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ABSTRACT

rently investigated for making controlled drug delivery devices. In spite of the large

number of investigations dealing with LA/GA polymers which have been reported
in the literature, only little is known about the degradation mechanism of these polyesters
in solid state. In this study poly(L,D-lactide-co-glycolide) 50:50 (PLGA) was hydrolyzed at
37°C for periods up to 56 days. PLGA discs were prepared in 60°C and the results of
their in vitro biodegradation behaviour are reported. We observed that hydrolysis of
PLGA proceeds in 7 stages: surface hydrolysis, outer layers hydrolysis, outer layers
water soluble oligomers formation, exiting water soluble oligomers, bulk hydrolysis and
exiting degradation products, bulk catalyzed hydrolysis, and at the last step fragile porous
structure formation. The remained porous structure is crystallized and shows more resist-
ance to further degradation.

c liphatic polyesters are the source of the attractive polymeric matrices that are cur-
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INTRODUCTION

Within the last two decades, a vari-
ety of synthetic polymers have been
reported to be degradable in mam-
malian organisms and, for some of
them, to be resorbable, i.e., eliminat-
ed from the body either by kidney
filtration or by metabolization.

Those polymeric materials which
undergo chemical degradation in
body fluids, either by simple reac-
tions or by enzymatic activity, are
now currently designated as
biodegradable. The prefix 0Obiol
reflecting that degradation occurs on
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a living environment which always affects the degrada-
tion mechanism in one way or another. From a similar
viewpoint, polymers which can be resorbed in the body
are referred to bio-resorbable [1].

Aliphatic polyesters such as polyactic acid (PLA),
poly glycolic acid (PGA) and poly(lactide-co-glycol-
ide) (PLGA) are among the bio-degradable materials
which have been most successfully used in medical
applications [2]. Potential applications include suture
materials [3], devices for bone surgery [4], reconstruc-
tive substitutes [5-7], scaffolds for tissue engineering
[8-10], and blood vessel prostheses [11]. However, one
of the most attractive potential applications of these
polymers deals with the concept of controlled drug
delivery via parenteral routes. Various systems are cur-
rently being investigated, namely implants [12],
micro[13] and nano-particles [14], aggregates,
micelles, macromolecular pro-drugs, and polymeric
drugs [15].

Degradation of PLA, PGA, and PLGA in an aque-
ous environment occurs through simple hydrolysis of
ester bonds which get auto-catalyzed by carboxylic
groups and the hydrolysis rate increases exponentially
with degradation time [16].

In mammalian organisms, PLGA polymers biode-
grade into lactic acid and glycolic acid. Lactic acid enters
the tricarboxylic acid cycle and metabolizes and subse-
quently eliminates from the body as carbon dioxide and
water. Glycolic acid either excretes unchanged by the
kidneys or it enters the tricarboxylic acid cycle and even-
tually eliminates as carbon dioxide and water [17].

Poly(D,L-lactide-co-glycolide) 50:50 among the
PLGA copolymers has been most successfully used in
drug delivery systems due to its amorphous morphology
[18]. This polymer has been extensively characterized
with respect to its water-uptake rate, degradation kinet-
ics, and morphology changes after incubation in aque-
ous media. But only little is known about degradation
mechanism including physical and chemical process
and their relation, of this polyester in solid state.

These studies have examined the effect of environ-
mental factors (temperature and medium) [19-20],
polymer type (molecular weight, lactide/glycolide
ratio, etc.) [16, 21] or device fabrication parameters
[22]. Implantable large devices such as cylinders, pel-
lets, slabs, discs, and films thicker than 0.1 mm are usu-
ally prepared by compression moulding [18, 22].

However, there is the risk of thermal degradation of
polymer [18] or drug in implantable drug delivery sys-
tems [23].

In this study, we prepared PLGA compressed-discs
involving the use of low temperature and the results of
their in vitro biodegradation behaviour are reported.
Gel permeation chromatography (GPC), differential
scanning calorimetry (DSC), scanning electron
microscopy (SEM), L-lactic acid assay and some other
tests were employed to monitor the experiment. The
purpose of this study is to investigate the degradation
mechanism of Poly(D,L-lactide-co-glycolide) 50:50 in
solid state. An extended new model based on experi-
mental is also suggested. The results of this study will
help us determining the mechanism of the drug release
from PLGA implants and controlling it. The studies
were performed in an aqueous buffer medium at 37°C
(e.g., in-vitro) since only a significant difference was
reported between in vivo and in vitro hydrolysis of
PLA/PLGA polymers [24, 25].

This study is a part of a research for designing an
implant based on PLGA 50:50 for Naltrexone release.
The release data and other results will be published
later.

EXPERIMENTAL

Materials

Poly(D,L-lactide-co-glycolide) 50:50 (RG 505, inher-
ent viscosity = 0.54 dL/g in chloroform at 25°C, M, =
24000) was obtained from Boehringer-Ingelheim
(Germany). Na(OH), Potassium phosphate monobasic
(KH,POy) and standard L-lactic acid were purchased
from Merk, Aldrich, respectively.

PLGA Disc Preparation

Small discs of PLGA (0.2g and 13mm diameter and
1.4+0.1 mm thickness) were prepared using compres-
sion moulding at 60°C. A hydraulic press (SPECAC
15001, England) with maximum 15 tone force and
cylindrical mould (13 mm in diameter) was used. The
temperature of compression moulding depends on the
morphological characteristics of the Polymer [18].
PLGA is an amorphous polymer and temperatures
above the glass transition temperature (Tg) are usually
sufficient for its forming. Thus, 60°C was selected.
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PBS Solution Preparation

Phosphate buffer saline (PBS) (0.1 M, Na,HPO,/KH,,
pH 7.4) was prepared according to United State
Pharmacope (USP) standard [26].

In Vitro Polymer degradation

The discs were weighed and then incubated in 10 mL
phosphate buffer (pH 7.4) in 28 mL glass vial in an
incubator at 37°C. Polymer discs were picked up at
specified times and air dried to constant weight; water-
uptake and weight loss were determined gravimetrical-
ly. Gel permeation chromatography (GPC) was used
for polymer molecular weight determination.

Water Content and Mass Loss
Water uptake was calculated at each time using the fol-
lowing equation:

(%) HyO uptake = [(W e - W)/W ] x 100

Wyer and W, are the weight of polymer sample
retrieved from PBS and the final constant weight after
drying, respectively.The percent mass loss was calcu-
lated according to the following equation:

(%) Mass loss = [(M;, - M) /M;] x 100

Where M) and M; are the initial mass is the final dry
mass, respectively.

Molecular Weight Characterization

Polymer molecular weights were determined by gel
permeation chromatography (GPC) (Waters-150°C,
England). Dried samples were dissolved in tetrahydro-
furan (THF) (5-10mg/mL) and filtered through a
0.22 um filters. GPC was conducted using a mixed
column (300 x mm Polymer labs) eluted with THF.
Detection was done by refractive index and molecular
weights were calculated using Polystyrene (PS) stan-
dards (M, from 580 to 950,000) and the universal cal-
ibration method.

Scanning Electron Microscopy (SEM)

The morphology of samples was characterized by scan-
ning electron microscopy (SEM) using a Hitachi 510
electron microscope (Hitachi Pensi GmbH, Germany).
Dried samples were cut and sputter-coated with the gold
layer at 25 mA in Argon (Ar) atmosphere at 0.3 MPa for
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2 min (sputter coater S150, Edward/ Klese, Germany).

L-Lactic Acid Assay

L-Lactic acid concentration in the aqueous medium was
measured in Massoud clinical laboratory (Tehran, Iran)
by an enzymatic method [27] using L-lactic acid assay
kit (LACTATE, PAP) obtained from Randox (UK).

RESULTS AND DISCUSSION

In Vitro Degradation of PLGA

The time varying weight-average and number-average
molecular weights (M,, and M, respectively) of resid-
ual polymer in in vitro degradation experiments are
shown in Figure 1. The weight losses of samples as a
function of hydrolysis time are shown in Figure 2. It
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Figure 1. Molecular weight change as a function of hydroly-
sis time of PLGA Polymer.
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Figure 2. weight loss as a function of hydrolysis time of
PLGA polymer.
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can be seen that weight loss of samples can be fitted
with a polynomial equation with acceptable accuracy,
which is so useful for prediction of weight changes.
Decreases in My, were seen immediately upon immer-
sion in PBS while significant mass loss did not begin
until 4 weeks later (Figure 2). These results indicated
that in the first phase, significant amount of water sol-
uble low-molecular-weight oligomers had been
formed. When these compounds, were removed from
the polymer matrix, mass losses began. In this regard
the critical molecular weight average of the water solu-
ble oligomers is approximately 6400.

It is likely that high molecular weight fraction, still
remains water insoluble until a critical molecular
weight is reached. Because of water solubility of this
polymer fraction, mass loss and polymer erosion occur
only long time after polymer degradation. Within 28
days, all PLGA discs did not degrade to polymer frac-
tions with M;,<6400, thus weight loss is zero in this
period (Figure 2). Changes of molecular weight distri-
bution (MWD) (Figure 1) support this idea. It can be
seen that the polydispersity becomes large at the early
stage, the MWD decreases and a narrow peak formes
when the weight loss reaches to 13.51%. Multimodal
weight distribution was not seen due to amorphous
nature of poly(D,L-lactide-co-glycolide) 50:50 [16, 28].

This observation agrees with previous studies of
PLGA degradation, and is consistent with the interpre-
tation that PLGA is bulk-degradable [14]. Figure 1
shows that M, and M,, of PLGA discs decrease expo-
nentially with time, which is in agreement with first-
order Polymer hydrolysis. First-order rate constants of
M,, and M,, decreases were calculated and summarized
in Table 1 along with previously reported in vitro stud-
ies [19, 29, 30]. The rate constant of M, decrease is
lower than the range of in vitro values literature in,
while the rate constant of M, decrease represents high-
er value in literature.

Water Uptaking by Degrading PLGA Discs
Figure 3 shows the time profile of water uptake. It can

Table 1. First order degradation constants (week™).

This study Ref. 27 Ref. 17, 28
My, 0.624+0.034 0.517+0.136 0.656+0.0735
My 0.355+0.011 0.514+0.090 0.586+0.062
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Figure 3. Time profile of water uptake.

be seen that upon immersion in PBS, an initial period
of slow water uptake lasting about 2 weeks during
which water content reaches 6%. During this period,
PLGA discs changed from clear to opaque, and no sig-
nificant swelling was observed (change appearance of
discs are shown in Figure 4).

During the time periods of week 5th and 7th, water
content increased rapidly from 20% to 100%; PLGA
discs swelled visibly, damaged and divided into two
completely opaque halves. These observations suggest
that the discs underwent significant structural changes
during this period. The rate of water uptake slowed in
the remainder of the experiment and terminated after 8
weeks and reached 140%.

In the second phase, during the periods of week 34
to week 5%, the water uptake rate increased from 6% to
20%. PLGA Discs softened and became completely
opaque but no visible dimensional change was
observed (Figure 4).

It seems that water could penetrate into PLGA discs
during days 7th to 28th and chain scission due to hydrol-
ysis caused molecular weight loss (Figure 1). Until day
28t molecular weight of polymer was more than its
critical value and water soluble oligomers were not
formed. Thus, no mass loss could be detected (Figure
2). From day 28t to day 42th mass loss due to exit of
water soluble oligomers caused hole formation in sur-
face of discs and more water penetration took place
(Figure 3). This phenomenon continued in thes next
day and rapid water uptake and weight loss could be
detected (Figures 3 and 2) .
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Figure 4. Appearance changes of PLGA disc during degradation.

Morphology of Degrading PLGA

Figures 5a-5d show SEM photographs of PLGA before
immersion in PBS and after 1-3 weeks of PBS expo-
sure. PLGA discs were sliced to reveal the bulk struc-
ture. The magnification was selected 70 times for scan-
ning both the surface and bulk structure of samples.

These figures show that PLGA discs were initially
rigid with rough broken surface, but after 3 weeks, they
became smooth due to water penetration.

Figure 6 shows SEM photograph of PLGA samples
surface after 3 weeks with 5 times of the magnification
of the Figure 5d (i.e., 350 times). It could be seen the
micro pores in the surface and deep holes (about
200um depth and 25um diameter) in outer layer of
each sample.

Figures 7a and 7b show SEM photographs in weeks
4th and 5th, respectively. It can be seen that the top lay-
ers of disc have porous structure while inner layer
(about 650um in thickness) is smooth and non-porous.
Porous layers propagate during hydrolysis, after 5
weeks (Figure 7b) no significant differences were seen
between bulk and surface. At this time, sample is com-
pletely soft and due to soft structure of samples, we
could not analyze them by SEM.

These observations are not similar to those of Chiu
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et al. [15]. According to them, PLGA was initially
smooth and non-porous which became porous after 4
days and pores volume fraction as well as pores diam-
eter increase with degradation time. They also reported
that no differences were seen between surface and bulk
morphologies at any of the examined times. Our obser-
vation showed that water penetration in the first two
weeks is enough to change rough structure to smooth,
but for more water uptaking, pores should be induced
in samples and after 3 weeks outer layers became
porous. In week 4th this process continued, but after 5
weeks when mass loss was observed, degradation prod-
ucts exited form the samples. It caused increment in
poresl diameter and depth.

After 6 weeks, very significant structural changes
happened and discs divided into two halves, with very
porous and fragile structure. It can be seen that 90% of
mass loss occurs in 56 days and 10% of samples mass
remained undegradable. We hardly could take a SEM
photograph of these samples after 7 weeks. Figures 8 a
and 8b shows SEM of one half of PLGA disc after 7
weeks with magnification of 35 and 70, respectively. It
can be seen that pore size in the center side is smaller
than the surface side due to degradation propagation
from the surfaces. It seems some rigid and crystalline



(b)

(d)

Figure 5. Morphology changes of PLGA discs in the first 3 weeks of degradation (magnification = 70): (a) before degradation (b)

after 1 week, (c) after 2 weeks and (d) after 3 weeks.

structure formed during the degradation of PLGA poly-
mer. M. Vert et al. reported the same phenomena [30].

Figure 6. Morphology changes of the surface and outer lay-
ers in week 3 (magnitfication = 350).

Schematic representation of the morphological
changes of PLGA polymers during degradation is given
in Figure 9 [31]. The triangle can be divided into two
types of zones: C Zones are composed of intrinsically
crystalline polymers and A zones of intrinsically amor-
phous polymers. In the case of amorphous polymers,
three sub-zones can be distinguished: Al, A2, and A3.
For Al polymers, degradation leads to hollow struc-
tures that remain amorphous due to the high irregulari-
ty of polymer chain structure. For A2 polymers, degra-
dation also leads to hollow structures that is partially
crystallized, the crystalline structure depending on the
initial composition. For A3 polymers no hollow struc-
ture can be obtained, both the surface and interior were
crystallized. It is likely that in this study, morphology
of PLGA discs would be in zone A2 (point 1) and
change during the degradation, but the LA/GA ratio
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Figure 7. Morphology changes of PLGA disc during the
degradation (magnification = 70): (a) after 4 weeks; and (b)
after 5 weeks.

increased with degradation of PLGA copolymers after
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6 weeks and morphology at the end of 65 days was in
zone C corresponding to low molar mass crystalline
zones contained L-lactic acid or glycolic acid (points 2
or 3). Crystallization mainly resulted from low molar
mass chains whose T, (glass transition temperature)
would be lower than that of longer chains. The result-
ing crystallized polymers were more resistance to fur-
ther degradation [1,18].

L-Lactic Acid Concentration and pH Assay During
Degradation

Figures 10 and 11 show pH changes and lactic acid
concentration vs. degradation time, respectively. It can
be seen that pH shows no significant changes during
the first week. Then it is observed a period of slow pH
decrease lasting about 2 weeks during which pH reaches
7 form 7.4. In the next two weeks pH decreases rapidly
from 7 to about 4.5, then decrease more slowely in the
remainder of the experiment time. It confirms the
release of acidic materials from polymer matrix. It
seems that in the first stage, pH was decreased due to
water soluble oligomer formation and in the next stage
aqueous hydrolysis reaction of these oligomers pro-
duced the difference in monomers (L-lactic acid, D-lac-
tic acid, and glycolic acid) concentration. Since degra-
dation products are retained in the solution, this leads to
pH decreasing. Increment of L-lactic acid in degrada-
tion medium after 28 days (Figure 10) supports this
idea. It can be seen that in the first phase (21t day), L-
lactic acid concentration is approximately zero
although in the next 4 weeks increased dramatically
and reached about 140 mg/dL due to auto-catalyzed

Figure 8. Morphology changes of PLGA disc after 7 weeks: (a) magnification = 35; and (b) magnification = 70.
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Figure 9. Schematic presentation of the morphological
changes of PLGA polymer via degradation [31].

hydrolyses reaction of water soluble oligomers.

A Schematic Model for Samples Degradation
Figure 12 shows our suggested schematic model for
degradation of samples. Seven steps can be seen in this
model:

Step 1- Upon immersion in PBS, up to day 7th
water molecules absorbed to the surface of samples due
to hydrophilic nature of PLGA. Water molecules
caused initiation of hydrolysis reactions on the surface
and polymer chains brokedown to water insoluble
smaller chain. Thus molecular weight decreased and
molecular weight distribution became broader but no
significant water uptake and mass loss were detected.

Step 2- In second week, water molecules penetrated

pH5.

0 7 14 21 28 35 42 49
Degradation time(Day)

Figure 10. pH Changes during degradation of PLGA
Polymer.
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Figure 11. L-Lactic acid concentration in medium versus
degradation time.

into the outer layer of sample through surface micro
pores making it smooth and opaque. During this step,
water causes hydrolysis reaction and more formation of
water insoluble low molecular weight polymers and
oligomers in outer layers. In this step, water uptake
increased and molecular weight decreased.

Step 3- In third week, water penetrates into the
sample and volume increasing (swelling) of implant is
detected. During this step due to water penetration,
poresll diameter and depth increased and hydrolysis
reaction caused more formation of water insoluble low
molecular weight polymers and oligomer in inner lay-
ers and water soluble oligomers in outer layers. In this
step, due to more formation of low molecular polymer
and oligomer, molecular weight distribution became
narrower.

Step 4- In week 4th water molecules in the samples
caused initiation and propagation of hydrolysis reaction
between PLGA and water molecules. Therefore some
water soluble oligomer exited the sample and pH of
aqueous medium decreased due to (COOH) end group
of these oligomers. In this step big pores formed in the
sample and swelling was completely detected.

Step 5- In week 5%, mass loss due to exit of degra-
dation products (lactic acid and glycolic acid) was
detected and increased during this step. The exiting of
these molecules increased the diameter and the depth of
pores very dramatically and decreased the pH of aqueous
medium. L-Lactic acid concentration increased in this
step. It is likely that among the low molecular weight
materials which exited the sample in this step, glycolic
acid was more than lactic acid because pH decreased
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Figure 12. A schematic model for samples degradation.

from 6.2 to 4.2. But the large change in L-lactic acid con-
centration occured in the next step. Faster degradation
rate of glycolide-rich polymers reported in literature sup-
ports this idea [31].

Step 6- In week 6th, water uptake and mass losses
rate increased and L-lactic acid concentration changed
dramatically. It seems that lactic acid and glycolic acid
catalyzed the hydrolysis reaction and increased the rate
of exiting of these molecules (degradation products)
that, in turn, caused the increase in diameter and depth
of pores.

Step 7- After 7 weeks, degradation from the surface
to inner layers caused the disc devides into two halves,
with very porous and fragile structure. The rates of
water uptake and mass loss decreased. It seems that the
LA/GA ratio increased and the low molar mass crystal-
lize zones remained that were more resistance to future
degradations. At the end of 56 days period about 10%
of mass remained undegrade.

CONCLUSION

Our results showed that the degradation of PLGA
copolymer proceeds in seven stages:

Iranian Polymer Journal / Volume 14 Number 8 (2005)

Lactic acid

(s~ ) water soluble oligomers

- Hydrolysis reaction on the surface due to
absorbed water molecules to the surface of sample

- Hydrolysis reaction in outer layers due to water
penetration

- Formation of water soluble oligomers in outer layers

- Exiting water soluble oligomers of the sample

- Hydrolysis reaction in the bulk of the sample and
exiting of the degradation product (lactic acid and gly-
colic acid)

- Catalyzed hydrolysis reaction due to formation of
lactic and glycolic acids

- Disc divided into two halves with very porous and
fragile structure and with higher LG/GA ratio, that is
crystallized and more resistance to degradation.

At the end of the 56 days period about 10% of mass
remained undegradable.
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