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P
olymeric substrates intended for cell
culture and tissue engineering are
often surface-modified to facilitate cell

attachment for most anchorage-dependent
cell types. Themodificationalters the surface
chemistry1 and probably topography.2 How-
ever, scant attention has been paid to other
surface property alterations.3,4 In studying
oxygen (O2) plasma treatment of polydi-
methylsiloxane (PDMS), we show that the
surface modification can alter the mechan-
ical property of the substrate in addition to
chemistry and topography, which signifi-
cantly influences the behavior of human
mesenchymal stem cells (hMSCs).
PDMS has seenwidespread use in biolog-

ical and biomedical research because of its
appealing characteristics, such as biocompat-
ibility, optical transparency, gas permeability,
and rapid prototyping.5 For instance, it is
widely used to build microfluidic systems,6�8

used as a stamp for chemical patterning
to guide cell adhesion,9�11 or fabricated with
various topographical features12�15 and elas-
ticity16�19 for studies of cell�substrate inter-
actions. Because of the hydrophobic nature,
the PDMS surface is usually treated with O2

plasma to render it a hydrophilic surface to
enhance protein adsorption, promote cell
adhesion, or serve as nanochannels for nano-
fluidic manipulaton.20,21

In practice, not enough attention has been
paid to the surface property change of PDMS
after O2 plasma treatment. Study showed
that, immediately after the treatment, the
contact angle dramatically dropped from
104.9 ( 3.6� of the pristine PDMS (Sylgard
184 kit, unless otherwise specified) to less
than 10�, and the contact angles recovered
over time by following different paths (see
Figure S1 in the Supporting Information).

Although enormous efforts have been made
to study this process,22�25 the understand-
ing of this process remains incomplete and
sometimes controversial due to variation in
sample preparation and process parameters.
Therefore, we systematically investigated
the effects of O2 plasma treatment on PDMS,
in terms of chemistry, topography, and me-
chanical property as well as their recovery
process, and examined how these changes
influenced the adhesion and differentiation
of hMSCs.

RESULTS AND DISCUSSION

Upon exposure to O2 plasma, the silane
(Si-CH3) groups at the PDMS surface were
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ABSTRACT Polymeric substrates intended for

cell culture and tissue engineering are often sur-

face-modified to facilitate cell attachment of most

anchorage-dependent cell types. The modification

alters the surface chemistry and possibly topogra-

phy. However, scant attention has been paid to

other surface property alterations. In studying

oxygen plasma treatment of polydimethylsiloxane

(PDMS), we show that oxygen plasma treatment

alters the surface chemistry and, consequently, the topography and elasticity of PDMS at the

nanoscale level. The elasticity factor has the predominant effect, compared with the chemical

and topographical factors, on cell adhesions of human mesenchymal stem cells (hMSCs). The

enhanced focal adhesions favor cell spreading and osteogenesis of hMSCs. Given the prevalent

use of PDMS in biomedical device construction and cell culture experiments, this study

highlights the importance of understanding how oxygen plasma treatment would impact

subsequent cell�substrate interactions. It helps explain inconsistency in the literature and

guides preparation of PDMS-based biomedical devices in the future.
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converted to silanol (Si-OH) groups and the surface
became hydrophilic (Figure 1a). The resultant silanol
groups might condense with the neighboring silanol
groups to form a brittle layer where silicon might
be bonded to three or four oxygen atoms (SiOx).

24

Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectra showed that, compared with pris-
tine PDMS, the plasma-treated PDMS surface exhibited
clear hydroxyl bands. The key plasma process param-
eters are radio frequency (RF) power (watt or W),
chamber pressure (millitorr or mT; 1 mT = 0.133 Pa),
and exposure time (s). The RF power and chamber
pressure determine the plasma intensity. The exposure
time defines the plasma dosage. Depending on the
process parameters, the bands had different ampli-
tudes (Figure 1b). After 7 days, the difference in the
hydroxyl band between these PDMS surfaces was
undetectable (Figure 1c).
We further examined the topography of the

PDMS surfaces using atomic force microscopy (AFM)
(Figure 2). The pristine PDMS had a smooth surface
with a root mean square (rms) roughness of 0.65 nm.
After exposure to plasma at low intensity (300 mT,
20 W) for 10�30 s, the surface became even smoother
(rms = 0.24 nm), attributed to the conversion of the
silicon structure to SiOx-rich structure, thereby reduc-
ing the specific volume and smoothing the surface

layer. However, with a prolonged exposure time
(120 s), straight cracks were observed because the
prolonged densification of the SiOx layer led to a
buildup of tensile stress.24 Note that similar topogra-
phy could be rendered using different combinations of
process parameters. For instance, a smooth surface
was generated at 50mT and 10W for 5 s, and a cracked
surface at 300 mT and 50 W for 30 s. The advance in
scanning probe microscopy enables us to map topo-
graphy and elasticity simultaneously in a single
scan.26,27 On the cracked surface, the elasticity map-
ping revealed that the smooth surface outside the
crack had a Young's modulus (elasticity) of 46.4 (
4.2 MPa, 12 times higher than that of pristine PDMS,
3.4( 0.2MPa (Figure 2a), confirming the formation of a
stiffer layer. At the bottom of the crack, the elasticity
was 9.2 MPa, between the values of the stiffer layer and
the pristine PDMS. Continuous exposure of the PDMS
surface to plasma resumed the oxidation but did not
change the quantity of the cracks as observed up to
30 min (data not shown).
At high plasma intensity (300 mT and 100 W),

wiggled cracks formed even at an exposure time as
short as 10 s. More cracks formed, and the surface
became rough over time. The roughness increased as
a function of the exposure time. Again, a similar rough
surface was formed with a different parameter set

Figure 1. O2 plasma changed the chemistry of the PDMS surface. (a) Illustrative diagram of O2-plasma-induced oxidation of
the PDMS surface. ATR-FTIR spectra of PDMS substrates (b) 10 min after the O2 plasma treatment and (c) aged at ambient
conditions for 7 days.
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(100 mT, 100W, 15 s). A close examination at 1 μm scale
showed that there was no correspondence between
the topography and elasticity (Figure 2b). For example,
the topographical peaks (spots 1 and 2) could be either
a peak (spot 1) or a valley (spot 2) in elasticity, or the
topographical valley (spots 3 and 4) could be a valley
(spot 3) or peak (spot 4) in elasticity. It was postulated
that the high plasma intensity resulted in sudden chem-
ical change and drastic buildup of the stress locally,
which generated enormous cracks, similar to the forma-
tion of the cracks on dried mud. Due to the smaller size,
usually at the nanoscale, the cracked surface might go
through reconstruction and formamixture of soft silicon
pieces and rigid SiOx-rich pieces. Therefore, the elasticity
(Young's modulus) is independent of topography.
When the exposure time was fixed at 30 s, the

surface roughness, compared with the pristine PDMS,
changed from smoother surfaces to rougher surfaces,
depending on the energy input (Figure 2c). In addition,
through regulation of the relief of the plasma-induced
residual stress using micropatterns, regular nano- and
microscale patterns could be formed (Figure S2).28

In brief, by changing the plasma parameters, smooth,
cracked, or rough surfaces could be generated as
evidenced in the SEM observations (Figure S3).
Being thermodynamically unstable, the topography

recovered over time (Figure 3). On a smooth surface

(Figure 3a), the sparsely distributed nanoscale drops
appeared on the surface slowly, resulting in a slight
increase in the roughness. The dark spots in the phase
image indicated soft materials. Previous studies indi-
cate that these soft materials are lowmolecular weight
(LMW)molecules including un-cross-linked PDMSmol-
ecules and the residual curing agent.24,25,29 Because
the LMW molecules had to diffuse through the dense
SiOx layer from the interior to the surface, the recovery
was slow. The scenario was different when cracks
formed. Figure 3b shows that LMWmolecules appeared
preferentially surrounding the cracks, coalesced,
spread, and covered more surface area over time. The
cracks provided a locus for the surface-tension-driven
diffusion of LMW molecules.23 The rough surface also
provided the enormous openings for the diffusion, and
the roughness decreased in an exponential manner
(Figure 3c). It was noticed that the migration of LMW
molecules was expedited by the frequent scanning of
the AFM tip (Figure S4). Nevertheless, it was clear that
topographical recovery was affected by the diffusion of
LMW molecules, ultimately dependent on the plasma
process parameters.
Equally important, plasma oxidation altered the

elasticity of the PDMS surface (Figure 4). Because
oxidation converted the soft silicon structure to the
stiff SiOx structure, the more the surface was oxidized,

Figure 2. O2 plasma oxidation altered the topography of PDMS surfaces. The effects of the plasma treatment on the
topography of PDMS substrates were summarized: the evolution of topography as a function of exposure time was
demonstrated along the horizontal direction, while the influence of plasma intensity on topography was exhibited vertically.
The scanning scale for all of the images was 5 μmexcept two cases: 300mT, 300W for 30 s and 300mT, 600W for 30 s, which
had a scanning size of 15 μm. (a) Young's modulus curve across a crack. The inspection line was indicated by the white line
over the 2-D image of the PDMS surface plasma-treated at 300mT and 50W for 30 s. (b) Topography (top panel) and Young's
modulus (bottompanel) images over a 1 μm� 1 μmarea of the PDMS surface plasma-treated at 100mT and 100W for 15 s. (c)
Surface roughness as a function of the RF power. The chamber pressure and the exposure timewere kept unchanged: 300mT
and 30 s, respectively. The roughness increasedwhen the RF power increased. The curve through the data points is for visual
guide only.
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the stiffer the surface became. The stiffer layer may be
up to several hundred nanometers in thickness.30

Smooth surfaces had narrower modulus distribution
than that of rough surfaces. Over time, the elasticity of
PDMS surfaces decreased because the LMWmolecules
diffused out and accumulated at the surface. In sum-
mary, O2 plasma oxidation altered the surface chem-
istry and, consequently, the topography and elasticity
of PDMS at the nanoscale level.
We next investigated the response of hMSCs to the

nanoscale property alterations. The cells were seeded
on the PDMS surfaces without protein coating
(Figure 5a). After 7 days of culture, hMSCs exhibited a
higher density on the treated PDMS surfaces than that
on the pristine PDMS (see Table S1 in Supporting
Information); the cells formed distinct cell adhesion
complexes (paxillin-labeled) and developed mature
stress fibers on the treated surfaces, while the cell
adhesions were diffuse on the pristine PDMS. The
difference in cell adhesions was quantitatively assessed
using Western blot. There was no correspondence
between paxillin expression and the roughness. Strik-
ingly, the amount of paxillinmonotonically increased as
a function of the Young's modulus; there was about
4-fold increase when the Young's modulus increased
from 3.4 to 131 MPa (Figure 5b). The difference in

paxillin could not be attributed to the surface chemistry
because the chemistry of these substrates at day 7 was
similar to that of pristine PDMS (Figure 1c). Evidently,
the substrate elasticity, instead of topography or sur-
face chemistry, was themajor regulator of cell adhesion
complexes. This elasticity effect was alleviated when
the PDMS substrates were precoated with type I col-
lagen (Figure S5).
Further, this elasticity effect on different stages of

cell adhesion was investigated by immunostaining the
nascent focal complexes Arp2/331 and mature focal
adhesions zyxin.32 Arp2/3was stainedprimarily around
the periphery of the cells, and no obvious difference
was detected (Figure S6). Zyxin was diffuse on the
pristine PDMS but became distinct with increasing
elasticity (Figure S7). Western blot analysis (Figure 5c)
showed that the Arp2/3 expression was independent
of the elasticity; however, zyxin increased with an
increase in Young's modulus up to 50 MPa and leveled
off afterward.
Notably, there was a drop of zyxin for the freshly

prepared cracked and rough PDMS surfaces, 122 and
131 MPa; in contrast, on the same substrates but aged
for 7 days (i.e., 96.6 and 59.5 MPa), the zyxin expression
was higher. Considering that the freshly prepared
DPMS surfaces went through a quick recovery initially

Figure 3. Topographical recovery of the oxidizedPDMSsurfaces. The PDMS substrates in both (a) and (b) were oxidized at 300mT
and 20 W for 120 s. (a) Recovery of a smooth surface away from the crack; 9.5 h after the treatment, no detectable changes
were observed on both topography and phase images. After 47.8 h, two light dark spots (yellow arrows) were observed in the
phase image. At 70.1 h, these two spots became darker and more spots were observed. The change of the roughness over a
scanning scale of 5 μmwas summarized in the plot. (b) Recovery of a cracked surface. The images in the left and right columns
were topography and phase images, respectively. At 23.9 h after treatment, dark spots appeared along the crack in the phase
image, indicating that LMWmolecules diffused from the interior to the surface. At 46.9 h, more LMWmolecules diffused out
and spread. Over time, the dark spots coalesced and covered a larger area. (c) Recovery of a rough surface oxidized at 100mT
and 100 W for 15 s. The top panel summarizes the recovery at a scanning size of 5 μm over 3 weeks, exemplified by some
representative 3-D topography images. The black horizontal line indicates the roughness of the pristine PDMS. The lower
panels were the topographical (lower left) and phase (lower right) profiles which were taken from a representative line, as
labeled with the white line in the 3-D topography in the top panel. These profiles were aligned horizontally and offset
vertically for clarity. Right after the treatment, the surface was rough, as indicated with the peaks and valleys. Themagnitude
of the fluctuation decreased over time.
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Figure 4. Plasma oxidation induced the elasticity change of the PDMS surfaces. The PDMS surfaces were plasma-treated at
different conditions, and the AFMmeasurementswere conducted right after the plasma treatment as Day 0 or aged for 7 days
as Day 7. The 3-D topographies of the oxidized PDMS surfaces tagged with the Young's modulus and roughness
are presented. All of the substrates were Sylgard 184, except the substrates in the last column, which were Sylgard 186.
The Young's modulus of pristine Sylgard 186 is 0.7 MPa.

Figure 5. Surface property alterations induced by plasma oxidation influenced cell adhesions of hMSCs. (a) hMSCs adhered to the
PDMSsurfaceswithabroad spectrumofelasticity and roughness. Thefirst rowAFM images showed the3-D topographyof thePDMS
substrates, tagged with the Young's modulus and roughness. The second row showed that hMSCs had different density and
spreadingon thePDMSsubstrates. The third rowexhibitedcellmorphologyandcytoskeletonorganizationofhMSCs, and thepaxillin-
labeled focal adhesions in theboxed regions areenlarged in row4. Theyellowarrowheadspoint to the cell adhesion. (b)Westernblot
analysisofpaxillin,whichwasplottedas the functionof roughnessandYoung'smodulus. (c)WesternblotanalysisofArp2/3andzyxin
in hMSCs on the PDMS substrates. The hexane-extracted PDMS substrates are labeled using open diamonds. For the Western blot
analysis, the band intensity was normalized based on GAPDH and compared with that in the hMSCs on the pristine PDMS surface.
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(Figure 3b,c) while the aged ones weremore stable, we
postulated that the LMW molecules diffusing to the
surface act as a “lubricant” to hamper the formation of
focal adhesions (Figure S8). The PDMS substrates were
thus Soxhlet extracted with hexane for 72 h before the
plasma treatment. The hMSCs grown on the extracted
substrates exhibited a higher zyxin expression, match-
ing the general trend, as indicated with open diamond
symbols in Figure 5c.
This plasma-altered substrate elasticity and the lu-

bricated surface have a pronounced effect on cell
phenotypes such as osteogenesis of hMSCs (Figure 6).
Cell mineralization was evaluated by alizarin red S
staining (Figure 6a) and further quantitatively assessed
(Figure 6b). Osteogenesis was enhanced with an in-
crease in Young's modulus and also depressed for 122
and 131 MPa because LMW molecules hampered the
formation of mature focal adhesions. Extraction of the
LMW molecules brought the osteogenesis to the nor-
mal trend. In this study, the cells reached confluence
after 3 weeks, and the substrate elasticity mediated
the intracellular contractility through the mechanosen-
sory component such as zyxin, thus affecting cell
differentiation. Y-27632, an inhibitor of Rho kinase, was
then added to evaluate the influence of intracellular

contractility on osteogenesis. As expected, the addition
of Y-27632 lowered the level of osteogenesis (Figure 6),
confirming the effect of O2 plasma treatment and
ultimately intracellular contractility on osteogenesis of
hMSCs.

CONCLUSIONS

In this study, we showed that the O2 plasma treat-
ment altered the surface chemistry and, consequently,
the nanoscale topography and elasticity of PDMS. The
elasticity factor had the predominant effect, compared
with the chemical and topographical factors, on cell
adhesions of hMSCs. The enhanced focal adhesions
favored cell spreading and osteogenesis of hMSCs. The
diffusion of LMWmolecules diffusing from the interior
to the surface also influenced the surface topography
and elasticity, which had an inverse impact on focal
adhesions and osteogenesis. Given the prevalent use
of PDMS in biomedical device construction and cell
culture experiments, this study highlights the impor-
tance of understanding how O2 plasma treatment
would impact subsequent cell�substrate interactions.
It helps explain inconsistency in the literature and
guides preparation of PDMS-based biomedical devices
in the future.

MATERIALS AND METHODS

PDMS and O2 Plasma Treatment. PDMS resin and curing agent
(Sylgard 184 kit, Dow Corning; unless otherwise specified) with
a weight ratio of 10:1.05 were thoroughly mixed, degassed,
and poured onto a 150 mm polystyrene Petri dish (Becton,
Dickinson and Company). Different from the manufacturer
recommended ratio of 10:1, a slightly higher concentration of
curing agent was added to reduce the amount of uncured
oligomers.33 After curing for 2 h at 75 �C, the∼2mm thick PDMS
plate was punched into discs of two diameters, 1.5 and 2.2 cm,
for 24-well and 12-well plates, respectively.

Some discs were extracted with hexanes using the Soxhlet
extractor for 72 h. Upon completion of the extraction, the discs

were sandwiched between two clean glass plates overnight
in a chemical hood until the discs deswelled. These discs were
then placed in a vacuum oven at 70 �C before the plasma
treatment.

The discs, with the free surface facing up, were exposed to
oxygen plasma under predetermined conditions in a Phantom II
reactive ion etch (RIE)/inductively coupled plasma (ICP) gen-
erator (600 W, 13.56 MHz) from Trion Technology, Inc., USA. The
discs were placed at the center of the chamber to achieve a
uniform plasma exposure. The freshly treated samples were
labeled at day 0. At the end of the first day of aging, the samples
were labeled as day 1. Following this way, the samples aged at
the end of 7 days were labeled at day 7.

Figure 6. Osteogenesis of hMSCs on the PDMS substrates. (a) Alizarin red staining of hMSCs on the PDMS surfaces. The labels
with suffix “_ex” were substrates extracted with hexane for 72 h before O2 plasma treatment. The scanning area is 0.5 cm �
0.5 cm. (b) Quantification of cell mineralization. The gray bars represent the PDMS substrates, the blue ones the extracted
substrates, and the green ones denote when Y-27632 was added. Error bars represent means ( SD for n = 3.
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Contact Angle Measurement. The contact angles of deionized
water on PDMS substrates were measured in the static
mode using a Rame-Hart model 100 contact angle goniometer
(Ramé-Hart Instrument Co., NJ, USA). Coverslip was used to
support the PDMS substrates to eliminate the possible distur-
bance from bending the substrates. Droplets of about 3 μL
(the diameter of a spherical droplet is about 1.8 mm) were
gently deposited on the substrate using a micropipet. Three
to six measurements were taken at different locations on the
substrate, and the average was reported.

Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy
(ATR-FTIR). ATR-FTIR spectrawere recorded on aNicolet iS10 FTIR
spectrometer with a Smart Multi-Bounce Flat HATR. The PDMS
samples were clamped on a germanium reflection element, and
64 infrared spectra were averaged in the 600�4000 cm�1

spectra range, with 4 cm�1 resolution. The angle of the Ge
element is 45�, and its refractive index is 4.0. Taking the refractive
index of 1.4 for PDMS, the depth of penetration is about 2 μm for
the wavenumber of 3000 cm�1 and 0.66 μm for 1000 cm�1.

Atomic Force Microscopy. AFM characterization was performed
using a Digital Instruments Dimension 3100 scanning probe
microscope in the tapping mode under ambient conditions.
Topography and phase images were recorded simultaneously
at the fundamental resonance frequency of the cantilever, with
a typical scan rate of 1 Hz and a resolution of 512 samples per
line. The roughness reported has beenmeasured for a 5� 5μm2

area and corresponds to the root mean square (rms) value of
the surface heights. The mechanical property mapping was
conducted in HarmoniX mode in Veeco Metrology Inc. (Santa
Barbara, CA, USA).

Cell Culture. The hMSCswere supplied by Dr. D. Prockop from
Tulane Center for Gene Therapy at TulaneUniversity, NewOrleans,
LA. The hMSCs used in the experiments were at passage 3�6.
The hMSCs were cultured in complete culture media (CCM)
comprising R-minimum essential medium (R-MEM) supplemen-
ted with 16.5% (v/v) fetal bovine serum (FBS, Atlanta Biologicals,
Inc., Lawrenceville, GA, USA), 2 mM L-glutamine (Gibco/Invitrogen,
Carlsbad, CA, USA), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Gibco/Invitrogen, Carlsbad, CA, USA).

For osteogenic differentiation, hMSCs were cultured in CCM
for a week before being changed to osteogenic differentiation
media (CCM supplementedwith 10 nMdexamethasone, 20mM
β-glycerolphosphate, and 50 μM L-ascorbic acid 2-phosphate).
Three weeks later, the cells were fixed for alizarin staining. The
chemicals used are from Sigma-Aldrich Co., St. Louis, MO, USA.

The cell seeding densities were 12 000 cells/cm2 for focal
adhesion assays (immunofluorescence staining and Western
blot) and 20 000 cells/cm2 for differentiation assay.

Immunofluorescence Staining. Human MSCs were fixed in 4%
parafomaldehyde in phosphate buffered saline (PBS, Media-
tech, Inc., Herndon, VA) for 15 min at room temperature
and rinsed with PBS three times. The cells were permeabilized
in a blocking solution, which consists of 0.03 g/mL bovine
serum albumin (BSA, Sigma-Aldrich Co.) and 0.1% goat serum
(Sigma-Aldrich Co.) in 0.2% Triton X-100 (Sigma-Aldrich Co.)
in PBS for 1 h. Samples were then incubated with primary
antibodies at room temperature for 2 h. The concentrations
of the antibodies were 1:200 for antipaxillin (Epitomics,
Inc., Burlingame, CA, USA), 1:100 for anti-Arp3 (Abcam Inc.,
Cambridge,MA, USA) and 1:100 for antizyxin (Abcam Inc.). Upon
completion, the samples were washedwith fresh PBS five times,
10 min each, to remove nonspecific charges and minimize
background labeling. A secondary, biotin-conjugated antibody
(Alexa-Fluor488 goat anti-mouse antibody at 1:200 or Alexa-
Fluor 546 goat anti-rabbit antibody from Molecular Probes,
Invitrogen Co., Carlsbad, CA, USA) was added for 1 h at room
temperature, followed by subsequent washing as described
above. F-actin was fluorescent-stained with Oregon Green 488
phalloidin (Molecular Probes). The nuclei of the cells were
stained with 4,6-diamidino-2-phenylindole (DAPI, Molecular
Probes) for 15 min, at room temperature, followed by final
washing steps described above. The samples were then
mounted in Fluoro-Gel (Electron Microscopy Sciences, Hatfield,
PA, USA) for fluorescent imaging and viewedwith Zeiss LSM 510
inverted confocal microscope.

Cell Density Analysis. Human MSCs were cultured on PDMS
substrates for 7 days, fixed, and stained with DAPI as described
above. Fluorescence images were taken using 10� or 20�
objectives and analyzed using ImageJ (open source image
analysis software, downloaded from http://rsb.info.nih.gov/ij/
index.html). The nuclei were highlighted by adjusting threshold
of the brightness, outlined, and counted by using “Analyze
Particles” function. The cell density was expressed as mean (
standard error from 4 to 8 measurements.

Western Blot. After 7 days culture in CCM, the cells were
harvested and lysed in cold RIPA lysis buffer (Santa Cruz
Biotechnology, Inc., CA, USA). Proteins were separated by using
Ready Gel Tris-HCl gel (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and transferred to nitrocellulose membranes (BioRad),
blocked with 5% in TBST 0.1% (1� TBS þ 0.1% Tween 20),
immunoblotted with specific primary antibodies: mouse anti-
zyxin diluted at 1:1000, mouse anti-Arp3 antibody diluted
1:1000, rabbit antipaxillin diluted at 1:1000, and mouse anti-
GAPDH diluted 1:800 (Abcam Inc.), and detected using horse-
radish peroxidase-conjugated secondary antibodies (BioRad)
and Amersham ECL Plus (GE Healthcare, Piscataway, NJ, USA)
as a chemiluminescent substrate. GAPDH was used as a loading
control.

Densitometric analysis was performed using an Alpha-
Innotech imaging system (Fluorchem FC2). The protein bands
were corrected against GAPDH, compared with those in cells
cultured on pristine PDMS, and plotted with respect to the
roughness or Young's modulus.

Osteogenesis: Alizarin Red S (ARS) staining. To evaluate miner-
alized matrix (osteogenesis), hMSCs were fixed with 4% for-
maldehyde for 1 h and stained with 1% alizarin-red S (Sigma-
Aldrich) solution in water for 20 min. After staining, the samples
were washed several times to minimize nonspecific, back-
ground staining and viewed under Nikon Eclipse TE 2000-U
inverted microscope. Each image taken was a collection of
14 � 19 smaller images taken with the 20� objective, thus the
resultant large image measures about 0.5 cm by 0.5 cm.

ARS staining was further quantitatively assessed according
to a published protocol.34 Briefly, 400 μL of 10% (v/v) acetic acid
was added onto each well of 12-well plates for 30 min with
shaking. The monolayer was scraped from the PDMS discs and
transferred into a 1.5 mL microcentrifuge tube. The tube was
heated to 85 �C for 10 min and then centrifuged at 20 000g
for 15 min. Then, 250 μL of the supernatant was transferred
into a new 1.5 mL tube and neutralized by the additional 100 μL
of ammonium hydroxide (10% v/v). Aliquots (150 μL) of the
supernatant were read in triplicate at 405 nm in 96-well format
with a spectrophotometric microplate reader (Bio-Rad 680,
USA). The readouts were normalized based on that of pristine
PDMS.

To evaluate the influence of intracellular contractility on
osteogenesis, Y-27632 was then added at 2 μM every another
day. After 3 weeks, no obvious difference was observed in cell
spread and morphology when compared with those without
the inhibitor.
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