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a b s t r a c t

Injectable in situ forming depots (ISFD) that contain a peptide or a protein within a polymeric solution
comprise an attractive, but challenging application system. Beyond chemical compatibility, local tolera-
bility and acute toxicity, an important factor for an ISFD is its storage stability as a liquid. In this study,
poly(d,l-lactide-co-glycolide) (PLGA) degradation in the presence of poly(ethyleneglycol) (PEG) as bio-
compatible solvent was investigated as a function of storage temperature and water content. The PLGA
molecular weight (Mw) was determined by gel permeation chromatography (GPC), and monitored by
NMR during degradation.

Rapid PLGA degradation of 75% at 25 ◦C storage temperature was shown to be the result of a trans-
esterification using conventional PEG as solvent. A significant improvement with only 3% Mw loss was
obtained by capping the PEG hydroxy- with an alkyl- endgroup to have poly(ethyleneglycol) dialkylether

(PEG-DAE). The formation of PEG-PLGA block co-polymers was confirmed by NMR, only for PEG300.
Reaction rate constants were used to compare PLGA degradation dissolved in conventional and alkylated
PEGs. The degradation kinetics in PEG-DAE were almost completely insensitive to 1% additional water in
the solution. The transesterification of the hydroxy endgroups of PEG with PLGA was the major degrada-
tion mechanism, even under hydrous conditions. The use of PEG-DAE for injectable polymeric solutions,
showed PLGA stability under the chosen conditions for at least 2 months. Based on the results obtained

be a
here, PEG-DAE appears to

. Introduction

Polymeric delivery systems pose the attractive capability to con-
rol the release of drug substances to obtain defined blood levels
ver a specified time. In several cases this capability would pro-
ide a significant advantage. For instance, permanent medication
hereby often benefit from long-term delivery systems to improve
atient compliance. For permanent medication and several other
pplications (Vert, 2007) in humans (Hatefi and Amsden, 2002;
ultana et al., 2006) and in animals (Matschke et al., 2002), the
eed for appropriate depot systems exists. In situ forming depots
omprise a specific class of polymeric delivery systems, that pos-
ess the advantages of a straightforward manufacturing even for
ensitive molecules and ease of application as a liquid, which

olidifies after application by phase separation (Packhaeuser et
l., 2004; Packhaeuser and Kissel, 2007). When based on a poly-
er such as poly(d,l-lactide-co-glycolide)s (PLGA), the depot is

iodegradable in vivo (Nair and Laurencin, 2007). Currently, there

∗ Corresponding author. Tel.: +49 941 943 4843; fax: +49 941 943 4807.
E-mail address: achim.goepferich@chemie.uni-regensburg.de (A. Goepferich).

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.12.019
promising excipient for PLGA-based, parenteral ISFD.
© 2008 Elsevier B.V. All rights reserved.

are two injectable in situ forming depots on the market: Atridox®

and Eligard®. Both products were developed based on the Atrigel
technology of Dunn et al. (Ravivarapu et al., 2000). This technol-
ogy employs PLGA dissolved in N-methyl-2-pyrrolidinone (NMP),
which is a water miscible solvent, and a drug powder suspended in
this solution prior to application.

The major prerequisite characteristics of the solvent of an in
situ depot system include good solubility properties for the poly-
mer, chemical compatibility, biocompatibility and overall stability.
Additionally, a suitable solvent for subcutaneous (s.c.) or intra-
muscular (i.m.) injection should be minimally irritating to the
injection site, and it and its metabolic products should not have
deleterious side-effects on the organism. The ICH classification
of solvents in pharmaceutical products narrows the use by the
permitted daily exposure (PDE) of listed excipients. In 2002, tox-
icological results led to a decrease of the PDE for NMP from 48.4 to
5.3 mg/day (International Conference on Harmonisation, 2005a,b).

Water miscible solvents such as NMP or dimethylsulfoxide (DMSO)
and hydrophobic solvents like ethyl benzoate or triacetin have
also been investigated for their tolerability and phase inversion
dynamics for parenteral injectable devices (Graham et al., 1999;
Brodbeck et al., 1999; Kranz and Bodmeier, 2008). Mainly, the

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:achim.goepferich@chemie.uni-regensburg.de
dx.doi.org/10.1016/j.ijpharm.2008.12.019
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based on the Karl-Fisher reaction (Scholz, 1983). The water con-
tent of each sample was determined in triplicate and calculated
based on the consumption of I− oxidized to I2, which happens in
the presence of water.
4 K. Schoenhammer et al. / International

iocompatibility of those solvents has been studied in recent years
Royals et al., 1999). Surprisingly however, polymer–solvent inter-
ctions have rarely been addressed, although it is known that
iodegradable polymers such as PLGA can interact significantly
ith nucleophiles (Lucke and Gopferich, 2003; Na et al., 2003;
urty et al., 2005).
Low molecular weight PEGs seem to have promising solubil-

ty properties for use with PLGAs, and they have previously been
ncorporated into parenteral formulations at concentrations up to
0–65% (Powell et al., 1998; Strickley, 1999). Despite these benefi-
ial properties, low molecular weight PEGs also possess primary
ydroxy groups that may lead to undesirable interactions with
LGAs. Therefore, we have studied and compared the effect of
ommon PEGs (with –OH endgroups) and PEGs with alkyl end-
roups on the stability of PLGA-based injectable in situ forming
epots.

. Materials and methods

.1. Materials

Poly(d,l-lactide-co-glycolide) with 50% d,l-lactide and 50%
lycolide was purchased from Boehringer Ingelheim Pharma
G (Ingelheim, Germany). The inherent viscosity of a 0.1% solu-
ion of PLA50GA5012 in chloroform was 0.16–0.24 dL/g (weight
verage Mw = 12000 Da), of Resomer RG 504H (PLA50GA5048)
.45–0.60 dL/g (Mw = 48000 Da), and of poly(d,l-lactide)
esomer R 202H (PLA10015) 0.20–0.23 dL/g (Mw = 15000 Da).
oly(ethyleneglycol) 300 (PEG300) with an average molecular
eight of 300 Da, poly(ethyleneglycol) 250 dimethyl ether (PEG-
AE) with a molecular weight of 250 Da, and dichloromethane

DCM) were purchased from Sigma–Aldrich (Steinheim, Germany).
PLC grade tetrahydrofuran (THF) was obtained from Rathburn
hemicals (Walkerburn, Scotland). Argon gas was purchased from
arbagas AG, Basel, Switzerland. All chemicals were used without
urther purification.

.2. Methods

.2.1. Preparation of pure polymer powder samples for stability
tudies

Polymer powder (PLA50GA5012, PLA50GA5048 and PLA10015) as
eceived from the supplier was filled into 1 ml glass ampoules
straight stem ampoule OPC with blue point, Schott France SAS,
ont-sur-Yonne, France) and purged with argon prior to hermetic
ealing to prevent the polymer from degradation induced by
umidity. The storage temperature was set to −20 ◦C, 5 ◦C, 25 ◦C
nd 40 ◦C over 2 months storage time. For determination of molec-
lar weight, samples were collected at t = 0, 5, 10, 19, 31 and 64 days,
issolved in THF and analyzed by gel permeation chromatography
GPC) as described below.

.2.2. Preparation of polymer solutions for stability studies
PLA50GA5012 and PLA50GA5048 were dissolved to 20% (w/w)

n PEG300 and PEG-DAE. PLA10015 was dissolved to 20% in PEG-
AE only, because of its poor solubility in PEG300. The polymer
as completely dissolved in the solvents after 24 h stirring with
magnetic stirrer (IKA Labortechnik RET basic, Staufen, Germany)

t room temperature. 150–200 mg of the solutions were filled in
ml ampoules, purged with argon prior to filling and purged again
ith argon prior to hermetic sealing. The ampoules were stored at

20 ◦C, 5 ◦C, 25 ◦C and 40 ◦C and samples were taken at t = 0, 5, 10,
9, 31 and 64 days, dissolved in THF and polymer molecular weight
Mw) was determined by GPC.

To elucidate the influence of residual water in the solvents on
olymer stability PEG300 and PEG-DAE were spiked with approx-
al of Pharmaceutics 371 (2009) 33–39

imately 1% water. PLA50GA5012 and PLA50GA5048 were dissolved
by magnetic stirring in the spiked solvents with a concentration of
20% (w/w), while again, PLA10015 was dissolved only in spiked PEG-
DAE to 20% (w/w). The spiked solutions were also filled in ampoules,
purged twice with argon and stored hermetically sealed at the same
temperatures as described above. Samples for GPC analysis were
taken at the same sampling points.

2.2.3. Determination of water content
Water content of the solvents PEG300 and PEG-DAE was mea-

sured by Karl-Fisher titration with a KF Coulometer Mettler DL 37
(Mettler-Toledo AG, Greifensee, Switzerland). Solvent as received
from the supplier and solvent spiked with approximately 1% water
were injected (accurately to 0.0001 g) directly into the titration
vessel containing 100 ml analyte and 5 ml katholyte (Hydranal
Coulomat-AG and Hydranal Coulomat-CG, Sigma–Aldrich, Stein-
heim, Germany). The quantitative determination of water was
Fig. 1. Relative Mw of PLA50GA5012 (a) and PLA50GA5048 (b) and PLA10015 (c) during
storage over 2 months.
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.2.4. Gel permeation chromatography for molecular weight
etermination

For GPC analysis, PLA50GA5012, PLA50GA5048 and PLA10015 pow-
er and solutions were diluted to approximately 3 mg/ml polymer
ith THF 4 h prior to measurement. GPC analysis was carried out

n a Waters 2695 series liquid chromatograph coupled with a 2414
efractive index detector. 100 �l were injected into a series of four
olumns (PLGel pre-column 5 �m 50 mm × 7.5 mm, 3 PLGel High
erformance GPC columns, length: 300 mm, diameter: 7.5 mm,
el pore size: 10000 Å, 500 Å, 100 Å, Polymer laboratories, Varian
ncorporated, Amherst MA, USA) at an oven temperature of 35 ◦C.
HF was used as mobile phase at a flow rate of 0.8 ml/min. For
alibration, 8 polystyrene standards (Mw = 504.50 kDa, 197.30 kDa,
0.95 kDa, 30.23 kDa, 20.65 kDa, 10.68 kDa, 2.97 kDa, 0.58 kDa)
rom polymer laboratories (Varian Incorporated, Amherst MA, USA)
ere used. Sample injection was performed in duplicate, and
eight average molecular weight (Mw) was calculated with the

mpower software (Waters version 2002, Milford, USA). The molec-
lar weights of the samples were calculated relative to the Mw at

= 0.

.2.5. 1H NMR
1H NMR spectra of PLA50GA5012–PEG300 and

LA50GA5012–PEG-DAE solutions were recorded after 0, 21

ig. 2. Relative Mw of PLA50GA5012 in PEG-DAE (a), PEG300 (b) and PLA50GA5048 in PEG
onths.
al of Pharmaceutics 371 (2009) 33–39 35

and 64 days of storage at 25 ◦C. 2.1– 2.4 mg of the PLGA solu-
tions was diluted with 100 �l DMSO-d6 and transferred directly
into a 1.7 mm NMR tube (Bruker, Faellanden, Switzerland).
Spectra were taken at room temperature with a Bruker DMX
500 (Bruker, Faellanden, Switzerland) at a field frequency
of 500 MHz, using a 1.7 mm TXI probe. The measurements
were carried out with an acquisition time of 1.638 s, a pulse repeti-
tion time of 2.638 s, a 30◦ pulse width, and 10 kHz spectral width.
The chemical shift was referred to the solvent peak of DMSO-d6
(ı = 2.5). A two-dimensional heteronuclear single quantum coher-
ence spectra (HSQC) was taken to identify the exact correlations
between 13C and 1H.

3. Results and discussion

3.1. Storage stability of solid PLGA and PLA powder

To investigate possible temperature or water influenced poly-
mer degradation in solution, first pure PLGA and PLA powder in

the absence of solvent were studied for degradation when stored
at different temperatures. The average Mw of PLA50GA5012 (Fig. 1a)
and PLA50GA5048 (Fig. 1b), PLA10015 (Fig. 1c) was determined over
2 months storage time. Since hydrolytic degradation of PLGAs with
carboxy instead of alkyl endgroups was described to be faster (Nair

-DAE (c), PEG300 (d) and PLA10015 dissolved in PEG-DAE (e) during storage over 2
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nd Laurencin, 2007), the investigated polymers were chosen with
ree carboxy endgroups for this study. Slower degradation rates for
LA10015 relative to both PLA50GA50s were expected (Gopferich,
997).

A decrease to less than 50% Mw of its initial value for
LA50GA5012 (Fig. 1a) was observed over 2 months storage time
t 40 ◦C. A slight degradation to approximately 90% of the initial
w value was determined for PLA50GA5012 stored at 25 ◦C over

wo months. PLA50GA5012 stored at −20 ◦C and 5 ◦C over 2 months
id not show a significant degradation compared to the initial Mw

eference at t = 0.
PLA50GA5048 (Fig. 1b) with an initial molecular weight four

imes higher than PLA50GA5012 showed slower degradation at the
ame storage temperatures. A decrease in average Mw to 84% of the
nitial value was detected over 2 months observation time stored at
0 ◦C. No significant decrease in average Mw could be determined
hen stored at −20 ◦C, 5 ◦C and 25 ◦C over 2 months.

In contrast to the fast degradation of PLA50GA5012 and
LA50GA5048, PLA10015 (Fig. 1c) showed only 4% degradation after
months stored at 40 ◦C. The change in average Mw of PLA100 over
months storage at −20 ◦C, 5 ◦C and 25 ◦C was negligible.

Our experiments confirmed that degradation of both

LA50GA50s was more strongly affected by temperature than
LA10015, resulting in an improved storage stability of PLA10015
ompared to PLA50GA5012 and PLA50GA5048. Slower degrada-
ion with increase in polymer Mw was determined by comparing
LA50GA5012 and PLA50GA5048. The content of lactide and glycolide

ig. 3. Relative Mw of PLA50GA5012 in PEG-DAE (a), PEG300 (b) and PLA50GA5048 in PEG-D
uring storage over 2 months.
Solvent Pure solvent Spiked solvent

PEG300 0.06% 1.04%
PEG-DAE 0.03% 1.12%

monomers and oligomers in the polymer alone with residual water
may also influence the degradation kinetics (Schliecker et al.,
2003). The effect of temperature on hydrolytic degradation of
pure polymer powder was considered as the base level of the two
PLA50GA50 and PLA100 degradation when using solvents.

3.2. Stability of PLGA and PLA solutions in PEG and PEG-DAE

The degradation of PLGA and PLA in the two PEGs was also
investigated as a function of temperature. While PLA50GA5012 and
PLA50GA5048 were dissolved in PEG300 (Fig. 2b and d) and PEG-DAE
(Fig. 2a and c), PLA10015 was dissolved in PEG-DAE for aforemen-
tioned solubility issues (Fig. 2e). The water content of 0.06% for
PEG300 and 0.03% for PEG-DAE (Table 1) was determined by Karl-
Fisher titration.
PLA50GA5012 in PEG300 undergoes fast degradation during the
first 30 days at 25 ◦C and 40 ◦C (Fig. 2b). The solution of PLA50GA5012
in PEG300, stored at 25 ◦C over 2 months, degraded to 20% of its ini-
tial Mw value during this time period. When the same solution was
kept at 40 ◦C, the Mw was under the detection limit of the method

AE (c), PEG300 (d) and PLA10015 dissolved in PEG-DAE (e), all spiked with 1% water
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fter 20 days. In general, our observations concur with the study
f Dong et al. (2006), which showed a fast PLGA degradation when
issolved in PEG400.

Compared to the PEG300 solution an improved storage stability
f PLA50GA5012 dissolved in PEG-DAE (Fig. 2a) was observed. Only
t 40 ◦C slight polymer degradation was monitored over the time of
bservation. The improvement of PLA50GA50 storage stability was
onfirmed with a solution of PLA50GA5048 in endcapped PEG-DAE
Fig. 2c). No degradation of PLA10015 dissolved in PEG-DAE (Fig. 2e)
as observed; this was in sharp contrast to the fast degradation

een for PLA50GA50-PEG300 solutions (Fig. 2b). Increased storage
emperature (40 ◦C) showed no significant impact on PLA10015
egradation in solution (Fig. 2e).

When compared to the profile of pure PLA50GA5012 powder
Fig. 1a), the degradation profile of PLA50GA5012 in PEG300 (Fig. 2b)
isplays significantly faster degradation during storage. This was
lso observed when comparing PLA50GA5048 dissolved in PEG300
Fig. 2d) with the PLA50GA5048 powder (Fig. 1b) stored at the same
onditions. From this data, it can be concluded additional degrada-
ion mechanisms are active when the polymers are in solution.

Compared to the PEG300 solutions, the degradation of
LA50GA5012 and PLA50GA5048 dissolved in PEG-DAE (Fig. 2a and
) was substantially reduced. Since the only difference between
hese two investigated solvents, was the endgroup of the PEGs,
he chemical reactivity of the endgroup appears to significantly
mpact polymer stability. We therefore hypothesized that a chemi-

al reaction was taking place between our polymers and PEG300 in
olution. Since we speculated that it could either be a hydrolytic
egradation caused by residual water or a transesterification
eaction of PEG hydroxy endgroups with PLGA ester bonds, we
nvestigated the impact of water on the reaction kinetics.

Fig. 4. Linear fit of ln Mw% versus time of PLA50GA5012 dissolved in PEG-DAE (a
al of Pharmaceutics 371 (2009) 33–39 37

3.3. Effect of water on stability of PLGA and PLA solutions

The influence of 1% water in the solvents on polymer degrada-
tion was studied by dissolving PLA50GA5012 in PEG300 (Fig. 3b)
and PEG-DAE (Fig. 3a) and PLA50GA5048 in PEG300 (Fig. 3d) and
PEG-DAE (Fig. 3c) spiked with water. PLA10015 was dissolved again
in spiked PEG-DAE only (Fig. 3e), because of its low solubility. The
water content of 1.04% for PEG300 and 1.12% for PEG-DAE (Table 1)
was determined by Karl-Fisher titration. All polymer solutions were
again analyzed by GPC to track the molecular weight of the poly-
mers during storage.

The presence of water did not seem to have a significant effect
on PLA50GA5012 (Fig. 3b) and PLA50GA5048 (Fig. 3d) degradation,
as the fast loss of Mw at 25 ◦C and 40 ◦C seen during the first 30 days
for the spiked PEG300 was similar to the PLGA degradation profile
in the unspiked solvent (Fig. 2b and d).

A slight effect of additional water on PLGA degradation was visi-
ble when comparing the degradation profiles obtained for unspiked
(Fig. 2a and c) and with water spiked PEG-DAE solutions (Fig. 3a and
c). After 2 months storage time PLA50GA5012 showed 10% at 25 ◦C
and 20% at 40 ◦C increased relative loss in average Mw of water
spiked to unspiked samples. The degradation for PLA50GA5048 in
the solutions with additional water was increased by 15% at 25 ◦C
and 32% at 40 ◦C relative to the solutions with low water content.
Even for PLA10015 (Fig. 3e), an increase in degradation from 5% at
25 ◦C to 14% at 40 ◦C was observed in water spiked samples.
Overall, the water content in PLGA-PEG300 solutions does not
appear to be a key factor for the degradation of PLGA. Only when
slower polymer degradation occurred as in solutions of PLGA in
PEG-DAE is the effect of hydrolysis caused by additional water
detectable (de Jong et al., 2001). In the USP monography for PEGs,

), PEG300 (b) and in PEG-DAE (c), PEG300 (d) both spiked with 1% water.



38 K. Schoenhammer et al. / International Journ

Table 2
Degradation rate constants (ln Mw% ×10−3, 1/day) after 2 months storage at 4 differ-
ent temperatures.

Polymer Solvent Water −20◦ C 5◦ C 25◦ C 40◦ C

PLA50GA5012 PEG300 No 2.43 −0.23 −21.18 −114.20
PEG-DAE No 0.00 0.13 −0.44 −3.98

PLA50GA5048 PEG300 No 5.91 −2.73 −39.79 −120.31
PEG-DAE No 0.21 −0.01 −0.93 −5.80

PLA50GA5012 PEG300 Yes 9.50 6.82 −14.24 −184.28
PEG-DAE Yes 0.05 −0.1 −2.16 −8.12
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3.5. Identification of PLGA-PEG300 reaction by 1H NMR

F
t

LA50GA5048 PEG300 Yes 5.91 −2.25 −34.11 −188.52
PEG-DAE Yes −0.14 −0.27 −3.14 −11.42

uantities of up to 2% water are accepted (USP30-NF25, 2008).
sing PEG-DAE as a solvent for PLGAs still needs to be further inves-

igated, but this study demonstrates that the lowest possible water
ontent should be utilized. The potential water uptake of the solvent
s an important factor for the stability of later products.

.4. Determination of degradation rates

For direct comparison, degradation rate constants of water
piked and unspiked solutions were calculated from the slope of
semi logarithmic plot of weight-averaged molecular weight ver-

us time (International Conference on Harmonisation, 2008). The
lopes are shown in Fig. 4, while Table 2 displays the determined
alues. Depending on the storage temperature, the values for the

egradation rate constants for PLA50GA5012 dissolved in PEG300
ecreased from 2.43 at −20 ◦C to −114.20 at 40 ◦C (Fig. 4b). A sim-

lar decrease from 5.91 at −20 ◦C to −120.31 at 40 ◦C was observed
or PLA50GA5048 in PEG300. Instead of an expected constant of 0

ig. 5. Increasing signals of PLA50GA5012–PEG300 esters at t = 0 (D), 21 days (E) and 2 mo
= 0 (A), 21 (B), 64 days (C), stored at 25 ◦C.
al of Pharmaceutics 371 (2009) 33–39

at −20 ◦C, the positive values for the degradation rates stem from
variation in determined Mw. The values obtained concur in general
with a fast degradation observed by Dong et al. (2006) of PLGA dis-
solved in PEG400. Overall, lower degradation rate constants were
observed for PLGA-PEG-DAE solutions at equivalent storage tem-
peratures. The constants for PLA50GA5012 in PEG-DAE at −20 ◦C
were 0, decreasing in value to −3.98 at 40 ◦C (Fig. 4a). A slight
effect of temperature on PLA50GA5048 degradation is reflected in
the reaction rate constants of 0.21 at −20 ◦C and −5.80 at 40 ◦C.

The PEG300 solutions spiked with water showed reaction rate
constants of −184.28 and −188.52 at 40 ◦C for PLA50GA5012 (Fig. 4d)
and PLA50GA5048, respectively. Improved PLGA stability in PEG-
DAE was still observed in the presence of additional water. The
degradation rate constants for PLA50GA5012 (−8.12 at 40 ◦C) (Fig. 4c)
and PLA50GA5048 (−11.42 at 40 ◦C) in PEG-DAE were only slightly
lower than for the comparable unspiked samples.

The degradation rate constants for PLA50GA5012 and
PLA50GA5048 in PEG300 were of the same order of magni-
tude as values published by Dong et al. (2006) for Resomer RG
503H in PEG400. The mentioned value in literature at 40 ◦C was
−58.0, which is comparable with −114.20 (PLA50GA5012) and
−120.31 (PLA50GA5048). The differences may stem from the molar
amount of reactive hydroxy groups, which was lower in PEG400
than in PEG300 due to its lower molecular weight, leading to
slower degradation rates of PLGA in PEG400 when compared to
those in PEG300.
To prove that a transesterification is the basic degradation
mechanism of PLGA in PEG300, 1H NMR analysis was performed
concurrently with the stability study of PLA50GA5012 solutions in

nths (F) in 1H NMR spectra compared to PLA50GA5012–PEG-DAE solutions both at
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Table 3
1H NMR spectra with PLA50GA5012–PEG300 ester signal (t = 64 days) at 4.25 ppm.

Peak no. Chemical shift (ppm) Corresponding protons

1, 1′ 2.50 DMSO
2 3.60 13C-SB (PEG300)
2′ 3.60 13C-SB (PEG-DAE)
3 3.85 CH3-CH2-COOH
3′ 4.55 CH3-OH
4
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4.20 COO-CH2-PEG300
4.55 PEG-OH

EG300 and PEG-DAE at 3 sampling points. The spectra are shown
n Fig. 5, while Table 3 relates the most important signals to their
orresponding structures.

The spectra of PLA50GA5012 dissolved in PEG-DAE and stored at
5 ◦C taken at t = 0 (Fig. 5A), 21 days (Fig. 5B) and 64 days (Fig. 5C)
ere essentially identical and show, therefore, no sign of reaction
roducts in the solution. Signals of possible side products such as
ethanol (4.55 ppm) and vinyl-rests (6.55 ppm) that stem from the

ynthesis of PEG-DAE were observed, but no increase in quantity
as seen over 2 months.

In PLA50GA5012–PEG300 solutions, a weak signal between 4.00
nd 4.25 ppm was detected at t = 21 days (Fig. 5E) and 2 months
Fig. 5F). Due to the time needed for the dissolution and handling of
LA50GA5012 in PEG300 at room temperature, these signals already
ppeared at t = 0 (Fig. 5D).

The signal at 4.25 ppm can be attributed to two hydrogen
toms of PEG300 next to an ester bond. Protons with their corre-
ponding carbon atoms could be identified by a two-dimensional
eteronuclear single quantum coherence spectra, indicating that
he hydroxy endgroups of PEG300 reacted with the ester bonds of
LA50GA5012, resulting in PLA50GA5012–PEG300 esters (data not
hown). In contrast, no signal at the same chemical shift was seen
or PLA10015-PEG300 mixtures or PEG300 alone, which served as a
eference (data not shown). This may be due to the lower reactivity
f esters between lactide acid units.

The PLA50GA5012–PEG300 esters identified by NMR confirmed
hat a transesterification reaction of PLA50GA5012 with the hydroxy
ndgroups of PEG300 took place during storage of the solu-
ion. The storage temperature of 25 ◦C accelerated the reaction
f PLA50GA5012 and PEG300. A nucleophilic attack of the PEG
ydroxy endgroup on the ester bonds in the PLGA backbone can
enerate PEG-PLGA esters. Differences in the reactivity between
sters formed between glycolide and lactide units in PLGAs seem
o be an important factor for a chemical reaction. The pre-
erred attack of ester bonds between glycolide units or between
- and l-lactide and glycolide units by hydroxy endgroups is
robable (Park, 1995). It was previously reported in literature
hat the attack of a nucleophile to glycolide units in PLGAs fol-
ows faster kinetics than to lactide units (Shih, 1995; Shih et al.,
996).

. Conclusion

It was shown that block-copolymers form during degradation
f PLGA in PEG300. A significant improvement of PLGA stability
n solution was obtained by capping the solvent with an alkyl end-
roup. Still however, hydrolytic degradation exerts strong influence

n PLGA stability, and it must be strictly controlled. Alkylated PEG
ecreased the possibility of a reaction between nucloephilic side
roups of the solvent and PLGA. The incorporation of a drug sub-
tance may also influence the PLGA degradation mechanism due to
eactive side groups (Siegel et al., 2006).
al of Pharmaceutics 371 (2009) 33–39 39
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