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POLYANHYDRIDES Introduction The ﬁrst report on the formation of polyanhydrides appeared in 1909 (1) and the detailed synthesis of a range of polyanhydrides was reported in 1930s (2,3). Polyanhydrides derived from aromatic diacids were hydrolytically stable and had excellent ﬁlm- and ﬁber-forming properties (4). A large number of aromatic polyanhydrides were studied and characterized. They had glass-transition temperatures in the range of 50–100◦ C, appeared as opaque porcelain-like solids, and were resistant to hydrolysis even upon exposure to an alkaline solution (4). The mechanical properties of aromatic polyanhydrides were exempliﬁed by the measurements carried out on stretched ﬁbres of poly(di-(p-carboxyphenoxy)-1,3-propane) annealed at 110◦ C under constant load. The ﬁbres showed a tensile strength of 40 kg/mm2 with an elongation of 17.2% and a Young’s modulus of 505 kg/m2 (4). Concurrently, various types of heterocyclic polyanhydrides were synthesized from ﬁve-member ring heterocyclic diacids with acetic anhydride at 200–300◦ C under vacuum and nitrogen atmosphere, which had melting points in the range 70–190◦ C (5,6). It is thus clear that all the early research efforts were devoted to enhancing the stability of polyanhydrides against hydrolysis to get a good ﬁber- and ﬁlm-forming polymer. Unfortunately, polyanhydrides were not commercially successful textile materials due to their unstable nature against hydrolysis, especially for aliphatic polyanhydrides. In contrast, their hydrolytic instability make them potentially useful for biomedical and pharmaceutical applications, where the hydrolytic instability of a polymer is a desired feature rather than a weakness. Langer and co-workers (7) were the ﬁrst researchers to exploit the hydrolytically labile nature of polyanhydrides for controlled drug delivery through a medical device. This article will mainly focus on summarizing the synthesis and characterization of polyanhydrides used for pharmaceutical and medical device applications. Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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The main advantage of using polyanhydrides for medical applications is that they gradually degrade into nontoxic, small molecular weight products after their intended use in drug delivery, obviating the need for retrieval (see BIODEGRADABLE POLYMERS, MEDICAL APPLICATIONS). A large number of polyanhydrides synthesized to date have been found biocompatible (8) and have excellent controlled release characteristics (9,10). The control over drug release kinetics and matrix degradation rate can be achieved through manipulation of the polymer compositions (11). Among the most useful diacid monomers for making polyanhydrides used in pharmaceutical applications are sebacic acid (SA), 1,3-bis(pcarboxyphenoxy)propane (CPP), and erucic acid dimmer (EAD). The copolymers poly(CPP-SA) and poly(EAD-SA) have been used in the clinic for the delivery of the anticancer agent N,N-bis(2-chloroethyl)-N-nitrosourea (BCNU) and the antibiotic gentamicin sulfate and in the United States, Food and Drug Administration (FDA) approved BCNU-poly(CPP-SA) as treatment for brain tumors (12).



Synthesis Polyanhydrides have been synthesized by various techniques such as melt polycondensation, ring-opening polymerization, interfacial polycondensation, dehydrochlorination, and dehydrative coupling (13,14). The most widely used technique for polyanhydride synthesis is melt polycondensation, which occurs in two steps. In the ﬁrst step, dicarboxylic acid monomers react with excess acetic anhydride to form acetyl-terminated anhydride prepolymers (1) with a degree of polymerization (DP) ranging from 1 to 20 (eq. 1). O
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O
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HO C R C OH + H3C C O C CH3



Refux at 150°C 30 min
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O



H3C C O C R C O C CH3 m



(1) The activated monomers are then polymerized at an elevated temperature (if necessary) under vacuum to yield polyanhydrides with DP ranging from 100 to over 1000 (eq. 2).



(2) Puriﬁcation of the prepolymers, using methods such as recrystallization, is a crucial step to increase the molecular weight (M w ) of polymers (15). It is important to carefully monitor the kinetics of the prepolymer reaction to prevent the formation of high molecular weight oligomers, which may have high T m and are difﬁcult to purify. In general, the melt polycondensation commences readily under low pressure and is completed in several hours at grams to kilograms scale. In comparison to the preparation of polyesters, in general, polycondensation of polyanhydrides proceeds more rapidly (11,16), for example, ester polycondensation completes in 12–24 h while polyanhydride takes less than 2 h to complete the reaction, depending on the molecular weight required. This reaction to form anhydrides is weakly
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Table 1. Melt Polymerization of Poly(CPP-SA) (20:80) Using Coordination Catalystsa



Catalyst No catalyst Metal salts Cadmium acetate Zinc acetate Earth metal oxides Calcium oxides Barium oxides Calcium carbonate Alkoxy metals Titanium isopropoxide Titanium n-butoxide Aluminium isopropoxide Aluminium t-butoxide Organometals Zn(C2 H5 )2 Zn(C2 H5 )2 –H2 O (1:1) Iron compounds Ferric acetylacetonate Ferric chloride Ferric hydroxide



Polymerization Viscosityb [η], time, min dL/g



Molecolar weightc Mw



Mn



Reactiondd type



90



0.92



116,800



18,200



31 50



1.25 0.31



245,010 33,440



29,420 8,020



A A



20 30 28



0.88 0.96 0.90



140,935 185,226 141,600



14,877 22,500 15,500



A A A



30 30 32 32



0.26 0.20 0.64 0.68



23,678 21,785 63,247 75,387



6,749 7,211 17,081 18,509



B B A A



60 60



0.62 1.18



85,060 199,060



15,287 25,312



B A



30 30 30



0.36 0.41 0.30



26,850 29,340 27,500



8,910 9,100 6,920



B B A



was done at 180◦ C using 2 mol% catalyst. Ref. 13. 23◦ C. c GPC; calibrated with polystyrene standards. d A, heterogeneous catalysis; B, homogeneous catalysis.



a Polymerization b Chloroform,



exothermic (17), and hence, the equilibrium constant decreases with an increase in temperature. All the things being equal, a low polymerization temperature should afford a higher molecular weight. Excessive heating at 180◦ C appears to cause decarboxylation or decarbonylation (18). However, prolonged distillation of the initial reaction mixture, up to 72 h, improves the molecular weight. The condensation reaction of diacetyl mixed anhydrides of aromatic and aliphatic diacids is carried out in the temperature range of 150–200◦ C (19). In addition to acetic anhydride, a variety of catalysts have been included in the synthesis of polyanhydrides. Particularly, coordination catalysts facilitate the anhydride interchange in the polymerization and enhance the nucleophilicity of the carbonyl carbon (20). Table 1 shows the highest molecular weight obtained by using coordination catalysts in the synthesis of polyanhydride copolymer of bis(carboxyphenoxy)propane and sebacic acid (CPP-SA) (13). Except calcium carbonate, which is a naturally occurring material, the use of most catalysts for the production of medical grade polymers is undesirable because of their potential toxicity (15). Ring-opening polymerization (ROP) can also be used for the synthesis of polyanhydrides used for medical applications. For example, adipic acid polyanhydrides were prepared from cyclic adipic anhydride (oxepane-2,7-dione) by using cationic (e.g., AlCl3 and BF3 ·(C2 H5 )2 O), anionic (e.g., CH3 COO − K+ and NaH), and coordination-type (e.g., stannous-2ethylhexanoate and dibutyltinoxide) catalysts (21).
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Because melt polycondensation often requires a high temperature, it is not suitable for making heat sensitive polymers. A variety of solution polymerizations at ambient temperature have been reported (18,22). Polyanhydride formation can be effected at room temperature by a dehydrochlorination between a diacid chloride and a dicarboxylic acid (eq. 3). O x HO
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O O
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x



+ Et3N:HCl
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n



(3) In an attempt to prepare copolyanhydrides of regular structures, polycondensation was conducted in organic solvent pairs such as pyridine–benzene and pyridine– ether. A polycondensation was reported between an acylchloride and a carboxylic acid in a single solvent system in the presence of an acid acceptor such as triethylamine (18). The polymerization took place on contact of the two monomers and was essentially complete within an hour as monitored by gel permeation chromatography (GPC). The DP was in the range of 20–30 as determined by vapor pressure osmometry. Comparable M w and yields were obtained for polymerization conducted in solvents such as dichloromethane, chloroform, benzene, and diethyl ether (18). The DP was inﬂuenced by the order of addition. Adding the diacid solution dropwise to the diacid chloride solution consistently produced higher M w polymers and yields as compared to the reverse order of addition (22). Adding the acyl chloride in a single portion, however, yields satisfactory results, suggesting that the rate of dehydrochlorination is comparable to the rate of acid chloride– amine complexation. The inconvenience of this homogeneous Schotten–Baumann condensation in solution is outweighed by the need to obtain the highly puriﬁed diacid chloride monomer. The formation of polyanhydrides by this method can be effected by using diacid chlorides, which upon controlled hydrolysis with a half equivalent of water form the acid that condense to anhydride bonds (eq. 4). O n Cl
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O



C R′ C Cl + n/2 H2O



Hexane-DMF or CH2Cl2



O



C R′ C O



+ n HCl



n



(4)



Low molecular weight polyanhydrides were prepared from the reaction of diacid with dehydrating agents such as N,N-bis[2-oxo-3oxazolidinyl]phosphoramidoyl chloride and phenyl-N-phenylphosphonamidoyl chloride (18) or by direct condensation at elevated temperature under vacuum and acid catalysis (eq. 5). O HO C R



O



O C OH



Dehydrating agents Hexane-DMF or CH2Cl2



C



O R′



C



O n



(5)



A one-step polymerization using diacyl chloride, phosgene, or diphosgene as coupling agents was also developed (eq. 6).



372



POLYANHYDRIDES O



HO



C



O R



C



Vol. 7



O OH + Cl



C



O Cl + Et3N



0°C −CO2



C



O R′



C



+ Et3N:HCl



O n



(6)



The results of polymerization between sebacic acid and fumaric acid, using either phosgene or diphosgene as coupling agents with various acid acceptors, were reported (22). Although phosgene and diphosgene are equally efﬁcient, diphosgene as a liquid is preferred because of its ease of handling and lower vapor toxicity. The polymers have similar M w when the same type of amine base was used. For example, the heterogeneous acid acceptor poly(4-vinylpyridine)(PVP) produced satisfactory results, whereas a nonamine heterogeneous base (e.g., K2 CO3 ) yielded a lower M w . This effect may be explained by the observation that pyridine forms a 1:1 complex with acid chlorides prior to their reaction with hydroxyl-bearing molecules. In the same way, the amines formed a soluble intermediate complex of acid–amine that improved the interaction with the coupling agent under homogeneous conditions. Although PVP is insoluble in the reaction medium, it swells and forms a similar acid-PVP complex. Carbonates, however, form a heterogeneous mixture with the acid and presumably react more slowly with the coupling agents to form the polymer (22).



Polyanhydride Structure Since the introduction of polyanhydrides in the regime of polymers, hundreds of polyanhydride structures have been reported for the past century (23). A representative list of polyanhydrides is shown in Table 2. On the basis of their monomers, polyanhydrides can be categorized as the following types: Aliphatic Polyanhydrides. Aliphatic polyanhydrides of saturated diacid monomers are crystalline, melt at temperatures below 100◦ C, and are soluble in chlorinated hydrocarbons. They degrade and are eliminated from the body within weeks (11). Unsaturated Polyanhydrides. A series of unsaturated polyanhydrides were prepared by melt or solution polymerization of fumaric acid (FA), acetylenedicarboxylic acid (ACDA), and 4,4 -stilbenedicarboxylic acid (STDA). The double bonds remain intact throughout the polymerization process as noted by IR spectroscopy and were available for a secondary reaction to form a cross-linked matrix (27). The unsaturated homopolymers were crystalline and insoluble in common organic solvents, whereas copolymers with aliphatic diacids were less crystalline and soluble in chlorinated hydrocarbon solvents (27). Branched and crosslinked polyanhydrides were synthesized in the polymerization reaction of diacid monomers with tri- or polycarboxylic acid branching monomers (48). The molecular weights of the branched polymers were signiﬁcantly higher (250,000 Da) than those of the respective linear polymers (80,000 Da). The speciﬁc viscosities of the branched polymers were lower than those of linear polyanhydrides with similar molecular weights. Except for the difference in molecular weights, there were no noticeable changes in the physicochemical or thermal properties of the branched polymers as compared to the linear polymers.



Table 2. Representative Polyanhydride Structures



Polymer type Aliphatic polyanhydrides



General structure O



Examples O



O



C



C R C O



O (CH2)X



C O



n



Melting point, ◦ C



Ref.



50–90



(24–26)



>200



(27,28)



n



R = Aliphatic chain and X and n x = 8, PSA; 4, PAA are the number of its unit
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Unsaturated polyanhydrides
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R’ is unsaturated and remain intact during polymerization
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Table 2. (Continued)



Polymer type Aromatic polyanhydrides



General structure



Melting point, ◦ C



Examples



>200
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Ref. (4,29,30)
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X = 3, poly(CPP); 6, poly(CPH)
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100,000 Da.) were generally obtained with an increasing content of the SA or CPH comonomer relative to the trimellitylimidoglycine. Blends. Blending, or mixing, appropriate polymers can alter the physical and mechanical properties of polyanhydrides. Blends of poly(trimethylene carbonate) (PTMC) with poly(adipic anhydride) (PAA) were found biocompatible in both in vitro and in vivo experiments (44). Blends were prepared by dissolving each polymer in methylene chloride followed by separately mixing in varying proportions using solvent-mixing technique (45). The results indicate that the blend may be a promising candidate for controlled drug delivery (44,46) and varying the proportion of PTMC and PAA can control the erosion rate of the polymer blend. Low molecular weight polyesters such as PLA, PHB, and PCL are miscible with polyanhydrides, whereas high molecular weight polyesters (M w > 10,000 Da) are not compatible with polyanhydrides. Uniform blends of PCL with 10–90% by weight of poly(dodecanedioic anhydride) (PDD) were prepared by melt mixing at 120◦ C and exhibited good mechanical strength. Hydrolysis studies indicated that the anhydride component degraded and was released from the blend composition without affecting the PCL degradation (45).



Properties Thermal. Because crystallinity is an important factor in controlling polymer erosion, the effect of polymer composition on crystallinity was studied (40,41). Almost all polyanhydrides show some degree of crystallinity as manifested by their crystalline melting points. Polymers based on SA, CPP, CPH, and FA were particularly investigated. Homopolyanhydrides of aromatic and aliphatic diacids, for example, poly(CPP) and poly(FA), were crystalline (>50% crystallinity) (29), whereas the copolymers possess a less degree of crystallinity, which increases by enhancing the mole ratio of either aliphatic or aromatic diacid monomers (29). The heat of fusion (H f ) values for poly(CPP-SA) demonstrated a sharp decrease from 36.6 to 2.0 cal/g as CPP is gradually added upto 40%, while an increase in H f value was observed upto 26.5 cal/g on further addition of CPP (58). The trend of decreasing crystallinity, as one monomer is added, was noted using X-ray diffraction or differential scanning colorimeter (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 SA with the aromatic and unsaturated monomers, CPP, CPH, FA, and trimellitic-amino acid derivative, showed that copolymers with high ratios of SA and CPP, TMA-gly, or CPH were crystalline while copolymers with equal ratios of SA and CPP or CPH were amorphous (40). In contrasts, the poly(FA-SA) series displayed high crystallinity regardless of comonomer ratio (27). The melting points of a large number of polymers have been determined and are shown in Table 2. Aliphatic polyanhydrides generally melt at lower temperatures than do aromatic polyanhydrides. The melting point of aromatic–aliphatic copolymers is proportional to the aromatic content in the copolymer. Introduction of fatty acids in copolymers also lowers the melting point of the bulk polymer.
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Inclusion of an aromatic amide linkage in the backbone is found to increase the transition temperatures (55). The formation of intermolecular hydrogen bonds is believed to cause this high crystallinity. Poly(anhydrides-co-amide) also have high thermal stability (55). Mechanical. Polyanhydrides show poor mechanical properties in comparison with other polymers such as polyesters. Mechanical properties of various polyanhydrides and their copolyanhydrides were tested as transparent and ﬂexible ﬁlms made by melt compression and solvent casting. It was observed that increasing the CPP content in copolymer composition increases the tensile strength as well as elongation of various polyanhydrides tested (13). Despite the low molecular weight (M n = 6400) of poly(CPP-SA) (60:40), it has a higher tensile strength of 981 MPa (100 kgf/cm2 ) than it has in the 20:80 composition (M n = 18,900), 441 MPa (45 kgf/cm2 ). Decreasing the M n of ﬁlms of the same CPP content (60%) from 12,100 to 6,400 results in lower tensile strength. The elongation at break of these ﬁlms ranges from 17 to 23%. Table 3 shows the mechanical properties of fatty acid based polyanhydrides. Films of fatty acid polyanhydrides were transparent and ﬂexible with a tensile strength of 4–19 MPa and elongation at break in the range of 77–115%. The terpolymer of (fatty acid trimer (FAT)-CPP-SA) in a 1:1:1 weight ratio formed the strongest ﬁlm. Figure 1 shows the stress–strain curve for polyanhydrides derived from natural fatty acids (54). The polymer had a tensile strength of 2.5–3.2 MPa and yield stress at break around 20% in comparison to poly(EAD-SA) (1:1) and PSA, which had tensile strengths of 5.7 and 7.2 MPa and yield stress at break of 10 and 1.5%, respectively. Thus, introduction of nonlinear fatty acid structures in polyanhydrides provides hydrophobicity and ﬂexibility to the polymers. Stability. The stability of polyanhydrides in solid state and dry chloroform solution was studied (20). Aromatic polymers such as poly(CPP) and Table 3. Physical Properties of Fatty Acid Polyanhydridesa Molecular weight b,c



Polymer



Poly (SA) Poly(RAM) Poly(RAM-SA) (50:50) Poly(RAM-SA) (40:60) Poly(RAM-SA) (30:70) Poly(RAM-SA) (20:80) Poly(RAM-SA) (10:90) Poly(HSAM) Poly(HSAM-SA) (50:50) Poly(HSAS) Poly(HSAS-SA) (50:50) a Ref.



Mw



Mn



Tm d, ◦ C



H, J/g



465,800 27,800 135,200 6,200 14,000 8,500 10,500 29,500 32,000 15,200 28,700



23,400 11,400 12,900 5,000 10,800 6,200 7,200 9,400 11,600 8,700 13,000



89 Viscous oil 66 77 79 81 86 Semisolid 67 Semisolid 70



132 — 65 66 103 109 119 — 51 — 79



Crystallinitye , % 50 — 16 ∼20



— 18 — 20



54.



b Polymers



were synthesized by melt condensation. RAM: ricinoleic acid maleate; SA: sebacic acid; HSAM: hydroxy stearic acid maleate; HSAS: hydroxy stearic acid succinate. c Values in parentheses denote mole ratio. d Melting transition temperature (T max ) was determined by DSC. e Degree of crystallinity was obtained from X-ray analysis.
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Poly(RAM-SA) (1:1) Compression time, min



2 Poly(FAD-SA) (1:1)



1 Poly(HSAS-SA) (1:1)



0 Poly(HSAS-SA) (1:1) PSA



0



5



10



15



20 Load, kg



25



30



35



40



Fig. 1. Stress–strain curves for ricinoleic acid derived polymers (38).



poly(1,1-bis(p-carboxyphenoxy) methane) maintained their original molecular weight for at least 1 year in the solid state. In contrast, aliphatic polyanhydrides, such as PSA, showed decreased molecular weight over time. The decrease in molecular weight shows a ﬁrst-order kinetics, with activation energies of 7.5 Kcal/(mol·K). The decrease in molecular weight was explained by an internal anhydride interchange mechanism, as revealed from elemental and spectral analyses. This mechanism was supported by the fact that the decrease in molecular weight was reversible and heating the depolymerized polymer at 180◦ C for 20 min yielded the original high molecular weight polymers. However, under similar conditions the hydrolyzed polymer did not increase in molecular weight (20). In many cases, it was observed that the stability of polymers in the solid state or in organic solution did not correlate with its hydrolytic stability (20). A similar decrease in molecular weight as function of time was also observed among the aliphatic– aromatic copolyanhydrides and imide-containing polyanhydrides (19,57). Gamma-irradiation technique is typically used to sterilize polyanhydrides (59). Aliphatic and aromatic homo- and copolymers were irradiated at 2.5 Mrad dose and the change in properties was monitored before and after irradiation. Properties such as molecular weight, melting temperature, and heat of fusion remained the same, and 1 H NMR and FT-IR spectra of the polymer were also similar before and after irradiation (60,61). Using the same concept, these studies were extended for saturated and unsaturated polyanhydrides (28). Ricinoleic acid based copolymers with SA and poly(CPP:SA) were irradiated under dry ice and at room temperature while poly(FA:SA) was irradiated only at room temperature. Saturated polyanhydrides are stable enough during irradiation; however, the presence of double bonds conjugated to an anhydride bond creates an unstable structure
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and leads to the formation of free radicals (28). These free radical polyanhydrides degrade into less conjugated polyanhydrides. The outcome of this process is selfdepolymerization via inter- and/or intramolecular anhydride interchange to form polymers with lowered molecular weight. In general, polymers with high melting points and crystallinity give the highest yield of room temperature observable radicals. These endogenous free radicals were used to study processes of water penetration and polymer degradation in vivo (59). The detection of gamma sterilization induced free radicals in vivo using EPR could be of signiﬁcance because changes in the mobility of the radicals can be used to study drug release kinetics in a noninvasive and continuous fashion, without introducing paramagnetic species (61). In Vitro Degradation and Drug Release. Degradation of polyanhydride matrices depends on many factors including the (1) chemical nature and hydrophobicity of the monomers; (2) shape, geometry, and surface area of the implants; (3) porosity; (4) level of drug loading in the polymer matrix; and the (5) pH of the media (polymers degrade faster in alkaline media (Fig. 2)) and drug solubility. As the degradation of polyanhydrides follows erosion and pH plays an important role in the solubility of its monomers in the medium (63), degradation of the polymer becomes faster on increasing the pH of the medium (Fig. 2) and porosity increases gradually on its surface as well as in bulk (63). Notably, the porosity of the implant can be changed by change in method of fabrication. For example, a compressionmolded device will degrade faster than an injection-molded device (64,65) due to a higher porosity in the polymer mass. A large number of examples on the degradation behavior of various types of polyanhydrides exists, but the clinically tested polyanhydrides such as poly(CPP-SA), poly(FA-SA), and poly(EAD-SA) have been most scrutinized. In general, during the initial 10–24 h of incubation in aqueous medium, the molecular weight dropped rapidly with no loss in wafer mass (66). This incubation period was followed by a fast decrease in wafer mass, accompanied with a small decrease in polymer molecular weight. The period of extensive mass loss starts when the number-average molecular weight (M n ) of polymer approaches 2000 (DP ∼ 10 units) regardless of the initial molecular weight of the polymer. For example, SA, a slightly water-soluble comonomer, is released from the wafer over a 1-week time frame, leaving the less soluble comonomer, CPP
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Fig. 2. Polymer degradation as a function of pH performed on the EAD:SA copolymer placebo (62). ——, pH 3; —, pH 5; ——, pH 7; ——, pH 9; ——, pH 11.
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Cumulative percent released
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Fig. 3. Bupivacaine release from various poly(EAD-SA) compositions. Bupivacaine was released from polymer slabs in phosphate buffer (pH 7.4) at 37◦ C and determined by HPLC (36). • , 10% FAD; , 20% FAD; , 30% FAD; , 80% FAD.



or EAD, which is slower to solublize (66). Increasing the content of SA in the copolymer increases the hydrophilicity of the copolymer, which results in a higher erosion rate and hence higher drug release rate. The water uptake depends on the hydrophobicity of the polymer and therefore, the hydrophobic polymers that prevent water uptake have slower erosion rates and lower drug release rates. Because of this property, one can alter the hydrophobicity of the polymer by altering the structure and/or the content of the copolymer, and consequently alter the drug release rate. Increase of methotrexate (MTX) release upon increasing SA content in the fatty acid terminated polyanhydrides was reported recently (67). In the poly(CPP-SA) and poly(EAD-SA) series of copolymers, a 10-fold increase in bupivacaine release rate was achieved by alteration of the ratio of the monomers, and thus, both polymers can be used to deliver drugs over a wide range of release rates (Fig. 3). Thus, there is no correlation between the drug release rate and polymer degradation expressed as percent decrease in the molecular weight, which might appear to be contradictory (68). On closer examination, it appears that drug dispersed in the polymer matrix is released when the eroding polymer brings the drug into contact with the solution. Drug release depends 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 is that drug release should correlate with mass loss, which is a more appropriate indicator of the erosion rate than the decrease in molecular weight. Another feature of surface erosion is that the molecular weight of the polymer may decrease at the surface while the interior of the device still retains its initial molecular weight. Furthermore, 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 mass loss to the diffusion and erosion of molecular weight fragments which should correlate with drug release. This phenomenon also explains why drug release from these polymer devices was independent of the initial molecular weight of the copolymer (68).
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Fraction released, (Mt/M∞)
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Fig. 4. In vitro release of ciproﬂoxacin from ricinoleic acid derived polymers. Release time (t∞ ) was 460 h and the total drug load (M ∞ ) was 10 mg (38). , SA; • , RAM; , HSAM; (), HSAS; , FAD.



Recently, Stephans and co-workers (62) investigated the in vitro release behavior of gentamicin sulfate from a poly(EAD-SA) matrix and found that drug release rate was faster in a water than in a phosphate buffer of pH 7.4. Sulfate release was monitored along with drug release and the results indicated that an exchange of ions occurred during the in vitro drug release at pH 7.4. It was subsequently demonstrated that gentamicin could form an insoluble salt with EAD. This salt formation explains the slower drug release in pH 7.4 phosphate buffer. The release of indomethacin from poly(CPP-SA) and poly(EAD-SA) was studied and was found to be independent of drug loading (69). Moreover, more hydrophobic components reduce the water penetration into the polymers and this reduces the drug release rate. Figure 4 is one example of in vitro ciproﬂoxacin release with copolymers of various fatty acids components. 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 put forth by Gopferich and Langer to explain this unusual release behavior (69,70). Erosion was then simulated using a Monte-Carlo method that describes these morphological changes during erosion.



Characterization Polyanhydrides have been characterized with regard to their chemical composition, structure, crystallinity and thermal properties, mechanical properties, thermodynamic properties, and hydrolytic stability. A representative set of analysis data has been summarized for the polyanhydrides poly(EAD-SA) and poly(CPP-SA) (Table 4). 1 H NMR spectroscopy indicates the degree of randomness that suggests whether the polyanhydrides is either a random or a block copolymer; the average length of sequence (Ln ); and the frequency of occurrence of speciﬁc comonomers sequences (58). The anhydride bond presents characteristic peaks in



Table 4. A Representative Data Analysis for Polyanhydrides Typical data/information Analysis



Instruments



Thermal properties



Perkin-Elmer DSC 7 Differential scanning calorimeter (DSC)



Crystallinity



X-ray diffraction (XRD)



Units
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Mechanical Tensile strength Instron Tensile Tester Tensile modulus Model 1122 Elongation yield Elongation at break Spectral 1 H NMR GE Omega-PSG 600 Perkin–Elmer 1310 FT-IR spectrophotometer Raman UV-wavelength Molecular weight Waters GPC system Viscosity Ubbelohde viscometer Mark–Houwink Ubbelohde viscometer constants Surface and bulk XPS TOF-SIMS AFM DI - instrument



Conditions



Mol % K K kJ/kg %



DSC – 10◦ C min Tm Tg H Wc



MPa MPa % %



Film by melt 22:78, M w = 155 kDa



ppm



1% w/v in CDCl3 , 22◦ C Film on NaCl plate



a



C



CH3



O C



b



O



O O



(CH2)3



O



C



O x



C



cm − 1 cm − 1 nm 104 g/mol GPC- polystyrene dl/g 25◦ C, in CH2 Cl2 ml/g 23◦ C, in CH2 Cl2



0:100 8:92 22:78 100:0 358.0 348.0 337.0 293.0 333.1 283.0 283.0 273.0 150.7 250.2 13.0 4.0 0:100 8:92 22:78 100:0 66 54 35 
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