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ABSTRACT
Purpose To calculate the degradation time-dependent forma-
tion of water-soluble PLGA oligomers and to evaluate the
relation between calculated oligomer formation and actual
erosion of a PLGA-based delivery system. A proper model of
the erosion process would be expected to facilitate forecasting
of drug release profiles from PLGA matrices due to the close
relationship of erosional mass loss and drug release described
in the literature.
Methods The molecular weight distribution (MWD), degra-
dation and erosion behaviour of PLGA were characterized by
gel permeation chromatography.
Results PLGA was characterized by a lognormal distribution of
mass fractions of individual molecular weights. Implementation
of the pseudo-first-order reaction kinetics into the MWD
function facilitated calculating the formation of water-soluble
oligomers during degradation. The calculated soluble oligomer
formation agreed excellently with measured erosional mass
loss of a PLGA matrix in aqueous buffer, which suggested that
the bulk erosion process was solely controlled by the kinetic of
the formation of soluble oligomers and thus solubility-
controlled and not diffusion-limited as conventionally assumed.
Conclusion The accurately calculated formation of soluble
PLGA oligomers was in excellent agreement with the actual
erosional mass loss of a PLGA matrix, suggesting that bulk
erosion of PLGA represents a degradation-controlled dissolu-
tion process.

KEY WORDS bulk erosion . erosion model . in-situ forming
implant . molecular weight distribution . PLGA erosion

INTRODUCTION

Although a number of biodegradable materials have been
approved for use in medical devices (1), there are only a few
biodegradable polymers in approved parenteral products
used as drug release controlling matrices (2), among which
the polyesters PLA and PLGA provide the longest safety
record of about 40 years. The biodegradable polyesters are
characterized by a backbone that can be hydrolyzed under
physiological conditions. The hydrolysis results in a cleavage
of main-chain bonds producing shorter oligomers and finally
monomers (3). PLGA erosion is a consequence of the
hydrolytic degradation process of the polyester, characterized
by the formation of fragments, which are able to dissolve into
the aqueous surrounding. The importance of the erosion
process for the release of a number of highly potent drugs
from PLGA-based parenteral delivery systems has been
shown, e.g. fluphenazine (4), testosterone and proteins like
BSA (5) or recombinant human growth hormone (6), or it
can be deduced from typically sigmoidal patterns of the
release profiles (e.g. risperidone) (7). Therefore, an appropri-
ate description of PLGA erosion could lead to a predictive
model for the release of relevant drugs from corresponding
biodegradable depot formulations.

Conventional models for PLGA erosion based on so-
called “diffusion/reaction” equations treat polymer erosion
as a diffusion process of polymer chains coupled to a source
term, which assumes an influence of the chemical reaction
kinetic on the diffusivity of the chains (8–10). This
approach, however, was actually derived from surface-
eroding matrices (11), where accessibility and thus diffusion
of water molecules is a rate-limiting step for the hydrolysis.
For a bulk eroding polymer like PLGA, however, the
“diffusion/reaction” approaches might overestimate the
role of oligomer diffusion and underestimate the role of
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the oligomer solubility as a rate-limiting factor for the
erosion kinetic, whereby the importance of the latter aspect
has been indicated previously (12). To investigate whether
solubility would be the rate-limiting parameter of PLGA
erosion, the hydrolytic degradation of the entire PLGA
sample has to be described accurately, since each individual
chain contributes to the formation of soluble oligomers.
Existing models, however, lack an accurate description of
PLGA in terms of its molecular weight distribution. This
limitation applies to all empirical approaches, which
basically represent mathematical fittings of erosion-
controlled drug release profiles to modified Gamma (13),
Erlang (9), Weibull (14), Prout-Tompkins (15) or normal
distribution functions (10,16). Although these models can
naturally approximate sigmoidal shapes of erosional release
patterns, they were not properly linked to the actual
molecular weight distribution and thus not linked to the
hydrolysis of PLGA.

It was therefore the purpose of this study, to (a)
determine the actual molecular weight distribution of
PLGA, (b) develop a model for the hydrolytic degradation
of PLGA, which facilitates the accurate calculation of the
degradation time dependent formation of water-soluble
PLGA oligomers and (c) compare the calculated mass
fractions of soluble oligomers with actual mass loss of a
PLGA-based delivery system.

MATERIALS AND METHODS

Materials

Uncapped, short-chain 50:50 poly(lactic-co-glycolic acid)
(PLGA) (RG 502H, lot. 1005072 and 1036003,
Boehringer-Ingelheim, Germany); dimethyl sulfoxide
(DMSO), tetrahydrofurane (THF, stabilized HPLC grade)
and sodium hydroxide (Carl Roth GmbH & Co, Karlsruhe,
Germany); sodium azide and acetic acid (Merck KGaA,
Darmstadt, Germany).

Experimental Methods

Degradation Study

PLGA hydrolysis under conservation of mass was studied at
40°C/75%RH and in aqueous buffer medium. Twenty
milligram powder samples (n=2 for each time-point) were
weighed into Eppendorf vials. The open vials were covered
with a cloth and incubated at 40°C/75%RH in a climate
chamber (Sanyo Gallenkamp PLC, Sanyo E&E Europe
BV, Loughborough, UK). Each week two samples were
withdrawn, dissolved in THF and analyzed by gel perme-
ation chromatography (GPC).

Degradation in aqueous buffer was studied with a 40%
PLGA solution in DMSO (in-situ implant). The polymer
solution was prepared by dissolving 5 g polymer in 7.5 g
DMSO, and about 450 mg of the solution was injected into
16 ml of the aqueous buffer (33 mM sodium acetate buffer,
pH 5.0 with 0.01% sodium azide) and subjected to
horizontal shaker (Gemeinschaft für Labortechnik, Burg-
wedel, Germany) at 80 rpm and 37°C. At predetermined
sampling time-points (1 d, 4 d, 7 d, 10 d, 12 d, 14 d, 21 d,
35 d, 43 d) two samples were withdrawn and the buffer in
the other samples completely replaced by fresh medium.
The buffer medium of all withdrawn samples was decanted,
and the residual polymer material was carefully rinsed with
10 ml DI-water before they were subjected to freeze-drying
for 24 hours (Alpha, Martin Christ Gefriertrocknungsanla-
gen GmbH, Osterode am Harz, Germany). The samples
were then stored at −70°C until GPC analysis.

Molecular Weight Determination

GPC analysis was carried out using a Shimadzu (Shimadzu,
Tokyo, Japan) LD-10 liquid chromatograph equipped with
degasser, pump, auto-injector and column oven in combi-
nation with a Viscotek triple detector (TDA-300, Viscotek,
Malvern Instruments Ltd., Malvern, UK) operated in dual
mode (refractive index, viscosimetry). A column with a
linear range from 500 g/mol to 18,000 g/mol (Mesopore
7.5 μm×300 mm; Varian Inc., Darmstadt, Germany) was
used as stationary and THF as mobile phase. The sample
concentration was either 2% or 4% with the corresponding
injection volumes of 50 μl and 25 μl, respectively. Column
and detector were operated at 30°C, and the flow rate was
1 ml/min.

A universal calibration method (third-order polynomial fit,
R2: 0.99996) was applied to determine the true molecular
weights of PLGA, which was obtained from polystyrene
standards with peak molecular weights of 580 g/mol,
1,260 g/mol, 2,360 g/mol, 4,920 g/mol, 9,920 g/mol,
19,880 g/mol (Varian Inc., Darmstadt, Germany). Data
acquisition was performed using Ominisec software Version
4.5.6.268 (Viscotek, Malvern Instruments Ltd., Malvern,
UK), which accounts for peak broadening during elution
(sigma: 0.093; tau: 0.072). Non-linear regression of data was
conducted using WinCurveFit software (Kevin Raner Soft-
ware, Mt. Waverley, Australia) to derive mean values,
standard deviations, areas and regression coefficients.

Mass Loss

Mass loss of PLGA-based in-situ implant formulations in
aqueous medium was determined by GPC through quan-
tification of the residual polymer mass at each sampling
point. The refractive index detector served as concentration
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detector, with a calibration constant of the differential
refractive index detector kcal of 30.588 mV, a refractive
index of the mobile phase n0 of 1.405 and a refractive index
increment dn/dc of 0.054 ml/mg. The refractive index
increment was thereby constant in the linear range of the
column (500–18,000 g/mol).

Erosion Modeling

The lognormal distribution of molecular weights was
integrated up to the critical molecular weight for each
time-point with conventional spreadsheet software (MS
Excel: normdist). The erosion of PLGA was thus calculated
at predetermined time-points using the initial peak molec-
ular weight, the pseudo-first-order reaction rate constant
and the standard deviation of the lognormal distribution
obtained from the degradation study.

RESULTS AND DISCUSSION

The Molecular Weight Distribution of PLGA

The molecular weight distribution of a polymer depends
on the type of its polymerization reaction. Molecular
weight distributions of polymers are often approximated
with generalized exponential distributions. For polycon-
densation products like polyesters, however, the distribu-
tion tends to possess a lognormal character (17), which
can be expressed in the form of Eq. 1 (18), where f(M) is
the fraction by which the mass m(M) of a polymer chain of
molecular weight M contributes to the total mass mtotal,
where σlogM is the multiplicative standard deviation of the
distribution on log M scale, and where Mp is peak
molecular weight. Conversion of such a distribution from
a linear to a logarithmic expression of the x-axis leads to
the corresponding normal distribution (Eq. 2), whereby
the weight fractions of a polymer chain of the molecular
weight Mi are maintained [f(Mi)= f(log(Mi) (19)]. The
advantage of the lognormal expression is that an entire
polymer sample can be described by only two variables,
the peak molecular weight and the standard deviation of
the distribution, which both are accessible by conventional
gel permeation chromatography.

f ðMÞ ¼ mðMÞ
mtotal

¼ log e

M � s logM
ffiffiffiffiffi
2p

p e
� logM�logMpð Þ2

2s2
logM ð1Þ

f ðlogMÞ ¼ mðlogMÞ
mtotal

¼ 1

s logM
ffiffiffiffiffi
2p

p e
� logM�logMpð Þ2

2s2
logM ð2Þ

Fig. 1 Schematic representation of the time-dependent shift of the
molecular weight distribution of PLGA during hydrolysis under conserva-
tion of mass.

Fig. 2 GPC-chromatograms of PLGA powder incubated at 40°C/75%RH as function of incubation time (a) and with approximated normal distributions
for 0 d, 7 d and 14 d (b).

2416 Körber



Degradation Under Conservation of Mass

The hydrolytic degradation of PLGA is usually character-
ized by a pseudo-first-order reaction kinetic (6). Corre-
spondingly, logarithms of molecular weights log M(t=0)
decrease linearly with time t at a constant degradation rate
k (Eq. 3).

logMðtÞ ¼ logM t ¼ 0ð Þ � kt ð3Þ

Implementation of the pseudo-first-order degradation
kinetic into the lognormal molecular weight distribution
(Eq. 2) by substitution of log Mp results in the mathematical
description of the hydrolytic degradation of PLGA (Eq. 4
and Fig. 1).

f ðlogM ; tÞ ¼ mðlogM ;tÞ
mtotal

¼ 1
s logM

ffiffiffiffi
2p

p e
� logM�logMpð0Þþktð Þ2

2s2
logM ð4Þ

The suitability of the degradation model relies on (a) the
applicability of the lognormal molecular weight distribution
to PLGA, (b) a molecular weight-independent pseudo-first-
order reaction rate constant and (c) a degradation time-
independent standard deviation. To test the applicability of
the model, PLGA samples incubated at 40°C/75%RH
were analyzed by gel permeation chromatography.

Peaks in the chromatograms of incubated PLGA
samples were Gaussian up to day 14, where accumula-
tion of short oligomers (≤ pentamer) led to a loss of the
lognormal character and to the presence of discrete
oligomer peaks (Fig. 2a and b). Accordingly, the differen-

Fig. 5 Effect of polymer erosion on RI-signal (normalized for concentra-
tion) over log molecular weight plots of samples incubated in aqueous
buffer medium.

Fig. 6 Standard deviations of the lognormal molecular weight distribu-
tions and actual mass loss data of a PLGA based in situ implant (40% in
DMSO) as function of incubation time in aqueous buffer at 37°C
(polynomial trend lines).

Fig. 4 Semi-log plot of the decrease of the peak molecular weight of
PLGA (30% solution in DMSO) incubated in aqueous medium as function
of incubation time.

Fig. 3 Semi-log plot of the peak molecular weight of two lots of low
molecular weight 50:50 PLGA as function of incubation time at 40°C/75%
RH.
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tial refractive index detector signal RI_signal(RV) up to day
14 could be well approximated to normal distributions
according to Eq. 5 (R2: 0.923–0.990), based on the
retention volume at peak (RVp), the area under the
chromatogram (RI_area in mV × ml) and the standard
deviation on retention volume scale (σRV).

RI signal RVð Þ ¼ RI area � 1

sRV
ffiffiffiffiffi
2p

p e�
RV�RVpð Þ2

2s2 ð5Þ

In the molecular weight range between 500 g/mol and
18,000 g/mol the retention volume and log M were linearly
related to each other (R2: 0.998) with a slope dlogM/dRV of
−0.575 ml−1. Hence, the retention volume could be
transformed to the corresponding log M scale by substitu-
tion with Eqs. 6 and 7, which convert the approximated
GPC data (Eq. 5) into the corresponding lognormal

molecular weight distributions (Eq. 2) at the individual
time-points 0 days, 7 days and 14 days.

RI signalðRV Þ
RI area

¼ d logM
dRV

� mðlogMÞ
mtotal

ð6Þ

sRV ¼ d logM
dRV

� ��1

� s logM ð7Þ

The logarithm of the peak molecular weight decreased
linearly with time, according to a pseudo-first-order
degradation kinetic with a constant degradation rate
(Fig. 3). The degradation rates of two different lots of the
same PLGA type were thereby comparable (0.0645 d−1

and 0.0663 d−1). The standard deviation, which relates to
the polydispersity of the lognormal molecular weight
distributions (Eq. 8) (17), was thereby constant during
degradation (σlogM: 0.30±0.03; PD: 1.63±0.16), which
corresponds to a molecular weight-independent degrada-
tion rate over the entire molecular weight distribution.
Therefore, the changes of the molecular weight distribution
of PLGA were in accordance with the hydrolytic degrada-
tion model (Eq. 4 and Fig. 1).

s2
logM

¼ log PD � log e ¼ log
Mw

Mn

� �
� log e ð8Þ

Degradation in Aqueous Buffer

PLGA hydrolysis in aqueous buffer was investigated
with an in situ implant formulation consisting of a 40%
PLGA solution in DMSO. In contrast to PLGA degrada-
tion at 40°C/75% RH, incubation in aqueous buffers

Fig. 7 Schematic representation of the time-dependent shift of the molecular weight distribution of PLGA during hydrolysis against the critical molecular
weight (left) and the corresponding time-dependent mass fraction of soluble oligomers (right).

Fig. 8 Actual mass loss of PLGA (30% solution in DMSO) as function of
time vs. the fraction of soluble oligomers calculated for the same time-
points.
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facilitates the erosion of polymer due to loss of soluble
oligomers.

The peak molecular weight decreased according to a
pseudo-first-order kinetic the first 14 days with a pseudo-
first-order reaction rate constant k of 0.0501 d−1 (Fig. 4).
Such a loss of the pseudo-first-order characteristic was
recently attributed to a decreased reaction rate due to the
loss of auto-catalytically active oligomers (20). Consider-
ation of the lognormal (R2: 0.929–0.992) molecular weight
distributions at each individual time-point, however, depicts
another scenario. If the measured molecular weight
distributions of PLGA samples, which reside in the erosion
period (10–43 d), were normalized to the initial polymer
mass (Fig. 5), a time-dependent decrease of the area under
the curve becomes evident, which represents the erosional
mass loss. The shift of the molecular weight distribution to
lower log M values, however, appeared to stop after
reaching a molecular weight of about 1,000 g/mol. This
molecular weight was in perfect agreement with the upper
limit for soluble PL(G)A oligomers reported elsewhere (21).
Hydrolysis did therefore not stop but turned into a
dissolution process of oligomers.

As a consequence of hydrolysis on one and mass loss on
the other side, the standard deviation of the molecular
weight distributions measured at each individual time-point
decreased with time (Fig. 6). Thus, only σlogM values before
the commencement of mass loss (0–7 d) would be
representative of the entire PLGA mass in the original in
situ implant.

The above-mentioned points indicated that erosion of the
polymer matrix was in close relationship to the kinetic at which
water-soluble oligomers were formed during hydrolysis. Based
on the hydrolysis model, the fraction of soluble oligomers
formed up to a certain time-point could be obtained from
integration of Eq. 4 up to the critical molecular weight Mcrit

where PLGA oligomers become soluble (Eq. 9), which
corresponds to the scheme depicted in Fig. 7.

fsolubleðtÞ ¼ 1�
Z1

logMcrit

1

s logM
ffiffiffiffiffi
2p

p e
� logM�logMpð0Þþktð Þ2

2s2
logM � dðlogMÞ

ð9Þ

The degradation time-dependent soluble polymer frac-
tion fsoluble(t) of the original sample was calculated using the
obtained values for logMp(t=0) of 4.0, σlogM of 0.32, k of
0.05 d−1 and Mcrit of 1,000 g/mol (Figs. 4, 5, 6).
Interestingly, the calculated profile was in excellent agree-
ment with the actual mass loss pattern of the PLGA implant
(Fig. 8). This suggested that the erosion of PLGA from the
in situ forming implant was a solubility-controlled process
solely controlled by the kinetic of the formation of soluble

oligomers and thus without any indication for a rate-
limitation by diffusion.

CONCLUSIONS

A theoretical model for the hydrolytic degradation of PLGA
based on the entire molecular weight distribution was
developed, verified, and applied to calculate the degradation
time-dependent formation of water-soluble PLGA oligomers
in an in situ implant formulation. The calculated results were
in excellent agreement with actually measured mass loss
pattern, which suggested that the erosion of PLGA from the
in situ forming implant was a solubility-limited process
without any indication for a rate-limitation by diffusion.
This opens up the opportunity to forecast the erosion-
controlled release of drugs with PLGA-based in situ implant
formulation on the basis of raw material properties of the
ingoing polymer (peak molecular weight and polydispersity)
and the pseudo-first-order degradation rate.
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