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Abstract—A series of previously-synthesized lactic/ glycolic acid polymers (PLGA) with various
molar ratios of lactic to glycolic acid and various molecular weights were further studied with regard
to their biodegradation behavior, and in particular, the factors affecting the biodegradation rate. The
biodegradation of PLGA is affected by many factors including polymer composition, molecular
weight, and nature of the incubating media. The biodegradation rate of PLGA containing higher
content of lactic acid moiety is lower than those containing a lower content of lactic acid moiety.
PLGAs with a higher molecular weight, degrade faster than those with a lower molecular weight, i.e.
the molecular weight decreases more rapidly for higher molecular weight PLGAs than their lower
molecular weight counterparts. Nature or properties of the hydrolysis/ incubating media may have an
effect on the biodegradationof PLGAs. A basic medium may slow down the biodegradationof PLGA
in comparison with samples in an acidic medium. The rate of pH reduction for the incubatingmedium
can be divided into three deferent phases, giving an inverted S-type pH pro� le for the non-buffered
incubating media.

Key words: Poly(lactic-co-glycolic acid); biodegradation; degradation mechanisms; biodegradation
kinetics; affecting factors.

INTRODUCTION

Lactic acid and/or glycolic acid is (are) well known hygroscopic material(s). The
polymers made from these substances or lactic /glycolic acid polymers (PLGAs)
are also hygroscopic. These polymers naturally undergo degradation in an aqueous
environment, particularly in an aqueous liquid. The degradation products are the
more hygroscopic chemicals, lactic and/or glycolic acid. This hydrodegradation or
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hydrolysis is normally called ‘biodegradation’ probably due to the fact that PLGAs
are widely used as biomaterials and these polymers undergo degradation in human
and animal bodies through hydrolysis [1, 2].

The biodegradation of PLGA is believed to occur through four consecutive steps:
hydration, initial degradation, further degradation, and solubilization [1, 3–5].
PLGAs are also known for undergoing bulk degradation in an aqueous medium,
which means that rate of medium penetration or hydration is faster than polymer
solubilization [6, 7]. In the hydration stage, the aqueous medium penetrates the
polymer matrix, which results in polymer relaxation and Tg decrease [8]. The
initial degradation starts in the hydrated region of the polymer through ester bond
hydrolysis. The hydrolysis cleaves the polymer backbone and leads to molecular
weight decrease of the polymers. This hydrolysis/ cleavage continues inside the
hydrated polymer matrix so that the molecular weight of the polymer continuously
decreases. As the polymer molecular weight declines, the polymer loses its
mechanical strength but maintains its integrity. At a further degradation stage, the
polymer chain continues to be cleaved and the molecular weight of the polymer
decreases to a point that the polymer can no longer hold its integrity [1]. Therefore,
mass loss of the polymer begins. In the � nal stage, the fragments of the polymer are
further cleaved to molecules that are soluble in the aqueous incubating media [1].

Many factors in� uence the biodegradation of PLGAs [9]. These factors may
include polymers composition (or the ratio of lactic to glycolic acid moieties),
molecular weight, nature of incubating/ hydrolyzing media such as pH, and ionic
strength of a medium [10, 11]. Though these factors have been reported, a
thorough and systemic study is still needed to give complete understanding about
the biodegradation of PLGAs. This part of this paper series investigates these
in� uencing factors, one by one, to clearly describe the biodegradation of PLGAs.

EXPERIMENTAL

Materials

A series of PLGAs were synthesized from D,L-lactide and/or glycolide in our
laboratory and characterized, as described in the previous paper [12]. The polymers
and their properties employed in this set of investigations are summarized in Table 1.
All other chemicals used were obtained from Acros Organics (Fisher Scienti� c,
Pittsburgh, PA, USA). All solvents were supplied by EM Science (EM Science,
Gibbstown, NJ, USA).

Study of biodegradation of PLGAs

To eliminate the in� uence of polymer shape on the biodegradation, all polymers
were molded into rods with a diameter of 2 mm, by using an extrusion plastometer
(MP993, Tinius Olsen Testing Machine Co., Inc., Willow Grove, PA, USA) at 60±C.
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Table 1.
Lactic/glycolic acid polymer samples used for the biodegradation experiments

Sample Composition Mw Mn Polydispersity
(L/G) (Mw=Mn/

PLGA50/50 50/50 14 130 6367 2.2193
PLGA65/35 65/35 14 252 6237 2.2850
PLGA75/25 75/25 13 025 6620 1.9957
PLGA85/15 85/15 14 590 6610 2.2075
PLGA100/0 100/0 12 620 6749 1.8697
PLGA75/25-1 75/25 10 876 3404 3.1951
PLGA75/25-2 75/25 31 403 15 039 2.0881
PLGA75/25-3 75/25 66 946 40 366 1.6585
PLGA75/25-4 75/25 124 450 68 948 1.8050
PLGA75/25-5 75/25 166 630 99 041 1.6824
PLGA50/50-1 50/50 13 134

The weight of the rods was approximately 100 mg. The biodegradation of the
PLGAs was characterized in terms of change of molecular weight of the polymer
samples. The molecular weight change was expressed in terms of molecular weight
decrease as a function of hydrolyzing time of the polymer samples. Gel permeation
chromatography (GPC) was used to determine the molecular weight of the original
and degraded polymer samples. The GPC system was composed of a Waters HPLC
pump (model 590, Waters Corporation, Milford, MA, USA) and a differential
refractometer detector (model 410, Waters Corporation, Milford, MA, USA). Two
Styragel GPC columns (Styragel HR-2 and HR-4, Waters Corporation, Milford,
MA, USA)were connected consecutively to cover a broader molecular weight range
and maintained at 35±C. A Styragel guard column (Waters Corporation, Milford,
MA, USA) is connected prior to the two GPC columns. Chloroform was used as
the mobile phase and the � ow rate was 1 ml min¡1. The injection volume was
100 ¹l. The molecular weight calibration line was established using polystyrene
standards (Waters Corporation, Milford, MA, USA) covering a molecular weight
range of 430–420 000 D.

Composition effect on polymer biodegradation. A series of polymers having
similar molecular weights but different compositions were used in this set of exper-
iments (PLGA50/50, PLGA65/35, PLGA75/25, PLGA85/15, and PLGA100/0).
Table 1 describes the composition, molecular weight, and polydispersity of these
polymer samples. Twenty rods were fabricated for each polymer composition. They
were immersed in 7 ml of 20 mM phosphate buffer (pH 7.4) in twenty individual
glass vials. The vials were capsealed and incubated in a 37±C shaking water bath
(50 strokes per min). At predetermined time intervals, two vials for each polymer
composition were taken out of the water bath. The buffer was discarded and the
residual rods rinsed with distilled water three times and pre-dried in an in-house
vacuum system for 48 h followed by drying in a vacuum oven (»100 ¹m Hg) for
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another 48 h. The dried rods were dissolved in chloroform to yield a polymer solu-
tion. The polymer solution was � ltered through a 0.22-¹m PTFE syringe � lter and
analyzed by GPC, as described above.

Molecular weight effect on polymer biodegradation. A series of polymers
having the same composition but different molecular weights were used in this
set of experiments (PLGA75/25-1, PLGA75/25-2, PLGA75/25-3, PLGA75/25-4,
and PLGA75/25-5). Table 1 describes the composition, molecular weight, and
polydispersity of these polymer samples. Twenty rods were fabricated for each
polymer. They were immersed in 7 ml of 0.2 M phosphate buffer (pH 7.4) in twenty
individual glass vials. The vials were cap-sealed and incubated in a 37±C shaking
water bath (50 strokes per min). At predetermined time intervals, two vials for each
polymer composition were taken out of the water bath and the buffer discarded.
The residual rods rinsed with distilled water three times and pre-dried in an in-
house vacuum system for 48 h followed by drying in a vacuum oven (»100 ¹m Hg)
for another 48 h. The dried rods were dissolved in chloroform to yield a polymer
solution. The polymer solution was � ltered through a 0.22-¹m PTFE syringe � lter
and analyzed by GPC, as described above.

pH effect on the polymer biodegradation. Polymer samples of PLGA50/50,
with a weight-average molecular weight of 13 134 D, are used in this set of
experiments. Sixty polymer rods were divided into three groups of twenty rods
which were separately immersed in three different buffers in sixty individual glass
vials. Buffer 1 is a pH 5.0 phosphate buffer (0.2 M), buffer 2 is a pH 7.4 phosphate
buffer (0.2 M), and buffer 3 is a pH 9.24 sodium borate buffer (0.1 M). The vials
were cap-sealed and incubated in a 37±C shaking water bath (50 strokes per min). At
predetermined time intervals, two vials for each pH were taken out of the water bath
and the buffer discarded. The residual rods were rinsed with distilled water three
times and pre-dried in an in-house vacuum system for 48 h followed by drying in
a vacuum oven (»100 ¹m Hg) for another 48 h. The dried rods were dissolved in
chloroform to yield a polymer solution. The polymer solution was � ltered through
a 0.22-¹m PTFE syringe � lter and analyzed by GPC, as described above.

pH pro� le during biodegradation. Polymer samples of PLGA75/25-2 are used
in this set of experiments. The properties of these polymer samples are described
in Table 1. Twenty rods were separately immersed in 7 ml distilled water in twenty
individual glass vials. The glass vials were incubated in a 37±C shaking water bath
(50 strokes per min). At predetermined time intervals, two vials were taken out of
the water bath and the pH of the water in each vial was measured. The pH value at
each time point was the average value of the pH determined in the two vials.
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RESULTS AND DISCUSSION

Composition effect on biodegradation of PLGAs

As mentioned above, polymers hydration is the � rst stage of biodegradation. Since
the composition of the PLGAs affects the hydrophobicity and wettability of these
polymers, the composition of the polymers will in� uence the hydration of the
polymer matrices. This effect will remain during the whole period of biodegradation
until the polymers become soluble. Figure 1 shows the biodegradation performance
of PLGAs with similar molecular weights but different compositions. This � gure
expresses the � nal weight-average molecular weight of the polymer samples as
a function of time during the biodegradation process. As can be clearly seen,
PLGAs with a higher content of lactic acid moiety degrade more slowly than those
with a lower lactic acid moiety, i.e. the molecular weight of PLGAs with higher
lactic acid moiety decrease slower than those having lower lactic acid moiety.
These results agree with the observations of the other investigators [13, 14]. The
polymers with higher lactic acid moiety are less susceptive to hydrolysis because
the pendent methyl group on the lactic acid moiety sterically hinders the attack of
water molecules in addition to its effect on hydrophobicity and wettability of the
polymers.

The biodegradation of the PLGA seems to be following � rst order degradation
kinetics. As shown in Fig. 2, from plots of the natural logarithm of the remaining
weight-average molecular weight of the PLGA vs hydrolyzing/ incubating time,
a close-to linear pattern can be observed in the � rst 51 days. Using linear
regression of the data points over the � rst 51 days, straight lines are obtained for the
biodegradation of PLGA having different compositions (Fig. 3). This straight line
semilog graph of molecular weight vs time means that the biodegradation reaction
of these PLGAs follows a � rst order kinetic as expressed below:

¡
dMw

dt
» k[P ];

where Mw is the remaining of weight-average molecular weight, t is the biodegra-
dation/ incubation time, k is the biodegradation reaction rate constant, and [P ] is
the polymer concentration.

The � rst order biodegradation reaction rate constant .k/ can be obtained from
the slope of the straight lines in Fig. 3 for each polymer composition. The obtained
biodegradation reaction rate constants are tabulated in Table 2. As shown in Table 2,
the absolute value of the biodegradation reaction rate constants increase with
increasing glycolic acid moiety in the polymers, which indicates an increase in
biodegradation rate of the polymers. This kind of � rst order biodegradation kinetics
has also been observed for PLGAs by other researchers [15–17]. They reported that
the initial period of biodegradation of the lactic / glycolic acid polymers followed
� rst order kinetics quite well. As one can see from the results of this study, the
biodegradation of the PLGAs followed � rst order kinetics in almost 80% of the
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Figure 1. Weight-average molecular weight as a function of time during biodegradation for PLGA
having different composition but similar molecular weight.

Table 2.
The � rst order biodegradation reaction rate constants (k) of the PLGA having different composition
but similar molecular weight

Sample PLGA PLGA PLGA PLGA PLGA
100/0 85/15 75/25 65/35 50/50

k .day¡1 ) 0.0222 0.0422 0.0428 0.0521 0.0544

lifetime of the polymer biodegradation. This observation suggests that the polymer
chain is cleaved at a constant rate for each polymer composition for most of the
biodegradation time up to 51 days. However, the rate of polymer chain cleavage is
different for polymers having different lactic or glycolic acid moieties. These results
agrees with the theory that polymer hydrolysis is determined by the accessibility of
water molecules to the backbone ester bond of the polymer chain. Different ratios
of lactic to glycolic acid moieties in the polymer composition leads to different
biodegradation rates of the PLGAs.
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Figure 2. Semilog plot of weight-average molecular weight as a function of time during biodegrada-
tion for PLGA having different composition but similar molecular weight.

Molecular weight effect on biodegradation of PLGAs

The molecular weight effect on the biodegradation of PLGAs can be seen in
Fig. 4, which depicts the remaining weight-average molecular weight of the PLGA
samples as a function of time during a biodegradation incubation in an aqueous
system. As shown in this � gure, polymers having different molecular weights
degrade at different rates. As mentioned before, the degradation rate in this article
is de� ned as molecular weight change or decrease of the polymers per unit of
incubating/ hydrolyzing time. At each time point over the � rst 7 weeks, those
polymers with high initial molecular weights continue to have higher molecular
weights. This phenomenon agrees with the claims reported in the literature [8],
which states that high molecular weight polymers lose their mechanical strength
slower than the low molecular weight ones. However, this observation does not
mean that the polymers with higher molecular weight have lower biodegradation
rates.

To investigate the biodegradation rate of these polymers with the same composi-
tion but different molecular weights, a semilog graph is produced (Fig. 5). From
Fig. 5, three phases can be noticed during biodegradation of these polymers. The
� rst phase ends at about 1 week of incubation in the media. In the � rst phase of
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Figure 3. Semilog plot of weight-average molecular weight as a function of time during biodegra-
dation for PLGA having different composition but similar molecular weight, showing � rst order
biodegradationkinetics.

biodegradation, the biodegradation rate is relatively slow which may be attributed
to the slow hydration of the polymers. The polymers have to be hydrated before
they can undergo hydrolysis/ biodegradation.

The second phase starts after the � rst week and � nishes around the � fth week.
It has the fastest degradation rate. In the second phase, as shown in Fig. 5, the
polymers undergo � rst order degradation until the third phase starts.

The third phase of biodegradation begins around the sixth week of incubation in
the aqueous media. Once the third phase starts, the biodegradation rate slows down
which may be attributed to the low molecular weight of the remaining polymers.

It can be seen from Fig. 5 that molecular weight has a great in� uence on the
biodegradation rate of PLGA. Polymers with higher molecular weights degrade
faster than those with lower molecular weights after the initial period, or � rst phase.
This fact can be easily seen in Fig. 6, which is a re-graphing of part of Fig. 5 using
linear regression of the data points over the � rst 41 days. Straight lines are obtained
for the biodegradation of PLGAs having different molecular weights. This straight
line semilog plot of molecular weight vs time con� rms the � rst order kinetic for
PLGA biodegradation. The � rst order biodegradation reaction rate constant .k/ for
the PLGAs with different molecular weights are obtained from the slope of the
straight lines for each polymer species, and is summarized in Table 3. As expressed
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Figure 4. Weight-average molecular weight as a function of time during biodegradation for PLGA
having different molecular weight but the same composition.

Table 3.
The � rst order biodegradation reaction rate constants (k) of the PLGA having different molecular
weight but the same composition

Sample Mw 166 630 Mw 241 450 Mw 66 946 Mw 31 403 Mw 10 876

k .day¡1 ) 0.0969 0.0961 0.0834 0.0681 0.0472

in Table 3, the absolute value of the biodegradation reaction rate constants increase
with increasing molecular weight of the polymers.

The mechanism of molecular weight effect on PLGA biodegradation may be
speculated as follows. The high molecular weight polymers have longer polymer
chains than their low molecular weight counterparts. The longer polymer chains
may have more chance to be attacked by water molecules which is required for
polymer chain hydrolysis or biodegradation. This higher chance of water molecule
attack leads to easier and quicker cleavage of the polymer chains for the PLGAs
with higher molecular weights. The newly-generated carboxylic end groups of the
polymers speed up the polymer chain scission by autocatalysis of the carboxylic
end groups [18–21]. Therefore, polymers with high molecular weights degrade
faster than those with low molecular weights. Though high molecular weight PLGA
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Figure 5. Semilog plot of weight-average molecular weight as a function of time during biodegrada-
tion for PLGA having different molecular weight but the same composition.

degrades faster, these polymers do not exhibit any obvious morphology change until
their molecular weight is lowered enough to lose their mechanical integrity because
of their high molecular weight.

pH effect on biodegradation of the lactic / glycolic acid polymers

Figure 7 shows the effect of pH on PLGA biodegradation. The PLGA samples
used for this set of experiments have an equal molar ratio of lactic to glycolic
acid moieties (50 : 50). The weight-average molecular weight of these polymer
samples is the same (13 134 D). These polymer samples were from the same
synthetic batch of PLGA so that the effect of the other parameters was eliminated.
From the results shown in Fig. 7, one cannot see an obvious effect of pH on the
biodegradation/ hydrolysis of the PLGA particularly in the � rst 2 weeks. This non-
obvious effect of pH on the biodegradation/ hydrolysis of PLGA may be due to
the fact that the � rst 2 weeks were mainly the period of polymer sample hydration
and polymer chain scission. Starting around the third week of incubation in the
aqueous media, the biodegradation rate of the polymer samples starts differentiating
in different media. The biodegradation rate slows down in a basic medium (pH 9.24)
but increases in an acidic one (pH 5.0). Finally, the biodegradation of the polymer
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Figure 6. Semilog plot of weight-average molecular weight as a function of time during biodegra-
dation for PLGA having different molecular weight but the same composition, showing � rst order
biodegradationkinetics.

samples in pH 9.24 medium reaches a plateau, whereas the polymer samples in
pH 7.4 and pH 5.0 media keep degrading, with the faster biodegradation rate in
the pH 5.0 medium. The result suggests that the PLGA in a basic medium may
degrade/hydrolyze slower than in an acidic one.

The explanation of the retardation of the biodegradation rate of PLGA in a basic
medium in the late stage of polymer biodegradation may be as follows. In the � rst
few weeks, the polymer chains only under hydrolytic scission or molecular weight
lowering. However, the polymer matrix integrity is maintained or the polymer mass
has no weight loss occurred yet. Therefore, the hydroniums (H3OC) generated by
the biodegradation/ hydrolysis cannot diffuse freely out of the polymer matrix and
the hydroxide ions (OH¡) from the media cannot diffuse freely into the polymer
matrix. This retardation of diffusion prevents neutralization of the carboxylic groups
formed by the hydrolysis. Therefore, the autocatalysis of carboxylic end groups on
polymer chain cleavage is still functional. This may be the reason that there is
no obvious difference for the hydrolysis/ biodegradation of the PLGA in these three
different kinds of media. However, after a few weeks of biodegradation, the polymer
mass integrity has been lost and the polymer matrix falls apart. The hydronium and
the hydroxide ions can diffuse freely to neutralize each other so that the carboxylic
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Figure 7. Weight-averagemolecular weight as a function of time during biodegradationfor PLGA in
media having different pH (polymer sample used: PLGA50/50, Mw D 13 134).

end group autocatalysis is reduced. This leads to the slowdown of biodegradation
of the PLGA.

pH pro� le / change during biodegradation of the lactic /glycolic acid polymers

When the PLGA samples are incubated in distilled water, the polymer molecules
degrade as usual. However, the pH of the media decreases continuously, as shown
in Fig. 8. As can be seen from this graph, the pH of the incubating media decreases
until it reaches a value of pH 2, showing an inverted S-type pattern. Three phases
can be observed in this graph. In the � rst phase, the pH of the incubating media
declines slowly and the polymer mass does not possess many hydroniums because
the number of molecules in the polymer matrix is relatively low so that the number
of the carboxylic end groups is low. In addition, the polymer does not start to
lose its integrity so that the generated hydroniums cannot easily diffuse out of
the polymer matrix to lower the pH of the incubating media. Therefore, most
of the hydroniums generated were trapped inside the polymer matrix. Only part
of these ions could be diffused out to the media. In the second phase, the pH
decreases dramatically and sharply which may be attributed to the integrity loss
of the polymer matrix. Suddenly, or in a short period of time, all of the trapped
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Figure 8. pH change of the non-buffered incubation media as a function of time during the
biodegradationof PLGA (polymer sample used: PLGA75/25, Mw D 31 403).

hydroniums are released. In the third phase, the rate of pH declines to a very low
level, reaching a plateau. This leveling-off is probably due to the slowdown of the
polymer degradation. These three phases of pH decrease give an inverted S-type pH
pro� le for the incubating/ hydrolyzing media during PLGA biodegradation. The
observation correlates to the research results reported by other scientists [24].

CONCLUSION

The biodegradation of PLGAs is affected by many factors including polymer com-
position, polymer molecular weight, and pH of the biodegradation media. The
biodegradation/ hydrolysis rate of PLGA containing a higher glycolic acid moiety is
higher than those containing a lower glycolic acid moiety. PLGA with higher mole-
cular weights degrade/hydrolyze faster than those with lower molecular weights,
i.e., the molecular weight decreases more rapidly for higher molecular weight
PLGA than their lower molecular weight counterparts. The hydrolysis/ incubating
media may have an effect on biodegradation of lactic /glycolic acid polymers. A
basic medium may slow down the biodegradation of PLGA in comparison an acidic
medium. As one can easily understand, the biodegradation of PLGA generates large
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quantity of hydroniums, which lowers the pH of the incubating medium. The rate
of pH decline for the incubating medium can be divided into three different phases,
giving an inverted S-type pH pro� le for the non-buffered incubating medium.
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