Available online at www.sciencedirect.com

E scIENcE@DuaEc-ro ;2l't.le'.:.lnaalt:)0.rna'
T SEVIER pharmaceutics
ELSEVIER International Journal of Pharmaceutics 277 (2004) 133-139

www.elsevier.com/locate/ijpharm

Chemistry of polymer biodegradation and implications
on parenteral drug delivery

M. Acemoglu
ProcessR & D, TRD-CHAD, Novartis Pharma AG, Basel CH-4002, Switzerland
Received 22 October 2002; received in revised form 9 January 2003; accepted 23 June 2003
Available online 12 April 2004

Abstract

Most polymeric implants are biodegraded by one of two common chemical degradation mechanisms: (i) hydrolysis and (ii)
oxidation. The chemical structure is among the most important factors which affect the biodegradation of polymeric implants.
Hydrolytic biodegradations are often accompanied by substantial decrease of pH, whilst oxidative biodegradation processes are
usually very slow due to consumption of stoichiometric amounts of oxidising agents. A dramatic acceleration of the biodegra-
dation can be expected, if the biodegradation can be initiated by catalytic amounts of oxidation agents. Poly(ethylene carbonate)
(PEC) and poly(trimethylene carbonate) (PTMC) are presumably biodegraded by such catalytic oxidation processes. Their
biodegradation shows all the characteristics of surface erosion. Poly(ethylene carbonate) is utilised as a surface eroding biocom-
patible polymer for controlled delivery of peptide and protein drugs.
© 2004 Published by Elsevier B.V.
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1. Introduction and in vivo and their degradation characteristics are
well documented in the literature. It is noteworthy to
Polyesters, polyamidesMiddleton and Tipton, mention that most of these polymers are carboxylic
2000; Ikada and Tsuji, 2000; Gopferich, 1997, 1996; acid derivatives. However, polymers derived from
Williams, 1992; Bodmer et al.,, 1992; St. Pierre carbonic acid show less tendency towards hydrolysis.
and Chiellini, 198%, poly(anhydrides) Tamada Poly(urethane)s, poly(carbamate)s, poly(ether ure-
and Langer, 1992; Peppas and Langer, 1993 thane urea)s, etc. are not degradable under hydrolytic
poly(orthoesters) §chwach-Abdellaoui et al., 1999; conditions at physiological pH. They are known to
Ng et al.,, 1997; Heller and Himmelstein, 1985 be degraded by oxidation in vivdicCarthy et al.,
poly(phosphazene)#\(nbrosio et al., 2002; Qiu and  1997; Schubert et al., 1995
Zhu, 2000; Song et al., 1999; Crommen et al., 1992a, The most important factor affecting the biodegrad-
1992b; Laurencin et al., 198And many other syn-  ability of polymeric implants is the chemical
thetic polymers are degraded by hydrolysis in vitro structure: it is responsible for functional group stabil-
ity, reactivity, hdrophilicity and swelling behaviour.
T Tel: +41-324-5029; fax-+41-324-9536. Among other important factors are the physical and

E-mail address: murat.acemoglu@pharma.novartis.com physico-mechanical properties, e.g. molecular weight
(M. Acemoglu). (MW), porosity, elasticity, as well as the geometric
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form/morphology of the implant and the implantation 100
site.

Degradations according to both hydrolytic and
oxidative mechanisms show specific advantages and
disadvantages for a given application. Degradation
by hydrolysis is rather a fast process. The rate of the
degradation can be fine tuned e.g. by the proper choice
of molecular weight and by co-polymerisation of dif-
ferent monomeric units, providing different hydroly-
sis properties. However, hydrolysis of carboxylic acid
derivatives such as polyesters and poly(anhydride)s
may lead to local decrease of pH and thus causing
problems in the case of acid sensitive drugs. Degrada-
tion by oxidation are intrinsically very slow processes.
They can be observed in the form of surface crack-
ing and pitting by active oxygen species. The attack Fig. 1. In vivo surface erosion of PEC implants (s.c. in rats, MW:
proceeds mainly at soft segments, at positions alpha350kDa).
to an oxygen atomMcCarthy et al., 1997; Schubert

et al., 199%. In most cases, stoichiometric amounts by the hydrolytic enzyme pronaskr@i et al., 197
of oxidising agents would be needed for complete The mechanism of the biodegradation of high purity,
degradation; however, PMN's and macrophages usu-high molecular weight PECAcemoglu et al., 1997;
ally produce the oxidising agents in small amounts. gio|| et al., 200) was re-investigated. PEC was found
T.hIS is the reason for the very slow degradation in {5 pe not degradable in vitro, neither in PBS buffer,
vivo of poly(urethane)s, poly(carbamate)s, poly(ether ., by many hydrolytic enzymes, such as pronase,
urethane urea)s, etc. Therefore, an increase of the ratepronase E, pronase containing bovine serum albu-
of biodegradation can be expected in those cases, iNmine or fibronectin, lipases, esterases, chymotripsin,
which Fhe b|odegradat|pn processes are initiated by trypsin, papain, collagenase, horse serum/sheep blood
catalytic amounts of oxidising agents. _and rat blood in Alsevers solution. In vivo in rats,
_Regardless of the exact chemical mechanism, pec showed clean surface erosion: s.c. implants
biodegradation can be characterised by two surface- o+ pgc disappeared within 3-4 weeks, whilst the
related phenomena: (a) bulk erosion and (b) surface polecular weight of the polymer mass remained un-

erosion. In case of bulk erosion, degradation pro- changed during the whole period of biodegradation
ceeds throughout the polymer matrix and immediate (kg 1)

drop of MW is observed, whilst the mass loss is re- ~ \1ost interestingly, the biodegradation of low

tarded (lag-time). In the case of surface erosion, the yglecular weight PEC samples (MW100 kDa) was
biodegradation proceeds exclusively at the surface. A strongly suppressed, whilst all samples having MW
fast onset of mass loss can be observed and the MW 150kDa were biodegraded by clean surface ero-
of the residual mass r.emains constant until complete gjon. our investigations suggest a superoxide anion
disappearance of the implant. radical induced chain reaction as mechanism for the
biodegradation of PEC. The following observations
would be in accordance with such a mechanism:
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2. Results and discussion
(i) The biodegradation of PEC is cell mediated.

Poly(ethylene carbonate) (PEC)ngue et al., Biodegradation of implants in membrane cages
1969a,h Kawaguchi et al., 1983and poly(trimethy- was clearly suppressed in comparison to free
lene carbonate) (PTMC)Zbu et al., 199}) are car- samplesftig. 2).

bonic acid derivatives, known to be degradable in (ii) PEC induces the production of superoxide anion
vivo. PEC was reported to be degradable also in vitro radicals by PMN’s in vitro Fig. 3.
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Fig. 2. Biodegradation of PEC samples incorporated in membrane
cages (s.c.) as compared to free samples (s.c. and i.p.).

(i) PEC is degraded by superoxide anion radicals in
vitro (Fig. 4).

(iv) The biodegradation of PEC is much faster than
other poly(alkylene carbonate)s and is too fast for
a stoichiometric oxidation reaction.
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Fig. 4. In vitro degradation of PEC in buffered superoxide anion
radical solution.

erties of PEC with PTMC. If the proposed biodegra-
dation mechanism is correct, then the biodegradation
of PTMC must be much slower than PEC. Based on
semi-empirical AM1 calculations, the formation of the
five-membered ring ethylene carbonate is favored both

Based on the results discussed above, a chainby kinetics and thermodynamics over the formation of
reaction mechanism can be proposed for the biodegra-the six-membered ring trimethylene carbonate by 3.1

dation of PEC in vivo $cheme L Superoxide anion
radicals, according to an anionic- or radical-based
mechanism can initiate the proposed chain reaction.
Ethylene carbonate is the product of degradation in
both cases.

Additional support for the proposed mechanism is
provided by a comparison of the biodegradation prop-
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Fig. 3. Cellular superoxide anion radical production in the presence
of PEC in vitro, as compared to DL-PLG-GLU as reference.

and 2.9 kcal/mol, respectivel¥ig. 5).

Indeed, the biodegradation of PTMC is much slower
than PEC. After 6 months, only ca. 60% of a PTMC
implant is biodegraded (s.c. in ratsig. 6). However,
the biodegradation proceeds by surface erosion and
the MW of the remaining implant mass remains un-
changed during the whole biodegradation period.

Owing these interesting and unique properties, PEC
was utilised as matrix for the controlled release of
the peptide and protein drugs, octreotide and hiL-3,
respectively. For this purpose, the drugs were incor-
porated into PEC microparticles at ca. 1% loading
and the microparticles were pressed into tablets. The
tablets were implanted s.c. in rats and rabbits. In all
cases, a linear correlation between drug release and
mass loss of the implant was observé&ig( 7), con-
firming the drug release by surface erosion of PEC
in vivo.

The drug release from tablet implants was deter-
mined by analysis of the drug content in the residual
tablet masses. The hIL-3 content was analysed by two
different methods, HPLC and ELISA bioanalytics, re-
spectively. Good correlation was found between the
results of both analytical methodBig. 8).
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Scheme 1. Proposed chemical mechanism for the biodegradation of PEC in vivo.

The differences in the drug release from a surface served after 21 days. However, in parallel experiments
eroding polymer (PEC) and a bulk eroding polymer in vitro, no hlL-3 could be detected by ELISA, nei-
(DL-PLG-GLU) are demonstrated iRig. 9. Formu- ther in the buffer solution nor in the residual mass
lations of hiL-3 in PEC and DL-PLG-GLU were im-  analysis. Therefore, hiL-3 must be damaged in the
planted s.c. in rats and the drug release was followed DL-PLG-GLU matrix, possibly by acid catalysed hy-
by determination of the drug content in the residual drolysis.
polymer mass during a period of 21 days. In the case  This comparison clearly demonstrates the superi-
of the surface eroding PEC, a linear correlation be- ority of PEC as matrix for controlled release: the
tween the polymer mass loss and hlL-3 release was ob-biodegradation of PEC leads to neutral degradation
served. Twenty-one days post-implantation, ca. 60% products, e.g. ethylene carbonate, which can be further
of the hIL-3 was released and ca. 70% of the implant hydrolysed to ethylene glycol and carbon dioxide.
mass had disappeared. There was good correlation be- The facile and favorable formation of the five-
tween HPLC and ELISA analysis in this case. In the membered carbonate ring can also be observed in
case of DL-PLG-GLU, ca. 60% of hiL-3 was released the case of functional polycarbonates bearing free
according to HPLC and only 30% mass loss was ob- hydroxy substituents: poly[(hydroxymethyl)ethylene
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Fig. 5. Formation energies for the formation of ethylene carbonate and trimethylene carbonate (values in kcal/mol).
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Fig. 6. In vivo degradation of PTMC implants (s.c. in rats).
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Fig. 8. Correlation of HPLC and ELISA bioanalytics for hIL-3
from PEC tablets.
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PEC tablets in rats and rabbits (s.c., ca. 1% drug loading).

plantation in rats.

O

Lﬁ_

H,O

L

Scheme 2. Degradation of poly[(hydroxymethyl)ethylene carbonate].



138

o]

M. Acemoglu/ International Journal of Pharmaceutics 277 (2004) 133-139

H,0

PBS-Buffer J]\ HO OH
o] OH
H 7.4 N
P (PH 7.4) o o co,
+o0 —nN p———
n
OH Days HO OH
HO OH
f H,0
PBS-Buffer )]\ B OH OH
o) OH OH
. J\ ———>(pH - ] pre P Co, N OH
‘[\o o n n Ho
n
Weeks! OH OH

OH OH

HO

OH

Scheme 3. Degradation of functional polycarbonates from threitol and mannitol.

carbonate] Takanashi et al., 1982vas found to be
unstable and to decompose spontaneously to form
hydroxymethyl-ethylenecarbonate as the primary
degradation producScheme P Subsequent slow hy-
drolysis of hydroxymethyl-ethylene carbonate gives
glycerol and CQ as final degradation products.

More stable, functional polycarbonates were ob-
tained by introduction of conformational barriers
against the formation of the five-membered carbon-
ate ring: polycarbonates from threitol and mannitol,
containing secondary hydroxy groups as substituents,
were much more stable than poly[(hydroxymethyl)-
ethylene carbonatepcemoglu et al., 1995 This sta-
bility may be attributed to the higher conformational
barrier for the formation of the five-membered car-
bonate ring in these cases. The polymer chain must

rotate and assume a certain conformation to enable

the formation of the five-membered carbonate rings
by the secondary hydroxy substituenBcleme R

3. Conclusions

Poly(ethylene carbonate) and poly(trimethylene
carbonate) have been shown to biodegrade in vivo by
surface erosion, according to a superoxide anion radi-
cal initiated chain reaction mechanism. The biodegra-
dations of PEC and PTMC are the first examples of
oxidation initiated catalytic degradation processes,
consuming only catalytic amounts of the oxidation
agent. PEC was successfully utilised as matrix for the
controlled release of the peptide and protein drugs,
octreotide and hIL-3, respectively.
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