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Yuejun Kang*a

In recent years, poly(dimethylsiloxane) (PDMS)-based microfluidic devices have become very popular for

on-chip cell investigation. Maintenance of mammalian cell adhesion on the substrate surface is crucial in

determining the cell viability, proliferation and differentiation. However, the inherent hydrophobicity of

PDMS is unfavourable for cell culture, causing cells to eventually dislodge from the surface. Although

physically adsorbed matrix proteins can promote initial cell adhesion, this effect is usually short-lived. To

address this critical issue, in this study, we employed (3-aminopropyl) triethoxy silane (APTES) and cross-

linker glutaraldehyde (GA) chemistry to immobilize collagen type 1 (Col1) on PDMS. These modified sur-

faces are highly efficient to support the adhesion of mesenchymal stem cells (MSCs) with no deterioration

of their potency. Significant changes of the native PDMS surface properties were observed with the pro-

posed surface functionalization, and MSC adhesion was improved on PDMS surfaces modified with APTES

+ GA + Protein. Therefore, this covalent surface modification could generate a more biocompatible plat-

form for stabilized cell adhesion. Furthermore, this modification method facilitated long-term cell attach-

ment, which is favourable for successful induction of osteogenesis and cell sheet formation with an

increased expression of osteogenic biomarkers and comparable extracellular matrix (ECM) constituent

biomarkers, respectively. The surface silanization can be applied to PDMS-based microfluidic systems for

long-term study of cellular development. Similar strategies could also be applied to several other substrate

materials by appropriate combinations of self-assembled monolayers (SAMs) and ECM proteins.

Introduction

Poly(dimethylsiloxane) (PDMS) has been increasingly exploited
to develop biological platforms or microfluidic devices for cell
and tissue engineering applications due to the precision in
controlling the micro-environment with minimal bio-reagent
consumption and experimental costs.1 While several other bio-
materials can be considered for similar fabrication purpose,
PDMS is still widely utilized for rapid prototyping in the
exploratory stages of fundamental research due to its versati-
lity, transparency, gas permeability, low cost and ease of fabri-
cation.2,3 However, the highly hydrophobic nature of PDMS
often renders a non-biocompatible surface for long-term cell
analysis.4–7 Although many have improved the bio-compati-
bility of PDMS by oxygen plasma treatment to improve the

surface wettability or protein coating to enhance cell adhesion,
these effects are often transient. For example, hydrophobic
recovery is often observed on the plasma-treated PDMS surface
depending on the time and temperature;8,9 and cell aggrega-
tion or clumping occurs on protein-coated PDMS when the cell
population reaches confluence.4 These problems have limited
the advancement of microfluidic technologies towards the
development of microdevices for long-term cell studies. There-
fore, there is a need for surface modification of the PDMS sub-
strate to improve its bioaffinity for stabilized cell culture.

Surface properties play a pivotal role in mediating
stem cell behaviour, including adhesion, proliferation and
differentiation.10–13 Modification of surface chemistry can
potentially be applied to encourage stable and long-term cell
attachment and facilitate an efficient cell–substrate inter-
action. It was found that silanization of PDMS could lead to
the formation of a cross-linking self-assembled monolayer
(SAM), which had proven to be an efficient strategy to stabilize
the protein immobilization on PDMS in many studies.14–16

Inspired by these early studies, we had recently demonstrated
that chemical modification with (3-aminopropyl)triethoxy
silane (APTES) and glutaraldehyde (GA) could change the
surface chemistry, wettability and protein binding affinity on†These authors contributed equally to this work.
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the PDMS substrate.17 These changes had induced construc-
tive and synergistic effects on cell adhesion, morphology, and
proliferation of the mesenchymal stem cells (MSCs). While the
chemical modification could enhance cell adhesion and pro-
liferation in a short time frame, some important questions of
this application related to tissue engineering remain unsolved.
For example, it is still unclear if the chemical modification
could stabilize the cell adhesion upon confluence, and how it
could affect the potency of the adhered MSCs during a long-
term culture.

One of the major applications of MSCs in regenerative
medicine is the differentiation of stem cells towards the osteo-
genic lineage for further use in bone regeneration. Besides
that, MSCs have been recently exploited to develop continuous
cell sheets as an alternative strategy to benefit stem cell-based
tissue engineering, such as blood vessels,18 cartilage,19 bone,20

and myocardial.21 To explore the effect of different cues (e.g.
chemical, mechanical and growth factors) on the stem cell
potency, long-term cell adhesion and stability for several
weeks on the substrate surface are necessary for in vitro obser-
vation and analysis. Therefore, in this study, we performed
PDMS surface silanization by APTES with/without GA, followed
by protein immobilization using collagen type 1 (Col1), and
evaluated the stability of the confluent cell layer and the
potency of adhered MSCs for up to three weeks (Fig. 1).

Experimental
Silanization of PDMS

The protocol of PDMS silanization was adopted from a pre-
vious study.17 Specifically, ten parts of the silicone elastomer
base and one part of the curing agent (SYLGARD®, Dow
Corning, USA) were homogeneously mixed, cast into individual
wells, and degassed for 30 min to remove air bubbles in a

vacuum chamber. The degassed PDMS was then cured at 70 °C
for 90 min. The crosslinked PDMS substrates were divided into
three groups with their surfaces modified accordingly. Two
groups of PDMS surfaces were plasma-treated for 3 min in a
plasma cleaner (Harrick Plasma-PDC 32G, USA), incubated
with 10% APTES (Sigma Aldrich, Singapore) for 2 h at 54 °C
and washed twice with distilled water. Following that, one of
the APTES-treated groups was further incubated with 2.5% GA
(Sigma Aldrich, Singapore) solution for 1 h at room tempera-
ture, and then washed twice with distilled water. These pro-
cedures produced one unmodified group, one APTES-silanized
group and one APTES + GA-silanized group. All the three
groups were then immersed in 0.1 mg ml−1 of Col1 solution
(Life Technologies, Singapore), and stored at 4 °C overnight
before washing twice with distilled water. All PDMS substrates
were exposed to UV sterilization for 60 min prior to cell
seeding. Standard tissue culture plates (TCP) (Nunc, Singa-
pore) were used as a control for the intended study.

Surface characterization

The hydrophobicity of each PDMS surface was evaluated by
measuring the water contact angle with a Theta Optical Tensio-
meter (Attension, Finland). Briefly, 5 µl of MilliQ water
droplet with a resistivity >10 MΩ was brought into contact with
different PDMS surfaces, and the contact angles were
measured using a static sessile drop tangent method with the
Drop Shape Analysis software. The contact angle was defined
as the angle formed between the substrate surface and the
tangent to the drop surface. At least 3 points of contacts were
analyzed for each PDMS substrate.

The surface roughness of the PDMS substrates was deter-
mined by atomic force microscopy (AFM, MFP-3D, Asylum
Research, CA, USA) with a tapping mode AFM probe, which
comprised a silicon tip with a radius of 28 ± 10 nm and the
spring constant range of 0.5–4.4 N m−1. 20 μm × 20 μm topo-
graphical images were scanned at 0.8 Hz, a set point of 0.7 V
and a resolution of 256 pixels. At least 3 points of contacts
were analyzed for each PDMS substrate.

Stability of surface proteins

A micro-BCA Protein Assay Kit (Thermo Scientific, Singapore)
was used to quantify the amount of proteins that were retained
on different PDMS substrates at day 1, day 7 and day 14,
respectively, after the surface modification. During each assay,
the PDMS surfaces were incubated with 0.05 vol% Tween 20
(Sigma-Aldrich, Singapore) for 30 min on a shaker followed by
washing twice with nuclease-free water to remove loosely
bound or non-adherent protein molecules. The attached pro-
teins were then determined according to the stated protocol in
the Micro-BCA Protein Assay Kit, where the absorbance of
specimens was measured at 562 nm with a Multiskan Spec-
trum microplate reader (Thermo Scientific, Singapore). For all
the PDMS surfaces tested, the results were expressed as the
amount of proteins retained on the surfaces.

Fig. 1 Schematic illustration of PDMS surface modification by APTES ±
GA + Protein crosslinking and subsequent cell culture.
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Cell culture

MSCs from porcine bone marrow aspirates were harvested and
cultured according to the institutional guidelines of Nanyang
Technological University. Under aseptic conditions, the bone
marrow was aspirated from the iliac crest of porcine with an
aspiration needle loaded with 3000 units of heparin. The bone
marrow was then washed with 1 × PBS (1st Base, Singapore),
and the bone marrow stromal cells were collected by centrifu-
gation at 150g for 10 min. Following that, the collected cells
were resuspended in Dulbecco’s modified Eagle medium
(DMEM) (Life Technologies, Singapore) supplemented with a
10% Fetal Bovine Serum (FBS) (Life Technologies, Singapore),
penicillin (100 U ml−1) and streptomycin (100 µg ml−1)
mixture (Life Technologies, Singapore) and 2 mM Glutamax™
(Life Technologies, Singapore) prior to seeding them into a
culture flask, and cultured at 37 °C under a humidified atmos-
phere with 5% CO2. After 72 h, non-adherent cells were
washed away, and the adhered MSCs were further expanded
upon reaching confluence. Only MSCs of passages 2–4 were
used for experiments.

Osteogenic differentiation

6000 cells cm−2 were seeded to adhere on the substrate sur-
faces prior to osteogenesis. Induction of osteogenic differen-
tiation in MSCs was initiated by introducing the osteogenic
medium, comprising low glucose DMEM supplemented with
10% FBS, 50 μg ml−1 ascorbic acid, 1 mM sodium pyruvate,
100 U/100 μg penicillin/streptomycin, 1× glutamax, 10 mM
β-glycerophosphate, and 10−7 M dexamethasone. The cells
were then cultured under a humidified atmosphere with
5% CO2 and the differentiation medium was changed every
2–3 days. At least 3 specimens were collected for each indivi-
dual analysis.

Cell sheet formation

3 × 104 cells cm−2 were seeded to adhere on the substrate sur-
faces prior to cell sheet formation. MSC sheet formation was
induced with low glucose DMEM supplemented with 50 μg
ml−1 of ascorbic acid. The cells were then cultured under a
humidified atmosphere with 5% CO2 and the differentiation
medium was changed every 2–3 days. At least 3 specimens
were collected for each individual analysis.

Histological staining

Osteogenic cells (day 21) and cell sheets (day 14) were washed
once with 1 × PBS before being fixed with 10% formalin

overnight. Then the cells were washed with 1 × PBS before his-
tological staining.

To assess the osteogenic differentiation of MSCs on
different modified surfaces, cells were immersed in Alizarin
red solution for 5 min followed by gentle washing with dis-
tilled water until nonspecific staining was removed. On the
other hand, MSC cell sheet formation on different modified
surfaces was assessed by Picro Sirus red staining. Briefly, the
cells were immersed in the Sircol Dye Reagent (Biocolor,
County Antrim, United Kingdom) and washed twice with
0.05% glacial acetic acid (Merck Millipore, Singapore). The
images of cells stained with Alizarin red were captured with a
Canon 50D DSLR Camera (Canon, Singapore) while the cell
sheets stained with Picro Sirius red were imaged with an
Olympus IX71 inverted microscope equipped with polarizing
lens (Olympus, Singapore).

Gene expression

The cell sheet and osteogenic cells were collected after 2
weeks. The total RNA was extracted with the RNeasy Kit
(Qiagen, Singapore), and its concentration was quantified with
a Nanodrop ND2000 (Thermo Scientific, Delaware, USA).
100 ng of total RNA was then reverse-transcribed to cDNA with
an iScript™ cDNA synthesis kit (Biorad Laboratories, Singa-
pore). A real time polymerase chain reaction (PCR) assay using
the SYBR PCR Master Mix Kit (Life Technologies, Singapore)
and StepOnePlus™ Real Time PCR Systems (Life Technologies,
Singapore) were used to measure the mRNA expression level of
osteogenic differentiation and MSC sheet associated gene
markers. Primers used to amplify the reverse-transcribed
cDNA are listed in Table 1. The primers for quantifying gene
expression include osteocalcin (OCN) and alkaline phospha-
tase (ALP) for osteogenic differentiated cells, and Col1 and
β-Catenin for cell sheet formation. Real-time PCR was initiated
at 95 °C for 10 min, followed by 40-cycle amplification com-
prising a denaturation step at 95 °C for 15 s, and an extension
step at 60 °C for 1 min. All data were normalized to the
GAPDH mRNA level, and later expressed as the mRNA relative
change with reference to the MSCs prior to differentiation
using the Livak method.

Statistical analysis

The statistical significance between the two groups was deter-
mined by Student’s t-test using the Minitab 16 Statistical Soft-
ware (Minitab Inc., PA, USA). All experiments were performed

Table 1 Primer sequences for specific genes in real time polymerase chain reaction

Gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)

Collagen type 1 CAGAACGGCCTCAGGTACCA CAGATCACGTCATCGCACAAC
Alkaline phosphatase ATGAGCTCAACCGGAACAA GTGCCCATGGTCAATCCT
Osteocalcin TCAACCCCGACTGCGACGAG TTGGAGCAGCTGGGATGATGG
Runx2 GAGGAACCGTTTCAGCTTACTG CGTTAACCAATGGCACGAG
β-Catenin TACCGTTGGATTGATTCG GTCAGAGGTGCTGTGGCT
GADPH GCTTTGCCCCGCGATCTAATGTTC GCCAAATCCGTTCACTCCGACCTT
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at least thrice, and a p-value <0.5 was considered statistically
significant.

Results and discussion

In this study, the PDMS surface was silanized with APTES + GA
or APTES only prior to Col1 immobilization (Fig. 1). The PDMS
surface properties were then analyzed and their effect on the
stability and potency of MSCs was evaluated.

The surface wettability of the native PDMS as characterized
by the water contact angle exhibited a hydrophobic surface
property (108.63° ± 3.46°). Although Col1 adsorption resulted
in a slight decrease of contact angle, the surface of PDMS +
Col1 still remained hydrophobic (97.33° ± 4.00°). Surface sila-
nization is known to significantly reduce the hydrophobicity of
the PDMS surface,17 as confirmed in this study, showing that
PDMS silanization by APTES with/without GA could reduce the
contact angle to the hydrophilic region (<60°). Col1 protein
adsorption on these chemically modified surfaces led to
further reduction in the contact angle (<50°) (Fig. 2).

The unmodified PDMS exhibited a root-mean-square (RMS)
roughness of 2.895 ± 0.085 nm, which increased notably to
13.17 ± 0.68 nm when coated with the Col1 protein (Fig. 3).
The non-uniform substrate topography suggested protein
aggregation on the unmodified PDMS surface. In contrast, the
APTES-modified PDMS displayed the lowest roughness (0.229 ±
0.039 nm), and there was no significant difference before
and after Col1 coating (0.2184 ± 0.01 nm). Meanwhile,
additional cross-linking with GA after silanization resulted in
higher roughness (6.952 ± 2.555 nm) with formation of evenly
distributed nano-ridges. Coating of Col1 on the PDMS modi-
fied with APTES + GA further brought the roughness down to
2.555 ± 0.35 nm without evident protein aggregation.

Silanization of the PDMS surface with APTES with/without
GA enables the formation of self-assembled monolayers of
molecules with reactive functional groups (–NH2 or –COOH)

and specific covalent binding with proteins.14,16 Effective
matrix protein immobilization on the substrate is necessary to
promote stable cell adhesion at the focal adhesion domains,
thus aiding in long-term cell culture. The stability of the
attached Col1 on the modified PDMS surfaces with APTES only
or APTES + GA was investigated for up to 2 weeks. A higher
amount of the surface bound Col1 was observed on the chemi-
cally modified PDMS as compared to the native PDMS (Fig. 4),
which was attributed to the establishment of stable covalent

Fig. 2 Average contact angles measured on unmodified and chemically
modified PDMS surfaces, with and without Col1 coating. The data are
shown as the mean ± SD. *p value of <0.05 between two groups under
comparison. #p value of <0.05, as compared to the modified PDMS sur-
faces with or without Col1 coating.

Fig. 3 Substratum topography (A) and RMS roughness (B) of unmo-
dified and chemically modified PDMS surfaces, with and without Col1
coating. *p value <0.05 between two groups under comparison. #p
value <0.05, as compared to the chemically modified PDMS surfaces,
with or without Col1 coating.

Fig. 4 Amount of the surface bound protein (Col1) measured on the
unmodified and chemically modified PDMS surfaces on day 1, day 7 and
day 14, respectively. The data are shown as the mean ± SD. *p value of
<0.05 between any two groups.
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linkages between the protein and the chemically modified
PDMS surface. The relative increase of the surface bound
protein at day 7 as compared to day 1 suggested a progressive
increase in the strength of covalent linkages between the
protein and substrates. However, as the incubation time
reached day 14, the amount of the surface protein declined as
compared to day 7, which could be due to the protein degra-
dation under incubation conditions (37 °C and 5% CO2).
Nevertheless, the chemically modified PDMS surface showed
an improved surface protein immobilization and stability com-
pared to the native PDMS.

The use of MSCs in osteogenic differentiation and cell
sheet engineering is often investigated in vitro to improve
MSC-mediated tissue regeneration. MSCs were cultured in two
different culture media to induce osteogenesis and cell sheet
formation, and their cell adhesion was monitored with a
phase contrast microscope (Fig. 5). Initial cell seeding after 6 h
was observed on all surfaces (day 0). However, total cell dis-
sociation was observed as clumps of cell aggregation (dark
spots in the 2nd column of Fig. 5) on unmodified PDMS sur-
faces, although with Col1 coating during both osteogenic
differentiation (day 21) and cell sheet formation (day 14). The
instability in cell adhesion on these native PDMS surfaces

could be due to the hydrophobic recovery over time (Fig. 2)
and the weakly bound matrix proteins (Fig. 4). In contrast, on
the silanized surfaces with APTES and Col1 coating, minimal
or no cell dissociation (Fig. 5) was observed in either osteo-
genic differentiation or cell sheet formation. It is known that a
higher roughness profile could provide a higher surface area
for the cell–substrate interaction and thus encourage cell
adhesion and proliferation.22–27 Although the surface rough-
ness was rather low on the chemically modified PDMS with
APTES + Col1 (Fig. 3), the stability of confluent cell layer
adhesion was significantly improved.

In addition, the PDMS surface modified with APTES + GA +
Col1 exhibited a higher roughness profile (Fig. 3), improved
surface wettability (Fig. 2), increased protein adsorption
(Fig. 4), and thus further stabilized the cell adhesion at conflu-
ence with no observable incidents of cell dissociation (Fig. 5).
As shown in our previous study, the surface silanization was
able to enhance the proliferation of individual MSCs on the
PDMS substrate.17 Compared to the conventional TCP, chemi-
cally modified PDMS surfaces provided a much more stable
platform for long-term cell adhesion and proliferation. These
results suggest that the behaviour of MSCs was not influenced
by a single factor but rather by the interrelation of multiple

Fig. 5 Investigation on osteogenic differentiation of MSCs and MSC sheet formation on unmodified and chemically modified PDMS substrates with
Col1 immobilization. The TCP surface was used as a control (scale bar: 200 μm).
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contributing factors, i.e. the synergic effect of the surface func-
tional group, improved surface wettability and higher protein
adsorption.

The MSC–substrate interaction is crucial for osteogenic
differentiation, and it is therefore important to evaluate the
effect of specific surface chemistry for its suitability in long-
term cell culture. For instance, numerous studies had demon-
strated that enhanced osteogenic differentiation could be
achieved by increasing the roughness profile of a substrate,
reducing the surface hydrophobicity,28 providing functional
groups that facilitate surface protein attachment29,30 and sub-
jecting MSCs to nano-topographical cues.31

Chemically modified PDMS surfaces with APTES ± GA +
Col1 present a hydrophilic surface (Fig. 2) with functional
groups that facilitate better attachment of the Col1 protein
(Fig. 4). As Col1 promotes the proliferation29 and osteogenesis
of MSCs,29,30 the increased Col1 immobilization on APTES ±
GA modified PDMS surfaces could enhance osteogenic differ-
entiation. Furthermore, nano-ridge formation after treatment
of APTES + GA + Col1 provided nano-topological cues (Fig. 3)
that could possibly direct MSC differentiation towards osteo-
genic lineage.31 For further verification, osteogenic markers
and bio-mineralization of osteogenic MSCs were assessed. The
osteogenic lineage formation was demonstrated by Alizarin red
staining, whereby the presence of brick-red nodules revealed
the mineralization during osteogenic differentiation (Fig. 6A).
Unmodified PDMS surfaces showed minimal staining while
intense staining was observed on both chemically modified

surfaces. Meanwhile, the osteogenic lineage on the TCP
surface showed a weaker staining as compared to the modified
PDMS surfaces. These results indicated that silanized PDMS
surfaces were capable of enhancing mineralization than the
conventional TCP surfaces (Fig. 6A) yet stabilizing the MSC
adhesion. As common osteogenic biomarkers, alkaline phos-
phatase (ALP), osteocalcin (OCN), Col1 and Runx2 were used
to quantitatively assess the effects of chemical modifications
on osteogenesis. The data showed that osteogenic MSCs on
PDMS surfaces modified with APTES + GA + Col1 exhibited sig-
nificantly higher expression of all four osteogenic biomarkers
as compared to the other two surfaces, including TCP
(Fig. 6B). Gene expression could not be evaluated for the cells
grown on unmodified PDMS owing to cell aggregation and dis-
sociation at the point of analysis (Fig. 5).

The formation of an intact cell sheet relies on the cell–cell
interaction and also on the presence of active ECM constitu-
ents, which supply the mechanical and chemical signals to
mediate the cellular physiology and provide physical support
for tissue development.32 In this study, the MSC cell sheet for-
mation was characterized by Picro Sirus Red staining (Fig. 7A).
It was observed that collagen fibers could not be formed on

Fig. 6 (A) Assessment of biomineralization on unmodified and chemi-
cally modified PDMS substrates with Col1 immobilization revealed by
Alizarin red staining. The TCP surface is used as a control. (B) Osteogenic
gene biomarker expression of MSCs on unmodified and chemically
modified PDMS substrates with Col1 immobilization. The data are shown
as the mean ± SD. *p value of <0.05 between two groups under
comparison.

Fig. 7 (A) Collagen formation on unmodified and chemically modified
PDMS surfaces as revealed by Picro-Sirius red staining under the polariz-
ing microscope. The TCP surface is used as a control. (B) Col1 gene
expression of the MSC sheet after 2 weeks of culture on unmodified and
chemically modified PDMS surfaces.
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the unmodified PDMS surface, which could be attributed to
the MSC dissociation and aggregation after 2 weeks of culture.
On the other hand, the stability of MSC adhesion on the sila-
nized PDMS surfaces allowed the formation of cell sheets as
revealed by the prominent and bright red images under the
polarizing microscope. The presence of collagen fibres was
further verified by the quantitative analysis of Col1 gene
expression, which showed similar profiles on the silanized
PDMS surfaces as compared to TCP (Fig. 7B).

β-Catenin is a protein within the cells that is responsible for
the regulation of cell growth and cell–cell adhesion.33 Gene
expression of β-Catenin was evaluated during the early stage of
MSC sheet formation (1 week) where minimal cell dissociation
was observed on the unmodified PDMS surface, making it
possible to evaluate the gene expression of β-Catenin. Com-
pared to the unmodified PDMS, a significant increase in the
gene expression of β-Catenin on silanized PDMS surfaces
(Fig. 8) may eventually lead to higher protein level of
β-Catenin, which could enhance the cell–cell adhesion to
maintain the integrity of the formed MSC sheet. While com-
pared with TCP surfaces, MSC sheet formation was achievable
on chemically modified PDMS surfaces without deterioration
in Col1 and β-Catenin expression. However, the subcellular
localization of β-Catenin under the effect of surface silaniza-
tion is still unclear in this study. It is well known that
β-catenin plays a key role in cell adhesion and proliferation,
and is regulated by multiple signalling pathways during stem
cell development and tumorigenesis.34 Further studies on
β-catenin localization in MSCs would be helpful to understand
how the extracellular microenvironment affects stem cell bio-
chemical signalling pathways through the cell–surface interaction.

In summary, silanization with APTES ± GA changes the
surface chemistry of PDMS, which becomes more hydrophilic
thereby enhancing Col1 protein attachment. Although the
roughness profile varies between the two types of silanized sur-
faces, the interrelation with other surface properties further
improved the stability of the confluence cell adhesion while

maintaining both the potency of the MSCs and cell sheet
formation.

Conclusions

Long-term cellular studies in PDMS-based microfluidic analyti-
cal devices are usually limited due to the inherent hydrophobi-
city and poor bioaffinity of the native PDMS surface. This
study has shown that silanization by APTES ± GA cross-linking
can profoundly change PDMS surface properties, including
reduction of hydrophobicity, increased protein immobili-
zation, and variation of nanotopography. The synergetic effect
of these changes can be utilized to support the stability of con-
fluent MSC culture, while retaining their osteogenic potency
and supporting cell sheet formation. We believe that this
surface functioning strategy can benefit future studies using
PDMS micro-devices for long-term cell development on a chip.
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