfaced 
TGIR technique. Almost quantitative conversion to monomer occurred, and MW 
characterization of polymer thermally degraded to half of its original mass showed 
that the MW of the residual material was substantially the same as that of the 
original one. The mechanism of thermal degradation is thus considered to be chain 
unzipping with a zip length greater than the degree of polymerization of the longest 
chain (Figure 2).  

Birkinshaw and Pepper (1986) also showed that the degradation kinetics and the 
thermal stability of the polymer strongly depend on the nature of the polymerization 
initiator and on the chain length. This implies that the depolymerization process 
is end initiated at the residue of the polymerization initiator. Thus, for example 
pyridine initiated polymers, having pyridinium chloride salts ends, are more stable 
than those having phosphonium or quaternary ammonium salts, and exhibit a 
degradation temperature 50'C higher, and initial rates of mass loss an order of 
magnitude lower. 

Adhesive Properties 

PACA are hard glassy polymers with a high polarity, and this explains their adhesive 
properties (Coover et al., 1959). The adhesive action of alkyl 2-cyanoacrylates 
was discovered during an investigation of a series of polymers derived from 1,l- 
disubstituted ethylenes. It was found that certain compounds of general structure: 
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Figure 2 Thermal degradation mechanism of poly(alkylcyanoacry1ate) by alkyl chain unzip- 
ping. 

where X and Y are strongly electronegative groups (i.g. cyanoacrylates), exhibit 
adhesive properties. The mechanism of this bonding action is a consequence of 
the polymerization that occurs, catalyzed by minute amounts of water or other 
weak bases present on the adherent surface. Thus, polymerization occurs at room 
temperature and does not require the use of any solvents or catalysts. Tensile 
strength, or adhesiveness, decreases with increase in the length of the alkyl side 
chain, as reported by Coover et al. (1959). 

The mechanism of i n  vivo/zn vitro degradation held for a long time as the main 
one was proposed by Leonard et id. (1966). It was observed that PACA degrades 
in the presence of water. In this aqueous degradation process, a random addition 
of water molecules to the polymer chains occurs, leading to a hydrolytic scission 
of a carbon-carbon bond on the polymer chain backbone. The fact that the slow 
degradation in water, at neutral pH, is highly accelerated in the alkaline medium, 
suggested to these authors that the degradation was started by the initial attack of 
the hvdroxyl ion, leading to the reverse Knovenagel reaction with the formation 
of formaldehyde and polymeric degradation products (Figure 3a). The carbanions 
formed according to this mechanism can recombine with the formaldehyde product, 
making the whole process reversible. 

Degradation can be followed by detection of formaldeyde, one of the main 
degradation products, by the method of Bricker and Johnson (1945), in which 
formaldehyde is allowed to react with chromotropic acid in presence of sulfuric 
acid, leading to a coloration that absorbs at 570 nm. Thus, as described by Leonard 
et al. (1966), formaldehyde formation can be evidenced by the preparation of 
its derivatives 2,4dinitrophenylhydrazine and dimedone. The rate of aqueous 
degradation is considerably slower for the polymers of the higher alkyl esters. PMCA 
degrades much faster, and the diminution in this rate becomes smaller in the higher 
members of the hon~ologous series. Concomitantly, the production of formaldeyde 
is accompanied by a decrease in number-average MW of the polymer. 
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Figure 3 Degradation mechanisms of poly(alky1cyanoacrylate): a) hydrolysis of the Carbon- 
Carbon bond with formation of formaldehyde. b) ester hydrolysis with formation of acidic 
moieties and alcohol. 

Vezin and Florence (1980) used monodisperse powdered polymer particles for 
studying the in vitro degradation of poly(n-alkyl a-cyanoacrylates), wit11 a range of 
alkyl side chains and MW. These authors showed that degradation in aqueous buffer 
depends not only upon the pH and the length of the polymer alkyl side chain, but 
also critically on the polymer particle surface, particle size, polymer MW and MW 
distribution. They concluded that at low MW (below the characteristics of effective 
tissue adhesiveness), increased water solubility, plasticity and diffusivity may result 
in a bulk rather than surface polymer degradation. 

Wade and Leonard (1972) postulated another mode by which in vitro degradation 
may occur, by ester hydrolysis. This reaction results in the formation of acidic 
moieties (Figure 3b). The combination of the two degradation pathways, random 
hydrolytic chain scission with the formation of formaldehyde, and ester hydrolysis 
with the formation of acidic moieties, results in the formation of low molecular 
weight and water soluble fraction in vitro. Wade and Leonard (1972) studied the 
degradation of PMCAimplanted subcutaneously in dogs and analyzed their urine for 
formaldehyde and its metabolites, in order to determine whether hydrolytic scission 
of the implanted polymer plays a major role in the mechanism of in vivo degradation 
of PACA. It is known that in  vivo formaldehyde is oxidized via formic acid to carbon 
dioxide and, if injected s.c. in dogs, causes an increase in urinary formate. Thus, 
it was expected that, if formaldehyde had been produced in viva as in vitro from 
degradation of PACA, its metabolism should have led to urine-soluble products. 
Their data were consistent with the hypothesis that both hydrolytic chain scission 
and ester hydrolysis may be involved in PACA degradation in vivo. Finally, Leonard 
et al. (1966) showed that the higher homologues degrade at a slower rate, allowing the 
degradation products to be metabolized and limiting local inflammatory response. 
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APPLICATIONS OF CYANOACRYLATES IN BIOMEDICINE 

As mentioned above, an important property of cyanoacrylates is their ability to form 
rapidly strong bonds as they undergo anionic/zwitterionic polymerization in the 
presence of hydroxyl or amino groups, such as with proteins or weak bases. For 
this reason, PACA have been extensively used in surgery because of their adhesive 
properties. 

A main application has been in vascular surgery. There have been reports on 
the direct closure or repairs of arterial lesions by the means of cyanoacrylates 
(Carton et al., 1961; Nathan et al., 1960; Casanova et al., 1987; Takenaka et al., 1992). 
Also, cyanoacrylates adhesives were used as an auxiliary after placing several stay 
sutures (Hosbein and Blumenstock 1964; Hafner et al., 1963; Tschopp 1975). Some 
complications were due to bleeding in the early stages (Carton et al., 1961). This 
bleedings were attributed by Takenaka et al. (1992) to technical errors such as the 
insufficient application of adhesive or inadequate compression of the anastomotic 
part when pulling out the sutures. 

Transcatheter occlusive therapy was even performed with isobutylcyanoacrylate 
(Freeny et al., 1979; Giuliani et al., 1979). This monomer was found to be a good 
occlusive agent after polymerization, achieving complete artery occlusion and thus 
reducing blood loss as shown for duodenal hemorrhage (Goldin, 1976) or bleeding 
in cases of urogenital carcinomas. Cyanoacrylates have also been used as embolic 
agent for cranial arterious malformations (Vinters et al., 1980) or the treatment of 
cerebrospinal fluid leaks (Maxwell and Goldware, 1973). 

Cyanoacrylates were shown to form a strong durable bond between bones 
in vitro. Tensile adhesive strength between smooth bovine cortical bone specimens 
bonded together with the isobutyl monomer and tested after one day storage 
in water was approximately 6.5 mPa (Brauer et al., 1979). The monomer was 
used, without evidence of histotoxicity, to repair osteochondral fractures (Harper 
and Ralston, 1983) and recently to improve meniscal repairs (Koukabis et al., 
1995). Butylcyanoacrylate was also used in facial bone surgery for frontal bone 
reconstitution (Avery and Ord, 1982). 

In dentistry, cyanoacrylates have been proposed as adhesives for hard tooth 
structure, for sealing of extraction wounds and as periodontal dressing (Beech 1972; 
King et al., 1967; Lobene and Sharawy, 1968). 

In skin surgery, cyanoacrylates were used with success to close skin wounds or to fix 
skin grafts (Reynolds et al., 1966). An experiment conducted with methylcyanoacry- 
late showed that it was adsorbed readily and eliminated by the body. Removal from 
the site of skin incision was complete by 107 days after application. 

Finally, cyanoacrylates were also applied to the eye to treat persistent epithelial 
defects and exposure keratitis (Donnenfeld et al., 1991), and after glaucoma surgery 
for sealing leaking filtering blebs (Weber and Baker, 1989). 

APPLICATIONS OF CYANOACRYLATES IN THE DESIGN OF DRUG 
PARTICULATE CARRIERS 

The idea to use PACA for the design of colloidal drug carriers (nanoparticles) has 
emerged in the eighties (Couvreur et al., 1982) due to the fact that: 
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cyanoacrylate monomers were able to polymerize in aqueous medium which is 
of great interest for pharmaceutical purposes. 
PACA were biodegradable polymers, which is necessary for intravascular 
administration. 

(3) the wide use of PACA as a surgical glue in humans was a guarantee for the low 
toxicity of these polymers. 

Preparation of Nanoparticles from Alkylcyanoacrylate Monomers 

Nanoparticles may be defined as submicronic (<1 pm) colloidal systems generally 
made of synthetic or natural polymers. According to the morphological structure, 
nanospheies or nanocapsules can be obtained. Nanospheres are matrix systems in 
which the drug is dispersed throughout the particle or adsorbed onto its surface; 
nanocapsules are vesicular systems in which the drug is confined to a cavity 
surrounded bv a unique polymeric shell (Couvreur et al., 1995). 

PACA nanospheres are pi epared by emulsion/polymerization in which droplets of 
water-insoluble monomers are emulsified in an aqueous phase (Couvreur et al., 1979; 
Couvreur et al., 1982). The mechanism of the polymerization is an anionic process 
initiated by covalent bases present in the polymerization medium (i.g. OH-ions 
deriving from water dissociation), as already previously discussed. The reaction takes 
place in micelles after diffusion of monomer molecules through the water phase. 
The pH of the medium determines both the polymerization rate and the adsorption 
of drugs when the latter is ionizable (Couvreur et al., 1979). Drug can be combined 
with nanoparticles after dissolution in the polymerization medium either before the 
introduction of the monomer or after its polymerization. The size of the nanospheres 
obtained is approximately 200 nm, but it can be reduced to 30-40 nm using a non 
ionic surfactant in the polymerization medium (Seijo et al., 1990) or bv adding SOy 
to the monomer (Lenaerts et al., 1989). 

The method for preparing biodegradable poly(alkylcyanoacry1ate) nanospheres 
has provided the basis for the development of polycyanoaciylate nanocapsules. Al 
Khouri-Fallouh et al. (1986) proposed an original method in which the monomer is 
solubilized in an alcohol phase containing an oil and is then dispersed in an aqueous 
phase containing surfactants. In contact with water, the alcohol phase diffuses and 
favours the formation of avery fine oil-in-water emulsion. The monomer, insoluble in 
water, polymerizes at the interface of the phases to form the wall of the nanocapsules. 

Degradation of Poly(alkylcyanoacry1ates) Nanoparticles 

As previously described, degradation of alkyl cyanoacrylates polymers follows two 
pathways, hydrolytic polymer side alkyl chain scission (with formation of formalde- 
hyde) and enzymatic ester hydrolysis (with formation of soluble acidic moieties) 
(Figure 3).  Initially, it was believed that only the first degradation pathway existed 
(Leonard et al., 1966). Then, Wade and Leonard (1972) observed in vzvo, after 
the implantation of a PACA polymer block, a contribution in the degradation 
mechanism by enzymatic ester hydrolysis, and concluded that both pathways 
were involved in PACA degradation. Later Lenaerts et al. (1984), investigating 
the degradation of PACA nanoparticles, found that the major pathway for the 
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degradation of polymer particles was the cleavage of the side chain ester bond. 
It was verified a poor contribution of formaldheyde products, at any pH, thus the 
previous hypothesis by Vezin and Florence (1980) was contested. The results of 
Lenaerts were later verified by Stein and Hamacher (1992), who observed a much 
faster degradation rate in dog serum than in phosphate buffer. Furthermore, it 
was not observed a particle destruction, that would have been a consequence of 
the breakdown of the polymer backbone (via inverse Knovenagel reaction). By 
the second mechanism (ester hydrolysis), the polymer chain remains intact, but it 
increases its solubility until it is completely soluble. Due to the low MW, the resulting 
water soluble polymer acid is then rapidly excreted from the body (Grislain et al., 
1983), as discussed later. This degradation pathway is consistent with the production 
of the corresponding alchohol during the bioerosion of the nanoparticles in vitro in 
presence of esterases (Lenaerts et al., 1984a; Stein and Hamacher, 1992). 

Morphologically, the degradation of PACA nanoparticles was found to be a surface 
erosion process (Muller et al., 1990). Muller et al. (1990) measured the degradation 
of the nanoparticles in a different way than assaying the final degradation products 
as Lenaerts et al. (1984a), or Vezin and Florence (1980). Degradation was followed by 
spectrophotometric measurement at 400 nm, during incubation of nanoparticles in 
aqueous solutions at diffrent pH. Absorbance measurement provided informations 
about the time required for the complete degradation of nanoparticles. Indeed, 
PCS could be used to follow particle degradation as a function of size only for the 
initial phase of the degradation process, since then a plateau is reached and larger 
particles or aggregates are formed. Also Tuncel et al. (1995), who observed particle 
degradation in phosphate buffer solution by electron microscopy, concluded that 
particle degradation occur mainly by surface erosion. 

Therapeutic Applications of CA Nanoparticles 

Experimental Cancers 

Most of the research for improving therapeutic efficiency with nanoparticles 
concerns experimental cancer chemotherapy. The most spectacular results were 
often obtained when the carrier was administered in the compartment where the 
neoplasic cells were localized (i.e., murine leukemia L 1210) (Couvreur el a!., 1986). 
However, it is still unclear whether the enhanced anticancer activity of cytostatics 
associated to nanospheres is related to a better targeting to tumor cells or to a 
slow drug-release. A first answer to this question was obtained by Chiannikulchai 
et al. (1989, 1990). These authors have clearly shown that the important increase 
of targeted doxorubicin in the tumoral tissue (hepatic metastases of sarcoma 
M 5076) was due to an important capture of doxorubicin-loaded nanospheres by 
the Kupffer cells. This effect should lead to the formation of an effective gradient of 
concentration favourable for a massive and prolonged diffusion of the drug towards 
the neighbouring malignant cells. As a consequence, and irrespective to the dose 
and the administration regime, the reduction of the number of metastases was 
far much larger with doxorubicin-loaded nanospheres than with free doxorubicin 
(Chiannikulchai et al., 1989). The superiority of the targeted drug was clearly 
evidenced by histological examinations, showing that both the number and the size 
of the tumoral cores were lower when doxorubicin was associated with nanospheres. 
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More recently, the problem of the cancer multidrug resistance has been ap- 
proached using PIHCA nanospheres (Cuvier et al., 1992). In fact, multidrug 
resistance is the main cause of chemotherapy failure in cancer. It is often associated 
with the overexpression of a cell membrane glycoprotein of 170 kD molecular 
weight (Kartner and Ling, 1989; Robinson, 1987). This glycoprotein, designated 
P-glycoprotein, could act as an efflux pump and reject numerous drugs from the 
cells as shown for bacterial transport proteins (Gros et al., 1986). Indeed, multidrug 
resistance is associated with a low intracellular accumulation of some drugs. To 
solve this problem, the efficacy of nanospheres loaded with doxorubicin has been 
evaluated by Cuvier et al. (1992) on five different multidrug resistant cell lines, 
whose mechanism of pleiotropic resistance is known to be related to the presence of 
P-glycoprotein. A complete reversion of drug resistance was obtained i n  vitro, i.e. a 
cell growth inhibition comparable to that obtained with sensitive cells exposed to free 
doxorubicin. Similar results were obtained by Kubiak et al. (1989) on the resistant 
DC3F-AD/AZA subline. Thus, it has been demonstrated that in vitro resistance 
of tumor cells to doxorubicin can be fully circumvented using biodegradable 
PIHCA nanospheres. The mechanism behind this important observation is not 
fully understood although it was found that PIBCA nanospheres allowed higher 
intracellular concentrations of doxorubicin to be reached, which was correlated 
with a higher cytotoxicity compared to the free drug (Nemati et al., 1994). However, 
the fact that drug incorporation by the cells was not influenced by cytochalasin 
B suggested that endocytosis was not the main mechanism of nanoparticle-cell 
association, although this was the most likely mechanism of interaction between such 
colloidal carriers and cells (Colin de Verdiere et al., 1994). It has been hypothesized 
that the rapid drug release of doxorubicin from nanospheres adhering to the cell 
membrane should lead to an overflow and saturation of the Pgp, resulting in the 
observed increase of drug diffusion in the intracellular compartment (Colin de 
Verdiere et al., 1994). Finally, doxorubicin nanospheres have been tested in a model 
of doxorubicin-resistant C6 rat glioblastomia lines differing by their degree and 
mechanism of resistance (Bennis et al., 1993). The key finding of this study was that 
the reversal of doxorubicin resistance by nanospl~eres was closely dependent on the 
nature of the resistance: nanospheres were only efficient on pure MDR phenotype 
cells and not on the additional mechanism of resistance to doxorubicin (Bennis 
et al., 1993). 

A phase I clinical trial has been conducted in 21 patients with refractory solid 
tumors using doxorubicin loaded onto PIHCA nanospheres. In this study (Kattan 
et al., 1992), granulocytopenia appeared to be the dose-limiting toxicity. However, 
the comparison of this toxicity to historical data relative to free doxorubicin suggests 
that nanoparticle doxorubicin is, in some respects, less myelotoxic. Using Doppler- 
Echocardiography, no cardiotoxicity was obsen'ed among 18 evaluable patients. 
However, this study needs to be confirmed with a higher number of patients 
receiving a bigger cumulative dose of doxorubicin (maximum cumulative dose 
was 180 mg/m2). SGPT and SGOT serum levels remained normal throughout the 
treatment in all patients (Kattan et al., 1992). The lack of hepatic toxicity could 
eliminate the possible risk of liver damage due to the accumulation of doxorubicin 
as a consequence of nanoparticle capture by hepatic Kupffer cells. The appearance 
of an allergy shortly after the beginning of the infusion in 2 patients at 15 mg/m2, 
without a history of allergic reactions, was an unexpected and a disturbing event 
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(Kattan et al., 1992). This complication was almost circumvented by diluting the 
drug in 250 ml Dextrose 5 % and increasing the duration of perfusion to 60 min. 

Intracellular Infections 

Intracellular infections were found to be another field of interest for drug delivery' 
by means of PACA nanospheres. Indeed, infected cells may constitute a "reservoir" 
for microorganisms which are protected from antibiotics inside lysosomes. The 
resistance of intracellular infections to chemotherapy is often related to the low 
uptake of commonly used antibiotics or to their reduced activity at the acidic pH 
of lysosomes. To overcome these effects, the use of antibiotics-loaded nanospheres 
was proposed as endocytozable formulation (Fattal et al., 1989). The preparation of 
ampicillin-loaded biodegradable nanospheres (PIBCA, PIHCA) was achieved and 
the antimicrobial activity of that drug was shown to remain unaltered upon linkage 
to the carrier (Henry-Michelland et al., 1987; Fattal et al., 1991). The effectiveness of 
PIHCA nanospheres was tested in the treatment of two experimental intracellular 
infections. Firstly, ampicillin-loaded nanospheres were tested in the treatment of 
experimental Listeria monocytogenes infection in congenitally athymic nude mice, a 
model involving a chronic infection of both liver and spleen macrophages (Youssef 
et al., 1988). After adsorption of ampicillin onto nanospheres, the therapeutic activity 
of ampicillin was found to increase dramatically over that of the free drug. Bacterial 
counts in the liver were at least 20-fold diminished after linkage of ampicillin 
to PIHCA nanospheres. In addition, nanoparticulate ampicillin was capable of 
ensuring liver sterilization after two injections of 0.8 mg of nanospheres-bound 
drug whereas no such sterilization was ever observed with any of other regimens 
tested. Reappearance of living bacteria in the liver after the end of the treatment 
was probably due to a secondary infection derived from other organs such as the 
spleen which was not completly sterilized by the treatment (Youssef et al., 1988). 

Secondly, nanospheres-bound ampicillin was tested in the treatment of experi- 
mental salmonellosis in C57/BL6 mice, a model involving an acute fatal infection 
(Fattal et al., 1989). All mice treated with a single injection of nanoparticle-bound 
ampicillin survived whereas all control mice and all those treated with unloaded 
nanospheres died within 10 days postinfection. With free ampicillin, an effective- 
curative effect required 3 doses of 32 mg each. Lower doses (3 x 0.8 mg and 
3 x 16 mg) delayed but did not reduce mortality. Thus, the therapeutic index of 
ampicillin, calculated on the basis of mice mortality, was increased by 120-fold when 
the drug was bound to nanospheres. 

Controlled Delivery of Peptides and Proteins 

Oral deliver)' of peptides is severely hampered by their degradation in the gastro- 
intestinal tract. Spectacular results have been obtained with insulin encapsulated into 
nanocapsules of PIBCA (Dame6 et al., 1988). In diabetic rats, insulin nanocapsules 
given by a single intragastric administration after an overnight fast, reduced glycemia 
by 50-60%. This effect appeared 2 days after administration and was maintained for 
a period of 20 days. On the contrary, free insulin did not affect glycemia when 
administered orally under the same experimental conditions (Damge et al., 1988). 
It has been hypothesized that the long-term hypoglycemic effect could be due in 
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part to the progressive arrival of nanocapsules from the stomach to the gut, leading 
to a delayed absorption. Grislain et al. (1983) have found intense radioactivity in the 
gastrointestinal tract of rats 4 h after intubation of radiolabelled PACA nanospheres; 
radioactivity was still present in the mucosa 24 h later. After arrival into the gut, 
insulin nanocapsules may be protected against proteolytic enzymes and absorbed 
by the intestinal mucosa. Then, nanocapsules are probably transported to the liver 
by the portal route. Thus, a slow process of redistribution from that organ and/or 
a slow release of insulin from nanocapsules could occur. Finally, because insulin 
is encapsulated in nanocapsules formed by an interfacial anionic polymerization 
process, it is not out of question that insulin is at least partly covalently linked to the 
polymer. This could explain the observed long-term hypoglycemic effect. 

Even if the main limitation to oral adminstration of PACA nanoparticles is that 
their passage through the intestinal barrier is probably restricted and sometimes 
erratic, they represent an interesting tool for oral delivery of antigens. Indeed, 
M-cells appear to be the main site for the uptake of PACA nanoparticles after 
oral administration (Damge et al., 1990) and, furthermore, it is generally accepted 
that limited doses of antigen are sufficient for a mucous immunization. In fact, 
oral delivery of antigens may be considered as the most convenient means of 
producing an IgA antibody response. However, it is importantly limited by enzymatic 
degradation of antigens in the GI tract and, additionally by their poor absorption. 
Thus, it has been postulated that the use of micro- or nanoparticles for the oral 
delivery of antigens should be efficient if those systems are able to achieve the 
protection of the antigenic molecule. PACA nanoparticles have been shown to 
enhance the secretory immune response after their oral administration in association 
with ovalbumin (O'Hagan et al., 1989). This result was not fully reproduced in the 
case of polyacrylamide nanoparticles loaded with the same antigen. It was postulated 
that in the case of polyacrylamide nanospheres, much of the antigen was located at 
the surface of the polymer and could have been degraded during its passage through 
the gut. The relatively high surface concentration of ovalbumin adsorbed onto PBCA 
particles may have reduced the ability of the proteolytic enzymes in the gut to gain 
access to and to degrade the antigen, resulting in a greater antigen availability. 

Controlled Delivery ofAntisense Oligonucleotides 

Among the different strategies developed in order to fight against viral infections 
and cancer, the development of antisense oligonucleotides have received special 
attention. Indeed, these compounds are very specific because they only recognize 
and bind the complementary sequence of a gene or of its messenger ribonucleic 
acid. Both effects result in the alteration of the expression of the gene. However, the 
therapeutic potential of oligonucleotides in uzuo remains limited because of their 
extremely high instability and the difficulty of those molecules to penetrate into cells. 
Thus, Chavany et al. (1992) have proposed to associate oligonucleotides with PACA 
nanoparticles. Oligo(thymidi1ate) was used as a model and was efficiently adsorbed 
(5 fimol/g polymer) at the surface of PIBCA and PIHCA nanospheres precoated 
with hydrophobic cations. The adsorption of the oligonucleotide was attributed to 
the formation of ion-pairs between the negatively charged phosphate groups of the 
nucleic acid chain and the hydrophobic cations. Binding was also dependent on the 
salt concentration, and on the length of the oligonucleotide. The most important 
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point of this study was that the oligonucleotide associated with nanoparticle 
remained stable. Cell uptake studies have shown that the intracellular penetration 
of oligonucleotide nanoparticle was 8 times greater than the intracellular capture of 
the free oligonucleotide (Chavany, 1994). Recently, Nakada et al. (1995) have shown 
that in mvo, PIBCA nanospheres were able to increase the liver concentration and 
to reduce kidney elimination of an oligonucleotide. In addition, it was found that 
PIBCA nanospheres could partially protect the oligonucleotide against degradation 
in the plasma and in the liver, whereas free oligonucleotide was totally degraded. 
Finally, Schwab et al. (1994) reported that when applied to anti-nu oligonucleotides, 
this delivery system markedly inhibited Ha-ras-dependent tumor growth in nude 
mice after intratumoi-a1 injection. 

Opthalmic Diseases 

The first report on a nanoparticulate system for ocular deliverywas achieved in 1980 
by Gurny and Taylor (1980). Since then, various types of nanospheres were used in 
order to take advantage of the prolonged residence time of this system since the short 
elimination half-life of eye-drop solutions remains a major problem in ocular therapy. 
PACA nanospheres were found able to prolong the intraocular pressure-reducing 
effect of pilocarpine in rabbits for more than 9 hours (Diepold et al., 1989a). Similar 
results were obtained by Marchal-Heussler et al. (1990, 1992) using betaxolol as 
a drug model. It was found by Diepold et al. (1989b) that the concentration of 
^C-labelled PACA nanospheres in the cornea, conjunctiva, nictitating membrane 
and aqueous humor was 3 to 5-times higher in eyes in which a chronic inflammation 
was induced. This is an interesting observation which suggests that this type of 
nanospheres has an enhanced bioadhesiveness on inflamed tissues. In consequence, 
it should represent an interesting alternative to conventional eye-drops for the 
administration of antiinflammatory compounds. 

CONCLUSION 

Among the biodegradable materials in medicine and pharmacy, polyalkylyanoacry- 
lates are very interesting compounds because they are easily obtained from the 
corresponding monomer in aqueous medium or when in contact with biological 
substrates. This property allows their application as surgical and dental adhesives, 
since the monomer can polymerize in s i tu .  

Drug particulate injectable carriers (nanospheres, nanocapsules) can also be easily 
prepared by emulsion/polymerization of alkylcyanoacrylates, without the use of 
aggressive solvents or high energy application. The most significant advantage of 
PACA compared to other materials is that PACA nanoparticles allow to modify the 
intracellular traffic of drugs. Therefore, ways are now open for targeting intracellular 
bacteria responsible of opportunistic diseases or for administering anticancer 
compounds to cells in a manner that is able to bypass the cell detoxification process 
of P-glycoprotein. They could also represent, potentially, an attractive alternative to 
viral carriers for the administration of genetic material into cells. 

The oral administration of peptides and proteins by means of PACA nanoparticles 
is another interesting perspective. Although the oral absorption of nanoparticles 
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remains a controversial field of research, this approach achieved interesting and 
promising results. Thus, nanoparticles could also open very interesting perspectives 
for the oral delivery of antigens. 

PACA nanoparticles represent an original drug delivery system which has emerged 
from the academic pharmaceutical research in Europe. In fifteen years, their 
technology has been improved and their potentials in therapeutics well documented. 
However, their future as drug carriers will now heavily depend on the will of the 
pharmaceutical industry to develop them and to release the financial means for 
determining their safety. 
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APPENDIX 

COOR 

Monomer structure 

FDA Clinical trial 
R =  Sources Status Price or clinics 

Methyl SIGMA CHEMICAL COMPANY, NO 100$/10g NO 
Ethyl PO Box 14508 Saint Louis, 100$/10g 

MO 63178 USA 

Butyl HENKEL, SICHEL-WE= GMBH NO on request NO 
Hey1  Postfach 91 1380 D-3000 Hanover 

GERMANY 

Methyl LOCTITE NO on request NO 
Ethyl 4450 Cranwood Parkway Cleveland, 

OH 44128 USA 

Methyl POLYSCIENCES Inc. NO 260$/10g NO 
Ethyl 400 Valley Road Warrington, 210$/10g 

PA 18976 USA 

ABBREVIATIONS 

DMF = dimethylformamide 
DSC = differential scanning calorimetry 
GPC = gel permeation chromatography 
MW = molecular weight 
HPLC = high performance liquid chromatography 
NMR = nuclear magnetic resonance 
PACA = polyalkylcyanoacrylate 
PCS = photon correlation spectroscopy 
SEM = scanning electron microscopy 
TEM = transmission electron microscopy 
THF = tetrahydrofuran 
PEG = Polyethylene glycol 
PMCA = polymethylcyanoacrylate 
PECA = polyethylcyanoacrylate 
PBCA = polybutylcyanoacrylate 
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PIBCA = polyisobutylcyanoacrylate 
PHCA = polyhexylcyanoacrylate 
PIHCA = polyisohexylcyanoacrylate 
MPS = mononuclear phagocytic system 
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11. DEG LE ROGELS 

JUN CHEN, SEONGBONG JO and KINAM PARK 

Purdue University, School of Pharmacy, West Lafayette, IN 47907, USA 

INTRODUCTION 

Hydrogels are polymer networks which swell in water without dissolving. Hvdro- 
gels are usually made of hydrophilic polymers which are crosslinked by various 
interactions such as chemical bonds, hydrogen bonding, ionic interactions, and hy- 
drophobic interactions. Hydrogels containing a significant portion of hydrophobic 
polymers can also be made. Hydrophobic polymers can be blended with hydrophilic 
polymers or form interpenetrating networks with hydrophilic polymer networks. 
Hydrophobic monomers can be copolymerized with hydrophilic monomers to form 
random copolymers or block copolymers in the presence of crosslinking agent. The 
properties of hydrogels can be controlled by careful choice of the type of monomers. 

Even with a rather short history, hydrogels have been exploited extensively in 
various areas such as biomaterials (Pulapura and Kohn, 1992; Zhang et al., 1993), 
agriculture (Rehab et al., 1991), pharmaceutics (Kamath and Park, 1995; Park, 
et al., 1993; Bae and Kim, 1993; Heller, 1993; Kamath and Park, 1993; Yoshida 
et al., 1993), and biotechnology (Daubresse, 1994). Hydrogels have a high water 
holding capacity which is very important for applications in biological environments. 
Hydrogels possess good biocompatibility due to their unique properties such as 
low interfacial tension with surrounding biological fluids and the rubbery nature 
which can minimize mechanical and frictional irritation to the surrounding tissues. 
Hydrogels can be designed to respond (i.e., either swell or shrink) to changes in 
environmental conditions such as pH, temperature, electrical field, ionic strength, 
salt type, solvent, and light. It is these unique properties that have made hydrogels 
useful in various applications. 

Hydrogels can be classified into matrix, film (or membrane), and microsphere 
according to their physical appearance; synthetic hydrogels and natural hydrogels 
according to their origin; homopolymer, copolymer, block copolymer, IPN (inter- 
penetrating polymer networks), and semi-IPN hydrogels based on their structure; 
and physical gels and chemical gels based on the nature of crosslinking. All of these 
different forms of hydrogels can be made degradable, and this chapter deals those 
hydrogels which degrade under suitable conditions. 

The concept of degradable materials, especially polymers, has a relatively short 
history. Recent development of degradable polymers is mainly due to environmental 
urgency caused by waste crisis and demand for sophisticated materials used in 
biomedical and pharmaceutical fields. Although many definitions exist for degrad- 
able polymers, there are no guidelines and classification methods generally accepted 
to define degradation of polymers. In the dictionary, degradation is defined as "the 
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breakdown of organic compounds". All materials are degradable if sufficient time 
is allowed, but only some of them are degradable in our time scale. Therefore, 
kinetic classification of degradable materials is necessary. Albertsson has applied 
the kinetic concept (i.e., time required to degrade polymers) to classify degradable 
polymers (Albertsson, 1993). Inert polymers such as polyethylene is classified as a 
"polymer which degrade over a long period of time". Polyethylene/starch blend is an 
example of "polymers with medium long degradation time". Hydrolyzable polymers 
are assigned to the "polymers with short degradation time". 

In addition to the kinetic concept, mechanisms of degradation, sources of degrad- 
able materials, and preparation methods can be used to classify degradable polymers 
(Hocking, 1992). Polymers can be degraded by photolysis, photo-oxidation, ther- 
molysis, thermooxidation, and biodegradation. Biodegradation of polymers are of 
great importance for biomedical, pharmaceutical, and environmental applications. 
Biodegradation has been defined as conversion of materials into less complex 
intermediate or end-products by solubilization, simple hydrolysis, or the action 
of biologically formed entities (Park et al., 1993; Kamath and Park, 1993). Bioab- 
sorption, bioresorption, bioerosion, and biodeterioration are other expressions of 
in vivo degradation of polymeric materials. Various factors affecting biodegradability 
of synthetic polymeric materials such as water, temperature, pH, and oxygen have 
been discussed in the literature (Satyanaryana and Chatterji, 1993). The uniqueness 
of (bio)degradable hydrogels is that the degradation occurs in the presence of 
abundant water. 

HVDROGEL PREPARATION 

Various materials originated from natural resources or chemical synthesis can be 
used for the preparation of degradable hydrogels. Methods of hydrogel preparations 
have been reviewed extensively in many references (Bae and Kim, 1993; Heller, 1993; 
Kamath and Park, 1993; Yoshida et al., 1993; Yokovama, 1992). For the discussion of 
degradable hydrogels, we will classify hydrogels into chemical and physical gels. 

Chemical Gels 

Monomers with vinyl groups (e.g., acrylic acid, acrylamide, hydromethyl methacry- 
late, and vinylpyrrolidone) or macromolecules modified with vinyl groups (e.g., 
albumin, gelatin, dextran, and starch which are modified with glycidyl acrylate) are 
usually polymerized b~ chemical initiation, photoinitiation, or gamma irradiation 
in the presence of molecules with divinyl group as a crosslinker. Polymers with 
other functional groups can be crosslinked by chemical reactions. For example, 
albumin and gelatin can be crosslinked with dialdehyde (Goosen et al., 1982; 
Lee et al., 1981; Silvio et al., 1994; Akin and Hasirci, 1995; Tabata and Ikada, 
1989), and cvstein-bearing polypeptides can be crosslinked through cvstein bonds 
(Lizuka et al., 1993). Degradable hydrogels prepared by chemical crosslinking 
have either degradable polymer backbone or degradable crosslinking agent. The 
hydrogels with degradable backbones can be prepared from crosslinking polymers 
which are degradable chemically or enzymatically in biological environments. 
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Table 1 Types of physical gels 

Blend hyclrogels 
IPXs and semi-IPNs 
Block copolvmer hydrogels 
Polyelcctrolyte complex hydrogels 
Counter ion induced hydrogels 
Thermally induced liydrogels 
Specific interaction induced hvdrogels 

Degradable polymer backbones can be prepared easily by a simple modification 
of degradable polymers with polymerizable substituents. Degradable polyesters 
containing double bond can be used as prepolymers. Hydrogels with degradable 
crosslinkers can be prepared from polymerization of monomers which form non- 
degradable polymer backbones with degradable crosslinking agents. 

Physical Gels 

Some hydrogels are formed by physical interactions between polymer chains. 
These interactions include hydrogen bonding, hydrophobic interactions, and ionic 
interactions. Several types of physical gels are listed in Table 1. 

Blend hydrogels are usually prepared by solvent casting or precipitation of a 
solution in which two or more different polymers are dissolved. The blend hydrogels 
normally have properties different from hydrogels made of individual polymers. 
When hydrogels are prepared this way, at least one polymer must be hydrophilic 
to provide the water absorbing property. Poly(ethy1ene oxide)-poly(propy1ene 
oxide)-poly(ethy1ene oxide) (PEO-PPO-PEO) block copolymers were blended with 
poly(1actic acid) (PLA) to make partially degradable hydrogels (Park et al., 1992). 
In this system, PEO-PPO-PEO block copolymers provided hydrophilicity while 
PLA provided degradability. Cautions must be taken when blend hydrophilic and 
hydrophobic polymers because phase separation is easy to occur in blend hydrogels. 

Another type of physical gels is interpenetrating polymer networks (IPNs) or 
semi-IPNs. IPNs are any materials containing two different types of polymers, each in 
a network form (Sperling, 1981; Frisch, 1985). In semi-IPNs only one type of polymer 
exists as a network form. IPNs and semi-IPNs are used to enhance the compatibility 
and degradability of polymer components and prevent phase separation. IPNs 
and semi-IPNs of poly(hydroxyethy1 methacrylate) (PHEMA) and polycaprolactone 
(PCL) were prepared (Eschbach and Huang, 1993; Davis el al., 1988; Eschbach and 
Huang, 1991, 1994). The hydrophobic PCL was added to enhance the mechanical 
properties and to provide degradability. 

Physical gels can also be prepared from block copolymers. A number of degrad- 
able, water-insoluble polymers can be copolymerized with hydrophilic polymers 
to form block copolymers with degradability. PEO-PLA block copolymers, PEO- 
poly(glyco1ic acid) (PGA) block copolymers, and PEO-PCL block copolymers are 
good examples (Sawhney etal., 1993,1994; Hubbell et al., 1993). Some degradable hy- 
drogels are made of polysalt or polyelectrolyte complexes. Ionic interactions between 
two oppositely charged polyelectrolytes lead to the formation of polyelectrolyte 
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complexes which swell in water. One example is the formation of polyelectrolyte 
film of amino group-containing chitosan with sodium alginate, a polyanion (Hagino 
and Huang, 1995). Certain polyelectrolytes can form hydrogels in the presence of 
counter ions. A typical example is sodium alginate which gels in the presence of 
calcium ions. 

Other types of physical gels include thermally induced networks and hydrogels 
based on specific interactions. Thermally induced networks are formed when 
thermal energy induces the structural change of polymer in solution or change 
in the balance between hydrogen bonding and hydrophobic interactions. One 
example is the gelation of gelatin solution as temperature is lowered (Djabourov 
et al., 1985). Agarose gels can also be prepared by this method (Bellamkonda 
et al., 1995). Polymer networks can also be formed by specific interactions such as 
interactions between glucose and concanavalin A (Lee and Park, 1994, in press). 
Vinyl group-modified glucose was copolymerized with vinylpyri-olidone, and the 
glucose-containing polymer chains were then crosslinked with concanavalin A, a 
lectin with specific binding sites for glucose, to form a network. The network (i.e., 
gel) degrades (i.e., becomes a sol) in the presence of free glucose molecules. In the 
absence of free glucose, the sol becomes a gel again, and the sol-gel process can be 
repeated. 

TYPE OF DEGRADATION 

There are several types of hydrogel degradation. Backbone degradation occurs when 
polymer backbone chains are cleaved into lower molecular weight, water-soluble 
fragments. Table 2 lists some examples of synthetic hydrogels with degradable 
backbone chains. Well known degradable synthetic polymers, are PLA, PGA, 
PCL, and polyhydroxybutyrate. Since these degradable polymers are generally too 
hydrophobic to make hydrogels, hydrophilic polymers need to be added to impart 
enough hydrophilicity. One method is to graft degradable hydrophobic polymers 
onto hydrophilic polymers and then crosslink the prepolymers into hydrogels. 
Sawhney et al. (1993, 1994) grafted PLA, PGA, and PCL onto PEO chain to make 
hydrogels. The hydrogel backbone was degradable because PLA, PGA, and PCL 
could be hydrolyzed. Another method is to physically blend hydrophilic polymers 
with degradable but hydrophobic polymers. Pitt et al. (1992) blended poly(viny1 
alcohol) (PVA) with poly(glyco1ic acid-co-lactic acid) (PGLA) to make degradable 
hydrogel films. Some researchers made semi-IPN or IPN using those hydrophobic 
polymers as backbone chains. An example is semi-IPN or IPN prepared from PHEMA 
and PCL (Eschbach and Huang, 1991). 

Since many of the synthetic hydrophilic polymers are not degradable, another 
approach to design degradable hydrogels is to use degradable crosslinkers. When 
the degradation of crosslinker is the main mode of degradation, it is called 
"crosslinker degradation". This degradation mode leads to degradation products 
of high molecular weight. Many types of degradable crosslinking agents have been 
developed. Table 3 shows some examples of commonly used degradable crosslinkers. 
The crosslinkers vary widely in size ranging from small molecules such as azoaromatic 
compounds (Brondsted and Kopecek, 1992; Kopecek et al., 1992), to oligopeptides 
(Rejmanova et al., 1981; Ulbrich et al., 1982), and to macromolecules such as 
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modified proteins (Park, 1988; Shalaby et al., 1990; Shalaby et al., 1992) and 
polysaccharides (Buyanov et al., 1992). Table 4 lists examples of synthetic hydro- 
gels with degradable crosslinkers. A degradable azoaromatic compound, N,N'- 
(w-aminocaproy1)-4,4'-diaminoazobenzene, was used to crosslink copolymers of 
N,N-dimethylacrylamide, N-tert-butylacrylamide, acrylic acid, and N-methacryloyl- 
glycylglycine frnitrophenyl ester. This hydrogel system was used for colon-specific 
drug delivery because the crosslinker could be degraded by azoreductases, the 
bacterial enzymes, present predominantly in the colon (Brondsted and Kopecek, 
1992; Kopecek et al., 1992; Yeh et at., 1994; Kopecek et al., 1993). Degradable 
hydrogels of PHEMA were made by using modified synthetic polymers, such as 
a ,  w-dimethacryloyl-poly(D,L)-lactide (Barakat et al., 1994) and PCL endcapped 
with itaconic anhydride (Eschbach and SJ. Huang, 1994a, 1994b), as degradable 
crosslinkers. Glycidyl acrylate (GA)-modified albumin was used to crosslink poly- 
acrylamide, poly(acry1ic acid) (Park, 1988), and poly(vinylpyrro1idone) (Shalaby 
et al., 1990; Shalaby, Chen and Park, 1992; Shalaby, Blevins and Park, 1992; Shalaby, 
Peck and Park, 1991; Shalaby and K. Park, 1990). These hydrogels were degraded 
by trypsin and pepsin which acted on the crosslinker albumin. 

Sometimes both backbone degradation and crosslinker degradation occur simul- 
taneously. This degradation mode mostly happens to hydrogels from natural poly- 
mers such as proteins and polysaccharides. Another type of hydrogel degradation is 
pendent group degradation. Degradable pendent groups such as oligopeptides are 
used as spacer to attach drugs to the polymer backbone (Subr et al., 1988). 

MECHANISMS OF DEGRADATION IN BIODEGRADABLE HYDROGELS 

The most common mechanisms of biodegradation are solubilization, hydrolysis, 
and enzyme catalyzed degradation. In solubilization, polymer matrices composed 
of hydrophilic polymers absorb water and swell to form hydrogels in aqueous 
environment. The diffusion of water molecules into hydrogels would be facilitated by 
the swelling of polymer matrixes. More water absorption by swollen hydrogel matrix 
leads to the breakdown of polymer networks and individual polymer molecules are 
dissolved in water. This phenomenon is generally known as erosion. A special type 
of solubilization is associated with charge formation. Polymer molecules which have 
ionizable functional groups such as amine group and carboxyl group are ionized 
dependent upon pH of the aqueous environment. The increase of ionized groups 
in a polymer chain increases the hydrophilicity of the polymer and induces the 
dissolution of the polymer chain. The degradation of pendent groups also can impart 
ionized groups into polymer chain. Hydrolysis of pendent anhydrides or esters results 
in ionized acids which can induce polymer dissolution. 

Chemical hydrolysis is another important degradation mechanism. Hydrogels 
based on biodegradable polyesters such as poly(glyco1ic acid), poly(1actic acid), 
poly(~-caprolactone) , poly(,B-hydroxybutyric acid), polyphosphazene, and 
poly(ester urethane) are degraded by simple hydrolysis (Table 2).  Hydrogels made of 
natural resources can also undergo hydrolysis. Examples are hydrogels made of car- 
rageenan (Singh, 1994), chitosan (Chandy and Sharma, 1991), a-methylgalactoside 
(Chen et al., 1995), and sucrose (Chen and Park, unpublished data). 

In addition to solubilization and hydrolysis, enzymatic degradation is also a 
very common degradation mechanism. The enzymatic degradation can act on 
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both hydrogel backbone and crosslinker. Most enzyme-degradable hydrogels are 
prepared from natural polymers, such as polypeptides and polysaccharides, since 
most of them are inherently degradable by specific enzymes. Various enzymes 
which participate in the metabolism of bioorganisins can be exploited for the 
breakdown of hydrogel networks. Table 5 lists degradable hydrogels based on 
proteins and polypeptides. Albumin and gelatin are two proteins most widely used 
for preparation of enzyme-degradable hydrogels. Most of the hydrogels based on 
proteins or polypeptides can be degraded by proteases such as chymotrypsin, trypsin, 
pepsin, and papain. The most common method of preparing protein hydrogels is to 
crosslink the protein solution with dialdehyde such as glutaraldehyde. Many protein 
hydrogels have been made by this method (Goosen et al., 1982; Lee et al., 1981; Silvio 
et al., 1994; Cremers et al., 1990; Rathna et al., 1994; Kaur and Chatterji, 1990; Ma 
et al., 1995; Hiroyuki el al., 1995). Other methods of preparing protein hydrogels, 
such as cooling (Djabourov e f  al., 1985; Livingston ef al., 1994) and heat denaturation 
(Yapel, 1985), are also listed in Table 5. 

Table 6 lists degradable hydrogels prepared from polysaccharides. Alginate, 
chitosan, dextran, and starch have been exploited extensively. Degradation of 
polysaccharide hydrogels occurs mostly through hydrolysis and enzymatic reac- 
tion. Unlike the protein hydrogels, the enzymatic degradation of polysaccharide 
hydrogels requires specific enzymes, such as K-carrageenase for K-carrageenan 
(Knutsen and Grasdalen, 1992), chitosanase for chitosan (Okajima et al., 1994), 
dextranase for dextran (Kamath and K. Park, 1995), and a-amylase for starch (Heller 
ef al., 1990). The methods of preparation of polysaccharide hydrogels are more 
versatile. Many polysaccharide hydrogels are prepared through ionic interaction. 
For example, alginate (Bowersock et a!., 1994) or pectin (El-Nawawi and Heikal, 
1995) molecules were crosslinked by Ca2+; chitin by Fe^ (Tokura et al., 1990); and 
chitosan by sodium tripolyphosphate (Zihnioglu and Telefoncu, 1995). Thermally 
induced gelation is also a common way of preparing polysaccharide hydrogels. 
Agarose (Bellamkonda et al., 1995), amylopectin (Durrani and Donald, 1995), and 
carrageenan (Singh, 1994) gels were made by cooling. Epichlorohydrin, which reacts 
with free hydroxy groups, has been used to crosslink many polysaccharides. Cellulose 
(Rehab et al., 1991) and dextran (Pereswetoff-Morath and Edman, 1995) were two 
examples. Polysaccharides containing amine groups, such as chitin (Pangburn et al., 
1982) and chitosan (Beena et al., 1995), have been crosslinked by glutaraldehyde. 
Some polysaccharides have been modified with vinyl groups and then polymerized 
to form hydrogels. Glycidyl acrylate and glycidyl methacrylate are two common 
alkylating agents used to modify polysaccharides. Alginate (Paparella and Park, 
1994), dextran (Daubresse et al., 1994; Edman et al., 1980; Dijk-Wolthuis et al., 1995), 
gellan (Paparella and Park, 1994), hyaluronic acid (Paparella and Park, 1994), and 
starch (Heller e f  al., 1990; Artursson et al., 1984; Stjarnkvist et al., 1989) hydrogels 
have been prepared by this method. Table 6 also lists other methods of preparing 
polysaccharide hydrogels. 

APPLICATIONS OF DEGRADABLE HYDROGELS 

Hydrogels have been extensively used as drug delivery systems. Since hydrogels 
are hydrophilic in nature, they are generally very biocompatible. This is especially 
important when a hydrogel is to be implanted into the body. Unlike conventional 
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Table 5 Degradable hydrogels made of proteins and polypeptides 

Hydrogel Preparation methods Degiadation modes Applications Ref 
components 

Albumin 

Albumin/ 
heparin 

Collagen 

Albumin rnicrospheres were prepared by heat 
denaturation. 

Albumin was crosslinked with glutaraldehyde to 
make microbearls. 

Albumin was crosslinked with glutaraldehyde to 
make mirrospheres. 

Albumin-heparin microspheres were prepared 
using double crosslinking technique, i.e., first by 
l-ethyl-3-(3-din1ethyla1r1inopropyl) carbodiimide 
and subsequently by glutaraldehyde. 

Albumin was crossilinked with activated PEG, 
[di(;~liti-ophcnyl)-PEGrarbonate1. 

Hydrogels of collagen and collagen with added 
laminin or fibronectin were prepared by cooling. 

Lyophilized mixture of collagen solution with 
interferon was shaped to minipellets. 

11EMA mixed with collagen and anticancer drugs 
was polymerized by chen~ical initiation to make 
hydrogel. 

Chymotrypsin digestion on 
subcutaneous implantation 
in diabetic rats. 

Degradation of albumin by 
chymotrypsin. 

No complete degradation 
in the mice liver after 6 
weeks. 

Degradation of 
minipellets administered 
subcutaiieouslv to mice. 

Controlled release of Goosen et al., 1982 
insulin. 

Sustained rlmg delivery. Lee et al., 1981 
Progesterone was the 
model drug. 

Drug delivery system. Cremers eta!. ,  1990, 
Adriamycin was the 1995; Kwon et al., 1992 
model drug. 

Enzyme immobilization. D' Urso et al., 1994; 
Gayet and Fortier, 1994 

Incorporate nerve 1.ivingston el d, 1994 
growth factor to control 
the nervous tissue 
regeneration. 

Interferon delivrry. Fujioka et al., 1995a, 
199% 

Controlled release of Jeyanthi and Rao, 1990 
anticancer drugs, such 
as 5-fluorouracil, 
bleomycin, and 
niitomycin. 
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Table 6 (continued 

Hydrogcl Preparation methods Degradation modes Applications Ref. 
components 

Alginate/ 
chitosari 

Amylopect~n 

Carrageenan 

Cellulose/PVA 

Cellulose 

Cds  were prepared by crosslinking alienate with 
Ca2+ ion. 

Degradation by an 
endo-type alginate lyase 
from a bacteria called 
fieu~lomonus SP. 

GA modified alginate was polymerized by gamma 
irradiation. 

Algiiiate niicrospheres were prepared by 
crosslinking with Ca^ followed by coating with 
chi tosan. 

Solution of sufficiently high ronceritration formed 
physically crosslinked thermoreversible gels upon 
cooling to below room temperature. 

K-carrageenan gel was prepared by cooling its 
solution. 

Gel films were prepared by precipitation of 
cellulose and PVA blends. Strong hydrogen 
bonding existed between the two different 
polymers. 

Hyclroxye~hylrellulosc mixed with P W  and 
poly(viny1 acetate) was crosslinked with 
epiclilorohydriri to form beads containing 
herbicides. 

Potential use as drug 
delivery system. 

Affinity niicrospheres. 
Blue dextran was 
encapsulated as the 
lisand to isolate BSA 
from saline solution 
and plasma. 

Degradation by acid 
hydrolysis in LiCl/HCl pH 
2 butter. 

Degradation by 
K-ctirrageenase 

Papalella and Park, 1994 

Achow and Goosan, 1994 

Durrani and Donald, 
1995 

Knutsen and Gradalm 
1992 

Pate1 and Mauley, 1995 

Controlled release ot Rehab d a / ,  1991 
herbicides. 
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drug delivery' systems, drug release from hydrogel dosage forms is achieved by 
diffusion of water molecules and degradation of polymer chains. One of the 
advantages of the degradable hydrogel systems is that the drug release can be 
easily controlled by adjusting the swelling and degradation kinetics. Invertase was 
incorporated into degradable hydrogels made of glycidyl acrylate-modified dextran 
(Kamath and Park, 1995). In the absence of dextranase, the total amount of invertase 
released from the dextran hydrogel was less than 30% even after 30 hrs. In contrast, 
in the presence of dextranase, all the incorporated invertase was released in less 
than 30 hrs. This clearly indicates that the release of drug can be adjusted by 
controlling the degradation kinetics of the hydrogel system. A hydrogel of hyaluronic 
acid crosslinked with glycidylether was found to be degraded by hydroxyl radicals 
produced by inflammation in  vivo (Yui et al., 1992). This hydrogel can be used 
as an implantable drug delivery device. Antiinflam~natory drugs incorporated into 
the gel matrix can be released in response to inflammation. One of the unique 
advantages of degradable hydrogels is that the drugcarriers will be removed from 
the administration site and subsequently from the body when they are no longer 
necessary'. Progesterone was incorporated into albumin microbeads which were then 
injected intramuscularly or subcutaneously into rabbits. After the drug was released, 
the microbeads were degraded by the proteolytic enzymes at the injection site (Lee 
et a]., 1981). In addition, drug targeting can be realized if a hydrogel only swells 
or degrades in a target region of the body. Azobenzene derivatives were used as 
the crosslinkers to make hydrogels (Brondsted and Kopecek, 1992; Kopecek et al., 
1992; Yeh et al., 1994; Kopecek et al., 1993). The drug delivery systems based on 
these hydrogels were targeted to colon because the crosslinkers were degraded by 
an enzyme present predominantly in the colon. Another type of colon-specific drug 
delivery system was based on hydrogels made of cl~ondi-oitin sulfate. The release of 
indomethacin from this system was dependent upon the biodegradation action of the 
caecal content (Sintov et al., 1995; Rubinstein et al., 1992; Rubinstein et al., 1992). 
Artursson et al. prepared polyacryl starch microspheres as drug delivery' vehicles 
(Artursson et al., 1984). After i.v. injection in mice and rats, the microspheres were 
removed from the blood circulation by macrophages, accumulated in the lvsosomes, 
and eventually degraded by the enzymes in lysosomes. This system allowed targeting 
of drugs to lysosomes. Recently, hydrogel foams were prepared as a gastric retention 
device for the long-term oral drug delivery (Park and Park, 1994). The biodegradable 
gastric retention device have an advantage in that it is removed from the stomach 
after all the drugs are released. 

In addition to applications in drug delivery', degradable hydrogels have also been 
successfully used as biomaterials. Hydrogels made of polypeptides were used as 
temporary artificial skin substitutes (Nakanishi et al., 1991). These skin substitutes 
can gradually be degraded by the proteases presented at the wound site. Degradable 
hydrogels were also used to prevent postoperation adhesion and promote healing. 
Prepolymers were made by using PEO as central block with PLA, PGA, or PCL 
extended on both sides and terminated with acrylate groups. Hydrogels were 
synthesized at the surgical site by photoinitiation of the prepolymers. The hydrogels 
adhered to the tissue and thus prevented the adhesion between organs. The 
hydrogels were degraded in vivo so that there was no need for surgical removal 
of the gels (Sawhney et al., 1993, 1994; Hubbell et al., 1993). Biosensors were made 
with degradable hydrogels. Inactive form of starch hydrolytic enzyme, a-amylase, 
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was incorporated in starch matrix. When a-amylase sensed the presence of Cay', 
it turned into active form and started to degrade starch (Kost, 1994). Microbial 
inoculants were made by entrapping microorganism suspension into degradable 
calcium alginate hydrogels. When the entrapped microorganisms needed to be 
released, the gel envelop was quickly degraded in ammonium carbonate or sodium 
carbonate solution (Digat, 1993). In addition to the above mentioned examples, 
degradable hydrogels have many other applications in biotechnology (Torchilin 
et al., 1977) and agriculture (Rehab et al., 1991; Pfister et al., 1986). 

Progresses made in the area of degradable hydrogels during the last decade are 
impressive as shown by many examples in this chapter. Preparation of new degradable 
hydrogels provides more opportunities in various applications and the necessity of 
new applications prompts development of new degradable hydrogels. Continued 
collaboration among scientists in different disciplines will undoubtedly produce 
novel, degradable hydrogels with superb biocompatibility. 
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SYNTHESIS AND CHEMISTRY OF THE POLOXAMERS 

The poloxamers are a series of copolymers composed of two polyox~7ethylene blocks 
separated by a polyoxypropylene block (Lundsted, 1954; Lundsted, 1976; Schmolka, 
1991). Although all poloxamers are composed of the same two monomers, theyvaq 
in total molecular weight, polyoxypropylene to polyoxyethylene ratio, and surfactant 
properties. The poloxamers all have the general structure: 

in which a and c are approximately equal, and b is at least 15, 

Synthesis 

The hydrophobic center block is synthesized in a base catalyzed ether condensation 
reaction using propylene glycol as the initiator and sequentially adding propylene 
oxide under an inert, anhydrous atmosphere, at elevated temperature and pressure. 
Upon reaching the desired molecular weight of the center block, the propylene 
oxide reactant is replaced by ethylene oxide. The polymer is then extended bj7 
the addition of ethylene oxide to form a hydrophilic segment of polyoxyethylene 
at each end of the polyoxypropylene block. Finally, the reaction is terminated by 
neutralization of the catalyst with acid. More than thirty different poloxamers have 
been synthesized which range in molecular weight from 1,000 to 15,000 (Table 1). 
The polyoxyethylene content of the molecule may vary from 10% to 90% of the 
weight of the molecule. The poloxamers are freely soluble in water, and are soluble 
in polar solvents. They are liquids, pastes or solids, depending largely on their 
polyoxyethylene to polyoxypropylene ratio and, secondarily, on their total molecular 
weight. In general, poloxamers having an average molecular weight of 3,000 or less 
are liquids if their polyoxyethylene content is not more than 50%. Poloxamers with 
molecular weigllts between 3,000 and 5,000 are liquids only if their polyoxyethylene 
content is 20% or less. Pastes range in molecular weight from 3,300 to 6,600 with a 
polyoxyethylene content between 30% and 50%. Solid poloxamers are the largest, 
having molecular weights of 5,000 to 15,000 and a polyoxyethylene content of 70% 
or greater. 
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Table 1 Average molecular weights and compositions of the 
poloxainers 

Average Number Of Sub-Units 
In Each Block 

Average 
Polominer Molecular Ethylene Propylene Ethylene 

Number \\'eight Oxide Oxide Oxide 

Nomenclature 

A nomenclature system has been developed in which each poloxamer has been 
assigned a number composed of three digits (Schmolka, 1991). This number 
indicates the molecular weight of the hydrophobe and the polyoxyethylene content 
of the respective poloxamer. The average molecular weight of the hydrophobic 
polyoxypropylene block is obtained by multiplying the first too digits by 100. 
The approximate weight percent of polyoxyethylene is obtained by multiplying 
the third digit by 10. For example, poloxamer 188 is composed of a center 
block of polyoxypropylene having an approximate average molecular weight of 
1,800, and an ethylene oxide content of approximately 80% of the total molecule. 
Since the number of ethylene oxide substituents in each polyoxyethylene block 
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olecular Weight Distribution 

0 5000 10000 15000 20000 25000 

Molecular Weight 

Figure 1 Molecular weight distribution of poloxamers 407 and 188, analyzed by gel perme- 
ation chromatography and refractive index detection. 

is statistically equal to that in the other block, poloxamer 188 should consist of 
a polyoxvpi-opylene block having a molecular weight of about 1,800, flanked on 
either end by polyoxyethylene segments with molecular weights of about 3,600. In 
fact, nominal molecular weights and polyoxyethylene to polyoxvpropylene ratios 
vary among manufacturing lots and among suppliers. 

Because the poloxamers are the products of a sequential series of reactions, the 
molecular weights of individual poloxamer molecules are statistical distributions 
about the average molecular weight. When poloxamers 188 and 407 were analyzed 
by gel permeation chromatography, a bimodal molecular weight distribution was 
observed for each (Figure 1 ) .  In the case of poloxamer 407, the major peak 
accounted for approximately 85% of the mass and was composed of molecules having 
molecular weights between 9,000 and 19,000. A second peak ranging in molecular 
weight from approximately 4,000 to 8,000 accounted for the remaining 15% of 
the poloxamer mass. A similar bimodal distribution and broad molecular weight 
range were observed for poloxamer 188, with a major peak having a molecular 
weight between 6,000 and 13,000. It has been reported, however, that poloxamer 
407 obtained from various suppliers has significantly different molecular weight 
distributions (Porter, 1992a). This is presumably due to slightly different conditions 
during synthesis. 

The poloxamers are unsaturated to the extent of about 0.02 to 0.07 mEq/g as 
determined by titration with mercuric acetate. Analysis of poloxamers 407 and 
188 indicate that the unsaturated poloxamer molecules separate overwhelmingly 
into the lower molecular weight fraction during gel permeation chromatography. 
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This suggests that the broad molecular weight range observed for the commercially 
available poloxamers is at least in part due to elimination of a proton from either 
the proplyene oxide or ethylene oxide reactants, which results in formation of an 
allylic double bond during polyether synthesis. Such a molecule would function 
as a nucleophile, but would be able to add subunits at only one site. It has been 
claimed that the molecular weight distribution of the polymer can be minimized by 
using a cesium hydroxide catalyst in place of sodium or potassium hydroxide during 
polyether synthesis (Ott, 1988). 

Aggregation of the Poloxamers in Solution 

Because they contain both hydrophilic and hydrophobic regions, poloxamer mole- 
cules form micelles in aqueous solution if their polyoxypropylene region is large 
enough. Their aggregation behavior, however, is quite complex, and cannot be 
described by simply determining the critical micelle concentration for each poly- 
mer. Studies measuring changes in surface-tension with poloxamer concentration 
indicated two inflection points (Prasad, 1979). The first inflection point may be due 
to conformational changes of the individual poloxamer molecules or intermolecular 
interactions involving a only small number of molecules. The second inflection 
point, at a higher poloxamer concentration, is thought to result from multimolecular 
aggregation. Zhou and Chu (Zhou, 1988) observed that, as the concentration of 
poloxamer 188 in an aqueous solution increased, a plot of temperature versus 
hydrodynamic radius was shifted to the left, indicating an inverse relationship 
between temperature and critical micelle concentration. Between 40 and 80dC, the 
aggregation number of the micelles rose sharply. Rassing and Attwood (Passing, 
1983) studied the aggregation behavior of poloxamer 407 over a temperature range 
of 10 to 40 C. They concluded from measurements of the radius of gyration, that 
below 1OCC the polymer exists largely as loosely associated aggregates of extended 
molecules, and, at least in this temperature range, questioned the presence of 
coiled single molecules as had been previously proposed (Prasad, 1979). Above 1O0C 
light scattering measurements indicate that the aggregates become larger and more 
highly organized, and above approximately 25'C, they are spherical entities whose 
aggregation number increases with increasing temperature. Similar behavior has 
been reported for poloxamers 184 and 237 (Al-Saden, 1982). It is thus apparent 
that there are no single values for critical micelle concentration, critical micelle 
temperature, or aggregation number for the poloxamers. 

Gellation of the Poloxamers in Solution 

Concentrated aqueous solutions of many of the poloxamers form gels in a fully 
reversible, temperature dependent process (Schmolka, 1972; Schmolka, 1994). A 
20% solution of poloxamer 407 forms a solid gel at 25'C (Table 2), but other 
poloxamers act similarly, at higher concentrations. As poloxamer concentration 
increases, gellation occurs at a lower temperature, and the viscosities of the resultant 
gels are higher at any given temperature (Figure 2) .  The gelation behavior of the 
poloxamers is explained by their complex aggregation behavior (Wanka, 1990; 
Attwood, 1985; Attwood, 1987; Nakashima, 1994). Although the polyoxypropylene 
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Table 2 Viscosities in millipascal of aqueous solutions of poloxamer 407. The abrupt increase 
in viscosity indicates gelation at a characteristic temperature for each concentration of 
poloxamer 

Temperature 'C Concentration of poloxamer 407 in water (w/w %) 

0 5 10 15 20 25 30 35 

Temperature ( C) 

Figure 2 Changes of viscosity with temperature for varying concentrations of poloxamer 407 
(% w/w) in aqueous solution. 

segment of the poloxamer molecule is hydrophobic, its ether oxygens form hydrogen 
bonds with water molecules. For this reason, the transfer energy of a propyleneoxide 
unit from the aqueous to the micellar phase is a fairly low 0.3 kT at 25'C 
(Wanka, 1990), which results in a loose association of molecules. However, at 
higher temperatures, the polyoxypropylene segments are dehydrated. This has been 
shown to occur over a fairly broad temperature range, below the temperature at 
which gelation occurs (Wanka, 1990). In addition, the aggregation number of the 
micelles increases with increasing temperature. These two phenomena, loss of water 
and aggregation of more poloxamer molecules per micelle compensate for each 
other and the hydrodynamic radius remains approximately constant over a broad 
temperature range (Zhou, 1988; Attwood, 1985; Wanka, 1990; Attwood, 1987). At 
higher temperatures, the polyoxyethylene chains begin to dehydrate as well. Upon 
the loss of water, the polyoxyethylene chains of different micelles interact with each 
other if the poloxamer concentration is high enough, and gelation occurs. This 
process is fully reversible, and upon reduction of the temperature of a poloxamer 
gel, rehydration occurs and the solution returns to the liquid phase. 
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The poloxamers are widely used in topical and oral consumer products as solubiliz- 
ers, emulsifiers, stabilizers, dispersing, suspending and coating agents (Schmolka, 
1991; Schmolka, 1976). An extensive amount of research has been done on 
application of the micellar and gellation properties of the poloxamers for drug 
delivery (Kataoka, 1993; Miyazaki, 1984). A monograph setting specifications and 
analytical methods for poloxamers 124, 188, 237, 338 and 407 has been included in 
the United States National Formulary since 1990. Poloxamer 188 is included in the 
British Pharmacopea. 

TOXICOLOGY OF THE POLO 

Because they contain ether linkages, the poloxamers are not readily metabolized in 
the body, and are therefore not truly biodegradable. They are generally nonirritating 
and do not cause sensitization when applied topically. Their potential for irritancy 
when administered intran~uscularly, corresponds to their lipophilicity (Johnston, 
1985). The oral LDjo values for the liquid poloxamel-s are generally greater than 
1 gm/km of body weight, and for solids and pastes greater than 10 gm/km 

SF Corp., 1976). Other routes of administration, especially intravenous or 
intraperitoneal may indicate lower LDSo values, since many of the poloxamers are 
not well absorbed from the digestive tract. Intravenous administration of 10 doses 
of 4 g/kg of poloxamer 108 indicates that it is rapidly phagocytized, but otherwise 
well tolerated (Port, 1978). Two of the poloxamers, 188 and 407, have been studied 
extensively for internal medical use. 

Early studies on the toxicology of intravenously administered poloxamer 188 
indicated that its systemic toxicity is low. The intravenous LDyo was reported to 
be greater than 3 gm/kg of body weight in both rats and mice (BASF Corp., 
1976). Dogs tolerated continuous infusions of 500 mg/kg/hr for three days 
(Cytrx Corp., unpublished; Justicz, 1991). However, it has also been reported that 
infusions of poloxamer 188 resulted in elevated liver enzymes, primarily serum 
glutamic oxaloacetic transaminase, and a dose related cytoplasmic vacuolation of 
the proximal tubular epithelial cells of the kidneys (Culbreth, 1992). This study was 
also performed in dogs, but the dose range over which these observations were made 
was not specified. 

Patients given an artificial blood substitute which contained 2.7% poloxamer 188 
as an emulsifier showed signs of complement activation (Vercellotti, 1982). That 
their reaction was due to the poloxamer component was confirmed by infusing 
poloxamer 188 alone into rabbits and producing similar symptoms. Incubation of 
human plasma with poloxamel- 188 caused C3 conversion and decreased C 
indicators of complement activation. However, the significance of this observation is 
in some doubt. Complement activation as determined from CH5, was not detected 
in uivo in the rat (Williams, 1988). Furthermore, poloxamer 188 has since been 
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administered to a large number of patients, and no indication of complement 
activation has been observed. 

Poloxamer 188 inhibited the growth of both cultured human Hela cells and B16 
mouse melanoma cells and inhibited chemotaxis by neutrophils (Lane, 1988). The 
inhibition of cell growth was concentration dependent, although its mechanism 
was unclear. Whether this in vitro inhibition of cell growth is an indication of 
in vivo toxicity is also unknown. Furthermore, growth inhibition by poloxamer 
188 may be specific to these cells, as poloxamer 188 has since been used in cell 
culture medium with no reported inhibition of cell growth. An effect on the normal 
migration of granulocytes, including neutrophils, has been observed in vivo in the 
rat (Williams, 1988). Lane and Lamkin (Lane, 1984) observed that poloxamer 
188 inhibited human neutrophil chemotaxis in vitro. The potentially deleterious 
activities, inhibition of cell growth and neutrophil chemotaxis, were both partitioned 
into a fraction of poloxamer 188 by supercritical fluid fractionation (Lane, 1988). 
This suggests that a s~tbpop~ilation of the poloxamer molecules or a contaminant 
may be responsible for these activities. 

Poloxamer 407 is nonirritating if applied topically or intrac~itaneouslv, and it 
exhibits little potential for irritation following intramuscular or intraperitoneal 
administration (Johnston, 1985; MDV Technologies, unpublished). Unlike some of 
the other poloxamers, it does not activate complement in human serum, nor does it 
cause a delayed-type hypersensitivity response in mice. Reproductive studies indicate 
that poloxamer 407 is nonteratogenic in both rats and rabbits. 

Four doses of 1 gm/kg of poloxamer 407 given to rats caused hematoiog- 
ical changes including decreased percent lymphocytes, red blood cell count, 
hemoglobin, and percent hematocrit. Enlargement of the spleen was noted 24 
hours after the last dose, due to sequestration of macrophages containing lipid, 
and possibly the poloxamer itself (Johnston, 1993). Similar effects have been 
observed following equivalently high, repeated doses in the dog ( 
unpublished). A no-adverse-effect dose of approximately 400 rng 
been established in dogs and rats (Reeve, 1995). Doses above 120 mg/kg cause 

increases in plasma cholesterol and triglyceride concentrations 
nston, 1993, MDV Technologies, unpublished). After moderate 

doses of poloxamer 407, the plasma cholesterol and triglyceride concentrations 
return to the normal range within hours or days, but following very high doses, lipid 
concentrations may remain elevated for several weeks. Although the mechanism 
for this response to poloxamer 407 is unknown, a similar phenomenon has 
been observed following administration of other surfactants, most notably Triton 
WR-1339, a polyoxyethylene ether of an alkyl phenol (Ishikawa, 1979). It has been 
suggested that Triton WR-1339 associates with the circulating lipoproteins and 
forms a coating around the lipids, which prevents them from being hydrolized by 
lipoprotein lipase   scan^^, 1961). There is also evidence that the vascular lipoprotein 
lipase activity is reduced in the presence of either Triton WR-1339 or poloxamer 
407 (Hayashi, 1981; Johnston, 1993). In any case, the lipoproteins are temporarily 
trapped in the plasma, and their concentrations rise. As the plasma surfactant 
concentration decreases, normal lipid metabolism is restored. 
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MEDICAL USES OF POLOXAMER 188 

Proteins and cells are stable in the aqueous environment of the body because they 
maintain hydrophilic surfaces while being held together by strong hydrophobic 
interactions. Cellular damage exposes the hydrophobic surfaces, which in turn 
disrupt the hydrogen bonding of the surrounding water molecules. Conversely, if two 
molecules or particles with exposed hydrophobic regions approach each other, they 
adhere tightly, thus reducing the exposed hydrophobic surface area as well as the free 
energy due to disrupted hydrogen bonding with the surrounding water molecules. 
Such hydrophobic interactions are the underlying cause of platelet aggregation to 
damaged cells, reduced flexibility of red blood cells, and increased blood viscosity, 
all of which can sometimes be undesirable, especially following tissue injury. All 
of the observed therapeutic properties of poloxamer 188 are thought to be due 
to binding of its polyoxvpropylene region to exposed hydrophobic surfaces, which 
removes them from the aqueous environment. The flexible hydrophilic segments of 
poloxamer 188 interact with the surrounding water molecules and restore hydrogen 
bonding (Culbreth, 1992; Raymond, 1989). 

Treatment of Tissue Ischemia and Reperfusion Injury 

Poloxamer 188 has been under investigation for treatment of circulatory pathologies 
including inhibition of thrombosis following myocardial infarction, decreasing 
blood viscosity, and improving the perfusion of damaged tissue. Arterial occlusion 
during myocardial infarction causes abrupt, diminished blood flow to the my- 
ocardium. The resulting ischemia, if prolonged, causes cell damage and finally cell 
death and necrosis. Myocardial cells surrounding the necrotic area may be damaged 
but still viable, due to collateral blood flow in the ischemic tissue. This flow may, 
however, be only 10% to 20% of normal. The arterial occlusion may be reversible, 
in which case reperfusion of the damaged area occurs, or it may be irreversible. 
In either case, the damaged cells elicit an inflammatory response and leukocytes 
concentrate in the damaged tissue (Entman, 1991). The leukocytes phagocytize the 
necrotic myocytes, a necessary step in the healing process. After about four days, 
the leukocyte population in the damaged area of the myocardium returns to the 
preocclusion level. Poloxamer 188 appears to affect this complex process at several 
steps. 

Justicz et al. (Justicz, 1991) occluded the left anterior descending coronary artery 
of dogs for 75 minutes to simulate myocardial infarction. Poloxamer 188 was 
administered intravenously at a dose of 48 mg/kg during an additional 15 minutes 
of occlusion and a subsequent 45 minutes of reperfusion. Tissue damage due to 
ischemia was reduced by approximately 50% in animals treated with poloxamer 
188. The reduction apparently resulted from stabilization of cellular membranes 
in the ischemic tissue. A similar beneficial effect was observed when poloxamer 
188 was infused during the first 48 hours of a 72 hour reperfusion period (Schaer, 
1994). These authors proposed that a possible mechanism for the beneficial effect 
of poloxamer 188 may be inhibition of neutrophil chemotaxis into the damaged 
area. 

It has been observed that sometimes blood flow to the injured area is not 
readily re-established even when the arterial occlusion is removed. This no-reflow 
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phenomenon is thought to be due, at least in part, to the presence of leukocytes in 
the injured area (Engler, 1986). Leukocytes are fairly large, inflexible cells, which 
may accumulate and obstruct the microvasc~ilat~~re due to reduced flow rate and 
pressure during arterial occlusion. As reperfusion is established, there is a rapid 
influx of neutrophils into the damaged area (Dreyer, 1991; Go, 1988), in response 
to the release of chemotactic factors as part of the inflammatory response. This influx 
may cause further obstruction of the capillaries and prevent adequate oxygenation 
from taking place, even after the initiation of normal flow and, in effect, prolong 
the occlusion. Thus a brief reduction of the influx of neutrophils during occlusion 
and early reperfusion may be beneficial. 

Once neutrophils arrive at the site of injured tissue, they adhere to the vascular 
endothelium at the inflammatory sites. Expression of glycoproteins on the neu- 
trophil surface is necessary for both their adherence and transendothelial migration 
into the damaged tissue (Entman, 1991). Poloxamer 188 has been shown to inhibit 
adherence of neutrophils in nitro to nylon wool by as much as 78% in a standardized 
assay (Lane, 1984). Whether the effect of poloxamer 188 on neutrophil adherence 
is due to alterations in glycoprotein expression or binding is unknown. However, 
this may be a second mechanism for the reduced accumulation of neutrophils in 
damaged tissue following ischemia (Schaer, 1994). 

Under physiological conditions, blood viscosity is determined primarily by hemat- 
ocrit and fibrinogen concentration, and is inversely related to shear rate. Following 
tissue injury due to trauma, surgery or myocardial infarction, soluble fibrin is 
present at elevated levels in the circulation. This frequently causes abnormally high 
blood viscosity, especially under the low shear conditions normally present in the 
capillaries. Poloxamer 188 has been shown to reduce bloodviscosity without lowering 
the hematocrit (Grover, 1973) in dogs during cardiopulmonary bypass, a procedure 
known to cause increased blood viscosity. Blood flow was improved by infusion of 
poloxamer 188 under conditions of hemorrhagic shock (Mayer, 1994) and ischemia 
due to arterial occlusion (Colbassani, 1989) in rabbits. Both of these pathological 
conditions result in reduced blood flow rates, and therefore, low shear conditions, in 
which elevated viscosity due to soluble fibrin may be highly significant. These studies 
suggest that the viscosity lowering activity of poloxamer 188 may be due primarily to 
an effect on soluble fibrin. 

Similar observations have been made in patients undergoing coronary bypass 
surgery (Hunter, 1990). Six hours following surgery, hematocrit and fibrinogen 
concentration, the determinants of viscosity under normal physiological conditions, 
had fallen, but both blood viscosity measured at low shear rate and the concentra- 
tion of soluble fibrin had risen significantly. For six days postoperatively, soluble 
fibrin concentration paralleled the changes in blood viscosity while fibrinogen 
concentration varied inversely. Hematocrit dropped during surgery but returned to 
preoperative levels within 24 hours. Addition of high molecular weight oligomers of 
fibrin further increasedviscosity. Thus it appears that in vim, the rise in bloodviscosity 
at low shear rates following surgery or other trauma is due to circulating soluble fibrin 
polymers. Addition of poloxamer 188 reversed the effect of the fibrin polymers and 
reduced the viscosity of the patient blood samples to the normal range, leading these 
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authors to postulate that poloxamer 188 normalizes viscosity by effectively disrupting 
the hydrophobic adhesion between red cells and soluble fibrin polymers. 

Interactions with Fibrin 

Interactions between fibrin and poloxamer 188 also occur during clot formation 
(Carr, 1991; van Gelder, 1993). Addition of poloxamer 188 to either plasma or 
a purified system composed of fibrin, thrombin, and calcium in a buffer having 
controlled ionic strength, reduced the time of clot formation (Carr, 1991). The fibrin 
fibers which resulted from this reaction were larger as determined by mass to length 
ratio, and were more susceptible to lysis mediated by tissue plasminogen activator. 
In a second study (van Gelder, 1993), the effects of poloxamer 188 on clot formation 
were studied in plasma and whole blood. A small increase in fiber mass to length ratio, 
consistent with the previous study, was observed. However the permeability of the 
fibrin network was increased considerably more than could be accounted for by the 
change in the fiber radius, suggesting that poloxamer 188 affects the arrangement 
of the fibers within the network. Poloxamer 188 also enhanced platelet-induced clot 
retraction. 

Nonspecific Cellular Effects 

Two reported cellular effects of poloxamer 188 are reduction of hemolysis during 
cardiopulmonary bypass (Danielson, 1970) and reduction of leakage of fluorescent 
calcein from thermally or electrically damaged cells (Padanilam, 1994). Both of 
these effects are probably due to an interaction of poloxamer 188 with the cellular 
membranes, but the mechanism(s) of action are unknown. 

USE OF POLOXAMER 407 FOR PREVENTION OF POSTS!RGICAT,ADHESIONS 

Adhesions are an undesirable consequence of tissue repair, and can occur at any 
tissue surface following infection, injury or surgery. Peritoneal adhesions frequently 
occur following endometriosis or pelvic inflammatory disease in women, or following 
abdominal surgery in both men and women. Although generally asymptomatic, 
peritoneal adhesions sometimes cause infertility, pain, or intestinal obstruction. After 
orthopedic or neural surgery, adhesions may cause severe pain and limited range of 
motion. 

Following tissue damage, blood or serous fluid is exuded from the injured 
site. This exudate contains fibrinogen, which quickly forms a clot composed of 
solid fibrin strands and seals the surface of the wound. Most such fibrin strands 
are removed at a later stage of the healing process. However, any fibrin strands 
remaining in place form a matrix for collagen deposition by fibroblasts. The resulting 
collagenous structures, called adhesions, may be quite large, and sometimes become 
vascularized. If adhesions form between the surfaces of two different tissues, they may 
restrict normal organ movement or function. Surgery is sometimes indicated to lyse 
symptomatic adhesions. However, this may provide only temporary improvement 
since adhesions frequently reform following surgery. 

Various animal models have been developed to examine the sequelae of tissue 
injury inflicted during surgical procedures. These models require forming a lesion 
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of a defined size and severity at a specified site on the surface of an organ, closing 
the animal and allowing healing to take place. After a defined period of time, usually 
from one to three weeks, the animal is reopened, and adhesion formation at the site 
of the original injury is evaluated. Models have been developed to test the efficacy 
of various drugs and biomaterials for prevention of adhesion formation involving 
specific tissues including intestines, uterus, neurons and lymph nodes. 

Because aqueous solutions of greater than 20% poloxamer 407 are liquids at 
temperatures between 0 and 10'C, but form gels at body temperature, they have been 
examined for their ability to reduce or prevent adhesion formation. Such solutions 
are easily applied as liquids to injured tissues during laparoscopic or open surgery. 
Immediately upon being placed in contact with tissues at body temperature, they 
form firm gels and remain at the site of application for up to 24 hours. Formulations 
of poloxamer 407 have been studied for their ability to reduce adhesion formation 
in rats, rabbits, hamsters and swine. 

Effect of Poloxarner 407 on Peritoneal Adhesions 

Defined lesions were formed in rats by abrading the surface of the uterine horn and 
the adjacent sidewall. The injured tissues were kept in close proximity to each other 
by suturing the uterine horn to the side wall (Leach, 1990; Rice, 1993). Application 
of formulations containing poloxamer 407 to the injured tissues reduced adhesion 
formation by 30% to 55%. 

Thermo- and electrocautery are used during surgery either to lyse tissue or to 
coagulate blood and stop bleeding from small vessels. Tissue damage resulting from 
this procedure includes cell death at the site of cautery, and devascularization and 
ischemia of the surrounding area. Animal models for injury due to cautery have been 
developed in rats (West, 1995), hamsters and rabbits (Steinleitner, 1991; Steinleitner, 
1992). In these models, the vascular arcade to the uterine horn is ligated using 
cautery, and a defined area on the antimesenteric surface to the horn is cauterized. 
Application of 35% solutions of poloxamer 407 to the injured area reduced the 
extent of adhesion formation by approximately 49% in both the rat and hamster. 

In order to study the effect of poloxamer 407 on reformation of adhesions, a more 
complex procedure, requiring two consecutive surgeries, was performed in rabbits. 
In the first, the standardized injury was formed using cautery. In a second surgery, 
the adhesions which had formed were lvsed, also using cautery, and a solution 
of 28% poloxamer 407 was applied to the injured area. Reduction of adhesion 
reformation in this model ranged from about 47% (Steinleitner, 1991) to nearly 
complete elimination in some experiments (Steinleitner, 1992). 

In a porcine model for pelvic and para-aortic lymphadenectomy, the lymph nodes 
were removed from four anatomically defined locations on each side of the animal 
(Deprest, 1995). Solutions of 28% poloxamer 407 were applied to the four sites on 
either the left or the right side of the animal, and all sites on the opposite side were 
left untreated. After healing had taken place, adhesion formation at all surgical sites 
was evaluated, and each treated site was compared to the contralateral, untreated 
site. Adhesion formation was reduced at the sites treated with poloxamer 407 by 
approximately 40%. In a subsequent experiment, the temperature of the poloxamer 
407 solution was maintained at OCC during application to the injured area. Adhesion 
reduction improved to about 55% (Deprest, unpublished). 
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Effect of Poloxamer 407 on Spinal Adhesions 

Adhesions of the leptomeninges following spinal surgery often cause pain and 
physical limitations for the patient. In a rabbit model of human spinal surgery, the 
dura over the spinal cord was opened at two sites separated by one or two lumbar 
segments (Reigel, 1993). A sterile, buffered, hypo-osmotic solution of approximately 
23% poloxamer 407 was inserted under the dura at one site. The other site was closed 
with no additional treatment, and served as a control. The rabbits were allowed 
to heal and then evaluated for adhesion formation. There was approximately a 
50% reduction in leptomeningeal adhesion formation at the sites which received 
poloxamer 407. 

Mechanisms of Adhesion Reduction 

Although the precise mechanism of adhesion reduction by poloxamer 407 is 
unknown, at least two processes are thought to contribute to it. Upon reaching 
body temperature, poloxamer 407 solutions form gels which remain in place and 
are capable of coating and separating tissue surfaces for up to 24 hours, and 
thus preventing adhesion formation between them. Secondly, in vitro observations 
indicate that fibrin clot formation is altered by the presence of poloxamer 407 
(Carr, 1995). As was previously observed with poloxamer 188, the fiber size was 
increased as determined from optical density measurements. Unlike poloxamer 188 
however, fibrinolysis in the presence of tissue plasminogen activator was inhibited. 
Nevertheless, the clot may be less stable under physiological conditions if the 
permeability of the fibrin network is increased by the presence of poloxamer 407, 
as has been suggested for poloxamer 188 (van Gelder, 1993). 

USES OF THE POLOXAMERS IN DRUG DELIVERY 

Aqueous solutions of the poloxamers form micelles, which provide a lipophilic 
compartment surrounded by an aqueous environment. Drugs partition between 
the two compartments, leaving only that fraction of the drug which is present in 
the aqueous solution readily available for release. Generally, lipophilic drugs are 
sequestered in the micelles, and therefore released more slowly (Kataoka, 1993; 
Yokoyama, 1992). To confirm the effect of lipophilicity on drug release rates, Gilbert 
et al. used poloxamer 407 gels, and studied the release of the methyl-, ethyl-, propyl- 
and butyl-esters of p-hydroxybenzoate, a series of structurally related compounds 
with increasing lipophilic character (Gilbert, 1986). As predicted, as the lipophilicity 
of the test compound increased, its rate of release decreased and its energy of 
diffusion increased. 

Site Specific Drug Delivery 

Solutions of greater than 20% poloxamer 407 form gels at body temperature, and 
remain where they are placed, making them particularily attractive as site specific 
drug delivery vehicles, and for topical applications. Release rates of adriamycin 
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and 5-fluoi-ouracil from poloxamer 407 gels were shown to be proportional to 
drug concentration and temperature, and inversely proportional to poloxamer 
concentration (Miyazaki, 1984). Although they may be an effective release vehicle 
for topical drug delivery, the poloxamers do not increase skin permeability, and 
therefore do not enhance transdermal delivery (Cappel, 1991). 

Poloxamer 407 solutions have been proposed for nasal delivery of peptides 
(Tuhasz, 1989). Such formulations could be administered as solutions, but upon 
gelling, would provide slow release, and prolonged residence time in the nasal cavity. 
The release rate of atrial natriuretic factor, a peptide having a molecular weight 
of approximately 3,060, increased with temperature over a range from 0 to 40 62, 
despite the temperature dependent increase in poloxamer viscosity. Because the 
peptide is too hydrophilic to associate with the micelles, it is released by diffusion 
through the external aqueous compartment. Therefore, although the presence of 
the poloxamer micelles lengthen the diffusion pathway and delay release, the release 
rate of the peptide depends primarily on thermal energy. 

Poloxamers in Complex Drug Delivery Systems 

The poloxamers have been found to be capable of serving various functions 
as components of complex drug delivery systems. Poloxamer 188, for example, 
was shown to stabilize a positively-charged submicron emulsion (Klang, 1994). 
Poloxamers 331, 334, and 338 have been blended with poly(L-lactic acid) to form 
films (Park, 1992). When used as a release matrix, the films extended protein release, 
and minimized the initial burst of rapid release as compared to pure poly(L-lactic 
acid). Poloxamer 407 has also been blended with cellulose acetate phthalate to 
form a drug release matrix (Xu, 1993). At neutral pH, the rate of drug release 
was controlled by the rate of surface erosion. Laminates, composed of layers of 
matrix containing different amounts of drug, were found to erode at a constant 
rate and release the drug in a pulsatile, predictable manner over a period of hours 
or days. 

Although microspheres are interesting potential drug carriers, they have the dis- 
advantage of being rapidly taken up from the blood by the mononuclear phagocytes 
of the liver and spleen. However, coating the microspheres with poloxamei- 338 
reduced the rate of uptake by the liver, and the microspheres remained in the blood 
for a longer period of time (Ilium, 1983; Davis, 1986). In another study, small (150 
nm in diameter or less) polystyrene microspheres were coated with poloxamer 407 
and administered intravenously to rabbits (Porter, 1992b). 

The coated microspheres remained in the circulation for up to eight hours, but 
were then sequestered in the sinusoidal endothelial cells of the bone marrow. From 
these observations, it appears that poloxamer coated microspheres may provide a 
means of improving the efficacy of some drugs by increasing residency time in the 
circulation or specifically directing the drug to the bone marrow. 

Drug-like Properties of the 

In addition to their drug delivery capabilities, the poloxamers exhibit some drug-like 
properties of their own. Poloxamer 331 was found to have a bacteriostatic effect on 
Mycobacterium aviiim complex (Hunter, 1995). Furthermore, the in vitro minimum 
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effective concentration of rifampin against M. avium complex was reduced by a 
factor of 10 in the presence of 1.0 mg/ml poloxamer 331. Whether poloxarner 
331also has a synergistic effect in nivowith rifampin or other antibiotics remains to be 
determined. 

Two investigational poloxamers have been synthesized and evaluated for their 
ability to treat acute infection with Toxoplasma gondii in mice (Krahenbuhl, 1993). 
Poloxamers CRL-8131 (molecularweight, 4,000; 10% ethylene oxide) and CRL-8142 
(molecular weight, 5,100; 20% ethylene oxide) were both found to significantly 
reduce mortality in mice infected with between 10 and 1,000 times the lethal dose 
of T. gondii. During acute T. gondii infection, the pathogen is taken up by cellular 
maci-ophages. I n  nitro data suggested that the macrophages are, in fact, the site of 
the poloxamers' activity against T. gondii. Although CRL-8131 was consistently more 
efficacous than CRL-8142, the precise mechanism of the antitoxoplasma activity of 
these poloxamers is unknown. 

USES OF THE POLOXAMERS IN ADJUVANT FORMULATIONS 

Recombinant DNA technology is producing a wide variety of synthetic peptide 
antigens for immunization of humans and animals. In order to elicit cell-mediated 
and lsumoral immune responses, these antigens must be administered in effective 
adjuvant formulations. In an effort to develop an adjuvant formulation which would 
be effective with many antigens, a series of block copolymer surfactants were studied 
(Hunter, 1986). These copolymers included poloxamers, reversed triblock polymers, 
having a center block of polyoxyethylene flanked on either end by polyoxypropylene 
blocks, and octablock copolymers. All of these copolymers exhibit low solubility 
in water. At a concentration of 25 mg/ml, each of the copolymers produced a 
characteristic aggregate in the form of fibers, fine precipitates, or spherical droplets. 
Those copolymers which formed spheres, induced granulomatous responses, an 
undesirable reaction. Copolymers which formed fibers, however, also activated 
complement and thus elicited an immune response. Poloxamers 401 and 331 formed 
fibrous structures, activated complement, and also bound protein on the surface of 
the structure. Thus antigens, which are generally proteins, can readily be transferred 
from the surface of the poloxamer to the surface of antigen-presenting cells. 
Emulsions of poloxamer 401 with squalane and Tween 80 increase surface area and, 
therefore, maximize antigen availability (Allison, 1986). An adjuvant formulation 
prepared by adding to the emulsion the threonyl analog of muramyl dipeptide, which 
stimulated cell-mediated immunity, increased the efficacy of influenza, hepatitis B 
virus, herpes simplex virus, lentivirus and tumor vaccines in experimental animals 
(Allison, 1991). 
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INTRODUCTION 

Historic Overview 

Over the last 20 years significant efforts have been devoted to the development 
of polymeric biomaterials. The vast majority of these efforts were focused on the 
identification of biologically inert materials that were stable under physiological 
conditions. These materials were used in long-term applications, such as artificial 
organ parts, bone and joint replacements, dental devices and cosmetic implants. In 
recent years, the emphasis has shifted to the development of bioresorbable polymers 
for short-term applications such as drug delivery, resorbable sutures, temporary 
vascular grafts and temporary bone fixation devices. One of the advantages of using 
degradable implants in short-term applications is that the problems associated wit11 
the long-term safety of permanently implanted devices can be circumvented. Unlike 
a biostable prosthesis, a bioresorbable implant may be replaced by fully functional 
tissue as part of the natural healing process. 

Since poly (amino acids) are structurally related to natural proteins, these polymers 
were recognized as potential biomaterials. Starting from about 1970, the use of 
both homo and copolymers of amino acids was studied for a variety of biomedical 
applications (Hench, 1982; Lyman, 1983; Anderson, 1985; Marchant, 1985; Lescure, 
1989). Several excellent, comprehensive reviews are available for developments 
prior to 1987 (Katchalski, 1958; Lotan, 1972; Katchalski, 1974; Anderson, 1985; 
Fasman, 1987). The early studies revealed that most poly(amino acids) could 
not be considered as potential biomatei-ials due to their immunogenicity and 
unfavorable mechanical properties. So far, only a small number of poly( y-substituted 
glutamates) and copolymers thereof (Sidman, 1980; Sidman, 1983; Anderson, 1985; 
Bhaskar, 1985) have been identified as promising candidate materials for biomedical 
applications. 

Amino Acid Derived Modified Backbones 

Attempts were made to utilize amino acids as monomeric building blocks for 
biomaterials, while avoiding the unfavorable physico-mechanical properties of 
poly(amino acids). These attempts resulted in the development of a wide range of 
amino acid derived polymers that do not have the conventional backbone structure 

'Correspondence: Department of Chemistry, Rutgers University, Tavlor Rd. 'Busch Campus, Piscat- 
away. NJ 08855-0939, Tel: 908-445-3888; Fax: 908-445-531 2; e-mail: Kohii@rutchem.rutgers.edu 
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found in peptides. Collectively, these materials are referred to as "non-peptide amino 
acid based polymers" or as "amino acid derived polymers with modified backbones". 
In spite of their large structural variability, it is possible to identify four main types 
of non-peptide amino acid based polymers. 

Synthetic Polymers d h  Amino Acid Side Chains 

These polymers consist of a synthetic polymer backbone onto which amino acids 
or peptides are grafted as side chains. Examples of materials with amino acids as 
side chains have been found to exhibit polyelectrolytic and metal complexation 
behaviour. Such systems include polymethacrylamides with glycylglycine and pheny- 
lalanine (Methenitis, 1994), as well as alanine, aspartic acid, asparagine, glutamic 
acid, and lysine (Morcellet-Sauvage, 1981; Morcellet, 1982; Lekchiri, 1987). 

Copolymers of a-L-Amino Acids and Non-Amino Acid Monomers 

A wide range of copolymers are known in which a-L-amino acids are copolymerized 
with appropriate non-amino acid monomers. Copolymers of a-amino acids and non- 
amino acid monomers have been prepared through a variety of functionalities and 
mechanistic features. For instance, the ring-opening co-polymerization of amino acid 
2,s-morpholinedione derivatives and D,L-lactide gave copolymers of poly(a-amino 
acid-co-D,L-lactic acid) (ie. poly(amide esters)) (Samyn, 1988). Poly(tripeptide-co- 
a-hydroxy acids) (Yoshida, 1991) are excellent examples of how degradation can be 
modified with specificity control between protease-type and esterase-type enqmes. 
Additional relevant examples are polymers consisting of 1,2-ethanediol, adipic 
acid and either glycine, L-and D-leucine, and L-, D-, and D,L-phenylalanine as the 
amino acid components. These materials were found to exhibit a wide range of 
enzymatic susceptibility to varying degrees, with the interesting feature that these 
poly(amide esters) degraded primarily through the ester linkage. A new class of 
poly(anhydride-co-imides) based on naturally occurring a-amino acids or w-amino 
acids linked via anhydride bonds represents the structure-property relationship 
control in materials for potential medical applications (Staubli, 1991). A novel 
copolymer of poly(1actic acid-co-lysine) has recently been prepared, with RGD 
modification on the E-amine of lysine. This strategy appears to be a very promising 
approach to combining the advantages of synthetic and natural materials that can 
degrade into natural metabolites already present within the body (Barrera, 1993; 
Barrera, 1995). An additional example of copolymers based on amino acids and 
non-amino acid monomers are poly((amino acid ester) phosphazenes) (Allcock, 
1994). Release of the amino acid from the phosphazene backbone followed by 
backbone hydrolysis giving phosphates and ammonia is another novel approach 
to controlling all aspects of biocompatibility, degradation, and structure-property 
relationships. 

Pseudo-Poly (amino acids) 

The development of pseudo-poly(amino acids) represents an attempt to circumvent 
some of the unfavorable material properties of conventional poly(amino acids), 
and to increase the range of amino acid derived polymers that can be considered 
for industrial and/or medical applications. In pseudo-poly(amino acids), naturally 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



DEGRAn ARLE P0L.TOER.S DERP.T.D FROM THE AMINO ACID L-TYROSINE 253 

occurring amino acids are linked by non-amide bonds, e.g., ester, iminocarbonate, 
and carbonate bonds. The resulting polymers contain the same monomeric building 
blocks as conventional poly(amino acids), but do not have a peptide-like backbone 
structure. 

Pseudo-poly(amino acids) were first described in 1984 (Kohn, 1984) and have 
since been evaluated for use in several medical applications (Kohn, 1987; Yu- 
Kwon, 1989; Zhou, 1990; Kohn, 1993; Mao, 1993). Although a range of different 
pseudo-poly(amino acids) has been prepared, detailed studies of the physical 
properties, biological properties, and possible applications of these polymers have so 
far been conducted o n l ~  for a select group of new tvrosine- derived polycarbonates, 
polyiminocarbonates, and polyarylates. This review will encompass the work to date 
on these specific materials. 

Block-Copolymers Containing Peptide or Poly {ammo acid) Blocks 

Most commonly, poly(ethy1ene glycol) is used as the non-peptide block. A large 
number A-B or A-B-A block copolymers are known in which the B block is 
a conventional poly(amino acid). Such block copolymers, however, will not be 
considered here, except to say that such systems represent promising materials for 
the delivery of therapeutic agents by control of supramolecular solution structures 
(Teon, 1989; Yokoyama, 1989a; Yokoyama, 1989b; Yokoyama, 1990a; Yokoyama, 
1990b; Yokoyama, 1990c; Gammas, 1995). 

In this chapter, special emphasis has been placed on pseudo-poly(amino acids) 
which are the most recent addition to the family of non-peptide amino acid derived 
polymers. To provide a detailed description of the wide range of properties that 
can be achieved by modifications of the linking bond between individual amino 
acids, a series of tyrosine-derived polymers were selected as illustrative examples. 
For more information about other types of amino-acid derived polymers, the reader 
is referred to several recent publications (Wise, 1984; Anderson, 1985; Kumaki, 1985; 
Bennett, 1988; Li, 1991; Staubli, 1991; Tiffell, 1991; Caliceti, 1993) and to the many 
publications cited in the proceeding paragraphs. 

DESIGN AND SYNTHESIS OF TYROSINE DERIVED POLYMERS 

Monomer Design and Synthesis 

Tyrosine is the only major, natural nutrient containing an aromatic hydrowl group. 
Derivatives of tyrosine dipeptide can be regarded as diphenols and may be employed 
as replacements for the industrially used diphenols such as Bisphenol A in the 
design of medical implant materials (Figure 1).  The observation that aromatic 
backbone structures can significantly increase the stiffness and mechanical strength 
of polymers provided the rationale for the use of tyrosine dipeptides as monomers. 

In view of the nonprocessibility of conventional poly(L-tyrosine), which cannot 
be used as an engineering plastic, variational derivatives were envisioned. The 
development of tyrosine-based polycarbonates, polyarylates and polyiminocarbon- 
ates represents the first time tyrosine-derived polymers with favorable engineering 
properties have been identified. 
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Bisphenol A (BPA) 

protected tyrosine dipeptide 

Figure 1 Structures of (A) Bisphenol A, a widely used diphenol in the manufacture of 
commercial polycarbonate resins; (B) tyrosine dipeptide with specific chemical protecting 
groups Xi and alkyl substituents X? attached to the N and C termini, respectively. 

As shown in Figure 1, tyrosine dipeptide contains a free amino group and a 
free carboxylic acid group which have to be protected during polymer synthesis. 
The chemical structure of the protecting groups has a significant impact on the 
properties of the resulting polymers. The challenge of the early studies was to identify 
suitable protecting groups that will lead to nontoxic, fully degradable and processible 
polymers. The combination of these different properties within one single design 
proved to be a difficult task and early investigations did not lead to readily processible 
materials (Kohn, 1987; Kohn, 1988). Later, it was recognized that the number 
of interchain hydrogen bonding sites per monomer unit had to be minimized 
(Pulapura, 1990b). These studies led to the replacement of one tyrosine molecule 
by desaminotyrosine (3-(4'-hydroxvphenv1)propionic acid) and the identification 
of desaminotyrosyl-tyrosine alkyl esters (Figure 2) as fully biocompatible diphenolic 
monomers (Kohn, 1991a; Kohn, 1991b; Kohn, 1991~) .  

Monomer synthesis from 3-(4'-hydroxypheny1)propionic acid and tyrosine alkyl 
esters was accomplished by carbodiimide mediated coupling reactions, following 
known procedures of peptide synthesis (Pulapura, 1992; Ertel, 1994) in typical yields 
of 70%. Monomers carrying an ethyl, butyl, hexyl, or octyl ester pendent chain were 
investigated extensively (Ertel, 1994; Hooper, 1995). These peptide-like diphenolic 
monomers were used as starting materials in the synthesis of polycarbonates, 
polyiminocarbonates, and polyarylates. 
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Y = ethyl: desaminotyrosyl-tyrosine ethyl ester (DTE) 
Y = butyl: desarninotyrosyl-tyrosine butyl ester (DTB) 
Y = hexyl: desaminotyrosyl-tyrosine hexyl ester (DTH) 
Y = octyl: desaminotyrosyl-tyrosine octyl ester (DTO) 

Figure 2 Reaction scheme for the coupling of desaminotyrosine and tyrosine alkyl esters to 
obtain a diphenolic monomer which carries an alkyl ester pendent chain (Y). Four specific 
monomers having an ethyl, butyl, hexyl and octyl ester pendent chain were investigated in 
detail. EDC = ethyl-3-(3'-dimethy1amino)propyl carbodiimide hydrochloride salt (Hooper, 
1995). 

Polycarbonate Design and Synthesis 

A particularly promising series of degradable polymers was obtained when the 
desaminotyrosyl tyrosine alkyl esters shown in Figure 2 were used in the synthesis 
of polycarbonates (Pulapura, 1992; Ertel, 1994). The exact chemical structures 
of the resulting polycarbonates are shown in Figure 3. These materials form a 
series of "homologous" carbonate-amide copolymers differing only in the length 
of their respective alkyl ester pendent chains. The ability to maintain the polymer 
backbone and independently alter the pendent chain structure is a powerful tool 
for the investigation of polymer structure-property relationships. For example, by 
varying the length of the alkyl ester pendent chain, polymer properties such as the 
glass transition temperature (Tg), surface free energy, strength, stiffness and the 
degradation rate can be readily controlled (Table 1). 

The diphenolic monomers were polymerized using either phosgene or the more 
easily handled bis(chloromethy1) carbonate (triphosgene) (Pulapura, 1992; Ertel, 
1994). It is noteworthy that the amide functionality present in the monomers 
did not interfere in the polymerization with phosgene, as long as mild reaction 
conditions and a low excess of phosgene were employed. It is vital to point out that, 
in correspondence with the mechanism of condensation polymerization reactions, 
the final polymer molecular weight was strongly dependent on monomer purity. 
Commercial 3-(4'-11ydroxyphenyl)propionic acid, for example, may contain 3-(4'- 
methoxyphenyl) propionic acid which acts as a chain terminating agent, limiting the 
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Table 1 Some Physical Properties of Tyrosine-Derived Polycarbonatesa 

Surface Eiierg-v 
Polvmer' M,,,' Tgl' Tdc Contact Young's Tensile Elongation Time Parameters' 

(Mw/Mn) Aiigle modulusc1 strengthd at break constant1' 
('O) (-"?) (c) (GPa) (MPa) (5%) (weeks) y c  yci yP 

poly(DTE 176,000 93 290 73 1 .'Â¥ 67 4 12 46.-1 -12.5 3.5 
carbonate) (1.8) 

poly(DTB 120,000 77 290 77 1.6 60 1 16 43.7 40.1 2.4 
carbonate) (1.4) 

polv(DTH 350,000 63 320 86 1 .4 62 >-I00 21 40.6 37.5 1.1 
carbonate) (1.7) 

poly(DTO 450,000 52 300 90 1.2 51 >-I00 21 38.5 36.1 0.6 
carbonate) (1.7) 

'Data from Ertel and Kohn (Ertel, 1994) Weight average molecular weights as determined by GPC 
"Glass transition temperature (midpoint) as determined 117 DSC. 
cDecomposition temperature as determined by TGA. Measured at 2% weight loss. 
^L'norieuted samples. 
^Degradation time constant for thin, solvent cast films under simulated physiological conditions ( V C ,  
pH 1.4 PBS). 
'Data obtained from Perez-Luna el al. (Perez-I-una, 1995) The critical surface tension (yc)  was estimated 
using Zismann's method. and the dispersive and polar components (yc' and yP) were calculated using 
the geometric mean approximation to the work of adhesion. 

0 
I I 

HO CH;-CH2-C-NH--CH- CH; OH 
I 
COOY 

0 0 
il 

0-c-0 
II 

C H z - C H ; - C - N H - C H - a  
I 
COOY 

Y = ethyl: poly(DTE carbonate) 
Y = butyl: poly(DTB carbonate) 
Y = hexyl: poly(DTH carbonate) 
Y = octyl: poly(DT0 carbonate) 

Figure 3 Reaction scheme for the preparation of tyrosine-derived polycarbonates. The 
monomers are polymerized by reaction with phosgene. 
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polymer molecular weight. With carefully purified monomers, polymers with weight 
average molecular weights of up to 400,000 g/mol (by GPC, relative to polystyrene 
standards) were obtained (Pulapura, 1992). 

olyarylate Design and Synthesis 

Several polyarylates are liquid crystalline materials and are widely used as industrial 
plastics. The synthesis of polyarylates from industrially used diphenols and various 
diacids has been investigated by Moore and Stupp (Moore, 1990) who published 
a procedure based on a carbodiimide-mediated esterification in the presence of 
dimethylaminopyridinium p-tol~iene sulfonate (DPTS) . 

After suitable modifications, this procedure was adapted for the synthesis of 
tyrosine-derived polyarylates. Briefly, equimolar amounts of the tyrosine-derived 
diphenolic monomers and the alkyl diacids were polymerized by 1,3-diisopropyl- 
carbodiimide coupling, providing tyrosine-derived polyarylates with weight average 
molecular weights of about 100,000 g/mol (Figure 4). 

The diphenol components selected were the desaminotyrosyl-tyrosine alkyl esters 
described above. The diacids included succinic, adipic, suberic and sebacic acid 
which contain, respectively, 2, 4, 6, and 8 methylene groups between two carboxylic 
acid functionalities. With this family of polymers it is possible to alter independently 
both the pendent chain lengths as well as the number of flexible methylene spacers in 
the backbone, creating a family of sixteen structural variants. Hence, these materials 
serve as a framework upon which to further investigate polymer structure-property 
relationships. 

olyiminocarbonate Desi 

Polyiminocarbonates are the "imine analogs" of the industrially used polycarbonates. 
In the late 1960s, the first synthesis of low molecular weight polyiminocarbonates 
by reaction of aqueous solutions of various chlorinated diphenolate sodium salts 
with cyanogen bromide was reported (Hedayatullah, 1967). Later, the reaction 
of a diphenol and a dicyanate to give a polyiminocarbonate, using both solution 
and bulk polymerization techniques, was suggested by Schminke et al. (Schminke, 
1970). Tyi-osine-derived polyiminocarbonates were first prepared in 1984 (Kohn, 
1984) and were amongthe first pseudo-poly(amino acids) reported in the literature 
(Kohn, 1987). The first comprehensive and systematic study of polyiminocarbonate 
synthesis in general was published in 1989 (Li, 1989), followed in 1990 by a detailed 
exploration of the synthesis and characterization of tyrosine-derived polyiminocar- 
bonates (Pulapura, 1990b). A comprehensive review of interfacial and solution 
polymerization procedures for the preparation of polyiminocarbonates of high 
molecular weight is available (Kohn, 1990). 

The synthesis of tyrosine-derived polyiminocarbonates is based on the copoly- 
merization of a diphenol and a dicyanate (Figure 5 ) ,  requiring a two-step process. 
First, a diphenolic monomer is cyanylated to yield the corresponding dicyanate. 
Next, the diphenol and the dicyanate are mixed in stoichiometrically equivalent 
amounts. Upon addition of a strong base (as catalyst), the polymerization is 
spontaneous and rapid. Tyrosine-derived polyiminocarbonates with weight average 
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Y = butyl: desaminotyrosyl-tyrosine butyl ester (DTB) 
Y = hexyl: desaminotyrosyl-tyrosine hexyl ester (DTH) 
Y = octyl: desaminotyrosyl-tyrosine octyl ester (DTO) 

DIPC 

v 

0 0 
II 

c - K - ~ - o ~ c H 2 - c H 2 - c -  NH- CH-CH2 -r COOY I 

copolymerization with diacids 

HO-C-R-C-OH 

tyrosine-derived polyarylate 

Figure 4 Reaction scheme for the preparation of tyrosine-derived polyarylates. This reaction sche~nc is a copo1yme~-iration of a 
diphenol component and a diacid component. The dipheno1 components are the same desaminolyrosyl-tyrosine alkyl esters used 
in the synthesis of polycarbonates (Figure 3) .  The pendent chain Y is ethyl, butyl, hexyl, or octyl. The diacid components are 
succinic acid, adipic acid, suheric acid, and sebacic acid providing a flexible backbone spacer (K) having 2, 4, 6, and 8 methylcne 
groups respectively. UIPC = diisopropylcarbodii~nide. 
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Table 2 Some Physical Properties of Selected Tyrosine-Derived Polyarylatesa 

Polymer1 M,, T$ Tdc Contact Young's Tensile Elongaiion 
Angle modulus'1 Sti-cngtl~'~ at breakc1 

( ; C )  ( = C )  (GPaj (MPa) (%)  

pol) (DTE 209,000 56 340 70 1.52 34 157 
adipate) 

poly(DTI1 232,000 34 356 82 0.43 3 0 418 
adipate) 

poly(DT0 220.000 28 357 86 0.01 28 42 1 
adipate) 

aData from Kohn al. (Fiordeliso. 1994; Kohn, 1994). Weight average nlolecular weights as determined 
11: GPC. 
^Glass transition temperature as determined bv DSC:. 
'^Decomposition temperature as determined by TGA. Measured at 10% weight loss. 
^L'noriented samples; properties measured at room temperature. 

Table 3 Some Physical Properties of Selected Tyrosine-Derived Polyiminocarbonates" 

Diphenol Dicyanate Polymerization Mwa T? ( 'C)  Td' ('C) 
Component Component Method (Mw/Mn) 

Dat-TI m 
Z-T\ r -Tm 

Dat-TI r-Hex 
Z Tx r - l ~  r Hex 

Z-T\ r-TR 111 
Dat- TI^ 

Z TM-IM Hex 
Dat-T\ r-Hex 

Dat- TI^ 
Z-TM -TMH 

Dat-3 I-Hex 
Z Txr TM-Hex 

Dat-T\ m 
Ddt-hi-Hex 

Da t-Tv m 
2-71 r-Tx r-l Iex 

Interfacial 
Interfacial 
Solution 
Solution 

Interfacial 
Solution 
Solution 
Solution 

'Data from Kohn ri ill. (Ko1111, 1990; Kohn, 1991a; Pulapura, 199011). Weight average molecular wights 
as determined by GPC, relative to polystyrene standards in DMF containing 0.1% LiBr. 
"Glass transition temperature (midpoint) as determined by DSC. 
cDecomposition temperature as determined by TGA. 

molecular weights in excess of 100,000 g/inol have been reported (Pulapura, 19900) 
(Table 3) .  It is noteworthy that the same desaininotyrosyl-tyrosine alkyl esters were 
used as monomers in the synthesis of both polyiminocarbonates and polycarbonates. 
This fact was exploited in a study exploring miscible blends of polyiminocarbonates 
and polycarbonates (Pulapura, 1990a). 

PROPERTIES OF TYROSINE DERIVED POLYMERS 

Tyrosine-Derived Polycarbonates 

Tyrosine-derived polycarbonates have important advantages when used in the design 
of implantable, degradable controlled release systems. First, all members of this series 
of polymers are amorphous materials with relatively low glass transition temperatures 
which are a function of the pendent chain length (Table 1). X-ray diffraction 
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exhibited only an amorphous halo, indicative of the lack of crystalline domains. 
DSC analysis showed a glass transition and decomposition exotherm, but no 
melting endotherm, confirming the lack of crystallinity. Contrary to poly(L-tyrosine) 
vhich is a non-processible and insoluble polymer, tyrosine-derived polycarbonates 
are freely soluble in a variety of organic solvents, and are readily processible 
by conventional solvent casting and thermal processing techniques (extrusion, 
injection and compression molding) at relatively low temperatures. Typically, they 
form strong, transparent films. For extrusion and injection molding, processing 
temperatures were about 70 to lO0'C above the glass transition temperature. 
Since the thermal decomposition temperature of all four polymers was about 
300-C when measured by thermogravimetric analysis (TGA), there is a relatively 
large gap between the processing temperatures and the thermal decomposition 
temperatures. 

The mechanical properties of these polycarbonates depend strongly on the length 
of the alkyl ester pendent chain. In general, increasing the length of the alkyl 
ester leads to a decrease in stiffness and an increase in ductility. Unoriented thin 
film specimens range in tensile modulus from 1.2 GPa for poly(DT0 carbonate) 
to 1.6 GPa for poly(DTE carbonate). Tensile strength and elongation appear to 
be strongly affected by the temperature at which the tests are being conducted. 
At room temperature, the polymers with shorter pendent chains (ethyl and butyl) 
behave as brittle materials which failed without yielding after about 4% elongation. 
The polymers with longer pendent chains (hexyl and octyl) oriented under stress 
and could be elongated to over 400%. In their oriented state, the ultimate tensile 
strength at break surpassed 200 MPa. At slightly higher temperatures (40-6O5C), all 
four polycarbonates could be elongated under stress. Under carefully controlled 
conditions, elongations of up to 1000% could be achieved, resulting in highly 
oriented specimens for which an ultimate tensile strength of up to 400 MPa has 
been observed (Kohn, unpublished results). 

Tyrosine-derived polycarbonates are stiffer and stronger than many other degrad- 
able polymers of comparable molecular weights, such as polycaprolactone and 
polyorthoesters, but are not as stiff as poly(L-lactic acid) or poly(glyco1ic acid) 
(Daniels, 1990). Considering the strength and stiffness of these tyrosine-derived 
polycarbonates, it is conceivable to fabricate load-bearing devices (such as pins 
for small bone fixation) or load-bearing drug delivery systems which may find 
application in orthopedics. 

Tyrosine-derived polycarbonates provided a convenient model system to study the 
effect of pendent chain length on the thermal properties and the enthalpy relaxation 
(physical aging). It is noteworthy that enthalpy relaxation kinetics are not usually 
reported in the biomedical literature and that a recent study by Tangpasuthadol 
(Tangpasuthadol, 1995) represents one of the first attempts to evaluate physical 
aging in a degradable biomedical polymer. 

For the tyrosine-derived polycarbonates tested, the enthalpy relaxation process 
was not sensitive to the length of the pendent chain. This observation suggests 
that structural relaxation in these polymers is limited by backbone flexibility, and 
that the fraction of free volume in these polymers is not the limiting factor for 
polymer mobility. Furthermore, since the enthalpy relaxation time is short at aging 
temperatures of To -15'C, a few hours of storage at that temperature will be sufficient 
to bring the physical aging process to completion. The results obtained by dynamic 
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mechanical analysis support the general notion that an increase in the length of 
the pendent chain results in a more flexible material (Tangpasuthadol, 1995). 
This observation is in agreement with the results obtained in a previous study of 
these polymers (Ertel, 1994). These structure-property correlations can assist in the 
selection of suitable polymers for specific applications. 

Another significant advantage of tyrosine-derived polycarbonates is their high 
hydrophobicity. Air-water contact angles increased with a corresponding decrease 
in the surface energy parameters as a function of increasing pendent chain length 
(Table 1). The increasing hydrophobicity imparted by longer alkyl ester pendent 
chains is also demonstrated by the equilibrium water content which is 4% at 37^C 
for poly (DTE carbonate) and less than 1 % for poly(DT0 carbonate). 

It is a general observation that, consistent with the fairly stable polymer backbone, 
all tyrosine-derived polycarbonates degrade relatively slowly under physiological 
conditions. The mechanism of degradation has been carefully evaluated (Ertel, 
1994). Based on evidence obtained from ESCA (XPS) , ATR-FTIR and GPC, an in nitro 
degradation mechanism has been postulated. According to this mechanism, the ester 
bonds at the alkyl ester pendent chains are cleaved first, followed by the carbonate 
bonds in the polymer backbone. In vitro, the amide bonds are not hydrolyzed. Thus, 
desaminotyrosyl-tyrosine is the final degradation product. For thin solvent cast films 
of high initial molecular weight, the in nitro degradation time constants are listed 
in Table 1. The kinetic time constants calculated from Ertel's model (Ertel, 1994) 
indicate that poly(DTE carbonate) degrades hydrolytically almost twice as fast as the 
more hydrophobic poly(DT0 carbonate). In vivo, the cleavage of the amide bond 
by enzymatic or cellular mechanisms may lead to additional degradation products. 
No detailed investigations as to the in vivo degradation products have been carried 
out. 

To put these degradation properties into perspective, poly(DTH carbonate) 
and high molecular weight poly(L-lactic acid) exhibit comparable reductions in 
molecular weight when incubated in physiological buffer solution at 37'C. The 
similarity in the degradation profile between tyrosine-derived polycarbonates and 
high molecular weight poly(L-lactic acid) was also observed in vivo (Choueka, 1996). 
Extrapolating from a 26 week implantation study in the femur and tibia of rabbits, a 
resorption time of 2 to 3 years can be expected for high molecular weight poly(DTH 
carbonate) (Ertel, 1995). 

Tyrosine-Derived Polyarylates 

In this family of tyrosine-derived polyarylates, glass transition temperatures decrease 
as a function of the total number of carbons contained in the flexible spacers 
present in the pendent chain (Y) and backbone (R) (Figure 4). The changes 
in glass transition temperature follow a predictable pattern (Figure 6a) ranging 
from a low of 13'C to a high of 78OC (Brocchini, 1996, Tangpasuthadol, 1996). 
Evidence from X-ray scattering and DSC indicates that these tyrosine-derived 
polyarylates are amorphous. The polyarylates are thermally stable polymers with 
thermal decomposition temperatures in the range of 3002C. Therefore, a wide 
range of processing techniques can be used including solvent casting, compression 
molding, injection molding, and extrusion. 
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Figure 6a Glass transition temperatures of tyrosine-derived polyarylates. In this three dimen- 
sional presentation, the pendent chain length is plotted on they axis, the length of the diacid 
component in the polymer backbone is plotted on the x axis, and the measured glass transition 
temperatures are plotted on the z axis. 

Figure 6b Air-water contact angles of tyrosine-derived polyarylates. In this three-dimensional 
presentation, the pendent chain length is plotted on the y axis, the length of the diacid 
component in the polymer backbone is plotted on the x axis, and the measured air- 
water contact angles are plotted on the z axis. The values for poly(DTB succinate) and 
poly(DT0suberate) have not yet been determined. 
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As the number of carbons contained in the structural elements 'V and "R" 
increases, the materials become more hydrophobic (Table 2). This is clearly 
demonstrated by the systematic and predictable increase in the air-water contact 
angle (Figure 6b) which increases from about 66' to over 96'. Figure 6b illustrates 
that relatively small changes in the polymer structure produce significant changes 
in surface hydrophobicity. This property has been used to study the effect of surface 
hydrophobicity on the attachment and growth of different cell lines (see below). 

The mechanical properties of tyrosine-derived polyarylates vary dramatically, 
depending on the number and distribution of carbon atoms in the alkyl ester 
pendent chain (Y) and the flexible backbone spacer (R) . Table 2 summarizes selected 
mechanical properties of poly(DTE adipate), poly(DTH adipate), and poly(DT0 
adipate) . It is apparent that increasing the length of the pendent chain (Y) decreases 
both mechanical strength and stiffness of the polymer. While poly(DTE adipate) has 
approximately the same stiffness as poly(DTE carbonate), the tensile modulus of 
poly(DT0 adipate) is reduced by over 2 orders of magnitude and is far below the 
value measured for the corresponding poly(DT0 carbonate). Preliminary evidence 
suggests that changes in the length of the flexible backbone spacer (R) influence 
the mechanical properties in a similar fashion. Overall, the available mechanical 
properties range from soft, elastomeric materials (poly(DTO sebacate)) to fairly 
tough and strong materials (poly(DTE succinate) ) . No detailed correlations between 
polymer structure and the mechanical properties have so far been published. 

Only very preliminary degradation studies of thin films of poly(DTE adipate), 
poly(DTH adipate) and poly(DT0 adipate) have been carried out (Fiordeliso, 
1993; Fiordeliso, 1994). Under simulated physiological conditions (37'C in p 
7.4 phosphate buffered saline) over a 26 week period, sample weights remained 
essentially unchanged while the polymer molecular weights decreased by about 
50%. The inherent hydrophobicity of these polymers prevented significant water 
imbibition. For the tyrosine-derived polyarylates mentioned, currently available data 
indicate that hydrolysis of the arylate bonds in the polymer backbone is slow. The 
actual time frame of degradation of these polymers and the effect of polymer 
structure on the degradation rate have yet to be established. 

In comparison to the other polymers discussed above, polyiminocarbonates have 
very low decomposition temperatures (approximately 150%) (Li, 1989; Pulapura, 
1990b). This precludes the use of most thermal fabrication methods. However, 
solvent casting and wet spinning can be used to obtain films and fibers. Also, it is 
notable that tyrosine-derived polyiminocarbonates have relatively low glass transition 
temperatures. For example, polv(DTH iminocarbonate) has a To of 55'C, making 
it possible to compression mold devices of this material at approximately 70'C with 
only minor decomposition. This low processing temperature is advantageous when 
fabricating drug delivery systems for heat-sensitive drugs. 

The polyiminocarbonates have been found to be slightly stiffer and stronger than 
the corresponding tyrosine-derived polycarbonates (Pulapura, 1990b; Engelberg, 
1991). The most significant difference in the mechanical properties between 
polyiminocarbonates and polycarbonates is in their ductility. Polyiminocarbonates 
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are brittle and break without plastic deformation after less than 5% of elongation, 
while polycarbonates can, under appropriate conditions, be elongated beyond 
400%. A defining feature of tyrosine-derived polyiminocarbonates is the significant 
hydrolytic instability of the iminocarbonate bond which is responsible for the 
rapid degradation of high molecular weight polymers to low molecular weight 
(1,000-6,000 g/mol) oligomers within one week under simulated physiological 
conditions (Pulapura, 1990a; Pulapura, 1990b; Pulapura, 1991). The chemical 
mechanism of degradation has been shown to lead to the formation of ammonia, 
carbon dioxide and the partial regeneration of the diphenolic monomer used in the 
synthesis of the polymer (Kohn, 1986a). Since the low-nlolecular weight oligomers 
formed are highly insoluble, the rapid hydrolysis of the backbone does not lead to a 
concomitant mass loss or to rapid resorption of the polymeric device. This property 
has limited the application of polyiminocarbonates as biomaterials. 

MEDICAL APPLICATIONS AND BIOCOMPATIBILITY OF TYROSINE DERIVED 
POLYMERS 

Tyrosine-Derived Polycarbonates 

Because of their strength and toughness, tyrosine-derived polycarbonates were 
recognized as possible candidates for the development of orthopedic implants (Lin, 
1991). Particularly promising is the development of small bone fixation devices such 
as pins, screws, and plates that can be used to stabilize fractures in small, non-weight 
bearing bones. Currently, self-reinforced devices made of poly(glyco1ic acid) are in 
clinical use in the USA, but these devices have significant clinical side reactions due 
in part to the release of acidic degradation products (Bostman, 1991). Implants 
made of polydioxanone (orthosorb@) are also in use, but these implants tend to 
degrade too fast, losing their mechanical strength within 1 to 2 months (Ertel, 1995). 

In vitro attachment and proliferation of fibroblasts on tyrosine-derived polycarbon- 
ates was a function of the pendent chain length (Ertel, 1994). Consistent with the hy- 
pothesis that cells favor more hydrophilic and molecularly rigid surfaces, poly(DTE 
carbonate), the most hydrophilic and rigid of the surfaces tested (Table I ) ,  sup- 
ported cell growth and proliferation better than the more hydrophobic poly(DTO 
carbonate). Poly(DTB carbonate) and poly(DTH carbonate) were intermediate in 
their ability to support cell attachment and growth. 

In an in vivo pilot study (Ertel, 1995), poly(DTH carbonate) pins were fabricated 
and compared to commercially available Orthosorb@ pins made of polydioxanone. 
The pins were implanted transcortically in the distal femur and proximal tibia of 
New Zealand White rabbits for up to 26 weeks. In addition to routine histological 
evaluation of the implant sites, bone activity at the implant/tissue interface was 
visualized by LTT illumination of sections labeled with fluorescent markers and the 
degree of calcification around the implants was ascertained by backscattered electron 
microscopy. 

The bone tissue response was characterized by active bone remodeling at the 
surface of the degrading implant, the lack of fibrous capsule formation, and 
an unusually low number of inflammatory cells at the bone-implant interface. 
Poly(DTH carbonate) exhibited very close bone apposition throughout the 26 week 
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period of this initial study. Aroughened interface was observed which was penetrated 
by new bone as early as 2 weeks post implantation. Bone growth into the periphery 
of the implant material was visible at the 26 week time point (Ertel, 1995). 

Some of the observations made in the transcortical rabbit model were recently 
confirmed in an independent study using the canine chamber model (Spivak, 
1990) to compare the bone response to poly(L-lactic acid) and two tyrosine-derived 
polycarbonates, poly(DTE carbonate) and poly(DTH carbonate). In this study 
(Choueka, 1996), thin polymeric coupons were used to create narrow channels 
within a polyethylene housing. Upon implantation of the assembled device into 
the femur of dogs, the ability of bone to grow into the narrow channels lined 
by coupons made of different materials was evaluated. In addition, the host 
bone response was histologically evaluated. Test chambers containing coupons of 
poly(DTE carbonate) and polv(DTH carbonate) were characterized by sustained 
bone ingrowth throughout the 48 week study period. Histological sections revealed 
intimate contact between bone and tyrosine-derived polycarbonates. In contrast, 
bone ingrowth into the PLA chambers peaked at 24 weeks and dropped by half 
at the 48 week time point. A fibrous tissue layer was found surrounding the PLA 
implants at all time points. 

The presence of a fibrous layer surrounding the PLA coupons is characteristic 
of a mild foreign body response. That such a fibrous layer was not formed at 
the bone/material interface for poly(DTE carbonate) and poly(DTH carbonate) 
is an important characteristic of these polymers. Intimate contact between bone 
and implant, even at 48 weeks post-implantation, is a strong indicator of the 
biocompatibility of the tyrosine-derived polycarbonates. 

The long-term (48 week) in vivo degradation kinetics was also investigated. As 
expected, based on in vitro degradation studies, the two tyrosine-derived polycar- 
bonates exhibited degradation kinetics comparable to PLA. Each test material lost 
approximately 50% of its initial molecular weight (Mw) over the 48 week test period. 
More detailed studies of the in vivo degradation mechanism and rate, as well as 
studies of in viuo resorption (mass loss) are currently in progress. 

Although limited by its small sample size, this study suggests that tyrosine-derived 
polycarbonates exhibit an in vivo bone response that is fundamentally different from 
the response elicited by degradable polyesters (such as PLA or polydioxanone) for 
which long-term, direct bone apposition is not observed. Based on the results of this 
study, tyrosine-derived polycarbonates appear promising as a new class of degradable 
materials for orthopedic applications and are currently being evaluated in larger, 
longer term animal studies. 

Poly(DTH carbonate) has been used in the design of an investigational long-term 
controlled-release device for the intracranial administration of dopamine (Coffey, 
1992; Dong, 1993). For such applications, poly(DTH carbonate) has several potential 
advantages over other degradable polymers, which include the ease with which 
dopamine can be physically incorporated into the polymer (due to its relatively 
low processing temperature and the structural similarity between the drug and the 
polymer), the apparent protective action of the polymeric matrix on dopamine, the 
prolonged release of only about 15% of the total load of dopamine over about 180 
days, and the high degree of compatibility with brain tissue. 

The preliminary results from the investigation of the release of dopamine from 
poly(DTH carbonate) indicate an average release of about 1 to 2 ~ g / d a y  over 
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prolonged periods of time. Although this release rate was within the therapeutically 
useful range, no in uivo release experiments have so far been reported in the 
literature. 

Tyrosine-Derived Polyarylates 

In a series of preliminary publications, the cellular response to tyi-osine-derived 
polyarylates was explored using chick embryo dorsal root ganglia cells (Kohn, 1994) 
and rat lung fibroblasts (Zhou, 1994), with no indications of cytotoxicity. Preliminary 
data indicate that the ability of cells to attach and grow on polyarylate surfaces was 
strongly correlated with the surface hydrophobicity of the polymers (as measured 
by the air-water contact angle). 

Model drug release studies have been performed using the adipic acid series of 
polyarylates consisting of poly(DTE adipate), poly(DTH adipate), and poly(DTO 
adipate) (Fiordeliso, 1993; Fiordeliso, 1994). In this series of polymers, the backbone 
structure was kept constant while the length of the pendent chain was varied from 2 
to 8 carbons. In line with this structural modification, glass transition temperature, 
physicomechanical properties, and polymer hydrophobicity changed as well. Solvent 
cast devices incorporating 5% (w/w) p-nitroaniline dye were incubated in pH 7.4 
phosphate buffered saline (37^'C) to simulate the release of low molecular weight 
drugs from these polymers. Over a 40 day period, all dye was released from poly(DTH 
adipate) and poly(DT0 adipate). In contrast, poly(DTE adipate) released only 
half of the incorporated dye during the same incubation period. In spite of the 
difference in release rate, all polymers exhibited a diffusion controlled release 
mechanism, as indicated by the linear correlation between the cumulative release 
and the square root of the release time. These results are somewhat counter-intuitive 
since poly(DTE adipate) is the most hydrophilic of the three test polymers and 
should have exhibited the most rapid release profile. However, considering the glass 
transition temperatures, poly(DTE carbonate) was in the glassy state at 3P3C while 
poly(DTH adipate) and poly(DT0 adipate) were rubbery. 

In Europe, tyrosine-derived polyarylates (Fiordeliso, 1994) were tested as haemo- 
compatible coatings for blood-contacting devices (Stembergel-, 1994). Techniques 
were developed to incorporate anticoagulants into coatings made of tyi-osine-derived 
polyarylates or lactide/glycolide copolymers. These coatings were then applied to 
carbon fibers. Without coating, the fibers were covered within minutes by a coagu- 
lation plug rich in fibrin and platelets. Degradable coatings without anticoagulants 
reduced the thrombogenicity of the test materials, but coatings releasing hirudin and 
prostacyclin inhibitors prevented the formation of thrombin at the coated surfaces. 

Tyrosine-derived polyarylates offer the ability to alter widely the polymeric prop- 
erties by changes in either the backbone or the pendent chain structure. These 
polymers appear most adept at addressing medical implant needs where a slowly 
degrading, relatively flexible and soft polymer is required. 

Tyrosine-Derived Polyiminocarbonates 

In a comparative study (Silver, 1992), solvent cast films of poly(DTH iminocarbon- 
ate) and poly(DTH carbonate) were evaluated in a subcutaneous rat model. In this 
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study, high density polyethylene (HDPE) and medical grade poly(D,L-lactic acid) 
served as controls. Considering the significantly faster degradation rate of poly (DT 
iminocarbonate), one would expect a different response from this material. Indeed, 
at 7 days post-implantation a greater cell density and inflammatory response was 
noted for poly(DTH iminocarbonate). However, at later time points, the biological 
response to poly(DTH iminocarbonate) was not notably different from the response 
observed for poly(DTH carbonate). The tissue response was characterized by a thin 
tissue capsule, absence of giant cells and a low inflammatory cell count, and was 
statistically not different from the response observed for polyethylene and poly(1actic 
acid) (Silver, 1992). 

Since L-tyrosine is known for its adjuvant properties (Wheeler, 19821, the use 
of degradable tyrosine-derived polyiminocarbonates as antigen delivery devices 
appeared promising (Kohn, 1986b). This concept was tested using a system that 
consisted of a tyrosine-derived polyiminocarbonate implant releasing bovine serum 
albumin (BSA) subcutaneously in mice. Upon degradation of the polymeric matrix, 
the release of BSA and the concomitant presence of the tyrosine-derived poly- 
iminocarbonate (or its degradation products) resulted in an anti-BSA antibody titer 
that was comparable to the titer observed when BSA was administered repeatedly 
in complete Freund's adjuvant. This system effectively took advantage of the rapid 
degradation characteristics of tyrosine-derived polyiminocarbonates. 

SUMMARY 

All currently available pseudo-poly(amino acids) have been intentionally designed 
to degrade under physiological conditions. Although these materials are expected 
to be environmentally friendly, the relatively high cost of pseudo-poly(amino acids) 
excludes their use as degradable packaging and consumer plastics. However, because 
of their apparent non-toxicity and high degree of tissue compatibility, these materials 
are promising candidates for use in degradable medical implants and degradable 
drug delivery systems. 

Pseudo-poly(amino acids) offer certain advantages over conventional poly(arnino 
acids) such as lower cost of polymer synthesis and processibility by industrially used 
fabrication techniques. Contrary to petroleum-based polymers, the final degradation 
products of pseudo-poly(amino acids) can be expected to be simple, naturally 
occurring amino acids. In particular, studies of tyrosine-derived polycarbonates, 
polyarylates, and polyiminocarbonates confirmed that these materials are generally 
biocompatible and biodegradable materials that can be readily processed by a variety 
of means to yield microspheres, fibers, films, pins, and screws (Kohn, 1993). These 
characteristics lend themselves to the formulation of a wide range of implant and/or 
drug deliver}' systems. 

The relatively high mechanical strength of tyrosine-derived polycarbonates has 
led to their evaluation as orthopedic implants. Tyi-osine-derived polyarylates appear 
to be particularly useful in soft tissue applications requiring more flexible and softer 
materials. Some of the available polyarylates may be used as "thrombo-resistant" 
coatings for blood-contacting devices. The tyrosine-derived polyiminocarbonates 
tend to be very brittle and are subject to fast hydrolytic degradation. Unfortunately, 
the fast degradation of the polymer backbone is not matched by an equally fast 
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resorption of the polymeric device. This mismatch between fast degradation and 
slow resorption has so far limited the practical applications for tyrosine-derived 
polyiminocarbonates. 

The design of tyrosine-derived pseudo-poly(an1ino acids) has circumvented many 
of the traditional limitations of conventional poly(amino acids), giving rise to novel 
and useful bionlaterials covering a wide range of potential biomedical applications. 

COMMERCIAL AVAILABILITY 

Several desaminotyi-osyl-tyrosine alkyl esters and the corresponding tyrosine-derived 
polycarbonates are available commercially through Sigma Chemical Company. 
Tyrosine-derived polycarbonates are currently in preclinical evaluations for possible 
use in orthopaedic implants. Clinical trials in humans have not yet been conducted. 
Tyrosine-derived polyiminocarbonates and polyarylates are not available commer- 
cially. 

REFERENCES 

VIlcocL. H.R.. Pucher. S.R. and Scopelianos, A.G. (1994) Poly[(amino acid ester)phospha7enes]: 
Svnthesis, crvstallinirv, and hvclrolytic sensitivity in solution ancl the solid state. Afacromo/ecule^, 27, 
1071-1075. 

Anderson, J.M., Spilipeuski. K.I.. and Hiltner, A. (1985) Pol!-a amino acids as biomedical polymers. 
Bioco7njjatibiZity o f  Tissuehalog's.  Boca Raton. CRC Press lnc. 67-88. 

Barrera, DA.. Zvlstra. E., Lansbury, P.T. and Langer, R. (1993) Synthesis and RGD peptide modification 
of a HCTV biodegradable copolymer: Poly(1actic acid-co-lysine) . J  Am. Chm. Sw.. 115, 11010-11011. 

Bennett, D.B., Aclams. N.\V., Li. X.. Feijen. J. and Kim, S.W. (1988) Drug-coupled poly(amino acids) as 
po1:meric pr0drugs.J Bioait. Conipat. Pulym., 3. 4452 .  

Bhaskar, R.K., Sparer. R.V. and Himrnelstein. KJ. (1985) Effect of an applied electric field on licluid 
crystalline membranes: Control of pern~eability.]. Meinbi. Sd . ,  24(1). 83-96. 

B6st1nan, 0 .M.  (1991) Abso~-bable implants for the fixation of fracture5.J BoneJoint Swg. ,  73(1), 148-1.53. 
Brocchini, S. and Kohn, J .  (1996) Pseudo-poly(an1ino acid)s. The Polymeric Materials Enc\ilofj~dia. Boca 

Raton. FL, CRC Press: in press. 
Caliceti, P.. MonFardini, C.. Sartore. L.. Schiavon, 0.. Baccichetti. F.. Carlassare. F. and Veronese. F.M. 

(1993) Preparation ancl properties of ~nonomethox> pol: (ethylene glycol) cloxornbicin conjugates 
linked bv an amino acid or a peptide a5 spacer. I1 F m a c o ,  48(7). 919-932. 

- - 

Gammas, S. and Kataoka, K. (1995) Functional polv[(ethylenc oxide)-co-(,6-benzyl L-aspanate)] poly 
nleric micelles: block copolvmer synthesis and micelles formation. Mnkromol. Cllem. Plzys., 196, 
1899-1905. 

ChonekaJ., CharvetJ.L., Koval, KJ.,Alexander, H.James. 1V.S.. Hooper, KA. andKo11n.J. (1996) Canine 
bone response to tvrosine-derived polycarbonates and poly(L-lactic acid). J .  Blumed. Main.  Re',., 31, 
%-41. 

Coffev. D., Dong, Z., Goodman, R., Israni. A,, Kohn,J.  and Sclroarz, K.O. (1992) Evaluation of a tyrosine 
d e r i v e d p o l ~ c u r h t e  device for the i n t ~ a m n i a l  ) e l m e  ofrlopiirn'nir. Svmposium on Polvmer Delivery Systems 
presented at the 203rd Meeting of the American Chemical Society. Sail Fransisco. CA. CELL 0058. 

Daniels. A.U., Chang, M.K.O., Andriano, K.P. and Heller, J. (1990) Mechanical properties of biodegrad- 
able polvmers and composites proposed for internal fixation of bone./. Apbl. Bioinat(,i-ids, 1, 57-78. 

Dong. Z. (1993) Synthesis ot four structurally related h~rosine-derived polycarbonates and in nitro study 
of dopamine release from pol) (desaminohrosvl-?-rosine hem1 ester carbonate) MSc. Thesis, Rutgers 
Llnixer-iih. 

Engelberg, I. and Kohn. J. (1 99 1) Physico-nlechanical properties of degradable pol>mers used in medical 
applications: A comparative study. Biomatviial~, 12(3), 292-304. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



270 J. KEMNITZER andJ. KOHN 

Ertel, S.I. and Kohn, J .  (1994) Evaluation of a series of tyrosine-derived polycarbonates for biomaterial 
applications./. Burned. Mater B s . ,  28, 919-930. 

Ertel, S.I.. Kohn, J., Zimmerman, M.C. and Parsons, J.R. (1995) Evaluation of poly(DTH carbonate), 
a tyrosine-derived degradable polymer, for orthopaedic applications. J. Blomed. Mater. Res.. 29(11), 
1337-1348. 

Fasman, G.D. (1987) The road from poly(o'-amino acids) to the prediction of protein conformation. 
Biopolymm, 26, S59-S79. 

Fiordeliso, J. (1993) Aliphatic poly~trylates derived from L-hrosine: A new class of biomaterials for 
bioniedical applications. MSc Thesis, Rutgers University. 

Fiorcleliso, I . .  Bron, S. and Kohn, 1. (1994) Design. synthesis, and preliminary characterization of 
tyrosine-containing polyarylates: New biomaterials for medical applications. J Biomulm Sri. (Polym. 
Ed.).  5(6).  497-510. 

Hedavatullah, M. (1967) Cyanates et in~inocarbonates cl'a~yle. I. Action des halogenures de cyanogene 
sur les derives sodes de mono et de diphenols polvsubstitl~es. Bull. Sor. Chim. (France), 416-421. 

Herich, L.L. and Ethridge, E.C. (1982) Biomate~iah-  An interlacin1 @pruach. Ne~York. NY. Academic Press. 
Hooper, K.A. and KohnJ. (1995) Diphenolic monomers derived from the natural amino acid a-L-tyrosine: 

Large scale svnthesis ofclesan'iiuotyrosd-tyrosille alkyl esters.1. Bioact. Cumpat. Polym., 10(4), 327-340. 
Jeon, S.H., Park, S.M. and Rec, T. (1989) Preparation and complexation of an A-B-A type triblock 

copolymer consisting of helical pol! (L-proline) and random-coil poly(ethyle11e oxide). J P m .  Sci. 
Part A:  pol)!?^. Chem,  27, 1721-1730. 

Katchalski, E. (1974) Pol?(amino acids): Achievements and prospects. Peptides, Polypef~tides, and Pwtriiis 
- Proceedings of the Rehovot S}mpo'sium on Po l f im ino  Acids), Polyf~/j/ldes, and Proteins and their Biological 
Implications. NewYork, XY,John Wilev. 1-13. 

Katchalski. E. and Sela, M. (1958) Synthesis and chemical properties ol polv-(a-amino acids. .4dz'nnce,s i n  
Protein Chemistry. New York, NY, Academic Press. 243-492. 

Kohn, J. (1990) Pscudopoly (amino acids). Biodegrudahle Poljme-rs ai Drug Delivery Systems. New York, W, 
Marcel Dekker. 195-229. 

Kohn, J. (1991a) Desaniinotyrosyl-tyrosine alkll esters: New diphenolic monomers for the design of 
t\rosine-derived pseudopoly(amino acids). Pol)ineiic Drugs and Drug Delivery Systems. Washington DC, 
American Chemical Society. 155-169. 

Kohn,J. (1991b) Pseudo-poly(ainir10 acids). Drug \ew~  and Perspectives, 4(5),  289-294. 
Kolm, J. (1991~)  The use of natural metabolites in the design of non-toxic polymers for medical 

applications. PolymerXaus, 16(11), 325-332. 
Kohn. J. (1993) Design, synthesis, and possible applications of pseudo-polv(amino acids). 'IT1,7zds Polym. 

Sci., l ( 7 ) .  206-212. 
Kohn, J .  (1994) lj'rosme-based polyarylates: Polymer desismed for the systematic studj o f  structure-profer'lj 

(orrelutioi~,. 20th Annual Meeting of the Society for Biomaterials, Boston \IA, Society for Biomaterials, 
67. 

Kohn, J. and Langer, R. (1984) A new approach to the development of bioerodible polvmers for 
controlled release applications emplo^ng naturally occurring ainino acids. Polyne-tic Material, Science 
and Engineering. Washington, DC, American Chemical Society. 119-1 21. 

Kohn,J. and Langer, R. (1986a) Poly(iminocarbonates) as potential biomaterials. Biomaterial'i, 7.176-181. 
Kohn, J .  and Langer, R. (1987) Polymerization reactions involving the side chains of a-1,-amino acids. 

/. Am. Chem. Soc., 109, 81 7-820. 
Kohn, J. and Langer, R. (1988) Backbone modifications of synthetic po1y-o'-1,-amino acids. Peptides - 

Cheniisti} and Biology: Proceedings of /he 10th American Peptide Symposium. Leiden (The Netherlands), 
Escom Publishing. 658-661. 

Kohn, J., Niemi, S.M., Albert, E.C., Murphy,J.C., Langer, R. and Fox, J.G. (1986b) Single-step immuniza- 
tion using a controlled release, biodegradable polymer with sustained adjuvant activity. /. Immunol. 
Meth., 95, 31-38. 

Kumaki, T., Sisido, M. and Imanishi, Y. (1985) Antithrombogenicity and oqgei'i pern'ieahility of block and 
g1-aft copolymers of polydinleth>-lsiloxane and polv(a-amino acid) ./. Biomed. Muter. Rev., 19, 785-81 1. 

Lekchiri, A,,  Morcellet, J .  and Morcellet, M. (1987) Complex formation between copper (11) and 
poly(N-n~etl~ac~loyl-L-asparagine) . Macromolecules. 20, 49-53. 

Lescure, E, Gurnv. R.. Doelker, E.. Pelaprat. M.L., Bichon, D. and Anderson, J.M. (1989) Acute 
histopathological response to a new biodegradable, polypeptidic polymer tor implantable drug 
delivery system. J. Biomed. Mater. Res., 23, 1299-1313. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



DEGRADABLE PO1 TOERS DERIT'ED FROM THE AMINO ACID L T\'ROSINE !71 

I.i, C. and Kohn, J .  (1989) S\nthesis of polv(irninocarbonates): Degradable polymers with potential 
applications as disposable plastics and as biomaterials. l~lar~-o~~toleculi",, 22(.5), 2029-2036. 

Li, X., Bennett, D.B.. Adams, N.\\". and Kim. S.W. (1991) Polv(a-amino acid)-drug conjugates. I 'oher i i  
Ding nnd DnigDeliz~el} Systems. Washington, DC, American Chemical Society. 101-1 16. 

Lin, S., Ki'ebs, S. and Kohn,J .  (1991) Charurtfrizalion of a mi, degradablepolycarbonate. The 17th Annual 
Meeting of the Societl- of Bion~aterials, Scottsdale, ,\JR, Society for Bion~aterials, 187. 

Lotan. N., Berger, A. and Katchalski. E. (1972) Conforn~ation and conformational transitions of poly- 
a-amino acids in solution. Annual  Remeu! ofBiochemistry. Palo illto (California), Annual Review Inc. 
869-901. 

1.71nan. DJ. (1983) Polymer5 in medicine -An overview. Polynias in Mnii( tne. Rioii1ecliralandI'hai~naiolog7rnl 
Applications. NewYork, SY, Plenum Press. 215-218. 

Mao, H.Q.. Zliuo. R.X. and Fan, C.L. (1993) Synthesis and biological properties of polymer iinmuno- 
adjuvants. Po*. J., 25(5). 499-505. 

Marchant. R.E., Sugie. T.. Hiltner, A. and .Underson, J.M. (1985) Biocompatibilih and an enhanced acute 
inflammatory phase model. .4,Y7>lI Spec. Terh. Publ. (Coi-m. Dqi-ad. Implant Matpi:/, 859, 251-266. 

Methenitis, C.. Morcellet. J . .  Pneun~atikakis, G. and Uorcellet. M .  (1994) Polymers with amino acids 
in their side chain: Conformation of polymers derived from glvcylglycine and phenylalanine. 
.Vu(romoleculc~~, 27, 1455-1460. 

Moore,).S. and Stupp, S.I. (1990) Room temperature polvesterification. Manvinolerulef,, 23(1). 65-70. 
Morcellet. M.. Loucheux. C. and Daoust, H. (1982) Polv(n~etliacr~lic acid) derivatives. 5. Microcalori- 

metric study of polx (N-n~etliacrvlovl-L-alariine) and poly(N-methacl-vlol-L- alaniiie-co-N-phenylineth- 
acrylamicle) in aqueous solutions. A l a n v m o i ~ t i l ~ ,  15, 890-894. 

Morcellet-Sauva~e,J., Morcellet, M. and Loucheux, C. (1981 ) Polymetharr~lic acid derivatires. 1. Prepara- 
tion, characterization, and potentiometric study of poly(N-~i~etl~acrvloyl-L-alanine-co-N-pl~enylmett~- 
acrxlamide). Makromol. C I L P ~ . .  182. 949-963. 

Pulapura, S. (1991) Biodegradable polymers for medical applications: Tlie n-rosine derived poly(in1ino- 
carbonate-carbonate) system. Ph.D. thesis, Rutgers University. 

Pulapura, S. and Kol111. J. (1990a) The i'minocorbonale-curbo'riatepolymer system: A i z m  c/p/~iouchfor tke desi{fiz 
of ionlrolied I-tleas~foimulatioiis. 17th International Syinposiinn for the Controlled Release of Bioactive 
Materials, Reno, Nevada. Controlled Release Society. 154-155. 

Pulapura, S. and Kohn, J. (1992) Tyrosine derived polycarbonates: Backbone modified. "pseudo.'- 
poly(a1nino acids) designed for bio~necliral applications. Biopolyniris, 32, 411-417. 

Pulapura, S., Li, C. and Rohn, J. (1990b) Structure-property relationships for the design of polviininocar- 
bonates. Kiomateriuls, 11, 666-678. 

Samyn, C. and Bevlen, M.v. (1988) Polydepsipeptides: Ring-opening polvmerization of 3-~nethyl-2,5- 
niorpholinedione, 3,6-dirnethjl-2,5-morpholinedione ancl copolymerization thereofwith D,L-lactide. 
Makro~r~ol. Chew., Mairomol. Sjrnp.. 19, 225-234. 

Schminke. II.D., Grigat. E. ancl Putter, R. (1970) Pi'ilyimidorcii-bonir esto-s and their pieparation, US Patent 
3.491,060. 

Siclman, K.R., Schwope, AD.,  Stcber, W.D., Rudolph, S.E. and Poulin. S.B. (1980) Biodegradable 
implantable sustained release systems based on glutamic acid copo1yniers.J Mcmbr. Sci., 7. 277-291. 

Sidman, K.R.. Steber. W.D., Schwope, A.D. and Schnaper. G.R. (1983) Controlled release of macro- 
molecules and pharmaceuticals from syithetic polypeptides based on glutamic acid. Kiopo()mm, 22, 
547-556. 

Silver, F.H.. Marks. M., &to, Y.P., Li, C., Pulapura, S. and Kohn. J. (1992) Tissue compatibility of 
tvrosine derived polycarbonates and pol~i~niriocarbonates: An initial evaluation. /. Long-Term Effects 
M e d .  Implants. 1(4) ,  329-346. 

Spivak, I .M.,  Blumenthal, N.C., Ricci, J.L. and Alexander, H. (1990) A neÃ  canine model to evaluate 
the biological effects of implant materials and surface coatings on intramedullarv bone ingrowth. 
Bwmotmfais. 11 ( I ) ,  79-82. 

Staubli. A,, Mathiowitz, E., Lucarelli, M. and Langer. R. (1991) Characterization of hydrolytically 
degradable aniino acid containing poly(ar1tiydride-co-iinides). Mari-omolerule\, 24, 2283-2290. 

Stemberger, A,. Alt, E., Schinirlinaier, G.. Kohn, J .  and Blumel, G. (1994) Blood compatible bioniaterials 
through resorbable anticoagulant drugs with coatings. Anil. Heinutol., 68(supplenierlt II), A48. 

Tangpasuthadol,V., Shefer, A.. Hooper, K.A. ancl Kohn  J. (1995) Evaluation of thermalpiopmties andphysical 
aging as function of the pen(1ei;t chain length in tyiosiiie-derived polycarbonate~, a dass of neiu biomatmiub. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



272 J. KEMMTZER and J KOHS 

Symposium Proceedings Vol. 394: Spring Meeting of the Materials Research Socieh, San Francisco, 
CA, Materials Research Society, 143-148. 

rirrell,  D.A., Fournier. MJ. and Mason. T.L. (1991 ) New polymers from artificial genes: a progress report. 
Polyn. Prepr.. 32(3),  704-705. 

Iflieeler, A.W., Moran., D.M., Robins, B.E. and Driscoll, A. (1982) L-tyrosine as an immunological adjuvant. 
In/.  Arclit. Alle~;g .4/1pl. Immun., 69, 113-1 19. 

Wise, D.I.. and Midler, 0. (1984) Polv(alkvltimino acids) as sustained release vehicles. Biop@mm in 

Controlled fit-lease Stem's .  Boca Raton, Florida. CRC. 219-229. 
Yokoyama, M., Anazaiva. H., Takahaslii, A. and Inoue, S. (1990a) Synthesis and permeation behavior 

of membranes from segmented multiblock copolymers containing poly(ethy1ene oxide) and poly(/i- 
benzyl 1,-aspartate) blocks. Mahornol. Chem., 191, 301-311. 

Yokoyama. M.. Inoue, S.. Kataoka, K., Yui. N., Okano, T. and Sakurai, Y (198%) Molecular design 
for missile drug: Svnthesis of adriamvcin conjugated nith iminunoglobulin G using poly(et1qlene 
glycol)-?rfock-poly(aspartic acid) as intermediate carrier. Maavmol. Chem., 190, 2041-2054. 

Yokohama. M., Mivauchi, M., Yamada, N., Okano. T.. Sakurai. Y, Kataoka, I<. and Inoue, S. (1990b) 
Characterization and anticancer activity of the micelle-forming polymeric anticancer drug adriainjcin- 
conjugated polv(ethy1ene glycol)-poly(aspartic acid) block copolymer. Ci7ruer Pies., 50, 1693-1 700. 

Yokovama, hI., Miyauchi, \I.,Van~arPa, N.. Okano, T., Sakuri.Y, Kataoka. K. and Inoue. S. ( 1 9 9 0 ~ )  Polymer 
micelles as novel d l - L I ~  carrier: Aclriamycin-co~ljugatecl poly(ethv1ene glycol)-poly(aspartic acid) block 
copolvmer. J. Cntrolled Release, 11, 269-278. 

Yokoyama, M., Okano. T., Sakurai. Y,  Kataoka. K. and Inoue, S. (1989b) Stabili~ation ofdisulfide linkage 
in drug-polymer-immunoglobulin c o n j ~ ~ g a t e  by i ~ ~ i c r o e n ~ i r o n n ~ e n ~ x i  control. Bwchfw. Biopliy. Pv.5. 
Comnimi., 164(3),  12341239.  

Yoshida, M., Asano. M., K L I I ~ ~ ~ U I - a ,  M., Katakai. R.. hlashimo. T., Yuasa. H. and Yamanaka. H. (1991) 
Sequential polydepsipeptides containing tripeptide sequences and a-hvdrox: acids as biodegradable 
carriers. Eur; Po!\m.J, 27(3),  325-329. 

Yu-Kwon. H. and Langer, R. (1989) Pse~~dopolv(amino acids): Astud) of the spthesis  and characteri~t t ion 
of poly(tra11s-411vdroxv-N-acyl-L-proline esters). A1ac1-omolecda, 22, 3250-3255. 

Zhou, J.. Ertel. S.I.. Buettner, H.M. and Kohn, J. (1994) Evaluatioii of t f romie-denvedp~do-poblurnino d s ) :  

In vitro eel! 71zt~raclionr. 20th Annual Meeting of the Society for Biornaterials, Boston MA. Society tor 
Biomaterials, 371. 

Zhou, Q.X. and Kohn, J. (1990) Preparation otpoly(L-serine ester): Astructural analogue of conventional 
poIy(L-serine) . A\Iaci-o~r~olecz~les, 23, 3399-3406. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



JOSEPH KOST and RIKI GOLDBART 

Department of Chemical Engineering, Ben-Gimon University, Beedheva, Isiael 

INTRODUCTION 

Carbohydrates are the most abundant biomolecules on earth. Photosynthesis, 
converts each year more than 100 billion tons of C 0 2  and HyO into cellulose and 
other plant products. Carbohydrates are one of the main sources of the human 
diet in most parts of the world, and the oxidation of carbohydrates is the main 
energy-yielding pathway in most non-photosynthetic cells. There are three major size 
classes of carbohydrates: monosaccharides, oligosaccharides and polysaccharides 
(the word "saccharide" is derived from the Greek sakkharon, meaning "sugar"). 
Monosaccharides consists of a single polyhydroxy aldehyde or ketone unit. The 
most abundant monosaccharide in nature is the six carbon sugar D-glucose. 
Oligosaccharides consist of short chains of monosaccharides units joined together 
by characteristic glycosidic linkage. The most abundant are the disaccharides, with 
two monosaccharide units. Polysaccharides consist of long chains having hundreds 
or thousands of monosaccharide units. The most abundant polysaccharides made 
by plants, starch and cellulose, consist of recurring units of D-glucose, but they differ 
in the type of glycosidic linkage (Lehninger et al., 1993). 

Polysaccharides also called glycans, differ from each other in the identity of their 
recurring monosaccharide units, in the length of their chain, in the type of the 
0-glycosidic bonds linking the units, and in the degree of branching. The variety 
of saccharide monomers and the variety of possible 0-glycosidic linkages result in 
a diversity of polysaccharide structures and conformations. Some polysaccharides 
serve as storage forms of monosaccharides, whereas others serve as structural 
elements in cell walls and connective tissues. On complete hydrolysis with acid or 
by the action of specific enzymes, polysaccharides yield monosaccharides or their 
derivatives. The polysaccharides can be divided to several groups based on their 
source: microbial, plants, algae and seaweeds, and animals (Table 1) .  

Table 1 Polysaccharides source and structure 

Polymer Source Str~~cture  

Agai ow 

red sea weed (rhodophvceae: extended ribbon like polvmers, 
gractaria and gelidium) backbone glycosidic links are always 

di-equatorial, but the repeating unit is a 
dimmer agarobiose: 3,6 anhydi-o-40-(,6- 
D-galactopyranosyl)-L-galactose 

red sea weed (rhodophyceae: natural copolmer with D-galactose in 
gractaria and gelidium) (1-3) linkage, alternating i\ith 3,6 

anhyrlro-ff-L-galactose in a(1-4) linkage 
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Table 1 Continued 

Pol\ mer Source Structure 
- 

sea need extracts D-~nanuopyranosyluronate (D- 
mannuronic acid) in ,6 (1-4) 
linkage, and L-pilopvranosyl~~ronate 
(L-guluronic acid) in a(1-4) linkage 
linear blockcopolymer, anionic 

gdactijse residues which are sulfated and 
alternately linked in a(l-3) and ,6(1-4) 
linkage. The -&linked residue ran be 
3,6 anhydro-D-galactose and 3-linked 
residues are. at least partly, -&sulfated 

sea weed extract (red algae - 
rhodophvlae) 

Cellulose 

Chitin 

plant cell Ã§al D-glucose in ,6 (1-4) linkage, lineal 

exoskeleton of insects and 
crustacea. fungi wall membrane 
(filamentous fungi) 

D-N-acetyl gl~~cosamine in f i  (1-4) 
linkage, neutral 

Chitosan fungi wall membrane (Mucor 
rouxil) , commercially derived 
from chitin by chemical 
conversion with strong alkali 

2-an~ino-2-deoxv-D-glucose (D-N- 
gl~icosamine) in ,8 (1-4) linkage, cationic 

Condroitin sulfate animal D-glucopyranuronic acid and 
2-acetaniido-2-deox\--D-galactopyranose 
6, or 4 sulfate, alternately linked in 
(S (1-3) and ,6 (1-4) linkage 

Curdlan 

Dextran 

bacteria, extracellular (alcaligenes 
faecalis. agrobacter spp.) 

D-glucose in p(1-3) linkage. neutral 

bacteria, extracellular (leuconstoc 
sp.) 

D-glucose in a (1-6) linkage, branch 
linkages are a(1-4), a(1-2), a ( l -3) ,  
neutral 

fungi, extraccllulai D-glucose in a (1-4) and a (1-3) 
linkages, in molar ratios of 2: l  to 2.5:1 
approximately one in 140 linkages is 
~ ( 1 - 6 )  

Elsinan 

sea weed extract (furcelleria 
fastigiata) 

composed of D-galactose and 
3,6-anhydro-D-galactose. with sulfate 
ester groups on both sugar con~ponents 

plant seed (endospcinl 
of the seed of c\amopsis 
tetiqonolobus) 

D-n~annopyrancwl units in ,3 (1-4) 
linkage, to which varying amounts of 
a-D-galactop ranosvl groups are joined 
in a( l -6)  linkage 

bacteria. extracellular 
(pseudonomas elodea) 

D-glucose. D-glucuronic acid and 
rhamnose in ,6 (1-4) linkage 

animal cells (liver, skeletal, D-glucose in a (1-4) linkage, branch 
nluscle) linkages are a (1-6) even' 8 to 
12 glucose residues 
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Table 1 Continued 

Poh mer Soiirc e Structure 

Gum arabic (acacia 
gu111) 

plant (acacia senegal or other 
related african species of acacia) 

D-galactose in (S (1-3) or  (S (1-6) 
linkage. with L-arabinose, L-rharnnose. 
D-galactose and D-glucuronic acid as 
side groups in (1-3) o r  (1-4) linkage 

plant cell ball D-xylose in ,6 (1-4) linkage, Ã§i t  side 
chains of arabi~lo->e and other sugars 

human and animal (intercellular 
material in the space between 
skin, cartilage and muscle cells) 

plant (artichoke) 

plant (sterculia urens) 

D-glucuronic acid and N-acet~lglucosamine 
in ,6 (1-3) ancl (S (1-4) linkage, linear 

Hyaluronic acid 

D-fructose in (3 (1-2) linkage 

kr- - r17, a s,um 
(sterculia gum, 
Indian tragacanth) 

mixture of D-galactose. L-rhanmose and 
D-galacturonic acid. The  galacturonic 
acid units are the branching points of 
the 11101ecule 

bacterki, extracellular arihvdro-D-fructo-tnranose in 
predominantly (3 (2-6) linkage ancl 
some (S (1-2) linkage 

methyl D-plact~~~-onate in a(1-4) 
linkage 

Pectin 

Pollulan 

Prophvran 

plant cell !\dl1 

fungi, extracellular (aurebasidi~un 
pullalans) 

maltot~~iose in a(1-4) linkage, connected 
bv a (1-6) linkage 

red sea need partial 6-0-methylagarobiose together 
with partial replacement of L-galactose 
by L-galactose 6-sulfate 

Psyllium-flea seed 
(plantago seed) 

plant seed (plantego psyllium or 
plantego indica) 

mixture of 1.-arabinose, D-galactose, 
D-galacturonic acid, L-rhan~nose and 
D-xvlose 

Quince seed 

Scleroglucan 

plant seed (rydonia vulgaris) 

fungi, extracellular (sclerdium 
glucaricum) 

D-glucose in ,8 (1-3) linkage, with (1-6) 
(S-D-glucoes side groups linked to every 
third (S-D-glucose residue in the main 
chain 

Starch plant seed D-glucose in a (1-4) linkage, branch 
linkages are a ( l -6)  

consists of water-soluble fraction 
known as tragacanthin (mixture of 
D-galacturonic acid, D-galactose. 
Id-fucose, D-xylose and L>-arabinose) 
and a water-insoluble fraction known 
as bassorin (the carboxyl groups of the 
galacturonic acid are rnainh esterified 
with n~ethanol)  

plant ( a ~ t r a ~ l u s )  
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Table 1 Continued 

Polvmer Source Structni e 

Welan bacteria (alcaligenes spp.) single sugar side groiips: L-rlian~nose 
or L-mannose are regularly linked in 
,6 (1-3) linkage to a gellan backbone 

bacteria, extracellular to a cellulose backbone (D-glucose in 
(xanthonomas compestris) P(1-4) linkage) are attached (even- 

other (S-11-glucose residue) side groups 
built up by D-marnose. D-glucuronic acid 
and D-mannose, anionic 

Xvlan plant tissues (sugar cane bagasse, anhydroxylose with substituents of 
corn cobs and stran') 4-0-methyl glucuronic acid, acehl 

groups and anhvdroarabinose units in 
,8 (1-4) linkage, partially branched 

X> loglucan plant seed (tamarindus indica) D-glucose in ,6 (1-4) linkage, ivith side 
amvloid) groups of D-galactose and D-ylose 

With the exemption of some linear polysaccharides such as cellulose, polysaccha- 
rides are hydrophilic polymers which in a suitable solvent system, form hydrocolloids 
with different physical properties. Polysaccharides are of interest because of their 
unusual and functional properties (Kaplan et al., 1994). Some of these properties 
are listed in Table 2. 

CHEMICAL VIODIFICATIONS 

The chemical modification of polysaccharide chain can occur at the liydroxyl, car- 
boxyl, amino or sulfate moieties or by oxidation to open up the pyranose rings. Mod- 
ification of hydroxyl group can be performed by alkylation, acylation and phospho- 
rylation. Modification can be also obtained by the introduction of actvating groups 
to conjugate enzymes and proteins. Reagents used for the preparation of activated 
polysaccharides include: cyanogen bromide, carbonyldiimidazole, chloroformates 
(4nitrophenylchloroformate, N-liydroxysuccinimidylchlorofor~nate, trichloro- 
phenylchloroformate), divinylsulfone, organosulfonyl, triazine, periodate and car- 
bodiimide. 

Table 2 Useful Properties of Polvsaccharides 

Film and gel forming capabilities 
Stability over broad range o l  temperatures and pHs 
Biocompatibilitv 
Biodegradabilih 
Water solubilih 
possible genetic manipulation to control product expression 
molecular w igh t  distribution, stereospccificitv and 
functional properties 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



N VTURAL AN MODIFIED POLYSACGHARIDES 274 

Grafting of natural polysaccharides is of considerable interest in biomedical, 
pharmaceutical, agricultural and consumer products. Graft copolymers are generally 
prepared by generating free radicals on the polysaccharide chain. The free radicals 
then initiate polymerization of vinylic or acrylic monomers. Common chemical 
initiators used include: ceric salts, potassium permanganate, trivalent manganese, 
cupric ions, ammonium persulfate, potassium persulfate and azobisisobutyronitrile. 
Initiation of polysaccharide molecules can also be achieved by ionizing radiation 
using ^Co or electron beam radiation (Shalaby and Park, 1994). 

BIODEGRADATION 

Living organisms cannot only synthesize biopolymers such as proteins, nucleic 
acids and polysaccharides, but are also capable of degrading them. The general 
mechanism of degradation of polymers into the small molecules employed by 
nature is a chemical one. Living organisms are capable of producing enzymes 
which can attack biopolymers. The attack is usually specific with respect to both the 
enzyme/polymer couple and the site of attack at the polymer. Frequently, enzymes 
are designed according to their mode of action. Hydrolases, for instance, are enzymes 
catalyzing the hydrolysis of ester-, ether- or amide-linkages. Proteolytic enzymes 
(hydrolyzing proteins) are called proteases and enzymes hydrolyzing polysaccharides 
are called glycosidases. There are three types of glycosidases that hydrolyze either 
0-glycosyl, N-glycosyl, or S-glycosyl bonds in a polysaccharide chain (Park et al., 1993; 
Shalaby and Park, 1994). Several enzymes together with their potential cleavage sites 
are pesented in Table 3. 

Amylases operate at two modes: endo-(a amylases) or exo-(/3 amylases). a-amylases 
hydrolyze only (1-4) linkages and attack the amylose chain at random points. The 
end products are a-maltose and glucose. /3-amylases can also hydrolyze only (1-4) 
linkages, but attack amylose specifically only at the non-reducing end of the molecule 
removing successively /3-maltose molecules. Since neither a nor /3-amylases can attack 
the (1-6) linkages, the end products of the hydrolysis of the branched amylopectin 
contain branched dextrins with intact (1-6) linkages. 

Phosphoqlases catalyze the phosphorolytic cleavage of a-D-glucose-l-phosphate 
from the non-reducing end of the amylose molecule. 

Cellulases play an important role in the natural decomposition of plant residues 
and are produced by cyllolitic microorganisms including aerobic saprophytes, 
anearobic rumen bacteria and anearobic thermophilis spore formers. Similar to 
amylases, the cellulases operate in two modes: endo or exo-cellulase. 

Lytic enzymes attack cell walls which consist mainly of peptidoglycans. The mode 
of action during lysis of peptidoglycans is depicted in scheme 1 (Schnabel, 1981). 

POLYSACC DES ANALYSIS 

Mixture of polysaccharides can be revolved into their individual components by 
many techniques: differential centrifugation, ion-exchange chromatography, and 
gel filtration. Hydrolysis in strong acid yields a mixture of monosaccharides, which, 
after conversion to suitable volatile derivatives, may be separated, identified, and 
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Table 3 Enzymes capable of rupturing main chains in polysacchai-ides 

Phosphorr lase 

Preferential clravqgr sites 

hydrolysis of l,3-,!-D-galactosidic linkage in agarose 
hvclrolrsis of 1,h-11-glucosidic linkages containing three or more l,4a-linked 
D-glucose units 
hvdrolysis of 1 , k - l i nked  U-glucosidic linkages from nonrrd~iciiigrends of chains 
hydrolysis of more 1,4/i-linkeges between D-galactoie-+sulfate and 3,6-anhydro-D. 
galactose in carrageenans 
endohvdi-olysis of 1-4-/i-D-glucosidic linkages in cellulose 
random h\drolvsis of N-acen-I-ifi-D-glucosaminide 1,4,6-linkages in chitin and 
chitodextrins 
endohvclrolysis of 1,6u-D-glucosidic linkags in dextran 
a-L Fucosidr - uatri  rirlds i-lll alcohol + L-fiicose 
hydrolysis of terminal, nonreducing wD-galactosidase residues in a-D-galactosides 
hvdrolysis of terminal, nonreducing p-D-galactosidase residues in /i-D-galactosides 
hydrolysis of terminal. nonreducing 1.4-linked a-D-glucose residues 
hydrol?sis of terminal, nonreducing /i-D-glucose residues 
random hvdrolysis of 1,4-linkages between S-acct-vl-^-D-glucosamine and 
D-glucuronate residues in hyaluronate and random h\drolysis of 1.3-linkages 
between N-ace?-I-p-D-glucosamine and N-acetvl-D-glucosamine residues in 
liyaluronate 
endohydrohsis of 2.1-/i-D-fructosidic linkages in inuliri 
hvdrolysis of 1 .Ga-glucosidic branch linkages in glycogen, ainylopertin, and their 
p-limit dextrin 
hydrolysis of 1 ,+^-linkages between N-aceh-lmuran~ic acid and S-acehl-D- 
glucosamine residues in peptidoglycan and betmve N-acehl-D-glucosaniine residues 
in chitodextrin 
cleavage of a-D-glucose-L-phosphate from the nonreducing end of the arnylose 
molecule 

quantified by gas-liquid cl~romatography to yield the overall conlposition of the 
polymer. For simple linear polymer such as amvlose, the position of the glycosidic 
bond between monosaccharides is determined by treating; the intact polysaccharide 
with methyl iodide to convert all free hydroxyls to acid-stable methyl ethers. When the 
methylated polysaccharide is hydrolyzed in acid, the only free hydroxyls present in 
the monosaccharides produced are those that were involved in glycosidic bonds. To 
determine the stereochemistry at the anomeric carbon, the intact polymer is tested 
for sensitivity to purified glycosidases known to hydrolyze only a- or only /3-glycosides. 
Total structure determination for complex polysaccharides is much more difficult. 
Stepwise degradation with highly specific glycosidases, followed by isolation and 
identification of the products, is often helpful. Mass spectral analysis and high 
resolution nuclear magnetic resonance (NMR) spectroscopy are extremely powerful 
analytic tools (Lehninger et al., 1993). brief statements on the basic principles of 
the methods with detailed description of experimental protocols can be found in 
(Chaplin and Kennedy, 1994). 

PROPERTIES AND APPLICATIONS 

Following is a more detailed description of properties, processing and applications 
of several polysaccharides. 
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Scheme 1 Mode of action of lytic enzymes during the lysis of peptidoglycan. (a) Rupture 
of the N-acetylglucosaininyl-N-acetylmurainic acid bond by endoacetylglucosaniinidases. (b) 
Endoacetylmuramidases split the N-acetylinuramyl-N-acetylgl~~cosamine bond. (c) Rupture 
of the peptide bonds by peptidases. 

The affinity of alginates for cations and gel forming properties are mainly related to 
the content of contiguous guluronic residues. When two guluronic acid (G) residues 
are adjacent in the polymer, they form a binding site for polyvalent cations. Therefore 
the content of G-blocks is the main structural feature contributing to gel strength 
and stability of the gel. Alginates are widely used in pharmaceutical preparations, 
cell entrapment, and enzyme immobilization. 

Entrapment of cells within spheres of calcium-alginate gels has in recent years 
become the most widely used technique for immobilizing living cells. The production 
of alginate beads containing cells is simple. A cell suspension is mixed with a aqueous 
solution of alginate (2-4%). The mixture is dripped into a solution containing 
a multivalent cation solution (CaClg, 0.05-0.1 M).  The droplets instantaneously 
solidify forming ionotropic gel, entrapping the cells within. The advantages of 
alginates for cell entrapment are: the immobilization is performed under very' mild 
condition, therefore little loss of viability for most cells. No chemical coupling is 
required, and the cells are not exposed to any harmful chemicals. The process 
can be performed in an isotonic buffered medium at neutral pH and a range of 
temperature from 0-10O2C. 

Alginate entrapment has now been applied for immobilization of different cells 
including bacteria, yeasts, molds, algae, plant and animal cells. Gel entrapment 
can be easily performed under sterile conditions, either by autoclaving or sterile 
filtration of the sodium alginate solution before mixing with cells. Since the gel is 
crosslinked by calcium ions, substances with high affinity for calcium will destabilize 
the gel. This preclude the use of buffers containing citrates or phosphates. It is 
therefore recommended to include 3 mM calcium in the medium, or to keep the 
sodium/calcium ratio less than 25: 1. 

Despite the extensive studies in the field since Lim and Sun (Lim and Sun, 
1980) described the reversal of diabetes in rats by alginate-based encapsulated 
islets, there have been until recently, no reports of successful studies of the large 
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animal model nor any attempts in Type I diabetic patients. Recently Soon-Shiong 
et d (Soon-Shiong et al., 1994) elucidated some of the factors affecting long term 
viability of the implanted alginate based encapsulated islets. Based on their finding 
the authors concluded that alginate material high in mannuronic acid content 
should be avoided for in vivo microencapsulation. Also by controlling the kinetics 
of gel formation and by the use of alginate high in Gcontent mechanical integrity 
and chemical stability of the microcapsules were significantly improved. Phase 1/11 
human clinical trials demonstrated ongoing insulin secretion from the intraperi- 
toneally implanted encapsulated islets for over 20 months. Following injection of 
the initial dose of 10,000 islets per kg, the patient maintained normoglycemia. 
Occasional hyperglycemic episodes were noted post-prandially and the patient was 
placed on a minimal dose of insulin to maintain normoglvcemia for a period of 6 
months. In the seventh months additional 5000 islets per kg were injected which 
resulted in insulin independence in the ninth month for the entire 30 days period. 

Both Kelco from U.S and Protan from Norway produce medical grade alginates. 
Kelco algin products have been affirmed GRASS by the U.S Food and Drug 
Administration (FDA). Protan sells alginates for immobilization and encapsulation 
with two guluronic content of 40 and 70% (PROTANAL LF 10/60,10/40 RB, 20/60, 
and 20/60RB) 

Arabinogalactan is a water soluble gum found in unusually high concentration (up to 
35%) in the heartwood of all species of larch. It is a highly branched polysaccharide 
of a 30,000 molecular weight, composed of L-arabinose and D-galactose units at 
1:6 mole ratio. Arabinogalactan has many unique characteristics, such as complete 
miscibility with water and low viscosity at high dissolved solids content (23.5 cps 
at 40% concentration and 20Â°C) Temperature, electrolytes, and pH have little 
effect on the viscosity of concentrated solutions of arabinogalactan. The refractive 
index and specific gravity of arabinogalactan solutions are both linear functions of 
concentration and can be used as analytical tools in measuring concentration of 
the gum (Nazareth et al., 1961). These unique characteristics have made the gum 
useful in such industries as the printing, mining, carbon black, and food industries 
(Adams and Ettling, 1973). In recent years arabinogalactan has been applied for 
use in cell separation, cosmetic formulations, pharmaceutical dosage forms, and as 
drug carrier for hepatic drug delivery (Groman et al., 1994). It is FDA approved as 
food ingredient, and commercially available since 1964, it is now available at various 
grades from food grade to ultra pure (Larex International, St. Paul, USA). 

These are discussed in Chapter 15 in this volume 

Chitin, widely distributed in nature, is a substance that sustains and protects the body 
of crustaceans and microorganisms. Chitin is the second most abundant natural 
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polymer after cellulose. Its annual production in nature totals thousands tons. 
Commercially chitin is mainly produced from shell wastes of crabs, shrimps and 
krills, which are generated from the seafood industries. Chitosan is the deacetylated 
product of chitin. Chitosan rarely exists naturally, except in a few species of 
fungi. Commercially, chitosan is produced from chitin by deacetylating the chitin 
with concentrated alkali solutions at elevated temperatures. The acetamide groups 
undergo a hydrolysis process and chitin is converted to chitosan as a result. 

Pure chitin with 100% acetylation in the amine groups and pure chitosan with 
100% deacetylation rarely exist. The natural chitin and chitosan often exist as a 
copolymer of glucosamine and acetylated glucosamines. The degree of acetylation 
is therefore one of the most important structural parameters in chitin and chitosan. 
Many methods have been developed for analyzing the degree of acetylation, 
ranging from elemental analysis, titration, circular dichroism, infrared spectroscopy, 
L T  spectroscopy, pyrolysis-gas chromatography, thermal analysis, NMR and X-ray 
diffraction. 

Chitin is insoluble in water and most ordinary solvents. This property has restricted 
its use to applications that do not require solubility of the polymer (Chandy and 
Sharma, 1990; Muzzarelli et al., 1986). As chitosan contains the basic free amines, it 
can form salts with a variety of inorganic and organic salts. Most of these salts are 
water soluble and chitosan can be dissolved in aqueous solutions of almost all the 
organic and inorganic acids. The chitosan solution can be dried and then ground to 
form a powder which can be highly purified to provide a water soluble raw material 
for various uses. 

Acylation of the amine groups of chitosan can be readily carried out using acyl 
anhydride as the reactant. During the acylation process of a chitosan solution, the 
chitosan slowly loses the solubility and a gel is formed. Muzzarelli et al. (Muzzarelli 
et al., 1986) modified chitosan with aldehyde-acids and keto-acids, from which they 
obtained a series of polymers possessing such groups as cai-boxylic acids, primary 
and secondary amines and primary and secondary hydroxyl groups. The product 
showed excellent metal chelating properties (Muzzarelli, 1973). 

Since Prudden et al. (Prudden eta!., 1970) reported chitin's ability to promote the 
healing of wounds, some bioactivating effects based on its immunological adjuvant 
activity have become apparent. Based on their basic properties, braided fibers, sheets 
and porous sponges made from chitin and chitosan have been applied clinically in 
the form of absorbable sutures thread and temporary dressing for the skin and 
soft tissues defects. Chitin and derivatives have been also applied as drug deliver}.' 
matrices as filling for bone defects, as internal fixation devices for bone fracture, 
and as immunological activation adjuvants (Maeda et al., 1995). 

Chitin artificial skin, in the form of nonwoven fabric, is commercially available 
in Japan. A number of studies have already reported satisfactory results regarding 
its wound healing effects, histological reactions, and wound management abilities 
(Kifune, 1992). 

Pangburn et al. (Pangburn et al., 1984) suggested the application of partially 
deacetylated chitin in self regulated drug delivery systems. Suzuki et al. (Suzuki et al., 
1993) obtained the release of high concentration cisplatinum under an implantation 
to mouse muscle during more than 8 weeks. In recent years additional studies were 
aimed at the development of drug delivery systems using chitin and its derivatives 
(Watanabe et al., 1992). 
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Following is a procedure described for the preparations of films and matrices 
made of chitosan (Golomb et al., 1992). High and low molecular weight chitosan 
purchased from Fluka were used after being passed through a 10-mesh screen. The 
films were prepared by dissolving the polymer (91 gr) in 100 mL of 3% acetic acid. 
The viscous solution was poured into petri dishes, and the remaining acetic acid 
was removed from the film by lyophilization. For drug delivery matrices, the drug 
was dissolved in the polymer solution and casted as described, yielding matrices with 
5 4 0 %  w/w drug in polymer. Crosslinking of the films or matrices in attempt to retard 
degradaton and drug release rates is possible by exposing them to glutaraldehyde 
vapors in closed chambers for 24 h at ambient temperatures. 

Dextran 

Many different types of esters and ethers of dextran provide macrmolecules with 
diverse properties and negative, positive or neutral charges. Properties depend upon 
the type and degree of substitution, and the molecular weight of the dextran. The 
most widely used dextran derivative is obtained by the reaction of an alkaline solution 
of dextran with epichlorohydrin to give cross-linked chains. The product is a gel that 
is used as a molecular sieve. With its commercial introduction in 1959 by Pharmacia 
Fine Chemicals, Ltd, Uppsala, Sweden, cross-linked dextran revolutionized the 
purification and bio-separation processes. 

Commercial cross-linked dextran is know as Sephadex. It is produced in bead 
form by dissolving the dextran in sodium hydroxide solution, dispersing it in 
an immiscible organic solvent such as poly(viny1 acetate) in toluene, and adding 
epichlorohydrin. The reaction mixture is kept at 50'C until the beads gel. Several 
types of Sephadex have been developed with different degrees of cross-linking, giving 
different molecular exclusion limits. Cross-linked dextran matrix has also been used 
as a solid support for affinity chromatography in which the desired-affinity ligand 
is covalently coupled to the dextran by adding alkaline cyanogen bromide to the 
cross-linked dextran followed by the ligand. 

Dextran of relatively low molecular weight can be used as therapeutic agent in 
restoring blood volume for mass casualties. The initial impetus for the commercial 
production was for this use. Natural dextran with a molecular weight of about 
5 x 1Q8 daltons is unsuitable as a blood plasma-substitute. The optimum size for 
blood-plasma dextran, so called clinical dextran, is 50,000-100,000 daltons. These 
relatively low molecular weight dextrans may be produced by controlled acid 
hydrolysis of natural dextran, followed by organic solvent fractionation (Gronwall, 
1957). 

Dextran have been also used as drug carrier. In these drug-linked dextrans the 
polysaccharides act as a shield, protecting the active moiety against chemical or 
biological degradation, and also as a carrier transferring the active drug via the blood 
to the organs, without decreasing its bioavailability. Hydroxyl groups of dextran can 
react directly wit11 chlorides of organic acids in the presence of acceptors of chloride 
ions i.e. alkaline hydroxides or pyridine. Direct esterification of dextran is possible 
by diimides such as dicvlohexylcarbodiimide. To synthesize derivatives that do not 
contain carboxylic groups capable of esterification, it is necessary to activate the 
hydroxyl groups of dextran and produce the desired compound by covalent bonds. 
The most frequently used agents for the activation are periodate, azide, cyanogen 
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halides, organic cyanates and epoxyhalopropyl (Molteni, 1979; Schacht et al., 1985) 
(Molteni, 1979; Schacht, Ruys et al., 1985; Mocanu and Carpov, 1996). 

Recently Kaplan and Park studied chemically crosslinked dextran hydrogels for 
application in the controlled delivery of bioactive proteins (Kaplan and Park, 1995). 
Dextran was functionalized by reacting it with glycidyl acrylate to introduce reactive 
double bonds. Upon exposure to /-irradiation the functionalized dextran formed a 
crosslinked gel which could be degraded by dextranase. 

Hyaluronic Aci 

Hyaluronic acid (HA) is a natural component of connective tissue, and is also found 
in synovial fluid that cushions joints as well as the vitreous and aqueous humors 
of the eve. It is considered as a space-filling, structure-stabilizing, cell coating and 
cell-protective polysaccharide. Because of its properties, HA has found widespread 
use in applications such as ophthalmic surgery and viscosupplementation (the 
therapeutic process by which the normal rheological state of a tissue compartment 
with pathologically decreased viscoelasticity is restored by the introduction of 
viscosupplementary materials). HA has been proposed for use in a variety of 
medical treatments, including wound healing, adhesion prevention in postoperative 
orthopedic, abdominal gynecological surgery, artificial organs, and drug delivery. 
However, many clinical applications are precluded, because HA exists in the 
form of an aqueous gel that has a limited shelf life and is rapidly degraded 
on administration. Recently through chemical modification of HA a series of 
biopolmers with physiochemical properties that are different from those of 
but which retain the desired biological properties of HA, have been produced 
(Benedetti, 1994). 

The HA chain contain three types of functional groups that can be used for 
derivitizations, namely, hydroxy, carboy, and acetamido groups. A large number 
of HA derivatives cross-linked via their hydroxy group were developed by Balazs 
and Leshchiner (Balazs et al., 1995) named hylans. Cross-linking agents of various 
functionalities were used in the reactions, including formaldehyde, dimethylol urea, 
dimethylolethylene urea, polyisocyanate, andvinyl sulfone. Water-insoluble products 
were obtained in the shape of powder, a film, or a coating on various substrates. The 
products obtained withvinyl sulfone as the crosslinking agent were developed further 
to biomedical products with excellent biocompatibility (Balazs and Leshchinger, ) .  

The first medical application of the noninflammatory fraction of Na-hyal~ironan 
(NIF-NaHY) was in the ophthalmic surgery. The commercial product under the 
trademark HealonR was introduced by Kabi Pharmacia, Upsala, Sweden. Healon 
is primarily used in cataract surgery. It minimizes the surgical trauma during the 
removal of the cataractous lens and introduction of its replacement, the intraocular 
plastic lens. 

In the late 1980s two additional hyalronan preparation for treatment of arthritis 
were marked; one in Japan (ArztK Seikagaku and Kaken) and one in Italy (HyalaganR, 
Fidia). The preparations consist of a 1% solution of relatively low molecular 
hyloronan (700,000) which are injected for viscosupplementation of osteoarthritic 
joints (Balazs et al., 1995). Addition applications of HA have been evaluated for 
management of postsurgical adhesion in: abdominal, cardiac, musculoskeketal and 
neurological procedures. 
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HA and hylans have been developed as topical, injectable, and implantable 
vehicles for the controlled and localized delivery of biologically active molecules 
(Larsen and Balazs, 1991). The most commonly studied HA delivery system is for 
the delivery of pilocarpine agent used in the management of the elevated intraocular 
pressure associated with glaucoma. Topical HA solutions (0.1-0.2%) have been 
shown to be effective therapy for dry eye syndrome. 

Interferon is a protein with antiviral and antiproliferative properties that has been 
approved for treatment of hairy cell leukemia, genital warts, and Kaposi's sarcoma. 
In Litro studies performed using hylan vehicles loaded with alpha-interferon indicate 
that hylan gel-fluid mixtures have a substantial effect on the release period of 
interferon. In the presence of hylan vehicles, there was up to an eight fold reduction 
in the levels of interferon released over a 24hour period, as compared with controls 
not containing hylan. 

At Hyal Pharmaceutical Corp. a topical form of HA similar to drug patches is under 
development for delivery of analgesics and drugs for treatment of pre-cancerous skin. 
The topical products have not been approved yet but the company hopes for a 1997 
launch of these products (Ziegler, 1995). 

Starch 

Starch forms the main source of carbohydrate in the human diet. Starch consists of 
two main polysaccharides, amylopectin and amylose: the former constitutes about 
80% of the most common starches. Amylose is essentially a linear polymer having 
a MW of 100,000-500,000. Conversely amylopectin is a highly branched polymer 
with molecular weight in the millions. The branches of amylopectin contain about 
20-25 glucose units. Amylases are capable of hydrolyzing starch completely to yield 
D-glucose. In humans amylases are produced in the salivary glands and the pancreas. 

A wide range of modification mechanisms of starches are known (Yalpani, 1988). 
These include self-association (induced by changes of pH, ionic strength, or physical 
and thermal means) and complexation with salts and covalent cross-linking. 

The ability of polysaccharides to form a network structure (gel), even at very 
low concentrations, constitutes one of their most important functional properties. 
The gelation process, the formation of a three-dimensional nonsoluble network 
structure, is different than the gelatinization process, which is a means of dissolving 
starch. Gelatinization is known to destroy the crystalline-like structure by opening 
starch tertiary and quaternary structures due to breakdown and rearrangement of 
hydrogen bonds. During this process the granular structure of starch is completely 
destroyed, but it is still in its macromolecular state. 

Starch in its native or modified form, has been subjected to extensive study over the 
past 50 years. Early interest in starch was associated with the food and paper industry, 
textile manufacture, and pharmacology. With the increased interest of biomedical 
and pharmaceutical research in biodegradable polymers as matrices for controlled 
drug delivery systems, impressive activities on the modification of natural polymers 
to meet growing needs have been reported (Hag et al., 1990; Kost and Shefer, 1990; 
Shefer et al., 1992; Trimnell et al., 1982; Vandenbossche et al., 1992; Visavarungroj 
et al., 1990). 

Kost and Shefer (Kost and Shefer, 1990) studied two methods of network 
formation (crosslinking by calcium or epichlorohydrin) to entrap drug molecules 
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in the starch matrix for use in controlled drug delivery systems. Since the enzymatic 
degradation of starch is very sensitive to both its structure and morphology, the 
degradation rates, thus drug release, will be affected and depend upon the structure 
of the network formed. The first stage of network formation in both calcium and 
epichlorohydrin procedures involves the gelatinization of starch by addition of 
sodium hydroxide solution (6.6% (w/v), 50 mL) to a suspension of water (30 mL) 
and starch with the drug (12 g). The solution turns into a high viscosity mixture 
after 1 h of continuous stirring at 600 rpm. Solution of calcium chloride (12.2 g, 
24.5 mL of 50% (w/v) solution in water) or epichlorohydrin (20.5 mL), depending 
on the type of network formed, were added upon continuos slow mixing ending in 
coagulating the mixture. The particles formed were washed with water and air dried 
at room temperature. 

Recently Labopharm introduced an excipient for controlled release matrices 
under the trade name CONTRAMID. Contramid is a derivative of amvlose, obtained 
by treating amylose with cross-linking agents. With Contramid it is possible to prepare 
tablets by direct compression of a drug-excipient mix. The release profiles are a 
function of the cross-linking degree, the hydrophilic character of the drug and the 
core-loading. 

Xanthan Gum 

In 1964 Kelco commercialized xanthan gum. Since then, xanthan gum has been used 
in numerous applications by a multitude of industries. Xanthan gum was approved in 
the United States by the U.S. Food and Drug Administration for general use in foods. 
(21 CFR 172,695). Xanthan gum appears as E-415 on the European Community 
Consolidated Directive for Food Additives. The EC's Scientific Committee for Foods 
assigned an "AD1 unspecified" to xanthan gum in its 66th meeting. 

Xanthan gum solutions are highly pseudoplastic. 'When shear stress is increased, 
viscosity is progressively reduced. Upon the reduction of shear, total viscosity is 
recovered almost instantaneously. This behavior results from the high-molecular 
weight molecule which forms complex molecular aggregates through hydrogen 
bonds and polymer entanglement. Also, this highly ordered network of entangled, 
stiff molecules accounts for high viscosity at low shear rates. Shear thinning results 
from disaggregation of this network and alignment of individual polymer molecules 
in the direction of shear force. However, when the shearing ceases, aggregation 
reform rapidly. 

Xanthan gum is avaluable excipient in oral controlled release products, in gastric 
fluid it swells and therefore produces a viscous layer around the tablet through which 
the drug must diffuse. Matrix systems using xanthan gum can be easily produced by 
normal production processes such as direct compression or granulation (Dumoulin 
eta/ . ,  1993). 
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OWRVIEW 

Oxidation of cellulose produces an absorbable biomaterial. Eastman Kodak pi- 
oneered an industrial scale oxidation process using nitrogen dioxide gas vapor. 
Johnson &Johnson subsequently modified this process using nitrogen dioxide in a 
solvent. Maintaining control over the oxidation reaction imparts desirable physical 
properties and degradation characteristics to the oxidized cellulose. Applications of 
this material are varied and each exploits the oxidation chemistry. 

INTRODUCTION 

Cellulose is the most abundant biomass on the surface of the earth. For millennia, it 
has provided mankind with a functional, low cost and renewable raw material. As a 
biomaterial, cellulose can be converted into a wide range of derivatives with desired 
properties for a variety of biomedical applications. The three hydroxyl groups of 
the cellulose molecule can undergo chemical reactions common to all primary 
and secondary alcohol groups, such as esterification, nitration, etherification and 
oxidation. From these reactions, a variety of useful polymers can be created (Serad 
& Sanders, 1979; Bogan et a/., 1979; Greminger, 1979). Oxidation, however, is the 
only process that renders cellulose bioabsorbable in man. Complete oxidation of 
cellulose yields carbon dioxide and water. Partial oxidation of cellulose results in a 
biomaterial with controlled degradation characteristics that are used to advantage 
by the biomedical industry. Since the oxidation process is complex, it often results in 
non-homogenous materials. The focus of this chapter is the oxidation of cellulose. 

The action of numerous oxidants on cellulose has been studied under widely 
varying conditions of temperature, pH, time of reaction and concentration. The 
resulting polymer (see Figure 1) contains reactive groups (such as aldehyde, ketone 
or carboxylic acid) in fixed positions. A major problem with oxidation is the difficulty 
of producing materials that are homogeneous in chemical and physical properties. 
This complication arises from: 

a the different reactivities of the three llydroxyl groups, 
a the dissimilar availabilities of different parts of the cellulose molecule and 
a the distinct behavior of different oxidants. 

-Michael G. Marks,Johnson &Johnson Medical, Inc., 2500 Arbrook Blvd., Arlington, T X  76014. Tel: 
(817) 784-5165; Fax: (817) 784-5462. 
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N z ~ +  (oxidation) 

Figure 1 Chemical structure of oxidized cellulose 

The various types of oxidized cellulose therefore differ extensively in their 
properties. Several of the oxidants are not selective as to the particular hydroxyl 
groups they attack, so that distinct types of oxidation may occur simultaneously. 
Oxidation methods for bulk quantities of cellulose are typically topochemical; 
when the oxidation is mild, the products consist of an oxidized portion and an 
unchanged residue. More drastic conditions lead to increased degradation; some 
of the compounds no longer have an anhydroglucose ring. Therefore one of the 
major characteristics of the cellulose structure is lost and often results in materials 
that are friable and weak. By maintaining precise control over the oxidation reaction, 
bulk quantities of cellulose can be oxidized and create a biomaterial with specified 
properties for the intended application. 

Today, oxidized cellulose materials are used in medical devices such as absorbable 
hemostatic agents and absorbable adhesion barriers. This chapter reviews the history' 
of development, nitrogen dioxide oxidation, chemical characteristics, biodegrada- 
tion, bioabsorption and applications of oxidized cellulose. 

HISTORY OF DE\'ELOPMENT 

Since the work of Witz describing the action of oxidizing agents on cellulose (1883), 
a vast amount of information has been reported (Nevell, 1983). Significant events 
in the development of oxidized cellulose are summarized below. 

Cohen and Calvert (1897) prepared aldehydes from benzyl alcohol and its 
derivatives using nitrogen dioxide as an oxidizing agent. Shorygin and Khait (1937) 
prepared oxidized cellulose using nitrogen dioxide as an oxidizing agent, but the 
material was not well characterized. In the late 1930's at the Research Laboratories 
of Eastman Kodak, monocarboxycellulose was prepared to test whether the sodium 
salt was water soluble, similar to carboxymethyl cellulose. In the 1940's, fundamental 
research was conducted on the oxidation of cotton gauze with nitrogen dioxide 
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(Yackel & Kenyon, 1942; Unruh & Kenyon, 1942; Taylor et al., 1947; McGee et al., 
1947a, b; Unruh et al., 1947). Results indicated that the acidic oxidized cotton gauze 
material retained much of its original tensile strength and was insoluble in water but 
rapidly soluble in alkali to give clear, thin, low viscosity, light yellow solutions. The 
product was characterized as a copolymer of 35 mole percent anhydroglucose and 
65 mole percent anhydroglucuronic acid displaying a 17 weight percent carboxylic 
acid content measured by titration. 

Intrigued by the resulting gauze fabric, Kenyon quickly discovered that the 
oxidized cotton gauze also decomposed at the pH of blood. This raised the possibility 
that the fabric might be bioabsorbable. Implantation of the fabric in animals showed 
that it was bioabsorbable in 7 to 20 days with no anaphylactic reaction and minimal 
tissue irritation. The oxidized cotton gauze was then examined by Putnam (1943) 
as an absorbable carrier for thrombin, a blood clotting enzyme under development 
by Parke, Davis & Company. With slight modification, it was found to be efficacious 
as a carrier. Subsequent work by Frantz et al. (1944) showed that oxidized cellulose 
exhibited hemostatic properties. 

Following clinical tests in 1945 that demonstrated oxidized cellulose was a 
worthwhile hemostatic agent, Eastman Kodak Company and Parke, Davis & Com- 
pany began a cooperative arrangement in which the Eastman organization would 
manufacture oxidized cellulose and Parke, Davis & Company would process and 
market the product as a pharmaceutical material. Parke, Davis & Company began 
marketing Eastman's oxidized gauze and oxidized surgical cotton as OxycelThl in 
1946. 

There is an inherent disadvantage when using cotton for pharmaceutical materials 
due to the lack of uniformity of chemical and physical properties of cotton. 
Since cotton fibers are tapered and thicker at one end than the other, a uniform 
and reproducible oxidation can not be carried out (Ashton & Moser, 1968). As 
an alternative, regenerated cellulose has been used as the starting material for 
oxidation. Regenerated cellulose is formed by subjecting cellulose to a dissolution 
and reconstitution process. A commonly used regeneration process is the viscose 
process. Cellulose, in the form of wood pulp, is mixed into a caustic solution of 
carbon disulfide. The slurry' is then sprayed under pressure through nozzle jets. As 
the solution exits the jets, it is neutralized with acid. This produces a regenerated 
cellulose fiber, also called rayon, with a uniform and reproducible molecular size 
distribution. 

Regenerated cellulose fibers are uniform in diameter. This permits a uniform 
oxidation and imparts uniform chemical and physical characteristics to the pharma- 
ceutical material. In the early 1960's, Johnson &Johnson entered the market with 
an oxidized knitted rayon fabric, SURGICEL1^ Absorbable Hemostat. Since then, 
Johnson &Johnson has developed a few other oxidized knitted rayon products. A 
list of currently available bioabsorbable oxidized cellulose and oxidized regenerated 
cellulose products, and the respective manufacturer is contained in Table 1. A list 
of relevant patents for oxidized cellulose technology is contained in Table 2. 

NITROGEN DIOXIDE OXIDATION 

Cellulose can be oxidized using metaperiodate, hypochlorite and dichromate. 
However, the only suitable method for preparing material with a high carboxyl 
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Table 1 Bioabsorbable Oxidized Cellulose Products 

Pi oduc t Material Mannfact~irei 
- 

SL'RGICEI ,TLJ oxidized regenerated cellulose Ethicon, Inc. 
Absorbable Heniostat 

SURGICEI.ThJ Nu-Knit oxidized regenerated cellulose Ethicon, Inc. 
Absorbahle Hemostat 

OXYGEIdT" Absorbable oxidized cellulose Herton-Dickinson, Inc. 
Hemostat 
I N T E R C E E D ~ ~ ~  oxidized regenerated cellulose Ethicon. Inc. 
Absorbable Adhesion 
Ban-ier 

Table 2 Relevant Patents for Oxidized Cellulose Technology 

Ox\cellulose 

Production of Acids by the Oxidation of Alcohols, 
.Mdehydes or  Ketones 

Hemostatic Compositions 

Oxidized Cellulose Products and Methods for 
Preparing the Same 

Hemostatic Material 

Sul-gical Hemostat Comprising Oxidized Cellulose 

Heparin-Containing Adhesion Prevention Barrier 
ancl Process 

Method ancl Material for Prevention of Surgical 
Adhesions 

Method and Material for Prevention of Snrgical 
Adhesions 

Process for Preparing a Neutralized Oxidized 
Cellulose Product and its Method of L'se 

Cellulose Oxidation by a Perfluorinated 
Hydrocarbon Solution of Nitrogen Dioxide 

Calcium-Modified Oxidized Cellulose Hemostat 

Eastman Kodak 

Ea\trnan Kodak 

Ethicon 

Johnson &Johnson 

Johnson &Johnson 

Johnson &Johnson 

Jo l~nson  &Johnson 

Johnson &Johnson 

Johnson &Johnson 

Jolinson &Johnson 

Johnson & John^ion 

Johnson &Johnson 

content that retains good physical properties is oxidation with nitrogen dioxide. 
Both gas (Kenyon, 1949) and solution phase nitrogen dioxide oxidation processes 
(Ashton & Moser, 1968) have been commercialized in the United States. 

Nitrogen dioxide dimerizes almost instantly to an equilibrium mixture with 
nitrogen tetroxide: 

The mixture is a pungent brownish liquid that boils at 21^C. Lower temperatures 
and increasing pressure shift the reaction to the production of nitrogen tetroxide. 
Nitrogen dioxide is a brown paramagnetic species while the dimer is colorless and 
diamagnetic; at 212C the equilibrium mixture contains 0.08% NO2. 
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Eastman Kodak Process - Gas 

Investigators at Eastman Kodak produced equivalent oxidized cellulose fabrics using 
either nitrogen dioxide vapor (Yackel & Kenyon, 1942; L'nruh & Kenyon, 1942) or 
a solution of nitrogen dioxide in carbon tetrachloride (McGee et a/., 1947%). They 
utilized the vapor process; assuming it was a lower cost method and allowed for 
easier removal of gaseous nitrogen oxide residues. Disadvantages of this procedure 
included the more complicated equipment needed to circulate the gas, to remove 
the heat of reaction and to wash the oxidized fabric with water after completion of 
the reaction. 

The Eastman Kodak process (Kenyon, 1949) for making oxidized cellulose began 
with a 36 inch wide roll of surgical gauze plied into 300 layer pads and loaded onto a 
20 foot long support frame. The frame was placed into a 40 inch diameter stainless 
steel tubular chamber. After the oxidizer was sealed, nitrogen dioxide was admitted 
to the reactor manifold from an evaporator. The gas was circulated through the 
layers of gauze by a high velocity stainless steel blower capable of moving 2500 cubic 
feet of nitrogen dioxide gas per minute against a 14 inch head of water pressure. A 
temperature of 2 y C  was maintained by a heat exchanger for 16-18 hours. During 
the reaction the percentage of nitric oxide was checked at 30 minute intervals and 
controlled by regulating the rate of return of condensate to the evaporator and 
then to the circulatory' system. After completion of the oxidation, the reactor was 
evacuated and then vented for 30 minutes with filtered air. The gauze frame was 
removed from the reactor and placed in a washer where it soaked in several changes 
of deionized water to remove acidic by-products. The oxidized gauze was dried in a 
forced air dryer for 8 hours. 

Johnson &Johnson Process - Liquid 

In the early 1960's, Johnson & Johnson became the second US manufacturer 
of oxidized cellulose. Johnson & Johnson made several changes in the manu- 
facturing process, replacing woven cotton gauze with knitted rayon fabric and 
employing a solvent based oxidation procedure (Ashton & Moser, 1968). In the 
Johnson &Johnson process, knitted rayon fabric was wrapped around a perforated 
mandrel and placed in a glass lined vertical reaction vessel. A solvent, inert to 
nitrogen dioxide, was pumped into the reactor and circulated from the bottom 
of the mandrel up and through the plies of rayon cloth. From an external gas 
cylinder, nitrogen dioxide was introduced into the circulating solvent to produce 
a 20% solution that was continuously pumped through the cloth during the 
reaction. The resulting fabric was uniformly oxidized to an 18-22 wt% carboxyl 
content. 

An initial exotherm from the adsorption of the nitrogen dioxide onto the rayon 
was controlled by a waterjacket that maintained the reaction temperature at 25 'C. 
Chilled condensers at the top of the reactor returned solvent and nitrogen tetroxide 
to the vessel. When the oxidation was complete, the spent solution was pumped to a 
caustic tank to neutralize any unreacted nitrogen oxides. The oxidized cloth was then 
washed with fresh solvent and alcohol. Drying of the fabric was done in a separate 
forced air tunnel. 
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The main reaction path of cellulose with nitrogen dioxide gas or solution is the 
oxidation of the C-6 primary hydroxyl group of the anhydroglucose unit to carboxylic 
acid. Several schemes proposed to describe this reaction are based on the hypothesis 
that nitrites of cellulose form as intermediates and subsequently take part in the 
oxidation process. 

Moisture on the cloth is necessary to achieve oxidation. Between 5.5 to 11% w/w 
moisture is needed for nitrogen tetroxide to adsorb on cellulose. With low moisture 
content, only nitration takes place while with high moisture content nitric acid is 
formed, but nitration predominates. The log of the amount of adsorbed nitrogen 
tetroxide is proportional to the reciprocal of the temperature (Yasnitskii et al., 1972) 
and the oxidation of cellulose is proportional to the amount of previously adsorbed 
nitrogen tetroxide (Yasnitskii et al., 1971). 

At 22.5^C the adsorption of nitrogen tetroxide by cellulose rises rapidly to a 
maximum in 10 minutes, then declines quickly to a level where it remains constant 
(Yasnitski et al., 1972). The formation of carboxylic acid groups steadily increases. 
Physical adsorption of nitrogen tetroxide is followed by chemisorption which is 
accompanied by heat evolution that reduces the adsorbent capacity of cellulose. 
Oxidation of the primary hydroxyl groups to carboxylic acid groups occurs as a 
homogeneous solid phase reaction, which takes place inside the adsorbed complex 
without participation of the gaseous phase. Yasnitskii et al. (1971) suggests that 
in the gas phase oxidation of cellulose with nitrogen dioxide, 1 to 1.2 moles of 
nitrogen tetroxide are adsorbed per mole of anhydroglucose and of this 0.8 moles 
are chemisorbed. 

Chemisorption is the result of strong binding forces comparable with those 
leading to the formation of chemical compounds. In contrast to physical adsorption, 
chemisorption may be regarded as the formation of a type of surface compound 
that is seldom reversible. The energies of adsorption range from about lo4 to 1@ 
Joules per mole. The chemisorbed oxides of nitrogen dioxide are the precursors 
to the formation of nitrites; the principal intermediates of alcohols reacting with 
nitrogen dioxide (Fairlie et al., 1953). The physically adsorbed nitrogen tetroxide 
converts the nitrite intermediates to carboxyl groups and forms oxidized cellulose. 
The concentration of nitrogen tetroxide in solution has the same effect as pressure in 
gas phase reactions; high concentrations of nitrogen tetroxide increase the amount 
of physically adsorbed nitrogen tetroxide but not chemically adsorbed. Therefore, 
the higher the concentration of nitrogen tetroxide in solution the more extensive 
the oxidation. 

Kaputskii et al. (1973) have proposed that nitrogen oxides are both chemically and 
physically adsorbed on cellulose. The amount adsorbed increases with the moisture 
content of the cellulose until the moisture content reaches 18 mg/mmole or 1 
mole water per cellulose repeat unit. At this point the total adsorption of nitrogen 
tetroxide reaches 1 mole per monomer of cellulose and oxidation proceeds as a 
heterogeneous reaction in which there is an exchange with the gaseous phase. One 
of the gaseous products is nitric oxide. 

Kaputskii et al. (1975) demonstrated that the amount of bound nitrogen versus 
time it reaches a maximum and then declines, while the carboxyl group content in 
the treated cellulose continues to rise. This indicates the nitrite intermediates are 
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not directly converted into carboxyl groups. Svetlov ef al. (1974) also observed an 
increase in the nitrite concentration only at the initial moment of the reaction. The 
adsorption of nitrogen dioxide does not follow a simple kinetic law. Its disappearance 
is mirrored by the appearance of other gases such as nitrogen, nitric oxide, nitrous 
oxide, and carbon dioxide; nitric oxide and nitrogen are the principal reduced 
products of the reaction. 

Investigations of the oxidation of cellulose by nitrogen teti-oxide in various solvents 
show that the degree of dissociation of nitrogen tetroxide into nitrogen dioxide 
increases in non-polar solvents. This leads to an increase in the degree of oxidation 
(Pavyluechenko et al., 1975). The hypothesis that nitrogen dioxide is the active 
oxidant is supported by other studies (Nevell, 1951a, b) . 

Spectroscopic analyses of the intensity of the carbonyl absorption at 1730 cm-I, 
appearing during the nitrogen dioxide oxidation of cellulose paper and cellulose 
sulfate in carbon tetrachloride, show that this band increases with the reaction time. 
New bands appear at 1410 and 1610 c m l  that pass through a maximum after four 
hours, as does the chemically bound nitrogen. The authors suggest that the bands 
are due to nitrites or hydroxyamic acids (Gusev ef al., 1976). Other investigators 
have shown that primary alcohols treated wit11 nitrogen tetroxide in a mole ratio of 
one to one form only organic nitrites and nitric acid. Pure nitrites in the presence 
of one mole of nitrogen tetroxide do not oxidize further unless there are trace 
amounts of water 01- nitric acid present (Langenbeck & Richter, 1956). Langenbeck 
and Richter speculate that alkyl nitrites are converted with nitrous acid into nitrites 
of hydroxamic acid, which further react to form acyl nitrites and in the presence of 
moisture are converted to carboxylic acids. 

When cellulose is oxidized with nitrogen dioxide in either a gas or solution 
phase process, nitrogen dioxide appears to be rapidly adsorbed both chemically and 
physically at certain preferred sites provided there is between 5-10% w/w moisture 
present on the cellulose. This adsorption is responsible for the initial exotherm 
during oxidation. The nitrogen content increases quickly as nitrites form, while the 
carboxylic acid content increases slowly. The primary hydroxyl nitrites of cellulose 
react with additional molecules of nitrogen oxides to form oximes or hydroxamic 
acid groups, which under the effect of concentrated acids present in the reaction 
mixture, hydrolyze to form monocarboxy cellulose. The presence of carbon dioxide 
as a by-product arises from decarboxylation side reactions. Nitrogen observed in the 
off-gases originates from the reaction of hydroxylamine wit11 nitrous acid: 

The hydroxylamine is produced during the hydrolysis of the hydroxamic acid. 
The overall stoichiometl-y of this proposed reaction is: 

RCHsOH t 2N20i  z RCOOH t 2HN03 + NO + ^iY9 

In a closed system the pressure increase follows first order kinetics and mirrors the 
formation of carboxylic acid content (see Figure 2) .  When the oxidation reaction 
is conducted under oxygen pressure in a closed system, the nitric oxide is oxidized 
back to nitrogen dioxide. Oxygen becomes the principal oxidant with the nitrogen 
dioxide acting only as a catalyst. However, some crosslinking of the oxidized cellulose 
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Figure 2 First order kinetics of weight % carboxylic acid versus time. 

occurs. The resulting product is not completely soluble in caustic which predicts 
poor bioabsorption. 

Cellulose cannot be oxidized in ether-like solvents such as dioxane, diphenyl 
ether or methyl tertiary butyl ether due to binding of nitrogen tetroxide by the 
solvent molecules and solvation of the reaction centers of cellulose by the solvent 
(Pavyluechenko et al., 1975). The rate of the oxidation reaction in inert solvents such 
as Freon or fluorinated hydrocarbons is controlled in part by the partitioning of the 
oxidant between the solvent and the cellulose. In Freon 113, an excellent solvent for 
nitrogen dioxide (Ashton & Moses, 1968), the rate of oxidation is slow compared to 
fluorinated hexane, a poor solvent for the oxidant (Boardman et al., 1993). Reaction 
rates are also controlled by the polarity of the solvent which affects the dissociation 
of the nitrogen tetroxide; dissociation and rate increase in non-polar solvents. 

Cellulose is soluble or partially soluble in mixtures of nitrogen dioxide with certain 
organic solvents (Shorygin & Khait, 1937). High mole ratios of nitrogen dioxide to 
cellulose during an oxidation reaction can partially swell the cellulose fibrils. Upon 
removal of the oxidant, the fibrils fuse together producing stiff oxidized fabric. 

Analysis of crystalline and amorphous cellulose samples treated with nitrogen 
dioxide by X-ray diffraction and deuteration indicates that oxidation initially 
proceedes rapidly in the amorphous regions and then more slowly in the crystalline 
regions (Takahashi & Takahashi, 1973). Rayon fabrics made bv the viscose process 
are more readily oxidized with nitrogen dioxide than fabrics made from TencelThl, 
Courtaulds' new solvent spun cellulose fiber with a higher crystallinitv than rayon. 
Under identical oxidation conditions 1-avon exhibits a carboxylic acid content of 
18 wt% and is soluble in caustic; oxidized Tencel exhibits a 14 wt% carboxyl content 
and its caustic solutions are hazy with particulates. Microcrystalline cellulose on the 
other hand oxidizes readily due to the high surface area of the powder, but the 
oxidized product loses the unique aqueous suspensoid forming characteristics of 
microcrystalline cellulose. 
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CHEMICAL CHARACTERISTICS 

Eastman Kodak Company and Parke, Davis & Company agreed to a collabora- 
tive effort in 1945 to produce and market oxidized cellulose as a pharmaceuti- 
cal material. Specifications to standardize and describe the material were based 
on the physical, chemical and bioabsoprtion properties of the oxidized fabric. 
The minimum carboxylic acid content was established as no less than 16 wt% 
and the fabric could contain no more than 0.5% nitrogen. Specifications were 
based on the observation that all materials meeting this specification behaved 
similarly. 

Today USP oxidized cellulose is characterized by no less than 16 and no more than 
24 weight percent carboxylic acid corresponding to a 60 to 93 mole % conversion of 
the anhydroglucose units to anl~ydrogl~~c~ironic acid (United States Pharmacopeia, 
1995). The polymer chain appears to be randomly composed primarily of uronic 
acid and anhydroglucose units, but also units containing other carbonyl groups. 
Oxidized cellulose fabrics with less than 5 weight percent carboxylic acid content 
or 18.3 mole percent conversion are not readily bioabsorbable (unpublished). The 
complete oxidation of cellulose with nitrogen dioxide leads to polyglucuronic acid 
with a 25.5 weight percent carboxylic acid content. 

Structural Considerations 

There is conjecture about the existence and identity of a moiety secondary' to the 
C-6 carboxylic acid group due to the disparity between carboxyl titration and carbon 
dioxide generated from oxidized cellulose. While carboxyl titration measures the 
carboxylic acid content of the oxidized cellulose, the carbon dioxide generated 
reflects the total carbonyl moieties. The carbon dioxide method results in a higher 
carbonyl content than is reflected in the carboxyl titration method (Unruh et al., 
1947). 

At Johnson &Johnson, the structure of oxidized cellulose was investigated by 
several techniques. Chemically, a differential titration was developed to measure the 
carboxylic acid content and any saponifiable secondary functions. The titration mea- 
sures carboxylic protons by ion exchange. By treating the resulting ion exchanged 
solution with a measured excess of base, the saponifiable function is measured by 
acidimetric back-titration. Using the differential titration, a previously measured 
20 wt% carboxylic acid content is revealed to be 18 wt% carboxylic acid and 2 wt% 
saponifiable moiety (unpublished). 

Fourier Transform Infrared (FTIR) spectroscopy shows a strong absorption at 
1735 cm ' ,  a spectrum typical for cellulosic acid. When the sodium salt of oxidized 
cellulose is isolated and measured, a strong carboxylate band is seen at 1594 c m l .  
In addition to the carboxylate band a small band (approximately 2% intensity) is 
uncovered at 1737 cnl-I. This absorption may correspond to a strained ester or 
lactone moiety (unpublshed; Zhbankov RG, 1991). 

When oxidized cellulose is studied in solid state with 13C NMR ("C CPMAS NMR) , 
a typical carboxylic acid absorption is seen at 175ppm. When the sodium salt of 
oxidized cellulose is used, the carboxylate carbonyl shifts slightly and a small peak is 
revealed at 178 ppm. The secondary carbonyl peak is about 2% of the intensity of the 
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carboxylate peak. The chemical shift of the smaller peak suggests an ester-like moiep 
(unpublished). It is noteworthy that in 13C CPMAS NMR there are no absorptions 
seen in the ketone region of the spectrum for oxidized cellulose. 

Thermal desorption of adsorbed water was studied using thermogravimetric 
analysis and FTIR (TGA/FTIR) to measure the loss of water from oxidized cellulose. 
When monitored over a temperature range, FTIR detected a gradual desorp- 
tion of water. Abruptly around 95-110'0, a large decrease in oxidized cellulose 
weight was noted by TGA. FTIR revealed that carbon dioxide gas was given off 
as the heating continued. From TGA/FTIR it appeared that oxidized cellulose 
undergoes thermal decarboxylation at about l00'C (unpublished). Thermal de- 
carboxylation of carbonyl compounds is a well known reaction but it is unusual 
to see decomposition of an organic acid to carbon dioxide at temperatures less 
than 100'C. 

iodegradation is defined as the ability of a material to degrade into nontoxic 
products. The carboxylic acid solubilizes the degraded fractions as water soluble 
salts of the acid. The degradation appears to be controlled by the carbonyl content 
arising from the oxidation of the hydroxyl groups at C-2 or C-3 to ketones, 
or other carbonyl moieties. The ketones introduce an alkali labile linkage as 
these groups on enolization yield enediols, rendering the adjacent glucosidic 
groups sensitive to alkali /i-elimination (Kiss, 1974; Neukom & Deuel, 1958). Once 
degradation is initiated, it continues along the polymer chain. As degradation 
fragments are generated, they are further degraded due to the formation of 
new carbonyl groups. Oxidized cellulose dissolves within a few minutes in 0.1N 
sodium hydroxide to produce a clear, light yellow, low viscosity solution. The 
yellow color arises from the chromophoi-ic vicinal dicarbonyl moiety formed 
from the ^-elimination reaction of the segment containing the hydroxy carbonyl 
structure. 

The sensitivity of oxidized cellulose to alkali was observed in the last century when 
cotton oxidized wit11 acid dichromate solutions became tenderized and lost much of 
its original tensile strength (Jeanmaire, 1873). The importance of the carbonyl group 
in controlling the alkali stability of oxidized cellulose was convincingly demonstrated 
when periodate oxidized cellulose exhibiting high alkali sensitivity was converted 
to alkali stable cellulose by reducing the aldehyde content (Meller, 1955). There 
seems to be a relationship between carbonyl content and alkali lability of oxidized 
cellulose. Alginic acid is an example of a polysaccharide with carboxylic acid groups 
in the same C-6 position as oxidized cellulose but lacks carbonyl groups at C-2 or C-3 
and is perfectly stable in alkali. Pectins are naturally occurring polysaccharides that 
also have a carboxylic acid function at the C-6 position and like oxidized cellulose 
are unstable in alkali medium; however, in the pectin molecule approximately 75% 
of the carboxylic acid groups are present as the methyl ester. Esters unlike free acids 
or their salts, have a strongly polarized carbonyl oxygen bond. The carbon atom 
of the carbonyl ester is slightly electropositive and contributes to making the alpha 
hydrogen labile that leads to ^-elimination reactions and rapid decomposition in 
alkali. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



OXIDIZED CELLULOSE 301 

When oxidized cellulose is suspended in neutral pH water, no appreciable hydrolysis 
occurs. However, a drop in pH is observed. If the pH of the water is increased, 
the structure breaks down. To simulate physiologic conditions of constant fluid 
replacement and maintenance of neutral to slightly alkaline pH, Dimitrijevich 
and coworkers (1990a) dialyzed oxidized regenerated cellulose (ORC) against 
phosphate buffered saline (pH 7.4). In this simulation, about 90% of the ORC 
material by weight was solubilized within 21 days and recovered as the white, powdery 
sodium salt of polyglucuronic acid. In the same series of studies, Dimitrijevich and 
coworkers also evaluated the breakdown products of ORC following solubilization 
in serum and found a higher proportion of degradation products with a low degree 
of polymerization compared with phosphate buffered saline incubation. These data 
suggest that biodegradation occurs via both chemical and enzymatic processes. 

Oxidized regenerated cellulose is one of the fastest resorbing polymers known. 
When implanted in vivo, the material imbibes surrounding fluid, loses much of 
its original tensile strength, turns a yellowish brown and becomes gelatinous within 
eight hours. The gelatinous material continues to erode as fragments dissolve into 
the surrounding fluids. Within a few days most of the fibrous structure is lost and by 
two weeks 80% of the original material has absorbed. I n  vivo studies by Dimiti-ijevich 
(1990b) showed that ORC implanted in the peritoneal cavity of rabbits produced 
oligomeric carbohydrate breakdown products present in the peritoneal fluid but 
absent in serum or urine. The size distribution and the quantity of the olig vomers 
decreased after the first day and by day four were essentially gone. The in vivo 
degradation products were the same as previously identified from in vitro studies 
(Dimiti-ijevich, 1990a). 

Among the many oligomeric carbohydrate breakdown products observed in the 
peritoneal fluid were glucose and glucuronic acid which are metabolized via well- 
established pathways. Since the degradation products did not accumulate in either 
the blood or urine, a local intraperitoneal clearance mechanism of oxidized cellulose 
was suggested. This proposed mechanism is consistent with an initial chemical 
degradation followed by macrophage digestion of the oligosaccharides carried out 
with hydrolytic enzymes including /3-D-glucosidase and /3-D- glucuronidase present 
in peritoneal macrophages. When the lead salt of oxidized cellulose was implanted 
in the peritoneal cavity of rabbits, macrophages were identified containing lead. 

Bioabsoprtion is defined as the ability to metabolize and/or eliminate nontoxic 
products from the body. Oxidation of cellulose to a carboxylic acid content above 
approximately 10 wt% renders cellulose bioabsorbable. Above this level, the rate 
of bioabsoption seems to increase with the degree of oxidation, although the 
relationship is not linear. Within the range of 12-24 wt% cai-boxylic acid content, all 
oxidized cellulose materials appear to absorb within a period of 1 month. 
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Implantation of a bioabsorbable material alters the microenvironment of the cells 
surrounding the implant and the tissue in which it is implanted. The extent of the 
tissue response depends upon the chemical and physical nature of the material. 
A material is considered biocompatible if the tissue response it evokes does not 
compromise either its function or the function of the organ in which it is implanted. 

The late of absorption and tissue response are complicated by variables including 
the size of the implant, configuration of the material at the time of implantation, 
the degree of surgical trauma, amount of blood present, and presence of infection. 
Macroscopically, oxidized cellulose breaks down in 3 to 10 days. This early cellular 
reaction is characterized by the infiltration of histiocytes, fibroblasts and foamy 
macrophages. The reaction eventually resolves, and within about 1 month oxidized 
cellulose is completely resorbed with no traces of a foreign bod! reaction remaining 
(Pierce et al., 1990; Diamond et a!., 1990). Tissue responses with oxidized cellulose 
are slightly more pronounced than with oxidized regenerated cellulose (Hurwitt 
et al., 1960; unpublished). 

APPLICATIONS 

Early work by Frantz (1943) suggested clinical applications for oxidized cellulose. 
Frantz stated: 

"A jelatwell nonz~~itat~ng/o~ezgn material, oxidized cellulose . may be employed 
in hemostas~s and possibly in pielecting mjured surfaces where a smooth ~7ze1nbvane 
Z Y  desfied in the final healing.." 

Since that time, topical absorbable hemostatic agents (marketed as brand names of 
OXYCELAThl, SURGICEL1", and SURGICEL N~-Rni t^~)  and an absorbable adhesion 
barrier (marketed as brand name INTERCEEDT") have been approved for use 
in the United States by the Food & Drug Administration. Along with these two 
well-established clinical applications, oxidized cellulose has been used in other 
applications. 

Topical Absorbable 

The pH of oxidized cellulose varies from about 2 to 4. When exposed to blood, 
oxidized cellulose turns to a dark brown or black color. This results from degradation 
of red blood cells with subsequent formation of acid hematin. The hemostatic 
action of oxidized cellulose is in part due to styptic action from the low pH of 
the material. However, the effect produced is slight, local, and transient since the 
carboxyl groups of the oxidized cellulose are rapidly neutralized by buffer systems in 
blood (Miller et al., 1961). The hemostatic action of oxidized cellulose is primarily 
due to a combination of local mechanical action and chemical activity (Frantz et al., 
1944; Frantz & Lattes, 1945; Miller el al., 1961) that results in the formation of an 
'artificial clot". Oxidized cellulose, along wit11 the damage to the bleeding tissue 
surface, activates platelets. The material swells as it becomes hydrated with blood 
components and gels with increasing biodegradation; some of the damaged blood 
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vessels are mechanically "sealed off' in the process, and an "artificial clot" is formed 
chemically using oxidized cellulose as a scaffold. SURGICELT'l and SURGICELTLI 
Nu-Knit Hemostats, for example, are manufactured by knitting rayon fibers into a 
mat. When exposed to fluids, the oxidized cellulose fibers swell and the pores narrow 
to form a gelatinous sheet (Diamond et al., 1990). 

Oxidized cellulose has been used as a topical absorbable hemostatic agent since 
the 1940s. During these early years of use, oxidized cellulose was used in a variety 
of surgical procedures including neurosurgery, orthopedic surgery, gynecologic 
surgery, anorectal surgery, abdominal surgery, cardiovascular surgery, thoracic 
surgery, head and neck surgery, pelvic surgery, and skin and subcutaneous tissue 
procedures (Frantz & Lattes, 1945; Frantz, 1946; Scarff et al., 1949; Lebendiger et al., 
1959; Hanna et al., 1963; Degenshein et al., 1963; Venn, 1965). Today, oxidized 
cellulose is available in a variety of preparations including pads and pledgets 
(OXYCELThl) and knitted fabric strips (SURGICELThl and SLRGICELThl Nu-Knit). 
Oxidized cellulose continues to be utilized topically in a variety of clinical situations 
with the greatest use being to control oozing from broad surfaces. 

By utilizing the carbowl groups available in the oxidized cellulose polymer chain, 
ion exchanges can be made with calcium. Since calcium is an important ion in the 
blood coagulation cascade, calcium modified oxidized cellulose is more efficient in 
promoting hemostasis (Stilwell et al.1996). 

Absorbable Adhesion Barrier 

Oxidized regenerated cellulose has been used clinically as an absorbable adhesion 
barrier since 1989. Available as a knitted fabric (INTERCEEDThi Absorbable Adhe- 
sion Barrier), it is the first material in the United States indicated for the prevention 
of post-operative pelvic adhesions. Since its introduction, additional clinical studies 
have been completed (Azziz et al., 1993; Sekiba et al., 1992; Franklin et al., 1995; 
Li & Cooke 1994; Nordic Study Group, 1995) that confirm the efficacy of oxidized 
regenerated cellulose as an adhesion barrier. 

There are two main advantages to using oxidized regenerated cellulose (ORC) 
for this application. Firstly, since ORC is biocompatible, peritoneal cells beneath the 
adhesion barrier can repair damaged membranous surfaces while being separated 
from apposing tissues. Secondly, since ORC is bioabsorbable, the material serves its 
function as an adhesion barrier and is removed from the implantation site within 4 
weeks so that no further foreign-body reactions can occur. 

The efficacy of ORC as an adhesion barrier is compromised in the presence of 
excessive quantities of blood. To reduce the sensitivity of ORC to blood, the number 
of carboxyl groups available to react with the blood components can be reduced 
by creating a sodium salt of ORC. This also raises the pH of the material from 2-4 
to 5-6. Animal studies have been conducted (Wiseman et al., 1993) that illustrate 
improved efficacy in the presence of excessive blood. 

Drug Delivery Matrix 

Due to the availability of many carboxyl groups, oxidized cellulose has a low pH. This 
accounts for the antibacterial activity produced by oxidized regenerated cellulose 
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Table 3 Chemical Moieties Bound to Oxidized Cellulose for Evaluation of Drug Delivery 

Chemical Moieh Application Reference 

Heparin Adhesion prevention Reid et al., 1993 
Tissue Plasminogen Activator Adhesion prevention \\'iscnlan el a!.. 1992 
Sodium Adhesion prevention US Parent 5,134,229 1992 

Calcium Iien~ostdsis L'S Patent 5,484,913 1996 

against a broad range of pathogens (Dineen, 1976; Dineen, 1977; Scher & Coil, 
1982). However, these carboxyl groups readily undergo ion exchange and remove 
cations from salt solutions passed over the polymer. The partial sodium salt of 
oxidized cellulose is less acidic and shows compatibility with acid sensitive biologics 
such as thrombin.When considering delivery' of drugs, chemical moieties can easily 
be bound to the oxidized cellulose backbone. Binding can occur through absorption, 
adsorption, ionic bonds, or peptide bonds. Table 3 shows various moieties that have 
successfully been bound to oxidized cellulose. 

SUMMARY 

Cellulose is rendered bioabsorbable using an oxidation process. Oxidizing agents 
\ary but the most widely used is nitrogen dioxide, in a gas or liquid phase. Nitrogen 
dioxide is the only suitable oxidizing agent for preparing material with a high 
carboxyl content that retains good physical properties. The high carboxyl content 
imparts desirable degradation characteristics to oxidized cellulose. By exploiting 
the chemistry, oxidized cellulose can be used as a hemostasis agent, an absorbable 
adhesion barrier and as a vehicle for drug delivery. 
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THOMAS R. KEENAN 

Kind 3 Knox Gelatine, Inc. 

Gelatin is a protein obtained by partial hydrolysis of collagen, the chief protein 
component in skin, bones, hides, and white connective tissues of the animal body. 
Type A gelatin is produced by acid processing of collagenous raw material; type 
is produced by alkaline or lime processing. Because it is obtained from collagen by 
a controlled partial hydrolysis and does not exist in nature, gelatin is classified as 
a derived protein. Animal glue and gelatin hydrolysate, sometimes referred to as 
liquid protein, are products obtained by a more complete hydrolysis of collagen and 
thus can be considered as containing lower molecular-weight fractions of gelatin. 

Use of animal glues was first recorded ca 4000 BC in ancient Egypt (Koepff, 
1985). Throughout subsequent centuries, glue and crude gelatin extracts with 
poor 01-ganoleptic properties were prepared by boiling bone and hide pieces and 
allowing the solution to cool and gel. Late in the seventeenth century, the first 
commercial gelatin manufacturing began. At the beginning of the nineteenth 
century, commercial production methods gradually were improved to achieve the 
nlanufacture of high molecular weight collagen extracts wit11 good quality that form 
characteristic gelatin gels (Koepff, 1985; Bogue, 1922; Smith, 1929). 

Uses of gelatin are based on its combination of properties; reversible gel-to-sol 
transition of aqueous solution; viscosity of warm aqueous solutions; ability to act as 
a protective colloid; water permeability; and insolubility in cold water, but complete 
solubility in hot water. It is also nutritious. These properties are utilized in the food, 
pharmaceutical, and photographic industries. In addition, gelatin forms strong, 
uniform, clear, moderately flexible coatings which readily swell and absorb water and 
are ideal for the manufacture of photographic films and pharmaceutical capsules. 

CHEMICAL COMPOSITION AND STRUCTURE 

Gelatin is not a single chemical substance. The main constituents of gelatin are 
large and complex polypeptide molecules of the same amino acid composition 
as the parent collagen, covering a broad molecular weight distribution range. In 
the parent collagen, the 18 different amino acids are arranged in ordered, long 
chains, each having -95,000 mol wt. These chains are arranged in a rod-like, 
triple-helix structure consisting of two identical chains, called a ^ ,  and one slightly 
different chain called a y  (Kang et al., 1966; Kang et al., 1969; Piez et al., 1968). 
These chains are partially separated and broken, i.e., hydrolyzed, in the gelatin 
manufacturing process. Different grades of gelatin have average molecular weight 
ranging from 20,000 to 250,000 (Courts, 1954; Aoyagi, 1985; Larry et al., 1985; 
Xiang-Fang et al., 1985; Beutel, 1985; Koepff, 1984; Tomka, 1984; Bohonek et al., 
1976). Molecular weight distribution studies have been carried out by fractional 
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precipitation wit11 ethanol or 2-propanol and by complexing with anionic detergent 
molecules. The coacen7ates are isolated and recovered as gelatin fractions (Pouradier 
et al., 1950; Stainsby et al., 1954; Chen et al., 1992). 

Analysis shows the presence of amino acids from 0.2% tyrosine to 30.5% glycine. 
The five most common amino acids are glycine, 26.4-30.5%; proline, 14.8-18%; 
hydroxyproline, 13.3-14.5%; glutamic acid, 11.1-1 1.7%; and alanine, 8.6-1 1.3%. 
The remaining amino acids in decreasing order are arginine, aspartic acid, lvsine, 
serine, leucine, valine, phenylalanine, threonine, isoleucine, hydroxyl~sine, histi- 
dine, methionine, and tyrosine (Eastoe, 1967; Eastoe, 1955). 

Warm gelatin solutions are more levorotatory than expected on the basis of 
the amino acid composition, indicating additional order in the molecule, which 
probably results from Gly-Pro-Pro and Gly-Pro-Hypi-o sequences (Tosse et a/., 1964). 
The a-chain form of gelatin behaves in solution like a random-coil polymer, whereas 
the gel form may contain as much as 70% helical conformation (Stainsby, 1977). 
The remaining molecules in nonhelical conformation link helical regions together 
to form the gel matrix. Helical regions are thought to contain both inter- and 
intramolecular associations of chain segments. 

Gelatin structures have been studied with the aid of an electron microscope. 
The structure of the gel is a combination of fine and coarse interchain networks; 
the ratio depends on the temperature during the polymer-palmer and polvmer- 
solvent interaction leading to hydrogen bond formation. The rigidity of the gel is 
approximately proportional to the square of the gelatin concentration. Crystallites, 
indicated by x-ray diffraction pattern, are believed to be at the junctions of the 
polypeptide chains. 

Homogeneous a-chain gelatin has been prepared by pretreating collagen with 
pronase in the presence of 0.4 M GC\̂  and extracting the gelatin with hot water at 
8VC and pH 7.0 after inactivating the enzyme and removing the salts. 

Dry gelatin stored in airtight containers at room temperature has a shelf life of many 
vears. However, it decomposes above 100-C. For complete combustion, temperatures 
above 5002C are required. When dry gelatin is heated in air at relatively high 
humidity, 60% rh, and at moderate temperatures, i.e., above 45^C, it gradually loses 
its ability to swell and dissolve (Marks et al., 1968; Jones, 1987). Aqueous solutions 
or gels of gelatin are highly susceptible to microbial growth and breakdown by 
proteolytic enzymes. Stability' is a function of pH and electrolytes and decreases 
with increasing temperature because of hydrolysis. 

PHYSICAL AND CHEMICAL PROPERTIES 

Commercial gelatin is produced in mesh sizes ranging from coarse granules to fine 
powder. In Europe, gelatin is also produced in thin sheets for use in cooking. It 
is a vitreous, brittle solid, faintly yellow in color. Dry commercial gelatin contains 
about 9-13% moisture and is essentially tasteless and odorless with specific gravity 
between 1.3 and 1.4. Most physical and chemical properties of gelatin are measured 
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on aqueous solutions and are functions of the source of collagen, method of 
manufacture, conditions during extraction and concentration, thermal history, pH, 
and chemical nature of impurities or additives. 

Gelation 

Perhaps the most useful property of gelatin solution is its capability to form heat 
reversible gel-sols. When an aqueous solution of gelatin with a concentration greater 
than about 0.5% is cooled to about 35 to 40'0, it first increases in viscosity, then 
forms a gel. The gelation process is thought to proceed through three stages: (1) 
rearrangement of individual molecular chains into ordered, helical arrangement, 
or collagen fold (Gelatin Manufacturers Institute of America, Inc., 1986; von Hippel 
et al., 1959; von Hippel et al., 1960; Flory et al., 1960); ( 2 )  association of two or 
three ordered segments to create crystallites (von Hippel et al., 1960; Engel, 1962; 
Boedtker et al., 1954); and (3) stabilization of the structure by lateral interchain 
hydrogen bonding within the helical regions. The rigidity or jelly strength of the 
gel depends on the concentration, the intrinsic strength of the gelatin sample, pH, 
temperature, and additives. 

Because the economic value of gelatin is commonly determined byjelly strength, 
the test procedure for its determination is of great importance. Commercially, gelatin 
jelly strength is determined by standard tests which measure the force required 
to depress the surface of a carefully prepared gel by a distance of 4 mm using a 
flat-bottomed plunger 12.7 mm in diameter. The force applied may be measured 
in the form of the quantity of fine lead shot required to depress the plunger and 
is recorded in grams. The measurement is termed the Bloom strength after the 
inventor of the lead shot device (Veis, 1964). In the early 1990s, sophisticated testing 
equipment utilizing sensitive load cells for the measurement are commonly used. 

The conversion temperature for gelatin is determined as setting point, i.e., sol 
to gel, or melting point, i.e., gel to sol. Commercial gelatins melt between 23 and 
303C, with the setting point being lower by 2-5'C. One melting point determination 
method utilizes test tubes filled with gelatin solution that are gently chilled to form 
a gel. The tubes are tilted and colored carbon tetrachloride solution is placed on 
the gelatin surface. The tube is gradually warmed and the end point is determined 
when the descent of the colored solution is observed. Several methods have been 
used to determine the setting point of gelatin (Wainewright, 1977). 

In most commercial applications, gelatin is used as a solution. Gelatin is soluble 
in water and in aqueous solutions of polyhydric alcohols such as glycerol and 
propylene glycol. Examples of highly polar, hydrogen-bonding organic solvents in 
which gelatin dissolves are acetic acid, trifluoroethanol, and formamide (Kragh, 
1977; Finch et al., 1977). Gelatin is practically insoluble in less polar organic solvents 
such as acetone, carbon tetrachloride, ethanol, ether, benzene, dimethylformamide, 
and most other nonpolar organic solvents. Many water-soluble organic solvents are 
compatible with gelatin, but interfere with gelling properties (Umberger, 1967). Dry 
gelatin absorbs water exothermally. The rate and degree of swelling is a characteristic 
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of the particular gelatin. Swelled gelatin granules dissolve rapidly in water above 
353C. The cross-linking of gelatin matrix by chemical means is used extensively 
in photographic products, and this so-called hardening permanently reduces the 
solubility of gelatin (von Hippel et al., 1959; Hornsby, 1956;Janus et al., 1951; Itoh, 
1992; Tabor et al., 1992; Takahashi, 1992; Rottmann et al., 1992). 

Amphoteric Character 

The amphoteric character of gelatin is due to the functional groups of the amino 
acids and the terminal amino and carboxyl groups created during hydrolysis. In 
strongly acidic solution the gelatin is positively charged and migrates as a cation in 
an electric field. In strongly alkaline solution, it is negatively charged and migrates as 
an anion. The intermediate point, where net charge is zero and no migration occurs, 
is known as the isoelectric point (IEP) and is designated in pH units (Weatherill 
et al., 1992). A related property, the isoionic point, can be determined by utilizing 
a mixed-bed ion-exchange resin to remove all nongelatin cations and anions. The 
resulting pH of the gelatin solution is the isoionic point and is expressed in 
units. The isoionic point is reproducible, whereas the isoelecti-ic point depends 
the salts present. Type A gelatin has a broad isoionic region between pH 7 and p 
10; type B is in a lower, more reproducible region, reaching an isoionic point of 5.2 
after 4 weeks of liming, which drops to 4.8 after prolonged or more vigorous liming 
processes (Maxey et al., 1976; Li-juan, 1985; Toda, 1985; Toda, 1987). The isoelectric 
point can also be estimated by determining a pH value at which a gelatin solution 
exhibits maximum turbidity (Eastoe et al., 1963). Many isoionic point references are 
recorded as isoelectric points even though the latter is defined as a pH at which 
gelatin has net charge of zero and thus shows no movement in the electric field 
(Veis, 1964). 

Viscosity 

The viscosity of gelatin solutions is affected by gelatin concentration, temperature, 
molecular weight of the gelatin sample, pH, additives, and impurities. In aqueous 
solution above 405C, gelatin exhibits Newtonian behavior. Standard testing methods 
employ use of a capillary viscometer at 60-C and gelatin solutions at 6.67 or 12.5% 
solids (Gelatin Manufacturers Institute of America, Inc., 1986). The viscosity of 
gelatin solutions increases with increasing gelatin concentration and with decreasing 
temperature. For a given gelatin, viscosity is at a minimum at the isoionic point and 
reaches maxima at pH values near 3 and 10.5 (Stainsby, 1952). At temperatures 
between 30 and 40dC, non-Newtonian behavior is observed, probably due to linking 
together of gelatin molecules to form aggregates (Stainsby, 1962). Addition of 
salts decreases the viscosity of gelatin solutions. This effect is most evident for 
concentrated gelatin solutions (Cumper et cd., 1952; Stainsby, 1977). 

Gelatin is an effective protective colloid that can prevent crystal, or particle, 
aggregation, thereby stabilizing a heterogeneous suspension. It acts as an emulsifying 
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agent in cosmetics and pharmace~lticals involving oil-in-water dispersions. The 
anionic or cationic behavior of gelatin is important when used in conjunction with 
other ionic materials. The protective colloid property is important in photographic 
applications where it stabilizes and protects silver halide crystals while still allowing 
for their normal growth and sensitization during physical and chemical ripening 
processes. 

A phenomenon associated with colloids wherein dispersed particles separate from 
solution to form a second liquid phase is termed coacenlation. Gelatin solutions 
form coacen7ates with the addition of salt such as sodium sulfate, especially at pH 
below the isoionic point. In addition, gelatin solutions coacen'ate with solutions of 
oppositely charged polymers or macromolec~iles such as acacia. This property is 
useful for microencapsulation (Zitko et al., 1963; Wood, 1977; Upjohn Company, 
1963; Qroome, 1985; Kramer, 1992). 

The swelling property of gelatin is not only important in its solvation but also 
in the dissolution of pharmaceutical capsules. That pH and electrolyte content 
affect swelling has been explained by the simple Donnan equilibrium theory, 
treating gelatin as a semipermeable membrane (Procter et al., 1916). This explains 
why gelatin exhibits the lowest swelling at its isoelectric pH. At pH below the 
isoelectric point, proper choice of anions can control swelling, whereas above the 
isoelectric point, cations primaril! affect swelling. These effects probably involve 
breaking hydrogen bonds, resulting in increased swelling. The rate of swelling 
follows approximately a second-order equation (Libicky et al., 1972). Conditioning 
at 90% rh and 2OPC for 24 h greatly reduces swelling of hot dried film coatings 
(Jopling, 1956). 

MANUFACTTRF. AND PROCESSING 

Although new methods for processing gelatin, including ion exchange and cross-flow 
membrane filtration, have been introduced since 1960, the basic technology for 
modern gelatin manufacture was developed in the early 1920s. Acid and lime 
processes have separate facilities and are not interchangeable. In the past, bones and 
ossein, i.e., decalcified bone, have been supplied by India and South America. In the 
1990s, slaughterhouses and meat-packing houses are an important source of bones. 
The supply of bones has been greatly increased since the meat-packing industry 
introduced packaged and fabricated meats, assisted by the growth of fast-food 
restaurants. Dried and rendered bones yield about 1 4 4 8 %  gelatin, whereas pork 
skins yield about 18-22 9%. 

Most type A gelatin is made from pork skins, yielding grease as a marketable 
by-product. The process includes macerating of skins, washing to remove extraneous 
matter, and swelling for 10-30 h in 1 4 %  hydrochloric, phosphoric, or sulfuric 
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acid. Then four to five extractions are made at temperatures increasing from 
55-65'C for the first extract to 95-100'C for the last extract. Each extraction lasts 
about 4 5  h. Grease is then removed, the gelatin solution filtered, and, for most 
applications, deionized. Concentration to 20-40% solids is carried out in several 
stages by continuous vacuum evaporation. The viscous solution is chilled, extruded 
into thin noodles, and dried at 30-60^C on a continuous wire-mesh belt. Drying is 
completed by passing the noodles through zones of successive temperature changes 
wherein conditioned air blows across the surface and through the noodle mass. The 
dry' gelatin is then ground and blended to specification. 

Type B gelatin is made mostly from bones, but also from bovine hides and pork 
skins. The bones for type B gelatin are crushed and degreased at the rendering 
facilities, which are usually located at a meat-packing plant. Rendered bone pieces, 
0.5-4 cm, with less than 3% fat, are treated with cool, 4 7 %  hydrochloric acid from 
4 to 14 d to remove the mineral content. An important by-product, dibasic calcium 
phosphate, is precipitated and recovered from the spent liquor. The demineralized 
bones, i.e., ossein, are washed and transferred to large tanks where they are stored in 
a lime slurry with gentle daily agitation for 3-16 weeks. During the liming process, 
some deamination of the collagen occurs with evolution of ammonia. This is the 
primai-y process that results in low isoelectric ranges for type B gelatin. After washing 
for 15-30 h to remove the lime, the ossein is acidified to pH 5-7 with an appropriate 
acid. Then the extraction processing for type A gelatin is followed. Throughout the 
manufacturing process, cleanliness is important to avoid contamination by bacteria 
or proteolytic enzymes. 

Bovine hides and skins are substantial sources of raw material for type B gelatin 
and are supplied in the form of splits, trimmings of dehaired hide, rawhide pieces, or 
salted hide pieces. Like pork skins, the hides are cut to smaller pieces before being 
processed. Sometimes the term calfskin gelatin is used to describe hide gelatin. 
The liming of hides usually takes a little longer than the liming of ossein from 
bone. 

Most manufacturing equipment should be made of stainless steel. The liming 
tanks, however, can be either concrete or wood. Properly lined iron tanks are often 
used for the washing and acidification, i.e., souring, operations. Most gelatin plants 
achieve efficient processes by operating around the clock. The product is tested in 
batches and again as blends to confirm conformance to customer specifications. 

ECONOMIC ASPECTS 

World gelatin production in 1994 was believed to be nearly 220,000 t. The United 
States produced about 30,000 t, followed by France, Germany, Japan, Brazil, and 
Mexico. Of the gelatin produced in the United States, 55% is acid processed, i.e., 
type A. The U.S. food industry consumes about 20,000 t/yr, with an annual growth 
rate of 0.5%; the pharmaceutical industry consumes about 10,000 t/yr; and the 
photographic industry' about 7,000 t/yr. In the United States, the pharmaceutical 
gelatin market is expected to grow on the average of 2.5% per year. The photographic 
gelatin market has been stable or growing slightly. Color paper and x-ray products 
use over 55% of the photographic gelatin in the United States, with graphic arts and 
instant films using an additional 30%. 
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ANALYTICAL TEST METHODS AND QUALITY STANDARDS 

Gelatin is identified by a positive test for hydroxyproline, turbidity with tannic 
acid, or a yellow precipitate with acidic potassium dichi-omate or trinitrophenol. 
A 5% aqueous solution exhibits reversible gel-to-sol formation between 10 and 
6OZC. Gelatin gives a positive color test for aldehydes and sugars. Elemental analysis 
of commercial gelatin is reported as carbon, 50.5%; hydrogen, 6.8%; nitrogen, 
17%; and oxygen 25.2% (Smith, 1921); a purer sample analyzed for 18.2-18.4% 
nitrogen (Eastoe, 1967; Eastoe, 1955). Regulations for quality standards vary' from 
country' to country, but generally include specifications for ash content, SOg, heavy 
metals, chromium, lead, fluoride, arsenic, odor, and for the color or clarity of 
solutions ( United States Pharmacopeia XXII, 1989). In addition, certain bacteriological 
standards, including E. coli and Salmonella, are specified. Restrictions 011 certain 
additives and preservatives are also listed. In the United States, the Food Chemicals 
Codex has been considering a new specification for food-grade gelatin; a final version 
should be issued soon (ca 1996). Standard testing procedures for viscosity, pH, ash, 
moisture, heavy metals, arsenic, bacteria, and jelly strength are described (United 
StatesPharmacopeiaXXII, 1989; Helrich, 1990; Vies, 1964). Additional test procedures 
have been published by the photographic and gelatin industries including the 
Japanese PAGI Method (PAGI Method, 1992). 

USES 

Gelatin formulations in the food industry use almost exclusively water or aqueous 
polyhydric alcohols as solvents for candy, marshmallow, or dessert preparations. 
In dairy products and frozen foods, gelatin's protective colloid property prevents 
crystallization of ice and sugar. Gelatin products having a wide range of Bloom and 
viscosity values are utilized in the manufacture of food products, specific properties 
being selected depending on the needs of the application. For example, a 250- 
gelatin may be utilized at concentrations ranging from 0.25% in frozen. 
0.5% in ice cream; the use of gelatin in ice cream has greatly diminished. In 
sour cream and cottage cheese, gelatin inhibits water separation, i.e., syneresis. 
Marshmallows contain as much as 1.5% gelatin to restrain the crystallization of sugar, 
thereby keeping the marshmallows soft and plastic; gelatin also increases viscosity 
and stabilizes the foam in the manufacturing process. Many lozenges, wafers, and 
candy coatings contain up to 1% gelatin. In these instances, gelatin decreases the 
dissolution rate. In meat products, such as canned hams, various luncheon meats, 
corned beef, chicken rolls, jellied beef, and other similar products, gelatin in 1-5% 
concentration helps to retain the natural juices and enhance texture and flavor. 
Use of gelatin to form soft, chewy candies, so-called gummie candies, has increased 
worldwide gelatin demand significantly (ca 1992). Gelatin has also found new uses 
as an emulsifier and extender in the production of reduced-fat margarine products. 
The largest use of edible gelatin in the United States, however, is in the preparation 
of gelatin desserts in 1.5-2.5% concentrations. For this use, gelatin is sold either 
premixed with sugar and flavorings or as unflavored gelatin packets. Most edible 
gelatin is type A, but type 
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Pharmaceutical Products 

Gelatin is used in the pharmaceutical industry for the manufacture of soft and hard 
capsules. The formulations are made with water or aqueous polyhydric alcohols. 
Capsules are usually preferred over tablets in administering medicine. Elastic or 
soft capsules are made with a rotary die from two plasticized gelatin sheets which 
form a sealed capsule around the material being encapsulated. Methods have been 
developed to encapsulate dry powders and water-soluble materials which may first 
be mixed with oil. The gelatin for soft capsules is low bloom type A, 170-180 g; type 
B, 150-175 g; or a mixture of type A and B. Hard capsules consisting of two parts 
are first formed and then filled. The manufacturing process is highly mechanized 
and sophisticated in order to produce capsules of uniform capacity and thickness. 
Medium-to-high bloom type A, 250-280 g; type B, 225-250 g; or the combination 
of type A and B gelatin are used for hard capsules. Usage of gelatin as a coating 
for tablets has increased dramatically. In a process similar to formation of gelatin 
capsules, tablets are coated by dipping in colored gelatin solutions, thereby giving the 
appearance and appeal of a capsule, but with some protection from adulteration of 
the medication. The use of glycerinated gelatin (United States Pharmacopeia XXII, 
1989) as a base for suppositories offers advantages over carbowax or cocoa butter 
base (Tice et al., 1953). Coated, cross-linked gelatin is used for enteric capsules. 
Gelatin is used as a carrier or binder in tablets, pastilles, and troches. 

For arresting hemorrhage during surgery, a special sterile gelatin sponge known 
as absorbable gelatin sponge or Gelfoam is used. The gelatin is partially insolubilized 
by a cross-linking process. When moistened with a thrombin or sterile physiological 
salt splitting solution, the gelatin sponge, left in place after bleeding stops, is slowly 
dissolved by tissue enzymes. Special fractionated and prepared type B gelatin can 
be used as a plasma expander. Absorbable sterile gelatin powder is also available for 
use to control bleeding. 

Gelatin can be a source of essential amino acids when used as a diet supplement 
and therapeutic agent. As such, it has been widely used in muscular disorders, peptic 
ulcers, and infant feeding, and to spur nail growth. Gelatin is not a complete protein 
for mammalian nutrition, however, since it is lacking in the essential amino acid 
tryptophan and is deficient in sulfur-containing amino acids. 

Gelatin has been used for over 100 years as a binder in light-sensitive products. 
The useful functions of gelatin in photographic film manufacture are a result of 
its protective colloidal properties during the precipitation and chemical ripening of 
silver halide crystals, setting and film-forming properties during coating, and swelling 
properties during processing of exposed film or paper. 

Chemically active groups in gelatin molecules are either the chain terminal groups or 
side-chain groups. In the process of modifying gelatin properties, some groups can be 
removed, e.g., deamination of amino groups by nitrous acid (Kenchington, 1958), 
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or removal of guanidine groups from arginine by hypobromite oxidation (Davis, 
1958); the latter destroys the protective colloid properties of gelatin. Commercially 
successf~il derivatized gelatins are made mostly for the photographic gelatin and 
microencaps~~lation markets. In both instances, the amino groups are acylated. 
Protein detergent is made by lauroylating gelatin. Phthalated gelatin is now widely 
used in the photographic industry (Heuer et a!., 1965). Arylsulfonylated gelatin 
has been patented for microencapsulation (Clark et al., 1967). Gelatin which has 
been modified by reaction with succinic anhydride, succinylated gelatin, has been 
successfully used as a blood plasma volume expander (Tourtellotte et at., 1963). 
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INTRODUCTION 

Collagenous proteins, cells, elastic fibers, proteoglycans and cell attachments factors 
form the structural framework of all mammalian extracellular matrices. At least 
nineteen different molecular forms of collagen have been identified (Prockop, 
1992; van der Rest and Bruckner, 1993; Myers et al., 1994). These include the 
fibrillar collagens, types I, 11,111, V, and XI which consist of a central uninterrupted 
triple-helical region of about 1000 amino acids in each of three polypeptide chains 
which are "capped" by propeptides that are usually removed once the molecules are 
incorporated into fibrils. The distribution of fibril forming collagens in vertebrates 
includes type I in bone and most other tissues together with some type 111 and V, 
except for cartilage in which types I1 and XI predominate. 

A second class of non-fibrillar collagens includes type IV molecules that form 
antiparallel sheet-like structures that make-up basement membranes. The third 
major class is the fibril associated collagens (FAC1T) with interrupted triple helices 
including types IX, XII, XIV and XVI. The FACIT collagens are separated into 
multiple domains of variable lengths. 

Along wit11 the nineteen types of collagen which maintain tissue shape and prevent 
premature mechanical failure (Silver et al., 1992) extracellular matrix contains: 
elastic fibers that aid in recovery' of tissue shape and act as highly efficient "springs" 
that store mechanical energy; proteoglycans that specifically attach to and surround 
collagen fibrils; and cell adhesion factors including fibronectin, vitronectin, entactin, 
laminin, heparan sulfate proteoglycans and integrins that connect the extracellular 
matrix to the cell cytoskeleton (Silver ef al., 1992). 

Type I collagen, is the major fibrillar collagen and has been estimated to account 
for 25% of the dry protein found in mammals. It occurs in a variety of different 
structural hierarchies in tissue including parallel aligned collagen fibrillar networks 
(tendon, ligament, dura mater, and pericardium), alignable networks (skin, blood 
vessels and intestine walls) and mixtures of aligned and alignable collagen fibers 
(intervertebral disc) (Silver et a/., 1992). Although this collagen type is the one that 
is primarily used in the medical device industry', ultimately a variety of collagen types 
will be employed in devices. 

The characteristic "finger prints" of type I collagen include: 

Correspondence: Frederick H. Silver, Biomaterials, V-14, LMDNJ-RWJMS, 675 Hoes Lane, Piscata~tay, 
New Jersey 08854-5635, USA. 
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e an amino acid composition consisting of about 33% glycine and 25% of proline 
and hydroxyproline; 

e an elution profile based on chromatography of denatured a and /3 chains, y 
components and higher molecular weight species; 

e an intrinsic viscosity of about 1000 ml/gr; 
e a molecular length of about 300 nm by rotary shadowing; 
e a translational diffusion coefficient of about 0.85 x 10"' cmvsec; and 
e an ability to form fibi-ilar elements with a macroperiod of between 65 to 67 nm. 

Type I collagen is used in a number of medical devices including hemostats, eye 
shields and cosmetic implants and has extensive potential in the growth of tissues in 
cell culture. Therefore, it is essential to understand the purification, characterization 
and usage of type I collagen . 

Belowwe will describe methods for isolation of both insoluble and soluble collagen 
and typical characterization profiles of these materials as well as methods used to 
process collagen into a variety of shapes and end-products. 

ISOLATION OF SOLUBLE AND INSOLUBLE TYPE I COLLAGEN 

Type I collagen has been isolated from various tissues including bovine skin and 
tendon, human skin, bone and tendons and avian tissues. It is processed with and 
without enzymes that remove non-collagen proteins and/or the non-helical ends 
on the collagen molecule. In the preparation of type I collagen the appropriate 
procedures are chosen to optimize the yield and are dependent on whether the 
final product can be filtered and sterile filled into the final package or processed 
and packaged under class 10,000 conditions and then terminally sterilized. Terminal 
sterilization using ethylene oxide gas, gamma irradiation, or exposure to electron- 
beam are simple procedures that can be carried out by contract manufacturers. 
However, these processes tend to modify the physics and chemistry of the collagen 
molecule. Sterile filtration and filling operations are expensive to set-up and usually 
require enzymatic removal of the non-helical ends and therefore affect the ability of 
the collagen molecules to reassociate into materials wit11 structural stability. 
little or no modification of the collagen structure occurs due to sterilization by 
filtration. Finally, processes where the raw materials are sterilized followed by aseptic 
processing of the sterile materials also yield a sterile final product. Therefore, a 
careful analysis of the design parameters are necessary prior to selection of the most 
appropriate procedure for type I collagen preparation. Table 1 lists a number of 
patents for production of collagen. 

PREPARATION OF INSOLUBLE COLLAGEN 

Insoluble type I collagen can be isolated from various animal tissues such as bovine 
corium and tendon. Fresh uncured hide can be obtained from a slaughterhouse and 
the lower layer, the corium, is frozen at -20-C prior to purification of collagen. In 
addition, limed coriunl is available as a by-product of leather manufacture. Typically, 
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Table 1 Patents Related To Preparation of Collagen 

Title Patent No Yea1 Inxentoi 

Purification ot Collagen 

Isolation of Collagen from Collagenous 
Sources 

Method of Produciiig Soluble Collagen 

Method for Colloidall> Dispersing Collagen 

Method for Solubilizirig Insoluble Collagen 
Fibers 

Purified Collagen Fibrils 

Aqueous Collagen Composition 

Process for Preparing kIacrurnolec~ilar 
Biologirally Active Collagen 

831,124 (Br)  

1,145,904 (Ger.) 

Bloc11 and Chieson 

Sishihara 

Nichols and Oneson 

Lurk and Daniels 

Cioca 

insoluble collagen is prepared from bovine corium that is exposed to lime and then 
precut, acidified and ground (Komanowsky et al., 1974). The first step cuts the hide 
into strips 3/8" wide and then the strips are sequentially cut into thin pieces. Pieces 
are washed with water containing acid (e.g. formic, acetic, citric, propionic and 
benzoic) for about four hours at which time the pH is about 5.3. Acidified collagen 
is ground using equipment such as an Urschel grinder (Urschel Laboratories, Inc., 
Valparaiso, 111) or a disc mill (Young Machinery Sales Company, Inc., Muncy, Pa). 
Microcut corium is then washed wit11 distilled water followed by isopropanol until 
the product is free of fat (Chernomorsky, 1987). Some purification processes include 
enzymatic treatment to remove non-collagenous connective tissue components. 

Other processing steps include precipitation of collagen from solution with 
sodium chloride, dialysis to remove excess salt, and filtration to remove large clumps 
of material. 

Another source of raw material is bovine flexor tendon which can be processed 
by swelling and treatment with proteolytic enzymes. Although the treatment for 
producing insoluble collagen from tendon has been historically different than 
treatment of the corium, the final products in both cases are type I collagen. 
Methods for treatmentwith an alkali sulfate salt and an alkali metal hydroxide (Cioca, 
1981;1983) as well as sodium borohydrate at alkaline pH (Oreson et al., 1970) and 
sodium hydroxide (Courts, 1960) have been reported in the literature. 

PREPARATION OF SOLLBLE COLLAGEN 

Purification of soluble type I collagen dates back to the 1960s when Piez and 
coworkers (Piez et al., 1961) reported the extraction of collagen from rat skin 
with either 1 M NaCI or 0.5 M acetic acid and to Oneson (1964) who received a 
patent for a method for producing soluble collagen. Both types of collagen were 
purified by repeated precipitation with 5% NaCI in 0.5 A4 acetic acid. The soluble 
supernatant was obtained after centrifugation at 30,000 g for 1 h. Drake et a/.  (1966) 
reported that enzyme treatment with noncollagenase proteases removed "extra-helix 
peptide appendages" (e.g. crosslinks and parts of the non-helical ends of the 
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collagen molecule) from insoluble collagen releasing collagen molecules without 
changing the main structural feature of the molecule. They treated insoluble calf skin 
with a chymotrypsin, elastase, pepsin and trypsin which solubilized intact collagen 
molecules from insoluble skin. A process for enzymatic digestion of insoluble 
collagen was patented by Bloch and Oneson in 1960. 

Miller and Rhodes (1982) have summarized the extraction of soluble collagen in 
three solvent systems: (1) a neutral salt solvent, (2) a dilute organic acid, and (3) 
0.5 M acetic acid containing pepsin. In the neutral salt solvent (1.0 M NaCl, 0.05 
Tris, pH 7.5) the efficiency of extraction is increased at the higher salt concentrations. 
They advise to include a number of proteinase inhibitors in the solvent to minimize 
proteolytic degradation. Although the amount of neutral salt soluble collagen in 
most tissues is small, it can be increased when crosslinking is inhibited. 

In dilute organic acid, such as 0.5 M acetic acid or 0.01 M HC1 the solvent has 
increased ability to swell the tissue. Addition of proteinase inhibitors is suggested. 
Again as with neutral salt, the amount of soluble collagen obtained is small since the 
endogenous crosslinks are stable in this solvent. 

Finally, 0.5 M acetic acid containing pepsin (1:10 W/W) in the pH range of 2.5 to 
3.0 selectively degrades the crosslinks that allows solubilization of additional collagen 
molecules. The molecules so obtained are lacking part of, or all of the non-helical 
ends and therefore do not assemble into normal fibrillar elements. 

Once dissolved in the above solvents, type I collagen is purified by salt precipitation 
using 2.2 to 2.5 M NaCl for neutral salt extraction or 0.7 M NaCl for extraction in 
0.5 M acetic acid. Precipitations followed by resolubilization in the starting solvent 
(Miller and Rhodes, 1982). The precipitation step is then repeated until the product 
is free of non-collagenous material based on SDS PAGE, chromatography and 
amino acid analyses. When further purification is desired, chromatography further 
separates type I from other collagen types. However, this is only necessary when very 
high purity type I collagen is desired. 

COLLAGEN CHARACTERIZATION 

Soluble and insoluble type I collagen can be characterized using a variety of physical 
and chemical techniques (Miller and Rhodes, 1982; Silver, 1987). Typically an aliquot 
of the purified collagen is denatured and then characterized by ion-exchange or 
high pressure liquid chromatographv (Miller and Rhodes, 1982) (see Table 2). 
Ion-exchange chromatography of denatured collagen in the past has been the 
"gold standard" by which collagen a-chains and j3 and y components as well as 
high molecular weight components were evaluated. Specifically, chromatography 
on carboxynethyl (CM)-cellulose is used to evaluate chain cleavage that occurs 
during collagen purification. This approach has been replaced by high pressure 
liquid chromatography (HPLC) . 

To identify the level of non-type I collagen contamination in a preparation, 
fragmentation of the collagen a chains at methionyl residues with cyanogen bromide 
is used. The cyanogen bromide peptides thus obtained are separated using ion- 
exchange chromatography on CM-cellulose or bv HPLC. Based on the elution 
pattern it is possible to identify cyanogen-bromide peptides not derived from type 
I collagen (Miller and Rhodes, 1982). Non-collagenous contaminants in insoluble 
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Table 2 Collagen Characterization 

Polyacrvlamide Gel 
Electrophoresis 

IR spectrum 

L'\ absorbance spectiuin 

Polarimetry thermal 
denaturation cllrves 

Thermal transition 
enthalpy 

Optical Rotation 

Ultraceritrifuption 

Liglit scattering 

Intrinsic viscosih 

Dvnamic viscosity 

Turbidity-Time 
Measurements 

Electron Microscopy 

Tvpe of Information Obtained 

Distribution of Collagen 
Components 

Collagen Type Determination 
Yon-C~ollagenous Protein 
Determination 

Conformational changes in triple 
lielix 

Conformational changes in triple 
helix, collagcn concentration, 
number of rvrosnre and 
pl~enylalarnine residues 

Fraction of nicked or fragmented 
molecules 

Transition temperature and 
enthalpy 

Collagen content 

Molecular weight 

Molecular weight, translational 
diffusion coefficient 

Axial ratio 

Molecular stiffness 

Self assembly, fibril diameter 

D-period, banding pattern. 
molecular length 

Reference 

Miller and Rhodes. 1982 

Miller and Rhodes, 1982 

Pauie and Veis, 1988 

S a  1988; Silver and Trelstad, 1981 

Condell el d, 1988 

McClam and Wilev 1972 

Wagelschinidt and Viell, 1987 

Obrink, 1972 

Silver and Trelstad. 1980; Ohrink, 
1972; Fletcher, 1976; Birk and 
Silver, 1984; Silver 1987;Thomas 
and Fletcher, 1979; Silver et al., 
1979; Gelman and Piez, 1980 

Davison and Drake. 1966; Obrink, 
1972; Silver, 1987 

H e n r ~  et al., 1983; Amis et 01. 1985 

Silver, 1987a: Birk and Silver, 1984 

Schmitt el al., 1942: Hall. 1956; 
Chapman and Hardcastle, 1974; 
Meek el n/., 1979 

collagen can also be determined by measurement of the percentage of the sample 
not solubilized in 0.15 M trichloroacetic acid (Oneson et al., 1970). 

Polyacrylamide gel electrophoresis is also commonly used in the characterization 
of different collagen types. In this technique collagen is denatured in a sample buffer 
containing sodium dodecyl sulfate and is then layered onto a polyacrylamide gel. A 
current is applied to the gel and the peptides move at a rate that is proportional to 
the net charge. The migration pattern of the sample is then compared to that of a 
control. 

Differences between triple-helical collagen and its denatured form gelatin, can be 
determined based on IR spectroscopy of collagen solutions. One study suggested 
that a baseline study of the fine structure of amide I band (which is assigned 
to the OH bonding motions of the carbonyl group of proline) indicated that a 
-30 c m l  shift of this band occurs during denaturation (Payne and Veis, 1988). These 
authors concluded that temperature and conformationally dependent changes in 
the fine structure of amide I from dilute solutions of collagen can be monitored in 
a reproducible and quantitative fashion. 
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Na (1988) has demonstrated that the UV absorbance spectra of collagen in the 
range between 220 and 240 nm increases as the collagen unfolds to become gelatin. 
The absorbance increase 011 heating at 223 nm was found to parallel the % change 
collagen native fraction. 

Quantitative analysis of nicked or shortened collagen molecules in pepsin treated 
bovine type I collagen preparations can be achieved using polarimetry thermal 
denaturation curves (Condell et al., 1988). Polarinletry denaturation curves of 
collagen are conducted at -400r and the specific rotation is monitored in the 
polarinleter while the temperature is raised. The areas of the nicked and complete 
molecular components of the derivative curve of the specific rotation are obtained 
by deconvolution. Since shortened or nicked collagen molecules melt at a lower 
temperature than intact molecules, the area of the Gaussian curve that fits the 
derivative curve is used to determine the amount of collagen fragments (Condell 
et al., 1988). 

Determination of thermal transition enthalpy is another method for evaluation 
of both soluble and insoluble collagen (McClain and Wiley, 1972). Values of 
thermal transition enthalpy changes for tissues are virtually identical with those 
from solubilized collagen molecules. The experimentally determined value for the 
enthalpy change per residue is 1055 cal/mole for all collagens studied whereas 
the thermal denaturation or shrinkage temperature and total proline and hy- 
droxyproline content varies from sample to sample. The transition temperature 
is determined from the temperature at which the onset of thermal denatura- 
tion occurs while the thermal transition enthalpy is obtained from the area 
under the thermogram. A direct relationship between the melting temperature 
of molecules (Tm) and the shrinkage temperature (Ts) of collagen fibrils exists 
(Danielsen, 1990). 

In addition, the native collagen content can be calculated for soluble type I 
collagen by determination of the loss of optical rotation during the transition to 
gelatin. Nagelschmidt and Vie11 (1987) report that at 365 nm the specific optical 
rotation of type I collagen is between -1029^ and -1334' while after denaturation it 
is between -382 and -509:. 

A number of parameters for assessing collagen structure can be obtained from 
LTtT spectroscopic characterization of type I collagen (Silver and Trelstad, 1981; Na, 
1988). The concentration of collagen solutions can be obtained from the absorbance 
measured at wavelengths between 190 nm and 230 nm. At 230 nm the collagen 
concentration in mg/ml in HC1 pH 2.0 is obtained by multiplying the absorbance 
by 0.548 (Silver and Trelstad, unpublished observations). This applies up to an 
absorbance of 1 .O. The relationship for other buffer systems is different; however, this 
approach is typically used to measure collagen concentration in fractions obtained 
by chromatography (Silver and Trelstad, 1981). 

Na (1988) has measured the far Wabsorption spectra of collagen in acetate buffer 
and guanidine hydrochloride. He concluded that in acetate buffer the absorption 
peak was found at its apex located between 199 and 203 nm and that the absorbance 
was linear with concentration. If the optical density was below one, the absorption 
coefficient was 49.0 c m l  ml - m g l .  In 6 M guanidine-hydrochloride the absorption 
peak was found around 217 to 221 nm. The absorption peak height was linear 
wit11 concentration up to approximately 1.1 absorption units with an absorption 
coefficient of 9.43 c m l  ml - mg-I . 
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UV spectroscopy is also a tool that can be used to determine the number of 
tyrosine and phenylalanine residues per collagen molecule (Na, 1988). The number 
of tyrosine residues are determined from the peak at 276 nm. The absorption 
coefficient of tyrosine used is 1500 1 - mole - cmrl. By fitting the spectrum in 
the range of 250 to 310 nm and knowing the number of tyrosine residues present, 
the number of phenylalanine residues per collagen molecule can be calculated (Na, 
1988). 

The molecular weight of vertebrate derived type I collagen molecules in solution 
have been measured by a number of techniques including light scattering (classical 
and low angle) and ultracentrifugation (Obrink, 1972; Silver and Trelstad, 1980; 
Birk and Silver, 1983; Silver and Birk, 1984 and Silver, 1987). From the average 
amount of light scattered at low angles from a solution of collagen molecules, the 
weight average molecular weight can be obtained. The accepted value for type I 
single molecules is 285,000. High values reflect the presence of crosslinks between 
molecules or physical associations. The state of collagen aggregation influences the 
rate of collagen self assembly and the final structure of any product. Weight average 
molecular weight can also be determined from equilibrium sedimentation studies 
(Silver, 1987). 

Another means of characterizing the collagen molecule is based on intensity 
fluctuations of the intensity of scattered light. The time rate of change of intensity 
fluctuation can be autocorrelated and is related to the rate that rod-like molecules 
translate and rotate. Based on these principles the translational diffusion coefficient 
for type I collagen has been found to be between 0.78 and 0.86 x 10"' cmvsec 
(Obrink, 1972; Fletcher, 1976; Thomas and Fletcher, 1979; Silver et al., 1979; Gelman 
and Piez, 1980; Silver and Trelstad, 1980; Bernego et al., 1983; Birk and Silver, 1983; 
Silver and Birk, 1984). The rotational diffusion coefficient for type I collagen has 
been found to be 1082 sec l .  Intrinsic viscosity for type I collagen single molecules 
from vetebrate tissues are reported to be between 1000 and 1200 ml/g (Davison and 
Drake, 1966; Obrink, 1972) equivalent to an axial ratio of about 200 (Silver, 1987). 

Dynamic viscoelastic measurements on collagen solutions yield information 
including the complex shear modulus, intrinsic viscosity and longest relaxation time 
for flexural motions. From the storage and loss moduli, which make up the complex 
shear modulus, the persistence length and Young's modulus can be calculated for 
collagen in solution (Henry e f  al., 1983). For pronase treated collagen at pH 4.0 
a persistence length of 170 nm and a Young's modulus of 4 x 101Â dyne/cm2 have 
been reported. These numbers were found to be consistent with the behavior of 
a semi-flexible rod (Henry- et al., 1983). In a later study of a non-enzyme treated 
collagen the behavior at pH 4.0 was modelled by a rod-like molecule with partial 
flexibility along its entire length and a persistance length of 161 nm with no loose 
joints (Arnis et al., 1985). At pH 7.4 the behavior was that expected for a semiflexible 
rod wit11 two loose joints near the ends with a persistence length of 169 nm for the 
center segment. Measurements of the persistence length reflect the intactness of 
collagen single molecules. 

The ability for collagen molecules to self assemble into fibrils and fibers with the 
native banding pattern is typically studied by measuring changes in turbidity as a 
function of time (Silver, 1987a; Garg et al., 1989). Turbidity measurements reflect 
changes in molecular weight per unit length and the kinetics and thermodynamics 
can be followed based on the change in lag time (time required for turbidity to be- 
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come measurable) with increased concentration and the temperature dependence 
of the rate constant. The final turbidity per unit concentration is a measure of the 
final fibril diameter (Birk and Silver, 1984). 

Collagen type I forms filamentous or fibrous structures when reconstituted under 
self-assembling conditions (Farber et al., 1986). The molecules self-assemble into 
a quarter stagger array that can be characterized after staining with heavy metals 
such as phosphotungstic acid or uranyl ions (Silver, 1987). When h e a y  metal ions 
stain around the collagen molecule the result is termed negative staining. When the 
ions stain charged residues on the collagen molecule it is termed positive staining. 
Schmitt and coworkers (1942) reported that the banding pattern of positively stained 
collagen molecules repeated itself every 64 nm and this repeat could be broken 
down into 12 bands. The molecules can either be lined up in a side-to-side fashion 
an arrangement termed segment long-spacing crystallite or in a staggered fashion 
characteristic of the pattern found in tissues. These patterns can be correlated with 
the amino acid sequence. 

Using the primary sequence for type I collagen, it has been shown that a correlation 
exists between the positively stained fibril banding pattern and the generated 
positions of the charged residus exists (Chapman and Hardcastle, 1974; Meek et al., 
1979). The same has been demonstrated for the SLS crystallite. 

Direct observations of single type I collagen molecules with the electron micro- 
scope after shadowing with metals using freshly cleaved mica as substrate surface 
dates back to Schmitt et al. (1942) and Hall (1956). This approach is suited 
to facilitate the localization of specialized regions on the collagen triple helix 
(Furthmayr and Madri, 1982) and to evaluate intactness of the triple helix. Native 
type I collagen molecules are wound ropes with three regions of flexibility: one is 
located about 45 nm from the amino terminal end of the molecule, the second 
about 20 nm from the carboxyterminal end and the third around 60 nm from the 
carboxytern~inal end. Using bead models, images from rotary shadowed collagen 
molecules can be converted into translational diffusion coefficients to be compared 
with the translational diffusion coefficient measured by light scattering studies 
(Silver, 1987). 

COLLAGEN PROCESSING INTO DEVICES 

Unlike many synthetic materials collagen molecules cannot be processed by injection 
molding or conventional extrusion techniques. Therefore the processing of collagen 
into films, sponges, beads, fibers and tubes involves modifications of three basic 
processes, e.g. casting, freeze drying and extrusion. 

As with any other film forming polymer, collagen films are prepared by solvent 
evaporation. The clarity of the film is related to the size of the scattering units. 
Particles greater than about 29 nm in diameter cause the film to be translucent and 
not transparent (Silver, 1987). This is due to the fact that the collagen molecule 
has a length of about 300 nm. In the cornea, the geometric arrangement of the 
collagen fibrils results in transparency because the spaces between the fibrils are 
roughly equivalent to the fibril diameter. 

Typically, dispersed or solubilized collagen is prepared at a concentration of 
about 1% (W/V) by grinding in a blender or homogenizer. About 6 ml of the 
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material /cm2 of surface is poured into a mold with the desired shape (Weadock 
et al., 1984; Weadock et al., 1986; Weadock et at., 1987). The material is allowed 
to air dry overnight at room temperature and the resulting film has a thickness 
of about 100 Fm. Decreased film thicknesses are obtained by using less collagen 
dispersion. 

Collagen sponge manufacture for hemostats, wound dressing materials, or sub- 
strates for cell growth in culture requires formation of a three dimensional structure 
that will either trap blood or allow for cellular ingrowth. The pore size required is 
dependent on the exact application. 

Typically, insoluble collagen is used for sponge formation since the mechanical 
properties of sponges made out of soluble collagen are much inferior when 
compared to those made out of soluble collagen. In some cases small amounts of 
soluble collagen are added to the sponge to give the proper handling characteristics. 

A typical procedure for preparing these sponges involves grinding the insoluble 
collagen into fine particles using a blender, homogenizer or bowl chopper at solid 
concentrations between one-half and several percent (typically 1.0% W/V is used) 
(Doillon et at., 1986). The pH of the dispersing medium depends on the exact 
purification treatment. Acid swollen collagen that has not been treated with alkali 
is dispersed at pHs between 2.0 and about 4.0. The exact pH is selected to minimize 
the dispersion viscosity. The dispersion viscosity is dependent in addition on extent 
of shear induced blending. Increased blending times tend to decrease the fiber size 
increasing the viscosity. High viscosity dispersions are difficult to pour into metal or 
plastic trays and then spread evenly. Trays of the collagen dispersion are frozen at 
temperatures between -2OZC and -90'C to obtain the desired pore sizes. Average 
pore sizes as small as 14 fim. are obtained at a freezing temperature of -8OCC while 
at a freezing temperature of -30'C the average pore size is about 100 wm (Doillon 
et al., 1986). 

Collagen microporous beads are produced by a modification of the process to 
produce collagen sponges. Insoluble collagen is again dispersed at a pH of between 
2.0 and 4.0 by blending or homogenizing. Excess air is removed by vacuum degassing 
until no additional bubbles are detected. The dispersion is then passed through a 
vibrating tube or other device that is capable of producing droplets. Droplets are 
allowed to fall into a cryogenic bath at the desired temperature preferably between 
-20Â° and -80cC where they freeze. Frozen beads are transferred to a lyophilizer 
where the frozen water is removed (Berg et at., 1989). 

Finally, collagen fibers and tubes are manufactured using modified extrusion 
processes (Hughes et al., 1984; Hughes et al., 1985; Silver and Kato, 1992). Kato 
et al. (1989) described the extrusion of small diameter (50-100 pm) collagen - 

fibers that can be formed into woven and nonwoven products. The process 
involves use of a 1% (W/V) type I dispersion in dilute HCL at pH 2.0 that is 
deaei-ated under vacuum to remove any air bubbles. The dispersion is placed in 
30 cc disposable syringes and then the collagen dispersion was extruded through 
polyethylene tubing with an inner diameter of 0.28 mm into a 37Â° bath containing 
an aqueous fiber formation buffer at pH 7.5. Fibers are transferred after 45 min 
to a bath of isopropanol and then into distilled water prior to drying under 
tension. 

Collagen tubes can be manufactured using a similar procedure except that the 
extrusion takes place through an annular die into a coagulation bath. 
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DEVICE STABILIZATION 

To stabilize collagenous devices so that they do not lose their shapes on wetting 
or biodegrade rapidly on implantation, chemical modification is necessary. In the 
very simplest case the collagen is modified by chemical addition of an amine reactive 
acylating agent, a carboxylic acid reactive esterifying agent or a combination of these 
agents (Kelman and DeVore, 1994). 

In cases where the implant must be able to withstand mechanical forces, chemical 
crosslinks are necessary' to provide stability. Typically crosslinking involves bi-and mul- 
tifunctional reagents containing groups that link two or more amino acid side chains. 
Such reagents include chemical agents such as aldehydes, alkyl and aryl halides, 
imidoesters, chromic acid, carbodiimides, aldehydes, N-hydroxys~~ccinimide active 
esters, N-s~ibstituted maleimides, acylating compounds, diphenylphosphorylazide 
and gl~tcose (Bowes and Cater, 1968; Weadock et al., 1984; Kent et al., 1985; Petite 
et al., 1994). Physical crosslinking is achieved by exposure to ultraviolet radiation and 
other forms of radiation, heat, drying, severe dehydration (Weadock et al., 1984) and 
singlet oxygen (Hikichi et al., 1994). 

The interaction of aldehydes with collagen has been the subject of extensive 
research. Glutaraldehyde has been shown to react with lysine residues forming a 
compound with more than one glutaraldehyde molecule (Bowes and Cater, 1968) 
and that in the presence of free glutai-aldehyde the number of aldehyde molecules 
involved in the crosslink increases (Cheung and Nimni, 1982). Glutaraldehyde 
crosslinking has been shown to decrease the pitch of some of the turns of the 
collagen triple helix thereby somewhat altering the molecular structure (Jonak et al., 
1979). However, the non-specificity and formation of polymeric crosslinks makes 
total removal of all free glutaraldehyde difficult (Bruck, 1980). 

Crosslinking can be achieved by exposure to chemicals in either the wet or vapor 
states assuming that the vapor pressure of the crosslinking agent is high enough 
to penetrate the device. Physical crosslinking is usually performed in the dry state. 
Assuming there is no inherent cytotoxicity introduced as a result of crosslinking, the 
merits of each crosslinking procedure depend on the end-application. For instance, 
there has been concern over aldehyde crosslinking; however, glutaraldehyde treated 
porcine valves still remain the "gold standard" for bioprostheses. More critical 
than the exact agent used is the degree of crosslinking necessary for the proper 
performance of the final device and the extent that any unreacted chemical remains 
in the final device. 

DEVICE PACKAGING AND STERILIZATION 

Collagenous devices can be sterilized by filtration, exposure to cytotoxic chemicals, 
gamma irradiation or treatment with an electron beam. Injectable collagen is 
typically sterilized by sterile filtration which requires final packaging under sterile 
conditions. ZyplastTht and ZydermT"'l injectable collagen implant materials are 
processed in this manner. 

In contrast, collagen absorbable hemostatic sponges are sterilized either by 
exposure to ethylene oxide gas, y-rays, dry heat or an electron beam. C o l l a ~ t a t ~ ~  
is an example of a material that is sterilized by exposure to ethylene oxide gas 
and AviteneThf is a microfibrillar collagen hemostat that is sterilized by exposure 
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to dry heat. In some cases such as bioprosthetic heat valves, exposure to dilute 
glutaraldehyde solutions in the final packaged device is used for sterilization. InstatThl 
and BicolThl are sterilized by gamma irradiation. Device sterilization influences the 
physical properties of the product. For instance, gamma irradiated materials tend 
to have a reduced shrinkage temperature and poor wetability compared to ethylene 
oxide treated materials. In the case of ethylene oxide, gamma irradiation as well as 
glutaraldehyde treatment the device is sterilized in the final package. 

Sterilization is a necessary step in the processing of any medical device. Although 
ethylene oxide gas has been used to stabilize many implants, recent concern over 
hypersensitivity to devices sterilized in this fashion has been noted. In addition, 
exposure of collagenous devices to gamma rays leads to a modification of the triple 
helix by breakage of backbone peptide bonds (Bowes and Moss, 1962) thereby 
decreasing the stability of the product. Therefore, selection of any particular mode 
of sterilization is dependent on the end-use of the device and the structural stability 
desired. 

FINAL DEVICE TESTING 

Once a device is formulated, processed, stablized, packaged and sterilized, it is 
important to chemically and physically characterize the product to insure that 
the final device is safe and remains the same from lot to lot. These tests include 
biocompatibility assessment, mechanical stablity, biodegradation rate and in vivo 
function in an end-use application. 

Biocompatibility testing for 510 (k) and ?MA filings have been reviewed elswehere 
(Silver 1994) and will not be presented in detail in this chapter. As described in 
Table 3 for a 510(k) filing the typical tests and acceptable outcomes for collagenous 
devices are described. Uncrosslinked as well as crosslinked collagenous devices will 
pass all of these tests. In cases where the devices are crosslinked they will not fail 
these tests if all traces of crosslinking agents or other chemicals are removed. 

One of the most important requirements for a medical device is biocompatibility. 
Regulatory agencies throughout the world have their own requirements regarding 
performance, quality and safety of devices. A device has to be safe both biologically 
and function appropriately in an end-use application. Safety of devices is evaluated 
through biological testing and clinical studies. There are several standards for 
evaluating biological safety of devices. These include but are not limited to the 
following tests: 

1. Cytotoxicity Test 
This is an in-vitro toxicity test for materials and devices. Different methodologies 
have been used depending on cell lines, end points of cell responses and sample 
applications. Agar diffusion testing has been used as a standard for conducting 
cytotoxicity studies. 

2. Sensitization Test 
Research has shown that allergic contact dermatitis is caused by various products, 
e.g. surgical gloves, bandages and dental alloys. The incident, population, and 
severity of allergic contact dermatitis are influenced by chemicals, products 
and individuals. The degree of sensitization is dependent on concentration of 
chemicals. 
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Table 3 Typical preclinical testing for a collagenous device (adapted from Silver, 1994) 

les t  Acceptable outcome 

Acute systemic toxicits No signs of respiratory, motor, comulsive, ocular, salivary, 
piloerectal, gastrointestinal o r  skin reactions 

A ~ J I  oieila\ c ~ o t o x i h  \ o  detectable /one of cell reac t m h  

Guinea pis;' maximization test No deh: ed skin irritation 

Haemolysis Less than 5% hac~nolisis 

Inhibition of cell growth No inhibition of cell grohth at all extract concentrations 

Limulus amebocvte Iysate No LAL activity present 

MEM cytotoxicit~ No cpotoxirih of test material 

Primary skin irritation No  primary skin irritation 

USP rabbit pyrogen S o  rabbit shews indi\idual temperature rise o f 0 . 6 " ~  or for three 
rabbits the tempeniture rise is below 1 . 4 " ~  

3. Mutagenicity (Gentotoxicity) Testing 
There are three tests normally used as a standard. These are DNA effects, 
Salmonella/microsome or gene mutation test and chromosomal aberrations. 
The object is to find mutagens in the test material and to evaluate their potential 
in order to maintain the safety of the device. The tests are not only dependent 
on the mutagens but also on the process of extracting them. 

4. Short-term implantation 
The inflammatory reaction due to materials used in devices is usually very weak. 
To quantitatively and microscopically evaluate such weak reaction the thickness 
of the capsule or inflammed area around an implant can be correlated with the 
cytotoxicity index. 

5 .  Pyrogenicity Test 
There are two types of pyrogens, endotoxins and other pyrogenic chemicals. 
Cleanliness and sterility of device manufacture are important critera required to 
keep it from endotoxin contamination. Inactivation of endotoxins in aqueous 
solutions has been reported previously using heat treatment. 

The IS0 10993 guidance document on testing of medical and dental materials - - 
and devices may become an international standard for device testing (Truscott, 
1994). The recommended test procedures depend on whether the device is surface 
contacting (i.e. for contact with intact skin, mucosal membranes or breached or 
compromised surfaces), external communicating devices (i.e. blood path direct, 
tissue/bone/dentin communicating or circulating blood), or implant devices (i.e. 
tissue/bone or blood). The duration of contact with tissue is also an important aspect 
with the categories including limited exposure (less than 24 h) , prolonged exposure 
(greater than 24 11 but less than 30 days) and permanent contact (greater than 30 
days). Typically, collagenous implants are designed to biodegrade in less than 30 
days but more than 24 h and the testing simplifies to: 

e Surface device - Irritation, sensitization and cytotoxicity 
e Externally communicating devices: 
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Tissue/bone/dentin communicating - irritation, sensitization, cytotoxicity, py- 
rogenicity and genotoxicity 
Blood path indirect - irritation, sensitization, cytotoxicity, systemic toxicity, 
haemocompatibility, pyrogenicity 
Blood path direct - irritation, sensitization, cytotoxicity, systemic toxicity, herno- 
compatibility, pyrogenicity and genotoxicity 

e Implant devices 
Bone Tissue and Tissue Fluids - sensitization, cytotoxicity, 
implantation, genotoxicity 
Blood - irritation, sensitization, cytotoxicity, systemic toxicity, hemocompatibility, 
implantation, pyrogenicity, genotoxicity 

Both crosslinked and non-crosslinked collagen will pass all of these tests. The 
major concern with a biodegradable material like collagen is that the biodegradation 
is controlled such that the device maintains its intended purpose for a sufficient 
length of time depending on the end-use application. 

Other tests for final device evaluation include analysis of complex collagen 
structures by light and electron microscopy as well as by measurement of the form 
birefringence. Light and electron microscopy of collagenous materials has been 
described in detail elsewhere (Doillon et al., 1986; Doillon et al., 1987; Doillon et al.> 
1988; Wasserman et al., 1988). 

The ordered aggregation of collagen molecules into bundles can be assessed by 
measurement of the form birefringence (Pimentel, 1981). The measured birefrin- 
gence of collagen is made of an intrinsic birefringence due to the anisotropy of 
the molecule and a form component due to alignment of molecules in fibrils. Total 
birefringence retardation when normalized by the thickness is constant for extensor 
tendon, irregardless of the diameter (McBride ef al., 1985). Direct measurement of 
forces between collagen triple helices in fibrillar structures has also been reported 
(Leiken d a!., 1994) making it possible to correlate fibrillar organization and the 
force required to separate individual molecules in collagenous materials. 

Immunogenicity of Collagen 

The immunogenicity of type I collagen has been a question of concern to the FDA 
and has resulted in warnings related to the use of injectable collagen products in the 
package insert. The insert for ContigenTX1, an injectable collagen used for correction 
of urinary incontinence, contains the following paragraphs: 

'Some physicians have reported the occurrence of connective tissue diseases such 
as rheumatoid arthritis, systemic lupus erythematosus, dermatomjositis (DM), and 
polymyositis (PM) subsequent to collagen injections in patients with no previous 
history of these disorders. A comparison of the observed number of cases of PM/DM 
in the collagen-treated population with a estimate of the expected number of 
cases suggests an association between collagen injections and PM/DM: i.e. there 
appears to be a higher than expected incidence of PM/DM in the collagen- 
treated population. However, a causal relationship between collagen injection and 
the onset of autoimmune disease or systemic connective tissue disease has not 
been established. Contigen implant patients developing symptoms suggestive of 
autoimmune disease should be immediately referred to a physican trained in the 
diagnosis and treatment of rheumatological disease. 
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Also, an increased incidence of cell-mediated and humoral immunity to various 
collagens has been found in systemic connective tissue disease such as rheumatoid 
arthritis, juvenile rheumatoid arthritis, and progressive systemic sclerosis (sclero- 
derma). Patients with these diseases may thus have an increased susceptibility' to 
hypersensitivity responses and/or accelerated clearance of their implants when 
injected with bovine dermal collagen preparations. Therefore, caution should be 
used when treating these patients including consideration for multiple skin lesions. 

Patients with a history of dietary beef allergy should be carefully evaluated before 
injectable bovine collagen therapy, since it is possible that the collagen component of 
the beef may be causing the allergy'. More than one skin test is highly recommended 
prior to treating these patients". 

Circulating antibodies to collagen have been found in serum from patients 
injected with fibrillar collagen (Cooperman and ichaeli, 1984; Ellingsworth et al., 
1986). Results of animal studies suggest that the level of circulating antibodies is 
highest in animals treated with microfibrillar collagen with pepsin-treated collagen 
exhibiting the lowest (DeLustro et al., 1986). Antibody titers are increased to 
measurable levels in animals treated with booster injections and Freund's Complete 
Adjuvant. Crosslinking reduces the humoral response to collagen but may in some 
cases induce a cell-mediated response (Meade and Silver, 1990). 

On a functional level Cooperman and Michael (1984a) reported that systemic 
complaints could not be correlated with skin reactions or antibody titers and that 
immune responses are typically localized reactions that manifest within the first 
two exposures to the implant material. A later study reported that all patients 
suffering adverse clinical reactions to bovine collagen implants were lacking the 

DR 4 antigen (Vanderveen et al., 1986). All patients who received multiple 
collagen injections without having adverse clinical reactions were lacking 

5 and HL-DR5 and had a increased incidence of HLA-DR4. Antibodies to 
bovine collagen are always IgG and often IgA and multiple regions of the collagen 
molecule are recognized (McCoy et al., 1985). 

Collagen is typically derived from bovine tissues and converted into medical 
products. In a memorandum from Jane E. Henney, M.D. of the FDA to manufacturers 
of FDA-regulated products on December 17, 1993 it is stated that manufacturers are 
required to prevent use in regulated products of bovine-derived materials from cattle 
which have resided in or originated from countries where SE has been documented. 

Transmissible spongiform encephalopathies are degenerative central nervous 
system diseases of man and animals that are believed to be caused by abnormal 
neuronal membrane proteins which are resistant to sterilization. These proteins 
have been termed prions and can be transmitted by ingestion of slaughter byproducts 
including brain, spinal cord, spleen, thymus, tonsil, lymph nodes or intestines from 
affected animals. BSE is believed to be the bovine variant of scrappie, a slowly 
progressive disease of the central nervous system of sheep and goats that is manifested 
by sensory and motor malfunction and eventually leads to death. The agent is 
transmitted by direct or indirect contact and enters through the gastrointestinal 
tract. Processed tissues from sheep and goats are used as ingredients in animal feeds 
thereby explaining the occurrence of BSE in cattle. 
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On August 29, 1994 the FDA (Federal Register Vol 59, No. 166 page 44584) 
declared that the use of processed slaughter byproduct from adult sheep and goats 
in cattle feed not safe and is unapproved as a food additive when added to ruminant 
feed. Since there is no documented occurrence of BSE in cattle in the US, tissues 
derived from aninlals certified from herds in the US are acceptable as a source for 
the manufacture of collagen for medical devices. 

MEDICAL APPLICATIONS 

Collagen is biodegradable, biocompatible, hemostatic material that can be fabri- 
cated into different forms which makes it a good biomaterial candidate for medical 
device fabrication. There have been several excellent reviews written describing the 
medical applications of collagen (Chvapil et a/., 1962; Stenzel ef al., 1974; Chvapil, 
1980; Pachence et a!., 1987). This chapter will present a summary of the medical 
applications as well as references after 1987 to avoid duplication of previous reviews. 
Table 4 lists some of the patents that have been issued on preparation of collagen 
products, while Tables 5 and 6 list the medical applications and U.S. companies 
involved in development of these products, respectively. Table 7 lists the PMAs issued 
on collagen products. 

The use of collagen in the medical device industry is a consequence of its biological 
properties including controlled biodegradation rate, availability in commercial 
quantities, ability to trigger blood coagulation and platelet aggregation, stimulation 
of chemotaxis of connective tissue and inflammatory cells and capability to support 
cell attachment and growth (Pachence et al., 1987). It has uses in the form of coatings, 
fibers, fabrics, films and membranes, solutions, matrices and sponges, suspensions, 
tapes, tubes and sealants. 

Collagen coatings have been used for a number of applications including as a 
biological sealant and for improving the biological response to implants. Guidon ef  al. 
(1989) reported the use of collagen as a sealant for vascular grafts. Ksander (1988) 
coated silicone rubber implants with collagen and found that capsular contraction 
and contracture was absent. Other studies report the use of collagen coated 
mesh reinforced with continuous polypropylene spiral (Okumura et al., 1994) and 
collagen coated Vicryl mesh for correction of full-thickness abdominal wall defects 
(Meddings et cd., 1993). These studies support the use of collagen coatings to modify 
the biological response to implant materials. 

Collagen has been used as a biodegradable system for release of a variety of 
drugs including contraceptives, cyclosporine, heparin and fibroblast growth factor, 
5-fluorouracil, dexamethasone, antibiotics, bone morphogenetic protein, insulin 
and growth hormone (Chvapil et al., 1976; Moore et al., 1981; Weiner et al., 1985; 
Hwang et al., 1989; Chen et al., 1990; Hasty et aL.$ 1990; Takaoka et al., 1991; Ipsen 
et al., 1991; DeBlois et al., 1994). For hydrophilic molecules, release occurs through 
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Table 4 Patents Related To Collagen Products 

litle Patent No. Year Imentor 

Process of preparing surgical sutures 505,148 1893 Weaver 

1.254.031 1918 Davis 
2,475.129 1949 Cresswell 

Suture and method for making same 
Method of spinning collagen solutions 

Surgical sponge and the preparation 
thereof 

Hemostatic sponges and method of 
preparing same 

617.771 (Can.  Pat.) 1961 Wiedentrin~er and Valentine 

Centritugal casting of collagen to produce 
films and ribbons 

Method of producing a collagen '-itrand 3,114,593 1963 Griset et al. 

3,114,591 1963 Nichols and Reissmann Method tor the manufacture of s1ltnre and 
ligatures from ailiniiil tendons 

Preparation of a high density collagen 
sponge from collagen 

Â¥Apparatu and method for producing 
collagen tubing 

Collagen-carboilic acid surgical sponge 3,368,911 1968 Kvintz and Nuwayser 

3,435,100 1969 Nichols 

3,556,939 1971 Miziiguchi et al. 

Collagen matrix pharmaceuticals 

Method and apparatus for obtaining elcctro 
deposited shaped articles from fibrous 
protein fibrils 

Process for augmenting connective 
mammalian tissue with in situ polymerizible 
native collagen solution 

3,949,072 1976 Daniels and Knapp 

Collagen drug deliverv device 4,164,559 1979 Mivata et al. 

4,21.5.200 1980 Miyata et ul. Chemically and cncmatically modified 
collagen hemostatic agent 

Collagen contact lens 4.264.155 1981 Miyata 

4,260,228 1981 Miyata Collagen gel contact lens and method of 
preparation 

Regenerated fiber collagen condom and 
method of preparation 

Collagen implant material and methods for 
aug111enti11g soft tissue 

4 424,208 1984 Wallace iind Wade 

Injcctablc cross-linked collagen implant 
material 
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Table 4 Continued 

Title Patent No Year I m  entoi 

Collagen replacement prosthesis for the 
cornea 

Viscoelastic collagen solution for opthalinic 
use and method for preparation 

Deliveq system tor implantation of fine 
particles in surgiccil procedures 

Succinylated atcolocollagen solution for use 
in viscosurges? and as a vitreous substitute 

Viscoelastic collagen solution for optlialmic 
use and method of preparation 

Weighted collagen microsponge for 
immobilizing bioactive materials 

Collagen matrix beads for soft tissue repair 

Son-biodegradable two phase corneal 
implant and method fur preparing same 

Relates to a hollow conduit of a matrix 
of type I collagen and laminin for nerve 
regeneration 

Synthetic collagen orthopaedics structures 
such as grafts and tendons and other 
structures 

Ophthalmological collagen coverings 

Collagen-based adhesives and methods of 
preparation thereof 

Burns and Gross 

Devore e t  al. 

Nichols 

NIiyata 

DeVore e t  21. 

Dean e t  al. 

Berg e t  al. 

Keln~an and  DeVore 

Xichols 

Silver and  Kato 

Fvocloro\ et A\ 

Kelman and  DeVore 

water filled channels and the release is therefore limited to short time periods 
(Weadock et al., 1987). For hydrophobic molecules the release can be prolonged 
since diffusion occurs through hydrophobic portions of the collagen molecule. 

Collagen Fiber, Fabrics and Tubes 

Collagen in the form of fibers has been used in closing surgical wounds and incisions. 
In the case of suture materials composed of pure animal gut or collagen, it is treated 
to modify the rate of absorption and to allow for prolonged strength retention. Pure 
collagen sutures are used in ophthalmic surgery as well as for other applications 
(Brumback and McPherson, 1967; Adler et al., 1967). 

Collagen fibers can be processed into aligned filamentous structures for tendon 
and ligament devices (Kato et al., 1989; Kato et al., 1991) or made into meshes for 
hernia repair and other applications (Adler et al., 1962; Cavallaro et al., 1994). 
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Table 5 Medical Applications of Collagen 

Specialty Application 

Cardiology 
Dermatology 
Dentistry 

General Surger-1 

Xeurosnrgeq 

011cology 
Orthopaedic 

O p h t h t i l ~ n o l o ~  

Plastic Surge? 
Urology 

Vascular 

Other 

Heart Valves 
Soft Tissue Augmentation 
Oral Wounds 
Biomating for dental implants 
Support for Hydroxyapatite 
Periodontal Attachment 
Hemostasis 
Hernia Repair 
IV Cuffs 
Wound Repair 
Suture 
Nerve Repair 
Nerve Conduits 
Embolization 
Bone Repair 
Cartilage Reconstruction 
Tendon and Ligament Repair 
Corneal Graft 
Tape or  Retinal Reattacl~inent 
Eve Shield 
Skin Replacement 
Dialysis Membrane 
Sphincter Repair 
Vessel Replacement 
Angioplasty 
Biocoatings 
Drug Delivery 
Cell Culture 
Organ Replacement 
Skin Test 

Collagen tubes have been used for replacement of structures including esophagus 
(Natsume et al., 1993), peripheral nerve (Colin sand Donoff, 1984; Kljavin and 
Madison, 1991) and ureter (Tachibana et al., 1985). It has also been used for culture 
of cells (Leighton et al., 1985) and for alveolar ridge augmentation after being filled 
with hyrodxylapatite (Gongloff, 1988). 

Collagen Films, Membranes and Matrices 

Collagen films and membranes have been used for immobilization of biological 
materials such as factor XI11 from blood (Blanchy et al., 1986), for guided tissue 
regeneration (Yaffe et al., 1982; Blumenthal et al., 1986; Pitaru et al., 1987; Tanner 
et al., 1988; Blumenthal and Steinberg, 1990; Paul et al., 1992; Quteish and Dolby, 
1992; Blumenthal, 1993; Colangelo et al., 1994; Black et d, 1994), for filling of 
tooth extraction sites (Mannai et al., 1986), as hemodialysis membranes (Rubin 
et al., 1968), for retinal reattachment (L'esperance, 1965), as a dural substitute 
(Kline, 1965; Collins et al., 1991; Pietrucha, 1991; Laquerriere et a,, 1993; Narotam 
et al., 1993;1995), for stapesdectomy (Bellucci and Wolff, 1964), for prevention of 
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Table 6 U.S. Companies conducting research by application 

Company car der  den gen neu onc ort oph  pla 

Autogenesis 
Becton Dickinson 
Biosurtace 
B&I. Pharma 
Bristol-Myers 
Chiron 
Collagen 
OR. BARD 
Datascope 
E.R Squibb 
Hercules 
Integra LifeSci 

J&J 
Kensey Nash 
Ned m e n 1  
Parke Davis 
Pfizer 
Prodex 
Organogenesis 
Semex 
Serono Labs 
St. Jude Med 
Upjolin 
Verax 

Codes for Speciality. 

Cardiology 
D e r n ~ a t o l o g  
Dentistry 
General Surger: 
Neurosurgery 
O n c o l o ~  
Orthopaedics 
O p h t l ~ a l m o l o ~  

x 
x 

x 
x 

x x x x x x  x 

x x x x  x x 
x x 

x 
x x X x 

x 
x 

x x x  
x x 

a 1  

der  
den 
gen 
neu 
one 
o n  
oph 

Plastic Surgerx plas 
UI olog^ uro 
Vasclilar \as 
Other n th 

anstomosis leakage (Marescaux et al., 1991), for nerve regeneration (Yannas el al., 
1985), repair of the tympanic membrane (Goycoolea et al., 1991), for cartilage, 
meniscus and bone repair (Riley and Leake, 1976; Chvapil, 1977; Stone et al., 1990; 
Hogervorst et al., 1992), for control of local bleeding (Coquin et al., 1987; Ernst 
et al., 1993; Foran et al., 1993; Aker et al., 1994; ), repair of liver injuries (Peacock 
et al., 1965) as a protective barrier during brain surgery (Kurze et al., 1975) and for 
wound repair (Abbenhaus et al., 1965; Poten and Nordgaard, 1976; Yannas et al., 
1982; Oliver et al., 1982; Leipziger et al., 1985; Doillon et al., 1988). 
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Table 7 Approved PMAs by Manufacturer for Collagen Products 

Specialty- Manufac t~~rer  Product Approval Date 

Cardioiascular Meadox Medicals 

Dental Colla-Tec 

Ortliopaedic Collagen 

Serono Labs 

General and 
Plastic Surgery Collagen 

Datascope 

J o h n ~ o n  &Johnson 

Medchen~ Products 

Sherivoocl Medical 
Industries 
Viaphore 

Microvel with Hemashield 

CollaCote 

Zydernx CI 
Collagen Implant 

Helistat (Absorbable) 
Hemostatic (Sponge) 

Hemopad (Absorbable) 
Hemostat 

Plain Chromic 
Vhsorbable Suture 

Instat (Absorbable Hemostat) 

Avitene (hIicrofibrillar collagen) 
Hemostat 
Nomvoven Web 
Hemostat 

Chronic Gut Suture 
Plain Gut Suture 
Collastat 

Injectable Collagen 

Collagen solutions and suspensions have been used in the form of an injectable 
augmentation system for arterial embolization (Cho ef al., 1989), cutaneous defects 
(Daniels and Knapp, 1976; Knapp ef al., 1977; Luck and Daniels, 1979; Klein , 1983; 
Earner and Churukian, l984), fracture healing (Benfer and Struck, l973), spinal 
cord regeneration (De La Torre, 1982; Marchand and Woely, 1990), correction 
of urinary incontinence (Frey et al., 1994; Appell, 1994), tendon gliding function 
restoration (Porat et al., 1980) and lung gluing (Ennker et al., 1994). 

Cell Culture on Collagen (Tissue Engineering) 

The growth of cells on collagen supports in tissue culture has been recently reviewed 
(Silver and Pins, 1992). Avariety of types including cells from skin and cardiovascular 
system have found extensive applications (see Table 8). 

Use of collagen substrates for growth of skin cells has been reported extensively 
(Yannas et al., 1982,1986; Alvarez and Biozes, 1984; Hansborough et al. 1989; Carter 
ef al., 1987; Bell ef al., 1981,1981a; Hull, 1990 and Nanchahal et al., 1989). Epidermal 
cell grafts produced on collagen sheets overcome the problem of implant fragility 
while at the same time inducing rapid dermal ingrowth. Cells inoculated on collagen 
sponges initiate rapid wound closure with no lag time prior to grafting. The limiting 
factor of these grafts is the availability of autogenous epithelial cells. Skin equivalents 
consisting of allogeneic, fibroblast-seeded collagen gels overlaid with epidermal cells 
prove effective in treating full thickness skin defects. Because these grafts require 
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Table 8 Growth of Skin Cells o n  Collagen 

Cell 'I?pe(s) Matrix Tissue Produced Ref. 

Poseinbryonic skin Collagen gel 
epithelial cells 

Epidermis Karasek and 
Charlton (1971) 

Worst et a1 (1974) Epidermal Rat tail tendon 
(perinatal mouse skin) collagen 

Epidermal cells cultured 
for 2 to 4 (1 in vitro 

Epidermal 
(rabbit skin) 

Porcine skin Expansion of epithelial 
cell surface by a factor of 
N xttithin 7 to 21 d 

Freeman et a1 
(1974) 

Epidermal (human) Collagen film 
(Helitrex Inc) 

Rat tail tendon 
collagen 

Rat tail tendon 
collagen 

Single cell suspensions plated 
on collagen film 

Eisinger et al. 
(1980) 

Bell et al. (1979) Fibroblasts 
(human foreskin) 

Fibroblasts + 
epidermal cells 

Fibroblasts condense a 11~- 
drated collagen lattice 

Exposure of skin equivalent 
to UV light irradiation for 14 
d stimulated pigment transfer 
from melaniocytes to keta- 
tinocytes 

Bell et al. (1981; 
1981a; 1983; 1984) 

Smooth muscle cell T v e s  I and 111 
collagen 

Vascular media-cultured 
smooth int~scle cells <m colla- 
gen gels show suppression of 
cellular proliferation and 
enhanced clifferentiation in 
early stages of culture 

Sakata ct a/.  (1 990) 

Bovine aortic 
endothelial cells 

Pepsin extracted 
bovine fetal skin types 
I and 111 collagen 

Collagen tvpes I 
and I11 

Stress fibers more distinct in 
cells grown on tvpe I collagen 

Semich and 
Robenek (1990) 

Rat cardiac mvocytes Myofibrillogenesis was ob- 
served including formation1 of 
striated patterns lifter stress- 
fiber-like structures were 
observed 

Hilenski et d. 
(1991) 

Boxine aortic 
endothelial. smooth 
muscle and adverttitial 
cells 

Rat tiill tendon 
collagen 

Formed niultilayered structure 
resembling artery with a 
lining of endothelial cells 
that produced Von Willebrand's 
factor and prostacyclin 

no autogenous tissue, they may be produced in large quantities and cryopreserved 
until the time they are required for treating wound defects. 

Extensive research on growth of autogenous and allogeneic skin cells on collagen 
matrices has shown it is feasible to expect to grow a variety of tissues and organs in 
culture. Ultimately, the use of cryopreserved allogeneic cell cultured materials will 
have a significant impact on management of patients that experience organ and 
tissue failure. 
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INTRODUCTION 

Fibrinogen is essential for hemostasis. It is a glycoprotein normally present in human 
blood plasma at a concentration of about 2.5 g/L. It is a soluble macromolec~~le, but 
forms an insoluble gel on conversion to fibrin by the action of the serine proteolytic 
enzyme, thrombin, which itself is activated by a cascade of enzymatic reactions 
triggered by injury or a foreign surface (Figure 1) .  Fibrinogen is also necessary 
for the aggregation of blood platelets, an initial step in blood clotting. Each end of a 
fibrinogen molecule can bind with high affinity to the integrin receptor on activated 
platelets, aII,,p3, so that the bi-functional fibrinogen molecules act as bridges to link 
platelets. In its various functions as a clotting and adhesive protein, the fibrinogen 
molecule is involved in many intermolecular interactions and has specific binding 
sites for several proteins and cells (Table 1) .  

Fibrin Degradation Products 

Figure 1 Some of the chemical reactions involved in fibrin clotting and degradation. 
Thrombin cleaves the fibrinopeptides froin fibrinogen to generate a fibrin clot. Thrombin also 
activates the transglutaminase, Factor XIII, which covalently crosslinks fibrin to stabilize the 
clot. Plasminogen activators convert plasminogen to active plasmin in the presence of fibrin. 
As a part of normal wound healing, plasmin cleaves fibrin into fibrin degradation products 
to dissolve the clot. Various inhibitors, such as aprotinin, e-amino caproic acid ( & A m ) ,  and 
a2-plasmin inhibitor (o'2PI), can block plasminogen activation and/or fibrin degradation. 
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Table 1 Functional Sites on Fibrinogen 

Sites related to blood c o a p l a t i o n  andjibrho+ 
calcium binding 
thrombin cleavage 
polymerization 
ligation 
plasmin cleavage 

Pwtelj'i binding sites 
thrombin 
Factor XI11 
plasmin (ogen) 
plasn~inogen activators 
a2-antiplasn~in 
fibronectin 
thrombospondin 
collagen 

Cell binding sites 
platelets 
fibroblasts 
enclothelial cells 
monocvtcs 
macrophages 
ervthrocytes 
Streptococcal bacteria 
Stapl~~lococcal bacteria 

Fibrin clots are dissolved by another series of enzymatic reactions termed the 
fibrinolytic system (Figure 1). The proenzyme, plasminogen, is activated to plasmin 
by a specific proteolytic enzyme, typically tissue-type plasminogen activator or 
urokinase plasminogen activator. Plasmin then cleaves fibrin at certain unique 
locations to dissolve the clot. The activation of the fibrinolytic system is greatly 
enhanced by taking place on the surface of fibrin. Thus, these reactions are highly 
specific for cleavage of the insoluble fibrin clot, rather than circulating fibrinogen. 

There is a dynamic equilibrium between clotting and fibrinolysis. Any imbalance 
can result in either bleeding or thrombosis, causing blockage of the flow of 
blood through a vessel. Thrombosis, often accompanying atherosclerosis or other 
pathological processes, is the most common cause of myocardial infarction and 
stroke. As a consequence, various fibrinolytic enzymes that activate plasminogen are 
now commonly used clinically to treat these conditions. 

Fibrinogen was first isolated in large quantities more than fifty years ago (Cohn 
et al., 1946). Afew of the many different purification methods will be mentioned here. 
Since it was first purified, fibrinogen has been used in various medical applications. 
However, recent technical developments have accelerated the pace of discovery of 
potential applications and diminished some of the hazards and side effects of its use. 

An increasingly important clinical application of fibrinogen is its use as a 
biodegradable adhesive or sealant (Schlag & Redl, 1988; Gibble & Ness, 1990; Lerner 
& Binur, 1990; Sierra, 1993; Atrah, 1994). Because of the nature of the coagulation 
process, fibrinogen and thrombin can be used in a manner analogous to a two-part 
epoxy resin, with application either simultaneously or sequentially to the repair site 
by squirting or spraying with a special syringe or related device. Both the extrinsic and 
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intrinsic mechanisms of coagulation are bypassed, but the final common pathway is 
replicated by such methods. The solutions can be applied precisely in avery localized 
site or broadly over a wide area to any biological tissue. The clot will adhere to 
a moist or even wet surface. After polymerization, the clot becomes a semi-rigid, 
fluid-tight sealant which can hold tissue together and stop bleeding. The strength 
and biological properties can be adjusted by varying the concentrations of fibrinogen 
and thrombin and other proteins that are added. The fibrinolytic system and the 
cells and other proteins normally present during wound healing will degrade the 
clot in a physiological fashion. 

Most of the aspects of the biology' and biochemistry of fibrinogen and fibrin 
considered briefly here have been reviewed more extensively in a variety of contexts 
(Doolittle, 1984; Budzynski, 1986; Henschen & McDonagh, 1986; Shafer & Higgins, 
1988; Mosesson, 1990; Blomback, 1991; Hantgan et a/., 1994). 

METHODS OF ISOLATION 

Fibrinogen and the other components of the clotting system are normally isolated 
from blood plasma, but there are many variations in purification methods. In 
addition, preparations may be either large-scale using pooled plasma from multiple 
donors or single donor (autologous). Since fibrinogen is one of the least soluble 
plasma proteins, purification methods have generally been based on its low solubility 
in various solvents or its isoelectric point. Fibrinogen is particularly insoluble at 
low temperatures, a fact utilized in the classical precipitations by cold ethanol 
(Cohn et al., 1946) or glycine (Blomback & Blomback, 1956). Precipitations by 
ammonium sulfate (Laki, 1951), polyethylene glycol (Longas et a/., 1980), low pH 
(Hafter et a/., 1978), or freeze-thawing (Ware et al., 1947) have also been described. 
Several examples illustrating the range of methodology' in commercial and clinical 
laboratory settings will be given. 

Tissucol or Tisseel is marketed in Europe as a two-component kit with lyophilized 
human fibrinogen/Factor XI11 and human thrombin (bovine thrombin was used 
until recently). The fibrinogen is reconstituted in an antifibrinolytic solution, while 
the thrombin is reconstituted with calcium chloride. The fibrinogen component is 
made from pooled human donor plasma by cryoprecipitation followed by washing 
with a citrate buffer to extract the cold-soluble proteins. The extract is then 
lyophilized in a buffer containing various inhibitors and pasteurized by steam. On 
reconstitution, the solution contains about 110-130 mg/mL fibrinogen, 2-9 mg/mL 
fibronectin, 10-50 units Factor XIII, 3000 KIU/mL aprotinin, and 70-110 mg/ml 
plasminogen. 

Fibronectin, Factor XI11 and plasminogen are all proteins normally present in 
blood, and some of their functions mil be described below. Aprotinin is a small 
peptide (6200 molecular mass), derived from bovine lung tissue, that is added to 
many sealant formulations to prolong the in uivo lifetime of the sealant. Aprotinin 
inhibits plasmin by combining almost irreversibly with the active center of the 
enzyme. The benefit of adding aprotinin to fibrin sealants is not wholly proven and 
does present certain clinical safety issues since, being a foreign protein, it is known 
to produce hypersensitivity reactions and even fatal anaphylaxis in some individuals. 
In addition, aprotinin is a potential vehicle for the transmission of infectious agents, 
e.g. bovine spongiform encephalopathy. 
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Cryoprecipitation is a commonly used method of preparing single donor autol- 
ogous fibrin sealant. While citrated plasma is stored for at least one hour at -2OCC 
or less, fibronectin acts as a nidus for fibrinogen, thrombospondin, von Willebrand 
factor and plasminogen to aggregate and become insoluble (Gestring & Lerner, 
1983). Then, the preparation is slowly thawed overnight between 2 and BSC and the 
precipitate is isolated by centrifugation. Repeated cycles of freezing and thawing 
can yield fibrinogen concentrations of 40-60 mg/mL. Preparations can be stored 
frozen with no appreciable degradation. These methods necessitate the use of a 
skilled technician and require some forethought. 

Ethanol precipitation has been a commonly used method to isolate fibrinogen 
since it was developed by Cohn and colleagues (Cohn et al., 1946). A self-contained 
system for preparation of autologous fibrinogen by the ethanol precipitation method 
has been developed (Weis-Fogh, 1988; Dahlstrom et a/., 1992). Blood is collected 
from the patient with a syringe containing anticoagulants and centrifuged. Using a 
system of sterile syringes and bags connected by tubing, the plasma supernatant 
is treated with ethanol and centrifuged again. After dissolving the precipitate 
in plasma, the protein concentrate is ready for use. However, the home-made 
single donor or autologous preparations made using ethanol can give a product 
with variable fibrinogen levels, which is a criticism also directed to single donor 
cryoprecipitation procedures. 

All of the preceding methods are based on the principle of the addition of 
thrombin to fibrinogen to make a gel. Recently, a different approach has been 
introduced that is based on the solubility' of fibrin monomer in dilute acid. Clots 
made by the addition of thrombin to fibrinogen in plasma can be dissolved in dilute 
acetic acid; on return to neutral pH, the fibrin monomer reassembles to yield a 
typical fibrin clot (Belitser et al., 1965). In a recent application of this technique, a 
specially developed apparatus is used to remove cells and prepare fibrin monomer 
from a patient's blood (Arnery et al., 1995). A snake venom enzyme (batroxobin) 
that preferentially cleaves the A fibrinopeptides and is not particularly antigenic 
in humans converts fibrinogen in the plasma to fibrin, which is solubilized and 
concentrated by dissolution in a small volume of dilute acetic acid. This method 
yields 4 5  ml of desA fibrin solution at 25 k 4 mg/ml. The batroxobin is removed, 
and then a clot is produced by rapidly mixing the fibrin monomer with one fifth 
volume of pH 10 bicarbonate buffer. 

CHARACTERIZATION OF FIBRINOGEN 

Fibrinogen is made up of three pairs of polvpeptide chains, designated Aa, B/3 and 
y ,  with nlolecular masses of 66,500, 52,000, and 46,500, respectively (Table 2 and 
Figure 2) .  The post-translational addition of asparagine-linked carbohydate to the 
Bj0 and y chains brings the total molecular mass to about 340,000. The nomenclature 
for fibrinogen arises from the designation of the small peptides that are cleaved from 
fibrinogen by thrombin to yield fibrin as fibrinopeptides A and B and the parent 
chains, without the fibrinopeptides, as a and j0. No peptides are cleaved from the y 
chains by thrombin. The physicochemical characteristics of fibrinogen are listed in 
Table 3. 
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Table 2 Fibrinogen's Polypeptide Chains 

number of residues 
amino terminal residue 
carboxyl terminal residue 
liigh affinity calcium binding s i~es  
carbohydrate attachment site 
thrombin cleavage sites 
factor XIIIa ligation sites 

acceptor (ghitamine) 
donor (lysine) 

Aff B.6 

610 461 
alanine pyroglutamic acid 

364 
argl6-gM 7 arg l 4 g h  15 

Table 3 Physicochemical Characteristics of Fibrinogen 

Molecular mass 
Sedimentation coefficient ( 8 9 0 ~ ~ )  
Translational diffusion coefficient (Dm,,,) 
Rotary diffusion coefficient ( 0 2 0 , ~ )  
Frictional ratio ( f / ' f~)  
Partial specific volume 
\Tolecular volume 
Extinction coefficient (4280) 
Intrinsic viscosity ( 1 1 )  

Degree of hvclration (g/g of protein) 
a-helix content 
Isoelectric point 

,'- , aC domains 

disulfide knot 8 chain carbohydrate 

a-hehcal coiied-coil 
binding) 

Figure 2 Schematic model for the fibrinogen molecule. Fibrinogen is made up of three pairs 
of polypeptide chains: Aa-striped; B/3-black; y-grey. All six chains are linked together in the 
central region, called the N-terminal disulfide knot, which contains the pairs of A and B 
fibrinopeptides and the thrombin binding sites. Three-chain, a-helical coiled-coils connect 
the central region with the C-terminal ends of the B,6 chain (fSC domains), y chain (yC 
domains), and Aa chain (aC domain and connector) A non-helical stretch, where plasmin 
cleavage occurs, interrupts each of the coiled-coils. Carbohydrate moieties on the B,8 and y 
chains are represented as black hexagons. 
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The entire amino acid sequence of all polypeptide chains of human fibrinogen 
has been determined by the methods of protein chemistry' and later deduced from 
the nucleotide sequences of the cDNAs coding for the polypeptide chains (Doolittle, 
1984; Henschen & McDonagh, 1986). The amino acid sequences of the three chains 
are homologous, but important differences exist, giving rise to specific functions for 
certain molecular domains. Many structural variants exist, including a splice variant 
of the y chain (Hantgan et a/ . ,  1994) and a variant of the Aa chain with an extra 
domain at the carboy1 terminal end (Fu e ta / . ,  1992; Fu & Grieninger, 1994). 

All six chains are held together by 29 disulfide bonds (Henschen & McDonagh, 
1986). The amino termini of all six chains are held together by 11 disulfide bonds in 
a region termed the central domain or the N-terminal disulfide knot (Figure 2) .  The 
A and B fibrinopeptides are also located at the amino terminal ends of the a and 
ft chains, respectively. Unusual Cys-Pro-X-X-Cys sequences occurring twice in each 
chain are involved in disulfide ring structures in which all three chains are linked 
together at each end of a three-chain a-helical coiled-coil (Doolittle, 1984). Amino 
acid sequence predictions suggest that this coiled-coil structure is interrupted in the 
middle in a region known to be susceptible to plasmin cleavage. 

The central region contains the two pairs of A and B fibrinopeptides and binds 
thrombin. The distal end nodule is the carboxyl terminal y chain and is made up 
of two domains, while the proximal end nodule is the carboxyl terminal Bft chain, 
also made up of two domains (Weisel et al., 1985; Medved', 1990; Rao el a/., 1991). 
The carboxyl terminal ends of the two ACT chains extend from the molecular ends 
and interact with the central domains in fibrinogen, but there is a conformational 
change in this part of the molecule on release of the B fibrinopeptides (Veklich et al., 
1993; Gorkun et al., 1994). 

FIBRIN POLYMERIZATION AND CHARACTERIZATION OF THE CLOT 

Fibrin polymerization is initiated by the enzymatic cleavage of the fibrinopeptides, 
converting fibrinogen to fibrin monomer. Then, several non-enzymatic reactions 
yield an orderly sequence of maci omolecular assembly steps. Several other plasma 
proteins bind specifically to the resulting fibrin network (Table 1) .  Finally, the clot is 
stabilized by covalent ligation of specific amino acids by a transglutaminase, Factor 
XIIIa. 

Thrombin, which is produced upon proteolytic cleavage of prothrombin by Factor 
Xa in the presence of Factor V, is a serine protease wit11 a particular specificits for 
fibrinogen's fibrinopeptides. This specificity arises in part because of hydrophobic 
interactions between the fibrinopeptides and thrombin's catalytic site, as well as 
aspects of the three-dimensional structure of the fibrinopeptides (Stubbs & Bode, 
1993). In addition, thrombin contains an anion-binding exosite which binds via 
specific ionic interactions to a region in the central domain of fibrinogen. The A 
fibrinopeptides are cleaved by thrombin more rapidly than the B peptides, so that 
usually the B fibrinopeptides are removed after polymerization begins. Hirudin, 
which is produced by the medicinal leech, is a potent inhibitor of thrombin. 

Fibrinogen is about 47 nm long and consists of a globular region in the center 
connected to several nodules at each end via the rod-like coiled-coils (Hall & Slayter, 
1959; Weisel et al., 1981; Erickson &Fowler, 1983; Williams, 1983; Weisel et al., 1985) 
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(Figure 3). Cleavage of the A fibrinopeptides exposes binding sites in the central 
domain, called "A", that are complementary to sites, called "a", always exposed at 
the ends of the molecules (Doolittle, 1984; Budqnski, 1986). The "A" sites consist in 
part of the newly exposed amino terminus of fibrin's a chain, Gly-Pro-&, but also 
include part of the /3 chain. The "a" sites include the carboxyl terminus of the y chain, 
in the region of residues 356-411 or 303-405. There are also "B" sites exposed in the 
middle of the molecule on cleavage of the B fibrinopeptides after polymerization 
begins; these sites are complementary to "b" sites in the carboxyl terminal JS chain 
at the ends of fibrin (Shainoff & Dardik, 1983; Medved' et al., 1993). 

Specific interactions between these complementary binding sites produce aggl-e- 
gates in which the fibrin monomers are half-staggered, since the central domain 
of one molecule binds to the end of the adjacent molecule (Figure 4) (Weisel, 
1987). Initially, a dimer is formed and then additional molecules are added to give a 
structure called the two-stranded protofibril (Figure 3) (Fowler et al., 1981; Medved' 
et al., 1990). 

Once protofibrils reach a sufficient length (usually about 600-800 nm), they 
aggregate laterally to form fibers (Hantgan & Hermans, 1979; Hantgan et al., 1980). 
The intermolecular interactions that occur in lateral aggregation are specific so 
that the fibers have a repeat of 22.5 nm, or about half the molecular length, and a 
distinctive band pattern, as observed by electron microscopy of negatively contrasted 
specimens (Cohen et al., 1963; Weisel, 1986) or X-ray fiber diffraction (Stryer et al., 
1963) (Figure 3). 

The process of lateral aggregation of protofibrils to form fibers is enhanced by 
the action of the aC domains (carboxyl terminal a chains), which are released from 
the central domain on cleavage of the B fibrinopeptides after protofibril formation 
(Figure 4) (Veklich et al., 1993; Gorkun et al., 1994). The aC domains interact 
intramolecularly in fibrinogen and then intermolecularly in desAB fibrin to produce 
thicker fibers (Weisel, 1986; Mosesson et al., 1987; Weisel et al., 1993). Lateral growth 
of fibers seems to be limited because protofibrils in the fibers are twisted, so that 
as the fiber diameter increases, they must be stretched to traverse an increasingly 
greater path length (Weisel et al., 1987). With this model, fiber growth stops when 
the energy required to stretch an added protofibril exceeds the energy of bonding. 

The fibrils making up the fibers branch, leading to a three-dimensional network 
(Figure 3). This property of branching is essential for the properties of fibrin since 
it leads to the production of a space-filling gel. Such a gel can be formed even with 
vei-y low fibrinogen concentrations (<0.01% protein), and even clots made from 50 
mg/ml fibrinogen are 95% liquid. Most branch points in a clot are simply points 
at which two parallel strands diverge from each other (Hantgan & Hermans, 1979; 
Baradet et at., 1995). The physical and mechanical characteristics of clot networks 
vasy greatly depending on the conditions of polymerization. 

The clot is stabilized by the formation of covalent bonds introduced by a 
transgl~itaminase, Factor XIIIa (Lorand et al., 1980; Henschen & McDonagh, 1986). 
The active enzyme, Factor XIIIa, is generated from its precursor, Factor XIII, by the 
action of thrombin (Figure 1) .  The activity of Factor XIIIa is dependent on both 
calcium ion concentration and fibrin(ogen). As many as six isopeptide bonds are 
formed between the side chains of lysine (donor) and glutamine (acceptor) residues. 
The y chains of fibrinogen are ligated first, followed by the carboxyl terminal 
a chains. The formation of these covalent bonds renders the clot meclsanically 
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Figure 3 Electron micrographs of some structures of fibrin polymerization, including fib- 
rinogen, fibrin monomer, protofibrils, fiber, clot. A, transmission electron micrograph of 
individual, rotary shadowed fibrinogen molecules. Each molecule is about 47 nm long and 
is made up of a nodule in the center and two nodules at each end. B, Image of negatively 
contrasted fibrin protofibril. With this technique the protein appears bright against a darker 
background. Individual fibrin monomers are trinodular, with basically the same appearance 
as in A, but they appear thinner without the coat of metal. Fibrin monomers aggregate in a 
half-staggered manner to yield a twisted, two-stranded protofibril. C, Negatively contrasted 
fibrin fiber. Again, areas with more protein exclude stain and appear bright while stain 
penetrates areas with less stain so that they appear darker. Protofibrils aggregate laterally 
to yield such fibers, and the band pattern and staining density is a direct reflection of the 
molecular packing. D, Scanning electron micrograph of a fibrin clot. Fibers grow in length 
and branch to produce a three-dimensional network or gel. 
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Fibrinogen 

Thrombin n FP A cleavage - v desA fibrin monomer 

Protofibril Factor Xllla Ligation 
Formation of y Chains 

Thrombin FP B cleavage - 
desAB fibrin monomer 

Lateral Aggregation 
of Protofi brils 

Plasmin 
Cleavage Factor Xllla Ligation 

of a Chains 

Plasmin Cleavage 

Figure 4 Schematic representation of the polymerization of fibrin and fibrinolysis. Fibrino- 
gen molecules are soluble in the blood until thrombin cleaves the A fibrinopeptides, yielding 
desA fibrin monomer, which assemble in a half-staggered fashion to make two-stranded 
protofibrils. Factor XIIIa rapidly crosslinks the adjacent y chains. The B fibrinopeptides are 
cleaved more slowly, mostly after polymerization begins. On cleavage of the B fibrinopeptides, 
the aC domains are released, bringing protofibrils together more efficiently to produce 
thicker fibers. Factor XIIIa crosslinks the a chains more slowly, to stabilize the clot more fully. 
Plasminogen is converted to plasmin by tissue plasminogen activator on the fibrin surface; 
plasmin cleaves specific peptide bonds (arrows) to dissolve the clot. 
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stronger and more resistant to both chemical and enzymatic dissolution. In addition, 
other proteins, notably a2-plasmin inhibitor and fibronectin are also covalently 
ligated to fibrin by Factor XIIIa. 

Some proteins, such as fibronectin and albumin, interact wit11 fibrin, altering clot 
structure and properties, though the former becomes crosslinked to fibrin but the 
latter does not. Albumin has significant effects on the extent of lateral aggregation 
(Galanakis et al., 1987). Fibronectin is a large glycoprotein normally present in blood 
and connective tissue that is made up of a number of different domains that serve as 
binding sites to various cells via specific receptors called integrins and to a number of 
proteins, including fibrinogen, collagen and gelatin (Ruoslahti, 1988). Fibi-onectin is 
important in cell adhesion and may affect wound healing, though definitive clinical 
trials have not established this point. As a result of these and other interactions, 
fibrin clots formed in plasma have very different properties than those made with 
purified proteins (Shah et al., 1987; Carr, 1988; Blomback et al., 1994). The presence 
of platelets or cells can also have a dramatic effect on clot structure and mechanical 
properties. 

The thrombin concentration can have an effect on the clot structure, especially 
if the rate of generation of fibrin monomer by cleavage of fibrinopeptides becomes 
limiting, relative to the rates of polymerization (Blomback et a/., 1989; Blomback eta/.,  
1992; Blomback et a/., 1994). In fact, it appears that many factors, including pH, ionic 
strength, calcium ion concentration, and other plasma proteins, exert an influence 
on clot structure by affecting the rates of various steps in the polymerization process 
(Carr et al., 1985; Carr et al., 1986; Carr & Hardin, 1987; Weisel & Nagaswami, 1992). 
Fibrinogen's carbohydrate moieties also have striking effects on polymerization 
(Martinez et cd., 1977; Langer et al., 1988; Dang et al., 1989). 

The mechanical properties have been measured for many different types of clots 
under various conditions, often with the use of a torsion pendulum under either 
dynamic or static conditions (Ferry, 1988). Fine clots, made at high ionic strength 
and pH, have a lower storage and loss moduli than coarse clots, made at physiological 
pH and salt concentration. The storage modulus is a reflection of the stiffness or 
elasticity of the clot, whereas the loss modulus is related to dissipative or non-elastic 
processes. Clots ligated with Factor XIIIa, tend to have a higher storage modulus 
and a lower loss modulus. Some aspects of the mechanical properties of commercial 
sealants have been determined. For example, it has been shown that the ultimate 
tensile strength and Young's modulus increase proportional to the fibrinogen and 
the thrombin concentrations (Nowotny et al., 1982). In addition, breaking strengths 
of purified fibrinogen and cryopreciptate at different concentrations have been 
measured (Marx & Blankenfeld, 1993). 

Fibrin clot formation is a normal part of the wound healing process, sealing 
the injury and preventing bleeding. Fibrin(ogen) binds specifically to integrin 
receptors on platelets, endothelial cells and many other cells (Table 1) and plays 
a vital role in platelet aggregation and many other adhesive interactions. The 
fibrin clot serves as a scaffold for the migration of various cells, but less is known 
about this process. Fibroblasts migrate through the gel and deposit collagen, while 
macrophages and elements of the fibrinolytic system degrade the clot. Fibrin 
degradation products in turn affect several cellular functions. Thrombin also plays 
an important part in cellular aspects of wound healing in addition to its roles in 
blood coagulation. Although fibrin is a normal part of this granulation tissue, the 
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effects of additional high concentrations of fibrin and thrombin have not been 
well defined. 

Some of the adhesive characteristics of fibrin sealant used to attach two pieces 
of tissue have also been measured. For example, a comparison of Tissucol fibrin 
sealant with sutures for incisional wounds in rodent dorsal skin indicated that the 
fibrin sealant repair had a higher bonding strength than the suture controls until 
four days post-operatively, when both groups were equivalent (Jorgensen et al., 1987). 
With these two methods there was a difference in the development of mechanical 
strength over time. 

FIBRINOLYSIS 

One advantage of fibrin sealant as a biodegradable polymer is that the clot is meant 
to be a temporary plug for hemostasis or wound healing, so there are natural 
mechanisms in the body for the efficient removal of fibrin. Various proteolytic 
enzymes and cells can dissolve fibrin depending on the circumstances, but the 
most specific mechanism involves the fibrinolytic system. The dissolution of fibrin 
clots under physiological conditions involves the binding of circulating plasminogen 
to fibrin, and the activation of plasminogen to the active protease, plasmin, by 
tissue-type plasminogen activator, also bound to fibrin. Highly efficient, specific 
fibrinolysis requires the ternary complex, fibrin-plasmin(ogen)-tissue plasminogen 
activator, and activation of plasminogen is further stimulated by the initial cleavage 
of fibrin (Wiman & Collen, 1978; Thorsen, 1992; Hantgan et al., 1994). Plasminogen 
appears to bind at the end-to-end junction of two fibrin molecules, which accounts 
for the specificity of its binding to polymerizing fibrin rather than fibrinogen (Weisel 
et al., 1994). 

Plasmin then cleaves fibrin at specific sites, yielding certain identifiable, soluble 
fragments (Figure 4) (Marder et al., 1969; Hantgan et al., 1994). The carboxyl 
terminal ends of the a chains and the amino terminal ends of the f i  chains are 
first removed, yielding fragment X. Then, all three polypeptide chains are cut at 
plasmin-sensitive sites in the middle of the coiled-coil. If fibrin is not ligated by 
Factor XIIIa, these cleavages produce from each fibrin monomer: one fragment E, 
consisting of the central domains and the proximal coiled-coils; two D fragments, 
each consisting of the distal coiled-coil and the carboxyl terminal ends of the f i  and 
y chains; two aC fragments, consisting of the carboxyl terminal a chains. However, 
under typical conditions, the D fragments are ligated to produce D dimer and the 
a chains are ligated to produce aC multimers. Non-covalent interactions in the 
clot result in the formation of DD/E complexes as the result of plasmin cleavage, 
although larger complexes are also seen, depending on the extent of lysis (Marder 
et al., 1969; Weisel et al., 1993). 

Antifibrinolytic compounds can block the conversion of plasminogen to plasmin 
or directly bind to the active site of plasmin to inhibit fibrinolysis. The plasma protein, 
a2-macroglobulin, is a primary physiological inhibitor of plasmin. Plasmin released 
from fibrin is also very rapidly inactivated by a2-antiplasmin, which plays a role in 
the regulation of the fibrinolytic process (Aoki & Harpel, 1984). ag-antiplasmin 
inactivates plasmin in a very rapid reaction, interferes with plasminogen binding 
to fibrin and is ligated to fibrin by Factor XIIIa. After a2-antiplasmin is covalently 
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linked to fibrin's carboxyl terminal a chain, it retains it ability to inhibit plasmin, a 
function which helps to prevent early clot lysis. 

Various other compounds are used clinically as antifibrinolytics. As mentioned 
above, aprotinin, a small polypeptide that inhibits plasmin, trypsin and kallikrein, is 
often used in coagulation therapy and in fibrin sealant formulations (Trautschold 
et al., 1967). In the latter applications, the aprotinin serves to delay the fibrinolytic 
action of plasmin until the fibrin has fulfilled its function. A monoamino carboxylic 
acid, &-amino caproic acid, is similar in structure to lysine and interacts with the 
active kringles or lysine-binding sites of plasminogen and plasminogen activators to 
inhibit their binding to fibrin and thus their fibrinolytic actions (Thorsen, 1992). 
This compound is also used in some clinical applications. 

CLINICAL APPLICATIONS 

History 

Various derivatives of fibrinogen have been used in clinical applications at least since 
the early part of this century (Bergel, 1909). For example, fibrin sheets or foam were 
used to assist hemostasis in some kinds of surgery (Grey, 1915; Harvey, 1916). The 
first published use of a fibrinogen solution with added thrombin as a tissue adhesive 
appears to be that of Young and Medawar (Young & Medawar, 1940), who clotted 
plasma to aid peripheral nerve anastomosis. Fibrinogen was first purified in large 
quantities as part of a program of large-scale plasma fractionation during World 
War 11. At that time, several types of preparations were developed for use on the 
battlefield, including fibrin film for replacement of the dura mater over the brain in 
head injuries and fibrin foam used for hemostasis (Bering, 1944; Ferry & Morrison, 
1944; Morrison & Singer, 1944; Ferry, 1983). 

More recent clinical applications of fibrin sealant all rely on the enhanced strength 
and other properties of a product that contains elevated levels of fibrinogen. High 
concentrations of thrombin cause gelation in well under a minute. Cryoprecipitate, 
a plasma derivative used in the treatment of hemophilia A which also contains 
elevated levels of fibrinogen, was clotted with thrombin to make an adhesive for 
peripheral nerve anastomoses (Matras et al., 1972). Many variants of these methods 
have been developed to produce fibrin sealants. Most of these preparations contain 
a variety of other proteins that also have significant effects on clot formation and 
properties. For example, Factor XIIIa covalently ligates fibrin's y and a chains and 
thereby stabilizes the clot. Residual amounts of plasminogen may be important for 
the eventual degradation of the clot. 

Examples 

For more than fifteen years, fibrin glues have been extensively used in surgical repairs 
as a hemostatic agent, as a sealant, as a barrier to fluid and as a biodegradable 
space-filling matrix (Schlag & Redl, 1988; Gibble & Ness, 1990; Lerner & Binur, 1990; 
Sierra, 1993; Atrah, 1994). A few examples will be outlined. As mentioned above, 
some of the first applications of fibrin glue were in nerve repair, and applications 
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in neurosurgery and ophthalmic surgery have continued (Matras, 1985). Fibrin 
sealant has been used for peripheral nerve reattachment and sealing of dura mater 
to prevent cerebrospinal fluid leakage. In many such applications, the need for 
suturing is eliminated or reduced and nerve growth and healing may be improved. 
Ophthalmic applications include sealing of lens perforations and other emergency 
procedures, lacrimal and conjunctival reconstructions, and corneal ulcer repair 
(Lagoutte et al., 1989). 

However, the majority of uses of these products has been in cardiothoracic surgery', 
including sealing anastomoses and other suture points and as a hemostatic agent on 
heart, pericardial, pleural or mediastinal surfaces oozing blood (Wolner, 1982; Tawes 
et al., 1994; Spotnitz, 1995). Fibrin sealant is used for attachment of vascular grafts 
and heart valves and for preventing leakage from porous, synthetic graft materials. 
Fibrin glue can also be used for arresting bleeding of the liver or spleen or external 
bleeding in patients with hemophilia (Kram et al., 1984; Chisolm et al., 1989). 

Fibrin sealant has been used extensively for skin grafting and in craniofacial 
reconstructions (Marchac & Reiner, 1990; Dahlstr~m et al., 1992). The use of fibrin 
glue seems to decrease the likelihood of seroma formation in mastectomy (Lindsey 
et al., 1990). In several microsurgical applications, especially in otorhinolaryngology, 
fibrin glue is ideal for topical application to secure small but functionally important 
structures, as in ossicular chain reconstructions and for repair of the tympanic 
membrane or oval window (Staindl, 1979; Silverstein et a/., 1988). Fibrin sealant 
has played a role in surgery of the nasal septum and vocal cords. 

Orthopedic surgeons have used fibrin sealants in a variety of tissue and bone 
repair operations, including tendon repair, filling of bone defects, and cartilage 
healing (Schlag & Redl, 1988). There have also been a variety of uses in obstetrics 
and gynecology (Adamyan et al., 1991). Pulmonary air and fluid leaks have been 
repaired with fibrin adhesives (Jesson & Sharma, 1985). Antibiotics and other drugs 
have been incorporated into clots for prolonged delivery to a specific area of the 
body, since the drugs appear to be released only as the clot is degraded (Kram et al., 
1991). Such combinations of treatments may aid in the prevention of adhesions (de 
Virgilio et al., 1990). 

Fibrin Delivery Systems 

Since almost all of the formulations of fibrin sealant are two-component systems, 
involving the combination of fibrinogen and other components with thrombin (or 
alternatively, fibrin monomer at acidic pH with buffer), various devices have been 
produced for efficient mixing. One of the most common devices consists of two 
syringes held together along their barrels and at the plungers; the two solutions 
are mixed either after exiting the needles or in the hub just prior to exiting. 
Other devices are designed to produce an aerosol or to spray in a variable pattern 
depending on the application. 

Safety Issues 

There are several different safety issues involved in the use of fibrin sealants. As 
with any blood product, there is concern over viral contamination, especially with 
products that are prepared from pooled blood. During the late 1970's, human 
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fibrinogen was withdrawn from the market for fear of transmission of pathogenic 
viruses, and fibrin sealants have not been licensed for clinical use in the United 
States since that time, although they have been widely used in Europe and Japan. 
However, improvements in viral cleansing techniques for blood products have 
been made since that period, such that the risk of disease transmission has been 
greatly reduced, though not totally eliminated. The methods developed for dealing 
with viral contamination of fibrin sealants include solvent detergent disruption of 
lipid enveloped viruses, pasteurization of freeze-dried components, nanofiltration 
(<70 kd), and chemical and ultraviolet cleaning (Horowitz et al., 1988; Burnouf- 
Radosevich et al., 1990; Marx et al., 1996). Only a~~tologous fibrinogen preparations 
from the patient's own plasma remain free of all risk of viral transmission to the 
patient but most of these methods are relatively labor intensive and time consuming 
(Cederholm-Williams, 1994). 

Commonly, bovine thrombin has been used in fibrin glues, and immune reactions 
occasionally occur (Zehndre & Leung, 1990; Rapaport et at., 1992). The use of 
human thrombin avoids this problem, but there may still be problems of infectivity 
and thrombogenicity, especially from platelet activation. These problems may 
be solved through the recent introduction of rapid and easy methods for the 
production of fibrin monomer from the patient, as described above. With any of 
these fibrin sealants, there are generally few concerns of toxicity, biodegradability 
or biocompatability since the materials involved are normally involved in human 
hemostasis and wound healing. 

Clinical Trials 

A recently developed bibliographic database of papers on fibrin sealant revealed that 
more than 700 animal studies including about 25,000 individual animal procedures 
have been published (Fairbrother, 1995). Controlled clinical trials are described in 
85 papers, but the majority of the 1400 clinical papers describe case reports and 
anecdotal, uncontrolled studies. One fibrin sealant, Tissucol or Tisseel, has been 
utilized in applications involving more than 2 million patients, 41 % in reconstructive 
surgery and 14% in cardiothoracic surgery, and studies using it have been reported 
in more than 2000 papers. 

The great majority of clinical trials reported with statistical analysis show a benefit 
in favor of the use of fibrin sealant in a range of clinical applications (Fairbrother, 
1995). The major usage of fibrin sealants is for the reduction of blood loss during 
cardiothoracic surgery, and it is believed that the use of sealants may reduce 
post-operative recovery time. Controlled trials have been conducted in lymphatic 
lung, esophagus, ulcer, ureter, and eye. Trials involving more patients and using 
objective endpoints are necessary to resolve issues of the benefits and safety ofvarious 
fibrin sealant formulations. 
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INTRODUCTION 

Protein-based polymers are polymers comprised of repeating peptide sequences; and 
transductional polymers exhibit transitional behavior of a nature enabling them to 
function in free energy transductional processes. The transitional behavior of the 
present polymers is due to an inverse temperature transition of hydrophobic folding 
and assembly as the temperature is raised from below to above the onset temperature, 
designated as T,, or alternatively as the transition temperature, T,, is lowered from 
above to below an operating temperature. There are innumerable ways of changing 
the value of TT (Urry, 1993a), each of which could be useful in medical applications 
(Urry, 1993b; Urry et al., 1995a, 1995b, 1996, 1997). 

At a temperature below that of the transition, the polymers are soluble in water 
in all proportions. As the temperature is raised above T, or as Tt is lowered from 
above to below the operating temperature (e.g., room temperature or physiological 
temperature), the soluble polymers undergo a phase separation with the formation 
of a more-dense state which is fixed for a given polymer composition but which 
may vary, depending on polymer sequence, from little or no water to more than 
60% water by weight. If the polymers are cross-linked, the resulting matrices form 
hydrogels at temperatures below T,, but on raising the temperature above Tt or on 
lowering T, from above to below the working temperature, the hydrogels convert 
either to an elastic matrix or to a plastic state depending on the sequence of the 
repeating peptide. 

'Correspondence: Dan W. Urry, Ph.D., Director, Laboratory of Molecular Biophysics, School of 
Medicine, The University of Alabama at Birmingham, 1670 University Boulevard. \ti 300, Birmingham, 
AL 352940019, Tel: (205) 9344177; Fax: (205) 934-4256; E-mail: MobiO06@uabdpo.dpo.uab.edu 
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This capacity to convert from one state to another is central to the transductional 
property, but it also appears to be central to the biodegradability of the polymers. 
The available implant data to date indicate that the elastic or plastic states are not 
readily biodegradable, but that conversion of either to the hydrogel state allows 
biodegradation to occur such that the half-life in the peritoneal cavity is of the order 
of a month. 

In this brief review of the elastic and plastic protein-based polymers, the chemical 
and microbial syntheses of these polymers are noted; several of the more commonly 
used physical characterizations of these polymers are described; the important 
biological characterizations of biocompatibility (toxicity), immunogenicity, and 
biodegradability are considered, and the applications of drug delivery and tissue 
reconstruction are discussed. 

SYNTHESES 

One of the great advantages of protein-based polymers is that their preparation can 
be either by chemical or by biological means. Our general approach has been to 
synthesize a family of polymers chemically, to characterize the polymers physically 
in order to determine those polymers which have the most preferred physical 
properties, and then to evaluate their biological properties. Once a particular 
polymer has been determined to be of interest for more extended studies, the genes 
are designed, constructed, and placed in a desired expression system. Fermentations 
for the production of the desired polymer are carried out and the purification 
schemes established for a given composition. 

Chemical Syntheses 

Over the past two decades and more, several thousand protein-based polymers 
have been prepared in our laboratories primarily by classical solution methods 
but also by solid phase methodologies. The details of these syntheses have been 
reported in many original publications and in reviews (Prasad et al., 1985; Urry and 
Prasad, 1985; Gowda et al., 1994). In the chemical syntheses, extraordinary care is 
required to achieve adequate purity. The requirement for purity in the preparation 
of protein-based polymers focuses on the prevention of racemization, which dictates 
that preparation of the basic repeating unit be achieved without impurities and 
without racemization and that the polymerization of the basic repeat be carried 
out in such a way that the amino acid at the activated carboy1 end not be able to 
racemize during polymerization. This issue, which is central to successful chemical 
syntheses, has also been treated in detail previously (Vrry et al., 1996). Emphasis in 
this review will be on the status of gene constructions and microbial fermentations 
to produce the elastic and plastic protein-based polymers which, with avoidance of 
extreme conditions during purification to separate from other cellular constituents, 
become the standard for the absence of racemization. 

Genetic Engineering an 

Synthetic Gene Constructions and Ex@ression in E. coli 

By using standard molecular biology approaches (Perbal, 1988; Ausubel, 1989; Sam- 
brook, 1989), the protein-based polymers are produced in E. colifrom genes that are 
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themselves polymers, or concatemers, of a basic monomer gene (McPherson et al., 
1992; Urry, et al., 1995a; McPherson et al., 1996). This monomer gene, or catemer, is 
constructed utilizing a combined organic synthesis and enzymatic approach. First, 
two single-stranded oligonucleotides are chemically synthesized, each representing 
opposite strands of adjacent regions (halves) of the double-stranded catemer gene, 
and each having a short segment of overlapping complementarity at their 3' ends. 
Then, the two oligonucleotides are annealed through that segment of overlapping 
complementarity, and extended from their 3' ends with a DNA polymerase and free 
deoxynucleotides to give the full-length double-stranded monomer gene. 

Included at the termini of the basic monomer gene are the restriction endonucle- 
ase recognition sites required for initial cloning and subsequent polymerization, or 
concatenation, of the catemer gene. The catemer gene is isolated and propagated 
by "cloning" it into a plasmid vector. The plasmid is a circular double-stranded DNA 
molecule that can be inserted into an E coli cell where it can replicate to many 
copies. The catemer gene fragment is inserted into the plasmid by cleaving each 
with a restriction endonuclease that linearizes the circular plasmid and leaves both 
the plasmid and the gene fragment with compatible cohesive ends. These ends are 
then joined using a DNA ligase enzyme, resulting in a re-circularized plasmid that 
contains the catemer gene fragment. 

To construct the concatemer gene encoding multiple copies of the basic repeat to 
form the protein-based polymer, it is first necessary to prepare a large amount of the 
catemer gene fragment. This is done by growing a culture of the E. coli cells which 
contain the plasmid molecules carrying the catemer gene, thereby greatly amplifying 
the amount of the plasmid, followed by purifying the plasmid DNA from the cells. 
The catemer gene fragment is then released from the plasmid by cleavage with a 
restriction endonuclease, the recognition site for which was engineered into the 
gene sequence. A large amount of this catemer gene fragment is then purified and 
mixed in solution with DNA ligase to concatenate, or polymerize, the genes through 
their cohesive ends into multiple repeats. The above restriction endonuclease is one 
that leaves cohesive termini that allow the gene fragments tojoin in only a head-to-tail 
fashion thereby maintaining a uniform gene polarity throughout the concatemer. 
In addition, synthetic double-stranded oligonucleotide cloning adaptors are added 
to the ligation mix at much lower amounts relative to the gene fragments; these 
have the same cohesive ends as the gene fragments and provide terminal restriction 
endonuclease sites needed to insert the concatemer genes into the expression 
plasmids. 

The above use of DNA ligase for concatenation has been well-described in the liter- 
ature; the conditions for enhancing linear polymerization over cyclization have been 
described (Dugaiczyk et al., 1975). The ligase reaction was used (Doe1 et a i ,  1980) 
to prepare (Asp-Phe) 150 starting with chemically prepared dodecadeoxynucleotides 
encoding for Asp-Phe-Asp-Phe, and Hartley and Gregori (1981) demonstrated "a 
general method for the construction of plasmids containing many tandem copies 
of a DNA segment." The general proposition that genetic engineering be used for 
the preparation of protein-based polymers of the type considered here appeared in 
the patent literature a few years later (L'rry and Long, filed October 31, 1985 and 
issued September 15, 1987), followed by a more detailed description using many of 
the above referenced approaches (Ferrari, et al., filed October 29, 1987 and issued 
September 7,1993). There are now a number of examples in the scientific literature 
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wherein genetic engineering has been used to prepare designed protein-based 
polymers (Goldberg et al., 1989; Kaplan et al., 1991; Capello, 1992; Deguchi et al., 
1993; Murata et al., 1993; Salerno and Goldberg, 1993). 

Production of the protein-based polymers in E. coli relies upon insertion of the 
concatemer genes adjacent to a strong promoter region on an expression plasmid. 
This promoter region is a DNA sequence that contains information required to drive 
the expression of the concatemer gene in the cell. In the present case, the expression 
plasmid system used to produce the protein-based polymers is one that utilizes the 
E. coli phage T7 promoter (Studier et al., 1990) with an appropriate host strain. This 
system is one that is designed to provide regtilatable control over gene expression; 
promoter function is largely repressed until the addition of a chemical inducer to 
the growing culture, thereby "switching on" the production of protein. However, for 
protein that is seemingly innocuous to the E. colicell, as these protein-based polymers 
seem to be, it is possible to use this expression system in a manner that achieves 
high level production without the use of inducer. In fact, examples of expression 
have been observed wherein 80% of the cell volume was inclusion bodies of the 
protein-based polymer (Guda et al., 1995). 

Examples of Prepared Basic Monomeric Sequences for Elastic and 
Plastic Protein-based Polymers 

Examples of a number of basic monomeric sequences that have been genetically 
engineered in our laboratories are given in Table 1. These polypeptide sequences, 
some of which are seen as repeats at the polypeptide level, contain no repeats at the 
nucleotide sequence level and as such are referred to as the basic gene, or catemer, 
sequences. For example, (GVGVP) m, (GVGIP) and (AVGVP) each repeat 10 
times at the polypeptide sequence level, but within the entire sequence of 150 bases 
required to encode for each sequence of 50 amino acid residues, there is no repeating 
nucleotide sequence due to the appropriate use of codon degeneracy. 

The basic gene sequences, IV through VII, were designed to have one Glu(E) 
residue per 30 mer but to have a systematic change in the number of Val (V) residues 
replaced by the more hydrophobic Phe(F) residue. As has been shown with the 
chemically synthesized polymers, there is a systematic non-linear increase in the pKa 
of the carboxyl of the Glu residue with increasing number of Phe (F) residues. While 
this is of substantial basic interest with respect to the nature of hydrophobic-induced 
pKa shifts and efficiencies of energy conversion, it becomes of particular interest 
when designing transductional protein-based polymers for controlled release of 
cationic drugs. A few examples of the latter will be given below. 

Examples of Concatemerized Genes, i.e., Series of Achieved Chain Lengt 

As described above, the basic monomer gene sequence, designed with the desired 
restriction site at each end, is then concatenierized to obtain oligomers of the 
basic gene sequence. The result is a series of protein-based polymers of different 
chain lengths. The concatemer genes that have been obtained for the basic gene 
sequence, listed as TV in Table 1, has been obtained with many different repeats 
of the basic 30 mer, namely with 1, 2, 3, 4, 6, 8, 14, 17, 32, and 42 repeats. There 
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Table 1 Microbial Biosynthesis: Basic Monomer Gene 
Sequences 

I. 
11. 

111. 
IV. 
V. 

VI . 
111. 

MII.  
IX. 
X. 

XI. 
XII. 

XIII. 
XIV. 
XV. 

XVI. 
X\TI. 

XVIII. 
XIX. 

XX. 

XXI. 
XXII. 

XXIII. 

(G\ GVP) 10 
(CA LIP) 
( \- \G\P)io 
G\ G\T G\ GFP GEGFP G\ GI P G\ GFP GFGFP 
G\ CAT G\ GFP GLGFP G\ GVP GYGFP GVGFP 
G\ GYP CA G\T G E G V  G\ G\T G\ GFP GFGFP 
CA CAT CA GFP G&GFP G\ G\ P GVGVP G\ G W  
GVG\T G\ GFP GKGFP G\ GVP GVGFP GFGFP 
GVG\ P G\ GFP GKGFP G\ L I T  GI GFP G\ GFP 
G\ G\T CA CAT GKGI P G\ GYP G\ GFP GFGFP 
G\ CAT CA GFP LLGFP CA CAT CA G\ P G\ G\ P 
GVGVP GVGFP GQGFP GVG\T GVGFP GFGFP 
GVGI P GVGFP GHGFP GVGW GI GFP GFGFP 
C A  G\f GVGFP GEGFP G\ G\ P G\ GFP GFGFP 
GI CAT G\ GFP GEGFP C A  G\T G\ G\T GKGI P 
CA G\T G\ GFP GLGFP G\ G\T G\ GFP G&G\T 
GI GYP CA CAP G G F P  GVGVP G\ G\T GFGW 
GVG\T G\ G&P GEGFP GI G\ P GVCTFP GFG\ P 
G\ LIP GFGEP GEGFP GVGW GFGFP GFGIP 
GVGIP GFGEP GEGFP G\ G\T GFGFP GFGIP 
G\ GIP GFGEP GEGFP G\ G\T GFGFP GFGIP 
GVGIP GFGEP GIjGFP GVGW GFGFP 
GFGIP CA GYP G\ GRCASLG \TGV 
( C T \  GIP) lo-LVG\TGRGDSP-(G\ LIP) 1" 

(Cx\ G\T) ln-C7\ GJ'PCJRCTDSP-(GI L I T )  10 
(CA G\T) ll)-G\ G\TGRGDSP-G\ LIP) 10 

is also a carboxyl terminal (GVGYP) which derives from the oligo adaptor used in 
the concatemerization reaction and which provides the restriction site for insertion 
into the expression vector. Additional examples are (GVGVP)n with n = 41, 121, 
141, and 251; (AVGVP)l,+l with n = 20, 40, 70, and 290, and (GVGIP)ll(GVGVP) 
wit11 n = 40, 70, 150, and 290. To have such an exact series of chain lengths presents 
an extraordinary opportunity for the physical chemist interested the chain length 
dependent properties of polymers, but again it provides for a series of polymers 
with a useful gradation of properties for a number of applications including drug 
deliver)'. It allows, for example, for the design of a polymer with an optimal pKa for 
the ion-pair loading and release of drug. 

Purification 

Convenient purification of microbially produced transductional protein-based poly- 
mers, e.g. polv(GVGVP), from the cell lysate is based on a methodology which 
utilizes the fundamental inverse temperature transitional properties (Ui-ry et al., 
1995b; McPherson et al., 1996). First the bacterial cells are separated from the 
growth medium either by centrifugation or filtration and resuspened in Tris-HCl 
buffer, 50 mM, pH 8.0. Then the cells are lysed by ultrasonic disruption or French 
press to release the cell contents. The cell lysate is cooled to 4'C and centrifuged 
at high speed (10,000 x g) to remove the cold insoluble materials. The supernatant 
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fraction is then heated to 37% to cause the protein-based polymers to form massive 
aggregates and to separate out of solution (coacervate) so that the more dense 
phase can readily be recovered by centrifugation (5,000 x g, 37Â°C) The recovered 
protein-based polymer phase is brought back into solution by adding pre-cooled 
buffer followed by centrifugation (10,000 x g) to remove again the cold insoluble 
materials. Repeating this warm-cold process several times results in protein-based 
polymer with essentially all bacterial proteins and membrane contaminants removed. 

Related strategies can also be used based on more complex compositions of the 
protein-based polymers. If, for example, the polypeptide contains a repeating ioniz- 
able function, instead of heating and cooling, a change of pH or salt concentration 
can be used to control the phase transition between soluble and insoluble states, 
and, thereby, to enable their separation from bacterial proteins by centrifugation. 

PHYSICAL AND BIOLOGICAL CHARACTERTZATIONS 

Of the many important physical characterizations of these transductional protein- 
based polymers, the temperature at which the thermally elicited transition occurs 
is perhaps most fundamental (Urry, 1993a); the verification of sequence by two 
dimensional nuclear magnetic resonance provides a most satisfying demonstration 
of structure, and the mechanical properties of elastic modulus of the cross-linked 
matrices and of the extrusibility through fine hypodermic needles are fundamental 
to many applications. As such, these will be briefly noted here. As to the many 
significant biological characterizations, the battery of biocompatibiliv tests will be 
noted for three different polymers which represent three different physical states of 
the polymers, those states being plastic, elastic and hydrogel. In addition, the exten- 
sive efforts to obtain monoclonal antibodies to poly (GVGVP) and poly(AVGVP) are 
reported. 

Inverse Temperature Transitional 

As indicated in the INTRODUCTION, these polymers derive their capacity to 
be transductional by exhibiting transitional behavior. When the temperature is 
sufficiently low, they are soluble in water in all proportions, but on raising the 
temperature they aggregate and phase separate to form a more-dense state of 40% 
or more polymer by weight. The temperature for the onset of the transition is 
designated as T, and it is determined experimentally by plotting the onset of turbidity 
as the temperature is raised, as shown in Figure 1A. Also apparent in Figure 1A is a 
systematic dependence of Tr on the composition where the effect of four residues 
per 100 residues is seen to be quite significant. More hydrophobic residues lower 
Tt whereas introduction of less hydrophobic residues raises TT. This dependence of 
Tt on composition is the basis of a hydrophobicity scale, as derived in Figure 1B, 
which is based for the first time on the hydrophobic folding and assembly process 
of interest (Urry, 1993a). 

The largest changes in T, result from the formation of charged species as on 
the ionization of a carboy1 or, most dramatically, the phosphorylation of a neutral 
residue such as serine. By raising the value of Tt above the operating temperature, 
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A. Composition Dependence of T 

for poly[fv(VPGVG),fx(VPGXG)] where f x  E 0.2 

0 1 20 i 40 60 
I !  
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B. ~~rnpera tu re  , I of ~nverse Temperature ~ransitiod, T 
1 1 for poly[f v(V~G~G),fx(VPGXG)] 
i I 

Figure 1 A. Temperature versus normalized turbidity curves for a series of guest amino acid 
residues occurring at the frequency of 4 guest residues per 100 residues, i.e., fx = 0.2. The value 
of Tt, the temperature for the onset of the inverse temperature transition for hydrophobic 
folding and assembly, is defined as the temperature for 50% of maximal turbidity. Note that 
more hydrophobic guest residues lower the value of Tt and less hydrophobic, more polar 
residues raise the value of T,. 
B. Plots of Ttversus fv, the mole fraction of pentamers containing guest residues, are essentially 
linear to fx = 0.5. Extrapolation to the value of TI at fx = 1 is used to provide an index of the 
relative hydrophobicities of the amino acid residues. This provides for a hydrophobicity scale 
which is based on the hydrophobic folding and assembly of interest. Adapted with permission 
from Urry, 1993a. 
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Figure 2 Proton nuclear magnetic resonance spectra (600 Mhz) of poly(VPGFG VPGVG 
VPGVG IG'GDG FPGVG VPGVG) . At the top are the connectivities that provide the sequence 
information and that derive from the information of the HOHAHA map (upper left side) 
which identifies the resonances of each of the amino acid residues and from the NOESY map 
(lower right side) which provides the through-space contacts for verifying sequence. Above the 
two-dimensional maps is the one-dimensional spectrum with resonance assignments indicated 
and the bar plots at top showing the sequence continuity. 
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the polymers can be caused to go into solution, or by lowering Tt below the working 
temperature, the polymers can be caused to hydrophobically fold and assemble. 
For cross-linked matrices, lowering T, drives contraction and raising T, causes the 
matrix to swell. One dramatic way to lower T, is to ion-pair, for example, to pair a 
carboxylate of the polymer wit11 a cation. As will be seen below, the pairing of the 
Glu carboxylate with a cationic drug results in a transductional process that can be 
the basis for controlled loading and release of drugs. 

Nuclear Magnetic Resonance Verification o f  Structure 

Nuclear magnetic resonance is a remarkable technique making it possible to identify 
every atom and its bonding in a large biomolecyle and even to determine the folding 
of the molecule. Most generally, it is the protons that are observed and it is possible 
with proton spectra alone to verify sequence and integrity of the residues. Figure 
2 reports the one-dimensional spectrum (above), the two-dimensional HOHAHA 
(the upper left of the map), and the two-dimensional NOESY(tl1e lower right half 
of the map) of poly(VPGFG VPGVG WGVG KPGDG FPGVG VPGVG) which is 
the chemically synthesized aspartic acid analogue of sequence XVII of Table 1. 
The bars at the top of Figure 2 indicate the occurrence of cross peaks, that is, 
proton-proton contacts, in the maps that can be used toverify the sequence. The sum 
of connectivities that allow verification of sequence are complete from the single pair 
of maps as shown for the entire 30 residues except for the step connecting residues 
17 and 18, that is, the nuclear Overhauser enhancement, through space interactions 
between the NH of G1yl8 and the aCH (the d&) and the bCH2 (the dm) of Pro17 
are not seen in the NOESY map as reported. While it may be that changing the 
parameters for collecting the data or for computing the NOESY map would bring 
up these contacts, the data as reported in Figure 2 clearly show the sequence to be 
correct. 

The fidelity of the protein-based polymer expression from a prepared gene is 
extraordinary when compared to the chemically prepared product. Even so, it is 
important to use purification procedures that limit alteration of the structure and 
to establish that proteolytic or other enzymatic activity is sufficiently limited that 
the desired properties of the expressed protein-based polymer are retained. An 
important method with which to achieve adequate verification of the gene product 
again utilizes multi-dimensional nuclear magnetic resonance. 

The mechanical properties of the polymers determine in large measure their 
potential applications. The two physical properties of note here are the elastic 
modulus of the cross-linked matrices and the extrusibility of viscoelastic solutions of 
the polymers through fine gauged hypodermic needles as required for injection. 

Elastic Modulus of Cross-LinkedMatrices 

Presently the most convenient means of achieving cross-linking is by y-irradiation. 
An effective dose is 20 Mrads, and the cross-linked matrix of poly(GVGVP) so 
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formed is designated as X^-polJ7(GVGVP), or more explicitly for example for the 
microbially prepared sample as Xm-(GVGVP) 951 .  The elastic moduli vary depending 
on composition from lo4 to lo9 dynes/cm2. By way of comparison the elastic modulus 
of the femoral artery of the dog is about 4 to 6 x l ob  dynes/cm2 and tendon is 
of the order of lo9 dynes/cm2. Specifically, the elastic moduli in dynes/cm2 for a 
series of protein-based polymers are: 2 x 106 for X ~ G V G V P ) , ; , , ,  7 x lob  for XY0- 
poly(GYGIP), 2 x 108 for X^-poly(AVGVP), and less than 10qor  X20-poly(GGAP). 
Combinations can give intermediate values. Accordingly, a very wide range of 
useful elastic moduli are possible, for example, for application to a range of tissue 
reconstruction efforts. 

Extrusibility ofPolymers 

Extrusibility depends on composition and chain length, and may differ between 
chemically and microbially prepared polymers because the occurrence of racemiza- 
tion disrupts spiral structure formation and results in greater chain entanglements 
with the consequence of greater viscosity and poorer extrusibility. The chemi- 
cally synthesized high polymers of molecular weights greater than 50,000 kDa 
- poly[O.Z(GVGVP), 0.5(GAGVP), 0.3(GFGVP)], poly[0.75(GGVP), 0.25(GGFP)], 
poly [O.9 (GGAP) , 0.1 (GGFP) ] and poly (GGAP) , as well as the microbially pre- 
pared (GVGVP)qjl - have each been extruded at 37Â° through a 27 gauge 
hypodermic needle at the high concentrations of 500 mg/ml. On the other 
hand, chemically synthesized poly(GVGVP) of about 150,000 kDa molecular weight 
at a concentration of 400 mg/ml will not extrude through a 22 gauge nee- 
dle. The above noted extrusibilities open the door for soft tissue augmentation 
applications. 

atrices Due to Presence of Chemical Clocks 

Whether i n  vitro in phosphate buffered saline or in vivo, the carboxamide of the 
natural amino acids, asparagine (Asn, N) and glutamine (Gin, Q), will hydrolyze 
to form aspartic acid (Asp, D) and glutamic acid (Glu, E) ,  respectively. In general, 
this represents the conversion of an uncharged carboxamide, CONH?, to a charged 
carboxylate, C O O ,  and the charged carboxylate raises the value of T, such that cross- 
linked matrices containing the carboxamides swell, the uncross-linked coacervate 
states dissolves, and non-cross-linked plastic constructs also dissolve. As has been 
shown by Robinson (1974), the half-life for the breakdown of carboxamide to 
carboxylate depends on the sequence and can vary from a few days to a decade. 
These carboxamides are referred to as chemical clocks as they can be used to trigger 
desired changes leading to degradation. 

Inlrafiktoneal Implantation of the Elastic State Containing Chemical Clocks 

Poly[0.89(GVGVP),0.11 (GNGVP)] was y-irradiation cross-linked using a dose of 
20 Mrads to form an elastomeric sheet, designated as X20-poly[0.89(GVGVP), 
O.ll(GNGVP)]. The sheet was cut into 1 cm2 pieces. One such piece was then 
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implanted in the peritoneal cavity of each of ten rats. After residing in the peritoneal 
cavity for one month, the rat abdominal cavities were then opened in search of the 
1 cm2 pieces or in search of that fraction of the pieces that did remain. In terms of 
cross-sectional areas, of the total of 10 cm2 of material that had been implantedjust 
less than one-half of the material was recovered. The data is available in the report 
from the independent testing laboratories of NAmSA- and is directly accessible in 
their archival files. These results are to be compared to an earlier set of identical 
studies in which the cross-linked matrix, Xm-poly(GVGW), had been implanted, 
and 9 of the 10 implanted 1 cm2 squares were recovered in the clear, transparent 
state in which they had been implanted. It was presumed that the tenth square was 
also there as implanted but was missed because the 9 recovered, transparent squares 
had been difficult to find. In all cases, the materials appeared to be biocompatible 
in this setting. The conclusion of these studies is that these matrices do not readily 
biodegrade when in the contracted state but do biodegrade once in the swollen, 
hydrogel state. 

In Vitro Swellinsof Plastic and Elastic States due to Chemical docks 

Discs of the plastic state, Xx'-poly(AVGVP), and the elastic states, Xm-poly(GVGVP) 
and XX-poly(GVGIP), when exposed to phosphate buffered saline at pH 7.4 and 
37"'C, remain intact and unchanged, indefinitely. On the other hand, the intro- 
duction of asparagine, Asn (N) , as in X2"-polv [O.% (AVGVP) ,O.O6 (GNGVP) 1,  X2"- 
poly[0.9 (GVGVP) ,0.1 (GNGVP)], and Xm-poly[O.g(GVGIP) , O . l  (GNGVP)] causes 
the discs to swell linearly wit11 time but at different rates with the more hydrophobic 
Ile (I)-containing polymer showing the slowest rate of swelling and with the plastic 
discs having been seen to disintegrate after about 100 days. The essential point is that 
the rate of swelling can be varied by control of composition. Since it is the swollen 
state that appears to be biodegradable in vivo, it appears that the rate of degradation 
in v i m  should be controllable. 

ility (Toxicity) of Representative States 

Transductional protein-based polymers can occur in three different physical states: 
elastic, plastic and hydrogel. The representative polymers for those three states 
under physiological conditions, respectively, are poly (GVGVP) , poly(AVG1T) , and 
poly(GGAP). These three polymers and their cross-linked matrices have been 
extensively studied for their biocompatibility using the set of eleven tests rec- 
ommended for materials in contact with tissues, tissue fluids and blood. The 
studies were carried out by the independent testing laboratories of North American 
Science Associates, Inc., NAmSA. The results are published (Vrry et al., 1991; 
Urry al., 1995a, 1995b) and can be found in the archival files of NAmSA. In 
brief, poly(GGAP) and poly(GYGVP) and the /-irradiation cross-linked matrices 
exhibit extraordinary biocompatibility (Vrry et at., 1991; Urry et al., 1995b), and 
poly(AVGVP) and its (-irradiation cross-linked matrices exhibit good biocompat- 
ibility (Urry et al., 1995a). Of course, as each protein-based polymer is designed 
for a specific function by varying the composition, it will require the complete set 
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of tests. The results to date for sterile, low endotoxin polymers, however, are very 
encouraging. 

Immunogenicity of Representative Elastic and Plastic Protein-Based Polymers 

Synthetic Polypeptides as Antigens 

Synthetic polypeptide polymers differ from most naturally occurring protein anti- 
gens in that they carry a limited assortment of antigenic determinants. In the 
early 1970s, experiments conducted by McDevitt and colleagues (McDevitt et al., 
1972) elegantly demonstrated that immune responses to synthetic polypeptide 
antigens in inbred mouse strains are controlled by genes that map to the major 
histocompatibility or H-2 complex. The antigens used in these studies consisted 
of a linear poly(1ysine) chain having multiple poly(a1anine) sequences attached 
as side chains, a structure represented as A-L. To complete the structure of the 
polymers either histidine and glutamic acid (H,G) or tyrosine and glutamic acid 
(T,G) were attached to the amino ends of the poly(a1anine) side chains, to give 
polymers represented as (H,G)A-L, or (T,G)A-L, respectively. Upon injection of 
these polymers into inbred strains of mice, varying degrees of responsiveness were 
observed. CBA mice (H-S1") demonstrated high antibody responses to (H,G)A-L but 
poor responses to (T,G)A-L, whereas the C57BL strain (H-^) exhibited the opposite 
response pattern. Crosses between high and low responder strains resulted in Fl 
hybrids that exhibited an intermediate response as compared to the two parental 
strains. Additional backcross experiments indicated that responsiveness to each of 
the two synthetic polymers was controlled by a single codominant gene referred to 
as an immune response (Ir) gene. 

Due to numerous advances in the field of immunology, it is now clear that Ir 
genes encode class I1 major histocompatibility complex (MHC) proteins found 
on the surface of antigen presenting cells (such as macrophages and B cells). 
Class I1 MHC molecules (also called la molecules) are heterodimers containing 
noncovalently bound polypeptides of approximately 25,000 and 33,000 daltons. 
These molecules play a pivotal role in the initiation of immune responses to protein 
antigens. Processing of protein antigens begins following their phagocytosis by 
antigen presenting cells (APC). Within the lysozome of the APC the protein is 
partially degraded by lysosomal enzymes into relatively small (13-17 amino acid) 
fragments. The protein fragments eventually make their way to the surface of the 
APC where they are found in a complex with class I1 protein molecules. The results 
of X-ray crystallographic studies illustrate that the peptide sits in a cleft formed 
by the interaction of the 2 subunits of the class I1 MHC molecule. Amino acid 
sequence data confirms that both the larger (alpha) and smaller (beta) units of 
the lieterodimer contain polymorphic regions. Many of the polymorphic regions of 
the alpha and beta subunits are situated in the cleft area. Although it is surmised 
that the cleft of most class I1 MHC molecules can accommodate a wide range of 
structures, it is clear from the previously described experiments that some strains 
of mice lack class I1 molecules with affinity for certain synthetic peptides. Since 
amino acid co-polymers also represent antigens with a restricted number of antigenic 
determinants, the production of monoclonal antibodies (Mabs) to these substances 
may require the immunization of a number of different mouse strains with varying 
genetic backgrounds. 
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Hy bridoma Production 

The immunogenicity of amino acid co-polymers, like that of other protein antigens, 
is enhanced by suspension in complete Freund's adjuvant (CFA). For the produc- 
tion of monoclonal antibodies to the protein-based polymers, poly(AVGVP) and 
poly(GVGVP), primary immunization of Balb/c mice consisted of 200 fig of each 
polymer separately emulsified in CFA. The emulsion was injected subcutaneously 
into several sites over the abdominal region. Approximately 28 days, weeks after 
primary immunization, mice were bled and their sera tested for antibody activity. 
An ELISA assay (described below) performed on primary antisera from 2 mice 
immunized with poly(AVGVP) revealed that both mice exhibited a modest (titer 
approximately 1:2560) antibody response to poly(AVGVP). However, these sera also 
demonstrated a titer of approximately 1:320 to poly(GVGVP). In contrast, 2 mice 
immunized with poly(GVGVP) exhibited relatively low titers (1:40 to 1:80) to this 
antigen by ELISA. No activity to poly(AVGVP) was detected in sera from these 
mice. These findings demonstrate that both poly(AVGVP) and poly(GVGVP) are 
weakly immunogenic with poly(GVGVP) being the poorer antigen. Both sets of mice 
were given secondary immunizations consisting of 200 fig of polymer emulsified 
in incomplete Freund's adjuvant (IFA). Sera collected 28 days post-secondary 
immunization demonstrated slightly increased titers to their respective antigens; 
however, a significant amount of cross-reactivity between the 2 polymers was now 
apparent in both sets of sera. The mice were boosted a final time with 200 pg of 
polymer in IFA. Three days later mice were sacrificed and their spleens removed 
for fusion. Splenocytes were fused with the mouse myeloma line P3X63 Ag8.653 
using standard techniques (Berzofsky ef al., 1993). Fused cells were plated into 24 
well plates in complete medium consisting of RPMI 1640 containing 15% fetal calf 
serum, 5 x 10-J M 2-mercaptoethanol, 2mM glutamine, penicillin-streptomycin at 
100 U/ml and 100 fig/ml, respectively, and HAT supplement (Gibco-BRL) diluted 
1:100. Fusion wells were fed on days 7, 10, and 12 after fusion, with the final feeding 
consisting of a complete change of media. Approximately 14 days after fusion, 
supernatants were screened for antibody activity by ELISA. Positive lines were cloned 
by limiting dilution into wells containing peritoneal exudate feeder cells. 

Mouse antisera and hybridoma supernatants were tested for reactivity with 
poly(GVGVP) or poly(AVGVP) by ELISA. For these assays, polymers were suspended 
in cold (4'C) borate buffered saline (BBS) at a concentration of 10 pg/ml. ELISA 
wells were coated with 100 fil of antigen solution overnight at 4 'C.  After coating, 
wells were washed 3 times with BBS and blocked by the addition of 1% BSA in 
BBS for 1 hour at room temperature (RT). After washing, serum dilutions or 
hybridoma supernatants were added to the wells and incubated overnight at 4'C. 
Plates were then washed 6 times with BBS and incubated with phosphatase-labeled 
goat anti-mouse immunoglobulin (Jackson Laboratories), diluted 1:4000 in blocking 
buffer, for 90 minutes at RT. Following extensive washing, plates were developed 
by the addition of p-nitrophenyl phosphate (PNPP) at 1 mg/ml diluted in 10 mM 
diethanolamine (pH 9.5) containing 0.5 mM Mgd?.  After 15-30 minutes, the optical 
density, OD, at 405 nm was determined spectrophotometrically. 
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Fusion of splenocytes from a mouse immunized with poly(AVGVP) resulted in 
the production of three antigen-specific hybridoma lines. Two of these lines were 
strongly reactive with the immunizing antigen, poly(AVGVP) and did not cross react 
with poly(GVGVP). Interestingly, one line obtained in this fusion reacted weakly 
with poly(AVGVP) but showed significant reactivity with poly(GVGVP). Two fusions 
performed with splenocytes from mice immunized with poly(GVGVP) failed to 
produce antigen-specific hybridomas. The failure of these fusions is probably related 
to the low antibody titers found in Balb/c animals immunized with this polymer. 
Immunization of two additional mouse strains (DBA and CB6 I?^) with poly (GVGVP) 
did not result in improved antibody responses. 

The preceding results suggest that certain protein-based polymers, such as the 
elastic poly(GVGVP), appear to be incapable of eliciting a significant immune 
response. On the basis of the comparison of the biocompatibility studies noted 
above for the elastic poly(GVGVP), the plastic poly(AVGVP) and the hydrogel 
poly(GGAP), the hydrogel, poly(GGAP), would also be expected to elicit little 
or no antibody response. These findings are particularly encouraging for the 
consideration of medical devices comprised of, or coated with, these elastic and 
hydrogel protein-based polymers. 

APPLICATIONS 

Of a rather long list of applications that are under consideration for these polymers, 
only two will be discussed here. One is drug deliver}' because this application 
can take full advantage of the rich transitional properties of these transductional 
elastic and plastic protein-based polymers (Urry et a/., 1997), and the other is 
tissue reconstruction because this application can simultaneously take advantage 
of the range of elastic moduli that are possible with these polymers, the capacity 
to introduce cell attachment sequences, and their ultimate biodegradability (Urry, 
1993b). 

Drug Delivery 

Just as there are innumerable ways of varying Tt, there are innumerable ways of 
achieving controlled release of drug. One specific means of controlled release using 
transductional elastic and plastic protein-based polymers involves ion-pairing. 

As seen in Figure 1, protonation of a carboxylate side chain of a transductional 
protein-based polymer dramatically lowers the value of T\. This means that at p 
7.4 the polymer, polymer \I of Table 1 which has a pKa of 5.4, is soluble in water 
at 3 7 T ,  but on lowering the pH to 4.5, the polymer will aggregate to form a more 
dense coacervate phase. If the polymer is cross-linked to form a matrix, the matrix 
will be swollen at pH 7.4, but will contract on lowering the pH to 5.4 as the protons 
neutralize the carboxylates. Increasing the hydrophobicity of the polymer raises the 
pKa of the carboxyl, i.e., increases the affinity for protons. 

Analogously, other cations and even cationic drugs can neutralize the charge 
and drive assembly to form the drug-laden coacervate state or drive contraction 
of the swollen matrix to result in a drugladen contracted state. Also, increasing the 
hydrophobicity of the polymer increases the affinity of the cationic drug for the pKa 
shifted carboxylic site. 
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Release Profiles of Leu-enkephalin amide from 
Glu-containing Protein-based Polymers 

A. 
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1.5 equivalents of drug for each 
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days 
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Figure 3 Release profiles of Leu-enkephalin amide from Glu-containing protein-based 
polymers. The loading conditions in each case were the addition of 1.5 equivalents of drug 
for each Glu binding site of 250 mg of polymer at pH 6.8, and the release data is for a constant 
surface area of 0.55 cm2. A. Poly(GVGFP GEGFP GVGVP), giving a near constant release of 
4.7 ,umoles/day for one month. B. Poly(GEGVP GVGVP GVGFP GFGFP GVGVP GVGVP), 
giving a near constant release of approximately 2.7 pmoles/day for a period of more than 40 
days. The included sketches are cross sections of the straight walled tubes utilized showing 
that the polymer disburses as the drug is released. C. Poly(GFGFP GEGFP GFGFP), giving a 
near constant release of 1.8 pmoles/day for a period of 3 months. 
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The association of cationic drug with anionic site to form a "phase separated" 
or "contracted" drug-laden state is analogous to the association of ions to form 
an insoluble salt, the dissociation of which is described by a solubility product 
constant, K,,. Accordingly, the drug-laden coacen7ate will dissociate with the release 
of drug and polymer until the overlying solution is saturated. If there is a continuous 
removal of the surrounding medium, then there will occur a constant release of 
drug for a constant surface area. Importantly, the density of the drug in the vehicle is 
determined by the number of carboxylates and the rate of release is controlled by the 
hydropl~obicity as shown in Figure 3 for the cationic opioid peptide, Leu-enkephalin 
amide. In this example, a release rate of 1.8 pmole/day is sustained for over 3 months 
or for a different composition a release rate of 4.7 pmole/day is observed. In both 
cases the release rate is constant for a constant surface area of 0.55 cm2 and the 
release rate can be maintained for an approximate volume of 0.5 ml. 

Tissue Reconstruction 

Tissue reconstruction has as its objective the regeneration of lost or damaged tissues 
with restoration of normal function. Strategies for tissue reconstruction include i) 
cell transplantation, ii) introduction of growth factors as inducers, iii) implantation 
of cell-attached matrices, and iv) introduction of temporary functional scaffoldings 
which, due to appropriate design, would be remodeled into natural functional 
tissues. Although implantation of cell-attached matrices and the cellular remod- 
elling of these functional scaffoldings hold great promise, the biocompatibility 
of the material for reconstruction is, of course, essential to avoid adverse host 
reactions. 

Polymers such as polyglycolic acid have been studied as a biomaterial for 
reconstruction of ureteral organs. Isolated urothelial cells have been grown on a 
polyglycolic acid mesh which was then implanted into animals, and multilayering of 
urothelial cells on the polymer was observed after 20 days (Atala et al., 1992; Atala 
et al., 1993; Langer and Vacanti, 1993). The limitations of polyglycolic acid, however, 
include: i) a significant reaction to degradation as ester hydrolysis results in acid 
release whereas hydrolysis of the peptide bond results in no release of acid, ii) the 
difficulty of including cell attachment sequences, and iii) the absence of elasticity 
such that attached cells will not readily sense the tensional forces to which the cells 
in the natural tissue are subjected. 

The Principle ofTensepiiy 

In the principle of tensegrity (Ingber, 1991), cells respond to the tensional forces 
required of their tissues by turning on the genes required to produce an extracellular 
matrix sufficient to sustain those forces (Leung et al., 1977). Thus, to our knowledge 
the only biomaterials, currently under development that exhibit the requisite set of 
biological and biophysical properties, are the elastic protein-based polymers, often 
referred to as bioelastic materials. As described above, these are biocompatible, 
biodegradable, and elastic polymers that can be prepared with the desired elastic 
modulus and cell attachment sequences as an integral part of their primary structure, 
as for the catemer sequences, XXI, XXII, and XXIII of Table 1. 
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Consideration of Urological Prostheses 

In the urinary tract, smooth muscle cells and uroepithelial cells are regularly exposed 
to a changing mechanical strain environment. Just how cells transduce the force 
changes to which they are subjected to functional responses is not yet clear. Several 
in vitro studies have addressed the modulation of smooth muscle and epithelial cells 
by the mechanical forces (Leung et al., 1977; Brunette, 1984; Ingber, 1991; Karim 
et al., 1992; Baskin et al., 1993; Barbee et al., 1994; Lyall et al., 1994). Baskin et al. 
(1993) specifically addressed the alteration of extracellular matrix protein synthesis 
in response to mechanical stimuli. Others have reported that changes in tension 
increase in the rate of DNA synthesis, suggesting an increase in cell growth (Karim 
et al., 1992). Brunette found that mechanical strain affects the proliferation and the 
ultrastructure of epithelial cells (Brunette, 1984). In their study, a 4.2% increase in 
length increased the number of desmosomes, which suggested an increase in cell-cell 
interaction. In the preliminary' study noted below, urothelial cells are subjected to 
approximately 100% extensions in a realistic mimicking of the filling and emptying 
of a functional bladder. 

Accordingly, the design of the appropriate matrix for urological tissue reconstruc- 
tion should consider the design of a bioelastic material with the physical properties 
of the respective urological tissue. For example, the material for reconstruction of a 
urological bladder should exhibit the same elastic modulus as the normal bladder; 
and the composition should be able to contain peptide sequences that support cell 
attachment, growth to confluence and other cellular functions. 

The elastic modulus of strips of the human bladder have been reported to be about 
1.9 x 105 N/m2 (Van Mastright and Van Duyl, 1981). This is a value reasonably close 
to that of XyGVGVP)zl which has been determined to be 1.6 x 106 dynes/cm2 
or 1.6 x 103 N/m2. The elastic modulus for Xm-poly(GVG1P) is in the range of 4 to 
8 x lo5 N/m2 such that a functional range of elastic matrices are available. 

In our preliminary studies, we have designed, synthesized and cross-linked protein- 
based polymers to form bioelastic matrices containing the cell attachment sequence, 
GRGDSP, and have studied urothelial cell outgrowth onto the matrices from human 
ureter explants. The urothelial cells grew out onto the bioelastic matrices and 
multiplied in the normal fashion as seen in Figure 4A in a manner comparable 
to the outgrowth onto a collagen substrate, as shown in Figure 4B. 

The next step was to design a computerized apparatus for simulated bladder 
function which slowly fills with increasing pressure over a 3-hr period and which 
releases the volume and associated pressure in 23 seconds. In this bladder filling and 
emptying simulation, the bioelastic matrix substrate to which the cells are initially 
attached and over which the developing extracellular matrix of the cells spread 
stretches slowly and relaxes rapidly. This system mimics, both temporally and in terms of 
the magnitude of the tensional force changes with 100% extensions, the normal filling and 
micturition of the bladder, as can only be achieved with an elastic cell-attachment matrix having 
an elastic modulus similar to that of the natural bladder (Urry and Pattanaik, 1997). 

In the bladder simulation study, uroepithelial cells grew out onto the bioelastic ma- 
trix, X^-(GVGVP)2,1 adsorbed with GRGDSP-containing fibronectin; the attached 
cells and matrix were subjected to the stretch/relaxation cycles over several days, 
and the result was a formation of a dense layer of cells. Figures 4C and D and 4E 
and F at higher magnification were, respectively, before and after being exposed to 
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Figure 4 Comparison oi urothelia! cell gro~ith fium human explants onto colLigen and 
hioelastic matrices containing the GRGDSP cell attachment sequence with and without 
tensional force changes mimicking bladder filling and emptying 
A. Outgrowth from human ureteral explant (dark area) onto static bioelastic matrix, cross- 
linked poly [40(GVGVP) ,(GRGDSP) ]. 
13. Outgrowth from cxplaiit onto collagen coated sui facc 
C Outgrowth trom explant onto static cross-linked (GVGVP)wi coated with GRGDSP- 
containing human fibronectin 
D Outgrowth from explant onto dynamic cross-linked (GVGVI')251 coated with GRGDSP- 
containing human fibroncctin iesulting horn three days of simulating bladdei fun( tion 
E and F Highel magnification of C and D., respectively. This shows the richer, mole 
developed urotlieli.il cell and cxtia cellular matrix co\eiagc resulting tiom the (hanging 
tcnsional forces in support of the print iplr of tensegnty, Reproduced with permission from 
Urr) 'ind Pattanaik, 1997 
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several days of stretch/relaxation cycles. Qualitatively, an increase in cell density, in 
cell-cell interaction, and in extracellular matrix has been observed. 
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JOSEPH CAPPELLO 

Protein Polymer Technologies, Inc., 10655 Sorrento Valley Rd., 
Sun Diego, CA 92121, USA 

DESIGN, SYNTHESIS AND PURIFICATION OF BIOLOGICALLY 
PRODUCED PROTEIN POLYMERS 

Our laboratory has developed methods for the production of synthetically designed 
protein polymers consisting of repeated blocks of amino acid sequence (Ferrari ef al., 
1986; Cappello and Ferrari, 1994). Protein polymers are sequential polypeptides 
with complex structural repeats. Through a combination of chemical and biological 
methods, protein polymers are produced using gene template directed synthesis. 
This technology has been used by ourselves and investigators in other laboratories to 
produce an increasing number and variety of distinct protein polymer compositions. 
While the products of this technology, sequential polypeptides, may be used for any 
purpose, so far, they have almost exclusively been designed for use as materials or as 
surface modifiers of materials. 

The development of a new protein polymer involves the design, chemical synthesis, 
and polymerization of a gene template that encodes the amino acid sequence of the 
desired protein. For each new composition, the construction of the gene template 
occurs only once. Thereafter, it is preserved and can be reproduced faithfully 
and propagated indefinitely by introducing it into a microorganism. Through the 
construction of synthetic genes, one can specify the precise amino acid sequence of 
protein blocks (the unit of repetition of a protein polymer) up to several hundred 
amino acids in length, almost an order of magnitude greater than the limit of 
sequence control through chemical synthesis. Our experience suggests that except 
for a few examples any number and combination of the twenty natural amino acids 
can be used, and the complexity of the amino acid sequence has no direct bearing on 
the efficiency of producing the product. One can produce protein chains greater 
than one thousand amino acids in length (approximately 100,000 daltons), and, 
depending on the gene template selected for production, a discrete molecular 
weight, monodisperse product can be obtained. Currently, production of protein 
polymers occurs in microorganisms under controlled fermentation processes that 
can be scaled to industrial levels. The process utilizes simple renewable resources. 
Because master stocks of production strains can be cryopreserved, identical product 
can be produced from different batches at different times. 

Our work has focused on the production of synthetic protein analogs of the four 
best known structural protein materials, silk, elastin, collagen, and keratin (Figure 1). 
Initially we set out to prove that synthetically designed protein polymers, which 
consisted of repeating structural blocks from natural structural proteins, could be 
produced by microbial synthesis. We demonstrated that these synthetic proteins 
would reproduce defined properties of their natural counterparts and that we 
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Table 1 Primary Protein Structural Building Blocks 

S t r ~ ~ r t n r e  Example Block Sequence Properties 

Beta sheet Silk (GAGAGS) ,, Strength, crvstallinity 

Reverse turn Elastin (GVGVP) Flexibility, elasticity 

Triple helix Collagen ( GFiY") ,, Soft matrix 

Alpha helix Keratin (AKI.K/E'I..VEj ,, Hard matrix 

ii can be am number greater than or equal to 2 
'X refers to an! amino acid. often proline 

refers to any amino acid. often -1-hrdronproline 
c(:l~ai-ged amino acid positions can be interchanged nith acidic o r  basic amino acids 

Using the precision of gene template directed biosynthesis, they hale produced 
chain folded lamellae of exact molecular dimensions. These nlolecular films may 
be used to position functional groups in precise locations on the lamellar planes. 
Tirrell et al. (1991) have also demonstrated that under special circumstances certain 
unnatural amino acids with chemically interesting side chains can be incorporated 
into protein polymer chains. This further increases the potential diversity of 
compositions and properties that may be obtained through protein polymers. 

f Natural Proteins 

Natural proteins derive their structures from their amino acid sequences which 
position chemical groups throughout the chain. Designing new proteins requires 
knowing how to locate amino acids in a linear chain such that a desirable structure 
is obtained. Over the last forty years, the accumulation of protein crystal data 
has provided a growing database from which structural biologists have established 
general patterns of protein structure. Tho~lgh proteins may perform very different 
functions, they share common structural elements (Brandon and Tooze, 1991). 
The four most common elements found in structural proteins are alpha helices, 
beta strands, reverse turns, and collagen helices (Figure 1 and Schulz et al., 1979). 
Even when the pendant side chains vary greatly, the backbone atoms of secondary 
structural elements from different proteins can often be superimposed. In many 
cases, certain sets of amino acids can be used interchangeably at specific locations in 
the sequence of a protein (Chou and Fasman 1974; Garnier et al., 1978, and Schulz 
1988). 

The use of this information in conjunction with computer modelling allows one 
to design amino acid sequences which conform to a particular secondary structural 
geometry. The treatment of proteins with solvents can also be used to drive a protein 
chain to a particular conformation. 

iological Production 

We have developed a generic production system that through simple manipulation 
can be used to produce a wide variety of polymer genes in sufficient quantities 
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for chemical and physical characterization. New protein polymer compositions 
can be rapidly purified and analyzed to verify that the product has the intended 
properties. When a product is ready to enter commercial development, it can be 
easily transferred into a system that can be optimized for large scale production. 

We and others have produced protein polymers from over 50 different amino 
acids sequence designs. Many of these have been purified in multigram quantities. 
We have demonstrated the scaleability of our process by producing two protein 
polymers in kilogram quantities. 

Polymer Gene Construction 

The elements of protein polymer gene construction and the expression of the 
products they encode can be described in three steps (Cappello, 1992). In the first 
step, the amino acid sequence of the repeating peptide block is defined. Since this 
sequence must ultimately be encoded by synthetic DNA, the length of the sequence 
is the first constraint. Typical automated oligonucleotide synthesis can produce 
single strands of DNA up to about ninety nucleotides in length. Under optimized 
conditions, we have produced DNA monomers of over 265 nucleotides from a single 
synthesis. Therefore, the maximum amino acid coding potential of each contiguous 
segment of DNA can be about 80 amino acids. If a polymer is to consist of a block 
of amino acids five residues long, for example, sixteen contiguous blocks can be 
encoded by one DNA segment. If the block of amino acids exceeds 100 residues, 
multiple DNA segments must be synthesized and assembled to produce the gene 
monomer. 

After synthesis, the monomer gene segment is cloned into a DNA plasmid that 
has been engineered to perform suitably as an acceptor plasmid (ie., it contains 
a unique restriction endonuclease site with asymmetric overhanging ends which 
are compatible with the ends of the gene monomer). The main function of the 
acceptor plasmid is to readily accept the gene monomer during cloning and to 
allow its characterization by nucleotide sequencing. 

In the second step, the cloned gene monomer is purified in sufficient quantity to 
be polymerized by a reaction that allows the asymmetric but complementary ends 
of each gene monomer segment to link in a head-to-tail fashion. The enzyme T4 
DNA ligase is added to the reaction to covalently bond the linked segments. A 
collection of polymer genes are produced, all varying in size by the precise increment 
of one gene monomer segment. The products of the polymerization are introduced 
into a population of bacteria that are receptive to foreign DNA. Bacterial cultures 
containing polymer genes are analyzed to identify those containing polymer genes 
encoding protein polymers of 50 to 150 kilodaltons in molecular weight. Individual 
bacterial cultures containing an appropriately sized gene are selected for production 
and testing. 

In the third step, the polymer gene is transferred to a DNA plasmid capable of 
efficiently expressing the encoded product. The expression of the product can be 
controlled by a variety of chemical or thermal means. A heat-inducible, lambda 
phage promoter system is just one example of several expression systems that have 
been used to produce protein polymers. In this case, growth of the organism can be 
conducted in the absence of product expression (at a low culture temperature). At 
an optimal time, expression of the product is induced by elevating the temperature 
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at which point a substantial part of the cell's resources are expended in making 
product. 

PROTEIN POLYMER PROPERTIES AND CHARACTERIZATION 

Crystalline BetaSilk Protein Polymers 

Examples of the BetaSilk, SLP (silk-like protein), polymer class were designed to 
adopt a crystalline beta sheet structure characteristic of silk fibroin (Pauling and 
Corey 1953, Marsh et al., 1955, Lucas et al., 1956, and Lucas et al., 1957). The 
SLP4 polymer is comprised of 160 repetitions of the six amino acid sequence 
glycine-alanine-glycine-alanine-glycine-serine (GAGAGS) . This repeating hexamer 
is prevalent in silk fibroin and may be responsible for the stability of silk fiber 
protein (Fraser et al., 1965, and Lucas et al., 1958) and the high strength of silk 
fiber. Protein polymers composed of this sequence also display a high degree of 
chemical and thermal stability. The SLP3 polymer has a melting temperature in the 
range of 300.5-313.06"C and a heat of fusion of 299 J/g. Above this temperature, 
the protein chain decomposes. 

A prerequisite for this stability is the formation of hydrogen bonded and oriented 
beta sheets. Synthetic peptides containing the GAGAGS sequence have been 
analyzed in their crystalline states (Lucas et al., 1958). X-ray diffraction studies of 
poly(alanylg1ycine) have provided model unit cell crystal dimensions for beta sheet 
structure (Fraser et al., 1965). Films created from manually stroked evaporating 
solutions of these peptides were also studied using FTIR dichroism (Fraser et al., 
1965). Using these data for comparison, it has been possible to demonstrate the 
physical similarity between BetaSilk protein polymers and these model peptides 
(Cappello et al., 1990). 

The unprocessed, lyophilized powders of the four protein polymers, SLP3 and 4 
and SELP1 and 3, were studied by X-ray diffraction. The X-ray analysis qualitatively 
confirmed the crystallinity of the polymers (Cappello et al., 1990). As deduced 
from wide angle X-ray scattering data, the SLP3 powder contained crystal unit cell 
dimensions of 9.38 A (a), 6 . 9 4 ~  (b) , and 8.99 A (c) . The unit cell of native silk fibroin 
has been measured at 9.40 A (a), 6.97 A (b), and 9.20 A (c) (Fraser et al., 1966). 
The crystalline arrangement of chains in all four polymers is similar as indicated 
by the similarity in position and relative intensity of diffraction rings. Since all four 
contain the same GAGAGS basic crystalline repeat sequence, we would expect the 
crystallized blocks of each polymer to be similar in structure. Of the four polymers, 
SLP3 and SELP3 gave more diffuse scattering rings than SLP4 and SELP1 indicating 
a relatively lower degree of crystallinity. This is consistent with the fact that SELP3 
contains the highest composition of noncrystallizable blocks within this set. 

Our data demonstrate that BetaSilk polymers produce organized crystalline 
structures similar to the beta sheet structures found in natural silk. The degree of 
crystallinity is affected by periodically disrupting the crystalline blocks with blocks of 
amino acids which cannot be accommodated within the crystal packing dimensions 
observed for alanylglycine sequential polypeptides. For example, the inclusion of 
the pentapeptide sequence, GAAGY, containing the bulky tyrosine side chain, in 
SLP3 decreases the crystallinity of the poly(GAGAGS) blocks present in SLP4 as 
determined by increased diffusivity of X-ray powder diffraction rings. 
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Table 2 Compositional Variation in ProLastin Monomer Sequences 

Polymer (MW) P o ~ y l l l e r ~ ~ ~ ~ c k  Sequence" Domain A h l ~ . ~ ~  E/SC % 3 1  

SELP0 (80,502) [(GVGVP)S (G.\GAGS),] 18 E8S2 4.0 21.9 

SELPS (69,934) [ (GVGT'P) ,; (GAGAGS) 1.3 E8S4 2.0 5, " 
.JJ. .3 

SELP7 (80.338) [ (GVGVP) 8 (GAGAGS) (,] 1 .; E8S6 1.33 45.1 

SEI.P3 (84,267) [(GVGVP) (GAGAGS)s] E8S8 1.0 51.9 

SELP4 (79,574) [ ( G V G V )  (GAGAGS)n]g El  2S8 1.5 42.2 

SELP.5 (84.5.77) UGVGVP) I(; (GAGAGS)o] E16S8 2.0 3.5.7 

'The first and last block domain of each polymer is split within the silklike blocks such that both parts 
sum t o  a whole do11iain. All polymers also contain an additional head and tail sequence iiliich constitutes 
approximatelv 6% of the total amino acids. 
"Designates the n u m b e ~  of consecutive blocks per repeating domain (E = elastinlike block, S = silklike 
block) 
^Ratio of blocks per monomer 
^c of total amino acids in polymer contributed bv silklike blocks 

A family of protein polymers, ProLastins, were produced consisting of silklike (S) 
and elastinlike (E) peptide blocks in various block lengths and compositional ratios 
(Ferrari ef a!., 1986, and Cappello et al., 1990). The elastinlike block consists of the 
five amino acid sequence, GVGVP (Urry 1984, Urry et al., 1976, and Urry 1988). As 
a family, silk-elastinlike copolymers (SELP's) consist of exact periodic alternation of 
silk and elastinlike domains. Individual members of the family vary in the number of 
silk or elastin blocks within the repeating domains. Table 2 displays the compositional 
structures of some ProLastin monomers. 

The insertion of non-beta sheet, flexible sequence segments modeled after a 
repeating oligopeptide of mammalian elastin was done to decrease the overall 
crystallinity of the chains and impart flexibility to the structure. The nature of the 
elastinlike blocks, their length and position within the SELF monomers, influences 
the molecular chain properties as evident from the changes in solubility of the 
polymers in water. The BetaSilk polymers, SLP3 and SLP4, are completely insoluble 
in aqueous solutions. The disruption of the crystalline silklike blocks with ELP blocks, 
as in SELP1 and SELP3, increases their water solubility. After several days in solution, 
SELP1, and later, SELP3 form gels even at relatively low protein concentration (1 % 
w/v). Decreasing the length of the SLP block domains while maintaining the length 
of ELP block domains further increases water solubility and the concentration at 
which gelation occurs from solution. SELPO, SELP8, SELP7, and SELP3 contain 
two, four, six, and eight SLP blocks per monomer, respectively. SELPO is completely 
soluble in water at all concentrations up to at least 33% w/v. This increase in water 
solubility is accomplished without substantially changing the chemical properties 
of the SELF protein chain. If anything, the overall hydrophobicity of the SELF 
copolymers increases due to their increased composition of valine and their relative 
decrease in serine content. This is consistent with the hypothesis that the ELP blocks 
effect the chain properties of the SELP copolymer by disrupting the crystallization 
of the silklike structure. 
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Upon drying from solution or treatment with a nonsolvent such as ethanol most 
SELP polymer materials are converted to water stable products. Presumablv, once 
induced to crystallize, the cohesion of the silklike blocks dominates the solubility 
properties of the block copolymer. This property of ProLastin polymers allows them 
to be processed or formulated with other compounds in aqueous, physiological 
solution and then converted to a water stable material by simply dying,  lyophilizing, 
or treating the formulation with alcohol. 

ProNectin polymers consist of SLP backbones into which peptide segments confer- 
ring biological recognition have been introduced. The first example, ProNectin F, 
was designed using two oligopeptide blocks, the six amino acid SLP block and a 
seventeen amino acid block from human fibronectin (Pierschbacher and Rouslahti 
1984, and Cappello and Crissman 1990). The SLP block provides structural stability, 
thermal and chemical resistance, and the ability to adsorb to hydrophobic surfaces. 
The fibronectin block provides biologically recognized cell adhesion activity (Hynes 
1987). The blocks are configured into a repeating gene monomer such that one 
cell adhesion block occurs after every nine silklike structural blocks. Specifically, this 
was accomplished by inserting an oligonucleotide encoding the fibronectin peptide 
shown below into the preexisting BetaSilk, SLP3, gene monomer. The resulting 71 
amino acid monomer is repeated approximately thirteen times to yield a protein 
polymer chain of 980 amino acids in length with a theoretical molecular weight of 
72,738. 

Fibronectin RGD peptide AVTGRGDSPASA 

SLP3 monomer sequence GAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGS 
GAGAGSGAGAGSGA 

SLPF monomer design 
. . . GAGA GSGA GA AAGYGAGAGSGAGAGS.. . 

The insertion site, between the two alanines in the SLP3 monomer sequence 
(bold), was chosen because it precedes the location in the monomer sequence where 
the beta strand structure might be disrupted. Computer modeling indicated that the 
tyrosine side chain (Y) in the SLP3 sequence could not be easily accommodated in the 
SLP3 crystal lattice. Furthermore, the AGYG sequence containing the tyrosine side 
chain could adequately adopt a beta turn conformation. Inserting peptide segments 
adjacent to this sequence should position them at or near reverse turns flanked by 
crvstallizable beta strands. This location would promote exposure of the peptide 
sequence while maintaining a stable structure. 

ProNectin F is used as a coating reagent for cell cultureware, promoting the 
adhesion of more than 50 animal cell types to synthetic substrates like polystyrene, 
polyester, and Teflon onto which it can be deposited. Consistent with its design, 
ProNectin F has the following features making it a useful cell culture coating: 

1. withstands sterilization by autoclaving at 1203C without loss of activity 
2. adheres to plastic surfaces such as polystyrene without denaturation 
3. is optically clear permitting microscopic visualization of cells 
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4. is insoluble in aqueous solutions maintaining its adsorption to plastic in culture 
media at 37'C 

5. efficiently presents a natural cell adhesion sequence of human fibronectin 

The conformation of crystallized ProNectin F has been studied by wide angle 
X-ray scattering (WAXS) , transmission electron microscopy (TEM) , and selected 
area electron diffraction (SAED) (Anderson et a/. 1994). Results indicate that 
ProNectin F crystallizes into molecular "tiles" with area dimensions of 6.1 nm x 
11.8 nm. Depending on the mode in which the polymer solution is deposited (ie. 
equilibrium adsorption, dipped, or sprayed), the ProNectin F concentration, and 
the speed of drying or crystallization, the molecular "tiles" have various ways in which 
they can assemble. At low concentrations with very slow or no drying, an apparent 
monolayer will cover a hydrophobic surface. At higher concentration stacking will 
occur depositing more than a single monolayer. If sprayed from formic acid solution 
and allowed to dry slowly, fibrils composed of "tiles" are formed. Under more rapid 
drying, sprayed droplets of ProNectin F produce two dimensional lateral assemblies. 

From WAXÂ and SAED data of both ProNectin F lyophilized powder and 
sprayed fibrils, the current model indicates that ProNectin F crystallizes into a 
chain folded pleated sheet of beta strands (Anderson et ~1.1994). The strands 
are oriented antiparallel. The beta strands are not fully extended, but have a 
more compressed "crankshaft" conformation. This conformation agrees with the 
predicted conformation of nnoriented silk fibroin protein, the "Silk I" structure 
(Lotz and Keith 1971). The crystal dimension in the "c" direction (along the peptide 
backbone) is consistent with a theoretical length of 11.6 nm for nine SLP blocks (54 
amino acids) in this conformation. This predicts that the width of the ProNectin F 
"tile" is controlled at least in part by the number of amino acids in the silklike block 
domains. 

The conformation of the fibronectin blocks was not determined from these 
analyses. Since the fibronectin blocks are located between SLP block domains in the 
sequence of ProNectin F, it must be presumed that they occur at the turns between 
the crystallized SLP blocks. Their conformation is probably variable, but the fact that 
they are highly active as cell adhesion ligands, indicates that at least some of them 
are accessible and are exposed at the exterior of the crystalline region of the "tiles". 

Three additional protein polymers, ProNectin L's, have been designed and 
produced using the ProNectin strategy. Peptides from different regions of human 
laminin which have been reported to promote the adhesion of tumor cells and the 
outgrowth of neurites from neural cells (Tashiro et al., 1989, Sakamoto et a/., 1991, 
and Charonis et a/., 1988) were incorporated into the ProNectin designs. 

Laminin IKVAV peptide PGASIKVAVSAGPS 
Laminin F9 peptide RYWLPRPVCFEKA 
Laminin YIGSR peptide VCEPGYIGSRCD 

As for ProNectin F, each of these peptides was inserted within the monomer block 
sequence of SLP3 to produce the following monomers: 

SLPL3.0 monomer design 
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SLPL-F9 monomer design 
. . . GAGAGSGAGAGSGAARYVVLPRPVCFEK AGYGAGAGSGAGAGS.. . 

SLPL1 monomer design 

All three of these additional ProNectin monomers were polymerized to create 
polymer genes for production and testing. The SLPL3.0 polymer is 70,000 molecular 
weight and contains 12 repeats of the SLPL3.0 monomer. The polymer was produced 
using standard extraction and protein separation techniques. Purity of the final 
lyophilized product was determined by amino acid compositional analysis and 
microchemical elemental analysis to be 94.6% by weight. About 5% of the mass 
was water. 

SLPL3.0 polymer was evaluated for its ability to promote the attachment of several 
cell lines, HTl080 (human fibrosarcoma) , RD (embryonal rhabdomyosarcoma) , 
and PC12 (rat pheochromocytoma) . The purified productwas dissolved in a solution 
of 4.5 M LiC104 and diluted in phosphate buffered saline (PBS) to concentrations 
ranging from 100 to 0.14 ~ g / m l .  0.1 ml of the diluted polymer solution was 
dispensed to individual wells of a tissue culture polystyrene n~ultiwell dish. The 
solution was left in contact with the surface of the dish for 2 hours then the dish 
was rinsed with PBS several times and incubated with freshly harvested HT1080 cells 
in serum-free medium. After one hour, nonadherent cells were removed by rinsing 
in PBS and adherent cells were fixed and stained with naphthol blue black dye. 
The stained cells were quantified by solubilizing the dye in 10% sodium dodecyl- 
sulfate and determining its solution absorbance by spectrometry at a wavelength 
of 595 nm. 

The adhesion activity of SLPL3.0 was compared to fibronectin, laminin, and 
a synthetic peptide containing the laminin sequence (RKQAASIKVAVS). HT1080 
and RD cells adhered to SLPL3.0 coated wells in a dose dependent fashion (useful 
range of 30 to 100 fig/ml). Growth of cells was not affected by the coating. Cells 
reached normal confluency in all cases. The cell morphology of HT1080 and 
cells was improved when grown on SLPL3.0 coated plasticware. These cells appeared 
to be better spread and elongated than those grown on polylysine or laminin. PC12 
cells grown on SLPL3.0 coated plasticware in media containing nerve growth factor 
responded after 2 to 5 days by producing elongated processes. While the effect was 
not as pronounced as that observed on laminin coated dishes, the ProNectin L3.0 
coating outperformed uncoated dishes and those coated with polylysine, collagen 
type I, and fibronectin. 

Collagenlike Protein (CLP) Polymers 

The production of synthetic collagen analogues has long been a desire of structural 
biologists. Collagen is a major component of most of the structural and mechanical 
components of animal bodies. While taking many macroscopic forms, cornea, 
tendon, and intervertebral disk, the underlying molecular structure of all collagen 
materials is uniformly the collagen triple helix (Eyre 1980). Many medical devices 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



396 JOSEPH CAPPELLO 

are produced from or contain collagen protein which has been harvested from 
animals. In most applications, collagen is chemically crosslinked in order to increase 
its mechanical strength, reduce its immunogenicity, or increase its durability 
after implantation. A collagenlike polymer that could be designed with selected 
biological and physical properties such as gelation at predetermined temperatures, 
rapid hemostatic properties, excellent biocompadbility in wound healing, and 
controllable resorption is of high interest. 

Early attempts to create protein polymer analogues of collagen were relatively 
unsuccessful, illustrating one of the limitations of using biological synthesis for 
production of proteins (Goldberg et al., 1989, and Salerno and Goldberg 1992). 
Not all protein con~positions are expressed in microorganisms at equal efficiencies. 
We learned that E. coli is especially reticent to express proteins with high contents 
of the amino acid proline. Natural collagen chains contain about 22% proline or 
hydroxypi-oline ( orastein and Piez, 1964). In order to be configured as triple 
helices, collagen polypeptide chains require amino acid sequences in which glycine 
occupies every third position. Many amino acids appear in e other two positi 
however proline and hydroxyproline are highly preferred ( ilmes et al., 1973) 
have been successful in expressing protein polymers whose repeating amino acid 
blocks are segments of human collagen. 

Conformational studies of synthetic peptides modelled on collagen have shown 
that in order to adopt a triple helix conformation, proline contents between 33% 
and 66% are preferred (Kobayashi el al., 1970, Brown et a/., 1972, Doyle et al., 
1971, and Cabrol el al., 1981). We have shown that one of our polymers, CLP-C 
which contains 39% proline (see table) undergoes reversible gelation upon cooling 
at a concentration of 0.5% (w/v) in water. Circular dichi-oism (CD) or 1 more 
dilute solutions indicated that a conformational transition occurs with decreasing 
temperature. CD spectra consistent with triple helix formation were obtained for 
CLP-CB solutions at 5-50 - C (Figure 2) .  Heating above this temperature caused a 
change in the spectrum corresponding to a random polypeptide conforn~ation. We 
have not studied all of our CLP polymers by circular dichroism. However, all of 
the collagenlike protein polymers that we have tested undergo thermoreversible 
gelation upon cooling. We observe that the temperature at which they gel correlates 
with their proline contents (CLP3.1<CLP6<CLP3.7). 

The collagenlike polymers that we have produced to date are designed to be 
relatively deficient in charged amino acids. The repeating monomers of CLP3.1 
and CLP3.7 contain no amii~o acids with ionizable side chains. This feature 
forces the polymer chains to associate on the basis of hydrogen bonding and 
hydrophobic interactions which although weak individually, collectively can promote 
the formation of stable collagen triple helices. Charged residues participate in strong 
ionic bonds which might disrupt this process. 

Except for CLP-CB which has a molecular weight of 37,000, all of our CLP polymers 
have molecular weights between 72,000 and 92,000. They are all extremely soluble in 
water. Solutions greater than 50 wt% are easily produced and are quite fluid. We have 
fabricated dense films from CLP3.1 which have sufficient strength to be handled 
and manipulated into articles. The dry films have an ultimate tensile strength of 
approximately 22 MPa or 3,160 psi, an elongation to break of 4.7%, and an elastic 
modulus of 495 MPa or 71,000 psi. 
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e 2 Circular dichroic spectrum of collagenlike protein polymer, CLP-CB. Spectra were 
obtained using an Aviv Associates Model GODS spectropolarimeter calibrated in the UV range 
at wavelengths of 221 nm and 291 nm with D-pantolactone and D-10-carnphorsulfonic acid, 
respectively. The temperature of the optical cell was controlled by circulating ?cater from a 
Neslab Model RTE-4DD refrigerated bath. The initial spectrum was taken of a solution that 
had been stored at 4 d o r  at least 16 hours and had been equilibrated at 5 C in the optical cell. 
Spectra were obtained after increasing the temperature of the cell by 5'C up to 30'C and then 
by 10Â° up to 80Â°C All spectra were collected after a stable 220nm ellipticity was obtained. 
Data was collected every G.3nrn with a bandwidth of 1.5nm and a time a\erage constant of 5 
seconds. The polymer concentration was 0.02 mg/ml in 0.1 M sodium phosphate (pH 7.0). 

Protein polymers are analyzed by various methods to confirm their identity and 
to determine their quality (Hugli 1989, and Copeland 1994). Amino acid analysis, 
polyacrylamide gel electrophoresis (PAGE), western blot immunoreactivity, and 
mass spectrometry can be used to verify the identity of the protein polymer ( 
et a!., 1992). Because most protein polymers contain highly atypical amino acid 
compositions usually consisting primarily of a select few amino acids, amino acid 
analysis becomes a useful tool for identification of the product. The degree to 
which actual amino acid ratios in a product agree with the theoretical amino acid 
ratios as determined by the gene sequence will distinguish even closely related 
protein polymers. Since protein polymers are essentially monodisperse, they will 
electrophorese typically as a single band whose extent of migration through the 
gel can be correlated to standard molecular weight markers. We have developed 
antibody reagents specific for various amino acid sequence blocks contained in most 
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of our products. After electrophoresis, the protein bands can be transferred to filters 
which are reacted with various antibodies (western blot analysis). ProNectin F, for 
example, will react with anti-SLP and anti-FCB (fibronectin cell binding peptide) 
antibody but will not react with anti-ELP antibody. On the other hand, ProLastins 
will react with anti-SLP and anti-ELP but not anti-FCB antibodies. With some protein 
polymers, it may be possible to obtain a molecular ion whose mass can be precisely 
measured by matrix assisted laser desorption mass spectrometry and compared to 
its theoretical mass. 

Some of these same techniques as well as other standard methods can be used to 
determine the purity of the protein polymer preparations. PAGE, high performance 
liquid chromatography (HPLC) , and moisture analysis are used to analyze the entire 
sample in bulk. The amount of non-product species which are detected can be 
used to estimate a maximum purity. Specific contaminants such as polysaccharides, 
triglycerides, nucleic acids, and endotoxin are detected by specific tests. Assays for 
host cell derived DNA and antigens is performed with specific reagents developed 
for these agents. 

MATERIALS PROCESSING AND PROPERTIES 

Protein Polymer Solutions 

Depending on their specific compositions and the procedures by which they are 
produced, protein polymers may be soluble or insoluble in aqueous solution. The 
BetaSilk and ProNectin polymers are insoluble in water. From a lyophilized powder 
they can be dissolved in concentrated chaotropic solvents such as aqueous formic 
acid or lithium halide salt solutions. For example, SLP3 is soluble in 88% formic acid 
at 10 wt% or greater. If the formic acid is either diluted by addition of water or if its 
pH is neutralized, SLP3 will precipitate. SLPF is soluble in 4.5 M lithium perchlorate 
solution at 1 wt%. Once dissolved the solution can be diluted with water or phosphate 
buffer to 0.1 wt% or less. It will remain in solution temporarily depending on its 
concentration (0.01 wt% solution will precipitate in about 8 hours). 

Some ProLastin polymers are soluble directly in water (SELPO and SELP8). The 
solubility of ProLastins with SLP domains containing eight or more silklike blocks 
are generally not directly soluble in water. This is probably dependent on the degree 
to which the silk blocks have crystallized prior to production of the dry product. 
For example, SELP3 is not soluble in water while SELP5 is soluble in water if 
lyophilized from dilute solution. Aqueous solutions of SELPs can be produced by 
initially dissolving the polymer in formic acid or urea solutions and then either 
diluting with water and neutralizing the pH or dialyzing the solution against water 
or buffer. SELP3 solutions greater than about 1 wt% will ultimately gel. The other 
SELP solutions are stable for longer periods. SELPO can be kept in solution at room 
temperature indefinitely. 

Our protein polymers are generally not soluble in organic solvents. In fact, 
common organic solvents such as methanol and acetone can be used as nonsolvents 
which will induce the crystallization and precipitation of polymers containing silklike 
blocks. Except for SELPO, once crystallization is induced they are no longer soluble 
in water. These properties are used in the preparation of water stable materials from 
ProLastin polymers. 
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ProLastm Gels 

ProLastins can form aqueous stable gels using procedures which take advantage of 
their immediate water solubility and the propensity of their silk blocks to crystalize. 
For ProLastins that are readily soluble in water such as SELP8 (and SELP7 and 
SELP5, depending on their lyophilization conditions), the polymer is dissolved in 
water or buffer, mixed thoroughly, and allowed to set at room temperature or 37'C. 
In minutes to hours, a solid hydrogel is formed which has not been contacted by 
organic solvents, resists dissolution in water, is thermally stable, and is mechanically 
stable to vigorous agitation. 

ProLastins that are not immediately water soluble such as SELP3 can be formed 
into gels by first dissolving the lyophilized protein in formic acid solution at 2-6 
wt% or greater. A coagulant solution consisting of 5 parts 100% ethanol, 2 parts 
30% ammonium hydroxide, and 2 parts deionized water is slowly added such that a 
mixture of 9 parts of the coagulant solution to 1 pan  of the protein polymer solution 
is produced. The pH of the final mixture is approximately neutral. The mixture is 
sealed in a container and allowed to set at room temperature. Once set, the gel can 
be equilibrated against phosphate buffered saline (PBS) or other solutions in order 
to remove salts and alcohol. Gels of SELP3 can also be produced by solvent exchange 
methods. SELP3 is dissolved in 6-10 M urea solution at 10 ma;/ml or greater. The 
solution is then exchanged with water or buffer to produce a gel. 

ProLastin Dense Films 

Transparent and flexible thin sheets ofProLastin polymer can be produced by solvent 
o- a common film casting methods. Films of all ProLastins have been produced usina 

method. A polymer solution containing 1-5 wt% protein in 88% formic acid or 
water is filtered and degassed. The solution is poured into a casting tray whose lower 
surface is siliconized glass, polystyrene, or polyethylene and the solution is dried 
under vacuum. Drying times can be reduced by slowly purging the vacuum chamber 
with air or nitrogen and heating up to 6VC. The dry film can be removed from the 
dish directly or floated off with methanol or ethanol. Films produced from all of 
the ProLastins except SELPO are completely stable in water and can be washed and 
equilibrated with buffer. SELPO films will swell in water and over the course of 24 
hours will dissolve. 

ProLastin films are mechanically stable and flexible in their dry states. Mechanical 
properties of some dry SELF and CLP films are shown in Table 3. Those films which 
are stable in water soften and become quite flexible upon wetting. The tensile 
strength of wet SELP8 films decreases to about 1-2 MPa as compared to almost 
20 MPa for the dry film and the elastic modulus decreases by about 5 fold. These 
properties should be considered minimums since the mechanical testing of film 
specimens is extremely sensitive to specimen defects. 

A number of solvents and coagulants have been used for wet spinning fibers 
composed of BetaSilk and ProLastin polymers. Solvents include 98% formic acid, 
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Table 3 Mechanical Properties of Protein Polymer Films (Dry) 

Polymer Thickness Tensile Strength Elongation Elastic Modulus 

(cnl) ( MPd ) (%) (M%) 

50% phosphoric acid, formic acid containing 5-15% lithium chloride or lithium 
bromide, 9M aqueous lithium bromide, and hexafl~~oroisopropanol (Cappello and 
McGrath 1994, and Lock 1992). Methanol, acetone, acetic acid, and 75% (w/v) 
aqueous ammonium sulfate are effective coagulants. 

Fibers have been produced by extruding 40% (w/v) polymer dopes in 9 M LiBr 
from a 26-gauge needle through a coagulant bath containing acetic acid or acetic 
acid/acetone mixtures. Fiber diameters ranged from 10 pm for SELP1, 20 pm for 
SLP3 and SLP4, to 40 pm for SELP3. The fibers showed obvious inhomogeneous 
internal morphology when observed by light microscopy. In the cases of SELP3 and 
SLP3, this roughness could represent microcrystalline defects in the fiber due to 
incomplete or nonuniform coagulation. When fibers of all four compositions were 
placed in water to evaluate their stability, no changes occurred in their appearance, 
diameter, length, or internal morphology. 

Fibers of all four polymers were analyzed bywide-angle, X-ray scattering in order to 
determine their crystallinity and their degree of orientation (Cappello and McGrath, 
1994). All samples showed a strong reflection at approximately 4 . 6 ~ .  This reflection 
gave clear evidence of substantial amounts of beta sheet structure in the fibers. 
However, no evidence of molecular alignment or orientation was seen in any of the 
samples. 

Recently, fiber spinning and mechanical properties of fibers produced from 
protein polymers were reported (Lock, 1992). Fibers were produced as continuous 
filaments from our protein polymer compositions, SLP4. SELP1, SELP3, and SLPF. 
The filaments were drawn while wet at various draw ratios to improve mechanical 
properties. The properties obtained for these protein polymer fibers are displayed 
in Table 4. A range of fiber properties can be obtained from a single protein 
polymer composition depending on a number of processing variables including 
solvent, protein weight percent in the dope, time of coagulation, draw ratio, drying 
parameters, etc. As expected, tenacity and initial modulus of these fibers are 
improved by drawing. Trapping the drawn configuration of the fiber by drying it at a 
fixed elongation gives the greatest improvement in strength. Drawing and allowing 
the fiber to shrink during drying improves elongation. 

ProLastin Fibrous Meshes 

SELF polymers were fabricated as nonwoven fibrous meshes to produce fibrillar 
mats which were flexible, had good drapability, and were stable in wet environments. 
Fibrous meshes were produced from SELP5, SELP7, and SELPF by extruding the 
polymer dope containing 20-33% (w/v) protein into a high velocity gas stream. 
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Table 4 Protein Polymer Fiber Properties 

Polymer Draw Ratio Diameter3 Tensile Strengthh Elongationc Modulusd 
(microns) (MPa) (%) (MPa) 

SLP4 
sLP4e 
SLP4 
SELPle 
S E L P I ~  
SELP3 
SELPsC S 

SELPse 
SLPF 
SI.PFr 
SLPFf 

I l l  
74 
66 
68 
79 
28 
70 
25 
I l l  
61 
63 

dCalculated from denier, assuming fiber density of 1.1 g/cm3, "Ultimate tensile strength at break, c% 

of resting length, ^Initial modulus, filaments were fixed at constant length during drying, [filaments 
were allowed to shrink while dning ,  ̂ Dope solvent was formic acid containing 10% (w/v) LiCl. All other 
filaments were spun from hexafluoroisopropanol dopes. 

Fine filaments were collected on a circular, metal wire loop forming a web of 
suspended filaments in the center. Webs were removed from the loop and pressed 
into fibrous meshes. The meshes were stabilized by immersing them in either 
methanol or ethanol and dried under ambient conditions. The meshes were 
sterilized by electron beam irradiation at a dose of 2.5 MRads. 

The meshes consisted of fine filaments whichvaried in diameter from 0.1 to 10 pm. 
The meshes were stable when placed in saline for more than 24 hours. 

ProLastin Porous Sponges 

SELF polymers have been produced as three dimensional, porous sponges to serve 
as implantable materials that might support cell and tissue ingrowth. A 3.0% (w/v) 
aqueous solution of SELP5 was poured into sterile plastic Petri dishes (35 mm 
diameter), covered, placed on a small plastic tray and frozen. After freezing, the 
Petri dishes were placed into a lyophilization flask and lyophilized to dryness. The 
sponges were removed from their Petri dishes and immersed in methanol at room 
temperature for 5 minutes. Methanol was removed from the sponges by washing 
extensively with water. The sponges were returned to the 35 mm diameter Petri 
dishes, frozen, and again lyophilized. The lyophilized sponges were sterilized by 
electron beam irradiation at 2.5 Mrads. 

SELP5 sponges were dimensionally stable when immersed in saline or water. 
Minimal swelling was observed. 

Coatings 

Some proteins such as fibrinogen, serum albumin, fibronectin and collagen have 
been used to coat the surfaces of synthetic materials to improve their biocom- 
patibility. A protein's inherent ability to stably adsorb to hydrophobic surfaces 
is due to its surfactant properties. Since proteins normally exist in an aqueous 
environment, their external surfaces are hydrophilic and their internal surfaces 
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are relatively more hydrophobic. When exposed to a hydrophobic surface, a protein 
may invert itself exposing its hydrophobic core such that a tight, multiple contact 
hydrophobic bond occurs between the hydrophobic material and the protein. While 
the hydrophilic surfaces of the protein may still be available for exposure to the 
aqueous environment, considerable conformational distortion can occur during this 
rearrangement possibly altering the protein's biological activities. 

BetaSilk and ProNectin polymers avoid this problem because their biological 
and chemical properties are robust and distinct from their surfactant properties. 
The crystalline silklike blocks have the ability to expose both hydrophilic and 
hydrophobic faces depending on the orientation of the beta strands within the sheet. 
In this sense, the protein is a planar surfactant. When exposed to a hydrophobic 
surface, a crystalline SLP sheet containing mostly alanine side chains (methyl 
groups) adsorbs to the surface. The serine side chains (containing hydroxyl gi-o~ips) 
may rotate away creating a fairly hydrophilic surface. The coating of polystyrene 
or polypropylene surfaces with SLP3 increases their wettability. Depending on the 
coating conditions and the degree of surface coverage, advancing contact angles on 
polystyrene surfaces can be decreased from 110' to 40", demonstrating a significant 
increase in immediate wetting upon coating with SLP3. The coatings are stable to 
washing in water or isopropanol, resist further adsorption of proteins, and are not 
readily displaced by low molecular weight surfactants. 

The RGD cell adhesion blocks in ProNectin F occur at positions outside the 
crystallizable silklike blocks. Since they do not participate in crystallization, they also 
are not disturbed by it. If ProNectin F adsorbs onto hydrophobic plastic surfaces 
like polystyrene in a mode similar to SLP3, then once adsorbed, the cell adhesion 
blocks should be fully exposed to the aqueous environment available for interaction 
with cellular receptors. ProNectin F promotes the attachment of a wide variety of 
cell types at coating concentrations as low as 160 ng/cm2. With some of these cells, 
ProNectin F exceeds the activity of natural cell-attachment proteins, even exceeding 
the activity of fibronectin, from which the ProNectin F cell-attachment sequence 
block is modeled. At room temperature, the polymer coating is optically clear and 
has a dry shelf life of at least one year at room temperature. 

ProNectin's chemical stability has allowed us to develop fine aerosol spraying 
methods for covering flat surfaces with minute amounts of the cell adhesion polymer. 
Original spray methods for ProNectin F employed concentrated formic acid, one 
of the few solvents in which the protein was completely soluble. 
friendly process was developed when ProNectin F was rendered water soluble by 
chemically modifying the protein. The chemically modified ProNectin F can be 
sprayed from a solution of polymer in deionized water allowing for easy solvent 
handling. Once dried on the surface, the chemically modified ProNectin F is not 
removed by water and the sprayed surface promotes cellular adhesion just like 
original ProNectin F. Presumably, neither the planar surfactant qualities nor the 
biological recognition of the polymer were altered by the chemical modification 
(Stedronsky, unpublished). 

The BetaSilk backbone on which ProNectin F is built renders the molecule 
considerably chemically and thermally resistant to denaturation and loss of biological 
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activity. Thermogravimetric analysis of ProNectin F revealed that except for the 
loss of bound water at about 9 3 C  little, if any, weight loss occurred up to 200Â°C 
Differential scanning calorimetry confirmed that this weight loss corresponded to 
loss of water of hydration in the amount of 5 7 %  by weight. DSC analysis revealed no 
other thermodynamic transitions, consistent with a proposed structure consisting 
of highly hydrogen bonded, compact, crystalline sheets. This degree of thermal 
stability allowed us to demonstrate that ProNectin F can be injection molded 
directly with plastics which have melting temperatures up to 180'C (Stedronsky 
et al., 1994). The molded parts contain biologically active ProNectin F at their 
surfaces, promoting cellular adhesion. In fact, under appropriate conditions, the 
surface concentration of ProNectin F can be 100 times that expected for an additive 
distributed homogeneously throughout the bulk of the plastic. 

BIOLOGICAL PROPERTIES 

In-Vivo Resorption 

The rate at which an implanted material resorbs or biodegrades within the body 
can be a major factor in determining its utility as a biomaterial. A limited number of 
materials have been shown to be suitable for the fabrication of medical devices which 
must degrade and resorb in the body without detrimental consequences. Synthetic 
polymers have demonstrated their ability to vary their resorption characteristics by 
compositional changes. However, this variability is accomplished at the expense 
of mechanical properties. Change in composition of the polymer also effects the 
mechanical properties of the material. Rapidly resorbing compositions are often 
soft and weak. Slow resorbing compositions are stiff and strong. 

ProLastin polymers are a family of protein-based materials whose resorption rate 
in uivo can be controlled by adjusting the sequence and notjust the composition of 
the polymer (Cappello et al., 1995). These adjustments can be made so as to cause 
little change in the formulation characteristics of the materials, their physical forms, 
or their mechanical properties. They have good mechanical integrity with no need 
for chemical crosslinking. They degrade by enzymatic proteolysis and are presumed 
to resorb by surface erosion. Their breakdown products are peptides or amino acids 
which are electroneutral at physiological pH and cause no undue inflammation or  
tissue response. 

ProLastin film specimens for implantation were produced from five SELF compo- 
sitions and denatured collagen protein (DCF) using identical solvent evaporation 
methods. Bovine collagen was obtained from Colla-Tec, Inc. (Plainsboro, NewJersey, 
fibrillar form, lot number 921 101). It was completely solubilized in 88% formic acid 
producing a clear but viscous solution. After drying, the films were laminated onto 
clean polyethylene and 1.3 cm diameter discs were punched out. The specimens 
were sterilized by electron beam irradiation at 2.5 Mrads. 

Each disc was implanted subcutaneously in the back of a rat such that the protein 
film was in direct contact with the muscle tissue. The specimens remained in the 
animals for 1 week, 4 weeks, and 7 weeks post implantation. At each time interval 
6 specimens per polymer group were retrieved for protein analysis. Additional 
specimens from each group were evaluated for tissue reaction by histology. 
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Table 5 Resorption of ProLastin Polymer Films: Film mass remaining as a percent of 
nonimplanted initial specimen mass 

Time DCP SELPO SELP8 SELP3 SELP4 SELP5 

0 Week 100% 100% 100% 100% 100% 100 % 
1 Week 2.3% 4.3% 132% 99% 96% 91% 
4 Weeks 3.9% 2.2% 98% 104% 112% 88% 
7 Weeks 1.1% 0.8% 18% 58% 10.5% 103% 

Note: SELP7 film resorption results originally reported in this study (Cappello el al., 1995) are not  included 
in this data because the film thickness of those specimens was less than half that of all other films. Film 
thickness has a strong influence on  ultimate resorption time. 

Nonimplanted and retrieved specimens were analyzed to determine the mass 
of SELF film contained per specimen. By amino acid analysis (Henrickson and 
Meredith 1984), the amino acid contribution of the SELP protein was estimated 
based on the total content of the amino acids glycine, alanine, serine, valine and 
proline which for the pure polymers is >95%. 

Table 5 displays values for the mass of protein film contained on specimens after 
implantation as a percent of the initial weight prior to implantation as determined 
by the mean mass of the nonimplanted specimens. Each value is the mean of at 
least 5 specimens. The results indicate that upon implantation, SELPO and DCP 
(denatured collagen protein) were substantially resorbed by 1 week, falling below 
5% of their non-implanted masses. SELP8 and SELP3 were resorbing by 7 weeks with 
mean values of 18.1% and 58.2% remaining, respectively. SELP4 and SELP5 films 
showed no evidence of resorption by 7 weeks. (Note: SELP7 film specimens included 
in the original report of this data (Cappello et al., 1995) is being reevaluated because, 
although they were completely resorbed by 4 weeks, their thickness was less than half 
of all other film specimens in this study. The thickness of the film is an important 
variable in determining ultimate resorption time.) 

The different rates of resorption observed for different SELF films is apparently 
due to the difference in composition of the polymers. SELPO films resorbed by 1 
week, SELP8 films were almost completely resorbed at 7 weeks, SELP3 films were 
60% resorbed by 7 weeks, and neither SELP4 or SELP5 films showed any resorption 
at 7 weeks. Faster resorption correlated with compositions containing domains of 
silklike blocks less than eight. SELPO and 8 have repeating domains of 2 and 4 silklike 
blocks. SELP3, 4, and 5 all consist of domains containing 8 silklike blocks. The 
average content of silklike blocks in the copolymer composition did not correlate 
with resorption rate. SELP8 and SELP5 have identical compositional ratios of elastin 
to silk blocks (2.0), yet SELP8 resorbed substantially in 7 weeks and SELP5 showed 
no signs of resorption. 

These data indicate that the resorption rate of SELF copolymers can be changed 
by precisely controlling the number or the length of silklike and elastinlike blocks 
contained per repeating segment. This control cannot be obtained simply by 
controlling the compositional ratio of these blocks in the final copolymer. Faster 
resorption of ProLastins can be accomplished by decreasing the number of silklike 
blocks per repeating domain to less than 8. Slower resorption can be obtained by 
increasing the number of elastinlike blocks per repeating domain to greater than 8. 
It may be possible to obtain equivalent resorption and different material or biological 
properties by adjusting both block structures. 
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Histological Evaluation 

ProLastin films 

The SELP films analyzed for resorption were also evaluated histologically to 
determine the nature of the tissue response and the consequence of resorption on 
the surrounding tissue. The tissue responses of four implanted specimen types, blank 
polyethylene discs and discs laminated on one side with protein films composed of 
SELPO, SELP5, and denatured bovine type I collagen (DCP), were compared after 
being implanted for 1 week (Figure 3). The protein sides of the polyethylene discs 
on which the protein films were laminated were implanted adjacent to the muscle 
in subcutaneous pockets on the back of rats. The resorption studies indicated that 
the DCP and SELPO films resorbed completely at 1 week and that the SELP5 film 
showed no evidence of resorption through 7 weeks. 

The blank polyethylene implants elicited a mild inflammatory response which 
at 1 week was characterized by the presence of densely packed monocytes and 
macrophages (Figure 3A). Some fibroblasts were present at the outer perimeter 
of the cellular infiltrate which surrounded the implants. No significant collagen 
deposition had occurred. The total width of the inflammatory zone averaged about 
10-15 cells in thickness. 

The protein side of the DCP specimens elicited a more pronounced cellular 
infiltrate which was approximately 40 cells thick, consisted mostly of monocytes and 
macrophages, and was much more diffuse than the blank polyethylene (Figure 3B). 
The cells adjacent to the implant formed a dense, two cell thick layer of macrophages 
which were more or less rounded. Farther from the implant, the macrophage 
infiltration became more diffuse. A few thin layers of fibroblasts were present at 
the outer perimeter of the inflammatory zone. 

Protein specimens containing SELPO films elicited a mild response which was 
comparable in thickness to the collagen specimens but was remarkably more diffuse 
(Figure 3C). There was a single layer of macrophages adjacent to the implant which 
were quite flattened parallel to the implant surface. Beyond this inner layer, the 
zone consisted of a mixture of macrophages and fibroblasts and some loosely packed 
collagen fibrils. 

Specimens containing the nonresorbing SELP5 films elicited a mild response at 1 
week after implantation, but the response was peculiar in that the features of the zone 
were those characteristic of a healing response beyond the 1 week stage as compared 
with the blank polyethylene, the DCP, and the SELPO film specimens (Figure 3D). 
The zone was narrow, comparable in thickness to the blank polyethylene, and 
consisted primarily of fibroblasts with only occasional, small pockets of macrophages. 
Collagen deposition was extensive and well organized with fibrils parallel to the 
implant surface. The cell layer adjacent to the implant was a single cell thick and 
consisted of highly flattened cells whose identity could not be distinguished as 
macrophage or fibroblast. 

Overall, the tissue responses elicited by these specimens at 1 week were mild. 
The protein film specimens were distinguished from each other by the types 
of cells contained in the zone of cellular infiltration, their density, and their 
degree of advancement through the healing response. The nonresorbing SELP5 
film specimens exhibited the most advanced cellular zone with a well organized 
and fairly condensed collagen capsule. The SELPO film which had resorbed 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



51043.color inserts.qxd  7/18/2005  11:53 AM  Page 4

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



51043.color inserts.qxd  7/18/2005  11:53 AM  Page 5

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



408 JOSEPH CAPPELLO 

implanted subcutaneously in rats and evaluated l~istological at 3, 7 ,  14, 21, 28, and 
56 days. Both materials elicited a mild inflammatory response which initiated upon 
implantation and resolved itself rapidly progressing through a healing response from 
3 to 21 days. Particularly with respect to the SELP5 sponges, there was no evidence 
of edema or hemorrhage and no prolonged neutrophil or polymorphonuclear 
phagocyte infiltration. This indicated that there was no persistence of the acute 
inflammatory phase reflecting good surgical technique, the lack of infection and, 
importantly, the overall biocompatibility of the materials. 

There was no progression of the inflammatory response beyond the mid-stage 
macrophage foreign body reaction. Spatially and temporally, the response spread 
into the sponge from the exterior, and the density of cells did not change over 
what it was at the perimeter of the implant. Very few, if any, foreign body giant cells 
were present. There were no indications that the response was progressing toward 
chronic inflammation or that the response was causing a destruction of adjacent 
tissue. Through 28 days, there was no evidence of large numbers of monocytes or 
lymphocytes which would be indicators of chronic irritation to the surrounding 
tissues due either to low le\el toxicity or immunogenicity of the material. 

Two distinguishing characteristics of the SELP5 sponges as compared to the 
collagen sponges were their greater stability and their more rapid and complete 
infiltration by cells as early as 14 days. The SELP5 sponges remained essentially 
stable for at least 28 days. The SELP5 sponges allowed the migration of cells into 
their internal structures. Considerable infiltration had occurred at 14 and 21 days, 
although it was somewhat inconsistent. At 28 days, SELP5 sponges were almost 
completely infiltrated. This was in contrast to the collagen sponges which did not 
infiltrate even at 21 days. In those areas of the SELP5 sponges where infiltration was 
complete, a new tissue formed consisting of cells, sponge, and new collagen. There 
were very few open spaces. Blood vessels had formed. Fibroblasts were present and 
new connective tissue had been laid down, evident by the "veins" of collagen that 
marbled through the more open areas of the sponge. 

Fibrous meshes produced from SELP7 and SELP5 were applied to 2 x 2 cm partial 
and full thickness dermal wounds in pigs in order to investigate their biocompatibility 
with healing tissue. The edges of the meshes could be pulled across the tissue allowing 
the mesh to be spread and/or arranged over the wound. The wounds were covered 
and examined every two days for signs of bioincompatibility. No adverse effects were 
observed in wounds containing SELP fibrous meshes. After 14 days, the wounds were 
completely epithelialized. Histological examination of tissues from wounds to which 
SELPF fibrous webs had been applied showed that some of the filaments had been 
incorporated into the healing tissue. 

SELP5 sponges were similarly evaluated. 2 x 2 x 0.4 cm specimens were applied 
to 2 x 2 cm full thickness, dermal wounds in pigs and compared to 2 x 2 x 0.3 
cm specimens of Helistat (collagen hemostatic sponge, Marion Laboratories, Inc., 
Kansas City, MO.). After bleeding was controlled and the wound flushed with saline, 
the specimens were laid into the tissue void such that they would firmly contact the 
wound bed. The sponges adhered well to the wound bed and resisted removal under 
mild tension. 
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All wounds were covered with petrolatum gauze pads and bandaged. After 7 
days, the wounds were undressed and observed to determine the extent of healing. 
Wounds containing SELP5 sponges had progressed normally through the healing 
process as compared to wounds to which no material was applied. No evidence of 
excessive inflammation was observed. Epithelialization of the wound was in pro., uress. 

Immunogenicity 

SLPF and several SELF polymers have been evaluated for immunogenicity in 
rabbits. Five rabbits were injected with 1 ml of a 10 mg/ml polymer solution 
(or suspension) in saline. After 6 weeks and 8 weeks, the same animals received 
booster injections of 1 ml of 0.5 mg/ml polymer solution. Serum was drawn 
prior to the initial injection, just prior to the first booster injection, and one 
week after the last booster injection. The sera were analyzed for immunoreactivity 
by ELISA. ELISA plates were either coated with the injected polymer or with 
synthetic peptides containing the sequences of the various repeating blocks of 
the polymers. Antipeptide hyperimmune serum generated against SLP peptide 
( [GAGAGS] g ) ,  ELP peptide ( [VPGVG] g ) ,  or FCB peptide (human fibronectin 
cell binding sequence, YTITWAXTGRGDSPASSKPISINYC) were used as positive 
controls. The degree of immunoreactivity was expressed as the maximum dilution 
of serum giving twice the background color intensity of negative control wells which 
contained reagents only and no serum as compared to positive control dilutions. 

The rabbit study results indicated that as compared to hyperimmune anti-peptide 
sera, minimal reactivities directed at the injected polymers were found with sera from 
all animals injected wit11 SELPO, and SLPF (<loo, Table 6). Only one of five animals 
injected with SELP3 had a slightly elevated reactivity in the final serum (180). The 
other four animals had reactivities of 60 or below giving an average reactivity for all 
five animals of 53.2. In all of these assays, positive control hyperimmune anti-SLP and 
anti-FCB sera gave reactivities from 1000 to 4000 and anti-ELP sera gave reactivities 
from 400 to 800. Three of the five animals injected with SELPF had reactivities in 
their final sera of 120, 320, and 640. The other two animals had scores of 12, and 
32. The five animal average for SELPF was 225. The level of reactivity in the final 
serum samples either remained unchanged or was only slightly elevated as compared 
to the six week serum samples (prebooster). This indicated that little lymphocyte 
clonal propagation had occurred upon initial injection of the polymers and that the 
successive booster injections did not lead to hyperimmunity. 

By coating the ELISA wells with individual peptides containing the sequences of 
the SLP, ELP and FCB blocks, we were able to determine where the immunoreactivity 
of the SELPF polymerwas directed. The final sera from each of the animals exhibiting 
elevated reactivities reacted only with the SLP peptide with a reactivity score of 108. 
No significant reactivity was directed at the ELP or FCB peptides. 

Immunogenicity of a protein product depends on the exact composition of the 
product. Changes in the amino acid sequence can effect the nature and magnitude 
of the immunological response obtained. The lack of significant immunoreactivity 
of products composed of SLP, ELP and FCB peptide blocks gives us confidence that 
such materials may be used safely in the body. However, continued testing of all new 
products in multiple animal species and, ultimately, in humans is needed to assure 
that a product is not immunogenic. 
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Table 6 Im~nunogenicity of SELPO, SELP3, SELPF and SLPF Polymers 

Injected Antigen ELIS.1 Antigen Prebooster Serum Titer Final Serum Titrr 

SELP0 SET PO 
SLP pepticle 
ELP peptide 

SELP'i SEL P'S 
SI P peptick 
ELP peptide 

SLI PF SELPF 
SI P peptide 
El  P peptide 
FC B peptide 

SLPF SLPT 
SLP peptidc 
FOB peptide 

SLP peptide SLP peptide 
El P peptide kl P peptide 
FC B peptide t C  B peptide 

Values indicate the maximum dilutions of serum ~vhich gave reactixities at least h\ ire  the background 
reactivity ot negative coiitrol wells in ELdIS.l assavs. Each xalue represents the avcragc of three to five 
animal sera tested per polymer composition except for positive control sera which came from a single 
animal. NT = not tested. 

"Positive control 11yperin1munc sera \\.ere generated in rabbits bv conjugating pepticles to keyhole limpet 
l l e m o c ~ r i i n  or bovine serum albumin, mixing vith Fre~iiid's complete adjuvant, and  injecting 10 lrlg of 
conjugate followed by four successive 10 mg booster injections at weeks 2, 3, 5, and 7. Final sera were 
obtained at 8 \\eeks. 
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Polymer Composition Table: Source of all polymers is Protein Polymer Technologies, 
Inc. 

Each protein polymer is produced as a repetition of the amino acid sequence 
blocks as shown below under "Polymer Structure". Additionally, each polymer chain 
contains a unique "Head" and "Tail" sequence which is contiguous with the repetitive 
portion of the chain. All of the head and tail sequences are derived from the E. coli 
expression gene to which each polymer gene is fused. Variations in the head and tail 
sequences are due to DNA changes which facilitate the fusion of the various polymer 
genes to the expression gene. If desired, all head and tail sequences have been 
designed such that they can be efficiently cleaved and removed from the polymer 
chain by treatment with cyanogen bromide which cleaves peptide bonds immediately 
adjacent to methionine amino acids (M) . 
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Pohmer Name Polvmer Structuie Chain Length Molecular Weight 

Betasilks 
SLP4 

SLP3 

SLPC 

ProNectins 
SLPF 

SLPL1 

SLPL3.0 

SLPL-F9 

ProLastins 
SELP0 

SELP1 

SELP3 

SELP4 

SELP5 

SELP7 

SEL,P8 

SELPF 

Head1 (GAGAGS) 167 Tail1 
1101 amino acids 

Head2 [ ( G L G A G S ) ~  GAAGY] Tail2 
1 178 amino acids 

Head3 [ ( G A G ~ L G S ) ~  GAAGAGCGDPGKGCCVAGAGY] Tail2 
1332 amino acids 

Head4 [ (GAGAGS) GAA\TGRGDSPASAAGY] 12  ail^ 
980 amino acids 

Head5 [ (GAGAGS) GAAVCEPGYIGSRCDAGV 1s  ail? 
1065 amino acids 

Head6 [ (GAGAGS) <, GAAPGASII<VAVSAGPSAG~2 Tail2 
1019 amino acids 

~ e a d ?  [ (GAGAGS) GAAR'W'LPRPVCFEKAAGY Tail2 
945 amino acids 

Head8 [ (GVGVP) (GAGAGS) 21 Tail3 
997 amino acids 

Head9 [GAA(GVGIl'), VAAGY(GAGAGS)t,] Tail4 
1205 amino acids 

Head1(! [(GVGVP) (GAGAGS) a] Tail5 
I 113 amino acids 

Headlo [ (GVGVP) (GAGAGS) ,;I a Tail6 

Headlo 

Head1() 

Head'" 

Head'" 

1029 amino acids 
(GVGVP) l h  (GAGAGS) 7 Tail7 

1081 amino acids 
(GVGVP)a (GAGAGS),;] Tail" 

1045 amino acids 
(GVGVP) a (GAGAGS) 4] Tail9 

889 amino acids 
(GVGIT)8 (GAGAGS) 12 GAAVTGRGDSPISAAGY (GAGAGS) A, Tail1') 

101 1 ammo acids 75,957 

Collagenlike Polymers 
CLP-CB Head" [ [GAP (GPP) 4], GLPGPKGDRGDAGPKGADGSPGPA GPVGSP] ,j Tail" 

417 amino acids 36,958 
CLP6 Head" [ (GAHGPAGPK) -,, (GAQGPAGPG) 94 (GAHGPAGPK) ;,I 4 %ill2 

1065 amino acids 85,386 
CLP3.1 Head" (GAPGAPGSQGAPGI-Q)gg TailJ9 

1077 a n ~ i n o  acids 91.266 
CLP3.7 Head" (GAPGTPGPQGLPGSP)52 Tail12 

838 amino acids 72,637 

Head1 - ftIDP\TTQRRDIVENPG\TQLNRLAAHPPFASDP\IGIGS 
Tail1 = WGAMDPGRIQLS IGRYHYQLW CQK 
Head2 = fMDPlTTQRRD\\'ENPG\ rQLNRIA,\HPPFASDPMGIGS(GAGAGS)bG U G Y  
Tail2 - (GAGAGS) ,GAG \MDPGR\QLS AGRM IYQL\'\\ CQK 
Hea& = fMDP\'VLQRRD\\TENPGmQLNRLAAHPPFASDP\IGAGS (GAGAGS) 6G \AGA 
GCGDPGKGCCI AGIGY 
Head1 = fMDPWI QRRDI\'ENPG\TQLNRL-\-\HPPFISDPMGIGS(GAG VGSj &VWT 
GRGDSPISAAGV 
Headi = f \IDP\VLQRJRD\\TNPG\TQLN~HPPFASDP\IG\GS(GiG\GS) &^AVC 
EPMIGSRLDAGY 
Plead6 = fMDP\TT.QI^DW^TG\TQLNRL.^AHPPFASDPMGAGS (GAGAGS) 6GAAPG 
ASIKVAVSAGPS XGY 
Headi - f\IDPITTQRRD\VENPG\TQIANRLÂ¥V,\f-IPPFASDPMGAG (GAGAGS) 
WTPRPVCFEKAAGY 
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Head8 = BIDPIT I QRKJWmPC^TQLNRL\.AHPPFV-iLRFC MGS 
Tail' - MCT'R.\RGlQLS XGRYHI QL-\-\\ ( Q h  
Head% fMDP\ \ L (QRRIW U P C A  1 0 1  NRI  \AHPPr\SDPMG\GS(G VG VLSL, 
Tail4 = G\ \(GI G\ P),\ \A(.,\ (G\G\GS),G\GUIDPGR\QLS \GR\'mQL\T\ ( QK 
Head1" = tMDP\TWRRDWE\PG\TQL\RLAAHPPF \SDPhlG\GS(C7\GXGS) J 

Tail" - (GI G\ P) (G\G\GS)rG\G \\IDPGRWLS VGRYmQL\ \ \  C Q h  
Tail' = (CA GI P) p (G \G \GS) ,CAG\\IDPGR\QLS\GRVH\QI \T\ C Qh 
rail" - ( C A  CAT) (G\GA.GS) ,G\G VMDPGRWI S \GRYH\QLV\\ ( Q h  
TXIL (GI G\l'), (GAG \GS) 3G\G\MDPGR\QLS\(7R\H\QL\ \\ C Q h  
Till" = (CA CA P) , (G\G\GS) ,G\G\\IDPGK\OLS\GR\ H\ QI lT\ ( QK 
Taill'l = ( G \ G \ G S ) 2 ( A G \ \ l D I ' G R ~ I  S\GRYm(lIVU C Qh 
Head" = f\IDPV\ 1 (lRRWVE\PG-\TQL\RL\.AHPPF\SDP\I 
Till1' = G \ U C  VHR\QLS\GRYHYQL\T\ C Q h  
Tail' ' - G \hlDPGR\QLS\GR\IIl QLT \\ C Oh 
Sinqlc aimno acid code 4, iil~inirie, C , c~steme D aspaitic acid E glutan~ic acid F, phcn\lalanine G 
yliciiie H lii'itidme I isoleucinc h I I Ã ˆ ~ I  1 leucine h1 nietlnonine '4 aspaiaqine P, ~ l i ~ h l l ?  (1, 
qlutiimiiie R ar<ininc, S, 5erine T thieoume, I ,  \idme, \\ trxptoplian \ tuo-iine 
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INTRODUCTION 

Examining the interfacial chemistry of drug delivery devices which are based upon 
bioerodible polymers has been recognised as being one of the important routes 
to understanding the in  vivo operation of these rather complex systems. When any 
foreign material is placed in intimate contact with biological fluids a vast number of 
physicochemical processes may occur including protein adsorption, cell attachment, 
diffusion of chemical species between biofluid and material, and chemical and 
morphological alteration of the foreign material. These processes are often defined 
by the nature of the interface between the material and the biofluid and the 
potential utility of surface analytical techniques to characterise biomatei-ial surfaces 
was recognised about twenty years or so ago, an early review on the subject was 
published by Ratner (1983). Much of this early research was driven by the realisation 
that the properties of surfaces are not easily extrapolated from bulk material data. 
To fully understand the reactions that are elicited from a biological system in contact 
with a material surface it is first necessary to be able to define the exact nature of 
the surface. 

One of the most common problems encountered by workers in this area is 
the ubiquity of surface contamination. All materials, even those in the artificial 
environment of an ultra high vacuum (UHV) chamber, procure a hydrocarbon 
surface layer. In addition to this ever present contamination, it is found that low level 
impurities in polymers will often preferentially reside at the surface, typical examples 
of this form of contamination being poly (dimethyl siloxane), Ratner et al. (1993) 
and the plasticiser di-octvl phthalate. A layer of any type of surface contaminant can 
completely alter the observed reactivity of the polymer and ultimately lead to flawed 
conclusions regarding it's performance as a biomaterial. 

Even when contaminant free surfaces are obtained there is still no reliable 
way of predicting surface properties from the bulk properties of the material. 
At an interface, a polymer has a greater degree of freedom than that found 
in the bulk. It was demonstrated by Keddie et al. (1994), for instance, that the 
glass transition temperature of polymers decrease close to an interface. Polymer 
orientation, copolymer stoichiometry and blend composition are all highly liable to 
alter in the proximity of a surface. 

In this chapter we concentrate on a specific type of biomaterial, bioerodible 
polymers. The term bioerodible is usually reserved for systems where polymer 
erosion occurs in the same time scale as drug release. In most cases the polymer 
degrades via a hydrolytic mechanism and may proceed either homogeno~~sly 
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throughout the polymer bulk, or heterogenously at the surface of the polymer. 
Polymers which specifically erode at the surface have potential for producing devices 
which can give zero-order drug release. In these cases polymer degradation and 
erosion are confined to the interfacial region between polymer and biofluid. To 
gain some insight into the nature of these reactions and the resulting changes in 
polymer chemistry and morphology it is vital to employ surface analytical techniques. 

A number of techniques are available to interrogate material surfaces. The 
development of instrumentation suitable for this type of examination has occured 
relatively recently, in the last quarter of a century or so. Some of these methods, 
however, are simply not suitable for polymer analysis, (for example, Auger electron 
spectroscopy (AES), where the electron beam used as an excitation source is too 
energetic to avoid damage to organic materials) and all of them have limitations 
in terms of the information they can provide. By combining techniques which give 
complementary information one can obtain a detailed description of a polymeric 
interface. 

Within this chapter we describe the principles of three of the most important 
techniques employed to unravel the interfacial properties of polymers. It is not 
our intention to provide an exhaustive theoretical and historical perspective on the 
methods described and only an overview will be given, interested readers should 
refer to some of the excellent texts which are cited in each section if they wish a 
more thorough grasp of these techniques. 

SURFACE ANALYTICAL TECHNIQUES 

X-ray Photoelectron Spectroscopy ( 

XPS, also called electron spectroscopy for chemical analysis (ESCA), requires 
specialised and rather expensive equipment. This is because XPS relies upon both 
the photoelectron emission and Auger electron emission processes. A beam of 
monoenergetic X-rays illuminates the sample, typically the Mg & (1253.6 eV) or 
the Al & (1486.6 eV) X-ray lines, and this causes electrons to be emitted from the 
sample. By measuring the kinetic energy of electrons which depart from the sample 
surface it is possible to produce an XPS spectrum, an example is shown in Figure 1. 
Analysis of these electrons require that they can travel from the sample, through an 
energy' discriminating analyser and to a detector, without elastic collisions occuring 
between them and atoms and molecules in their flight path. This requirement, and 
the reason of minimising surface contamination, means that a pressure of much less 
than lo4 mbar has to be employed for the XPS technique, typically XPS equipment 
is operated at around mbar, in the UHV regime. 

Using this technique it is possible to identify elements and determine their surface 
concentration, with the exception of hydrogen and helium. Photoelectrons are 
produced by direct emission of an electron from an atom that has been excited 
by a photon, as depicted in Figure 2(a). The kinetic energy of the photoelectron 
is determined by the energy of the photon and the binding energy of the electron 
to the atom. The electron energy' may be expressed as a kinetic energy or, more 
commonly, as a binding energy since this value is independent of the X-ray source 
energy. The two are related by the simple equation; 
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Figure 1 XPS wide scan of PLA showing oxygen and carbon Is photoelectron peaks and 
oxygen KW Auger peaks. 

(a) photoemission (b) shake up (c) Auger emission 

Figure 2 Electron emission processes observed in XPS spectra. (a) Photoemission. (b) Shake 
up during photoemission. (c) Auger emission. 
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where EKand Eg are respectively the kinetic and binding energies, hv is the energy' 
of the X-ray photon and (j) is the work function (a small value which depends upon 
both sample and spectrometer). Each elemental core level orbital has a distinctive 
binding energy, and thus it is possible to identify elements present within a sample 
surface. Since each core level orbital within each type of atom has a well defined cross 
section for ionisation it is possible, with the use of appropriate sensitivity factors, to 
determine the elemental composition of the material surface. Hydrogen and helium 
possess no core level electrons and cannot be identified using XPS, the inability of 
this technique to quantify the hydrogen content of a surface is one of the limitations 
of this technique as applied to polymer surfaces. 

There are some complicating factors involved in the simple picture of photo- 
emission given above. The appearance of satellite peaks to an atomic core level 
orbital are sometimes observed, all of these features have a specific cause and some 
may provide important information about the sample itself. Equation (1) implies that 
when an X-ray interacts with an atom only one electron is affected. This is very' often 
the case, especially for organic materials. Some materials, however, demonstrate a 
two electron transition which is represented in Figure 2(b). During the process of 
core level photoemission a valence electron can be promoted to an unoccupied 
state. This event gives rise to a spectral peak which appears on the low kinetic energy 
(high binding energy) side of the main photoelectron line and is known as a '"shake 
up satellite". Such satellites arise in organic systems from the presence of some 
form of unsaturated bond where a n + TT* transition may occur in addition to 
photoemission. These are most evident in systems with conjugated and aromatic 
functionalities (for example, polystyrene and polyethylene terephthalate) . 

The presence of Auger lines in an XPS spectrum is common, these are not often 
used in polymer surface analysis, sometimes they may be useful in identification 
of an unexpected element, or a hindrance if they overlap with the photoelectron 
lines of the sample. When a core level electron has been ejected, the vacant "hole" 
is filled by an electron resident in an orbital higher in energy. The difference in 
energy between the two states can be lost in two ways, either by the emission of a 
photon (this is termed X-ray fluorescence) or by the ejection of another electron 
wit11 kinetic energy given by equation (2). Eg represents the binding energy of the 
initial vacancy, Ec and ED are respectively the binding energies of the atomic energy 
levels from which the electron falling to fill the vacancy and the ejected electron 
come. This process is called Anger emission and is represented schematically in 
Figure 2(c). Auger peaks in an XPS spectrum can be identified by virtue of the 
fact that their kinetic energies are not affected by changing the energy of the X-ray 
source. 

XPS may be used to non-destructively depth profile a surface. This is an important 
ability since the most common depth profiling method used in surface techniques 
is acheived by sputtering surface atoms from the material with the use of a high 
flux ion gun, such an approach would be inappropriate for analysing polymers due 
to the extreme levels of damage which would occur. The surface sensitivity of XPS 
derives from the low inelastic mean free path of electrons in solids. This means that 
photoelectrons emitted from deep in the sample have a very small probability of 
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being emitted and detected with their original velocity. Only those electrons which 
come from close to  the  surface can b e  expected to  retain their kinetic energy. T h e  
inelastic mean  free path o f  an electron is denoted by the symbol 1. T h e  actual value 
o f  A within a solid is dependent u p o n  the  type o f  material and the  kinetic energy 
o f  the electron. For electrons deriving from the  C 1s core level shell o f  a polymer 
(kinetic energy -969 eV with Mg Ka source) a typical value o f  inelastic mean  free 
path within the  solid is 3 nm. T h e  term "sampling depth" is o f t en  used to  indicate the  
depth  from which 95% o f  the  electrons which have not  undergone elastic collisions 
are collected from,  i t  can be  calculated from equation ( 3 )  where 6 represents the  
angle between the  sample surface and the  direction to  the  electron analyser. 

sampling depth  = 3 A sin 6 ( 3 )  

As can b e  seen from this equation, the  sampling depth  o f  XPS can be  varied by  
changing the orientation o f  the  sample with respect to  the  entrance o f  the  analyser. 
This is shown schematically in  Figure 3 where, at grazing angle, electrons f rom atoms 
at a depth  within the  sample that would normally b e  accessible to  XPS cannot reach 
the detector because o f  the  extra distance they have to  travel through the  sample. 
Depth profiling i n  this manner is o f t en  useful in  complex systems like polymer 
blends and copolymers i n  order to  gain an understanding o f  concentrations i n  
the near surface region. It is important to  note that determining a concentration 
depth  profile f rom variable take o f f  angle XPS is no t  straightforward and algorithms 
capable o f  performing this transformation have been  investigated, Tyler et al. (1989) 
for example. 

Most importantly, with regard to  polymer surface analysis, XPS also provides 
chemical state information; particularly i n  the  C 1s region. Figure 4 shows a high 
resolution scan o f  the  C 1s spectrum o f  poly lactic acid ( P L A ) ,  and each o f  the  
three separate chemical environments within the  polymer gives rise to  a peak in  the  
C Is envelope. T h e  figure also demonstrates a deconvolution o f  the  envelope using 
Gaussian peaks and it is found that the  three peaks have identical areas, reflecting 
the concentrations o f  these environments i n  the  polymer. 

Chemical environment influences the  binding energy position o f  elemental core 
levels. T h e  change i n  binding energy away from the position typical o f  the  pure 
element is known as chemical shift. Shifts o f  this nature can be  thought o f  as arising 
from partial (or  whole) charges existing o n  atoms, i n  the  case o f  PLA carbon atoms 
bound to  electronegative oxygen atoms are positively charged with respect to  the  
methyl carbon atom. Electrons exiting from positive charge centres require a greater 
amount o f  energy to  escape, this means that their kinetic energy is lowered and thus 
they have a higher binding energy. All o f  the  C Is orbitals i n  the  sample have the  
same cross section for ionisation regardless o f  their chemical state and this means 
that the  area under  each peak i n  a deconvoluted spectrum is proportional to  the  
number  o f  carbon atoms i n  one particular en\' 'ironment. 

Chemical shifts can be  observed not  just for C Is electrons, but  for all elements 
detectable by XPS, although for polymers the  C 1s envelope does tend t o  contain 
most o f  the  important chemical information. Sensible deconvolutions o f  XPS core 
level envelopes are o f t en  quite difficult to  acheive even with the  best software 
packages available. Familiarity wit11 the  technique and experience i n  the  subtleties 
o f  XPS data is necessary to  avoid inconsistent interpretations. 
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Figure 3 Angle dependent depth profiling using XPS. 

Readers who are interested in delving a little deeper into polymer surface analysis 
by XPS are guided to the following works. Miller et al. (1986) produced a review of 
biomatei-ial applications for XPS with a heavy emphasis upon the theoretical aspects 
of the technique. A useful handbook for all aspects of XPS and Auger spectroscopies 
was edited by Briggs and Seah (1990). 

Static Secondary Ion Mass Spectrometry (SSIMS) 

SSIMS is another UHV technique. It relies upon the emission of charged fragments 
from a surface following a high energy particle impact. When a rapidly moving 
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Figure 4 C Is spectrum of PLA demonstrating chemical shifts of different carbon environ- 
ments. 

ion or atom collides with a solid material it will most often penetrate the surface and 
by colliding with atoms in the bulk of the material will rapidly lose energy. Some of 
the energy that is transferred to the solid results in the emission of electrons, neutral 
and charged fragments from the material surface. The sputtering of material from 
a surface is outlined in Figure 5 .  Of the fragmentary species that leave the surface 
the majority, for polymers at least, are uncharged, but those that are charged can be 
mass analysed. 

The term staticSIMS is applied to experiments in which mass spectra are collected 
from undamaged sample surfaces. This is very important for polymer surface analysis 
because such materials degrade very rapidly under atom or ion bombardment. In 
such experiments the flux of primary, high energy particles at the sample must be 
low enough that the probability of any primary ion striking an area damaged by a 
previous ion impact is remote. Studies of the rate of polymer damage indicate that 
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rompt collisional sputtering 

collisional cascade 
implanted atom 

Figure 5 Collisional processes during SIMS. 

the threshold doses for static SIMS are well below ions ~ m - ~ .  Typically spectra 
are acquired using a dose of 1012 ions cm-2 for quadrupole based instruments and 
101() to 10" ions c m 2  for instruments employing time of flight (ToF) mass analysers. 
Using these regimes it is possible to detect fragments from polymer surfaces which 
contain a great deal of structural information. 

The method of mass analysing these fragments is very important, most poly- 
meric materials do not tend to produce ions with a mass to charge ratio higher 
than m/z 300, but in the case of oligomeric materials and very thin films 011 

metallic substrates much higher mass ions can be detected. Although quadi-upole 
instruments tend to have a mass range of up to m/z 1,000 and the instrument's 
sensitivity decreases with increasing mass these machines are adequate for most 
SSIMS applications. In the quadrupole instruments only one specific mass may be 
analysed at any one time and in the collection of a spectrum much information is 
lost. In contrast, ToF-SIMS instruments collect all masses simultaneously and have 
no mass dependent sensitivity limitations. The use of ToF-SIMS to detect high mass - 
ions has been demonstrated, but it often requires extremely artificial conditions to 
produce such ions from polymeric materials. There are other advantages to using 
ToF-SIMS, for instance, the high sensitivity of such instruments enables the mass 
resolution to be increased to such an extent that ions of the same nominal mass but 
different chemical composition can be distinguished. 

The removal of fragments from the sample into vacuum is termed sputtering. 
Simulations of argon ions impacting copper indicate that atoms leaving the copper 
surface come from a mean depth of less than 1 nm. Briggs (1989) reported that 
comparative SSIMS and XPS studies indicate that this is the typical depth of analysis 
for SSIMS of polymer surfaces also. Although quite large primary particle kinetic 
energies are employed for SSIMS (usually between 1 and 10 keV) it is found that 
many secondary ions detected retain much of the structural identity of the polymer 
and have low kinetic energies, they are therefore thought to have been desorbed via 
relatively low energy pathways. 
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The identification of surface species purely from SSIMS spectra is fraught with 
problems, it is almost always necessary to combine the data with some other source 
of information. This may be simply a prior knowledge of the chemical species present 
in the system being investigated, or it may be another analytical technique, such as 
XPS. When examining polymeric systems by SSIMS, spectral interpretation is based 
upon normal mass spectrometric rules. Quite often dominant ions contain the intact 
monomer repeat unit, or fragments derived from it through scission of main chain 
bonds. It is often found that fragments deriving from a side chain of a polymer are 
observed in high intensity. If the surface is a mixed system (e.g. a blend or copolymer) 
SSIMS data is not currently acceptable as a quantitative technique to describe the 
surface expression of each of the components in the mixture. Recently there have 
been investigations to determine in which cases it may be possible to use SSIMS 
data in this manner and some of these are presented within this chapter. At the very 
least SSIMS can identify which components of the blend are present or absent from 
the surface and give an estimation of their relative concentrations. The positive ion 
SSIMS spectra of PLA is given in Figure 6, structural assignments to ions are made 
later in the text. 

There are many excellent reviews on the use of SSIMS to examine surfaces in 
general, Benninghoven (1994) ; polymeric surfaces, Briggs (1986) and biomaterials, 
Davies et al. (1990b), to name a few. Useful reference handbooks are Briggs and Seah 
(1992) and Briggs el al. (1989). 

The scanning probe microscopes are a growing number of closely related techniques 
which obtain structural information from the surfaces of samples (Quate, 1994; 
Roberts et al., 1994). The scanning tunneling microscope (STM) was the first type to 
be designed (Binnig et at., 1982) and it is a measure of the impact of the instrument 
that within 5 years of the first published description the inventors were presented 
the 1986 Nobel Prize in Physics. The STM obtains images of surface topography by 
monitoring the tunneling current flowing between a sharp metallic probe and the 
sample as the probe is scanned across the sample surface. The use of piezoceramic 
scanners and the sensitivity of the instrument to changes in topography allows the 
STM to achieve atomic resolution on flat samples (Hamers et ul., 1986). However, the 
imaging mechanism requires the sample to conduct electrons and as a consequence 
its application in biomedical science has concentrated on visualizing the molecular 
structure of biomolecules (Roberts et al., 1994) which have been deposited onto 
conductive substrates or coated wit11 thin metallic films. 

For the analysis of bioerodible polymers, the atomic force microscope (AFM) 
is more suited than the STM because its imaging mechanism is independent 
of electron conduction and hence insulating organic materials can be directly 
visualized (Burnham and Colton, 1993). The basic components of an AFM are shown 
in Figure 7. The sample is mounted onto a piezoceramic scanner device capable of 
moving the sample in all three-dimensions. Above the sample surface is the AFM 
probe unit, which is composed of a sharp probe positioned on the end of a flexible 
cantilever. The cantilever is microfabricated in a V-shape with the two arms of the V 
attached to a stationary support. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



ALEX G. SHARD et n/  

Atomic mass units 

LOE+OS 

Atomic mass units 

Atomic mass units 

Figure 6 Positive SSIMS spectrum of PLA, 
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Laser 

lever 

Figure 7 Schematic diagram of an Atomic Force Microscope. 

To obtain an image the sample is raised, using the piezoceramic scanner, until 
the surface just contacts with the tip of the AFM probe. This contact generates a 
repulsive force due to the overlap of the electron shells of the probe and sample 
surfaces. Because the cantilever acts as a soft spring this repulsive force causes the 
AFM probe unit to deflect upwards. This deflection is measured by monitoring 
the angle of reflection of a laser from the upper surface of the cantilever using 
a four-segment photodetector. As the AFM probe moves across the sample surface 
any changes in sample topography will change the probe-sample repulsive force. If, 
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for example, the AFM probe scans over a protruding surface feature, the cantilever 
will be deflected further upwards (i.e. there is an increased repulsion). Therefore, 
by plotting the angle of deflection of the cantilever (or the repulsive force) against 
the lateral position of the AFM probe (controlled by the piezoceramic scanner) 
a topographical representation of the sample is generated. Clearly, the contact 
between the AFM probe and the surface could potentially damage the sample 
and therefore it is common practise to operate the AFM in constant force mode. 
In this mode, at each sampling point on the surface, any deflection of the AFM 
probe unit is compensated by a vertical movement of the piezoceramic. 
for our protruding surface feature, having detected the increase in the angle of 
deflection of the probe unit, the AFM control unit would instruct the piezoceramic 
to decrease the height of the sample until a preset deflection was obtained. Using 
constant force mode it is possible to ensure that the repulsive force is minimized 
and very soft samples, such as individual protein molecules, can be repeatedly 
imaged (Yang et al., 1994). Recently, it has become possible to further decrease the 
chance of sample damage and increase the resolution of the AFM using non-contact 
imaging modes in which the AFM probe unit is vibrated just above the surface 
of the sample. This mode of imaging is becoming increasingly important and 
has been the subject of a number of publications (Burnham and Colton, 1993; 
Hansma et al., 1994). 

The potential of the AFM to enhance the characterization of bioerodible polymers, 
and hiomaterials in general, stems from ability of the instrument to obtain very high 
resolution images from uncoated polymer samples within aqueous environments. 
Therefore, it has become possible to image dynamic processes like surface erosion 
and protein adsorption which are fundamental to the mechanisms of drug delivery 
and biocompatibility. 

ACE SPECTROSCOPY OF BIOERODIBLE HOMOPO 

Table 1 lists much of the important work carried out on the surface characterisation 
of bioerodible polymer systems. In addition, high quality XPS spectra of many of 
these compounds may be found in the Scienta ESCA300 database, Beamson el al. 
(1992). The cited examples of XPS and SSIMS data have been acquired, to the 
best of our knowledge, on clean polymer surfaces and the results obtained may 
be used as a basis for further imestigations such as studies of protein and cellular 
adhesion and polymer degradation. We briefly describe some of the main features 
of SSIMS and XPS spectra from typical bioerodible polymers. Illustrating the depth 
of elemental and molecular information gleaned from such techniques and the 
different advantages of each technique. 

oly (esters) 

The XPS C is  spectrum for PLA is given in Figure 4, and demonstrates all the main 
features observed in this type of polymer. Almost all of the poly esters employed 
as biodegradable systems contain three types of carbon environment, hydrocarbon, 
ester (C-0) and ester (COO). Since the latter two environments are always equal 
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Table 1 Typical C Is chemical shifts for common polymer 
functionalities 

in intensity, the main difference between polymers of this class is to be observed 
in the size of the hydrocarbon peak at 285 eV. For instance in poly (glycolic acid) 
(PGA) it is negligable, in PLA it is equal to the other two peaks, in poly (3-hydroxy 
butyrate) (PHB) it is twice as intense as the other peaks, and so on. The 0 Is spectra 
of poly (esters) typically demonstrates avo peaks of equal intensity due to the C = Q 
environment (-532.2 eV binding energy') and the C-Q-C environment (-533.6 eV). 
Identification of a poly (ester) solely from XPS spectra is thus quite difficult, for 
instance PHI3 and poly (ethylene adipate) have virtually identical core level spectra, 
the only differences appearing in the rather weak valence band region (-0-40 eV 
binding energy). The valence band region may be used to "fingerprint" polymers, 
but more striking differences between isomeric polymers are often evident in the 
SSIMS spectra. 

Table 2 Literature examples of surface characterisation of bioerodible 
polymers 

Polymers SSIMS 

Poly (esters) 
poly (lactide), poly 
(caprolactone) i'u. 

Poly (orthoesters) 

Poly (anhydrides) 

Poly (phosphazines) 

Collagen 

Gelatin 

Hyaluronic acids 

Davies e ta ! .  (1989) 
Davies r1 (I/. (1990a) 
Clark r f  (11. (1991) 
Brinen ri U I .  (1991) 

Da\ies ri a/ .  (1991b) 
Davies C/ a/. (1991~)  

Davies rf ri. (1991a) 

Leadley (1994) 

Radu eta / .  (1993) 

Barbucci ~t  ui. (1993) 

Davies ct a?. (1989) 
Davies pi a/. (1990a) 
Brinen t 1  a?. (1991) 

Davies rf 01. (1991~)  

Davies (>t iii. (1991a) 

Leadley (1994) 

Batts ~t a/. (1994) 

Shard et (11. (1994) 
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Table 3 Masses of prominent ions observed in SSIMS of poly (hydroxy acids) commonlv used 
as bioerodible systems. Weak ion intensities are noted by (w), - denotes ions too weak to be 
observed 

Ion Poly (glycolic acid) Poly (lactic acid) Poly (3-l~ydroq bu?-rate) Polv (caprolactone) 

Positive ions 

- 

43 
57 

59 (rv) 
99 (rv) 

101 
115 
117 

.5 5 - b-. 

0 I (rv) 
7 1 
73 
127 
129 
143 
145 

Negative ions 

57 (w) 
59 
73 
- v  
13 

1 l5(w) 
117 
131 
133 

In poly (hydroxy acids) analysed by SSIMS a diagnostic series of ions exist in 
the positive and negative ion spectra which reflect the polymer structure. These are 
provided in Table 3 for the three polymers mentioned above and poly (caprolactone) 
(PCL). These ions result from scission of the polymer either at the ester linkage or 
in sites adjacent to it. Assignments of structures to some these ions are given below 
based on the discussion of Shard et a!. (1996). 

The ions [nM-OH] + and [nM-HI- are not shown above, in the case of all polymers 
except PGA the structure of these ions are respectively similar to the [nM-O+H]- 
and [nM+H]  ions, with loss of the marked hydrogen atom, and one on an adjacent 
methyl or methylene unit, to form a double bond. PGA does not possess such an 
adjacent group and this explains why these series of ions are particularly weak in 
PGA polyester. 

In the positive ion spectra of PLA and PGA a number of radical cations are also 
observed. These are even electron species, which are quite common in normal mass 
spectrometry, McLafferty et al. (1993), but observed rarely in SSIMS spectra. For 
fragments which contain only carbon, hydrogen and oxygen, radical cations appear 
at an even mass. The radical cations observed in PLA and PGA can be assigned 
to the [nM-0]'+ and the [nM-C02]^ fragments. The latter sequence of ions are 
only visible for the n = 1 and n = 2 cases whereas the former produces ions for 
n = 1 to at least n = 5 and the observation of higher mass ions of this series may be 
limited only by the fact that most published data has relied on the use of quadrupole 
instruments with their intrinsic mass limitations. The fact that PCL, PHB and most 
other poly   ester)^ do not produce ions of this type indicates that they are a product 
of the 2-hydroxy acid linkage and the structures given below were assigned to them 
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- C H H Ã ‘ C H y - C H f l H r C H  

PCL 

by Shard et al. (in press). It was reasoned that the stability of these radical cations 
derived from a resonant stabilisation of the radical centre. Two canonical forms for 
each set of ions are given below. 

Poly (/I-malic acid) (PMA) and it's benzyl and butyl derivatives have been analysed 
using XPS and ToF-SIMS by Leadley et al. (in preparation b).  The structure of this 
polymer is gilen below. In the XPS of this polymer there are only the three main 
environments described above. In the case of the benzyl derivative a shake up satellite 
due to JT - JT' transitions in the phenyl ring is also observed -7 eV higher in binding 
energy than the hydrocarbon peak. The free acid and butyl derivative do not display 
this transition. 

R O R  
I l l  

HC=C-CHm 

[nM-01'"" : R = Me (PLA) : R = H (PGA) 
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Poly (malic acid); R = H 

In the negative ion SSIMS spectra of these polymers, the most notable ions are 
the [M-HI appearing at m/z 115, 171 and 205 for the free acid, butyl and benzyl 
derivatives respectively and the [MtOHI- cation at m/z 133, 189 and 223, as before. 
The [ M + H ]  and [MtO-HI ions are very weak for these polymers and the reasons 
for this are obscure. There is also a strong ion appearing at m/z 107 for the benzyl 
derivative which is due to the benzyl oxide anion. 

The positive ion spectra of the three PMA derivatives show little difference between 
each other below m/z = 100, with the exception that the benzyl derivative has an 
intense peak at m/z 91 which is assigned to the C7Hit tropyllium ion commonly 
observed in SSIMS spectra of compounds containing benzyl groups. The only readily 
assignable ions of interest observed at higher mass are the [MtH]+ ions observed 
for the butyl and free acid, and the [M-OH] + and [MtO-HI" for the butyl derivative. 
The benzyl derivative does not display any of these ions, and none of the polymers 
demonstrated strong radical cations. 

Poly (ortho esters) 

Two homopolymers of polv (ortho esters) based upon the diketene acetal 3,9 - 
diethylidene - 2, 4, 8, 10 - tetraoxaspiro [5.5] undecane (DETOSU) and one of 
two diols, either hexanediol (HD) or trans-cyclohexanedimethanol (t-CDM), the 
structures ofwhich are given below, were examined using XPS by Davies et al. (1991 b) , 
and using ToF-SIMS by Davies el al. (1991~).  The ortho estei R-C(-OR)3 functionality 
has a similar chemical shift in XPS to that of an acid or ester carbon, t4.2 eV, see 
Table 1. In addition a ,&shifted carbon atom appears at Â±0. eV for those carbons 
next to the ortho ester functions, these are also outlined in Table 1. The caibon 
atom singly bonded to oxygen also has a shift typical of this chemical environment, 
t1.6 eV, and is found to be three times as intense as the ortho ester functionality. 
A C Is peak fit is given in Figure 8. Only a single oxvgen environment is observed, 
determined by Beamson et al. (1992) to have a binding energy of 533.0 eV. All 
of the binding energies were referenced to the hydrocarbon environment in the 
polymers. 

De Matteis el al. (1993) used high resolution XPS to study poly (ortho ester)s 
based upon DETOSU with either N-methyl-diethanolamine ( DE) or N-phenyl- 
diethanolamine (PDE) as the diol in the polymer, R = CH2CHfiMe)CH2CHa and 
CH2CH2N(Ph)CH9CH2 respectively. The XPS binding energy data was compared 
with ab-initio molecular orbital calculations to demonstrate that the PDE polymer 
contains a planar nitrogen and the MDE polymer has a pyramidal structure around 
the nitrogen atom. 
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u a 
292 290 288, 286 284 282 

Binding Energy [eV] 

F i v e  8 XPS C Is peak fit of poly (orthoester) DETOSU - HD. 

The use of ToF-SIMS on these polymers allowed the observation of ions wit11 masses 
of over 1,000 amu. Ions below m/z -300 were derived from fragments of either the 
DETOSLT or the diol units. Typical ions diagnostic of the DETOSu functionality' are 
@\en below. The positive charge centre in all these ions can be distributed to one of 
two oxygen heteroatoms, only one canonical form is shown in the structures. For the 
HD and t-CDM polymers, the characteristic low mass diol fragments were found to 
be [R-HI +, [R+OH]" and [R+OH3] \ which were observed in relatively low intensity, 
except for the t-CDM [R-HI + ion at m/z 109. It should be noted that the [R+OH] + 

ion of t-CDM appears at m/z 127 and is thus obscured by one of the DETOSU peaks. 

Hexanediol : = (CH2)6 

trans - cyclohexmedimethmol : R = HiC 
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Figure 9 ToF-SIMS spectrum of DETOSU - t-CDM (Da~ies  et al., 1 9 9 1 ~ ) .  

The positive ion spectrum for the t-CDM polymer from mass 0 to 1,000 is shown in 
Figure 9. Several series of ions may be observed at higher mass which incorporate 
one or more of both the DETOSU and diol units. These are given in Table 4 along 
with the masses the ions appear at for both the t-CDM and HD diols. The most 
intense ions at high mass are those ions which have a 259 amu moiety added. This 
corresponds to a DETOSU unit + 28 amu, which could either be CO or ??El4. No 
structures have been assigned to these fragments. 

Poly (anhydrides) 

The anhydride group appears slightly higher in chemical shift to that of the 
acid functionality given in Table 1. It is determined by Beamson et al. (1992) as 
being 4.46 eV above the hydrocarbon peak for poly (sebacic anhydride) (PSA), 
and by Davies et al. (1991a) at 4.5 eV for a range of aliphatic poly (anhydrides), 
[-CO-(CH2)x-CO-0-]n, where x = 4, poly (adipic anhydride) (PA); x = 6, poly (suberic 
anhydride) (PSU); x = 7 ,  poly (azelaic anhydride) (PAZ) and x = 8, PSA. Two 
peaks have to be used to fit the hydrocarbon environment, the extra one is used 
to account for the secondary shift on methylene groups adjacent to the anhydride 
functionalities. The 0 Is spectra can be fitted with two peaks, at -532.8 and -534.0 
eV. The lower binding energy peak is assigned to the carbonyl C=Q oxygen atom and 
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Table 4 Prominent high mass cations observed in ToF-SIMS of DETOSU poly (ortho esters) 
-very weak or not observed 

Assignment Masses for DETOSU t-CDM Masses for DETOSI; HD 
1 1 -  1 , 2 , 3 , 4  11= 1 , 2 , 3 , 4  

has approximately twice the intensity of the other peak which is due to the CO-Q-CO 
oxygen, as expected. Example spectra of PSA are given in Figure 10. 

ToF-SIMS spectra of the four poly (anhydrides) described above were collected by 
Davies et al. (1991a). Apart from fragment ions typical of the hydrocarbon section at 
masses lower than m/z 100 in the positive ion spectra, all of the polymers displayed 
prominent (M+H)' ions. The radical cations M'+ noted by the authors appear at 
one mass unit less than the (MtH)+ ions but are of weak intensity in comparison 
to them. Also apparent are ions of the general formula (M-OH)+, which appear to 
have higher intensity with decreasing repeat unit molecular weight, for PSA this ion 
is barely visible. Above the molecular mass of the repeat unit, the (MtHCO)+ ion is 
found for all of the polymers, but only PA has an ion assignable as (2M-OH)+ at m/z 
239. 

In the negative ion spectra all of the anhydrides produced an ion at m/z 71 
assigned to the acrylate anion, CHFCH-COO-. At higher mass, strong ions were 
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Figure 10 C Is and 0 Is spectrum of PSA. 

found which could be assigned to the (M-H)-, (M+OH)- and (MtCOa 
Some of the ions described here and in the preceding paragraph are assigned the 
structures shown below. 

SURFACE SPECTROSCOPIES OF BIOERODIBLE POLYMER BLENDS 

Poly (ester) co em 

A brief report of the XPS and SIMS analysis of copolymers of lactic and glycolic 
acids (PLGA) was made by Davies et al. (1988). Both XPS and SSIMS confirmed that 
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(M-OH)' 

(M+H)' 

(M+HCO)+ 157 185 199 213 

PA (n=4) PSU (n=6) PAZ (n=7) PSA (n=8) 

I l l  139 153 167 

the surface compositions of the copolymers were similar to the bulk compositions 
by elemental ratios and the presence of diagnostic ions, although the XPS data 
appeared to suggest a level of surface hydrocarbon contamination. It was also 
reported that a peptide (LH-RH) could be detected at the surface of PLGA loaded 
with this drug model. 

A more detailed analysis of the information given by SSIMS into these systems was 
undertaken by Shard et a/. (in press). Ions containing mixtures of the two monomeric 
units were identified, and the intensities of the radical cations were studied in detail. 
It was found that for the radical cations of general formulae (nM-0) '+ in the PLA 
homopolymer, n+1 ions were observed in the copolymer. So, for n = 3, ions assignable 
to (3L-0) '+, (2LG-0) '+, (2GL-0) '+ and ( 3 G 0 )  '+ were observed (at m/z = 200, 186, 
172 and 158 respectively), where L is a repeat unit of lactic acid and G is a repeat 
unit of glycolic acid. Furthermore, the intensities of these ions reflected both the 
composition and short range structure of the copolymer. A similar approach was 
used by Briggs ef at. (1984) to demonstrate the random nature of methacrylate 
copolymers. 

Copolymers synthesised by two methods were investigated. The routes employed 
were either a polycondensation method using lactic acid and glycolic acid as 
comonomers, or a ring opening polymerisation of lactide and glycolide using 
stannous octoate as catalyst. This latter method could be expected to produce a 
polymer with a "random dimeric" structure, however, at the reaction temperatures 
generally employed, trans-esterification reactions are expected to scramble this short 
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Number of LA units 

Number of LA units 
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Figure 11 Comparison of theoretical and experimental intensities for 75% L A  PLGA. Left 
hand side, theory for random and dimeric structure, right hand side experimental results from 
copolymers produced from monomeric acids (triangles) and dimeric lactide and glycolide 
(squares). Top, [2M-0]  ̂  series, middle, [3M-0]  "̂  series, bottom, [4M-0]  ̂  series (Shard et 
al., 1996). 
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range order. It is found by NMR that a degree of non-randomness exists in polymers 
produced by this second route, but it cannot provide direct evidence of the expected 
random dimeric structure. 

Comparisons of the SSIMS radical cation intensities with statistical models based 
upon the probabilities of finding monomer units adjacent to each other in the 
polymer for both random and random dimeric structures gave interesting results. 
Figure 11 shows these comparisons, the two polymers given both contained 75% 
lactic acid and were produced through the different routes given above. This not 
only confirms that the surface chemistry of these polymers is similar to the bulk, 
but gives direct evidence that dimeric structure is retained in the synthesis of PLGA 
from lactide and glycolide. 

Copolymers of glycolide (GA) and trimethylene carbonate (TMC) (repeat struc- 
ture -CH2-CH2-CH2-O-CO-O-) have been examined using ToF-SIMS by Brinen 
et al. (1993). The polymers examined were either statistical, segmented or block 
copolymers of the two comonomers. In the study ions were identified which arose 
from adjacent G and TMC units. The intensities of these ions decreased as the block 
lengths of the G and TMC segments increased (in the order statistical, segmented 
and block). This, with the example of PLGA copolymers is an illustration of the 
fact that fragment ions in SSIMS retain the structure of the parent copolymer and 
complex rearrangements are unobserved. 

Poly ((8-malic acid) copolymers comprising of partially hydrolysed buwl and 
benql derivatives have been investigated using ToF-SIMS by Leadley et al. (1995b). 
Effectively these are random copolymers of PMA and the PMA derivatives. Ions 
specific to each of the derivatised functionalities have been identified previously. 
By plotting the intensity of these ions against the bulk copolymer composition it is 
possible to demonstrate that the surface chemistry of these polymers is similar to 
the bulk composition. 

Poly (ortho ester) copolymers 

In their study of DETOSU polymerised with HD and t-CDM copolymers Davies 
et al. (1991~) also studied two copolymers containing 32.5 mol % and 17.5 mol % 
HD in the copolymers, 50% being DETOSU and the remainder being t-CDM. The 
XPS data were consistent with the compositions of the copolymers and ToF-SIMS 
demonstrated an almost linear relationship between ions diagnostic of the molar diol 
content and the copolymer composition as shown in Figure 12. At higher mass ions 
were observed in which contained both HD and t-CDM units. These were present 
in quite large intensity in comparison to the equivalent ions which contained purely 
one type of diol. This is direct evidence that the copoly (ortho esters) were statistical 
copolvmers and had many adjacent HD and t-CDM units. 

A number of copolymers of MDE and PDE based DETOSU poly (ortho esters) 
were examined with XPS by De Matteis et al. (1993) and the surface elemental 
compositions were found to be in accord with the bulk compositions of the 
copolymers. 

Poly (anhydride) copo 

Leadley et al. (in preparation a) studied the surface chemistry of copolymers 
containing PSA and ricinoleic acid maleate (RAM), the general structure is shown 
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Figure 12 Graph of the area ratios of signals diagnostic of HD (m/z 101), t-CDM (m/z 109) 
and DETOSU (m/z  127) as a function of poly (ortho ester) bulk composition (Davies et al., 
1 9 9 1 ~ ) .  

below and the copolymers contained between 0 and 50 mol. % RAM. Subtle differ- 
ences were observed in the XPS of these copolymers, the elemental compositions 
were consistent with the bulk. In the C Is spectra a peak attributable to the C - 0  
environment in the RAM segment of the copolymer was observed and correlated 
wit11 the presence of this monomer unit at the surface. 

ToF-SIMS of these copolymers demonstrated all of the ions diagnostic of PSA. 
Several ions in both the positive and negative ion spectra were attributed to the RAM 
segment of the polymer. An ion at m/z 115 in the negative spectra, and another 
at m/z 263 in the positive ion spectra were assigned to the RAM segment of the 
copolymer. The intensities of these ions have been compared with PSA derived 
ions and a linear relationship found between the bulk copolymer composition 
and the ion intensities which implies that the surface composition of these 
copolyanhydrides is similar to the bulk. 
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Blends of PLA and 

The mixing of polymers which have different physical properties and degradation 
kinetics may result in materials with novel and controllable bioerodible qualities. 
Davies et al. (1996) performed combined XPS, SSIMS and AFM investigations upon 
blends of PLA and PSA. It has been reported by Domb (1993) that these polymers 
are miscible if the PLA component has a low molecular weight (below 3 kDa), 
but otherwise are immiscible. In the surface analytical investigations two molecular 
weights of PLA were used, namely 2 kDa and 50 kDa. It was found that both the 
miscible (2kDa) and immiscible (50kDa) blends presented a surface excess of PLA, 
see Figure 13 (a) and (b) . A plot of oxygen content against weight % PLA in the blend 
should produce a straight line if the surface composition was identical to the blend 
bulk. It was found that the chemical environments in the C 1s spectra were a straight 
combination of PLA and PSA chemical environments for the miscible blends, and 
the surface molar concentration of PLA relative to PSA could be calculated from the 
C-0 environment relative intensity in the C Is spectra. Figure 13(c) shows a plot of 
the surface and bulk molar concentrations for the miscible systems. 

The C Is spectra of immiscible blends demonstrated some unusual features. In 
many cases it was found that the spectrum was broad and some of the components 
had shifted to higher binding energy. This effect is attributed to a differential 
charging phenomenon and could be corrected wit11 a charge compensating flood of 
electrons as demonstrated in Figure 14. The charge compensated spectrum is very 
similar to C Is spectra of the miscible blends and could be fitted with peaks in the 
same manner as those mixtures. It was found that the spectra with charging features 
could also be fitted if the PLA components of the fit were shifted in binding energy 
by t1.3 eV. This implies that the two blend components are electrically isolated from 
each other and charge to different extents under X-ray irradiation. Since it is known 
that the PLA (50 kDa) and PSA polymers are immiscible, this phenomenon was 
taken as evidence that there was a phase separation of the two con~ponents in the 
near surface region. Further evidence of this surface phase separation was provided 
by AFM analysis. 

In the SSIMS spectra of these blends all of the ions diagnostic of ?LA and PSA 
were observed. It was demonstrable that there was a surface excess of PLA in all of 
the blends by examining the relative intensities of each set of ions in accordance 
with the XPS results. However, even in high weight % PLA blends it was possible to 
observe PSA derived ions and this may result from the extension of PSA domains to 
the top 10 nm of the surface, or due to a small but detectable concentration of PSA 
in the PLA domains. 

AFM C CTERIZATION OF BIOERODIBLE PO 

When bioerodible polymers are employed in the body their degradation behaviour 
within the aqueous environment will be determined by the chemical structure and 
the morphology of the polymer. The surface chemistry sensitive techniques of XPS 
and SIMS can analyse the nature of chemical units which will be presented by 
the polymer to this aqueous environment. These chemical units will determine 
the hydrolytic sensitivity of the polymer backbone and the thermodynamics of the 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



ALEX G SHARD el d 

Weight % PLA(2k) 

Bulk Molar % PLA (2k) 

Figure 13 (a) Plot of surface oxygen concentration against weight % PLA in miscible (2  kDa) 
blends with PSA. (b) Plot of surface oxygen concentration againstweight % PLA in immiscible 
(50 kDa) blends wit11 PSA. (c) Comparison of bulk and surface molar concentrations of PLA 
in miscible blends with PSA (Davies et al., 1996). 
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polymer/liquid interactions. However, to fully characterize the dynamic interactions 
which underlie surface erosion it is also necessary to analyse the surface morphology 
of the polymer. For example, the kinetics of surface erosion of PSA will be highly 
influenced by the degree of crystallinity of the polymer at the polymer/water 
interface because the tightly packed polymer chains within crystalline areas of a 
surface will degrade significantly slower than amorphous regions (Gopferich and 
Langer, 1993; Mathiowitz et al., 1993). 

The ATM has proved to be a valuable tool with which to study the influence 
of surface morphology on degradation. Its value is derived from the ability of the 
instrument to continually visualize the changes in surface morphology resulting from 
erosion. This ability was first demonstrated on samples of PSA where it was possible 
to visualize the initial stages of surface erosion (Shakesheff et al., 1994). An example 
of the AFM imaged erosion of a PSA film is shown in Figure 15. These images show 
the effect of the preferential loss of amorphous PSA from around crystalline fibres 
which produces a etching effect resulting in the increase in height of fibres above 
the surface. Further experiments on PSA samples have highlighted that the AFM 
can be used to determine the influence of fabrication parameters on the proportion 
of crystalline material at the surface and hence the initial behaviour of these systems 
during polymer degradation (Shakesheff et a1 1995). These studies indicate that the 
AFM can rapidly characterize the influence of manufacturing procedures on the 
suitability of controlled delivery systems. 

A major merit of using in sitzt AFVL to characterize the degradation of bioerodible 
polymers is the ease of interpretation of the patterns of degradation of complex 
systems such as polymer blends. An example of the characterization of such a system 
is shown in Figure 16 where a blend of PSA and poly(DL-lactic acid) (PLA) has 
been visualized during surface erosion (Shakesheff et al., 1994). These two polymers 
are immiscible at high molecular weight and therefore they phase separate during 
fabrication into solid devices. This phase separation causes problems in predicting 
the kinetics of erosion of such blends. The PLA component degrades at a slower 
rate than the PSA component. Therefore, if the phase separation generates a 
surface morphology dominated by the ?LA, the overall degradation kinetics of 
the blend would be slower than predicted for a miscible blend. The images in 
Figure 16 show how the surface morphology of the blends becomes dominated 

ion. by the underlying PLA morphology as the PSA material is lost through degrad-it' 
This PLA morphology is shown to be dependent on concentration of the polymer 
in the initial polymer solution from which the film was cast. 

When bioerodible polymers are employed as controlled drug delivery a principle 
concern is the relationship between polymer erosion and drug release at the 
polymer/water interface. Using the AFM it is possible to visualize the release of drug 
from eroding polymer films (Shakesheff et al., 1995a). This has been demonstrated 
with a system composed of a protein (bovine serum albumin) embedded in a 
poly(ortho ester) film. Initial characterization of the surfaces of these systems 
showed the presence of granules of the protein surrounded by a relatively smooth 
polymer morphology. On exposure to a pH 6 aqueous environment the polymer 
morphology became rougher and, as that occurred, the protein granules appeared 
to shrink indicating the dissolution of the protein into the environmental water. An 
example of the change in surface topography during such an experiment is shown in 
Figure 17. 
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Figure 14 C 1s spectra of a 50 % weight blend of PLA (50 kDa) and PSA (solid line) and wth  
electron flood gun charge compensation (crosses) (Davies et al., 1996). 

A further interesting aspect of the AFM characterization of the release of protein 
from a polymer film is the ability to use the data to study the relative kinetics of 
polymer degradation and protein dissolution (Shakesheff rt al., 1995a). This ability 
is derived from the three-dimensional nature of the AFM data. Using computational 
methods it is possible to measure the relative changes in volume of the polymer 
matrix to the embedded protein particles. This analysis has indicated that some 
protein particles begin dissolution immediately after exposure to the aqueous 
environment indicating a very thin coverage of polymer at most. Other protein 
particles retain the same volume for more than 30 minutes before dissolution 
commences indicating thicker polymer coverage. 

This ability' to follow the kinetics of surface erosion has been extended with 
the combination of the AFM with surface plasmon resonance analysis (SPR) 
(Chen et a1 1995). SPR is a technique for measuring nanometric changes in the 
thickness of films achieved through the measurement of changes in refractive 
index of the film. SPR has been extensively employed in the quantification of 
antibody/antigen interactions and is a promising technique for analysing the 
adsorption of proteins to surface (Davies 1994). The combination of SPR with an 
ATM has allowed the simultaneous visualization and quantification of the surface 
erosion of thin films of bioerodible polymers (Chen et al., 1995; Shakesheff et al., 
1996). At present, this new technique has been employed to films of a poly(ortho 
ester) (Chen et al., 1995) and to blends of PSA/PLA (Shakesheff et al., 1996). 
These studies have demonstrated that the combination of ATM and SPR allows 
changes in polymer surface morphology to be directly related to the kinetics of 
biodegradation. 
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Figure 15 In situ AFM imaging of the degradation of a melt crystallised PSA sample after (A) 
0 min. (B) 20 min. (C) 60 min. exposure to a pH 12.5 buffer (Shakesheff et al., 1994). 
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Figure 16 AFM visualisation of the erosion of an immiscible biodegradable blend containing 
50% PSA and 50% PLA (A) 0 min. (B) 5 min. (C) 10 min. exposure to a pH 12.5 buffer 
(Shakesheff et al., 1994). 
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Figure 17 The release of bovine serum albumin from a poly (ortho-ester) film. The in situ 
AFM images show the dissolution of protein from the eroding polymer film after (A) 0 min. 
(B) 45 min. ( C )  90 min. exposure to a pH 6.0 solution (Shakesheff et al., 1994). 

This review has outlined the use of surface analytical techniques in the study of 
bioerodible polymers. Both the chemical information obtainable from XPS and 
SIMS, and the analysis of topographical changes provided by AFM can supply 
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profound insights into the surface mediated processes occuring in these systems. 
A large amount of research is still required before complete understanding of the 
interfacial chemistry and physics involved can be achieved and several issues have 
yet to be addressed. In particular, the surface spectroscopies cannot be applied 
in aqueous environments with the ease of AFM and SPR because of the vacuum 
requirements of these techniques. Removal and analysis of polymers which are 
undergoing degradation is fraught with problems, not least being the liability of 
polymer surfaces to restructure on going from a hydrated to dry environment. The 
development of cryogenic techniques to 'freeze' organic samples in a hydrated state 
can potentially address this issue, Lin et al. (1993). 

The development of high mass resolution ToF-SIMS capable of determining the 
elemental composition of secondary ions allows the SIMS technique to be capable 
of studying highly complex polymer systems and blends, Shard et al. (1995). In 
addition, the imaging capabilities of SSIMS (for example, Short et al. (1992)) has 
hardly been explored in the analysis of bioerodible polymers. The employment of 
imaging could be relevant in assessing the surface concentrations and homogeneity 
of drugs, polyn~er end groups and contaminants in drug delivery devices. 
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INTRODUCTION 

Polymers were originally synthesized because of their excellent physical and chemical 
stability to serve as durable materials. During the last 25 years, however, applications 
have emerged that utilize the degradability of polymers. Degradable polymeric 
packing materials, for example, facilitate waste management (Vert et al., 1992) and 
protect the marine fauna from ingestion and entanglement, which is a well known 
problem with non-degradable polymer waste (Doi et at., 1992). In contrast to waste 
management where the breakdown of a polymer structure is the primary objective, 
the mechanism of degradation and erosion is crucial for some other applications. 
Many examples can be found in the medical, biomedical and pharmaceutical field 
where degradation and erosion can bring about some desired effect. In medicine, 
for example, biodegradable polymers are used as resorbable suture (Miller & 
Williams, 1984), resorbable plates and screws (Leenslang et a/., 1987), plasmavolume 
expanders (Beetham et al., 1987), and polymer stents that maintain the lumen of 
heart arteries open after surgery (Agrawal et a]., 1992). In biomedical research, 
degradable polymers are used as scaffolds for the growth and repair of tissue and 
organs (Langer & Vacanti). In pharmaceutical applications, degradable polymers 
are used as drug carriers for the deliver}' of drugs (Langer, 1990). Examples are 
the development of vaccines (Singh et al., 1991), the local treatment of cancer 
and infectious diseases (Mauduit et al., 1993; Brem et al., 1993) and drug targeting 
(Kopecec, 1984). 

All applications mentioned above depend markedly on the physical chemical 
processes of polymer degradation. It is, therefore, essential to understand polymer 
degradation and erosion when using a degradable polymer for such an application 
because these events are critical for the successful polymer performance. Due to the 
large number of degradable polymers it is, however, impossible to review degradation 
and elimination processes in detail for each individual polymer. The objective of this 
chapter is rather to summarize the most important features of polymer degradation, 
erosion and elimination. Examples are given to illustrate major principles of these 
processes. Finally, approaches to modeling degradation and erosion on the basis of 
theoretical models are briefly reviewed. 

..,. ,oi~tspondence: Tel: 49-9131-859557; Fax: 49-9131-859545; e-mail: guepf^clamia~~.pl~armtech.uni- 
eriangerl.de 
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TERMINOLOGY 

tion of Degradation, Erosion, Biode 

There is still no agreement on a single definition for erosion and degradation. 
It is, therefore, necessary, to define how these terms will be used in this review. 
The following definitions were adapted from the literature (Vert et a]., 1992; 
Gopferich 1996a) : Degr ation is the process of polymer chain scission by the 
cleavage of bonds betwe the monomers in the polymer backbone. Accordingly, 
degradation leads to a size reduction of the polymer chains. Erosion, in contrast, 
designates the breakdown of a polymer in a broader sense. rosion is the mass 
loss of a polymer matrix which can be due to the loss of monomers, oligomers 
or even pieces of non-degraded polymer. Erosion can be the result of biological, 
chemical or physical effects. From the definitions above it is obvious, that polymer 
degradation is part of polymer erosion. In the biomedical field as well as in waste 
management biodegradation and bioerosion are of significance. In contrast to many 
other definitions both terms will be used here in a broad sense and imply that 
degradation and erosion are at least mediated by a biological system. This means 
that the biological environment in which a polymer degrades or erodes is at least 
contributing to degradation and erosion (Vert et al., 1992). In this review, polymer 
elimination is defined as the excretion and metabolism of polymer and erosion 
products from mammals. 

With the definitions above we should be able to define what a degradable polymer 
is, but in fact we cannot. The reason is simple: all polymers degrade one way or 
another and, therefore, all polymers would have to be considered degradable. As 
we do not feel comfortable with such a result we have to introduce some additional 
criteria that are met by degradable polymers but not by "non-degradable" ones. A 
solution is found by measuring degradation not in terms of absolute time but relative 
to the duration of an application or in relation to our human life time. If a polymer 
degrades not within the human life time it is usually not considered degradable. 
A distinction between degradable and non-degradable polymers could be made by 
defining a Deborah number (Reiner, 1964). Deborah numbers are dimensionless 
and have originally been developed to classify viscoelastic materials into more viscous 
materials and into more elastic ones (Metzner et al., 1967) and are also useful for the 
characterization of polymer swelling. A Deborah number to distinguish degradable 
from non-degradable polymers could be defined as shown in Equation 1. 

time of degradation 
D = 

human lifetime 
(1) 

Degradable polymers would then have small values for D (D+ 0) and non- 
degradable polymers have large ones (D + oo) . 
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A SURVEY ON MAJOR MECHANISMS 

There are 4 major modes of polymer degradation: photo-, mechanical-, thermal- and 
chemical degradation (Banford & Tipper, 1972). All of them might be important for 
biodegradable polymers as well. Photodegradation can occur during the exposure 
of polymers to UV or gamma radiation. This is relevant when trying to decrease 
the risk of bacterial contamination during polymer processing by UV irradiation or 
when subjecting polymer samples to y-sterilization (Sepala et a!,., 1991). Mechanical 
as well as thermal degradation might occur during polymer processing. During 
extrusion, for example, polymers are exposed to elevated temperatures and high 
shear forces which can lead to a loss of molecular weight (Gelovoy et al., 1989). 
Mechanical degradation is important when polymers are used for providing a 
mechanical function where they are subject to stress (Miller et al., 1984). Of all 
degradation mechanisms chemical degradation is the most important one for 
biodegradable polymers. By introducing hydrolyzable functional groups into the 
polymer backbone, the polymer chains become labile to an aqueous environment 
and thus, chemical degradation initiates polymer erosion. A brief list of different 
types of chemically degradable polymer bonds is given in Table 1. These bonds 
differ amongst other properties mainly by the velocity at which they hydrolyze. 

The Erosion of Bio 

The erosion of hydrolytically degradable polymers starts with the diffusion of 
water into the polymer. As the polymer chains are hydrated, the functional groups 
hydrolyze and absorb part of the water. During degradation the polymer is broken 
down into oligomers and monomers. These compounds are transported from the 
polymer bulk, which can be controlled by diffusion (Gopferich & Langer, 1995a). 
The release of degradation products leads to the mass loss which is characteristic for 
erosion. Degradation is the most important part of erosion. 

THE CHEMICAL DEGRADATION OF BIODEGRADABLE POLYMERS 

Factors Affecting 

The Type of Chemical Bond 

The type of functional group in a degradable polymer backbone has the highest 
impact on the degradation velocity. This becomes obvious when comparing the 
velocity at which polymers lose molecular weight during degradation, which can 
be a matter of hours for poly(anhydrides) (D'Emanuelle et al., 1992), but may be 
a matter of weeks for poly(a-hydroxy-esters) (Shah et al., 1992). There have been 
many approaches to classify degradable polymers based upon the reactivity of their 
functional groups (Park et al., 1993; Baker, 1987). An example for selected polymers 
is given in Table 2. 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



454 1 GOPFERICH 

Table 1 Functional groups contained in degradable polymers 
- 

COOR 

poly(ortho esters) 

p l y  (irnino-carbonates) 

{Ã‘ 
ply(phosphate esters) 

p l y  (anhy drides) 

pol y(aceta1s) 

polypeptides pol ~(carbonates) 

Table 2 Half-life of some classes of degradable poly- 
mers according to Park rt al., 1993 

Polvrnei clriss half-life 

pol: (anhydrides) 

polyfortho esters) 

polv(esters) 

pol! (amides) 

1 11 

4 11 

3.3 years 

83,000 year5 
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Poly(amides), for example, hydrolyze almost 10 orders of magnitudes slower than 
poly(anhydrides). The rates given in Table 2 are, however, subject to variations 
factor that can affect these rates is catalysis. Most of the bonds shown in Table 1 c 
subject to acid and base catalysis. The hydrolysis rate of ester bonds can, for example, 
change by orders of magnitude depending on pH. When the same functional groups 
are inserted into the polymer backbone of degradable polymers, the rate of hydrolysis 
also has been shown to be altered by acid-base catalysis (Nguyen et al., 1986; 
et al., 1985). Changes in hydrolysis rates were also observed in the presence of ions. 
The hydrolysis of acetic anhydride for example can be catalyzed by acetate and 

esides catalysis, steric effects modify hydrolysis rates. The higher 
reactivity of poly(glyco1ic acid) compared to poly(1actic acid) for example appears 
to be due to steric effects because the methyl group hinders the attack of water (Vert 
et al., 1992). Another factor are electronic effects during hydrolysis. Introducing 
electronegative substituents in the a-position of esters for example increases ester 
reactivity- (Kirby, 1972). In summary it can be concluded that the hydrolysis rate of 
degradable polymers depends mostly on the nature of the functional group, but is 
affected substantially by its neighborhood and the chemical environment in which 
hydrolysis takes place. 

ter Uptake 

The hydrolysis of the polymer backbone requires water and can be considered a 
bimolecular reaction. The reactivity of such processes can be increased by raising 
the concentration of either reaction partner (Pitt et al., 1981). The water uptake of 
degradable polymers can be controlled by altering the lipophilicity of the system. 
Lipophilic polymers have a reduced tendency to take up water and decrease, thereby 
their hydrolysis rate (Leong et al., 1985). The degradation rates of poly(imino 
carbonates), for example, were found to correlate with water uptake (Pulapura ef  al., 
1990). That water uptake affects degradation rates was also proven with physical 
blends of polymers such as poly(lactic-co-glycolic acid) with poly (vinyl alcohol) (Pitt 
et al., 1992) as well as by introducing hydrophilic monomers into copolymers (Heller 
el al., 1987). In either case the degradation rates increased when raising the content 
of the hydrophilic component. The degree to which water uptake can be used to 
decrease degradation seems, however, to be limited as water probably cannot be 
completely prevented from diffusing into polymers (Heller, 1986; Crank, 1968). 

Polymer crystallinity has a direct impact on degradation. Comparing the degradation 
rate of poly(D,L-lactic) acid with that of poly(L-lactic acid) might serve as a good 
example. The latter is partially crystalline and degrades substantially slower than the 
amorphous product (Baker, 1987) which proves that crystalline polymer regions 
degrade slower than amorphous ones. The same has been observed for other 
polymers such as poly (anhydrides) (Gopferich and Langer, 1993a). Also liquid 
crystalline regions in polymers were reported to have an increased resistance 
against degradation (Mathiowitz et al., 1993). The impact of molecular weight on 
degradation is complicated as it acts in a direct as well as an indirect way. An 
example for the indirect effect of molecular weight on degradation is the glass 
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transition temperature which depends on the molecular weight of the polymer 
(Hiemenz, 1984). Higher molecular weight causes an increase in the glass transition 
temperature and leads to slower degradation because glassy polymers degrade slower 
than rubbery ones (Baker, 1987). The direct effect of molecular weight is mediated 
through the chain length of the polymer. Higher molecular weight increases the 
chain length and, therefore, more bonds have to be cleaved in order to generate 
water soluble oligomers or monomers to allow erosion to proceed. Degradation 
takes, therefore, more time with increasing nlolecular weight which can be seen 
from the shift of the onset of weight loss from poly(1actic acid) matrices to higher 
times (Asano et al., 1990). 

Interesting is the effect of degradation on crystallinity and molecular weight of 
a polymer matrix. By the preferential degradation of amorphous polymer areas, 
an increase in total crystallinity has been observed during the degradation of 
partially crystalline polymers such as poly(L-lactic acid) in aqueous media (Pistner 
et al., 1993). The effect of degradation on the molecular weight loss of polymer 
matrices is different for fast and slow degrading polymers. Poly(anhydride) and 
poly(ortho-ester) matrix discs for example loose their molecular weight very rapidly 
(D'Emanuelle et al., 1992; Nguyen et al., 1986) while poly(1actic acid) matrices are 
substantially more stable (Gopferich, 1996a). In the case of poly(lactic acid) and 
poly(1actic-co-glycolic acid) the slow degradation causes the loss of molecular weight 
over the polymer matrix cross-section which follow first order kinetics (Shah et al., 
1992). Fast eroding polymer matrices in contrast seem to degrade faster on their 
surface compared to their core, which leads to a non-homogenous degradation that 
cannot be described by first order kinetics any more (D'Emanuelle et al., 1992). 

pH is one of the most important factors of hydrolytic polymer degradation. p 
changes can modify hydrolysis rates by orders of magnitude (Kirby, 19'72; Leong 
et al., 1985). In addition, the degradation products of many degradable polymers 
change pH by their acid functionality (Gopferich & Langer, 1993a). Poly(esters) are 
a quite versatile example for how pH might affect degradation. Their hydrolysis can 
be either acid or base catalyzed. Lactic acid, a degradation product of poly(1actic 
acid) and poly(1actic-co-glycolic acid), for example, has a very high water solubility. 
Due to the a-hydroxy group the pKa of 3.8 is lower than that of unsubstituted 
aliphatic carboxylic acids which usually have pKa values of about 4.5. The low 
pKa in combination with high water solubility give lactic and glycolic acid the 
potential to decrease the pH inside an eroding polymer matrix substantially. The 
decreased pH and the generated carboxylic acids cause autocatalytic effects (Vert 
et al., 1991) leading to the faster erosion inside poly(a-hvdroxy acids) compared 
to their surface (Li et al., 1990a; Gopferich, 1996a). Inside eroding rods of these 
materials, pH values as low as 2 were measured although they were eroded in a 
pH 7.4 phosphate buffer (Gopferich, 1996a). Substantial pH changes were also 
found during the erosion of other polymers. Poly(an11ydrides) such as poly(l,3 
bis[p-carboxy phenoxvpropanel-co-sebacic acid) 20:80 were reported to form a 
network of pores in which a pH of 4.5 was measured using embedded glass electrodes 
(Gopferich, 1996a). This explains that pH values measured on the surface of eroding 
poly(anhydride) discs using confocal microscopy were one unit lower than in the 
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surrounding pH 7.4 buffer solution (Gopferich & Langer, 1993a). Interesting is the 
effect of pH on the degradation of poly(ortho esters). Their degradation can only 
be increased by lowering pH, as hydroxide ions are not able to attack the carbon of 
the ortho ester bond (Heller, 1986). Adding magnesium hydroxide to poly(ortho 
ester) matrices, therefore, has been used to decrease their degradation rate while 
the addition of carboxylic acid anhydrides served the opposite purpose (Shih ef al., 
1984; Heller, 1985). Attention has to be paid to drugs and other substances with 
an acid or base functionality when they are incorporated into degradable polymers, 
because they might alter degradation rates as well (Yoshioka ef al., 1991). 

Copolymer Composition 

Copolymers have properties that are different from the properties of the correspond- 
ing homopolymers. Crystallinity and glass transition temperature, for example, 
change tremendously upon copolymerization (Hiemenz, 1984). Poly(a-hydroxy 
acids) might serve again as a good example. Poly(L-lactic acid) and polv(g1ycolic 
acid) are crystalline while poly(D,L-lactic acid) or poly(1actic-co-glycolic acid) 
are amorphous (Gilding & Reed, 1979). Changes in the hydrophilic/lipophilic 
balance and in crystallinity as well as steric effects (Vert et al., 1992) were made 
responsible for changes in the degradation rate of poly(1actic-co-glycolic acid) when 
increasing the glycolic acid content in the polymer backbone (Li et al., 1990a). 
The presence of a variety of functional groups in a copolymer might also affect 
degradation rates. A polymer built from two monomers A and B, for example, 
contains 4 types of bonds: A-A, B-B, A-B and B-A. This has some significance, 
when these bonds have different hydrolysis rates. In poly(anhydrides) such as 
poly(l,3-bis [p-carboxyphenoxy] propane-co-sebacic acid), the degradation rate was 
found to decrease substantially with the content of aromatic monomer for which 
the increasing number of slow reacting bonds between the aromatic monomers 
were made responsible. In summary, copolymers must be considered new poly- 
mers with degradation and erosion mechanisms different from the corresponding 
homopolymers. 

Biodegradable polymers can be hydrolyzed either passively or actively via enzymatic 
catalysis. For enzymatically degradable polymers, both mechanisms compete against 
each other and the fastest process controls the overall degradation mechanism. 
Enzymatic degradation is mainly effective for naturally occurring polymers such as 
polysaccharides and polypeptides. Consequently mainly natural polymers such as 
collagen, fibrin, chitin, albumin and hyaluronic acid have been used as enzymat- 
ically degradable polymers. However, even with non-hydrolyzable, water insoluble 
polymers such as poly(ethylene), enzymatic degradation might occur. Measuring res- 
piratory lCO2 during degradation experiments with microbes even poly(ethy1ene) 
was found to be enzymatically degradable (Albei-tsson, 1980), however, at a low 
rate. Synthetic polymers with functional groups have higher chances of non-specific 
enzymatic degradation. A list of enzymatically degradable synthetic polymers can 
be found in Park et al., 1993. The competition between mechanisms of enzymatic 
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and passive hydrolysis were observed when comparing the in vivo degradation 
of poly(c-caprolactone) with cross-linked poly(c-caprolactone). The cross-linked 
amorphous polymer was enzymatically degradable on its surface most likely due 
to the high mobility of its polymer chains, whereas the crystalline homopolymer 
hydrolyzed only passively (Pitt et al., 1984). Increasing the degree of cross-linking 
decreased the rate of enzymatic poly(c-caprolactone) degradation which was also 
found for other polymers such as albumin (Shalaby et al., 1990). Poly(isobuty1 
cyanoacrylate) nanoparticles have been reported to be mainly enzymatically de- 
graded in vitro when rat liver microsomes were present (Lenaerts et al., 1984). The 
combination of enzymatically degradable and non-degradable materials has been 
investigated by cross-linking WS-hydroxypropy1)methacrylamide copolymers with 
oligopeptide side chains which are stable in plasma but degrade in the presence of 
lysosomal enzymes (Rejmanov5 et a!., 1985), an approach that might be useful for 
drug targeting and gene therapy. Bacteria have also a substantial effect on polymer 
degradation because of their potential to degrade polymers enzymatically. This 
has been studied extensively especially for those polymers that are in use or are 
intended for use as packing materials or for agricultural applications (Lenz, 1993). 
The enzymatic degradation of polymers by microorganisms introduces even more 
factors into degradation and elimination processes. Factors such as the colonization 
of polymer surfaces (Nishida & Tokiwa, 1991), the microbial environment (Lenz, 
1993) or even catalyst residues (DiBenedetto et al., 1988) affect degradation. 

POLYMER EROSION 

omogenous eterogeneous Erosion 

The diffusion of water into the polymer bulk and polymer degradation compete 
against each other during polymer erosion. If degradation is fast, as shown in 
Figure 1A diffusing water is absorbed quickly by hydrolysis and hindered from 
penetrating deep into the polymer bulk. Erosion is confined to the surface of 
the polymer in this case, a phenomenon referred to as heterogeneous or surface 
erosion. This does not require, however, that the thickness of the surface layer in 
which erosion takes place is ultimately thin as it is often assumed. This erosion 
behavior changes if degradation is slower than water diffusion. In that case water 
cannot be absorbed quickly enough to be hindered from reaching deep layers of 
the polymer bulk and the polymer degrades all over its cross-section, a behavior 
which has been termed homogenous- or bulk erosion. I11 this case the complete 
polymer cross-section is subject to erosion as shown in Figure 1B. Surface and bulk 
erosion have some significance for the performance of polymers. An example is 
drug delivery. There are three potential mechanisms by which drug release from 
polymers can be controlled: Polymer swelling, polymer erosion, and drug diffusion 
out of the polymer. If polymer erosion is intended to be the release controlling 
mechanism, it has to be faster than the other two processes, otherwise, drug release 
might be controlled by swelling and diffusion too as shown in Figure 2. Therefore, 
only fast eroding polymers are suitable candidates to control drug release by erosion 
only. From the previous considerations it is obvious, that only those polymers are 
surface eroding, which contain fast hydrolyzing bonds such as poly (anhydrides) and 
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1 Schematic illustration of surface and bulk erosion. ( eroding polymer, 
non-eroding polymer). 

(A) bulk erosion, (B) surface erosion. 

poly(ortho esters) for example. It must be stressed, however, that surface and bulk 
erosion are two extremes and that the erosion mechanism of a degradable polymer 
shows usuallv characteristics of both. In addition to diffusion and degradation, other 
factors such as water uptake which depends on the hydrophilicity of the polymer 
affect the erosion behavior of polymers substantially. 

er Structure During Erosion 

Morphological Changes 

Early changes that are observed during erosion affect the polymer surface. Surface 
defects were found on biodegradable sutures made of poly(g1ycolic acid) and 
poly(D,L-lactic acid) after a couple ofweeks of degradation in vivo (Rudermann et al., 
1973). An increasing surface roughness was detectable on poly(ortho ester) matrices 
using atomic force microscopy (Shakesheff et al., 1994). More severe changes 
affect some poly(anl1ydrides) that tend to form cracks on their surface which 
has been investigated by scanning fluorescence confocal microscopy (Gopferich 
& Langer, 1993a). Consequently, these poly(anhydrides) become porous. 
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e 2 Control of drug release depending on the velocities of drug diffusion, polymer 
swelling and polymer erosion. 

Mercury intrusion porosimetry was used to determine pore sizes. Poly(1,3-bis[p- 
carboxyphenoxy]propane-co-sebacic acid) 20:80, a partially crystalline polymer, was 
found to form two kinds of pores: macropores with a diameter of 100 /̂ In which 
stem from surface cracks and micropores with a diameter of approximately 100 nnl 
that stem from the preferential erosion of amorphous polymer areas (Gopferich, 
1996a). Pore formation has also been reported for other types of degradable 
polymers such as poly(1actic-co-glycolic acid) (Shah et al., 1992). Interesting are the 
cross-sections of degradable polymers during erosion which have been investigated 
by light microscopy as well as scanning electron microscopy (Mathiowitz et al., 1993; 
Gopferich & Langer, 1993a). Fast degrading polymers such as poly (anhydrides) and 
poly (orthoesters) show surface erosion behavior which isvisible from the appearance 
of so-called erosion zones or reaction zones (Heller, 1990). Such zones were 
found, for example, in poly (l,3-bis [p-carboxyphenoxy] propane-co-sebacic acid) 

athiowitz et al., 1989) or poly(fatty acid din~er-co-sebacic acid) (Shieh et al., 
1994). Surprisingly they are also found during the erosion of poly(lactic acid) and 
poly(1actic-co-glycolic acid) matrices (G~pferich, 1996a) which are originally bulk 
eroding polymers. In this case erosion fronts move inversely from the inside to the 
outside of the polymer matrix and are created by the autocatalytically accelerated 
degradation inside these poly (esters) (Li et al., 1990a). 
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Changes in Composition and anges ofPhysico-chemical 

At an early stage of the erosion process a drop in the glass transition temperature 
due to polymer swelling and relaxation (Gopferich, 1996a) and a drop of molecular 
weight due to the degradation process (Baker, 1987) can be observed. The weight 
loss lags behind the loss of molecular weight because a certain degree of degradation 
has to be reached before the degradation products become water soluble. For 
poly(lactic acid), oligomers containing only a few monomer units have been 
reported to be water soluble (Maniar ef al., 1991). Amorphous polymer regions 
are more vulnerable to erosion than crystalline ones, since the former are more 
accessible to water and, therefore, faster degradable (Li et al., 19900; 
et al., 1993). This was verified for a number of degradable polymers such as 
poly (anhydrides) (Gopferich & Langer, 1993a), poly(/? hydroxy acids) (Nishida 
& Tokiwa, 1993) and poly(o' hydroxy acids) (Pistner et al., 1993) for which an 
increase in crystallinity during erosion was observed. Changes in crystallinity can 
also root from the recrystallization of polymer. Intrinsically amorphous polymers 
have been reported to recrystallize during erosion (Li et cd., 1990b). Degradation 
products such as oligomers (Vert et al., 1992) and monomers (Gopferich & Langer, 
1993a) have been reported to crystallize inside eroding polymer matrices. Oligomers 
crystallizing from eroding poly(D,L-lactic acid) have been identified as a poly(D- 
lactic acid)/poly(L-lactic acid) stereocomplex (Ikada et a!., 1987). Sebacic acid and 
l,3-bis [p-carboxyphenoxy] propane, two monomers used for the manufacture of 
poly(anhydrides) , were reported to crystallize inside eroding poly (anhydrides) such 
as poly (sebacic acid) and poly(1.3-bis [p-carboxy phenoxy'l propane-co-sebacic acid) 
(Gopferich & Langer, 1993a). 

Drugsfiom Deyada Ie Polymers Dm-ing Erosion 

Polymer erosion is typically accompanied by a massive loss of monomers and 
oligomers. The release of monomers from fast degrading polymers such as p l y -  
(anhydrides) or poly(ortho esters) starts from the very beginning of degradation 
(D'Emanuelle et al., 1992; Nguyen et al., 1986). Polymers containing less reactive 
functional groups such as poly(o'-hydroxy esters) and poly(/?-hydroxy esters) tend 
to show lag periods of a couple of days before the weight loss due to the release 
of monomers and oligomers sets in (Asano et al., 1990; Shah et al., 1992). The 
release of monomers from eroding polymer is pH dependent (G~pferich & 
Langer, 1996b). l,3-bis [p-carboxyphenoxy] propane release from poly (1,3-bis [p- 
carboxyphenoxyJpropane-co-sebacic acid), for example, has been reported to 
depend on the pH inside pores. The pH in pores is controlled by sebacic acid 
because its solubility is much greater than that of 1,3-bis [p-carboxyphenoxy] propane 
(Gopferich & Langer, 1993a). The release rate of the latter increases only after 
sebacic acid has diffused out of the eroding matrix which causes the pH in the pores 
to rise followed by an increase in the solubility of the poorly soluble organic acid. 
Drug and monomer release from degradable polymers also depends strongly on the 
structure of the eroding polymer matrix. Erosion zones and layers of monomers 
deposited on the surface of eroding poly(anhydrides), for example, act as diffusion 
barriers to released substances (Gopferich & Langer, 1996b; Shieh ef al., 1994). 
Therefore, diffusivity, solubility and dissolution rate of the drug become important 
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ial appearance of polymer cross-sections eroding 
non-eroding or slowly eroding polymer, eroding 

polymer containing pores): 
(A) bulk eroding polymer, 
(B) bulk eroding polymer with autocatalytically accelerated degradation, 
(C) perfectly surface eroding polymer, 
(D) surface eroding polymer with porous erosion zone, 
(E) surface eroding polymer with monomer deposits on the surface. 

for the release kinetics. The release of indometacin from p(CPP-Â§A) for example, 
is slower than the release of sebacic acid monomer due to dissolution and diffusion 
effects (Gopferich et al., 1996b). Drug release from degradable polymers is not 
necessarily always controlled by erosion. For example, drug release from poly(/3- 
hydroxy butyrate-co-/3-hydroxy valerate) 7327 devices has been reported to be 
completed by diffusion after 2 days, while the copolymer half-life is more than 100 
weeks (Akhtar et al., 1991). In general it can be concluded that the release of low 
molecular weight substances such as oligomers, monomers and incorporated drugs 
depends on a number of factors. Most important is the erosion mechanism of the 
polymer. Equally important are the physicochemical properties of the released drug 
molecules. 

Surface and bulk erosion are ideal cases. The erosion of most polymers does 
not follow one of these two mechanisms unequivocally. This becomes obvious if 
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re 4 Representation of a poly(anhydride) cylinder cross-section (black pixels: drug-free 
crystalline polymer, gray pixels: drug loaded amorphous polymer, white pixels: pores). 
(A) prior to erosion, (B) during erosion. 

one compares the cross-sections of eroding polymers. In Figure 3 the potential 
appearance of such sections during erosion is shown schematically. When water 
diffusion is fast compared to degradation, the polymers are bulk eroding as shown 
in Figure 3A. If the degradation products accelerate degradation autocatalytically 
inside a bulk eroding polymer, erosion is faster than on its surface as shown 
in Figure 3B. Poly(1actic-co-glycolic acid) serves here as an example (Gopferich, 
1996a; Li et al., 1990a). Poly(orthoesters) have been reported to be almost ideally 
surface eroding under certain conditions and their cross-sections appear as the 
one shown in Figure 3C (Heller, 1986). Polyanhydrides behave as described in 
Figure 3D and E. They tend to form either porous erosion zones such as poly(sebacic 
acid) and poly(l,3-his [p-carboxyphenoxy] propane-co-sebacic acid) (Gopferich & 
Langer, 1993a; G~pferich, 1996a), or accumulate monomer on their surface such as 
poly(fatty acid dimer-co-sebacic acid) does (Shieh et al., 1994). 

POLYMER ELIMINATION 

The degradation and erosion of a biodegradable polymer during an in vivo 

application might be very different from in  vitro conditions. For poly(anhydrides) 
for example, degradation was reported to be slower in vivo than in vitro, while 
for other polymers the opposite was found. This makes clear that biodegradation 
and bioerosion are influenced by a number of additional parameters compared 
to degradation and erosion alone. When a degradable polymer is implanted a 
cascade of events occur (Anderson, 1994). The injun of tissue is followed by an 
inflammation reaction which attracts phagocytosing cells such as macrophages and 
monocytes to the location of the implant. Later the wound healing process sets in, 
which is characterized by the proliferation of endothelial cells and fibroblasts. The 
alternative to wound healing is the foreign body reaction, where macrophages cover 
the surface of the foreign material followed by the encapsulation wit11 fibroblasts 
referred to as fibrosis. Using a cage implant system, it was possible to determine 
the composition of the extracellular fluid around the implant ( 
1983) from which a number of enzymes was identified. I n  vivo conditions at the 
implantation site are subject to a continuous change. This has been proven by 
implanting surgical suture material into rats for 10 weeks. When nylon suture was 
transferred weekly from one rat to another, the tensile strength was higher than 
when the material rested in the same animal during the experiment. The opposite 
was found for silk (Yui et al., 1993). In addition to enzymatic degradation, particles 
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of a few microns or less might by phagocytosed by cells of the reticulo endothelial 
system. In that case the polymer particles are subject to direct lysosomal digestion 
which exposes them to pH values of 5-5.5, and a number of lysosomal enzymes 
(Duncan, 1986). The lysosomal degradation is the major pathway of polymer 
elimination from the blood for polymers that cannot be excreted directly via the 
kidney. Some polymers have been synthesized in such a way, that the lysosomal 
degradation cleaves drugs from the polymer backbone (Rejmanovg et al., 1985), 
an approach that might be useful for drug targeting. Long circulating polymers 
are lysosomallv degraded on their way out of the body. This can be followed by 
radiolabeling the polymer with liC and measuring the distribution and excretion 
of radioactive matter. A number of interesting results on polymer biodegradation 
and elimination in vivo have been obtained in this way. ^C-labeled poly(styrene), 
poly(ethy1ene) and poly(methy1 methacrylate) were implanted into rats. Feces, 
urine and respiratory C 0 2  were monitored for radioactivity for more than a year 
(Williams, 1982). Polystyrene degraded fastest with radioactivity detectable in the 
urine after 21 weeks, followed by poly(ethy1ene) after 26 weeks and poly(methy1 
methacrylate) after 54 weeks. No radioactivity was detected in the respiratory COY 
or in the surrounding tissue after the removal of the polymer. The results prove that 
even polymers that are considered non-degradable can be degraded in vivo to some 
extent, and that their biodegradation products are readily excreted. The difference 
to degradable polymers becomes apparent by comparing these results with the 
biodegradation and elimination of poly(D,L-lactide-co-glycolide), for example, 
where no radioactivity was detectable at the injection site of microspheres after 56 
days in rats (Visscher et al., 1985), indicating the completeness of the biodegradation 
process. After intravenous administration of poly(1actic acid) nanoparticles to rats, 
30% of the administered amount of 14C was eliminated during the first day but then 
slowed down substantially indicating that lactic acid might have been incorporated 
into endogenous compounds (Bazile et al., 1992). After oral administration of 
poly(D,L-lactic acid) nanosplieres to rats 17.8% of the radioactivity were recovered 
in urine, pulmonary excretions and the blood, which indicates that nanosphei-es 
cross the intestinal barrier (Ropert et al., 1993). 

APPROACHES TO POLYMER EROSION MODEL,ING 

The predictability of polymer erosion with theoretical models would be beneficial 
in several ways. For pharmaceutical applications such information could be used to 
assess the potential of a polymer to release drugs by an erosion-controlled mechanism 
and to predict drug release. In waste management it would be favorable to predict 
the polymer half-life in various environments. 

Unfortunately, there have been only few attempts to model the erosion of degrad- 
able polymers. Most of them focused on the description of erosion for fast degrading 
polymers that tend to be surface eroding. In early approaches, linearly moving 
erosion fronts, separating eroding from non-eroded polymer have been assumed to 
move at constant speed. This allowed the effect of polymer matrix geometry on the 
erosion of surface eroding polymers to be investigated (Cooney, 1972; Hopfenberg, 
1976). For slow degrading polymers such as poly(a-hydroxy esters), the degradation 
of polymer was assumed to follow first-order or second-order kinetics. Other models 
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introduced diffusion theory that either described the diffusion of water into the 
polymer as a steady-state process and regarded degradation as a first-order process 
(Baker & Lonsdale, 1976; Heller & Baker, 1980) or described the degradation by 
erosion fronts that move at constant speed (Thombre & Himmelstein, 1984). At 
present there are two major approaches to erosion modeling. One uses sets of partial 
differential equations, the second uses simplified discrete models. 

Approaches using differential equations are usually based on the second law of 
diffusion to describe the diffusion of water into the polymer (Joshi & Himmelstein, 
1991). As water diffuses, however, not unhindered through degradable polymers 
because it is consumed by hydrolyis, the basic kinetics is a process of diffusion 
coupled with reaction (Cussler, 1989). Such models have successfully been applied to 
describe the degradation of poly(ortho esters) and drug release from these polymers 
(Thombre & Himmelstein, 1985). Equation 2 is the basic partial differential equation 
that describes the diffusion controlled mass transfer in one dimension coupled with 
a chemical reaction. 

3ci 9 3c 
- - - - D i Ã  + r, 

at ax at 
c designates the concentration of species i (e.g. water, degradation products etc.) 
and the reaction terms ri denotes the velocity at which the ith species is generated. 
The advantage of these models is their ability to account for the diffusion of water, 
degradation products and drugs as well as for polymer degradation. They fail, 
however, to describe changes in microstructure caused by the preferential erosion 
of amorphous compared to crystalline polymer areas for example which in some 
instances affects erosion substantially. 

To describe changes in polymer microstructure, a spatial aspect has to be 
introduced into modeling approaches for which two-dimensional discrete models 
are suitable. Originally, these models have been developed to describe drug release 
from compressed cylindrical matrices consisting of a drug, a polymer and a filler 
(Zygourakis, 1990). The release of drug was assumed to be initiated upon contact 
with water. Using Equation 2, it was possible to simulate effects such as drug loading 
and filler content on drug release: 

Vd is the volume of dispersed drug, vrl a dissolution rate constant and Sci the 
drug/solvent interfacial area. A different two-dimensional approach was used later 
to describe the erosion of poly(anhydrides) (Gopferich & Langer, 1993b). First 
polymer cross-sections were covered with a two-dimensional computational grid as 
the one shown in Figure 4A. Depending on polymer crystallinity, each pixel on 
the grid was assigned the quality "crystalline" or "amorphous". As the hydrolytic 
degradation of polymer bonds usually follows pseudo first-order kinetics (Vert et al., 
1992), degradation can be regarded a random process with Poisson kinetics. This 
was taken into account by randomly choosing the life-time of polymer pixels after 
water contact from a zero order Erlang distribution via Monte Carlo techniques. 
Equation 3 illustrates how the life-time is calculated: 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



Figure 5 Erosion time series for a cylindrical polyanhydride matrix disc, complete cross- 
section (black pixels = non-eroded polymer, white pixels = eroded polymer). (Reproduced 
wit11 permission of the American Institute of Chemical Engineers from (Gopferich & Langer, 
1995b). Copyright 0 1995 AlChE. All rights reserved). 

t is the life-time of a pixel after contact to the degradation medium, A a rate 
constant, n the size of the computational grid and e a random number equally 
distributed between 0 and 1. The crystallinity of polymers is accounted for by 
using distributions that yield on the average longer lifetimes for "crystalline" pixels 
compared to "amorphous" ones. This is achieved by using different A values for 
the two species of pixels. To simulate how erosion proceeds, pixels are removed 
from the grid in the order of their lifetimes. The algorithm proceeds until all 
pixels have been removed from the grid. During such simulations porous structures 
are obtained as the one shown in Figure 4B. With these models, the erosion of 
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polyanhydrides, for example, can be predicted precisely (Gopferich & Langer, 
1993b). An example for an erosion simulation is shown in Figure 5 .  The cross-sections 
obtained by these simulations agree very well with experimental findings by scanning 
electron microscopy (Gopferich & Langer, 1993a). This modeling approach has the 
advantage that structural changes such as porosity, which is decisive for modeling the 
release of drugs from porous systems, can be predicted. Unfortunately, these discrete 
models cannot describe the release of drugs from eroding polymers except when 
these substances have a high solubility inside pores and diffuse very fast so that mass 
transport phenomena are not rate limiting (Gopferich, 1996b). To overcome this 
limitation, they have to be combined with diffusion models which allow the diffusion 
of low-molecular-weight substances such as monomers from eroding polymers to be 
simulated, an approach that has successfully been applied to describe the release of 
monomers from eroding poly(anhydrides) (Gopferich & Langer, 1995a). Equation 4 
describes the diffusion of monomer through the pores of eroded polymer: 

cis the concentration of diffusing monomer, D the effective diffusion coefficient, and 
aS/at a rection term that accounts for the precipitation and dissolution of monomer. 
The porosity e was calculated from Monte Carlo simulations. 

In general it can be concluded, that erosion modeling has, so far, been only 
successful for some degradable polymers. More research in this area will be necessary 
to develop models that predict the behavior of polvmers based on their chemical 
structure, or models that are at least applicable to a variety of different types of 
polymers. 

SUMMARY 

Polymers degrade by four potential mechanisms: photo-, mechanical-, thermal- 
and chemical-degradation. Degradation is characterized by a loss of molecular 
weight and initiates polymer erosion, which proceeds with the loss of newly-formed 
monomers and oligomers. A degradable polymer has degradation times that are 
under ambient conditions smaller than our human life time. For degradable 
polymers, chemical degradation in the form of hydrolysis is the most important mode 
of degradation. These polymers differ by their hydrolyzable functional groups which 
cause major differences in degradation velocity. Besides the functional groups, the 
chemical environment in which the process takes place affect degradation. The pH 
of the degradation medium, for example, can change degradation rates by orders 
of magnitude. Erosion, which comprises all processes leading to the mass loss of a 
degradable polymer, changes the microstructure of polymers tremendously. These 
changes include processes such as swelling, surface cracking and increases in porosity 
to mention just a few. During biodegradation and bioerosion a biological system 
affects the processes of degradation and erosion. After implantation into the human 
body, for example, cells of the immune system influence the erosion process. The 
same might occur when polymers are eroded in the presence of microbes, which is 
important when disposing polymers in landfills. The multitude of parameters makes 
the theoretical modeling of erosion complicated. Some progress has however been 
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made to describe the erosion of selected classes of polymers using partial differential 
equations or Monte Carlo models. Modeling is substantially complicated by the 
fact that degradable polymers show an individual erosion behavior, which can be 
substantially different even for members of the same polymer group. In summary, 
one can conclude that tremendous progress has been made during recent years 
towards a better understanding of polymer erosion. More research is, however, 
necessary for a complete understanding of erosion and the changes in polymer 
properties during erosion. 
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INTRODUCTION 

To relate this chapter to the rest of the book, environmentally degradable polymers 
designed as a waste-management option for commodity and specialty polymers, 
and i n  vivo degradable polymers designed for medical applications have many 
common elements and some very key differences. In both cases, polymers are 
exposed in living environments in which degradation may be promoted either by 
biocatalytic processes involving enzymes or by chemical processes such an hydrolysis, 
oxidation, and irradiation. Adverse environmental responses in both cases must be 
negligible for the polymers to be acceptable; they should be degradable in some 
controlled and predictable manner, such that their life time may be estimated; 
and no harmful or toxic persistent residues should be produced. Because of 
these similarities, it should not be surprising that there are common synthesis 
chemistries that may be applied in the two fields. However, the value placed on 
polymers for applications in the two fields, medicine, and commodity and specialty 
industrial polymers, is vastly different. Cost/performance is a much more sensitive 
driver for commodity and specialty polymers, where competition from existing 
polymers such as polyethylene, polypropylene, polystyrene, polyacrylates, poly (vinyl 
alcohol), poly(alky1ene oxides), poly(viny1 chloride), poly(ethy1ene terephthalate), 
etc. demands excellent performance at low cost. This imposes avery severe synthesis 
limitation on the design and development of environmentally degradable polymers 
relative to those for use in the medical field. Nevertheless, basic synthesis concepts 
are similar in the two fields and one should be familiar with both to be successful in 
either one. 

Interest in environmentally degradable polymers began more than thirty years 
ago, when it was first recognized that the commonly used commodity packaging 
plastics such as polyolefins, poly(viny1 chloride, polystyrene, and poly(ethy1ene 
terephthalate) were accumulating in the environments in which they were discarded, 
after use. Since these polymers were developed for their resistance properties, it 
should not have been surprising that they were recalcitrant in landfills and as litter 
when disposed of in a negligent manner. 

More recently, the problem of polymer accumulation in the environment has been 
recognized as more general than packaging plastics, extending to recalcitrant water- 
soluble and other specialty polymers and plastics such as poly(acry1ic acid), poly (vinyl 
alcohol), polyacrylamide, poly(a1kylene oxides), and even some modified natural 
polymers, for example cellulosics. These polymers are widely used in coatings, 
pigment dispersants, temporary coatings, mining, detergents, water treatment, etc.; 
and all are potential contributors to environmental problems and are, therefore, 
targets for replacement with environmentally degradable substitutes. 
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To avoid confusion in the reader's mind, the term polymer will be used in a general 
sense throughout this chapter to include water-soluble polymers and plastics, the two 
major polymer types under discussion. Where differentiation is necessary, reference 
will be to the individual categories. 

This review will attempt to cover the major synthetic approaches to polymers that 
are designed to degrade in the environment by any of the accepted degradation 
pathways, photodegradation, biodegradation, and chemical degradation(w1~ich is 
hydrolytic or oxidative degradation). Of these degradation pathways, biodegradation 
is recognized as the only one capable of completely transforming a polymer into 
naturally occurring products through assimilation by microorganisms into biomass 
and residual inorganic compounds such as salts and carbon dioxide; therefore, 
it has received an appropriately higher degree of attention than the others. The 
other approaches are more realistically described as environmental deterioration or 
disintegration, since their degradation products are left in the environment, unless 
they are biodegradable. 

With the broadened perspective of research on environmentally degradable 
polymers to include water-soluble polymers, there has also been an acceptance 
that such polymers are only one of several waste-management options for poly- 
mers in the environment. Alternative solutions exist and are recognized such as 
recycle of polymers, recycle of polymers to monomers and alternate feedstocks, 
incineration, and continued landfilling. Each of the disposal method has advan- 
tages and disadvantages and acceptance will depend on many factors including 
available processing facilities, land space, local customs and expectations, ease of 
collection, cost relative to virgin polymers, and physical and chemical property 
requirements for the polymer. Consequently, research on environmentally degrad- 
able polymers is becoming more focused targeting applications where they offer 
unique advantages in disposal and properties over their competitive alternatives. 
Examples, as we shall see, include agricultural films where photo/biodegradable 
plastics are competitive with the cost of current films plus the associated collection 
and recycle or disposal costs; compostable plastics for fast-food packaging which 
eliminates separation from food waste; water-soluble polymers and plastics that 

iene are difficult to recover for other disposal options, after use; and personal hjg' 
products. 

For wide-spread acceptance, environmentally degradable polymers must over- 
come some significant obstacles not recognized earlier. Environmental safety assess- 
ments must be completed to ensure that any claimed environmentally degradable 
polymer leaves no potentially harmful product in the environment. Hence devel- 
opments in this area require multidiscipline teams involving polymer scientists, 
biologists, microbiologists, environmental chemists, analytical chemists, etc. to 
ensure a balanced polymer is developed that not only has desirable properties 
but also is environmentally acceptable. In addition to the science, there are, also, 
emotional issues that must be reconciled with the general public, legislators, and 
lawyers before wide spread acceptance of environmentally degradable polymers. 
In order to reach this level of acceptance, it will be necessary to achieve some 
level of international consensus on definitions and laboratory testing protocols that 
correlate wit11 real world exposure for these polymers. The environment can not be 
compromised, on that we all agree. Consequently, this chapter will include sections 
on the current definitions of the common environmental degradation pathways; 
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the inter-relationship of these pathways to one another and to environmental safety 
which dictates a severe restriction on the acceptability'of environmentally degradable 
polymers; opportunities for environmentally degradable polymers; test protocols; 
synthetic approaches; currently available polymers; and, finally, some projections 
for the future. 

DEFINITIONS FOR ENVIRONMEN 

There have been and continue to be numerous attempts to define environmentally 
degradable plastics and polymers in a manner acceptable by everyone. All encompass 
the same broad general concepts but are slightly different in phraseology, depending 
on the author's perspective and discipline, chemist, biochemist, layman, lawyer, 
legislator, etc. This indicates a broad understanding of the problem but it also implies 
that we will never reduce to words an acceptable definition which has world-wide 
consensus. Nevertheless, definitions are important because they are indicative of 
expectations for environmentally degradable polymers and of the types of testing 
protocols that are needed to establish the acceptability of the polymers designed for 
environmental degradation. At this time, the definitions developed by the American 
Society' for Testing and Materials (ASTM D 883-93) for degradable, biodegradable, 
hydrolytically degradable, and oxidatively degradable plastics indicated below are 
probably the most widely accepted as written or in some slightly modified form. 
They are equally applicable to polymers in general simply by substitution of the 
term polymer for plastic. 

lastic, a plastic designed to undergo a significant change in its 
cture under specific environmental conditions resulting in a loss of 

some properties that may vaq as measured by standard test methods appropriate to 
the plastic and the application in a period of time that determines its classification. 

adable plastic in which the degradation results from 
micro-organisms such as bacteria, fungi, and algae. 
tic, a degradable plastic in which the degradation 

results from hydrolvsis. 
, a degradable plastic in which the degradation 

radable plastic in which the degradation results 

It is apparent that the definitions do not quantify' the extent of degradation, they 
are only indicative of the mechanism that is operating to promote degradation. 
While this is acceptable in a scientific sense to define the chemical process, they do 
not define environmentally acceptable polymers (Swift, 1992) which in the minds of 
legislators and lay people is the key issue. For environmentally degradable polymers 
and plastics to be acceptable as a waste-management option, definitions have to be 
more practical to reflect the goal of acceptability' as synonymous with the assurance 
of no harmful residues after degradation. The above AST definitions, therefore, 
require elaboration as recommended by Swift (1993) to address this deficiency. 
Environmental degradation processes are interrelated as shown schematically below 
in Figure 1. 
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Figure 1 Inter-relationships for Environmentally Degradable Polymers 

Biodegradation, oxidation, hydrolysis and photodegradation initially all give inter- 
mediate products or fragments which may biodegrade further to some other residue; 
biodegrade completely and be removed from the environment entirely (being 
converted into biomass and carbon dioxide or methane, depending on aerobic or 
anaerobic system), and ultimately mineralized as indicated in Figure 1; or remain 
unchanged in the environment. In degradations where residues remain, these 
must be established as harmless in the environment by suitably rigorous fate and 
effect evaluations. Clearly, only biodegradation has the potential to remove plastic 
and polymers completely from the environment. This should be recognized when 
developing and designing polymers and plastics for degradation in the environment 
by any of the pathways, the final stage should preferably be complete biodegradation 
and removal from the environment. This ensures environmental acceptance and the 
polymers may be considered to be recycled through nature into microbial cells, 
plants and higher animals (Narayan, 1990), and potentially back into chemical 

not limit the degree of degradation for a particular polymer but does require 
sufficient testing of fragments and degradation products that are incompletely 
removed from. the environment to ensure no long-term damage or adverse effects 
to the ecological system. Polymers and plastics meeting this definition should be 
completely acceptable for disposal in the appropriate environment anywhere in the 
world. 

POTENTIAL USES FOR ENVIRONMENTALLY DEG ABLE POLYMERS 

Polymer applications are the drivers for research into environmentally degradable 
plastics and polymers. They indicate property requirements, disposal methods and 
identify the testing protocols that must be established to evaluate their environmen- 
tal degradation under laboratory simulated environmental exposure conditions. 
Drivers for environmentally degradable polymers and plastics are waste-management 
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Water-Soluble Polymers 

Water-Treatment Facility Aquatic Environment ^ ^  / 
Adsorption, Soluble 

I Incineration 

Environmental Fate and Effects 

Figure 2 Environmental Disposal of Water-Soluble Polymers 

programs and the desire to restrict the uses for currently available non-degradable 
polymers and plastics in the environment, wherever possible. Figures 2 and 3 indicate 
likely disposal pathways of water-soluble polymers and plastics, respectively. 

Water-soluble polymers are usually disposed of as dilute aqueous solutions through 
waste-water treatment facilities or sometimes directly into the aquatic environment. 
On entering a waste-water treatment plant, a polymer may pass straight through 
into streams, rivers, lakes and other aquatic environments or it may be adsorbed 
onto the suspended solids. If the polymer passes straight through the wastewater 
treatment plant, it is no different from direct disposal into aquatic environments, 
both raise similar questions as to their fate and effects. Adsorption of a polymer onto 
sewage sludge results in the possibility of the polymer being landfilled, incinerated, 
composted, or land applied as fertilizer or for soil amendment, depending on the 
local options. In all cases, environmental fate and effects need to be addressed; it must 
be established how these polymers move in their new environmental compartments, 
and what are their incineration byproducts, if that is the method of disposal. 
Therefore, there is an obvious and distinct advantage for water-soluble polymers to be 
environmentally degradable. There is a preference for biodegradable water-soluble 
polymers as it is unlikely that the other degradation paths would be applicable 
in dilute aqueous solutions. Water-soluble polymers should be designed to be 
completely biodegradable and removed in the disposal environment, generally 
the sewage treatment facility', since they may move rapidly and without difficulty 
throughout the aquatic environment. Hence, if biodegradation of a polymer is 
not complete in the disposal environment, it must be assessed in subsequent 
environmental compartments that it may enter. Once the complete biodegradation 
of a polymer has been confirmed no uncertainty remains as to its fate and effects 
in any subsequent environmental compartments. Complete biodegradation can 
be established with a high degree of certainty with the appropriate test methods, 
whereas the assessment of environmental fate and effect of any residue is alv. a y s a 
risk assessment based on a limited study with a few aquatic species. 
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e 3 Environmental Disposal of Plastics 

Plastics have more disposal options than water-soluble polymers because they are 
usually solid, handleable materials and are generally recoverable after use. Disposal 
options include landfilling, recycling, incineration, and composting. Composting, 
which is predominantly biodegradation with the possibility of oxidation and hydroly- 
sis, is an opportunity for environmentally degradable plastics which are used in food 
applications such as wrappers and utensils. In these uses plastics are contaminated 
with food residues and the mix is ideally suitable for composting without separation. 
There are opportunities for environmentally degradable plastics where recovery of 
current plastics is not economically feasible, viable, or controllable such as litter; 
discarding at sea from naval vessels; farm and agricultural applications such as 
pre-emergence plant protection with sheets, and mulch; and hygienic applications 
such as diapers, sanitary napkins and hospital gal-ments and swabs, etc. These 
opportunities are the drivers for the development of environmentally acceptable 
degradable plastics and polymers. 

In summary, it is apparent that there are selective opportunities for environmen- 
tally degradable polymers and plastics. Notably for water-soluble polymers where 
recovery is unlikely. There are niche opportunities for plastics such as fast food 
wrappers, fast food utensils, where separation is avoided and the plastic is already in 
a food matrix that is suitable for biodegradation; litter; ocean dumping; agricultural 
applications where recovery is unlikely and expensive for films and mulch; and 
hygienic products. 

A major advantage that is conducive for the development of environmentally 
degradable water-soluble polymers is the well established disposal infrastructure; 
almost all centers of population in the industrial world have access to waste-water 
treatment plants. Whereas environmentally degradable plastics being developed for 
composting, for example, have a major impediment in that they mil require the 
development of a composting infrastructure for their disposal and this will certainly 
influence their rate of acceptance. 

TEST PROTOCOLS FOR ENVIRONMENTALLY DEG 

Environmentally degradable polymers fall into the categories of biodegradation, 
photodegradation, oxidation, and hydrolysis. Biodegradation has been the most 
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actively researched, followed by photodegradation. Chemically promoted hydrolysis 
is frequently followed by the biodegradation of the initially produced fragments, 
and oxidation often operates in tandem and is inseparable from photodegradation. 

Laboratory test protocols are usually evaluations of environmental degradation 
under simulated real world conditions to which a particular polymer or plastic 
will be exposed on disposal. However, it is occasionally desirable to test under 
the most favorable conditions to establish whether environmental degradation is 
at all possible. Regardless of the test, laboratory results only indicate the rate 
and extent of degradation under the test conditions. Correlation with real world 
exposure must be established as the ultimate goal of laboratory' testing protocols 
is to be predictable of environmental response to new polymers and plastics. 
The goal is more difficult for biodegradation than for photodegradation, since 
the environments for biodegradation differ widely in microbial composition, pH, 
temperature, moisture, etc. and are not readily reproduced in the laboratory. In 
addition, once an environment sample has been placed within the confinements 
of a laboratory vessel, it can no longer interact with the greater environment 
in response to an added xenobiotic and results are frequently difficult to re- 
produce and may not always be representative of the response in real world 
exposures. 

Test protocols to be discussed are essentially those developed by the ASTM which 
have been extensively tested and modified by many testing organizations world-wide. 
The protocols are either classified as 'test methods' or 'practices'. Methods are 
designed to give a measurable value or change, and practices are conditioning for a 
subsequent test method to measure an effect (ASTM D883-93). 

otocols for Photo 

Photodegradation and oxidation test protocols are practices for exposing a plastic to 
some form of radiation and subsequently measuring property loss in an appropriate 
test method, for example a tensile strength loss (ASTM D 882-83), impact resistance 
loss (ASTM D 1709-85), tear strength loss (ASTM D 1922-67), molecular weight 
loss, friability, disintegration, brittle point, etc. Several standard test practices have 
recently been developed within ASTM (1993) for the plastic exposure part of the 
experiment and are listed in Table 1, subsequent testing in any of the standard 
ASTM test methods, including those abole, may be done at various time intervals 
throughout the exposure to assess the rate of degradation. 

Table 1 A S T M  Standard Practices for Photodegradation 

Test Number Standard Test Practice 

D 3826-91 Degradation End Points Using a Tensile Test 
D 5071-91 Operation of a Xenon Arc ARC-Type Exposure Apparatus 
D 5208-91 Operation of a Fluorescent Ultraviolet (UV) and  Condensation Apparatus 
D 5272-92 Outdoor Exposure Testing of Photodegradable Plastics 
D 5437-93 Marine IVeathering, Floating 
D 5510-94 I-Ieat-aginpof Oxidative Degradation of Polvmers 
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Table 2 Biodegradation Ratings in 
Fungal and Bacterial Growth Tests 

Rating Gi oft tll 

0 no visible growth 
1 < 10% of surface with growth 
2 10-30% surface nit11 growth 
3 30-60% surface with growth 
4 60-1 00% surface with growth 

Test Protocols for Biodegradable Polymers 

In the early years, the only tests conducted to establish biodegradability were related 
to microbial growth, weight loss, tensile changes and other physical property losses. 
These are all indirect measurements of biodegradation and often lead to results that 
were difficult to reproduce from laboratory to laboratory, giving rise to confusion on 
the susceptibility to biodegradation of a given polymer. They have been reviewed in 
many articles(ASTM. 1993; Potts, 1973,1978; Andrady 1994). Two of these tests were 
'growth ratings' based on ASTM Tests G 21-70 and ASTM G 22-76 which are really 
tests developed for assessing the resistance of plastics to fungal and bacterial growth, 
respectively. Fungal organisms such as A s p e p l l u s  niger, Aspergilhisjlavus, Chaetomium 
globosum, and Penicillium funiculosum and bacterial standards such as Pseudomononus 
aemginosa are suggested in the test protocol, though it is not limited to these, are 
evaluated for growth on suitable plastics. After a suitable time period, growth is 
assessed by a subjective numerical rating, shown in Table 2, in which higher numbers 
are considered to correlate with the susceptibility of the plastic to biodegradation. 

The advantage of these tests is that they are quick and easy to do and give 
an indication of biodegradation potential. Conversely, they are not conclusive for 
biodegradation of the plastic or polymer since any impurities such as plasticizers and 
solvents, may interfere by promoting growth and give false positive results. 

Other simple tests include the soil burial test used widely by Potts and Clendinning 
(1984) to demonstrate the biodegradability of polycaprolactone, following its 
disappearance as a function of time; and the clear zone method which indicates 
biodegradation by the formation of a clear zone in an agar medium of the test 
polymer or plastic as it is consumed (Fields et al., 1973). The burial test is still used as a 
confirmatory test method in the real world environment after quantitative laboratory 
methods indicate the degree of biodegradation. 

In the last few years, the need to develop better tests, both qualitative and 
quantitative, has become apparent and is generating a great deal of activity in both 
plastics and water-soluble polymers. Many of the quantitative test protocols for both 
plastics and polymer are based on the tests developed over the last 25 years in the 
detergent industry for water-soluble organic compounds, particularly surfactants, 
which have been scrutinized for biodegradability since the late 1960's. Many of these 
tests are summarized in Swisher's excellent book (1987) on surfactant biodegrada- 
tion and are formalized in publications by the Environmental Protection Agency 
(EPA) (1982) and the Organization for Economic and Cooperative Development 
(OECD) (1981) . This earlier work showed the value of choosing the environment 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



NON-MEDICAL BIODEGRADABLE POLYMERS -IS1 

applicable to the disposal method, with detergents the waste-water treatment plant, 
rivers, aquifers, and soil, the conditions for running laboratory tests with temperature 
control, addressing toxicity issues, acclimation potential, etc. Above all, the value of 
quantitative measurements of the products of biodegradation as the only reasonable 
means of assessing biodegradation. The necessity of applying similar rigor to plastic 
biodegradation was pointed out by Swift (1993). 

Chemical equations describing the biodegradation of a hydrocarbon polymer in 
aerobic and anaerobic environments are indicated below. The equations may be 
readily modified to include other elements that may be present in a particular 
polymer which will appear in the oxidized or reduced form depending on the 
environment, aerobic or anaerobic, respectively. Most of the testing reported in the 
literature over the years has been with aerobic biodegradation conditions probably 
because this is easier to do in the laboratory and because polymers and plastics are 
usually discarded into these environments. However, anaerobic degradation, which is 
particularly pertinent to water-soluble polymers which may enter anaerobic digesters 
in sewage treatment facilities, is receiving more interest and more information will 
be developed in the future on this condition. In this article, unless specified, the 
term biodegradation should be understood to convey degradation in an aerobic 
environment. 

Aerobic Environment 

Polymer + Oq Ã‘ COq t HqO t Biomass + Residue 

Anaerobic Emironment 

Polymer -+ COy / CH, t HyO + Biomass t Residue 

To quantitatively assess the degree of biodegradation, analytical techniques are 
needed for all of the reactants and products; the polymer; oxygen uptake, known 
as biochemical oxygen demand (BOD), and the residue. The more rigorous the 
analysis, the more reliable the measurement of the extent of biodegradation, and, 
of course the acceptability of the data and the conclusions drawn therefrom. For 
total biodegradation, there should be no residue remaining in the environment. 

Qualitative assessment of biodegradation where changes such as weight loss, 
tensile strength loss, disintegration, etc. are measured is a useful metric for plastics 
in that it gives an indication of the loss of properties that are a useful guideline as to 
the physical break down of the plastic and its decomposition in various environments 
such as compost, landfill, etc. and particularly the intended disposal environment. 
To differentiate biodegradation and abiotic degradation such as oxidation and 
hydrolysis, it is usually necessary to do a simultaneous control test with a killed 
inoculum (cyanide or mercury salts are acceptable) in which no degradation should 
be observed, if only biodegradation is involved in the plastic degradation. This test, 
obviously, would also serve as a test method for hydrolytic or oxidative degradation 
should degradation occur in the abiotic environment. 

There have been numerous recent communications on the subject of biodegrada- 
tion test methods and practices, including aerobic compost (Gross, 1992), anaerobic 
bioreactor (Gross, 1992), general methodology and future directions (Pettigrew et al. 
1992; Swift 1993,1994) and a fine review article byhdrady (1994). ASTM (1993) and 
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Table 3 Biodegradation Test Protocols 

Test Niimbe~ Environment Measuien~ent 

VSTM D 5209-92 

VSTM D 5210-92 

ISTM D 5247-92 

I s r M  D 5271-93 

AS1 M D 5338-92 

ASTM D "137-97 

\STM D 5509-94 

ISTM D 5711-94 

IS r \ i  D :i.'ii2-04 

ISTM D 5525-94 

ISTM D 552h-94 

M i m e s t  

Aerobic sewage sludge 

Anaerobic scivage sludge 

Aerobic specific microorganism'i 

Aerobic activated sewage sludge 

Aerobic controlled coinpo5ting 

Marine floating conditions 

Simulated compost 

Anaerobic biodegradation 

Simulated compost 

Simulated landfill 

.-Vccclerated landfill 

Mixed microbial 

-- 

COY 

(:02/CH4 

Molecular ^eight 

0 9 / C 0 9  

COY 

Physical propel-ties 

Physical properties 

C09/CH4 

Physical properties 

Phvsical properties 

C02/CH4 

0 9  

Masuda (1994) have also set forth standard testing protocols for plastics as shown 
in Table 3, whereas OECD test methods(1981) are more suited for water-soluble 
polymers. 

Although the current state of biodegradation testing is greatly improved, the 
test protocols developed at this time should be recognized as only screening tests 
for readily biodegradable polymers and plastics. Failure in these test does not 
exclude biodegradation, it merely indicates that under the environmental conditions 
evaluated or the time frame of the test there is no biodegradation. Repeated 
tests, particularly in other environments, are recommended before accepting non- 
biodegradability. The possibility of toxicity of the polymer and the need for lower 
concentration testing should also be explored, in the latter case it may be necessary' 
to resort to isotopic labeling in order measure biodegradation by monitoring low 
concentrations of carbon dioxide evolution. In many cases with synthetic polymers it 
may also be important to allow acclimation to a given environment so that enzymes 
may be induced that will biodegrade the polymer. 

In addition to attention to improved biodegradation test method development, 
there is still emphasis needed on establishing the fate and effect of residues and 
degradation fragments in the environment where biodegradation is incomplete, 
whether from biodegradable polymers and plastics or from any of the other envi- 
ronmental degradation pathways. The acceptability of environmentally degradable 
polymers mil depend on these methodologies. Some efforts are being made in this 
area with the work of Scholz in water-soluble polymers (1991) and ASTM Standard 
Practice D 5152-91 (1993) for extracting aqueous solubles from the solid fragments 
produced by the environmental degradation of plastics for testing in standard 
aquatic toxicity protocols. In general, though, it has not yet become accepted and 
understood in that the degree of biodegradation of polymer or plastic in itself has no 
value, it is only part of the much more important Environmental Safety Assessment 
(Swift, 1993). Biodegradation is related to the environmental concentration of the 
polymer or fragments and is therefore related to an environmental safety assessment 
(ESA) by equations (3), (4), and (5) : 
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Environmental concentration = f (rate and degree of biodegradation) 

ESA = f (environmental concentration) 

therefore: 

ESA = f (rate and degree of biodegradation) 

SYNTHESIS OF ENVIRONMENTALLY DEGRADABLE POLYMERS 

There are several excellent reviews on environmentally degl-adable polymers cov- 
ering all the aspects of the subject (Heap, 1968; Rodriquez, 1970; Cocarelli, 1972; 
Potts, 1978; Kuster, 1979; Kumar, et al., 1987; Potts, Jopski, 1993; David, 1994; Swift, 
1990; Huang, 1990; Amirabhavi et al., 1990; Yabbana et al., 1993; Narayan, 1993; 
Nakanlura, 1994; Udipi et al., 1993; Satyananaya et al., 1993; Lenz et al., 1993; Swift, 
1990), plus others mentioned in this article, which are recommended reading. The 
two major degradation pathways, photodegradation and biodegradation, will be 
treated separately for convenience. Polymers degrading by oxidation and hydrolysis, 
as mentioned, generally are difficult to separate from photodegradation and 
biodegradation, respectively and will not be given separate attention. 

hotodegradable and Oxidative Degradable Polymers 

Photodegradable polymers are designed to degrade by chain scission promoted by 
natural daylight (and usually oxygen) to low molecular weight fragments that are 
more susceptible to biodegradation than the original polymer. The polymers are 
generally structurally similar to currently used environmentally stable polymers, 
such as polyolefins and polyesters, but have been modified during synthesis or 
post-treatment to insert photochemically active groups. The addition of carbonyl 
functionality (Guillet, 1968, 1970, 1971) into the polymer main or side chain, or 
by adding external photosensitizers and pro-oxidants such as metal salts (Griffin, 
1973, 1976, Scott, 1964; Sipinen, 1993) benzophenone (Swanhol, 1975) ketones 
(Taylor, 1977), ethers (Taylor, 1977) mercaptans (Taylor, 1977), and polyunsatu- 
rated compounds (White, 1974) are representative examples. The mechanism of 
fragmentation is well established and there are commercial products based on 
ethylene/carbon monoxide copolymers for use in six-pack holders and agricultural 
film. The ultimate fate of the fragments produced is not yet fully established, in most 
cases the argument is put forward that if the molecular weight of the degradation 
products is low enough then they will biodegrade. Only recently has there has been 
good scientific evidence that appears to support this expectation (David, 1995), and 
more work is underway in the same laboratory to confirm this. 

The synthesis of photodegradable copolymers of olefins with carbon monoxide 
and ketones are shown schematically below, when R = C6H5 the monomer is styrene, 
and R = H the monomer is ethylene (Scott, 1973; Cooney, 1981; Guillet, 1990). 

When exposed to ultraviolet radiation, the activated ketone functionalities may 
fragment by two different mechanisms, known as Norrish types I and 11. Polymers 
with the carbonyl functionality in the backbone of the polymer cleave the main 
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chain by both mechanisms, but when the carbonyl is in the polymer side chain, 
only the Norrish type I1 degradation mechanism produces main chain scission 
(Guillet, 1970; Kato, 1973). The fragmentation reactions are illustrated below for a 
carbon monoxide copolymers with main chain carbonyl and for an alkyl vinyl ketone 
copolymer with a side chain carbonyl functionality. 

Norrish type I chemistry' is claimed to be responsible for about 15% of the chain 
scission of ethylene/carbon monoxide polymers at room temperature, whereas at 
12OUC, it promotes 59% of the degradation. Norrish I reactions are independent of 
temperature and oxygen concentration at temperatures above the Tg of the polymer 
(Reich, 1971). 

Norrish Type I Reaction for Backbone Carbonyl Functionality 
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Norrish Type I1 for Backbone Carbonyl Functionality 

Norrish Type I for Side-Chain Carbonyl Functionality 

Norrish Type I1 for Side-Chain Carbonyl Functionality 

Degradation of polyolefins such as polyethylene, polypropylene, polybutylene, and 
polybutadiene promoted by metals and other pro-oxidants occurs via a combination 
photo-oxidative mechanism. A general mechanism common to all these reactions is 
that shown below. The reactant radical may be produced by any suitable mechanism 
from the interaction of air/oxygen with polyolefins (Scott, 1964; Sipinen et al., 1993) 
to form peroxides which subsequently decompose by the action ultraviolet radiation. 
These decomposition intermediates may undergo many reactions such as abstraction 
of hydrogen atoms from the polymer until the backbone ultimately converted into 
a polymer with ketone functionalities which is degraded by a Norrish mechanism 
discussed above. A recent review by Scott (1995) elegantly discusses this subject. 
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Research on photodegradable polymers is still very active as an end in itself 
and also in combination with biodegradable polymers to promote more rapid 
biodegradation by rapidly decreasing primary' polymer molecular weight. Austin 
of Exxon (1992) and Chang of Quantum (1991) have recently received patents for 
polyolefin/polyestei-/carbon monoxide compositions prepared by totally different 
routes. The former is by copolymerization of ethylene, carbon monoxide, and 
2-methylene-1,3-dioxapane. The use of dioxapanes is based on WJ. Bailey's research 
in which he introduced an ester linkage into polyolefins during free radical 
polymerization such that they become susceptible to biodegradation, and will be 
discussed later. Research by Exxon scientists is an equally clever combination of 
Bailey's work with a known photodegradable product to enhance biodegradation 
of the fragments. The polymer will have the structural elements shown below in a 
concentration related to the degradation response required and controlled by the 
synthesis variables. 

Quantum, on the other hand, converted an ethylene/carbon monoxide polymer 
into a biodegradable polyester acidic with hydrogen peroxide, the Baeyer-Villiger 
reaction. Depending on the degree of conversion to polyester, the polymer will be 
totally or partially degraded by a biological mechanism. 

Other recent patents include copolymers of vinyl ketones with acrylates, methacry- 
lates, and styrene (O'Brien, 1993); an ethylene/carbon monoxide (1-7 wt%) blend 
as a photo initiator in polycaprolactone/polyethylene blends (Hirsoe, 1992); ethy- 
lene/carbon monoxide for degradable golf tees (Akimoto); avinyl ketone analog of 
Exxon's carbon monoxide/dioxapane/ethylene (Priddy, 1992); a photodegradable 
food wrapper based on blends of a polyolefin/starch and photo activators for the 
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polyolefin degradation (Kurata, 1992); and a carboxylated polyethylene/carbon 
monoxide/noi-bornene-2,3-dicarboqlic acid (Dent, 1991). 

Photodegradation chemistry has evolved into a highly practical state over the 
last few years to where commercial products are available and others are being 
evaluated. The degradation mechanisms are understood to the point of property 
loss for the plastics. The gap on environmental acceptability still needs attention, it 
is not sufficient to expect low molecular weight fragments to be biodegradable, this 
must be demonstrated. 

Biodegradable Polymers 

For ease of discussion, this section is divided into three broad classifications - natural, 
synthetic, and modified natural based biodegradable polymers and plastics. Natural 
polymers indicate no modification of isolated polymer, synthetic polymers include 
carbon chain and heteroatom chain polymers, and modified natural polvmers 
encompass grafts and blends, and chemical modifications such as oxidations and 
esterifications. 

olymers or biopolymers are produced by all living organisms. As a 
class, they are accepted as biodegradable since they are produced naturally, even 
though with polymers such as lignin, biodegradation may be very slow, and even 
not measurable by laboratory test protocol. The most wide spread natural polymers 
are the polysaccharides, such as celluloses and starch. Other important classes of 
natural polymers include polyesters such as polyhydroxyalkanoates; proteins like silk 
and poly(y-glutamic acid); and hydrocarbons such as natural rubber. An excellent 
description of many biopolymers is given in a recent book edited by Byrom (1991) 
with chapters on silk proteins (Kaplan, Lombardi, Muller, and Fossey); collagen 
(Gorham); polyhydroxyalkanoates (Steinbuchel); microbial polysaccl~arides (Lin- 
ton, Ash, and Huybrechts); microbial cellulose (Byrom); hyaluronic acid (Swann 
and Kuo); alginates (Sutherland); and miscellaneous biomaterials (Byrom). Other 
information sources include Lenz's review on biodegradable polymers mentioned 
earlier (1993), and the proceedings of the NATO Advanced Research Workshops on 
New Biodegradable Microbial Polymers (Dawes, 1990; Vert, 1992). With afew notable 
exceptions, natural polymers are not suitable polymers for practical applications at 
this time either because they lack the property requirements or are too expensive for 
other than specialty high value niche markets such as biomedical applications, which 
are discussed in other chapters of this book. There are, however, opportunities in 
blends and for chemically modified polymers such as starch, celluloses, and proteins, 
which will be discussed later in this chapter. 
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Polysaccharides are largely limited to starch and cellulose derivatives for practical 
applications either in plastics or as water-soluble polymers. Both these polymers are 
composed of thousands of D-glycopyranoside repeat units to very high molecular 
weight. They differ in that starch is polv-1,4-aD-glucopyranoside, and cellulose 
is poly-1,4,0D-glucopyranoside, as illustrated below. This difference in structure 
influences biodegradation rates and properties of the polymers. 

(Starch) 
(Cellulose) 

Complex carbohydrates such as microbially produced xanthan, curdlan, pullulan, 
hyaluronic acid, alginates, carageenan, and guar are accepted as biodegradable and 
are finding uses where cost is not an impediment. Xanthan is the predominant 
microbial polysaccharide on the market, ca 10,000 tonnes world-wide (Byrom, 
1991), and finds use in the food industry and as a thickener in many industrial 
applications. It is foreseeable that the others will gain acceptance in specialty areas 
where biodegradability is essential. 

Proteins have not yet found widespread use as plastic materials since they are 
difficult to process, they are not fusible without decomposition or soluble in practical 
solvents so they have to be used as found in nature. Examples are silk used as 
a fiber, gelatin(collagen), which is used as an encapsulant in the pharn~aceutical 
and food industries, and wool also used as a fiber. The structure of proteins 
is an extended chain of amino acids joined through amide linkages which are 
readily degraded by enzymes, particularly proteases. Recent activity in poly(y- 
glutamic acid) (Gross, 1996) with control of stereochemistry by the inclusion 
of manganese ions may have import for future developments in biodegradable 
water-soluble polymers with carboxyl functionality, which is an intensely researched 
and desirable goal for detergent and other applications, as will be seen later in this 
chapter. 

Polyesters are produced by many bacteria as intracellular reserve materials for 
use as a food source during periods of environmental stress. They have received 
a great deal of attention in the last two decades because they are biodegradable, 
can be processed as plastic materials, are produced from renewable resources and 
are produced by many bacteria in a range of compositions. These thermoplastic 
polymers have properties that van from soft elastomers to rigid brittle plastics 
depending on the structure of the pendant side-chain of the polyester. The general 
structure of this class of compounds is shown below. 

They have been comprehensively reviewed in a recent book by Doi (1990) and by 
others (Dawes, 1990; Lenz et al., 1990). All the polyesters are 100% optically pure 
and are 100% isotactic. Where Ris CH3, poly-/?-hydroxybutyrate (PHB), the polymer 
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n = > 100; m = 0 or higher 

is highly crystalline with a melting point of 18OCC and a glass transition temperature, 
Tg, of YC (Marchessault, 1988). Because of this combination of high Tg and high 
crystallinity polymer films and plastics are very brittle and plasticization is necessary 
for processing and to improve properties. This is accomplished in the commercially 
available BIOPOL from Zeneca (formerly ICI) by using bacteria to producing 
a copolymer containing ,8-hydroxyvalerate (R = C2H3). By feeding the bacteria, 
Alcaligenes eutrophus, a mixed feed of propionic acid and glucose (Cox 1992) a 
random copolymer is produced with some control over the gross composition. These 
copolymers have better mechanical properties and are produced on a relatively 
large scale for this new polymer fermentation technology (a few hundred tonnes 
per year). Their acceptance would certainly be more wide spread if the price were 
closer to the synthetic commodities with which they compete, since the fact that 
they are produced from renewable resources and are of natural origin makes them 
appealing in an environmental age. Attempts to reduce costs are underway in a 
number of laboratories: the cost of the processing with the current polymers is 
excessive due to the isolation steps which include clean up of bacterial debris. If these 
polymers could be produced by isolated enzymatic processes this would be avoided. 
Another intriguing possibility is to produce these natural polymers in plants rather 
than by bacteria by transferring the bacterial genes to suitable plants. Some work by 
Somerville and Dennis (1993), and Byrom at Zeneca (1992,1993), in mustard plants 
has succeeded in the production of minute quantities of polyhvdroxyalkanoates 
throughout the plant. More recently rape seed plant has also been evaluated in this 
biotechnology approach (Anonymous 1995). The day when polvhydroxyalkanoates 
are produced in the volumes and at the price of starch may herald a new age for 
plastics and polymers, but they are not yet here. Some of the opportunities for these 
materials are discussed by Byrom (1993). 

The longer side-chain polyesters, where m is 3-6, are produced by a variety of 
bacteria, usually as copolymers and with low crystallinity, low melting points arid low 
glass transition temperatures. These are elastomeric and have excellent toughness 
and strength (Lenz, 1990). They are inherently biodegradable but as the chain 
length is increased the biodegradation rate is greatly reduced, indicating that hy- 
drophilic/hydrophobic balance of polymer plays a major roll in biodegradation (69), 
even for naturally occurring polymers. Other biodegradation studies are underway 
to evaluate mechanisms (Saito, 1993) using ^C labeled polyhydroxybutyrate, and 
effect of environment (Brandl, 1992) on the rate of biodegradation in lake Lugano, 
Switzerland. 
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All these polyesters are produced by bacteria in stressed conditions in which they 
are deprived of some essential component for their normal metabolic processes. 
Under normal conditions of balanced growth the bacteria would utilize any substrate 
for energy and growth, whereas under stressed conditions they utilize any suitable 
substrate to produce polyesters as reserve material. When the bacteria can no longer 
subsist on the organic substrate due to depletion, they consume the reserve for 
energy and food for survival. Similarly, upon removal of the stress, the reserve 
is consumed and normal activities resumed. This cycle is utilized to produce the 
polymers which are harvested at maximum cell yield. This process is outlined 
schematically below( Lenz), and in more detail in the paper by Steinbuchel (1991) 
on the mechanism of biosynthesis of polyhydroxyalkanoates. 

Organic Substrates 

Energy + Cellular Materials Polyhydroxyalkanoates 

etic polymers are well established in many applications where their environ- 
esistance properties are highly valued, as was mentioned in the introduction. 

With the advent of environmental awareness and polymer waste-disposal problems, 
there has been increasing activity to develop biodegradable analogs of these poly- 
mers, particularly water-soluble polymers and plastics which are used in packaging 
and other areas of opportunity- discussed earlier. Natural polymers have been 
produced in nature for eons and are ultimately degraded and consumed in nature 
in a continuous recycling of resources. However, the plethora of enzymes available 
in nature for degrading natural polymers are not generally useful for synthetic 
polymers. The search for synthetic polymeric structures that can be biodegraded 
has progressed from minor modification of the non-degradables now in use, all the 
way to structures that mimic nature, where more success is being achieved. In spite of 
the fact that biodegradation testing, until very recently, has been very unreliable and 
the interpretation of many reported data in the literature are questionable, general 
guidelines have emerged for predicting the biodegradability of synthetic polymers 
(Swift, 1990; Cooke, 1990; Huang, 1989). These include: hydrophilic/hydrophobic 
balance; higher ratio is better for biodegradation; carbon chain polymers are unlikely 
to biodegrade; chain branching is deleterious to biodegradation; condensation 
polymers are more likely to biodegrade; lower molecular weight polymers are more 
susceptible to biodegradation; and crystallinity slows biodegradation. The guidelines 

presented by the general structure 
below and may be considered derivatives of polyethylene, where n is the degree 
of polymerization and R is a functional group such as hydrogen(polyethylene), 

© 1997 by OPA (Overseas Publishers Association) Amsterdam B.V.



\ON-MEDlC 41 BIODEGRADABLE POLYMERS 491 

methyl (polypropylene), carboxylic [ poly(acry1ic acid) 1, chlorine [ poly(vii1yl chio- 
ride) 1, aromatic (polystyrene) hydroxyl [poly (vinyl alcohol) 1, ester [polv(vinyl ac- 
etate)], nitrile ( polvacrylonitrile), vinylic(polybiitadiene) etc. The functional grou 
and the molecular weight of the polymers, control properties such as hydrophile 
/ hydrophobe balance, solubility characteristics, glass transition temperature, and 
crystallinity. 

The biodegradation of low molecular weight polyethylenes were studied very 
extensively by Potts (1973, 1974, 1978) and Albei-tsson (1976, 1978, 1979, 1980, 
1987, 1988, 1993) has had long term experiments with radiolabeled high molecular 
weights running for many years. Potts' work was based on fungal and bacterial 
growth test and indicated that polyethylene and other high molecular weight carbon 
chain polymers did not support growth, a few anomalous results were attributed to 
plasticizer or low molecular weight impurities which he had already shown to be 
biodegradable in similar tests with pyrolyzed polyethylene and simple hydrocarbons. 
In this work, Potts found that branching of hydrocarbon chains limits biodegradation 
and the molecular weight cut-off for the biodegradation of linear molecules appears 
to be in the 500 dalton range. However, more rigorous testing is needed for 
confirmation of the molecular weight phenomenon. Some representative data are 
shown in Tables 4 and 5 .  

The increase in degradation with lower molecular weight may be due to many 
factors, for example transportation of polvmer across cell walls being more likely at 
lower molecular weight, and the mechanism of exocellular biodegradation, random 
or chain-end cleavage prior to entering the cell. Chain end, exo biodegradation, 
would explain slower biodegradation at higher molecular weight where there are 
fewer chain ends than at lower molecular weight. 

It is worth noting that the terminal groups found in oxidized and photodegraded 
polyethylene are oxygen containing and these should predictably expedite biodegra- 
dation via a /I-oxidation mechanism, lending support to the claims that these 
fragments are biodegradable. 

Table 4 Hydrocarbon Branching and Molecular Weight Effects on Biodegradability 

Compound MI\ No of Blanches Giov th Test 

clodecane 

2.6.11-tri~netl~vldodecane 
liexadecane 

2,6,11,15-hexadecane 

tetracostinc 

squalene 

hexatriacontanc 

tetratctracontane 
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Table 5 Biodegradability of Low MW Pyrolysis Products of 
HDPE and LDPE 

Pyrolysis Temperature C \fit" Growth Rating 

Control (HDPE) 
450 
.700 
535 
Control (LDPE) 
450 
500 
,535 

Albertsson's results on experiments that are now several years along continue 
to suggest that polyethylene is slowly biodegraded and is slightly accelerated by 
pre-treatment with surfactants or oxidation to permit better surface wetting with 
enzymes. This meticulous work has identified many of the degradation products of 
polyethylene, many of which are oxygen containing consistent with a degradation 
mechanism promoted initially by oxidation with subsequent enzymatic activity. 

Other high molecular weight hydrocarbon polymers do not appear to be biodegrad- 
able, but, as with polyethylene, T. Suzuki found that oligomers of cis-1,4isoprene 
(1979), butadiene (1978), styrene (1977), are degradable; he also confirmed the 
work of Potts with oligomeric ethylene (1980). 

Functional derivatives of polyethylene, particularly polv(viny1 alcohol) and poly- 
(acrylic acid) and their derivatives have received attention because of their water- 
solubility and disposal into the aqueous environment. Poly(viny1 alcohol) is used 
in a wide variety of applications, including textiles, paper, plastic films, etc.; and 
poly(acry1ic acid) is used in detergents as a builder, as a super-absorbent in diapers 
and feminine hygiene products, water treatment, thickeners, pigment dispersant, 
etc. 

Poly(viny1 alcohol), obtained by the hydrolysis of poly(viny1 acetate) is the only 
synthetic carbon chain polymer accepted as fully biodegradable. The biodegradation 
mechanism is established as a random chain cleavage of 1,3 diketones formed by 
an enzyme catalyzed oxidation of the secondary alcohol functional groups in the 
polymer backbone. Biodegradation was first observed by Yamamoto (1966) as a 
reduction in the aqueous viscosity of the polymer in the presence of soil bacteria. 
Subsequently, T. Suzuki (1973) identified a Pseudomonas species as the soil bacteria 
responsible for the degradation over a degree of polymerization range of 500 to 2000. 
Utilizing the polymer as a sole carbon source in an aqueous polymer solution at a 
concentration of 2700 ppm, it was reduced to 250-300 ppm concentration in 7-10 
days at pH 7.5-8.5 and 35-4FC. An oxidative endo mechanism was proposed and 
later substantiated (Suzuki, T. 1979) by quantifying the oxygen uptake at one mole 
for every mole of hydrogen peroxide produced and identifying the degradation 
products as ketones and carboxylic acids, as shown in the flow diagram below. 
Included in the diagram is the alternative mechanism proposed by Watanabe (1975, 
1976) in which the products were identified as an alcohol and a carboxylic acid. This 
was subsequently proved to be in error and the Suzuki mechanism is now widely 
accepted. It is also supported by the rapid biodegradation of chemically oxidized 
poly(viny1 alcohol) (Huang, SJ. 1982; Huang, J.C. 1990; Endo, 1991). 
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Other bacterial strains identified as biodegrading poly(viny1 alcohol) include 
Flavobacterium (Fukunaga, 1977) and Acinefobacter (Fukunaga, 1976), as well as fungi, 
molds, and yeasts (Kato, 1990). Industrial evaluations at DuPont (Casey, 1976) and 
Air Products (Wheatley, 1976) indicate that over 90% of poly (vinyl alcohol) entering 
waste water treatment plants is removed and hence no environmental pollution is 
likely. 

Poly(viny1 acetate), the precursor for poly (vinyl alcohol), hydrolyzed to less than 
70% is claimed to be non-biodegradable under conditions similar to those that 
biodegrade the fully hydrolyzed polymer (Matsumura 1988). 

OH OH 

poly(viny1 alcohol) 
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Carboxylate derivatives of poly(vinyl alcohol) are biodegradable and functional 
in detergents as cobuilders, although too costly to be practical at this time. 
Matsumura polymerized vinyloxyacetic acid (Matsumura, 1988) and Lever has a 
patent to polymers based on vinyl carbamates obtained from the reaction of vinyl 
chloroformates and amino acids such as aspartic and glutamic acids (Garafalo, 
1991). Both hydrolyze in a suitable environment to poly(viny1 alcohol) and then 
biodegrade. 

Copolymers of vinyl alcohol with ac17lic and/or maleic acid have been evaluated 
in detergents as potentially biodegradable cobuilders by a number of laboratories 
(Matsumura 1993, Swift 1993), but the results were not encouraging for balancing 
biodegradation and performance. Higher than 80 mole % of vinyl alcohol is 
required for high levels of biodegradation, and less than 20 mole % for acceptable 
performance. 

The use of poly(carboxy1ic acids) in detergents is well established and has been 
well reviewed (Lester 1988). Their lack of biodegradability at preferred performance 
molecular weights, ca. 5000 dalton for poly(acry1ic acid) and 70000 daltons for 
copoly(acrylic/maleic acids), even though there is ample data to indicate no harmful 
environmental effects, has resulted in a massive search for degradable replacements. 
After many efforts to radically copolymerize acrylic and maleic acids to biodegradable 
polymers with a whole range ofvinyl monomers (Matsumura, 1980,1981,1984,1985, 
1986). graft substrates, including polysaccharides (Murai, 1986), it is now generally 
accepted that the pioneering work of Suzuki (1978) with functional oligomers and 
polymers, and Potts (1973, 1974, 1978) with oligomeric hydrocarbons is correct 
and only carbon chain oligomers are likely to be biodegradable, regardless of 
functionality. Recent support of this generalizations comes from Kawai (1993) and 

laboratories in Japan (1993) with acrylic acid oligomers. 
Suzuki (1978) ozonized high molecular weight poly (acrylic acid), polvacrylamide, 

and poly(viny1 pyrrolidone) to oligomers with molecular weights less than 1000 
daltons and observed a marked increase, with the exception of polyacrylamide, 
in their biodegradability. The work of Kawai (1993) and Tani (1993) was based 
on oligomers of acrylic acid obtained by chromatographic separation from low 
molecular weight polymers. Their results indicated that poly(acry1ic acids ) are not 
biodegradable above a degree of polymerization of about 6-8 units (a molecular 
weight of about 400-600 daltons). 

Other efforts to use radical polymerization to synthesize biodegradable carboxy- 
lated polymers have been based on combining low molecular weight oligomers 
through degradable linkages and by introducing weak links into the polymer 
backbone. Both BASF (Baur and Boeckh et ul. 1988) and NSKK (Irie 1993) have 
patented acrylic oligomers chain-branched with degradable linkages(X) in the 
schematic below. Grillo Werke has patented copolymers of ac~ylic acid and en01 
sugars (1988). The degradability of these polymers has not been clearly established, 
but the branching is likely to be a hindrance, if not a deterrent. 

Several miscellaneous carbon chain backbone polymers have been claimed 
as biodegradable without clear evidence, these include copolymers of methyl 
methacrylate and vinyl pyridinium salts (Kawabata 1993), where the pyridinium salt 
is hypothesized as a 'magnet' for bacteria which then cleave the chain into small 
fragments which biodegrade completely. An ethylene/vinyl alcohol copolymer that 
is converted into a polyester by a Baeyer Villiger reaction (Brima 1993) (below); 
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and polymers of a-hydroxyacrylic acid (Mulders 1977). The former, being a polyester 
is probably biodegradable, but the latter study fails to differentiate adsorption of the 
polymer on solids in a sewage sludge test from biodegradation. 

Heteroatom chain backbone polymers include polyesters, which have been widely 
studied from the initial period of research on biodegradable polymers, polyamides, 
polyethers, polyacetals and other condensation polymers. Their chemical linkages 
are widely found in nature and these polymers are more likely to biodegrade than 
the hydrocarbon-based polymers discussed in the previous section. 

Potts (1974) determined that low melting, low molecularweight aliphatic polyesters 
were readily biodegradable using soil burial tests and ASTM bacterial and fungal 
growth methods. From this work, polycaprolactone is recognized as one of a select 
few commercially available synthetic polymers that is biodegradable. Since that time 
many other workers have confirmed the biodegradability of aliphatic polyesters 
using other test protocols (Suzuki, 1977, 1978, 1986) such as lipase hydrolysis with 
measurement of the rate of production of water-soluble oligomers. Results also 
indicate that as the aliphatic polyesters become more hydrophobic, either from 
acid or alcohol chain length extension, the biodegradation rate is slowed. Kendricks 
showed that the amorphous regions of polyesters are more readily biodegradable 
than crystalline regions. 
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During this early period, Bailey developed a very clever free radical route 
to polyesters which he used to introduce weak linkages into the backbones of 
hydrocarbon polymers and render them susceptible to biodegradability (Bailey 
1975, 1979, 1985, 1991). Copolymerization of ketene acetals with vinyl monomers 
incorporates an ester linkage into the polymer backbone by rearrangement of 
the ketene acetal radical as illustrated below. The ester is a potential site for 
biological attack. The chemistry has been demonstrated with polyethylene (Bailey), 
poly(acry1ic acid) (Bailey, 1990), and polystyrene (Tokiwa). 

Recent activity on biodegradable polyesters has maintained interest in predomi- 
nantly aliphatic polyester structures and includes ring opening of 1,5-dioxepan-2-one 
(Albertsson, 1993), polyesters of aliphatic acids with glycols, some terephthalic 
acid and sulphoterephthalic acid as a compostable diaper (Gallagher, 1992, 1993). 
Perhaps the biggest advances in the synthetic polyester area are the close match 
for B I O P O L ~ ,  the expensive bacterial polyester(vide supra), by Kobayashi (1993) 
which has the chirality but lacks the molecular weight of the natural polymer; and 
the new product BIONOLI~E^ polymer from Showa High Polymer (Takiyama 1992, 
1993; Fujimaka 1994; Taniguchi, 1993) which is supposedly a property match for a 
'biodegradable' polyolefin. Recent patents suggest that BIONOLLE is an aliphatic 
ester coupled with a polyisocyanate to increase molecular weight and that ease of 
biodegradation and properties are inversely related. Both these inventions indicate 
that progress is being made on meeting the property requirements for biodegradable 
polymers. 

Aliphatic polyesters are also available by the chemical reaction of carbon monox- 
ide and formaldehyde (Masuda, 1991), carbon dioxide and epoxy compounds 
(Yoshida, 1992), and bis epoxies and bis carboxylic acids (Yamamoto, 1991). 

Poly(1actic acid), has until very recently been known only in the medical field as 
an expensive polymer for the manufacture of sutures and other biomaterials. With 
cheap lactic acid becoming available from the fermentation of waste agricultural 
products, there has been a surge of activity to develop new polymerization methods 
and to find commercial outlets for the products. Though still more expensive than 
common commodity polymers, the introduction of products for niche markets such 
as agricultural films and mulch, and the fast-food industry is anticipated to be in the 
near future. There are many patents issuing in the homo- and copolymer synthesis 
and process areas, from principally just a few corporate players, Cargill (Benson, 
1992,1993), DuPont (Ford, 1992,1993), Mitsui Toatsu (Kitamura, 1992,1993), and 
Battelle Memorial Laboratories (Sinclair, 1992). Other players with some activity in 
this area include Shimadzu, and Argonne National Laboratories. 

Polyamides have received some attention and the results indicate that the 
stereochemistry of the groups close to the amide linkages and the hydrophilic 
nature control biodegradability (Bailey, 1975; Huang, 1976). A more general study 
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on polyesters, polpreas, polyurethanes and polyamides is a good fundamental early 
study (Huang, 1977) guiding the later work in this general area. Gonsalves (1993) has 
demonstrated that polyesteramides are difficult to chemically hydrolyze yet can be 
biodegraded rapidly by enzymes under ambient conditions in the right environment. 
Support for this observation comes from Tokiwa (1979) and Yamamoto (1992) in 
Japan. While polymers of Nylon-6 are considered non-biodegradable, oligomers and 
low molecular weight polymers of less than 11000 daltons will biodegrade (Baggi, 
1993). 

Water-soluble polyesters and polyamides containing carboxyl functionality are 
reported to be biodegradable detergent polymers in patents to BASF and may be 
obtained by condensation polymerization of monomeric polycarboxylic acids such 
as citric acid, butane-1, 2, 3, 4tetracarboxylic acid, tartaric acid, and malic acid 
with polyols (BASF, 1992, 1993); amino compounds, including amino acids (BASF, 
1993, 1994); and polysaccharides (BASF, 1992). Earlier work by Matsumura (1986) 
and Lenz and Vert (1978) had demonstrated the self-condensation of malic acid to 
biodegradable polyesters regardless of the ester structure, -a or ^-linkage, formed. 
Procter and Gamble has patented a polyester dispersant based on succinylated 
poly (vinyl alcohol) (Schectman) . 

Polyanionics are available also from polyamino acids based on polycarboxy 
amino acids such as glutamic acid and aspartic acid. Though both are known 
and claimed as biodegradable homopolymers, aspartic acid is more amenable to 
a practical industrial synthesis by thermal polymerization since it has no tendency 
to form an internal N-anhydride. An alternative synthesis is from ammonia and 
maleic acid. Only the acid catalyzed condensation of L-aspartic acid yields an 
authenticated biodegradable polymer (Swift, 1994). The non-catalyzed process and 
the ammonia/maleic acid processes give partially (ca 30 wt % residue remains in 
the St~irm test, which measures biodegradation by carbon dioxide evolution and 
residual soluble organic carbon) biodegradable polymers due to the molecules 
being branched and resistant to enqmatic attack. The structures are shown below 
starting from aspartic acid, pathway 'A' is acid catalyzed thermal condensation, and 
'B' is non-catalyzed thermal condensation. The polysuccinimides shown hydrolyze 
at the positions indicated to give copoly(a, ̂ -aspartic acid ) salts. Regardless of the 
stereochemistry of the starting aspartic acid, L or D, the final product is the DL 
racemate. 

Many synthesis patents and publications from aspartic acid (Koskan, 1992, 1993; 
Swift, 1994; Ponce, 1992; Rao, 1993) and ammonia/maleic (Wood, 1993, 1994) 
processes have issued recently and the product is expected to find use in many 
applications including dispersants (Sikes, 1993, Koskan, 1993), and detergents 
(Imanaka, Rocourt, 1993). BASF has an aspartic acid copolymer patent with 
carbohydrates and polyols (Baur, 1994), and Procter and Gamble (Hall, 1993) has a 
patent for pol?( glutamic acid), both for biodegradable detergent cobuilders. There 
is one patent for poly(methy1 - glutamate) as a transparent plastic with excellent 
strength and biodegradability (Endo, 1991). Other opportunities for these polymers 
include crosslinking to form biodegradable superabsorbent materials for diapers 
(Choi 1995). 

Polyethers have been investigated since about 1962, especially poly(ethy1ene 
glycol), which is water-soluble, is widely used in detergents and as a synthesis 
intermediate in polyurethanes. This whole field has been very comprehensively 
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C02H 

C02H 

(linear and biodegradable) 
H2 

NH 0 

(branched, 70% biodegradable) 

reviewed by Kawai (1987) who established the symbiotic nature of the degradation 
of poly(ethy1ene glvcols) with molecular weights higher than 6000 daltons to 
be symbiotic, while below a molecular weight of 1000 daltons the polymer is 
biodegraded by many individual bacteria. The enzymatic exo degradation pathway 
described by Kawai is shown schematically below, the first stage is a dehydrogenation, 
the second stage is an oxidation, the third stage is an oxidation which is followed 
by a hydrolysis to remove a two carbon fragment as glyoxylic acid. Degradation of 
poly(ethy1ene glvcols) with n~olecular weights of 20,000 daltons has been reported. 

Anaerobically, poly(ethy1ene glycol) degrades slowly, although molecular weights 
up to 2000 daltons have been reported (Schink, 1983, 1986) to biodegrade. The 
biodegradation poly(alky1ene glycols) is hindered by their lack of water solubility 
and only the low oligomers of polv(propy1ene glycol) are biodegradable wit11 any 
certainty (Kawai, 1977, 1982, l985), as are those of poly(tetramethy1ene glycol) 
(Kawai, 1986). A similar exo oxidation mechanism to that reported for poly(ethy1ene 
glycol) was proposed. 

Poly(ether carboxylates) have been evaluated as biodegradable detergent poly- 
mer, initially by Crutchfield (1978), Procter and Gamble (1986, 1987), and Mat- 
sumura (1987). They all fit the general structure of the series made in Matsumura's 
extensive evaluation of anionic and cationic polymerized epoxy compounds in the 
molecular weight range of several hundreds to a few thousands, where X or Y may 
be carboxyl functionality and X or Y may be hydrogen or a substituent bearing 
a carboxyl functionality. Biodegradability, based on biochemical oxygen demand 
(BOD), is structure dependent. 
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Water-soluble biodegradable polycarboxylates with an acetal or ketal weak link 
were the c le~er  invention of Monsanto scientists in their search for biodegradable 
detergent polymers. However, economics prevented the polymers reaching com- 
mercial status. The polymers are based on the anionic or cationic polymerization 
of gl~oxylic esters at low temperature (molecular weight is inversely proportional 
to the polymerization temperature) and subsequent hydrolysis to the salt form of 
the polyacid which is stable under basic conditions being a hemi acetal, or ketal 
if methylglyoxylic acid is used. Biodegradation results from the pH drop such a 
detergent polymer will experience as it leaves the alkaline laundry environment (pH 
ca. 10) and enters the sewage or ground water environment (pH close to neutral). 
The polymer is unstable and hydrolyzes to monomer which rapidly biodegrades. The 
chemistry is outline schematically below and is reported in many patents (Monsanto, 
1979, 1980) and several publications (Gledhill, 1978, 1987). 

Similar polyacetals were prepared by BASF scientists from -aldehydic aliphatic 
carboxylic acids (Baur, 1992; Koeffer, 1993), and by the addition of polyhydroxy 
carboxylic acids, tartaric acid for example, to divinyl ethers (Baur 1993) as biodegrad- 
able detergent polymers. 

odified natural polymers offer a way of capitalizing on their well accepted 
biodegradability of natural polymers to develop environmentally acceptable 
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(pH drop from 10 to 7) 

H 

-C-0 -C-~-C-Q--C-~ 
I I I I (unstable) 

c*(, / C Q ~  /c* 
HO HO 

I (biodegradable) 

polymers. This, of course, will only be true if the modification is shown to not 
interfere with the biodegradation process and the product meets the guidelines 
listed earlier for environmental acceptability: either demonstrated to be totally biodegraded 
and  be removed from the environment or biodegradable to the extent th>af n o  environmentally 
harmful residues remain. With this in mind, the approaches that have received the 
major attention include blends with other natural and synthetic polymers; grafting 
of another polymeric composition; and chemical modification to introduce some 
desirable functional group by oxidation or other simple chemical reaction such as 
esterification or etherification. 

Starch is made thermoplastic at elevated temperatures in the presence of water as 
a plasticizer, allowing melt processing alone or in blends with other thermoplastics 
(Zobel, 1984; Stepto, 1987, Thomka). Good solvents, such a water, lower the melt 
transition temperature of amylose, the crystalline component of starch, so that 
processing can be done well below the decomposition/degradation temperature. 

The most important commercial application has been the blending of polyethy- 
lene with starch in the presence or absence of other additives to promote com- 
patibility. The interest in this approach goes back to Griffin in the 70's (1971, 
1977, 1987) and there is continuing activity with commercial products from several 
companies. There are very many other contributors to this field, Otey was also a 
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pioneer, who developed starch/polyethylene compatibilized with ethylene/acry'lic 
acid copolymers (1977, 1987) and ethylene/vinyl alcohol (1976). Fanta (1993) was 
a player from the same USDA laboratory. Later work with polyethylene capitalizing 
on this early research includes that of Bastioli of Novamont (also known as Butterfly 
in some of their patents) with starch blends containing hydroxy acids, urethanes, 
polyamides, and polyvinyls (1992, 1993, 1994); Warner Lambert (Novon) (Stepto, 
1989, 1993; Miller, 1990); US Army with cellulose acetate (Meyer, 1994), Henkel 
with alkyds (Beck, 1993), Iowa State University (Jane, 1992, 1993) with proteins 
and oxidized polyethylene; ADM (Koutlakis, 1993); Solvay (Dehennau, 1994) with 
polycaprolactone; and Agritech (Wool, 1991) with a starch minimum loading of 30 
wt %. 

Biodegradation studies of starch blends have not been conclusive where a 
non-degradable synthetic polymer has been the blend component, probably biodis- 
integration would be a better term to describe these polymers. The major deficiencies 
of products based on this chemistry' aside from the incomplete biodegradation are 
water sensitivity of manufactured articles, and the balance of this and biodegradation 
with the starch level in the product. 

Other blends such as polyhydroxyalkanoates(PHA) with cellulose acetate 
(Buchanan, 1992); PHA with polycaprolactone (Mita Ind.); poly(1actic acid) with 
poly(ethy1ene glycol) (Bazile, 1992); chitosan and cellulose (Nishiyama 1994); poly 
(lactic acid) with inorganic fillers (Shikinami, 1993); PHA and aliphatic polyesters 
with inorganics (Tokiwa, 1992), polyesters with cell~ilosics (Buchanan, 1995), and 
proteins and cellulosics (Vaidya, 1995) are receiving attention. The different blend- 
ing compositions seem to be limited only by the number of polymers available and the 
compatibility of the components. The latter blends with all natural or biodegradable 
components appear to be the best approach for future research as property balance 
and biodegradability is attempted. A recent paper, evaluates starch and additives in 
detail from the perspective of structure and compatibility with starch (Poteate 1994). 

Starch has also been a substrate of choice for biodegradable polymers by grafting 
with synthetic polymers to achieve property improvement and new properties 
such as carboxyl functionality not available in starch with retention of as much 
biodegradability as possible. Thermoplastic polymers from the ionic grafting of 
styrene to starch was demonstrated by Narayan (Narayan, 1989), and radical grafting 
of acrylate esters (Dennenberg, 1978) has also been reported. The latter was 
recommended as a mulch as it rapidly decomposed in the presence of fungi. One 
must question the extent of biodegradation of both these materials as the acrylic 
and styrene components are known for their resistance to biodegradation. 

Other grafts to natural materials are exemplified by Dordick's work (1992) in 
which he produced polyesters from sugars and polycarboxylates by enzyme catalysis, 
these polymers and the method of synthesis may well be one of the future directions 
of renewable resource chemistry. This is similar to some very early research by 
Stannet's group with cellulose condensation with polyfunctional isocyanates and 
optionally propylene glycol (1973). Some degradation was claimed. Meister (1992) 
has shown the utility and potential for lignin grafted with styrene, and it is claimed 
that the product is totally biodegradable due to the potency of white rot basidzomycetes 
which is a lignin degrader. Further proof is required but this is a promising lead. 

Natural polymers have also received attention as graft sites for carboxylic monomers 
to produce detergent polymers without great success, the synthetic portion of the 
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graft is not usually biodegradable even though in some cases attempts were made 
to meet the molecular weight limitations mentioned earlier( less than DP of ca 
6-8). Acrylic grafts onto polysaccharides in the presence of alcohol chain transfer 
agent (Kim, 1993) were not completely biodegradable, nor were the ones based on 
initiation with Ce^ (Vidal, 1992; Jost, 1992) and mercaptan (Baur, 1991; Klimmek, 
1994). Protein substrates (Kroner 1992) are expected to be similar to the starch 
grafts, the fundamental problem is the need to control acrylic acid polymerization to 
the oligomers range, as indicated earlier, in order to have complete biodegradability. 

Simple chemical reactions on natural polymers are well known to produce 
polymers such as hydroxyethyl cellulose, hydroxypropyl cellulose, carboxymethyl 
cellulose, cellulose acetates and propionates, and many others that have been in 
commerce for many years. Their biodegradability is not at all well established. 
Carboxy methyl cellulose, for example, has been claimed as biodegradable below 
a degree of substitution of about 2, which is similar to cellulose acetate. More 
recently, there has been attempts to more rigorously quantify biodegradation of 
the cellulose acetates (Stannett 1973, Buchanan 1994, Gross 1994), and to establish 
a structure/proper~/biodegradation relationship. A Rhone-Poulenc publication 
also indicates that cellulose acetate wit11 a degree of substitution of about 2 is 
biodegradable, in agreement with the earlier references (1993). Cellulose has 
been discussed as a renewable resource (Arch). A recent publication (Monal 
1993) on chitosan reacted with citric acid indicates that the ampholytic product 
is biodegradable. 

Carboxvlated natural polymers have been known for many years with the in- 
troduction of carboxymethyl cellulose, as noted above. This product has wide use 
in detergents and household cleaning forn~ulations, even though of questionable 
biodegradability at the level of substitution required for performance. Nevertheless, 
carboxylated polysaccl~arides are a desirable goal for many application and the 
balance of biodegradation with performance has been recognized as an attractive 
targetwith a high probability of success by many people. Three approaches have been 
employed, esterification, oxidation or Michael addition of the hydroxyl groups to 
unsaturated carboxylic acids such as maleic and acrylic, with some attempts to react 
specifically at the primary or secondary sites. 

Esterification with polycarboxylic anhydrides can be controlled to minimize 
diesterification and crosslinking to produce carboxylated cellulosic esters. Eastman 
Kodak in a recent patent claimed the succinylation of cellulose to different 
degrees, 1 per three anhydroglucose rings and 1 per two rings Faber 1993). 
Henkel (Engelskirck) also has a patent for a surfactant by the esterification 
of cellulose with alkenylsuccinic anhydride, presumably substitution governs the 
hydrophile/hydrophobe balance of the product. 

Oxidation of polysaccharides is a far more attractive route to polycarboxylates, 
potentially cheaper and cleaner than esterification. Selectivity at the 2,3-secondary 
hydroxyls and the 6-primary is possible. Total biodegradation with acceptable 
property balance has not yet been achieved. For the most part, oxidations have 
been with hypochlorite/periodate under alkaline conditions, more recently catalytic 
oxidation has appeared as a possibility, and chemical oxidations have also been 
developed that are specific for the 6-hydroxyl oxidation. 

Matsumura (1990,1992,1993,1994) has oxidized a wide range of polysaccharides, 
starch, xyloses, amyloses, pectins, etc. with hypochlorite/periodate. The products are 
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either biodegradable at low oxidation levels or functional at high oxidation levels, 
the balance has not yet been established. Other than Matsumnra, van Bekkum, 
at Delft University, has been the major contributor in the search to control the 
hypochlorite/periodate liquid phase oxidations of starches (1987,1988) and he has 
been searching for catalytic processes to speed up the oxidation with l~ypochlorite. 
Hvpobromite is one solution which is generated in situ from the cheap hypochlorite 
and bromide ion (Besemer and van Bekkum, 1993, 1992). van Bekkum (1994) has 
published a method for oxidizing specifically the 6-hydroxyl group( primary) of 
starch by using TEMPO and bromide/hypochlorite as shown below. 

Chemical oxidation with strong acid is reportedly selective at the 6-hydroxyl, either 
with nitric acid/sulfuric acid/vanadium salts (DuPont 1993) which is claimed as 
specific for the 6-hydroxyl up to 40% conversion or with dinitrogen tetroxide in 
carbon tetrachloride with similar specificity up to 25% conversion (Engelskirchen 
1993). 

Catalytic oxidation in the presence of metals is claimed as both non-specific and 
specific for the 6-hydoxyl depending on the metals used and the conditions employed 
for the oxidation. Non-specific oxidation is achieved with silver or copper and oxygen 
(Sakharov, 1979, 1993), and noble metals with bismuth and oxygen (Gosset, 1991; 
Fleche, 1991). Specific oxidation is claimed with platinum at pH 6-10 in water in the 
presence of oxygen (Watanabe, 1993). Related patents to water-soluble carboxylated 
derivative of starch are Hoechst's on the oxidation of ethoxylated starch and another 
on the oxidation of sucrose to a tricarboxylic acid, all the oxidations are specific to 
primary hydroxyls and are with a platinum catalyst at pH near neutrality in the 
presence of oxygen (Dany, 1993; Friscela, 1993). 
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Table 6 Some Currently Available Environmentally Degradable Polymers 

Polymer Developer Degradation 

Pol) (lactic acid) 

Cellophane 
PHBV 
Starch-based 
Polycaprolactonc 
Starch-activator 
Starch foam 
Polyolefin-activatoi 
Pol~ester  
Pol~ethylene / CO 
Poly(viiiy1 alcohol) 

Polv(ethy1ene glycol) 
Gelhilosics 
Poll (aspartic acid) 
Poly(ethy1ene oxide)s 

Cargill. Ecocliem. BiopaL , 
Mitsui Toatsu 
Flexel 
Zeneca 
Sovainorit 
Union Carbide, Solvay 
Ecostar 
National Starch 
Plastigone 
Showa H i ~ h  Polvmer 
D ox+- 
Rhone-Poulenr, Air Products 
Kurarav. Hoechst 
Union Carbide. Dow 
Rhone Poulenc. East~rian 
Robin and Haas 
Planet Technologies 

biodegradation 
biodegradation 
biodcgrackition 
biodegradation 
photo/biodegradation 
biodegradation 
photodegradation 
biodegradable 
photodegradation 
biodegrac~ation 

biudegradation 
biociegradation 
biodegradable 
biodegradable 

Polysaccharides as raw materials in the detergent industry were reviewed in a 
presentation by Swift (1993) at the Chicago ACS Meeting in 1993 and recently 
published. 

AVAILABLE ELVRONMENTALLY DEGRADABLE POLYMERS 

There are indications that the use of environmentally degradable polymers and 
plastics is expanding. As the market begins to realize the availability of these new 
materials, it is expected that they will move into the niche opportunities mentioned 
earlier in this review. When this happens, production will increase and costs, the 
biggest barrier to acceptance at this time should begin to come down. Some of the 
polymers currently in production at some scale larger than laboratory are shown in 
Table 6. 

The only product with substantial sales at this time is a photodegradable environ- 
mentally degradable ethylene/carbon monoxide polymer used as a six pack holder 
which are often carelessly thrown away to litter the environment. The litter will 
slowly disappear as it degrades into fine fragments. EPA has let it be known that 
although this is acceptable for now, future products should degrade by a combination 
of photodegradation and biodegradation to ensure complete removal from the 
environment. 

There has been much progress in the last few years in environmentally degradable 
polymers. Standard protocols are available to determine degradation in the environ- 
ment of disposal, definitions are understood and accepted in a broad sense, if not in 
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detail(1 doubt whether it is necessary to go beyond the current conceptual levels), 
and fate and effects issues for these new polymers are being addressed and will be 
resolved when appropriate test methods are developed. International agreement on 
the acceptability of these polymers is, therefore, close with the general understanding 
that preservation of the environment is the major priority. 

Perhaps the major remaining issue is the cost of these polymers, most are at 
least 3 to 5 times that of the current products that must be displaced. There 
has to be some recognition that a clean environment has a price. Regardless 
of cost, all the major interested parties in this area realize that environmentally 
degradable polymers are unlikely to be a major force in the waste-management of 
polymers, they will be used where they are best suited and offer advantages over 
the competing technologies such as recycle, landfilling, and incineration. Some 
obvious areas of opportunity are in fast food, agriculture, sanitary articles for plastics 
and water-soluble polymers which are not recoverable after use. A major advantage 
for environmentally degradable water-soluble polymers is the ready availability of 
a disposal infra structure in municipal waste-water treatment plants. Composting, a 
promising disposal avenue for plastics, on the other hand is in need of development, 
and no plans are in place to do this which is hindering the growth of these plastics. 
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