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ABSTRACT: The aim of this study was to prepare micro-
porous poly(L-lactide-co-glycolide) (PLGA) membranes by
mixing PLGA previously dissolved in methylene chloride
with polyethylene glycol (PEG) as a pore former. PEGs
with different molecular weights of 300, 400, 600, 1000, and
3400 kDa were used. The PEG concentration was fixed at
20–80%, resulting in membranes with increased porosity.
The properties of the membranes were characterized by
tensile testing, and by SEM, AFM, and FTIR. Solvent evapo-
ration rate from PEG/PLGA blends and PEG solutions was
also estimated. Cytocompatibility of the materials in contact
with osteoblast-like MG 63 cells was studied and cell viabil-
ity and morphology were assessed. SEM evaluation demon-
strated that porosity of the membranes can be easily
controlled by addition of a defined amount of PEG. The

membranes produced with 60% PEG have the most favor-
able mechanical properties from the point of view of medi-
cal applications: tensile strength of 12.6 6 2.3 MPa, Young’s
modulus of 0.53 6 0.08 GPa, and total elongation at break
of 56.4% 6 12.3%. The size and distribution of pores in the
membranes depend on PEG molecular weight: low-molecu-
lar weight PEG resulted in more homogenous distribution
of pores, while high-molecular weight PEG resulted in
asymmetric membranes with the skin on the air-cured sur-
face. The obtained membranes support cell growth and are
promising materials for biological applications. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012

Key words: poly(L-lactide-co-glycolide); polyethylene
glycol; phase separation; guided tissue regeneration

INTRODUCTION

Membranes are one of the most important forms of
materials used in medicine. They are used in drug
delivery systems, artificial organs, tissue regenera-
tion, diagnostic devices, as coatings on medical devi-
ces, and in bioseparations.1,2 The membranes are
also applied in periodontology, in so called guided
tissue regeneration (GTR) to protect bony defects
from invasion of connective tissue and mucous
membrane, and assure adequate conditions for
regeneration of bone tissue.3 Different biologically
stable polymers (e.g., expanded polytetrafluoroethyl-
ene and polyethylene terephtalate) or biodegradable
materials (e.g., collagen, poly-e-caprolactone, poly-
lactides, polyglycolide, copolymers of lactide and

glycolide—PLGA, and chitosan) have been proc-
essed into membranes for the GTR technique.3–8

PLGA belongs to a group of bioresorbable aliphatic
polyesters and it is commonly used in medical appli-
cations to produce surgical sutures, bone fracture fix-
ation elements and fibrous GTR membranes for
periodontology.9 In recent times, PLGA has been
used to create scaffolds for bone tissue engineering.10

A key feature of PLGA is its degradation by hydroly-
sis. The final degradation products of PLGA, i.e., lac-
tic and glycolic acids, are metabolized through the
Krebs cycle to water and carbon dioxide. Because of
this there is no necessity of a second surgery to
remove the medical devices produced from PLGA.11

Another key advantage of PL GA in comparison with
homopolymers of lactide or glycolide is the possibil-
ity of simple copolymerization of different molar frac-
tions of lactide and glycolide to adapt its mechanical
properties, kinetics of hydrolytic degradation and
properties important from the point of view of poly-
mers processability.12,13

The membranes can be prepared by a conven-
tional liquid–liquid demixing process, a freeze-gela-
tion method,14 an in-air drying phase inversion tech-
nique,15 electrospinning,16 or by a fiber-bonding
technique.17 Another method is the phase separation
process.18 The phase separation process is popular
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for membranes or preparation of other porous struc-
tures because of simplicity and cost efficiency. More-
over, it is possible to change the pore size and pore
density depending on the type of polymer, porogen,
and solvent.19 Phase separation methods were used
to produce membranes of polystyrene, cellulose,
poly(e-caprolactone), or nylon-12.19–23 Nakane et al.24

and Tsuji et al.25 fabricated porous poly(L-lactide)
membranes with the use of PEG as a porogen. Micro-
porous poly(e-caprolactone) films obtained with the
use of PEG were also manufactured by a solvent-cast-
ing-leaching method.26 More recently microporous
poly(L-lactic acid) membranes were produced by PEG
solvent-cast/particulate leaching and they were
tested as potential scaffolds for bioartificial lacrimal
gland device.27 However, to our best knowledge this
is the first study describing methods of fabrication,
properties, proposed mechanism of formation, and
cell affinity of the nonfibrous PLGA membranes pro-
duced with the use of PEG as a pore former.

The principal goal of this study was to prepare
barrier, nonfibrous PLGA membranes and to assess
their structure and properties interesting from the
point of view of medical use, especially the GTR
technique. More specifically, we aimed to determine
the optimum concentration of PEG in PLGA/PEG
blends assuring the highest porosity, favorable me-
chanical properties and handling of the resulting
PLGA membranes. Moreover, we wanted to explore
the effect of PEG molecular weight on pore size and
pore distribution within the PLGA membranes to
control microstructure of the resulting membranes
better. In addition, we wanted to gain a deeper
insight into the mechanism of phase separation and
blend formation in the PEG/PLGA system. As a
final point, we wanted to prove cytocompatibility of
membranes produced in contact with cells interest-
ing from the point of view of medical use. To this
end several membranes of gradual porosity pro-
duced with PEG of different molecular weight and
concentration were evaluated.

MATERIALS AND METHODS

Materials

The membranes were made from PLGA of molecu-
lar weight Mn ¼ 100 kDa, polydispersion index 2.1,
molar ratio of L-lactide to glycolide 85 : 15 and den-
sity 1.24 g/cm3. The PLGA was synthesised by in
bulk by ring-opening polymerization with the use of
low-toxic zirconium compound Zr(acac)4 as an ini-
tiator according to a method described previously.28

As a pore former, PEGs (Aldrich, Germany) with
different molecular weights and properties were
used: PEG 300 (Mn ¼ 300 kDa, q ¼ 1.125 g/cm3, Tm

¼ �15–�8�C), PEG 400 (Mn ¼ 400 kDa, q ¼ 1.128 g/

cm3, Tm ¼ 4–8�C), PEG 600 (Mn ¼ 600 kDa, q ¼
1.128 g/cm3, Tm ¼ 20–25�C), PEG 1000 (Mn ¼ 1000
kDa, q ¼ 1.101 g/mL, Tm ¼ 39�C), and PEG 3400
(Mn ¼ 3400 kDa, q ¼ 1.204 g/mL, Tm ¼ 54–58�C).
As a solvent for PLGA and PEG methylene chloride
(POCh, Gliwice, Poland) was used.

Porous membrane preparation

PLGA and 20, 40, 60, 70, or 80% weight fraction of
different PEGs (PEG 300, PEG 400, PEG 600, PEG
1000, or PEG 3400) were codissolved at a concentra-
tion of 10% wt/vol in methylene chloride by stirring
in a magnetic stirrer for 5 h. After homogenization
the mixtures were slip-casted on glass Petri dishes
and dried subsequently in air and in vacuum for 24
h and 72 h, respectively. Then the PLGA/PEG
blends were immersed in ultra-high quality water
(UHQ-water, PureLab, Elga) for 5 days to leach out
PEG. Water was exchanged several times a day to
ensure PEG leaching out. Detailed method of mem-
brane preparation is described in a submitted patent
application.29 As a reference PLGA film without
PEG was also prepared.

Methods of membranes characterization

Tensile test

Tensile testing of the PLGA membranes was con-
ducted with universal testing machine Zwick 1435
(Germany). The test speed was 100 mm/min with
0.1 N preload, specimen length of 40 mm and speci-
men width of 5 mm. Six samples originating from
each type of the membranes (20, 40, and 60% of PEG
400) and PLGA foil were tested. The results are
shown as mean 6 S.E.M. (standard error of the
mean).

Scanning electron microscopy

Scanning electron microscopy (SEM, Nova Nano-
SEM, FEI) was used for the evaluation of the mem-
brane microstructure. The microphotographs were
taken under two magnifications of 2000� and 5000�
and an accelerating voltage of 18 kV. Before the
analysis, the samples were sputter-coated with a
thin carbon layer to make them conductive. The
analysis was performed for both membrane surfaces
(top surface, i.e., air-cured, and bottom surface, i.e.,
glass-cured) as well as cross-sections, prepared by
breaking the membranes after their immersion in liq-
uid nitrogen.

Atomic force microscopy

The atomic force microscope (Explorer, Veeco) was
used to study membrane topography, arithmetic
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mean roughness (Ra) and mean diameter of the
pores. For both surfaces of the membranes six pic-
tures were registered in contact mode at a scan area
of 100 lm � 100 lm and speed of acquisition of 3
lines/s.

Percentage of PEG leached out

The percentage of PEG leached from the membrane
was calculated based on the weight difference of the
PLGA/PEG blend and that PLGA membrane after
the leaching out process. Ten individual membranes
(9 cm in diameter) of each type were measured. The
results are shown as mean 6 S.E.M.

Thickness

The thickness of each membrane was measured by
micrometer screw in 10 places and the results are
shown as mean 6 S.E.M. Membranes with a thick-
ness of 50 lm were expected to be obtained.

Solvent evaporation

The solvent evaporation rates from PEG, PLGA, and
PLGA/PEG (60%) solutions in methylene chloride
were measured. The solution was poured into a
glass petri dish placed on an electronic balance
under a fume hood at ambient laboratory conditions
(22�C, humidity 60%). The weight change was
recorded every minute up to 60 min and then every
5 min up to 120 min. The drying rate was calculated
from the slope of the weighing curve for different
periods of time (1st period 2–10 min, 2nd period 30–
50 min, and 3rd period of 100–120 min) taking into
account the surface area of the Petri dish; and it was
expressed in g/cm2�s. The samples were weighed
once again after 24 h to determine the mass of
remaining solvent.

FTIR spectroscopy

PLGA membranes, PLGA/PEG blends, PEG, and
reference PLGA film surfaces were analysed with
FTIR spectroscopy (Digilab FTS 60V, Bio-Rad). A
method of attenuated total reflection (ATR) was
applied using ZnSe as a measuring crystal in the
range of 550–4000 cm�1 with a resolution of 4 cm�1.

Biological experiment

For cell culture studies, the samples were washed in
70% ethanol, rinsed in sterile PBS, sterilized with
UV radiation (20 min on each side), fixed in special
inserts to prevent them floating (CellCrown, Scaff-
dex, Finland), and placed in 24-well plates (Nunclon,
Denmark). Two types of membranes were selected

for the biological experiment. These were obtained
by using 60% PEG 300 and PEG 1000. Cells were
seeded on both sides of the membranes (top surface,
i.e., air-cured and bottom surface, i.e., glass-cured).
PLGA foils and tissue culture polystyrene (TCPS,
i.e., bottom of the well plates) were used as controls.
Initial cell density was 1.6 � 104 cells per sample
(0.8 cm2). MG 63 osteoblast-like cells (European Col-
lection of Cell Cultures, Salisbury, UK) were cul-
tured on the studied materials in DMEM supple-
mented with 10% FBS, 1% penicilin/streptomicin, 2
mM L-glutamine at 37�C under 5.0% CO2 atmos-
phere for 5 days.
Cell viability (MTT test) was measured by the

reduction of the tetrazolium salt MTT (3-[4,5-dime-
thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) to
formazan. MTT solution (5 mg/mL) was added to the
wells with cells, after 3 h the reaction was stopped
with isopropanol/HCl (0.04M), and the optical den-
sity of the blue dye was determined at 570 nm using a
Multiscan FC Microplate Photometer (Thermo Scien-
tific).30 The results were expressed as mean 6 S.E.M.
Morphology of the cells was observed by fluores-

cence microscopy (Zeiss Axiovert 40, Carl Zeiss,
Germany). The cultured cells were fixed in 4% para-
formaldehyde for 1 h, washed in PBS, and stained
with acridine orange solution (1 mg/mL) before mi-
croscopic examination.

Statistics

The results are shown as mean 6 S.E.M. (standard
error of the mean). Statistical analysis was per-
formed using the unpaired t-test. Significant differ-
ences were assumed at *P < 0.05; **P < 0.01; ***P <
0.001.

RESULTS

Properties of the membranes produced with
different percentage of PEG 400

Gross morphology

Figure 1 presents gross morphology of PLGA mem-
branes produced with different concentration of
PEG 400. It is apparent that when using lower con-
centrations of PEG (up to 60%) it is possible to
obtain membranes which are homogenous at the
macroscopic level [Fig. 1(A–C)]. The membranes
produced with 70% PEG [Fig. 1(D)] and 80% PEG
(data not presented) are heterogeneous.

SEM

SEM results of top (air-cured), bottom (glass-cured),
and cross-sections through the membranes produced
with different concentrations of PEG 400 are
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displayed in Figure 2. The results show that in the
membranes volume fraction of pores depends on PEG
concentration being the highest for 60% PEG [Fig.
2(G–I)]. It was also found that the air-cured surface is
always less porous than the glass-cured surface [Fig.
2(A vs. B, D vs. E, G vs. H)]. It is worth noting that in
the cross-section size of pores increases from top to
bottom, especially in the case of 60 and 80% PEG [Fig.
2(I,L)]. For 80% PEG spherical PLGA particles are
visible on the membrane surface [Fig. 2(J,K)].

Tensile test

Mechanical properties of PLGA foil and PLGA mem-
branes obtained with different concentration of PEG
400 were evaluated. The results show that tensile
strength (Rm), Young’s modulus (E), and maximal elon-
gation (eFmax

) of the membranes decrease with increasing
PEG concentrations while total elongation at break
(eFtotal) increases (Table I). Figure 3 shows the representa-
tive strength/strain curves of reference PLGA foil and
PLGA membranes obtained with 20, 40 and 60% of
PEG 400. The membranes produced with the highest
PEG concentration are the most flexible, have the lowest
Young’s modulus, and the lowest strength.

Properties of the membranes produced with PEG
of different molecular weight

SEM

Figure 4 shows SEM pictures of the membranes pro-
duced with 60% PEG differing in molecular weights.

This concentration of PEG resulted in production of
highly porous membranes with defined, reproduci-
ble microstructure and the most optimal mechanical
properties from the point of view of medical appli-
cations, e.g., flexibility (see Fig. 2, Table I).
The membranes have asymmetric microstructures

and their morphology and size of pores depend on
PEG molecular weight (Fig. 4). The porosity on the
top side decreases with increasing PEG molecular
weight. In the membranes produced with PEG 600,
1000, and 3400 nonporous skin is observed [Fig.
4(G,J,M)]. In all the membranes the pores on the bot-
tom are bigger than on the top surfaces. In the case
of the membranes obtained with the use of PEG 400,
600, and 1000 [Fig. 4(E,H,J)] the pores on the bottom
are less circular and have irregular shapes, which is
not the case for the PEG 300 membrane [Fig. 4(B)].
The cross-sections through the membranes demon-
strated that the pores are present in the whole vol-
ume of the membranes and they are interconnected.
The pores have a larger diameter on the bottom side
than on the top side; this is especially well visible in
the case of the membrane obtained with the use of
PEG 1000 [Fig. 4(L)]. The membranes produced with
PEG 3400 have different microstructure: on the bot-
tom surface irregular small pores are present [Fig.
4(M–O)].

AFM

AFM pictures of the membranes (Fig. 5) show simi-

lar morphologies to those observed in SEM (Fig. 4).
Image analysis of AFM pictures enabled mean

roughness and mean diameter of pores to be meas-

ured on the top and bottom surfaces of the mem-

branes; the results are summarized in Table II. The
results show that the pore size on the top surface of

the membranes produced with PEG 300 and PEG

400 is � 3 lm, while on the bottom surface the size
of pores increased from � 3 to � 20 lm when PEG
molecular weight increased from 300 to 1000 Da. On
the top surface, the mean roughness decreased from
� 500 to � 180 nm when PEG molecular weight
increased from 300 to 1000 Da. Interestingly, for all
the membranes the roughness of the bottom surface
was always higher than that of the top surface. The
membrane obtained with the use of PEG 3400 was
not porous on the top and bottom surfaces and it
had a considerably different structure as compared
to the other membranes.

Thickness and percentage of PEG leached out

The detailed results of thickness and PEG leach out
percentage of the membranes are presented in Table
II. The thickness of all the membranes was con-
trolled at the level of � 50 lm. The percentage of

Figure 1 Gross morphology of PLGA membranes pro-
duced using different concentrations of PEG 400: A, 20%; B,
40%; C, 60%; and D, 70%. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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PEG leached out was more than 59% in all cases,
except for PEG 3400 and PEG 400. The results show
that the thickness as well as percentage of PEG
leached out were similar for all the membranes.

Phase separation in PLGA/PEG/solvent system and
mechanism of blend creation

Solvent evaporation

Figure 6 presents solvent evaporation curves from
PEGs of various molecular weight. The results show

that the higher evaporation rate was measured for
PEG of the highest molecular weight, i.e., 3400 Da,
while the lowest evaporation rate was measured for
PEG of the lowest molecular weight, i.e., 300 Da.
The morphology of the resulting PEG films is

shown in the upper right hand corner of Figure 6. It
is apparent that PEGs of lower molecular weight,
e.g., 300, 400, and 600 Da are liquid and transparent,
while those of PEG of higher molecular weight, e.g.,
1000 and 3400 Da exhibit a typical crystalline spher-
ulitic structure. The size of spherulites in PEG 1000
is higher than that of PEG 3400.

Figure 2 SEM microphotographs of PLGA membranes obtained with different concentrations of PEG 400: 20% (A,B,C),
40% (D,E,F), 60% (G,H,I), and 80% (J,K,L); top surface (A,D,G,J), bottom surface (B,E,H,K), and cross-section (C,F,I,L).
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Table III presents solvent evaporation rate and mass
of remaining solvent in PLGA/PEG blends. In the first
period (2–10 min), the evaporation is fast and it seems
to be independent of PEGmolecular weight. In the sec-
ond period (30–50 min), the evaporation rate is more
than two orders of magnitude lower and for all sam-
ples except that containing PEG 3400 it increases with
PEG molecular weight. The same tendency is visible
for the third period (100–120 min); however, the evap-
oration rate is another order of magnitude lower than
in the second period. Mass of the solvent remaining in
the blends calculated as a difference in mass after dry-
ing for 120 min and 24 h was the highest for the blends
produced with PEG 300 and decreased when molecu-
lar weight of PEG increased. Interestingly, the solvent
evaporated very fast from pure PLGA solution (not
containing PEG); as a result the mass of PLGA refer-
ence foil measured 120 min after casting was the same
as after 24 h (data not presented).

FTIR-ATR

Figure 7 shows FTIR-ATR spectra of PEG 1000,
PLGA/PEG blend, PLGA membrane, and reference
PLGA film.

In the spectra of PEG characteristic bands are visi-
ble: stretching vibrations of hydroxyl groups (� 3400
cm�1), stretching (� 2860 cm�1) and deformational
(in the range 1450–1240 cm�1) vibrations of hydrocar-
bon in ACH2 groups, stretching vibrations of CAO
and CAOAC groups (in the range 1000–1200 cm�1).
Moreover, at lower wavenumbers in the range of
840–940 cm�1 bands assigned to bending vibrations
of hydrocarbon groups in ACH2 are observed.31

In the spectra of the reference PLGA foil and the
PLGA membrane characteristic bands are visible:
stretching vibrations of C¼O (1746 cm�1), stretching
(� 2860 cm�1) and deformational (in the range 1450–
1240 cm�1) vibrations of hydrocarbon in ACH3 and
ACH2 groups, stretching vibrations of CAO and
CAOAC groups (in the range 1000–1200 cm�1).32

Moreover, in the range of 840–940 cm�1 bands
assigned to bending vibrations of hydrocarbon

groups in ACH3 and ACH2 are observed; however,
their intensity is much lower than those of PEG.
In the spectra of the PLGA/PEG blend all bands

already observed for PLGA and PEG are visible,
suggesting that there is no chemical reaction
between PLGA and PEG.

Biological evaluation of PLGA membranes

Cell viability

Figure 8 presents MG 63 cell viability evaluated by
MTT assay on PLGA membranes produced with the
use of PEG 300 and 1000, and reference samples (PLGA
foil and TCPS) after 5 days of culture. The results show
that cell growth on the top surface of PLGAmembranes
is the same or significantly higher than on control
TCPS. The cell growth on the bottom surface of the
membranes is however significantly lower.

Cell morphology

Figure 9 presents morphology and distribution of
MG 63 cells cultured on both sides (top and bottom)

TABLE I
Mechanical Properties of PLGA Foil and PLGA Membranes (mPLGA) Obtained with

Different Concentration of PEG 400

Rm (MPa) E (GPa) eFmax
(%) eFtotal

(%)

PLGA 52.1 6 1.5 1.96 6 0.14 3.49 6 0.20 4.2 6 0.3
mPLGA_20% PEG 400 30.2 6 2.4*** 1.48 6 0.15* 3.54 6 0.21 9.1 6 1.2**
mPLGA_40% PEG 400 19.9 6 1.9*** 1.10 6 0.07*** 2.32 6 0.15** 21.1 6 6.1*
mPLGA_60% PEG 400 12.6 6 0.9*** 0.53 6 0.03*** 1.97 6 0.10*** 56.4 6 5.0***

Tensile strength (Rm), Young’s modulus (E), maximal elongation (eFmax
), total elonga-

tion at break (eFtotal
). Data are expressed as mean 6 S.E.M. Asterisks indicate a statistical

significance from the control PLGA group:
* P < 0.05;
** P < 0.01;
*** P < 0.001.

Figure 3 Representative tensile test curves of PLGA foil
and PLGA membranes obtained using different concentra-
tion of PEG 400. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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of the PLGA membranes obtained with the use of
two types of PEG (300 and 1000 Da) as well as on
reference PLGA foil and TCPS. The cells were well
spread, polygonal, or spindle-shaped and their mor-

phology was similar to that on control TCPS or
PLGA foil. Interestingly, on flat TCPS [Fig. 9(F)],
PLGA foil [Fig. 9(E)] and the top surface of the
membranes [Fig. 9(A,C)] the cells were

Figure 4 SEM microphotographs of PLGA membranes obtained with the use of 60% PEG 300 (A,B,C), PEG 400 (D,E,F),
PEG 600 (G,H,I), and PEG 1000 (J,K,L); PEG 3400 (M,N,O); top surface (A,D,G,J,M), bottom surface (B,E,H,K,N), and
cross-section (C,F,I,L,O).
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homogenously distributed. On the other hand, on
bottom surfaces [Fig. 9(B,D)], i.e., which are more
rough and porous, the cells grew in aggregates.

DISCUSSION

As stated in the introduction, the aim of this study
was to manufacture PLGA membranes for medical

applications (especially for GTR technique) and (i)
determine the optimum concentration of PEG in
PLGA/PEG blends providing the highest porosity
and favorable mechanical properties of the resulting
membranes; (ii) explore the influence of PEG molec-
ular weight on pore size and pore distribution
within the membranes; (iii) gain deeper insight into
the mechanism of phase separation and blend for-
mation in the PEG/PLGA system; and finally (iv)
verify if materials produced are compatible with
osteoblast-like cells in vitro.

Controlling membranes’ porosity and mechanical
properties

In this study, several PLGA membranes produced
by leaching out PEG from PLGA/PEG blends con-
taining different amounts of PEG 400 were analysed.
As expected it was found that higher amount of
PEG resulted in higher porosity. If the amount of
PEG was 70% or more, the membranes were inho-
mogeneous at macroscopic level because of creation
of large phase-separated PEG domains (see Fig. 1).
It was found that tensile properties of the mem-

branes strongly depended on concentration of PEG
used as a pore former: the highest PEG concentra-
tion, the highest elongation at break, and the lowest
Young’s modulus were measured. The membranes
produced with the use of 60% PEG exhibited tensile
properties which were the most promising from the
point of view of GTR technique: they were the least
brittle, the most flexible and had acceptable strength
(see Fig. 3, Table I). The results of mechanical prop-
erties obtained in this study are similar to those
reported in the literature for different types of newly
produced GTR membranes.4,8,33–35

The cross-sections through the membranes
showed that for 20 and 40% PEG the pores were
homogenously distributed within the volume of the
material, while for 60–80% of PEG the size of pores
exhibited higher polydispersion. This phenomenon
can be explained in the following way: when con-
centration of PEG is low it forms small isolated
droplets within the PLGA continuous matrix due to
spontaneous phase separation. This spontaneous
phase separation is a consequence of higher PLGA
solubility in methylene chloride compared to PEG.
Although methylene chloride is a good solvent for
both PLGA and PEG, Hildebrand solubility parame-
ters of PLGA (d ¼ 21.7 MPa0.5)36 and methylene
chloride (d ¼ 20.2 MPa0.5)37 are more close to each
other than to PEG 400 (d ¼ 23.1 MPa0.5).37 Another
point is that surface free energies of PLGA and PEG
are different, because PEG is much more polar than
PLGA. When adding PEG to a solution of PLGA in
a nonpolar solvent such as methylene chloride, the

Figure 5 AFM pictures of PLGA membranes obtained
with the use of 60% PEG 300 (A,B), PEG 400 (C,D), PEG
600 (E,F), PEG 1000 (G,H); PEG 3400 (I,J); top surface
(A,C,E,G,I) and bottom surface (B,D,F,H,J). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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PEG phase spontaneously separates forming spheri-
cal domains within PLGA matrix, to diminish the
surface free energy on the PGLA-PEG interface. This
explanation has already been proposed for a poly-e-
caprolactone/PEG system.26

When concentration of PEG was high, e.g., above
70%, the PEG phase became continuous and PLGA
formed isolated domains, so after leaching out PEG
the membranes were heterogeneous. Spherical
PLGA particles could be observed on the air-cured
surface of the membranes, proving that in some pla-
ces PLGA domains were embedded in continuous
PEG phase [see Fig. 2(K)].

For all the membranes differing in PEG 400 con-
centration (see Fig. 2), the pores were smaller on the
top surface but bigger on the bottom surface. It is
most likely due to three phenomena: inhomogeneous

evaporation process of the solvent from PLGA and
PEG solutions, coalescence of PEG-rich domains and
their sedimentation in course of drying. In our stud-
ies, it was found that solvent evaporated very fast
from the PLGA solution, and after 120 min no
changes in mass of the resulting PLGA foil were
detected. On the other hand, from PEG 400/PLGA
solutions solvent evaporated much more slowly (see
Table II, last column). These differences in solvent
evaporation rates resulted in the fact that on the air-
cured surface dominated PLGA and skin-like mor-
phology was observed in the membrane, while on
the glass-cured surface PEG domains in the blend
were dominating. When PEG concentration was
higher, e.g., 60% or more, higher number of PEG-
rich domains had the possibility to collide and ag-
glomerate resulting in lower number of domains but

TABLE II
Thickness, Percentage of PEG Leached Out, Porosity, Roughness of the PLGA Membranes (mPLGA) Obtained with

PEGs Differing in Molecular Weight (mean 6 S.E.M.)

Membrane Thickness (lm) PEG leach out (% wt)

Pore size (lm) Ra (nm)

Top Bottom Top Bottom

mPLGA_60% PEG 300 50 6 1 59.2 6 0.2 3.5 6 0.3 3.7 6 0.4 505 6 18 733 6 86
mPLGA_60% PEG 400 52 6 2 58.9 6 0.4 2.6 6 0.2 12.5 6 1.9 391 6 5 457 6 29
mPLGA_60% PEG 600 51 6 1 59.6 6 0.5 nd 15.3 6 2.8 236 6 7 575 6 4
mPLGA_60% PEG 1000 50 6 2 59.0 6 0.2 nd 21.1 6 3.5 184 6 4 1186 6 38
mPLGA_60% PEG 3400 49 6 2 57.0 6 0.2 nd nd 304 6 62 877 6 255

nd, not detectable.

Figure 6 Solvent evaporation from different PEGs: n PEG 300, l PEG 400, ~PEG 600, ! PEG 1000, "PEG 3400; insert
shows gross morphology of the PEG films after solvent evaporation. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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of bigger size. Our observation is in agreement with
Kamide’s theory on particle growth during mem-
brane formation.38,39 The PEG-rich domains sedi-
ment resulting in their preferable accumulation near
the surface of glass Petri dish.

Our proposed mechanism of membranes’ forma-
tion with the use of smaller (20%) and higher (60%)
concentrations of PEG 400 is shown in Figure
10(A,B), respectively. For membranes produced with
20% of PEG 400, small isolated PEG-rich domains
were dispersed in the PLGA matrix. Because solvent
evaporated faster from the PLGA-rich phase than
from PEG-rich domains, and drying proceeded from
the surface towards inside the film, PEG-rich
domains become embedded in the PLGA matrix. Af-
ter leaching out PEG, the resulting membrane had
small pores of size � 1 lm homogenously distrib-
uted in the whole volume of the membrane [see Fig.
10(A)].

For membranes produced with 60% of PEG 400, a
higher number of PEG-rich domains were dispersed
in the PLGA matrix, as compared to when the con-
centration of PEG was 20% [Fig. 10(B)]. In the begin-

ning of the drying, some of the PEG-rich domains in
the surface/subsurface regions remained trapped
within the PLGA matrix. As drying proceeded, PEG-
rich domains inside the film started to coalesce and
descend to the bottom of the dish. After leaching out
PEG, the resulting membrane had small pores of �
2.5 lm on the air-cured surface and bigger pores of
� 12 lm on glass-cured surface.

Controlling membranes’ microstructure by PEG
molecular weight

To evaluate the influence of PEG molecular weight
on the microstructure of PLGA membranes, several
PEGs were used at a specific concentration of 60%,
which in the case of PEG 400 used as a pore former,
assured the highest porosity and the best mechanical
properties important from the point of view of possi-
ble medical use.
The PEG leach out percentage from each blend

was close to theoretical value. Moreover, in the FTIR
spectra of the membranes no bands originating from

TABLE III
Solvent Evaporation Rate and Remaining Solvent in PLGA/PEG Blends

Blend

1st period
(g/cm2�s)

2nd period
(g/cm2�s)

3th period
(g/cm2�s)

Remaining
solvent

2 � 10 (min) 30 � 50 (min) 100 � 120 (min) mga %b

bPLGA_60%PEG 300 9.9 � 10�5 4.8 � 10�7 0.17 � 10�7 55 0.75
bPLGA_60%PEG 400 9.7 � 10�5 6.1 � 10�7 0.31 � 10�7 24 0.32
bPLGA_60%PEG 600 9.5 � 10�5 7.2 � 10�7 0.58 � 10�7 22 0.29
bPLGA_60%PEG 1000 9.9 � 10�5 8.4 � 10�7 0.73 � 10�7 21 0.27
bPLGA_60%PEG 3400 9.8 � 10�5 7.1 � 10�7 0.73 � 10�7 21 0.27

a Difference in mass after drying PLGA/PEG blends for 120 min and 24 h.
b Difference in mass after drying for 120 min and 24 h related to initial mass of the

solvent in the PLGA/PEG solution.

Figure 7 FTIR-ATR spectra of PEG 1000, PLGA/PEG
blend, PLGA membrane, and PLGA film. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 8 MG 63 cells viability (MTT assay) on PLGA
membranes produced with the use of 60% PEG 300 and
1000 after 5 days of culture. Data are expressed as mean 6
S.E.M. Asterisks indicate a statistical significance from the
control TCPS group: *P < 0.05; ***P < 0.001. Circles indicate
a statistical significance between the groups; oP < 0.05; ooP
< 0.05, oooP < 0.001. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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PEG were detected. It indicates that almost all of the
blended PEG was dissolved in water and leached
out during the washing procedure; it is also an indi-
rect evidence of pore interconnectivity. FTIR evalua-
tions showed that there was no chemical reaction
between PLGA and PEG, however, as suggested by
others hydrogen interactions cannot be excluded in
this type of materials.26

It was found that the membranes produced with
PEGs with molecular weight from 300 to 1000 Da had
asymmetric microstructure: the glass-cured surface
was always rougher and more porous than the air-
cured surface. Moreover, porosity and size of pores on
the bottom surface increased with PEG molecular
weight. On the top surface, however, porosity
decreased with PEG molecular weight, and when PEG
molecular weight was 600 Da or more a nonporous

skin was always present. The membranes produced
with the use of PEG 3400 did not follow that trend.
The differences in membranes’ microstructure

could be explained as follows: when molecular
weight of PEG is low, e.g., 300, domains rich in PEG
are rather small, their number is high and they are
homogenously distributed within the PLGA-rich
phase. During drying solvent evaporated preferably
from the PLGA-rich phase and the PEG-rich
domains remained trapped within the PLGA matrix.
This correlates with the lower solvent evaporation
rate of PEG 300 and PLGA/PEG 300 mixtures and
the highest value of remaining solvent measured af-
ter 24 h (see Table II). The membranes produced
with the use of PEG 300 have small pores rather
homogenously distributed on both surfaces and
within the whole volume of the membranes.

Figure 9 Morphology of MG-63 cells cultured on PLGA membranes obtained with the use of 60% PEG 300 (A,B) and
PEG 1000 (C,D); top surface (A,C), bottom surface (B,D), PLGA foil (E), and reference samples TCPS (F); fluorescence
staining with acridine orange and evaluation under inverted fluorescence microscope. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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When PEGs 400, 600, and 1000 Da at the same con-
centration of 60% were used in production of PLGA
membranes, the size of the PEG-rich domains in the
blends increased with PEG molecular weight, but their
number decreased. It can be attributed to a widely
known tendency of decrease in solubility when molec-
ular weight increases and a fact that the size of polymer
bundles in the solvent increases with molecular weight
of the polymer.40 In these samples solvent evaporation
rates were higher and the values of remaining solvent
measured after 24 h were lower. As in the previous
sample, at the beginning, during drying, solvent
evaporated preferably from PLGA-rich phase, and
because relative number of PEG-rich domains was
lower, it resulted in skin formation on the air-cured
surface. It also resulted in coalescence of PEG-rich
domains inside the film and their preferential accumu-
lation on the glass-cured surface. Interestingly, the size
of these domains was the highest for PEG 1000. It
should also be kept in mind that PEG 1000 is solid (see
Fig. 6, insert) and it is more crystalline41 than other liq-
uid, low-molecular weight PEGs examined in this
study. Proposed mechanisms of membranes’ formation
with the use of 60% PEG 400 and PEG 1000 are shown
in Figure 10(B,C), respectively.

When PEG 3400 was used as a pore former, PLGA
membrane had nonporous skin on the top surface,
while on the bottom surface small irregular pores
were observed. Moreover, bottom skin was delami-
nated, because of creation of big PEG-rich domains,
which separated from the membrane after PEG was
washed out. Such behavior can also be attributed to

crystallization of PEG-rich domains at room temper-
ature, or the highest degree of crystallinity of PEG
3400 (87.2%)41 among all PEGs used in this study.

Biological properties—Compatibility with cells
in culture

To verify if PLGA membranes produced were com-
patible with cells in vitro, viability and morphology
of osteoblast-like cells were studied. The cells were
cultured on both surfaces of two membranes pro-
duced with the use of PEG 300 and PEG 1000, and
they were compared with cells cultured on reference
nonporous PLGA foil and control TCPS.
It was found that cells adhere and grow on all the

materials; the differences in cell viability were very
small, although statistically significant. The highest
cell viability, higher than on control TCPS, was
measured on the nonporous PLGA foil. These results
once again prove the excellent biological properties of
the raw PLGA used in this study.10,30,42 On the top
surfaces of the membranes, i.e., those which were
least rough and least porous, the cells viability was
higher or the same as on control TCPS. On the bottom
surfaces, i.e., those of the higher porosity and rough-
ness, cells viability was significantly lower.
Microscopic observations show that the cells cul-

tured on the top, less porous surfaces of the mem-
branes were homogenously distributed and their mor-
phology was similar to those on PLGA foil and TCPS.
Contrarily, the cells cultured on the bottom, more po-
rous surfaces tended to aggregate. This behaviour of

Figure 10 Diagram of the formation process of PLGA membranes by leaching out PEG from PLGA/PEG blends. A:
Membranes produced with 20% PEG 400 (Small isolated PEG-rich domains are dispersed in PLGA matrix. Because sol-
vent evaporates faster from PLGA-rich phase than from PEG-rich domains, and drying proceeds from the surface towards
inside the film, PEG-rich domains are embedded into PLGA matrix. After PEG leaching out resulting membrane has small
pores of size 1–2 lm quite homogenously distributed in the whole volume of the membranes). B: Membranes produced
with 60% PEG 400 (Higher number of PEG-rich domains are dispersed in PLGA matrix than in situation A. At the begin-
ning of drying some of the PEG-rich domains in the surface/subsurface regions remained trapped within the PLGA ma-
trix. As drying proceeds PEG-rich domains inside the film start to coalesce. After leaching out of PEG, the resulting
membrane has small pores of �2.5 lm on the air-cured surface and bigger pores of �12 lm on the glass-cured surface. C:
Membranes produced with 60% PEG 1000 (Because of higher PEG molecular weight, the PEG-rich domains dispersed in
PLGA matrix have a bigger size than in situation B. Due to higher solvent evaporation on the surface PLGA-rich skin is
formed. Coalescence of bigger PEG-rich domains inside the film occurs. After leaching out of PEG the resulting mem-
brane has nonporous skin on the air-cured surface and the biggest pores of �20 lm on the glass-cured surface.
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cells does not exclude the use of the materials as mem-
branes for medical applications. On the contrary, it
shows that by microstructural cues it might be possi-
ble to control biological performance of bone cells.

CONCLUSION

Typical membranes for guided tissue regeneration in
periodontology have fibrous asymmetric microstruc-
ture: smoother side is aimed at contacting soft tissue
and preventing fibroblasts to enter bonny defect, while
the other more porous and rough side of the mem-
brane enables osteoblasts to adhere and grow. In this
study, it was shown that it is possible to obtain nonfi-
brous, porous, flexible, asymmetric PLGA membranes
by leaching out PEG from PLGA/PEG blends of
defined composition. The size and distribution of pores
in the membranes depended on PEG molecular
weight: low-molecular weight PEG resulted in more
homogenous distribution of pores within the mem-
brane, while high-molecular weight PEG resulted in
asymmetric membranes with the skin on the air-cured
surface and bigger pores on the glass-cured surface.
Mechanism of phase separation and blend formation
in the PLGA/PEG system depended on molecular
weight and concentration of PEG as well solubility pa-
rameters and solvent evaporation rate. The membranes
are compatible with osteoblast-like cells in vitro, have
asymmetric, porous structure and their mechanical
properties offer good surgical handiness.
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