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In present study, an efficient solvent-free foaming method aided by supercritical carbon dioxide (sc-CO2)
is developed to prepare porous PLGA/PCL bilayer membranes for potential guided tissue regeneration
(GTR) applications. First rheological properties and foaming behaviors of PLGA and PCL were studied
in detail. Compared with PLGA, PCL had lower viscosity with loss tangent tan d over 1 thus got bigger
and highly interconnected pores after foaming. Based on this, membranes with distinct porous PCL
and PLGA bilayer were prepared via a one-step foaming. SEM showed the pore size of the PCL layer
was 80–100 lm, and that of the PLGA layer was less than 10 lm. Through tensile tests these membranes
exhibited a tensile strength of 4.02 MPa and a elongation at break of 57.7 %, meeting the mechanical
requirements of GTR. Further cell tests demonstrated that the PCL layer suited for the proliferation of
osteoblasts and the PLGA layer inhibited the ingrowth of fibroblasts. The porous PLGA/PCL bilayer mem-
branes fabricated using this one-step foaming meet the requirements of GTR and possess great commer-
cial potential.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

GTR membrane is the critical facility in GTR technology for
restoring bone defects around periodontal, which isolates soft tis-
sue from invading bone defects and makes the bone tissue regen-
eration function to harvest the greatest results [1]. The coexistence
of soft and hard tissue is the principle character of periodontal tis-
sue, and the regeneration rate of both types of tissue should be
taken into consideration in clinical repair [2,3]. Thus the bionic lay-
ered membranes are recommended [4–6]. Briefly, the surface fac-
ing to soft tissue needs a dense or microporous structure to
prevent fibroblasts invading bone defects. Meanwhile, the opposite
surface confronting the bone defects should have interconnected
macroporous structure which is suggested to guide the regenera-
tion of bone tissue.

Owning to their biodegradable properties, which are unachiev-
able by traditional membranes mainly made of PTTE and Titanium
[7], biodegradable membranes have drawn more and more
attention nowadays [1]. Among these natural and synthetic
biodegradable polymers [8,9], polylactic-co-glycolic acid (PLGA)
and polycaprolactone (PCL) certified by FDA (Food and Drug
Administration) are extraordinarily popular in medical application
and widely employed to prepare GTR membranes [10–15] for its
proper degradation rate and good mechanical properties [16–20].

Many methods have been developed to fabricated layered
biodegradable GTR membranes made up with PLGA and PCL,
including layer-by-layer casting [21], solvent casting/particulate
leaching [22], electrospinning/particulate leaching [23], solvent
casting/thermally induced phase separation/solvent leaching [24]
and solvent casting/electrospinning [25], which always utilize
toxic organic solvents that are difficult to completely remove.
Besides, these methods available are inefficient, with several steps
to get layered structure. Therefore, to overcome these limitations,
organic solvent-free and efficient methods are required to be
developed.

Supercritical carbon dioxide (sc-CO2) foaming is a completely
free of solvent process. Compared with traditional physical blow-
ing agents such as HCs and HFCs, sc-CO2 has its unique properties,
such as environmental friendliness, non-flammability, lower costs,
and accessibility to reach its supercritical point (critical tempera-
ture, 31.1 �C, and critical pressure, 7.38 MPa) with large solubility
in polymers [26–28]. A convenient and efficient operation of rapid
depressurization at a relative low temperature can lead to the for-
mation of porous structure. Hence, sc-CO2 foaming has been suc-
cessfully and widely used to produce porous materials for
potential medical applications [29,30].
dioxide
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In recent years, sc-CO2 foaming has been extensively utilized to
fabricate PLGA and PCL foams. Shakesheff et al. [31–35] have effec-
tively controlled the morphology of PLGA foams via operation con-
ditions, and based on this, highly interconnected PLGA scaffolds
were designed then rarely applied in tissue engineering. Chen
et al. [36] and Markočič et al. [37] have systemically studied the
effects of foaming conditions on the morphology of PCL foams
respectively. Meanwhile, highly interconnected bimodal PCL foams
with potential biomedical applications were designed by two step
depressurization [38]. Nevertheless, most of the currently-reported
PLGA and PCL foams were designed as monolayer rather than lay-
ered structures, which are unable to satisfy the requirements of
GTR, including inhibiting the ingrowth of fibroblasts and suiting
for the regeneration of bone tissue. Meanwhile, these researches
available mainly focused on the effects of operation conditions
on the foam morphology but rarely concerned about polymer
properties like rheological properties which are demonstrated
have great effects on foaming results [39,40]. Distinct porous mor-
phology can be obtained by foaming different polymers under
same foaming conditions for their distinguishing properties.
Hence, it provides a very inspiring enlightenment that one-step
foaming of material with layered composition will be a novel and
simple method to obtain porous layered membranes considering
the requirements of GTR.

In this work, an efficient organic solvent-free strategy is
designed to fabricate porous PLGA/PCL bilayer GTR membranes.
Rheological properties and foaming behaviors of PCL and PLGA
were studied systematically. Based on that, a bilayer membrane
with a macroporous PCL layer and a microporous PLGA layer
was prepared using an innovative one-step sc-CO2 foaming.
Meanwhile, systematic structure and performance characteriza-
tion was conducted by SEM, tensile tests and in vitro cell tests.
It is believed that the membranes fabricated by using this method
with proper mechanical and biological properties have the poten-
tial to be used in GTR. The one-step foaming strategy in this work
offers a valuable reference to further develop layered structure
devices.
2. Experimental

2.1. Materials

Polycaprolactone (PCL, Mw = 80 kDa, medical grade, Perstorp,
Sweden), Polylactic-co-glycolic (PLGA, LA:GA = 75:25, Mw = 250
kDa, medical grade, Daigang, China). Cell Counting Kit-8 (CCK-8,
Dojindo, Japan), Dapi (Sigma-Aldrich), Phalloidin (Sigma-Aldrich),
phosphate buffered saline (PBS, HyClone), Fetal Bovine Serum
(FBS, HyClone), dulbecco’s modified eagle medium (DMEM,
HyClone), a-modified eagle medium (a-MEM, HyClone). MC3T3-
E1 cells and L929 cells were purchased in Cell Resource Center
(IBMS, CAMS/PUMC, China).
2.2. Foaming experiments

Before independent foaming experiments of PCL and PLGA, the
PLGA and PCL pellets were hot pressed respectively into base solid
membranes with a diameter of 40 mm and thickness of 0.6 mm at
393 K and 10 MPa for 5 min. Meanwhile, a two-step hot pressing
was employed to get PLGA/PCL bilayer base membranes for further
preparing porous PLGA/PCL bilayer membranes. First, PLGA mem-
branes (40 mm in diameter and 0.1 mm in thickness) and PCL
membranes (40 mm in diameter and 0.6 mm in thickness) were
prepared by hot pressing. Then a PLGA membrane and a PCL mem-
brane were layered together and hot pressed into a mold of 40 mm
in diameter and 0.6 mm in thickness to get a PLGA/PCL bilayer base
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membrane. After the extra soft PCL overflew, the thickness of PLGA
and PCL layer in these bilayer base membranes was maintained at
0.1 mm and 0.5 mm.

Rapid depressurization batch foaming process was employed to
fabricate porous PCL, PLGA and PLGA/PCL bilayer membranes
(Fig. 1). The key experimental device of the apparatus was a
high-pressure vessel with a valid height of 80 mm and diameter
of 50 mm. A super thermostat (CH-1015) was purchased from
Shanghai Hengping Instrument and Meter Factory to control the
operation temperature with an accuracy of ±0.1 �C. The DZB-1A
syringe pump (Beijing Satellite Instrument Co.) was used to com-
press CO2 into the foaming vessel and a homemade pressure trans-
ducer was used to measure the system pressure with an accuracy
of ±0.1 bar. The rapid decrease of pressure during the depressuriza-
tion was recorded by a PCI bus data acquisition system which was
connected to the above pressure transducer.

The base membranes were placed into a homemade height-
restricted mold (height: 2 mm, diameter: 45 mm) to ensure a flat
surface after foaming. Then the mold was placed horizontally
and steadily at the bottom of the high-pressure vessel, which
was thread sealed and immersed into super thermostat to reach
the set temperature afterwards. After purging the high-pressure
vessel with low-pressure CO2 for three times, high pressure CO2

was pumped into the vessel to reach the saturation pressure. The
samples were saturated within CO2 atmosphere at given pressure
and temperature for 2 h. Thereafter, the valve (type Swagelok SS-
4SKPS8MM) was rapidly opened to release the CO2 in the high-
pressure vessel, which afterward was quickly opened up to take
out the foamed samples. For the foamed PLGA/PCL bilayer mem-
brane, the unsteady PCL cortex was got rid of to get a porous PCL
surface for further tests. In brief, a homemade stainless steel mold
(30 � 30 � 0.6 mm) was prepared. Membranes were fixed into this
mold with the PCL layer facing upwards. Afterwards, the speci-
mens were immersed in liquid nitrogen (�196 �C) for 10 min and
then the unsteady PCL cortex was carefully cut off along the height
of this mold by a knife. Thus the PCL surface gained porous struc-
ture and the thickness of membranes maintained at 0.6 mm.

2.3. Testing techniques

2.3.1. Rheological measurements
The dynamic shear rheological behaviors of the PLGA and PCL

samples were measured by a High-temperature Rheometer
(TA-ARES, US) equipped with parallel plates of 25-mm diameter.
Samples with a diameter of 25 mm and thickness of 1 mm were
prepared by hot pressing at 393 K and 10 MPa for 5 min. Dynamic
frequency sweep tests with the range of 0.1 to 100 rad/s were car-
ried out at 373 K and constant strain amplitude of 5 %. The complex
viscosity g⁄, storage modulus G0, loss modulus G00 and loss tangent
tan d were determined as a function of frequency.

2.3.2. Scanning electron microscopy (SEM)
The porous morphology analysis of the foamed membranes was

performed by a JSM-6360LV (JEOL Ltd. Tokyo, Japan) scanning elec-
tron microscopy (SEM). The samples were immersed in liquid
nitrogen for 10 min before being fractured to obtain suitable sur-
face for SEM. The SEM scanned fractured surfaces with Pd (palla-
dium) coating. The average pore size was calculated through the
analysis of the SEM images by the software of Image-Pro Plus
(Media Cybernetics, Silver Spring, Maryland, USA). The average
diameter of the pores marked as D, was calculated using the
following equation:

D ¼
X

nidi
X

ni

ð1Þ
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Fig. 1. Apparatus of rapid depressurization batch foaming process.
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where ni is the number of pores with a perimeter-equivalent diam-
eter of di.

2.3.3. Porosity
The mass density of foamed PLGA and PCL samples qf was mea-

sured according to ASTM D792-0046. Porosity was calculated as
follows:

qf ¼
a

aþw� b
qwater ð2Þ

Rv ¼ q0

qf
ð3Þ

P ¼ Rv � 1
Rv

� 100% ð4Þ

where a is the apparent mass of specimen in air without sinker, b is
the apparent mass of specimen and sinker completely immersed in
water, and w is the apparent mass of the sinker completely
immersed in water. The volume expansion ratio of foams is marked
as Rv. Porosity is the ratio of porous volume in total volume of
foams, marked as p.

2.3.4. Interconnectivity
The PLGA and PCL foams were fractured, with a frozen cutting

operation to avoid porous structure damages. The closed volume
(VC) of obtained PLGA and PLGA foams was measured by using
an Ultrapycnometer 1000 (Quantachrome Instruments) single sta-
tion automatic gas pycnometer, and the interconnectivity was cal-
culated as follows:

vp ¼ a
qf

ð5Þ

IC ¼ vp � vc

vp � P
� 100% ð6Þ

where Vp is the total volume of foamed materials, and Vc is the
closed volume. Interconnectivity is defined as the ratio of intercon-
nected pore volume in total pore volume, marked as IC.

2.3.5. Tensile tests
Samples with a total length of 35 mm and gauge length of 12

mm were prepared based on GB/T528. The thickness of the sam-
ples was measured by a micrometer with an accuracy of ±0.01
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mm. The tensile tests were conducted on a universal testing
machine (AG-2000A, Shimadzu, Japan) at a cross-head speed of
5 mm/min with 5 samples for each type of membranes. Tensile
strength (c) was calculated based on the apparent cross-sectional
area of the membranes, and elongation at break was calculated
according to the maximum strain that the samples could reach.
2.3.6. In vitro cell tests
Seeding cells: Before seeding, porous PLGA/PCL bilayer mem-

branes were cut into 10 mm � 10 mm square, and c-sterilized at
25 K rad for 8 min. The sterilized samples were placed at the bot-
tom of the 24-well plates with the PCL surface facing upwards.
Stainless steel rings (2 mm in height, 11 mm in outer diameter
and 1 mm in thickness) were then carefully placed onto the PCL
surface. The function of stainless steel rings was to ensure the
PCL surface keep upwards and cells will not leak out. Osteoblasts
(MC3T3-E1) were seeded onto the PCL surface of the bilayer mem-
branes at a density of 2 � 104 cells per membrane to evaluate the
proliferation and distribution of osteoblasts. Similarly, fibroblasts
(L929) were carefully seeded onto the PLGA surface with same cell
density for the evaluation of the proliferation of fibroblasts and the
barrier function of the PLGA layer. Illustratively, only one type of
cells was seeded onto one membrane. Afterwards, osteoblasts were
cultured in a-MEM supplemented with 10 % FBS while fibroblasts
were cultured in DMEM supplemented with 10 % FBS under corre-
sponding standard cell culture conditions, respectively. The cul-
tures were maintained in a humidified atmosphere consisting of
95 % air/5 % CO2 (v/v) at 37 �C, and the medium was changed every
two days.

CCK-8 tests: According to the manufacture’s protocol, the prolif-
eration of osteoblasts in the PCL layer and fibroblasts in the PLGA
layer was determined by CCK-8 assay. Briefly, after being incu-
bated for 1, 3, 5 and 7 days the samples were incubated in a fresh
cell culture medium containing 10 vol% CCK-8 solutions at 37 �C in
5 % CO2 for another 2 h. Then 100 lL of the reacted medium was
measured at 450 nm using a microplate reader (SPECTRAmax
384, Molecular Devices, USA). Each experimental group was
matched with a control group, in which corresponding cells were
seeded onto the petri dishes directly without membranes, and 5
samples were set for each group.

CLSM tests: The distribution of fibroblasts in the PLGA layer and
osteoblasts in the PCL layer was observed by confocal laser
scanning microscope (CLSM Nikon A1R, Japan). In brief, the
us PLGA/PCL bilayer membrane for GTR using supercritical carbon dioxide
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cell-membrane samples were removed from the culture medium
carefully and washed twice with PBS. Then the samples were fixed
with 4 % paraformaldehyde for 30 min at 4 �C. After that, the
samples were washed for 3 times with PBS and incubated within
Phalloidine solution (5 lg/mL) for 30 min. Hereafter the samples
were washed with PBS for 3 times again and incubated within
DAPI (2 lg/mL) for 5 min. Finally, the samples were washed with
PBS thoroughly and CLSM was used to further visualize the
distribution of cells in the membranes.
3. Results and discussion

3.1. Rheological behaviors of PCL and PLGA

It is widely acknowledged that the rheological behaviors of
polymers impose significant effects on foaming behaviors, which
may deeply influence the foaming windows and morphology of
foamed products [39,40]. Before foaming trials, the complex vis-
cosity g⁄, storage modulus G0, loss modulus G00 and loss tangent
tan d curves of PLGA and PCL were determined as a function of fre-
quency, shown in Fig. 2a–d.

Comparison of the complex viscosity of PCL and PLGA (Fig. 2a)
showed that the complex viscosity of PLGA was higher than that
of PCL in the whole frequency range, and the difference spanned
from 1 to 3 orders of magnitude. It must be emphasized that higher
complex viscosity reveals higher melt strength, which results in
greater resistance to pore growth thus contributes to get smaller
pores [41,42]. The experimental results (Fig. 2b, c) also indicated
that the storage modulus G0 and loss modulus G00 of PLGA had tiny
variation with frequency increasing, whereas both G0 and G00 of PCL
increased with the increase of frequency and were always smaller
than that of PLGA.

As observed in Fig. 2d, the loss tangent tan d values of both PCL
and PLGA decreased with the increase of frequency. But the tan d of
PCL was much higher than 1 within the whole frequency range,
especially under the low frequency region. In contrast, the tan d
of PLGA was slightly less than 1 in the low frequency region, and
Fig. 2. Rheological behaviors of PCL and PLGA at 373 K, (a) complex viscosity g
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had a linear decline with the increase of shear frequency. Gendron
et al. [43] and Park et al. [40] have respectively investigated the
relationship of pore stability and tan d, and points out that basi-
cally when tan d is close to 1 or even less, the possibility of obtain-
ing close-cell foam is big, i.e., G0 � G00, indicating the elasticity
dominates the viscoelasticity that is beneficial to sustain the
growth of pore and avoid collapse during the foaming process.
However, when G0 is much bigger than G00, overly strong elasticity
may limit the expansion of pores, resulting in a certain brittle
fracture.

In comparison with the rheological behaviors of the PCL and
PLGA samples, it could be figured out that PLGA gained much
higher complex viscosity, storage modulus and loss modulus,
which indicated a higher possibility of obtaining small pore struc-
ture than that of PCL under same foaming conditions. And the tan d
of PCL was invariably over 1 at all range of the frequency, suggest-
ing that PCL was likely to obtain porous structure with high inter-
connectivity after foaming.
3.2. Morphology analysis of the foamed PCL and PLGA

The final porous morphology of the foamed PCL and PLGA is
vital for corresponding applications ranging from monolayer to
multilayer devices, which strongly depends on the parameters in
the corresponding foaming procedure. Insight into the sc-CO2

foaming process, the solubility and diffusivity of CO2 in polymers
and the physical/chemical properties of polymers are the key fac-
tors that directly affect the pore formation in the foaming process,
which are strongly dependent on parameters in the foaming proce-
dure [27]. The main parameters are foaming temperature (T) and
pressure (P) in the rapid depressurization batch foaming. Thus in
this section, the effects of T and P on the foamed PCL and PLGA
were carefully studied at a constant venting time of 0.3 s.
3.2.1. Temperature effects
Typical SEM micrographs of the foamed PCL and PLGA samples

prepared at constant pressure of 15MPa and within the temperature
*, (b) storage modulus G0 , (c) loss modulus G00 and (d) loss tangent tan d.
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range of 40–70 �C are shown in Fig. 3. As clearly observed, the
pore size of the foamed PCL reached its maximum value at 50 �C
(Fig. 3-2a), while that of the foamed PLGA increased with the
increase of foaming temperature within the whole range. Corre-
spondingly, according to Table 1, the pore size of the foamed PCL
increased from 74 to 93 lm then reduced to 68 lm with the
increase of temperature from 40 to 70 �C, while that of the foamed
PLGA increased monotonously from 2 to 13 lm. Besides, the poros-
ity of the foamed PCL decreased from 93 to 84 % and the intercon-
nectivity also decreased from 96 to 79 % with the increase of
temperature from 40 to 70 �C. Meanwhile, the porosity of the
Fig. 3. Microstructures of the foamed PCL and PLGA samples at 15 MPa. The PCL sample
temperatures of 40 �C, 50 �C, 60 �C, 70 �C, respectively.
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foamed PLGA increased from 62 to 87 % while the interconnectivity
had tiny changes from 72 to 70 % with the increase of temperature
from 40 to 70 �C.

PCL melts had smaller viscosity at 50 �C than at 40 �C, and hence
the pores became bigger since the growth resistance was reduced
with the increase of temperature. But when temperature was over
50 �C, the viscosity of PCL melts was too small, thus PCL melts
became too weak to support the formation of pores, and the walls
of pores collapsed easily before the polymer matrix was vitrified.
As a consequence, the pore size of the foamed PCL reduced and
the pore walls appeared more obvious folds at 60 �C and 70 �C.
s are marked as a, the PLGA samples are marked as b, and 1,2,3,4 correspond to the

us PLGA/PCL bilayer membrane for GTR using supercritical carbon dioxide
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Table 1
Effects of temperature on the morphology of the foamed PCL and PLGA samples (P = 15 MPa).

NO. Temperature (�C) Porosity (%) Average Pore size (mm) Interconnectivity (%)

PCL(a) PLGA(b) PCL(a) PLGA(b) PCL(a) PLGA(b)

1 40 93 62 74 2 96 72
2 50 92 73 93 7 95 71
3 60 86 80 72 9 90 70
4 70 84 87 68 13 79 70
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Similar phenomena have been discovered by Salerno et al. in the
study of PCL blends, that the foams became a dense phase when
foaming temperature was in the range of 60–110 �C [44]. Similarly,
when temperature was higher than 50 �C, the porosity and connec-
tivity appeared a certain decrease due to the collapse of pores of
the foamed PCL. These phenomena have been also observed by
Chen et al. [36]. Compared to PCL, PLGA had a viscosity above 1–
3 orders of magnitude, so that the melts of PLGA could still sup-
ported the pore formation although the viscosity of PLGA
decreased with the increase of temperature, thus the pore size
increased monotonically with the temperature increasing from
40 �C to 70 �C. Besides, the porosity increased owing to the increase
of the pore size with the increase of temperature, and a certain
mount of interconnectivity, about 70 %, should be caused by brittle
fracture in rapid foaming.
3.2.2. Pressure effects
Typical SEM micrographs of the foamed PLGA and PCL samples

fabricated at constant temperature of 50 �C and within the pres-
sure range of 10–25 MPa are shown in Fig. 4. As clearly observed,
the pore size of both the foamed PCL and PLGA increased with
the decrease of foaming pressure in the whole range. Correspond-
ingly, the results listed in Table 2 showed that the pore size of the
foamed PCL increased from 32 to 157 lm and that of the foamed
PLGA increased from 2 to 20 lm, with the decrease of pressure
from 25 to 10 MPa. Besides, the porosity of the foamed PCL
increased slightly from 90 to 93 % and the interconnectivity main-
tained at about 95 %, with the decrease of pressure from 25 to 10
MPa. Meanwhile, the porosity of the foamed PLGA increased shar-
ply from 49 to 91 % with the decrease of pressure from 25 to 10
MPa, and the interconnectivity had tiny changes from 68 to 72 %
with the pressure decreased from 25 to 15 MPa but sharply
decreased to 39 % at 10 MPa.

The increase of pressure leaded to a higher level of supersat-
uration at the initial stage of depressurization by promoting the
dissolution of CO2 in both PCL and PLGA, thus resulted in a
higher nucleation density, which was supported by several
researches [45,46]. In this case, more CO2 was consumed in the
nucleation than in the pore growth, hence rendering the forma-
tion of small pores. The porosity is determined by both the num-
ber and the size of pores. Although with the decrease of
pressure, the nucleation of pores was reduced, the domination
of the increase of the pore size caused the increase of the poros-
ity of both PLGA and PCL. The pores of the foamed PCL were
easily broken to gain a higher interconnectivity due to its tan d
was over 1. Besides, the overly strong elasticity of PLGA caused
a certain brittle fracture under rapid pressure depressurization
from 15 to 25 MPa, since the tan d of PLGA was less than 1, espe-
cially at high shear frequency. But when the pressure decreased
to 10 MPa, the nucleation and growth of the pores were more
moderate. Thus the brittle fracture alleviated and the intercon-
nectivity of the foamed PLGA decreased sharply. As well, a
similar phenomenon that the fracture of pores enhanced at high
pressure in the foaming of PLGA-TCP was observed by Yang
et al. [47].
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3.3. Morphology properties of porous PLGA/PCL bilayer membranes

The results of rapid depressurization foaming experiment of
PLGA and PCL showed that the foamed PCL could get larger pore
size with high interconnectivity while the foamed PLGA could
get smaller pore size with relative lower interconnectivity under
same foaming conditions. It provides a very inspiring enlighten-
ment that it is possible to fabricate a porous PLGA/PCL bilayer
membrane with a macroporous PCL layer with high interconnec-
tivity for the proliferation of osteoblasts and a microporous PLGA
layer for preventing fibroblasts invading bone defects. Considering
the regeneration environment of bone tissue, barrier properties
and the mechanical requirements of GTR membranes, a porous
PLGA/PCL bilayer membrane was fabricated by using one-step sc-
CO2 foaming at 50 �C and 15 MPa. Morphology of this porous
PLGA/PCL bilayer membrane is shown in Fig. 5. As obviously
observed, a typical bilayer membrane with the PCL layer possess-
ing highly interconnected macroporous structure and the PLGA
layer possessing microporous structure had been fabricated. The
pore size of the PCL layer was about 80–100 lm while that of
the PLGA layer was less than 10um. The pore size of the PCL layer
closing to the interface tended to be small, which might be
ascribed the interaction of PCL and PLGA. With the degradation,
the pore size of the PCL layer can become bigger, that will benefit
the ingrowth of osteoblasts. Thus the elaborately fabricated mem-
brane with bilayer porous structure was expected to achieve both
guided regeneration of bone tissue and inhibition of ingrowth of
soft tissue.
3.4. Tensile properties of porous PLGA/PCL bilayer membranes

The tensile properties of the un-foamed and foamed PLGA, PCL
and porous PLGA/PCL bilayer membranes are showed in Fig. 6.
Both of the foamed PLGA and PCL had smaller tensile strength
compared to the un-foamed samples (decreasing from 35.8 to
10.3 MPa for PLGA and from 16.8 to 1.45 MPa for PCL), showed
in Fig. 6a. Besides, the elongation at break of PLGA increased by
about 300 % (increasing from 14.2 % to 58.6 %) than that of the
un-foamed ones after foaming, while the foamed PCL had a smaller
elongation at break compared to the un-foamed PCL (decreasing
from 278 % to 171 %), showed in Fig. 6b. Small density of the
foamed samples resulting in a decrease of effective bearing area,
contributed to the decrease of strength of both the foamed PLGA
and PCL. Besides, the presence of microporous structures will ben-
efit to enhance the flexibility of material [48,49]. More deformation
provided by micropores during stretching that might explain the
higher elongation at break of the microporous PLGA compared
with that of the un-foamed PLGA. While due to its high intercon-
nectivity, the foamed PCL was easier to rupture during stretching,
contributing to the reduction of elongation at break.

As shown in Fig. 6, the porous PLGA/PCL bilayer membranes had
a tensile strength of 4.05 MPa (Fig. 6a) and a elongation at break of
57.7 % (Fig. 6b). The tensile strength of this porous PLGA/PCL
bilayer membrane was close to that of the PLA-GEL-HA/PLCL/
PLA-GEL-MET membranes (3.5 MPa) prepared recently by Marco
us PLGA/PCL bilayer membrane for GTR using supercritical carbon dioxide
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Fig. 4. Microstructures of the foamed PCL and PLGA samples at 50 �C. The PCL samples are marked as a, The PLGA samples are marked as b, and 1, 2, 3, 4 correspond to the
pressures of 25 MPa, 15 MPa, 20 MPa, 25 MPa, respectively.

Table 2
Effects of pressure on the morphology of the foamed PCL and PLGA (T = 50 �C).

NO. Pressure (MPa) Porosity (%) Average pore size (mm) Interconnectivity (%)

PCL(a) PLGA(b) PCL(a) PLGA(b) PCL(a) PLGA(b)

1 25 90 49 32 2 95 68
2 20 91 67 71 3 94 72
3 15 92 73 93 7 95 71
4 10 93 91 157 20 95 39
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et al. [4]. Meanwhile, the elongation at break of 57.7% provided by
the microporous PLGA layer overcame the drawback of overly
Please cite this article in press as: C. Song et al., Controllable fabrication of poro
foaming, Appl. Surf. Sci. (2018), https://doi.org/10.1016/j.apsusc.2018.04.059
strong brittleness of available PLGA membrane [50]. Thus the por-
ous PLGA/PCL bilayer membrane prepared by using this one-step
us PLGA/PCL bilayer membrane for GTR using supercritical carbon dioxide
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Fig. 5. Morphology of the porous PLGA/PCL bilayer membrane fabricated under the conditions of 15 MPa and 50 �C, cross-section of membrane for Figure a, and partial
magnification of the PLGA layer for Figure b.

Fig. 6. Tensile properties of the PLGA, PCL and PLGA/PCL bilayer membranes under different operation, hot pressing conditions are 393 K, 10 MPa and 5 min, and the foaming
conditions are 50 �C and 15 MPa. All values are the means with ±SD. n = 5.

Fig. 7. CCK-8 assay results of osteoblasts in the PCL layer of PLGA/PCL membranes
(base 10 � 10 mm) on 1, 3, 5 and 7 days. The petri dishes were served as the control
group for comparison. All values are the means with ±SD. n = 5 (*P < 0.05, by ANOVA
followed by a Fisher post hoc test).
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sc-CO2 foaming may have good clinical application prospect, for its
similar strength to membranes available and better flexibility than
current PLGA membranes.

3.5. In vitro cell responses

As the design of the porous PLGA/PCL bilayer membrane, the
PLGA and PCL layer should meet different requirements of biolog-
ical functions. The PCL layer with macroporous and highly inter-
connected structure should confront the bone defects to achieve
optimal bone tissue regeneration, while the PLGA layer with
microporous structure is supposed to face the soft tissue and inhi-
bits the ingrowth of fibroblasts. Therefore, osteoblasts and fibrob-
lasts were employed to evaluate the different biological functions
of the PCL layer and PLGA layer respectively.

3.5.1. Proliferation and distribution of osteoblasts in the PCL layer
The results of the proliferation of osteoblasts seeded onto the

macroporous PCL surface are shown in Fig. 7. For the first 5 days,
osteoblasts in both of experimental groups and control groups
showed obvious proliferation which indicated that these cells
had vigorous viability. Meanwhile, the cell number between exper-
imental and control groups appeared no statistically difference,
except for the1st day (p < 0.05), and on the 1st day the number
of cells attached to the macroporous PCL layer was approximately
90% of that of cells attached to petri dishes. On the 7th day, the cell
number leveled off both for experimental and control groups.
However, no significant difference was observed between these
two groups. From the results of CCK-8 assay, it could be ascer-
tained that cellular compatibility of the bilayer membrane pre-
pared by the current developed one-step sc-CO2 foaming still
remained prominent.
Please cite this article in press as: C. Song et al., Controllable fabrication of poro
foaming, Appl. Surf. Sci. (2018), https://doi.org/10.1016/j.apsusc.2018.04.059
Furthermore, CLSM was employed for the observation of the
cell morphology and distribution of osteoblasts in the macroporous
PCL layer, as shown in Fig. 8. Obvious cell proliferation could be
observed in the photos of the 1st, 3rd and 5th day, which was con-
sistent to the CCK-8 assay results. Besides, vivid cytoplasmic exten-
sion and cellular communication had been established after the
3rd and 5th day. On the 7th day, the image of the distribution of
cells showed that osteoblasts in the PCL layer tended to 3D culture,
which further proved that osteoblasts could grow into the macro-
porous PCL layer owing to the interconnected and macroporous
us PLGA/PCL bilayer membrane for GTR using supercritical carbon dioxide
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Fig. 8. CLSM images of osteoblasts in the PCL layer of PLGA/PCL membranes (base 10 � 10 mm) on 1, 3, 5 and 7 days.

C. Song et al. / Applied Surface Science xxx (2018) xxx–xxx 9
structure of the PCL layer ensuring migration of osteoblasts and
transfer of nutrition and waste.
3.5.2. Proliferation and distribution of fibroblasts in the PLGA layer
The results of the proliferation of fibroblasts seeded onto the

microporous PLGA surface are shown in Fig. 9, which were similar
to that of osteoblasts in the macroporous PCL layer. For the first 5
days, fibroblasts in both experimental and control groups showed
obvious proliferation, and except for the 3rd day (p < 0.05), no
statistic difference of cell number was observed between the two
groups. On the 7th day, the cell number decreased in both experi-
mental and control groups, but there was no significant difference.
The reason why the amount of fibroblasts decreased with time was
most probably since the high density of fibroblasts already
Fig. 9. CCK-8 assay results of fibroblasts in the PLGA layer of PLGA/PCL membranes
(base 10 � 10 mm) on 1, 3, 5 and 7 days. The petri dishes were served as the control
group for comparison. All values are the means with ± SD. n = 5 (*P < 0.05, by
ANOVA followed by a Fisher post hoc test).

Please cite this article in press as: C. Song et al., Controllable fabrication of poro
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reaching effects after day 5. Regardless of the slight reduction of
cell number, fibroblasts either in the microporous PLGA layer or
petri dishes still remained vital on the 7th day. CCK-8 assay of
fibroblasts in the PLGA layer further demonstrated that this mem-
brane had no obvious cytotoxicity, and the microporous PLGA sur-
face was suitable for the proliferation of fibroblasts.

CLSM was also employed for observation of the cell morphology
and distribution of fibroblasts seeded onto the microporous PLGA
layer, shown in Fig. 10. On the 1st day, the most cells were spher-
ical and not yet fully spread. On the 3rd and 5th day, almost all the
cells were fusiform and completely spread out. Meanwhile, cells
were observed to exhibit the filamentous pseudopodia thus had
better ability to migrate on day 5. Besides, for the first 5 days, cells
showed good proliferation which was consistent to the results of
CCK-8 assay. On the 7th day, as observed from the 3D image,
fibroblasts only proliferated on the PLGA surface whilst osteoblasts
not only grew on the surface but also infiltrated into the macrop-
orous PCL layer. The 2D culture of fibroblasts in the PLGA layer sur-
face directly demonstrated the barrier function of microporous
PLGA layer as expected. In addition, the results of CLSM also indi-
cated that PLGA pore layer was suitable for fibroblast attachment.
4. Conclusion

In this work, an efficient novel one-step sc-CO2 foaming strat-
egy was developed to prepare porous PLGA/PCL bilayer mem-
branes. PCL had lower viscosity thus achieved interconnected
macroporous structure after foaming. On the contrary, PLGA had
higher viscosity, and got microporous structure after foaming.
Based on that, a porous PLGA/PCL bilayer membrane was prepared
by a one-step sc-CO2 foaming considering the requirements of GTR,
which had a highly interconnected macroporous PCL layer and a
microporous PLGA layer. Meanwhile, the membranes had proper
tensile properties required by GTR applications. Furthermore, the
proliferation and ingrowth of osteoblasts in the PCL layer were
us PLGA/PCL bilayer membrane for GTR using supercritical carbon dioxide
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Fig. 10. CLSM images of fibroblasts in the PLGA layer of PLGA/PCL membranes (base 10 � 10 mm) on 1, 3, 5 and 7 days.
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demonstrated and fibroblasts could not penetrate the PLGA layer,
indicating the different biological functions of the PLGA and PCL
layer.
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