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ABSTRACT: Porous polystyrene (PS) membranes with pore sizes ranged from nanome-
ter scale to several decades’ micrometers were fabricated by the thermally induced
phase-separation technique, and were characterized by scanning electron microscopy
(SEM). Oxidation of PS membranes by concentrated sulfuric acid induced a decrease of
the carbon amount on the membrane surfaces accompanying with an increase of the
oxygen amount. The hydrophilic surfaces thus constructed proved quite effective to
promote endothelial cell adhesion and growth. After culturing for 4 days, a confluent
endothelial cells (ECs) layer was observed on nonporous PS membrane treated previ-
ously with sulfuric acid for 15 min at 28.5°C. The observation under SEM showed that
ECs on the PS membrane surfaces at the fourth day were inversely proportional to the
pore size: the smaller the pore size, the larger the amount of ECs on the membrane
surfaces. It is supposed that the existence of pores on the membrane surface might
generate some disadvantageous resistance to the spreading of cells. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 81: 3523–3529, 2001
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INTRODUCTION

During the last 30 years, much evidence has devel-
oped that cultured cells can recognize and respond
to substratum surface structure.1–6 The topography
of a material such as grooves/ridges, fibers, cylin-
ders, pores, etc., either deliberately or by accident,
has effects on cell adhesion, orientation, movement,
growth, and activation,4,7,8 among which the orien-
tation of cells to topography is one important re-

sponse, and is frequently studied.1,2,4–6 Harrison,
the first one to detect the importance of substrate
topography, cultured various tissues on spider webs
and found that cells migrated along the web fila-
ments.9 This was corroborated by Loeb and Fleisher
as well as Weiss.10,11 Weiss later introduced the
term “contact guidance” to describe the cellular ori-
entation along the fibers.12 Contact guidance on
grooved substrata was also observed and demon-
strated by Rovensky, Dunn, and some other re-
searchers in several cell types, for example, fibro-
blasts, epithelial cells, neurons, and macro-
phages.1,2 On the other hand, the different effects of
topographical materials on cells are considered as
one important reason leading to different tissue re-
sponses in the macroscopic level, for example, en-
capsulation, induction of carcinoma, and chronic in-
flammation of implanted prostheses, even if they
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are made of the same chemical material.13 Porous
polymer materials are increasingly interesting due
to the wide applications as scaffolds for tissue re-
generation such as cornea, skin, blood vessel, liver,
and pancreas, as well as immune-isolating mem-
brane, etc.14 Both the surface chemistry and the
surface pattern, for instance, pore size and pore
distribution of these kind implanted polymer mate-
rials or devices have to be specially tailored to ob-
tain suitable tissue compatibility either in vitro or
in vivo.

After the fabrication of polymer regeneration
scaffold with desired texture, the scaffold usually
has to be further modified so that proper biologi-
cal responses can be achieved. Several methods
such as g-ray irradiation, photo-oxidation, and
grafting, plasma treatments already exist to in-
troduce functional chemical groups like OOH,
OSO3H, OCOOH, or ONH2, etc. or cell growth
factors like collagen, gelatin, fibronectin, etc.,
onto polymer surfaces.15,16 Many results have
proven that these groups or cell growth factors
can promote cell adhesion and proliferation both
in vitro and in vivo.17,18 However, the effective-
ness of these modification methods on the three-
dimensional scaffolds is uncertain. The reason is
that only the superficial surfaces can be exposed
into the irradiation; it is imaginable that the re-
actions mainly occur on the superficial layers.
Although in the scaffold bodies there are voids
that enable the diffusion or permeation of modifiers,
the chemical reactions hardly happen because of
the lack of irradiation. In the present article, poly-
styrene (PS) was selected as the model material to
primarily reveal the response of human umbilical
vascular endothelial (HUVEC) to the surface poros-
ity. A cell-compatible layer was constructed first
through a convenient method by oxidizing PS mem-
branes with concentrated sulfuric acid. By contrast,
this method enables the homomodification of the
entire porous polymer surfaces including the super-
ficial surface and the surface in the main body. It
was shown that the cell shape and proliferation rate
of HUVEC onto PS membranes are related to the
surface chemistry and porosity.

EXPERIMENTAL

Preparation of PS Membranes

Polystyrene (PS), with a molecular weight ranging
from 200,000 to 300,000, was obtained from the
Yanshan Chemical Company of China, and was
purified twice by dissolving in chloroform and then

precipitating in methanol. Nonporous (transparent)
PS membrane was acquired by casting PS/chloro-
form solution onto glass plate at ; 25°C.

The thermally induced phase separation (TIPS)
technique was employed to fabricate porous PS
membranes. The process was already described be-
fore.20 In brief, the purified PS was dissolved in
cyclohexane in a glass container bearing a stainless
steel membrane-forming platform as the cover at
50°C to form a uniform solution (0.1 g/mL), de-
gassed, and inverted upside down to form a uniform
solution layer on the stainless steel platform. Then
the mold was put onto a brass cold plate that had
been cooled to the desired temperature by liquid
nitrogen. When the membrane was totally solidified
the glass mold was removed and the stainless steel
platform with the PS membrane was transferred
into a desiccator to remove cyclohexane by freeze
drying.

For the aim of the cell culture, the membranes
were cut into round pieces with a diameter of 6
mm, which are slightly smaller than that of the
96-well culture plate (w 5 6.4 mm); for the aim of
the surface modification study, the membranes
were cut into 15 3 15 mm pieces.

Oxidation of PS Membranes with Concentrated
Sulfuric Acid

Porous and nonporous PS membranes were
treated by concentrated sulfuric acid at 28.5°C for
various times as designed. After rinsing with wa-
ter until neutral and incubated in 3-distilled wa-
ter for 24 h, the membranes were transferred into
ethanol and then dried at room temperature.

Endothelial Cells Culture

The oxidized membranes for cell culture were
sterilized with 75% ethanol, and incubated twice
in sterilized PBS for 24 h, then were transferred
into a culture plate. The endothelial cells (ECs)
were isolated from human umbilical cord veins of
a new-born baby through digestion with 0.1% col-
lagenase (type I, Sigma) for 15 to 20 min at
; 25°C, then were routinely cultured in the wells
that were prelaid PS membranes, as well as in the
wells of tissue culture polystyrene (TCPS) (Nunc,
Denmark) as a control. The endothelial cells were
maintained in a humidified atmosphere of 5%
CO2 in air at 37°C, in a serum-containing culture
medium, which consisted of 20% little calf serum
and 80% RPMI1640 (Gibco, containing L-glu-
tamine), supplemented with 100 U/mL of penicil-
lin and 100 mg/mL of streptomycin. After incuba-
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tion for 24 h the culture medium was changed and
then changed every 2 days. The cultured ECs
were fixed with 2.5% glutaraldehyde for 30 min,
and then stained the cell nuclei with Giemsa (The
Third Chemical Co. of Shanghai, China) for 5 to
10 min.

Characterization

For the measurement of water wettability of mod-
ified PS membranes, nonporous PS membranes
were employed and adhered onto glass sub-
strates. The static contact angles (u) of distilled
water on the PS membrane surfaces were mea-
sured by the sessile drop method, employing a
JY-82 apparatus. For each sample, 10 to 12 sep-
arate drops were examined, and the average con-
tact angles were recorded.

XPS spectra were recorded on an ESCALAB
Mark II Spectrometer by using AlKa exciting ra-
diation. The basic pressure in the measurement
chamber was kept around 1 3 1028 Torr. The
value of 285.0 eV of the hydrocarbon C1S core
level was used as a calibration for the absolute
energy scale. Overlapping peaks were resolved
into their individual components by means of the
software dedicated in the XPS Spectrometer.

The cultured ECs on various PS membranes
were fixed and stained as described above. The PS
membranes were taken off the culture plate and
put onto glass slides to observe the morphology of
cultured ECs by means of an Inverted Microscope
(LOIC). For scanning electron microscope (SEM)
observation, the PS membranes with or without
cultured ECs were exposed to the vapor of gold in
high vacuum, then were observed by StereoScan
600.

RESULTS AND DISCUSSION

Cells divide and proliferate in vitro only if they can
adhere on a substratum with proper surface prop-
erties like wettability and charge. The hydrophobic-
ity or poor wettability of unmodified PS is disadvan-
tageous for cell adhesion and growth.15,16 There-
fore, surface modification of the PS membrane to
construct a cell-compatible layer previously is re-
quired.19 Concentrated sulfuric acid was used as an
oxidant to oxidize PS membranes. It has been al-
ready proven that some hydrophilic groups like hy-
droxyl, carbonyl, carboxylic, and sulfonate groups
could be introduced onto the membrane surface.21

These groups, on the one hand, could modify the
poor wettability of the PS surface, and on the other

hand, have the ability to accelerate cell adhesion
and growth.15,16,19

The water contact angle (u), as a function of
oxidation time, is shown in Figure 1. The 90°
contact angle demonstrates less wettable prop-
erty of the unmodified PS surface. u decreased
rapidly to around 70° after oxidizing at 28.5°C for
5 min, and decreased further to 60° when oxidized
for 60 min and then kept unchanged for up to 150
min. It was also observed that a uniform water
layer was easily formed on the treated PS mem-
brane. These results prove that concentrated sul-
furic acid is quite effective to modify the PS mem-
brane to improve its surface wettability.

The binding energy and relative element
amounts from XPS measurement are listed in
Table I. The total amounts of the carbon element
on surfaces decreased while oxygen increased
along with the prolonged oxidation time, while
the introduction of the sulfonyl group became ap-
parent only for the long-time oxidation. The peak-
resolving results of C1S demonstrate that only
hydroxyl group was introduced onto the surface;
no carbonyl or carboxylic groups could be detected
from Figure 2. From the results in Figure 1 and
Table I, one knows that the amount of hydroxyl
group introduced onto the PS membrane surfaces
is limited, but it is already large enough to modify
the surface wettability.

ECs were separated and seeded on the PS
membranes oxidized previously for various times
at a density of 6.4 3 104 cells/cm2, and were
cultured for 4 days. The fixed and stained cells
were observed under an inverted microscope. The
results showed that ECs could adhere on the PS
membrane surfaces either oxidized or not, but the
cell amount and morphology were different, as
shown in Figure 3. Cell adhesion and prolifera-

Figure 1 The water contact angles (u) on nonporous
polystyrene membrane surfaces as a function of the
oxidation time in concentrated sulfuric acid.
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tion were found on the unmodified PS membrane,
but most of the cells were observed as polygonal
shapes with pseudopods attached to the mem-
brane surface [Fig. 3(a)]. Together with the few
numbers of cells and the lack of cytoplasm, the
results suggested that the unmodified PS mem-
brane are no benefit for ECs growth, probably due
to the fact that adhesion between cells and sub-
stratum is not proper. Thus, it could be concluded
that the unmodified PS membrane is disadvanta-
geous for supporting ECs growth. The PS mem-
branes oxidized for 5 to 60 min, however, repre-
sented a strong ability to facilitate ECs growth, as
shown in Figure 3(b). A large number of ECs were
obtained after 7 days of culture. They aligned as
an elongated shape with abundant cytoplasm,
and a confluent cells layer had formed on some
areas. Through comparison of Figure 3(a) and (b),
one can easily conclude that oxidized membranes
have a positive effect on acceleration of ECs
growth. The cell culture results on PS membranes
oxidized previously by sulfuric acid for over 60
min showed that these surfaces are disadvanta-
geous for ECs growth (images were not shown).
The shrunken cell morphology and the smaller

cell volumes suggested that necrosis or deteriora-
tion probably had occurred during the cell culture
process. It is not well understood so far, probably
because some nondetectable groups that are
harmful to ECs were introduced with oxidation
for over 60 min at 28.5°C. The same result was
acquired when the experiment was repeated with
a seeding density of 9.6 3 104 cells/cm2 and cul-
turing time of 5 days. The result shows that the

Table I The Binding Energy (eV), Peak-Resolving Data of C1S, and Relative Element Amount (%)
of PS Membranes Oxidized by Concentrated Sulfuric Acid for Different Times

T (min) CH (%) COOH (%) Total C1S (%) O1S (%) S2P (%)

0 285.0 (85.2) 286.8 (9.7) (94.9) 533.3 (5.1) —
5 285.0 (80.6) 286.4 (14.1) (94.7) 532.6 (4.7) 169.5 (0.6)

30 285.0 (79.6) 286.4 (14.3) (93.9) 532.6 (5.7) 169.4 (0.4)
60 285.0 (81.9) 286.7 (10.9) (92.9) 532.7 (6.4) 169.1 (0.7)

150 285.0 (77.4) 286.4 (14.5) (91.9) 532.7 (7.1) 169.1 (1.0)

Figure 2 Peak-resolving of C1S of PS membrane ox-
idized by concentrated sulfuric acid for 150 min. The
black dot (F) indicates the experimental data, and the
dashed line (—) is the theoretical curve.

Figure 3 Inverted microscope photographs of ECs
cultured on nonporous PS membranes on the fourth
day: (a) control, (b) oxidized by concentrated sulfuric
acid for 15 min at 28.5°C. Original seeding density is
6.4 3 104 cells/cm2. Scale bar 100 mm.
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hydroxyl groups, the main groups introduced dur-
ing the oxidation for 60 min, are beneficial for
ECs growth. The effectiveness of hydroxyl groups
on acceleration of ECs growth was further con-
firmed by grafting of 2-hydroxylethyl acrylate
onto a polyetherurethane membrane surface.17

The surface morphology of the PS membranes
employed for the ECs culture is shown in Figure
4. Figure 4(a)–(c) represent porous PS mem-
branes obtained on 250°C (bottom surface),
250°C (top surface), and 0°C (top surface) cold-
plates with mean pore sizes of several decades of
nanometers, 2.7 6 0.1 mm and 5.6 6 0.2 mm in
diameter, and were named as PS-50B, PS-50T,
and PS-0T, respectively. It has to be indicated
that there existed some larger pores with a diam-
eter of 40–50 mm homogeneously distributed on
the PS-0T surface (images were not shown). Spi-
nodal decomposition in TIPS results in bicontinu-
ous phases, the polymer-rich phase, and the poly-
mer-poor phase. Upon solvent removal either by
freeze drying or solvent extracting, the polymer-
rich phase forms a continuous porous membrane
with the homogenous surface morphology. At a
fixed polymer concentration, the pore size of the
polymer membrane thus obtained is inversely
proportional to the quenching rate; the higher the
quenching rate, the smaller the pore size. Due to
the longer coarsening time of the top surface, the
pore size on the top surface is usually larger than
the bottom surface, which directly contacts the
stainless steel platform.15

According to the above results, the porous PS
membranes fabricated by the TIPS technique

were treated by concentrated sulfuric acid at
28.5°C for 15 min. ECs were then seeded on these
porous membranes at a density of 2 3 105 cells/
cm2, and were cultured for 4 days. The direct
observation of the ECs morphology cultured on
various substrata, revealed that the surface mor-
phology of PS membranes, mainly the pore size,
did have an influence on ECs proliferation rate, as
could be inferred from the SEM images shown in
Figure 5.

The ECs found on the PS membrane surfaces
on the fourth day were inversely proportional to
the pore size; the smaller the pore size, the larger
amount of ECs existed on the membrane surfaces.
As a control, the modified nonporous PS mem-
brane [Fig. 5(a) and (b)] showed a comparable
result on supporting ECs growth as TCPS that
further confirmed the effectiveness of the surface
modification technique. The mono-EC could not
be distinguished from the SEM images. A conflu-
ent endothelial monolayer had formed. The in-
verted microscope observation revealed that the
entire substratum was covered by the cobble-
stone-like ECs with smaller cell size. When ECs
were cultured on a porous PS membrane with a
pore size in nano scale, for example, on PS-50B, a
slightly less form of the confluent cell layer was
observed, as shown in Figure 5(c) and (d). With
still lager pores, for example, in the case of PS-
50T and PS-0T, it was found that the porous
membrane surfaces were not completely covered
by the cultured ECs, as shown in Figure 5(e)–(h).
The existence of cell colonies implied that the cell
growth rate should be lower on these porous sur-

Figure 4 Scanning electron microscope images of porous PS membranes prepared by
the thermally induced phase separation technique. (a), (b) bottom (PS-50B) and top
(PS-50T) surfaces of membranes obtained on a 250°C cold plate, respectively; and (c)
top surface (PS-0T) obtained on a 0°C cold plate.
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Figure 5 Scanning electron microscope images of ECs cultured on PS membranes
with variable pore sizes as shown in Figure 4, which were previously treated by sulfuric
acid for 15 min at 28.5°C. The original seeding density is 2 3 105 cells/cm2. Images were
taken on the fourth day.
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faces. It is worth noting that ECs could also grow
over a pore that is comparable with or larger than
the cell size, as could be seen from Figure 5(f) and
Figure 5(h), respectively.

The reasonable explanation would be that the
existence of pores on the surfaces generated some
disadvantageous resistance to the spreading of
cells. It could be imagined that cells adhered and
divided on the plane area between the pores ini-
tially. When they divided and spread towards the
outside, it was unavoidable to encounter the
pores, as it is known already that ECs can prolif-
erate in vitro only if they adhere on a substratum.
Yet the area occupied by a pore is empty, and
there is nothing to support the cells to continue
spreading outside. In the case that the pore is
large enough, for example, comparable with the
cell size as shown in Figure 5(f), the cells on the
edge of the pore may stop dividing; thus, the
proliferation rate would be slowed down. The cov-
ering of a pore by ECs, which is far larger than
EC, for example, the 40–50 mm in diameter in
Figure 5(h), probably was achieved by cell spread-
ing from around the area to the pore center. The
thermally induced phase separation process usu-
ally does not generate penetrative pores with
sharp edges; the pores often slant into the mem-
brane body, and there are filaments passing
through the pores [Fig. 4(b)]. In this special case,
the pore is more like a “pit” than a “hole” [Fig.
4(c)]. The slanting area on the edge of the pore
could act as a supporting “bridge” that induces
the cells to grow over the pore to form a concave
cell colony shape, as shown in Figure 5(h). The
sediment of some substance like proteins in the
culture medium into the pore may further facili-
tate this spreading process.

CONCLUSIONS

Concentrated sulfuric acid oxidation was proven
to be effective to introduce hydroxyl groups onto
PS membrane surfaces, which resulted in a
steady decreasing of water contact angle along
with the oxidation time. The PS membranes
treated at 28.5°C for 5 to 60 min displayed cell
compatible property and could be used as sub-
strata to support endothelial cell growth. PS
membranes with various pore sizes ranged from
nonporous to several decades’ micrometers, which
were fabricated by thermally induced phase sep-

aration, were employed to study the cell response
to the surface morphology in vitro. It was ob-
served that ECs on the PS membrane surfaces at
the fourth day were inversely proportional to the
pore size; the smaller the pore size, the larger
amount of ECs existing on the membrane sur-
faces. It is supposed that the existence of pores on
membrane surface might generate some disad-
vantageous resistance to the spreading of cells.23
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