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Pore formation and pore closure in poly(D,L-lactide-co-glycolide)-based drug delivery systems are two
important processes as they control the release of the encapsulated drug. The phenomenon pore closure was
investigated by studying the effects of the pH and the temperature of the release medium, and the properties
of the polymer. Poly(D,L-lactide-co-glycolide) (PLG) films were subjected to a pore forming pre-treatment,
and then pore closure was observed simultaneously with changes in glass transition temperature, wettability
(contact angle), water absorption and mass remaining. To further understand the effect of pH, combined pore
formation and pore closure were studied at different pH values. Pore closure was increased in a release
mediumwith low pH, with a low-molecular-weight PLG of relatively low degree of hydrophobicity, or at high
temperature. Pore closure occurred by two different mechanisms, one based on polymer–polymer
interactions and one on polymer–water interactions. The mobility of the PLG chains also played an important
role. The surface of the PLG films were more porous at pH 5–6 than at lower or higher pH, as pore formation
was relatively fast and pore closure were less pronounced in this pH range. The pH had a significant impact on
the porous structure, which should be kept in mind when evaluating experimental results, as the pH may be
significantly decreased in vitro, in vivo and in situ. The results also show that the initial porosity is very
important when using a high-molecular-weight PLG.
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1. Introduction

Poly(D,L-lactide-co-glycolide) (PLG) is a biocompatible polymer
that has been used extensively in various areas, such as the controlled
release of encapsulated drugs [1], tissue engineering [2], healing of
bone defects [3], cancer treatment [4] and vaccines [5]. PLG is themost
frequently used biodegradable polymer in the controlled release of
encapsulated proteins or peptides. The reasons for its success are its
biodegradability, its biocompatibility and the fact that it has been
approved for parenteral use by the regulatory authorities around the
world. Furthermore, its physico-chemical behavior, and thus the drug
release profile, can be tailored by selecting PLGs with the appropriate
properties, for example, molecular weight and the lactide:glycolide
ratio [6–8]. Blending or co-polymerizing PLG with other materials
further extends the possibility of controlling its physico-chemical
behavior [9–11].

Encapsulated proteins or peptides diffuse through water-filled
pores [12–15]. The release rate is thus very dependent on the porosity
of the polymer, and it is important to understand both pore formation
and pore closurewhen tailoring release from PLG-based formulations.
The phenomenon pore closure and also the development of a surface
layer less porous than the interior due to heterogeneous degradation,
have been observed previously [16–22], but are unfortunately not
often mentioned when discussing release mechanisms. Temperature
has been shown to affect pore closure [23], and the structural collapse
of the polymer has been suggested as one reason for pore closure [20].
Less deep pores have been reported on the surface of microspheres
stored at high humidity when a plasticizing agent was added to the
polymer [24], and the authors suggested that the polymer chainswere
rearranged due to the increased mobility of the polymer. However,
the phenomenon is far from well understood.

Pore formation has been more discussed in the literature. It has
been shown that pores are formed both by water absorption and by
degradation/erosion of the polymer [25–27]. These processes, in turn,
are influenced by a great number of factors, for example the presence
and the concentration of salts, plasticizing excipients used and the
properties of the polymer [6–8,21,28,29]. Another such factor is pH. As
hydrolysis is acid-catalyzed, the common opinion is that pores are
formed faster at lower pH [22,26,30]. However, the pH also affects the
degree of polymer terminal carboxyl acid dissociation, which
determines the charge of polymer chains. This may be important in
the arrangement of polymer chains and thus possibly in pore closure.
Both pore formation and pore closure probably take place simulta-
neously and constantly, and the porosity of the polymer is likely to be
affected by both. The domination of these processes may vary with
pH, which may decrease significantly from the normal physiological
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Table 1
Experimental design for the investigation of pore closure.

PLG MW (kDa) Relative degree of
hydrophobicity

Temperature (°C) pH of the
release medium

RG502H 12 Low 37 7.4
RG502H 12 Low 37 3.0
RG502H 12 Low 9 7.4
RG502H 12 Low 45 7.4
RG504H 45 Average 37 7.4
RG756 80 High 37 7.4
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value (7.4) during polymer degradation. Inflammatory reactions and
formation of a fibrous capsule surrounding PLG microspheres may
decrease the local pH in vivo [31,32], while acid degradation products
from PLG may decrease the pH inside PLG drug delivery systems and
of the release medium in vitro [33–35].

The purpose of this study was to identify the mechanisms
governing the phenomenon of pore closure. The effects of the pH
and the temperature of the release medium, and the properties of the
polymer were investigated. To our knowledge, no studies have been
carried out regarding the effect of the properties of the polymer, such
as its molecular weight or hydrophobicity, on pore closure. This study
is complementary to previous studies on the effect of the pH and the
temperature of the release medium on pore closure [16,23]. Pore
closure was studied simultaneously with the changes of the glass
transition temperature (Tg), wettability (contact angle), water
absorption and mass remaining. To further understand the effect of
pH of the release medium, combined pore formation and pore closure
were studied at different pH values.

2. Materials and methods

2.1. Materials

Three different PLGs were obtained from Boehringer Ingelheim
Pharma KG (Germany), namely RG502H (50:50 lactide:glycolide,
with an approximate molecular weight (MW) of 12 kDa), RG504H
(50:50 lactide:glycolide, approximate MW45 kDa) and RG756 (75:25
lactide:glycolide, approximate MW 80 kDa). Polysorbate 80 and
sodium Hepes salt were obtained from Sigma-Aldrich Inc. (USA),
and Hepes acid from Research Organics (USA). NaCl, ZnCl2 and ethyl
acetate were obtained from Merck KGaA (Germany). NaN3 was
obtained from VWR International Ltd (UK) and polyvinylidene
fluoride filters (pore size 0.65 μm) were purchased from Millipore
AB (Sweden). All salts were of analytical grade.

2.2. Film preparation and sample pre-treatment

Polymer films (about 150 μm thick), were cast on glass dishes from
solutions in ethyl acetate (67 mg/ml). Polysorbate 80 was co-
dissolved in this solution (1.3 mg/ml) and encapsulated in the PLG
film order to mimic a relevant pharmaceutical system utilizing PLG
films coated onto microparticles [36]. Solutions of the PLG denoted
RG756 also contained 10% (w/w) NaCl particles in relation to the
weight of PLG. A polyvinylidene fluoride filter (105 μm thick and pore
size 0.65 μm) was encapsulated in all films intended for analysis of
pore formation or wettability to provide mechanical support. The
filters were placed on the glass dishes and the polymer solutions were
poured onto the filters. The filters were completely encapsulated in
the PLG films and did not interfere with the analyses. After drying at
ambient conditions for 10 days and vacuum drying at room
temperature for 7 days, circular samples with a diameter of 1 cm
were cut from the film. Pores were created in samples intended for
studies on pore closure (see below), while those intended for a study
on combined pore formation and pore closure at different pH were
not subject to any pore-forming pre-treatment, andwere thus smooth
and non-porous. Pores were created in samples of PLG denoted
RG502H by incubation in Hepes buffer (see Section 2.3) with 1 mM
ZnCl2, pH 7.4, for two days at 37 °C. ZnCl2 has been found to increase
the rate of pore formation, probably by acting as a Lewis acid and
thereby catalyzing degradation [17,28]. Pores formed due to the
presence of ZnCl2 during this short period of time were located at the
surfaces [17]. Samples of PLG denoted RG504H were incubated for
four days in the sameway to create pores. Themolecular weight of the
PLG denoted RG756was too high for pore forming pre-treatmentwith
ZnCl2. In order for pore formation to occur due to (catalyzed)
hydrolysis and erosion within the first few days, a part of the polymer
chains must be sufficiently short to reach the molecular weight
necessary for dissolution within this time. The pore forming pre-
treatment was instead based on a porogen. The encapsulated NaCl
particles in samples denoted RG756 were released within four days of
incubation in Hepes buffer, as analyzed by scanning electron
microscopy (SEM) (see Section 2.4). These pores were located on
one of the surfaces of the samples, as the NaCl particles settled to the
bottom during drying. ZnCl2 was added to the Hepes buffer during
these four days, with the purpose of avoiding unknown effects of
ZnCl2 at comparison of the different PLGs. After the pore forming pre-
treatment, which was two days for PLG denoted RG502H and four
days for the other PLGs, the samples were incubated in Hepes buffer
without ZnCl2, and the analysis of pore closure started.
2.3. Incubation

All the samples (those containing pores and those not pre-treated)
were incubated in 75 mM Hepes buffer containing 115 mM NaCl and
5 mMNaN3, pH 7.4, at 37 °C. Samples of different PLGswere incubated
in release medium with a pH of 3.0 or pH 7.4, at temperatures of 9 °C,
37 °C or 45 °C. Table 1 presents the experimental design.

Samples intended for studies on the effect of release medium pH on
both pore formation and closureweremade of PLG denoted RG502H, and
were incubated in Hepes buffer with the pH adjusted to 3.0, 5.0, or 6.0
using HCl, or pH 7.4 (no adjustment). The release mediumwas refreshed
continuously to keep the pH constant. At predetermined intervals the
samples were investigated with regard to porosity, water absorption and
mass loss, and in the studyofpore closure theglass transition temperature
(Tg) and wettability were also investigated. All the analyses were
performed on triplicate samples.
2.4. Scanning electron microscopy

The samples were washed and vacuum dried. The effect of the
drying method, i.e. freeze drying or vacuum drying, on the porosity
was investigated in an initial experiment. The drying method did not
have any effect on the result (data not shown). The porosity was
studied using a JSM-6700F field emission scanning electron micro-
scope from Jeol Ltd (Japan). The samples were sputtered with gold
prior to inspection. Triplicate samples were analyzed.
2.5. Wettability

The wettability was measured using the captive bubble method to
determine the contact angle. PLG samples were mounted in a device
allowing the sample to be submerged in water. An air bubble was
placed on the downward facing surface of the PLG sample using a
hypodermic needle. The equipment was thoroughly cleaned using
acids (1:1 HCL:HNO3) or ethanol in an ultrasonic bath to ensure that
contaminants did not interfere with the measurements. The contact
angle was measured using a Melles Griot Invaritar P/N 59 LGF 410
camera and the software programWindrop for windows XP. Triplicate
samples were analyzed.
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2.6. Differential scanning calorimetry

The glass transition temperature (Tg) was analyzed using a DSC
6200 calorimeter (Seiko Instruments Inc., Japan). The samples were
washed, vacuum dried and placed in aluminum pans (TA Instruments,
USA, ref no. 900790.901). The pans were hermetically sealed and an
empty pan was used as a reference. The samples were scanned at a
rate of 10 °C/min with a temperature sweep up to 100 °C, starting at
−20 °C. The Tg calculated from the second heating cycle using the soft
ware program Exstar 6000 (Scientific & Medical Products Ltd. UK).
Triplicate samples were analyzed.
2.7. Water absorption and mass loss

Water absorption and mass were determined by weighing the
samples in wet state (Wwet) and after drying in a vacuum chamber to
constant weight (Wdry). W0 denotes the initial weight. Triplicate
samples were analyzed.

Water absorption =
Wwet−Wdry

Wdry
× 100 %ð Þ

Mass loss =
W0−Wdry

W0
× 100 %ð Þ
Fig. 1. Porosity directly after pre-treatment (A), after 2more days of incubation (B andD) and
after 12 days (C and E). PLG MW 12 kDa, 37 °C and pH 7.4 (B and C) and pH 3.0 (D and E).
Magnification 5000×.

Fig. 2. Porosity directly after pre-treatment (A), after 2 more days of incubation (B and
D) and after 12 days (C and E). PLG MW 12 kDa, pH 7.4 and 9 °C (B and C) and 45 °C (D
and E). Magnification 5000×. See Fig. 1 for the comparable experiment carried out at
37 °C.
3. Results and discussion

3.1. Pore closure

All the factors investigated, i.e. the pH and the temperature of the
release medium, and the properties of the polymer, influenced pore
closure, as observed by scanning electron microscopy (Fig. 1–3). Pore
closure occurred rapidly at low pH, high temperature and when using a
PLG of low molecular weight and a relatively low degree of hydropho-
bicity. The effect of each factor will be discussed separately below.

3.1.1. Effects of the pH of the release medium
Pore closure was faster at pH 3.0 than at pH 7.4 during the 26 days of

observation, although pore closure began within two days at both pH
values (Fig. 1). The pores were completely closed at pH 3.0, but not in pH
7.4. Pore formation is commonly believed tobeenhanced at lowpHdue to
thewell-known acid-catalyzed hydrolysis of PLG [22,26,30]. These results
show that pHmay affect the polymer in more than one way. In this case,
pore closure probably occurred more rapidly than pore formation. Water
absorption was slower at the lower pH (Fig. 4), which was somewhat
unexpected, as the acid-catalyzed hydrolysis reduces the molecular
weight of PLG, which in turnmakes the polymer chainsmore hydrophilic
[37]. The samples degraded at pH 7.4 became highly swollen, degraded
and sometimes fell apart during the last period of the analyses, which
caused the fluctuations seen in Fig. 4A. The results from the pore closure
andwater absorption analyses can be explainedby the lack of dissociation
of the terminal carboxyl acids of the polymer chains at pH 3.0, which
makes the polymer less charged and more hydrophobic. Measures of
wettability confirmed this (Table 2). It is likely that polymer–polymer
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Fig. 4. Water absorption (A) and mass loss (B) at different pH values. The error bars
show the standard deviation. The polymer samples were subjected to a pore forming
pre-treatment in presence of ZnCl2 at pH 7.4 and 37 °C during the first two days.

Table 2
Wettability, expressed as the contact angle, at the two pH values studied. The standard
deviation is given in parentheses. High wettability and low hydrophobicity result in a
small contact angle between the air bubble in water and the surface. The polymer
samples were subjected to a pore forming pre-treatment in presence of ZnCl2 at pH 7.4
and 37 °C during the first two days.

pH Day 2 (°) Day 4 (°) Day 9 (°)

3.0 36.7 (7.1) 54.7 (3.1) 53.4 (3.1)
7.4 36.7 (7.1) 28.2 (0.44) 34.4 (3.5)

Fig. 3. Porosity directly after pre-treatment (A and D), after 2 more days of incubation
(B and E) and after 12 days (C and F). pH 7.4, 37 °C and PLG MW 45 kDa (A-C) and 80
kDa (D-F). Magnification 5000×. See Fig. 1 for the comparable experiment with PLG
MW 12 kDa.
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interactions resulting from the more hydrophobic nature of the polymer
constituted the driving force for pore closure. The higher interfacial
tension between water and polymer encourages as small contact area
between the two phases as possible, and release of surface bound water
from two hydrophobic polymer areas attracting each other is a drive for
contraction. Thiswouldalso explainwhy thewateruptakeby thepolymer
was low. Visually, there was an obvious difference between the samples:
those inmediumof pH3.0 contracted into a lump,while those inmedium
of pH 7.4 swelled and spread out.

Another important factor contributing to the faster pore closure at
pH 3.0 was the considerable increase in polymer chain mobility,
evidenced by a significant decrease in Tg (Fig. 5). There have also been
reports of constant or even increased Tg in acidic environments,
however, those PLG matrices contained drugs and, according to our
results, the period of degradation was too short for an effect to be
seen, [30,38] (we observed no effect until after 4 days of degradation,
see Fig. 5). Acid catalysis of the hydrolysis of PLG is well known, as
mentioned above, and a lowering of the molecular weight of the
polymer chains results in a lower Tg and higher mobility [19,39]. This
mobility is important as a rigid polymer will not contract, or will only
contract slowly, even if the interfacial tension is strong. This is further
discussed in the next section. Rearrangement of polymer chains due
to increased mobility has also been suggested as the explanation of
the observation that pores on the surface of microspheres stored at
high relative humidity became less deep when a plasticizing agent
was added [24]. As shown in Fig. 5, the Tg remained constant at pH
7.4, although a slight decrease of Tg was expected. This was probably
due to a faster loss of plasticizing substances such as polysorbate 80
and PLG degradation products, which counteracted the decrease in
the Tg. At the beginning of the experiment, mass loss was slower at pH
3.0, but by the end of the experiment, mass loss was greater at pH 3.0
(Fig. 4). Mass loss is influenced by both the rate of hydrolysis and the
rate of transport of water-soluble degradation products out of the
samples, as PLG degradation products become soluble in water when
they have been hydrolyzed down to approximately 1100 g/mol [37].
As the porosity was lower at pH 3.0, the transport rate was slower and
counteracted the faster hydrolysis.

This rapid and complete pore closure at low pHmay play an import
role during drug release, as pH may be low in vivo, in vitro and in situ.
As mentioned in Section 1, inflammatory reactions and formation of a
fibrous capsule surrounding PLG microspheres may decrease the local
pH in vivo [31,32], while acid degradation products from PLG decrease

image of Fig.�4


pH

0,0

5,0

10,0

15,0

20,0

25,0

30,0

35,0

40,0

45,0

0 5 10 15 20 25

Time (days)

G
la

ss
 t

ra
n

si
ti

o
n

 t
em

p
er

at
u

re
 (

°C
)

7.4
3.0

Fig. 5. The change of the glass transition temperature over time at the two pH values
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the pH of the release medium in vitro [33]. The release medium is
therefore usually replaced continuously in the studies described in the
literature. However, the actual decrease in pH is seldom reported. The
pH in situ, i.e. inside the PLG particles, has been found to be as low as
1.8, also due to acid degradation products, and the probability the pH
being about 3 has been shown to be high [34,35]. The common belief
regarding the effect of pH on release rate is that degradation, and thus
drug release, is faster at low pH. Both faster [21,40] and slower release
have been reported [41]. The effect of pH on drug release is further
complicated by the fact that polymer–drug interactions and the rate of
drug dissolution, which influence drug release, may depend on the
pH. The results of this work show that pH 3.0 may have a retarding
effect on drug release due to pore closure.
Table 3
Initial glass transition temperature (Tg) and wettability (expressed as contact angle)
after four days of incubation. High wettability and relatively low hydrophobicity result
in a small contact angle. The standard deviation is given in parentheses.

Properties of the PLG Initial Tg (°C) Contact angle after four days
of degradation (°)

MW: 12 kDa, low hydrophobicity
(RG502H)

42 (0.46) 28 (0.44)

MW: 45 kDa, average
hydrophobicity (RG504H)

46 (0.46) 38 (0.46)

MW: 80 kDa, high
hydrophobicity (RG756)

50 (0.66) 49 (4.1)
3.1.2. Properties of the polymer
Pore closure was faster with a lowmolecular-weight polymer with

a relatively low degree of hydrophobicity Fig. 2. Pores began to close
within two days in the 12 kDa polymer with the lowest hydropho-
bicity among the three chosen PLGs. In the 45 kDa polymer with an
average hydrophobicity, pores began to close within 7 days, although
not clear until 19 days. Pores in the 80 kDa polymer with the highest
hydrophobicity were not closed at all. The hydrophobicity depends on
the molecular weight, but also the lactide:glycolide ratio and if the
polymer chains are end-capped. As expected, a lowmolecular-weight
and less hydrophobic polymer absorbed more water, and the rate of
the polymer mass loss was faster (Fig. 6). Thus, a difference in the Tg
between the different polymers was expected. The Tg differed initially
(Table 3), but after incubation there were no significant differences
(data not shown). Plasticizing substances such as polysorbate 80 and
PLG degradation products were probably lost at different rates, which
could compensate for the effects of the molecular weight and
hydrophobicity. The relative degree of hydrophobicity affected the
wettability at the beginning of the incubation period (Table 3). Later,
the filmswere unfortunately too degraded and too swollen for reliable
measurements.

The more pronounced pore closure associated with low molecular
weight and relatively low degree of hydrophobicity can be explained
by the mobility and flexibility of the polymer chains and their ability
to mix with water. Polymer chains that diffuse easily are more likely
to spread and cover pores. Instead of distinct pores, a more swollen
and homogeneous polymer structure was formed. Pores were not
closed in the high-molecular-weight and highly hydrophobic PLG,
although the interfacial tension between water and the hydrophobic
polymer would be a driving force for contraction of the polymer,
similar to the case of low pH discussed above. The difference was the
mobility of the polymer chains, which enabled pore closure in the
low-molecular-weight polymerwith decreased Tg, but not in the rigid
high-molecular-weight polymer.
These results show that the initial porosity of a drug delivery system is
very important when using high-molecular-weight PLG of relatively high
hydrophobicity. At low initial porosity, the releasewouldbe very slowdue
to slowwater absorption and degradation. However, if the initial porosity
is high, the pores will not close, and the drug release may be faster than
whenusing a low-molecular-weightPLG. This shouldbeconsideredwhen
choosing the properties of the polymer.

3.1.3. Temperature
Pores were closed faster as the temperature increased Fig. 3. Pores

were not closed at all at 9 °C. Pores began to close within two days at
both 37 and 45 °C. However, pores were closed faster during the next
13 days at 45 °C. After that, the samples at 45 °C were too degraded to
be analyzed. The faster pore closure at higher temperature was
expected and in agreement with a previous report [23]. Increasing the
temperature increases the mobility of the polymer, and the polymer
chains can diffuse and cover pores more easily, forming a more
homogeneous surface layer. A higher temperature also increases the
ability of the polymer to mix with water, which results in faster water
absorption (Fig. 7). The pores were, however, not completely closed,
because of the counteracting process of pore formationwhich also was
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show the standard deviation. The polymer samples were subjected to a pore forming pre-
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faster. Increasing the temperature increased the rate of hydrolysis and
the mass loss (Fig. 7). The highly degraded polymer lost its structure
and the surface of the samples could not be completely annealed. The
effect of different incubation temperatures could not be seen in
measurements of Tg and wettability, probably for the same reasons as
described in Section 3.1.2.

3.1.4. The mechanism of pore closure
Pores closuremaybe causedby at least twodifferent physical events, a

polymer–polymer interaction, where polymer–polymer attraction is
mainlydrivenby thehydrophobic effect, andapolymer–water interaction
that leads to a more homogenously swollen polymer gel. In both cases
polymer mobility will be an important factor.

The results suggest that pore closure at pH 3.0 was driven by the
polymer–polymer interaction. Attraction of two hydrophobic polymer
areas separated by a water-filled pore releases the surface-bound
water and increases the entropy, resulting in a more energetically
stable system. In addition, the decrease in the surface tension by
separation of water and hydrophobic polymer is more energetically
favorable. It was clearly observed visually that the films contracted
during the experiments at pH 3.0. The molecular weight of the
polymer was low, which promotes polymer chain mobility, allowing
separation from water. The high-molecular-weight and highly
hydrophobic PLG denoted RG756, would probably also gain consid-
erably in terms of energy by separating the polymer mass from the
water-filled pores by contracting, but the polymer chains were too
long and rigid.

Pore closure in a highlymobile polymer at pH 7.4 that absorbedwater
was instead probably driven by swelling of the polymer network. At this
pH, where the polymer was charged and thus much more hydrophilic, it
had a higher tendency to take up water, as can be seen in Fig. 6. It is thus
likely that the polymer chains diffused easily and created a more
homogenously swollen polymer network that no longer contained
distinct pores. In contrast to the contracting samples at low pH, these
samples visually swelled, as evidenced by an increase in thickness and
diameter. However, pore closure didnot occurwhen the temperaturewas
lowered to 9 °C, at which the polymer was more rigid. High temperature
on the other hand increased the mobility, and thus also the rate of pore
closure.

3.2. Pore formation and pore closure at different pH values

The results discussed above show that pore closure occurred at
both pH 3.0 and at pH 7.4, but at different rates and as a result of
different mechanisms. The porous structure of a PLG matrix will be
determined by the combined effects of pore formation and pore
closure, which are taking place simultaneously. To understand these
processes better, pore formation and pore closure was investigated
not only at pH 3.0 and 7.4, as above, but also at pH 5.0 and 6.0. The
purpose was to investigate whether there was an optimal pH for pore
formation. The SEM analysis showed that pores did not form at pH 3.0,
and samples incubated at pH 5–6 had the most porous surfaces
(Fig. 8). Pore closure could be seen at all pH values after different
periods of time.

Water absorption was faster at high pH and slower at low pH
(Fig. 9). The explanation, as mentioned in Section 3.1.1, lies in the
degree of dissociation of the polymer terminal carboxyl acids. The
polymer chains are more charged and hydrophilic at higher pH. The
degree of water absorption and swelling explained the very distinct
and different appearances of SEM images of samples at different pH
values (Fig. 8). Samples at pH 3 and 5 showed smooth surfaces, while
those incubated at pH 6, and even more at pH 7.4, were creased.

The processes of pore formation and pore closure were taking
place continuously at all the pH values studied. However, at pH 3.0,
pore closure was so dominant that pores were not seen. The polymer–
polymer interaction, caused by the lack of dissociated terminal
carboxyl groups of the polymer chains, and driving pore closure at
pH 3.0, should become much less strong with increasing pH. Pore
closure was also rapid at pH 7.4, as shown in Section 3.1.2, due to the
diffusion of the highly mobile and hydrophilic polymer chains. This
polymer–water interaction should become less strong with decreas-
ing pH. Between pH 3.0 and 7.4, pore closure should thus be less
strong, while hydrolysis, which leads to pore formation, is relatively
fast due to acid catalysis. This explains the optimal pore formation at
pH 5–6, seen in Fig. 8. It should be noted that the effect of the pH of the
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release medium on pore formation and pore closure is probably
dependent on the molecular weight and the mobility of the polymer
chains.

The pH microclimate within a particle or film of PLG can be quite
heterogeneous, which means that the porous structure could differ
throughout the polymermass. The formation and closure of poresmay be
explained by such local pH differences. As mentioned above, it is
important to know the pH changes in vitro, in vivo and in situ (e.g. due
to dissolved acid polymer degradation products and to inflammatory
reactions in the body) as the rate of drug release may depend on this.
4. Conclusions

Pore closure was increased in a release medium with low pH, with
a low-molecular-weight PLG of relatively low degree of hydropho-
bicity, or at high temperature. Pore closure occurred by two different
mechanisms, depending on the pH and the degree of dissociated
terminal carboxylic acids, which governed the hydrophobicity of the
polymer. The results of this study suggest that pore closure at pH 3.0
was driven by polymer–polymer interactions, in which the attraction
of two relatively highly hydrophobic areas, separated by a water-
interactions caused the release of surface-bound water, increasing the
entropy of the system. The surface tension also made the separation of
water and hydrophobic polymer more energetically favorable. At pH
7.4, on the other hand, the results suggest polymer–water interactions.
The pores in the low-molecular-weight polymer with highly mobile
polymer chains and low hydrophobicity, seemed to be closed by
diffusion of polymer chains that covered the pores, forming a more
swollen and homogeneous polymer structure. This was facilitated at
high temperature.

The initial porosity of a drug delivery system is very important when
using a high-molecular weight-PLG with a relatively high degree of
hydrophobicity, as pores are formed slowly due to slow degradation and
water absorption. Porewill not close, and if theporosity is high, the release
may be faster than when using a low-molecular-weight PLG.

The highest porosity of the surfaces of the PLG filmswas seen at pH 5–
6. At these pH values, degradation/erosion, and thus pore formation, was
relatively fast, while pore closure was less pronounced than at lower and
higher pH.

The effect of pH on pore formation and pore closure should be kept
in mind, as a significant decrease in pH may occur in vitro, in vivo and
in situ due to acid degradation products of the polymer and
inflammatory reactions in vivo. The pH microclimate within a particle
or film of PLG can be quite heterogeneous, which means that the
porous structure also may differ throughout the polymer mass.
Unexplained formation and closure of pores reported in other studies
may be due to local differences in pH. The results of the present study
show that conclusions regarding drug release and release mecha-
nisms must be drawn with pH in mind.
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