
Acta Biomaterialia 10 (2014) 3546–3556
Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /ac tabiomat
Synergistic hierarchical silicone-modified polysaccharide hybrid as a soft
scaffold to control cell adhesion and proliferation
http://dx.doi.org/10.1016/j.actbio.2014.04.025
1742-7061/� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: sanyuanchen@mail.nctu.edu.tw (S.-Y. Chen).
Wei-Chen Huang a, Kun-Ho Liu b, Ta-Chung Liu a, Dean-Mo Liu a, San-Yuan Chen a,⇑
a Department of Materials Sciences and Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan
b Advanced Delivery Technology Co. Ltd, 5F, D Building, No. 120, Zhonghua Rd, Hsinchu Industrial Park, Hukou Township, Hsinchu 30352, Taiwan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 17 December 2013
Received in revised form 17 April 2014
Accepted 24 April 2014
Available online 2 May 2014

Keywords:
Amphiphilic copolymer
Cell adhesion
Interface manipulation
Mechanical stiffness
Topography
In this study, a new type of polydimethylsiloxane-modified chitosan (PMSC) amphiphilic hydrogel was
developed as a soft substrate to explore cellular responses for dermal reconstruction. The hydrogel
wettability, mechanical stiffness and topography were controllable through manipulation of the degree
of esterification (DE) between hydrophobic polydimethylsiloxane (PDMS) and hydrophilic N,O-(carboxy-
methyl)-chitosan (NOCC). Based on microphase separation, the incorporation of PDMS into NOCC
increased the stiffness of the hybrid through the formation of self-assembled aggregates, which also
provided anchor sites for cell adhesion. As the DE exceeded 0.39, the size of the PDMS-rich aggregates
changed from nanoscale to microscale. Subsequently, the hierarchical architecture resulted in an increase
in the tensile modulus of the hybrid gel up to fourfold, which simultaneously provided mechano-
topographic guidance and allowed the cells to completely spread to form spindle shapes instead of
forming a spherical morphology, as on NOCC (DE = 0). The results revealed that the incorporation of
hydrophobic PDMS not only impeded acidic damage resulting from NOCC but also acted as an adhesion
modification agent to facilitate long-term cell adhesion and proliferation on the soft substrate. As proved
by the promotion on long-term type-I collagen production, the PMSC hybrid with self-assembled mec-
hano-topography offers great promise as an advanced scaffold material for use in healing applications.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In tissue engineering, interface manipulation plays an impor-
tant role in the control of the cell transition between materials
and emergent tissues [1,2]. Materials with specific topography,
mechanical properties and functional groups provide both physical
and chemical signals to regulate cell functions, including adhesion,
spreading, migration and proliferation [3–7]. Although a number of
reports have been devoted to investigating the interfacial interac-
tion between cells and rigid substrates, there have been few stud-
ies focusing on analyzing in situ the cellular response to soft
polymeric substrates, which are thought to be crucial for providing
the substrate with stability for long-term restoration [6,7].

Hydrogel-based materials have been demonstrated to be the
most attractive biomaterials due to the structural similarity to
the natural extracellular matrix, and can be further developed as
soft substrates because of the absorption capacity, moisture retain-
ability and permeability to nutrients [1–5,8,9]. However, due to the
solvation and the dissociation effects, the polymer chains in the
cellular aqueous environment tend to cause the formation of a
hydrated interface, pH deviance and structural rearrangement.
Such inevitable phenomena will inhibit the cell–matrix adhesions.
Thus, the main challenge lies in adjusting the material essential
features to determine the optimal physical and chemical condi-
tions required for cell–matrix adhesions. Herein, we have designed
a new type of covalent amphiphilic polymer network (CAPN)
formed by chemical cross-linking with hydrophilic and hydropho-
bic polymer segments to explore the cell–substrate interaction on
the soft substrates.

As is well known, chitosan-based hydrogel has been largely
developed in biomedical applications such as tissue engineering,
gene/drug delivery and wound healing due to the distinct struc-
tural similarities to the mammalian glycosaminoglycans (GAGs)
[36–41]. By improving the limited solubility and water-retention
ability of chitosan, the natural polymer N,O-(carboxymethyl)-
chitosan (NOCC) has been developed in our laboratory and has
shown excellent characteristics, including antimicrobial activity,
water-retention abilities and the promotion of fibroblast prolifera-
tion [11,12]. However, if used as a soft substrate for cell adhesion
and proliferation, the poor mechanical properties and acidic dam-
age associated with the hydrophilic nature of NOCC will become
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barriers difficult to overcome. In contrast, polydimethylsiloxane
(PDMS), an elastic and non-polar polysiloxane, is well-known as
an artificial adhesive that is environmentally inert enough to
provide a strongly protective, biocompatible and self-adherent
environment for surrounding tissues [13]. By taking advantage of
the esterification reaction between bis(hydroxyalkyl) terminated
polydimethylsiloxane (PDMS diol, also known as silicone) and
NOCC, a new type of hierarchically structured hybrid hydrogel,
called PDMS–NOCC amphiphilic polymer network (PMSC), was
formed. The hydrogel displays a synergetic effect combined with
the merits of both NOCC and PDMS. On the one hand, the hydro-
philic NOCC offered excellent water-retention and absorption abil-
ity; on the other hand, the hydrophobic PDMS imparted the
improvement on structural and mechanical properties through
forming the co-continuous but immiscible units of networks by
microphase separation [14,15]. In such an amphiphilic hydrogel
system, the hydration of the hydrophilic–hydrophobic polymeric
hybrid is supposed to considerably influence the affinity of cells
because the interfacial energy is altered with the change in the
bound water between networks, which in turn directly interferes
with cell attachment [10]. The specific mechanical and topographic
cues of the self-assembling hierarchical architecture also critically
affect the cell response, especially the long-term behaviors and
restoration. Therefore, the exploration is very important for
understanding how the environmental cues of amphiphilic net-
works with different degrees of hydrophilicity/hydrophobicity
can chemically and physically impact on the cell adhesions.

In addition, to fabricate a soft substrate for better control over
cell function, it is usually necessary to mimic the ECM microenvi-
ronment with the inclusion of adhesion reagents such as collagen,
RGB and fibronectin. However, these adhesion reagents may dete-
riorate due to their limited environmental adaptability to changes
in pH and temperature or mechanical attack [16,17]. In this study,
the hydrophobic and flexible PDMS segments in the PMSC hybrids
could self-assemble into stiff aggregates as localized adhesive
motifs to mechanically and topographically induce cell adhesions.
When cells sense the stiffness of these PDMS-rich aggregations, the
focal adhesions (FAs) composed of numerous proteins can be gen-
erated to exert internal forces and transmit signals to stimulate
cellular behaviors on the PMSC hybrids [42]. Thus, these struc-
ture-enhanced hybrids that favor cell–cell communication were
recognized as efficient substrates for cell growth, particularly for
long-term cellular responses including cell adhesion, cell spread-
ing, cell proliferation, alteration of cell morphology and ECM pro-
duction. Through the precise manipulation of the chemical,
physical and biological properties of PMSC, a new soft substrate
can be developed for potential applications toward dermal
reconstruction.
2. Materials and methods

2.1. Materials

Chitosan (MW = 260,000 g mol�1, deacetylation degree = 80%,
insoluble impurity k < 1%), 2-propanol, sodium hydroxide, chloro-
acetic acid, bis(hydroxyalkyl) terminated polydimethylsiloxane
(PDMS diol, Mw = 5600 g mol�1), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1),
phosphate-buffered saline (PBS), low glucose Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Sigma–Aldrich and used as-received without further
purification. The actin cytoskeleton and focal adhesion staining
kit (Cat No. FAK100) was obtained from Millipore. The Sircol™ col-
lagen assay kit was purchased from Biocolor Ltd.
2.2. Preparation of PMSC amphiphilic hydrogel

As described in our previous report, the PMSC copolymer was
prepared by a two-step synthesis: carboxymethylation and esteri-
fication [18]. Briefly, the first step was the synthesis of NOCC that
was performed by grafting carboxymethyl groups onto the amino
site (N-site) and the hydroxyl site (O-site) of the pristine chitosan.
First, 5 g of chitosan was suspended in 2-propanol (50 ml) at room
temperature while being stirred for 30 min. The resulting suspen-
sion was gently mixed with 12.5 ml NaOH solution. The mixture
containing NaOH (13.3 N) was mixed with 25 g of chloroacetic acid
to prepare a carboxymethyl chitosan. For esterification, 2 g of dried
NOCC sample was dissolved in distilled water (50 ml) and stirred
for 24 h. The resulting solutions were mixed with methanol
(50 ml) and stirred vigorously for 4 h. Bis(hydroxyalkyl) termi-
nated PDMS was added at a PDMS:NOCC molar ratio of 0, 5:1,
10:1, 25:1, 50:1 and 100:l. After catalysis with sulfuric acid, the
mixture was maintained and reacted at 60 �C for 24 h for esterifi-
cation. After repeating the 24 h dialysis with ethanol/diethyl ether
(9:1 (v/v)) three times, the purified product was obtained through
drying at 50 �C overnight.
2.3. Characterization of the PMSC hybrid hydrogels

Nuclear magnetic resonance (NMR) was used to characterize
PMSC. Proton NMR was performed on a 500 MHz Varian Unity Ino-
va NMR spectrometer. The chemical structure of PMSC, NOCC and
PDMS was revealed using D2O (for PMSC and NOCC) and deuter-
ated chloroform (CDCl3, for PDMS) as solvents. The chemical shift
at 1.9 ppm was taken as the reference to normalize the calculation
of integration areas. The chemical shifts at 3.9 and 4.2 ppm were
assigned to the protons of OCH2COOH (O-position) and NCH2COOH
(N-position) of NOCC, respectively. However, after esterification
happened between –COOH of NOCC and –OH of PDMS, the area
of chemical shifts at 3.9 and 4.2 ppm would be reduced, and the
amount was represented by (Area3.9ppm + Area4.2ppm)NOCC

� (Area3.9ppm + Area4.2ppm)PMSC. Therefore, we defined the degree
of esterification (DE) as the ratio of the consumed amount of
–COOH groups ((Area3.9ppm + Area4.2ppm)NOCC � (Area3.9ppm +
Area4.2ppm)PMSC) to the original ones ((Area3.9ppm + Area4.2ppm)NOCC),
which can be represented by the following equation [15]:

DE ¼ ðArea3:9ppm þ Area4:2ppmÞNOCC � ðArea3:9ppm þ Area4:2ppmÞPMSC

ðArea3:9ppm þ Area4:2ppmÞNOCC

ð1Þ

The PMSC hybrid hydrogels were prepared by casting a 1 wt.%
water solution of 10 g onto a dish with a diameter of 3 cm with
dehydration at 50 �C for 1 day. Fluorescence-labeled hydrogels
which were obtained by coupling the hydrogels with fluorescein
isothiocyanate (FITC) were examined by confocal microscopy
(Axiovert 100 M). The composition of PMSC hydrogels in the hier-
archical structure was determined by scanning electron micros-
copy (SEM) with energy-dispersive X-ray spectroscopy (EDX)
mapping (JEOL 6700, Japan) at an acceleration voltage of 5 kV.
The wetting ability was examined using the water contact angle
with a VCA Optima contact angle (CA) analyzer. To examine the
surface topology, 1 wt.% dispersions were fabricated into ultra-thin
hydrogels on a glass slide. Atomic force microscopy (AFM) analysis
was performed with the Bruker Innova atomic force microscope in
tapping mode using Tap300 cantilevers. The scan rate was 0.4 Hz,
and the scanning dimensions were set to 50 � 50 lm2 for NOCC
and PMSC (DE = 0.39), and 100 � 100 lm2 for PMSC (DE = 0.61).
In the force–deflection mode of AFM, the contact mode is applied
to set the z-ramping with the tip at a single XY probe position on
PMSC with DE = 0.39, which was scanned in advance to obtain
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the topographic and phase images [19]. Strain–stress measure-
ment was performed on the prepared hydrogels with a commercial
test machine (MTS Tytron 250). Each dry sample was cut into a
dog-bone shape that was 3 cm long and 1 cm wide. The sample
was swollen to achieve equilibrium water content in a steam bath
with the same closed system using PBS for 48 h. With a working
rate of 0.1 mm s�1, the tensile modulus was represented and
obtained from the slope of the linear part of the strain–stress
profiles.
2.4. Cell culture

Human HS68 fibroblasts obtained from the Food Industry
Research and Development Institute (Hsinchu, Taiwan) were cul-
tured in DMEM with 10% FBS, 100 lg ml�1 penicillin and
100 lU ml�1 streptomycin and were maintained in a 5% CO2

humidified atmosphere at 37 �C.
2.5. Observation and quantification of adhered cells

For the cell adhesion assay, hydrogels were casted on 24-well
plates and then were UV sterilized before the cell-culture study.
Four repeated experiments were performed for each sample at
each time point. The cells were trypsinized and suspended in fresh
complete DMEM, and 2 ml of the cell suspension containing
4 � 104 cells was seeded in each well to achieve a solute content
of 2 mg ml�1 in the medium. The plate was then left undisturbed
at 37 �C in 5% CO2 for 1, 2, 6, 12, 24 or 48 h. The fibroblasts on
the hydrogels were stained with calcein AM for 40 min, followed
by observation using confocal microscopy (Axiovert 100 M) with
the fluorescence emission at 530 nm.
2.6. In situ investigation of adhered cells

To investigate the activity of the adhered cells, the WST-1 assay
was performed to evaluate the mitochondrial activity. The medium
composed of complete DMEM without phenol red was directly
added with 10% WST-1 solution at each time point of cell adhesion
(1, 2, 6, 12, 24 and 48 h). After 4 h incubation, the medium was
removed and centrifuged to remove the cell debris before mea-
surement. The cell activity of the purified medium (200 ll), which
was represented by the absorbance at 450 nm, was measured
using a microplate reader (TECAN Sunrise, Switzerland). In addi-
tion, the appearance of the adhered cells was observed by staining
with calcein AM and demonstrated the live cells as green
fluorescence.
2.7. Quantification of cell morphology

To quantify the cell shape and area, the shape index (SI), which
is used to define the roundness of a cell, was determined by image
analysis. With the incorporation of the observed cell area and cell
perimeter, SI values were obtained using the following equation
[20]:

Shape index ¼ 4p cell area

ðcell perimeterÞ2

 !
; ð2Þ

where an SI value of 1 indicates a spherical cell and an SI value of 0
represents a spindle-shaped cell that is almost line-shaped. The cell
area and cell perimeter were characterized for each sample after
48 h of adhesion. The calculations were performed for at least 10
different cells from each sample in at least five areas (n > 3).
2.8. Immunostaining

HS68 cells were cultured on coverslips coated with NOCC and
PMSC hybrids at a solid content of 2 mg ml�1 with 2 ml medium.
After incubation and two PBS washes, HS68 cells were fixed with
3.7% formaldehyde. Permeabilization was performed with 0.1% Tri-
ton X-100 for another 15 min. After three PBS washes, immunoflu-
orescence staining with TRITC-conjugated phalloidin was
performed for 2 h, and 40,6-diamidino-2-phenylindole (DAPI)
staining was performed for another 1 h. The number of adhered
cells was determined via counting the number of stained nuclei
using fluorescence microscopy (20� objective lens) in 10 different
fields [3]. To visualize focal adhesions, vinculin staining was also
performed by incubation with a monoclonal anti-vinculin antibody
at 4 �C overnight, followed by incubation with a FITC-antimouse
immunoglobulin G secondary antibody at room temperature for
another 1 h. Finally, coverslips were mounted on fresh glass slides
with mounting solution (Dako). Two- and three-dimensional cell
adhesion was observed by fluorescence confocal microscopy using
a Nikon C1 plus confocal system.

2.9. Collagen production

The amount of collagen was estimated using a Sircol collagen
assay kit according to the manufacturer’s instructions. Briefly, after
cell culture in DMEM with 2.0 mg ml�1 sample suspensions for
5 days, 1 ml of cell culture medium was extracted from each sam-
ple and incubated with 200 ll of isolation & concentration reagent
overnight at 4 �C. After centrifugation to remove the supernatant,
the dye reagent was added and the sample was agitated for
45 min. Then, the SR dye was released from the collagen pellet
with an alkali reagent. Spectrophotometric readings were taken
in a microplate reader (TECAN Sunrise, Switzerland) at 540 nm.
The test was performed three times with and without 10% FBS.

2.10. Statistical analysis

All the data were reported as means ± standard deviations (SDs)
of the similar studies performed in triplicate. Statistical analysis
was carried out by one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test for statistical analysis to determine statis-
tical significance (p < 0.05).
3. Results and discussion

3.1. Structural and rheological properties of PMSC hybrids

PMSC with hierarchical structure was synthesized using the
esterification reaction between the carboxylic groups of NOCC
and the hydroxyl groups of PDMS, as shown in Fig. 1a. The
super-porous aggregates are indicated as cross-linked points
between the nearby heterogeneous networks (shown in the red
frame in Fig. 1a). Scheme 1 illustrates the self-assembling proce-
dure of the PMSC CAPNs. The hydrophilic and hydrophobic seg-
ments of PMSC underwent morphological isomerization via the
solvation effect of water. After water elimination, the rising salt
ion effect between the abundant –COO� and –NH3

+ groups resulted
in the formation of a dense, hierarchical structure [15]. Upon
swelling, the microarchitecture developed into aggregates with
super-porous structures dispersed in the matrix, leading to the
enhancement of water absorbability. EDX mapping of the SEM
image demonstrated that the elements Si and C were prevalent
in the aggregates of the PMSC hybrid, providing evidence that
the aggregates were mainly composed of PDMS (Fig. 1b). Therefore,
the Si element content and the DE obtained from XPS analysis and



Fig. 1. (a) Fluorescent microscopic image of PMSC (DE = 0.61) conjugated with FITC to illustrate the swollen spherical-porous macrostructures (inside the red square) with
polygonal architecture. (b) SEM image and EDX mapping of the PMSC to present the distribution of elements Si and C. (c) Rheological properties of NOCC (DE = 0), PMSC
(DE = 0.39) and PMSC (DE = 0.61) hydrogels.

Scheme 1. Schematic representation for the self-assembling procedure of PMSC CAPNs. First, the solvation effect from water caused the morphological isomerization of the
hydrophilic and hydrophobic segments of PMSC. This was followed by the thermally induced water elimination; the salt ion effect rising between the abundant –COO� and
–NH3

+ groups contributed to the formation of a dense and hierarchical structure.

Table 1
Characterization on the synthesis of hierarchical PMSC based on the degree of
esterification by NMR and element concentration by XPS.

Sample ID Molar ratio
PDMS:NOCC

NMR analysis Element composition
by XPS analysis

DE value C1s (%) O1s (%) Si2p (%)

NOCC 0 0 43.8 56.2 0
PMSC 5:1 0.15 30.6 66.2 3.2

10:1 0.26 27.3 64.9 7.8
25:1 0.39 27.5 60.5 12.0
50:1 0.51 29.9 53.4 16.7
100:1 0.61 36.5 44.0 19.5
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NMR analysis, respectively, could be considered as the aggregation
density of the PMSC hybrids, as shown in Table 1. It was found that
the ultimate value of the aggregation density was controlled to be
0.61 at a molar ratio of PDMS:NOCC = 100:l.

The rheological properties of NOCC and PMSC (with DE = 0.39
and DE = 0.61) hydrogels were obtained by strain sweep tests on
the hydrated samples to monitor the storage modulus (G0) and loss
modulus (G00). As shown in Fig. 1c, all samples underwent a break-
down of the gel state to a quasi-liquid state at the threshold strain
cc, which was defined as a gel–liquid transition point when
tan d ¼ G0=G00 ¼ 1 [43]. The cc value is 12.4%, 20.6% and 35.5%
for NOCC (DE = 0), PMSC (DE = 0.39) and PMSC (DE = 0.61),
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respectively, indicating that the hydrogel with higher DE displayed
a larger strain before being deformed, which can be attributed to
the incorporation of PDMS to strengthen the network structure.
In addition, it can be found that with the increase of DE, both the
G0 and G00 modulus increased. Based on the rubber elasticity theory,
the storage modulus is correlated to the network cross-link density
represented as G = gRTN, where G is the network equilibrium shear
modulus, g is a constant close to 1.0 for incompressible materials, R
is the gas constant, T is the absolute temperature and N is the num-
ber of elastically active network chains per unit volume [44]. For
PMSC hydrogels, the self-assembled PDMS-rich aggregations with
a higher DE value enhanced the network structure due to the
higher N value, which resulted in the increase in both values of
G0 and G00.

3.2. Adhesion of human dermal fibroblasts on the PMSC hybrid

The number of cells adhering to the PMSC hybrids was deter-
mined after 2 and 48 h of incubation, as demonstrated in Fig. 2a.
After 2 h of incubation, the number of adherent cells decreased
as the DE increased. The cell density on the NOCC was estimated
to be 7251 cells cm�2, while the PMSC hybrid with the largest DE
value of 0.61 had the lowest cell density of 1600 cells cm�2. How-
ever, after 48 h of incubation, the attached cell density of NOCC
decreased to 2520 cells cm�2. In contrast, the PMSC hybrid
Fig. 2. (a) Cell counting after 2 and 48 h adhesion demonstrated that the adhered cells de
tendency for the long-term adhesion. ⁄p < 0.05 when compared with NOCC groups (DE =
cell distribution and morphology of human dermal fibroblasts (HS68) between PMSC w
(scale bar equals 200 lm on all the images).
exhibited the highest adherent cell density of 7592 cells cm�2. As
shown in the fluorescent microscopy images of Fig. 2b, the adhered
cells on NOCC displayed spherical cell morphology after 48 h,
which suggested a difficult connection to nearby cells due to the
loss of filopodia. For the PMSC hybrid with a DE of 0.39, the cell
adhesion density was obviously increased compared to that of
NOCC. However, on the PMSC hybrid with a DE of 0.61, the
morphology of the adhered cells changed from spherical to spin-
dle-shape after 48 h adhesion. It implied that cells with extensive
filopodia were capable of growth, migration and proliferation. Such
morphogenesis indicated that HS68 fibroblasts were able to
efficiently grow on the PMSC hybrids without modification by
adhesion proteins such as RGB, fibronectin and collagen.

3.3. Short-term attachment/adhesion of HS68 fibroblasts on PMSC
hybrids

The compatibility of a cellular system with respect to a
substrate can be evaluated after 2 and 48 h of adhesion, which rep-
resents the short-term cell attachment and long-term cell spreading/
growth/proliferation, respectively [21]. After 2 h of cell adhesion,
we found that the ratio of attached cells decreased from 23% to
6% as the DE increased from 0 to 0.61 (Fig. 3a). In the short-term
attachment/adhesion period, cell behavior was consistent
with the DLVO theory, in which there is competition between
creased with the increase of DE for short-term adhesion, while there was an opposite
0). (b) Fluorescent microscopic images (10� objective) demonstrating the different

ith DE = 0, 0.39 and 0.61 after 2 and 48 h adhesion stained by calcein AM live stain



Fig. 3. (a) The PMSC substrate with higher DE presenting the lower cell adhesion ratio by 2 h attachment. ⁄p < 0.05 when compared with NOCC groups (DE = 0). (b) CA
measurement, indicating that the surface was changed from being hydrophilic to hydrophobic with increasing DE. (c) A linear relationship between CA of the PMSC hybrid
and the ratio of attached cell, obtained via linear fitting. (d) Optical microscopic images (10� objective) showing the cell distribution on NOCC and PMSC after 2 h incubation
(scale bar equals 200 lm on the image).
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cell-to-cell cohesiveness and cell-to-substrate adhesivity, which is
determined by the surface free energy of the used substrate [22–
24]. Generally, cells have more potential to become wetted on
surfaces with higher surface free energy because the hydrophilic
groups tend to immobilize the adhesion proteins inside the hydra-
tion layer [23,25]. To further investigate the interaction between
cells and substrates, the contact angle (CA) representing the wet-
ting ability was analyzed. As shown in Fig. 3b, we found that the
CA of the PMSC hybrid increased from 53� to 97� as the DE was
increased from 0 to 0.61. Particularly, when the DE was less than
0.39, the surface of the hybrid exhibited hydrophilicity
(CA < 90�). When the DE exceeded 0.51, a CA larger than 90� indi-
cated that the surface became hydrophobic. Furthermore, a linear
relationship between the CA of the hybrid and the ratio of the
attached cells can be observed in Fig. 3c and given as:
Y ¼ �0:41X þ 47; ð3Þ
where X is the CA value in the range from 53� to 97� and Y is the
corresponding ratio of cells that are attached to the hybrids.

The results strongly indicate that PDMS incorporation
influenced the surface wettability. Specifically, the hydrophobicity
of the surface increased with the replacement of the non-polar
polysiloxane chains on –COOH, which further inhibited cell attach-
ment. Hence, the DE value was thought to be a dominant factor in
controlling short-term cell adhesion. As demonstrated in Fig. 3d
through in situ monitoring by optical microscopy, cell–cell aggre-
gates on the underlying PMSC with a DE > 0.39 were more distinct
than those on NOCC, indicating that the cell wettability was
weaker on PMSC after short-term cell culture.
3.4. Long-term spreading/proliferation of HS68 fibroblasts on PMSC
hybrids

To observe cell activity on NOCC and PMSC at various time
points, including 0, 2, 6, 12, 24 and 48 h, a WST-1 assay was used
to monitor the real time activity of both the adhered and sus-
pended cells. The assay was chosen because it is a more sensitive
method than cell counting. With the absorbance at k = 450 nm,
the activity of cells incubated with NOCC increased at the begin-
ning of incubation, achieving a maximum absorption strength of
0.63 at 6 h, but decreased to 0.52 after 48 h. However, for the PMSC
hybrid with a DE of 0.39, cell activity exhibited continuous growth
with increasing incubation time (Fig. 4a). As shown by FTIR analy-
sis (Supplementary Fig. S.1), a relatively stronger characteristic
absorption of the carboxylic group (1724 cm�1) appeared on the
spectrum of NOCC. It indicates that the dissociation that occurred
upon hydration of NOCC directly affects the pH value of the med-
ium. As shown in Fig. 4b, the pH value of the medium with PMSC at
DE = 0.39 was maintained in the range of 7.2–7.4, which is the
optimal microenvironment for the growth of human fibroblasts
[26]. In contrast, NOCC caused a relative reduction in the environ-
mental pH (<7) that was far from an ideal value at all of the time
points, which was attributed to the large number of hydrophilic
–COOH groups on NOCC [27]. Furthermore, the extracellular pH
changes toward the acidic range may considerably inhibit the syn-
thesis of cellular matrix components [28].

A striking difference in the morphological evolution of cells
after 48 h of adhesion was found, as shown in the fluorescent
images of Fig. 5a. Cells that adhered to NOCC were spherical in
shape with the absence of stress fibers, indicating poor spreading
on the hybrid. In the case of the PMSC hybrid with a DE of 0.39,



Fig. 4. (a) Cell activity on NOCC and PMSC with DE = 0.39 by 0, 2, 6, 12, 24 and 48 h was measured by WST-1 assay with absorbance at k = 450 nm. (b) The environmental pH
value changing with incubation time for cells cultured in the medium of NOCC and PMSC with DE = 0.39.

Fig. 5. (a) Representative fluorescence microscopy images (20� magnification) demonstrated the distribution and morphology of HS68 fibroblasts cultured on PMSC with
DE = 0, 0.39 and 0.61 (scale bar equals 100 lm on all the images). (b) The statistical analysis of the adhered cell SI on the PMSC hybrids with different DE after 48 h adhesion.
⁄p < 0.05 when compared with NOCC groups (DE = 0). (c) The tensile modulus obtained by strain–stress measurement on PMSC hybrids increased with DE. (d) A linear
function between the shape index and the tensile modulus of PMSC hybrids with different DE.
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the adhered cells exhibited a slightly extended fibroblastic mor-
phology with a spindle shape. As the DE of the PMSC hybrid
became larger than 0.39, the adhered cells formed a confluent
cluster with extended bodies that connected to neighboring com-
panies. Because the change in cell shape through reorganization
of cytoskeletal networks has been shown to be an important regu-
lator of cell activity, statistical analysis of the SI of adhered cells on
the PMSC hybrids with different DE values after 48 h adhesion was
performed (Fig. 5b). For NOCC, the SI was 0.78, indicating that the
cells failed to spatially reorganize on the surface [20]. With the
increase in the DE to 0.39, the SI gradually decreased, and a rapid
decrease in the shape index occurred below 0.3 as the DE became
larger than 0.39. This implied that when the DE exceeded 0.39, the
microenvironment constructed by the hybrids was adjusted to fit
the cell microarchitecture, causing a significant improvement on
cell spreading. To the best of our knowledge, cells reside in their
native microenvironment (i.e., extracellular matrix), which pro-
vides a specific mechanical stiffness, as do most biophysical cues
that direct cell morphogenesis toward hierarchically organized tis-
sue structures [29]. Based on the strain–stress measurement
shown in Fig. 5c, the tensile modulus of the PMSC hybrids rapidly
increased from 118 kPa to 195 kPa as the DE exceeded 0.39, indi-
cating that PDMS incorporation imparted a higher force for the
substrate to overcome fracture. Such mechanical enhancement
stimulated the cell to apply the internal force for body contraction,
which deeply influenced the cell morphology and physiology,
including migration and proliferation [30]. Indeed, a linear func-
tion between the shape index and the tensile modulus of PMSC
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hybrids with different DE values occurred according to the follow-
ing equation and as shown in Fig. 5d:

Y ¼ ð�0:0034ÞX þ 1; ð4Þ

where X is the tensile modulus and Y is the shape index in the range
0 < Y < 0.8.

The results demonstrated that PSMC hybrids with DE values lar-
ger than 0.39 led to a high stiffness (>195 kPa) that was sufficient
to force HS68 cells to extend their stress fibers for ongoing growth.

3.5. Mechanism of adherence/spreading/proliferation of HS68
fibroblasts on PMSC hybrids

Surface analysis by AFM showed that NOCC had a smooth sur-
face with a root-mean-square average roughness (rms, Rq) of
0.167 lm (Fig. 6a). As the DE exceeded 0.39, there were numerous
protrusions or PDMS-rich aggregates (as shown in Fig. 1b) on the
hybrid surface. By positioning the single probe on the phase image,
the obtained deflection–displacement curve (f–d curve) as shown
in Fig. 6b revealed that (1) PDMS-rich aggregates were stiffer than
the surrounding networks because the slope of the approaching
curve (black) obtained from the protrusions was sharper
(slopeblack = 22.9 > slopered = 18.6) and (2) the PDMS-rich aggre-
gates were more adhesive than the surrounding networks due to
a higher pull-off deflection for the retraction [31]. As reported by
Georges et al., the cellular response to substrate stiffness can be
expressed by Hooke’s law, F = �Kx, and a higher K value corre-
sponds to a higher stiffness value, which facilitates cell traction
without energy consumption [32]. In our case, the PDMS-rich
aggregates played important roles as springs with a stiffness that
Fig. 6. (a) Topographical view of NOCC, PMSC with DE = 0.39 and DE = 0.61 obtained by
PMSC, demonstrating the difference in mechanical properties within the hierarchical stru
distance curve on the as-marked PDMS-rich protrusions, and the red curve gives the ind
obtained on PMSC hybrids demonstrated an increase with the increase of DE.
dominated the cell morphology. As shown in Scheme 2a, a cell
on a soft and smooth surface will become round in shape due to
the loss of supporting forces. For topological surfaces with nano-
scale PDMS-rich aggregates, the ultra-small springs are still unable
to provide enough force to support a cell, so its body remained
rounded (Scheme 2b). Only when cells are provided with enough
mechanical force by large-scale aggregations, such as microscale
springs, can they spread efficiently by applying internal forces to
extend around their periphery (Scheme 2c).

In accordance with these findings, the roughness profile as
shown in Fig. 6c demonstrates that a sharp transition from
0.56 nm to 1.34 nm occurred as the DE increased from 0.39 to
0.51. Accordingly, the PMSC hybrids with a DE below 0.39 exhib-
ited a nanoscale roughness but had a microscale roughness as
the DE became larger than 0.51 nm. Such large-scale PDMS-rich
aggregates provided a larger stiff area that was supposed to be effi-
cient for cell adhesion. Indeed, the observation of cell morphology
(Fig. 7a) showed that the cell adhering on NOCC exhibited a spher-
ical entity with less contact with the matrix. The SEM image fur-
ther showed that the substrate was anchored with very few
filopodia, which resulted in poor attachment of the main body with
a sub-cellular sphere of �10 lm in diameter. For the PMSC hybrids
with a DE of 0.39, the cells spread, and the extensive skeleton was
clearly visible on the confocal laser scanning microscopic (CLSM)
image. However, an increase in the cell body size of �20 lm was
still predominant because the substrate was inadequate to hold
cell filopodia with sufficient force. For PMSC with DE > 0.51, the
whole cell body was found to spread along the substrate with clear
linear arrays of actin bundles. Under these conditions, the cell
tightly bonded to the substrate with the most flat and extended
AFM analysis. (b) Typical approach and retract curve based on the phase image of
cture of PMSC. Different regions are marked: the black curve indicates a deflection–
ication on the surroundings. (c) The root-mean-square average roughness (rms, Rq)



Scheme 2. The PDMS-rich aggregates played important roles as springs with adjustable stiffness to dominate cellular response. (a) A cell lying on a soft and smooth surface
displays a rounded shape due to the loss of supporting forces. (b) The nanoscaled PDMS-rich aggregations are like ultra-small springs, and are still unable to support the cell
so its body remained rounded. (c) The larger-scaled aggregations, like microscaled springs, can provide enough mechanical force for the cell spreading.

Fig. 7. (a) CLSM image (100�magnification) and representative SEM images of HS68 cells grown on the NOCC, PMSC with DE = 0.39 and DE = 0.61. A plan view and side view
through the XZ and YZ showing the morphology, shape and height of cells. The cytoskeleton and nuclei were stained with TRITC-conjugated phalloidin (red) and DAPI (blue),
respectively, while the as-prepared hybrids were conjugated with FITC dye. (b) Representative fluorescence microscopy images (100� magnification) of HS68s grown on
NOCC, PMSC-1, PMSC-2 and PMSC-3 with immunofluorescent staining of cytoskeleton (red), nucleus (blue) and vinculin (green) after 48 h incubation (scale bar equals 20 lm
on all the images).
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body of more than 100 lm in body length. Through staining of
vinculin, a membrane cytoskeleton protein involved in the linkage
of integrin adhesion molecules, the focal adhesion was absent on
the hybrids with a DE < 0.39, but the complex could be clearly visu-
alized around the cell periphery on PMSC with a DE > 0.51 as
shown in Fig. 7b [33]. In addition, the microscale PDMS-rich aggre-
gates were slightly visible in the boundaries of the cell body. Cells
tended to align along the perimeter of PDMS-rich aggregates. The
results showed that only PDMS-rich aggregation in the micron-size
topology efficiently provided optimal force to support and main-
tain cell adhesion. In other words, in spite of the effect of the
hydrophobicity of PDMS on short-term cell attachment, the higher
stiffness of PMSC-rich aggregates provided topographic guidance
that induced strong adhesion and wild spreading of the cells.

To mimic the ECM environment, adhesion proteins such as RGB,
laminin, fibronectin and collagen were generally employed to
induce cell–matrix adhesions. However, these adhesion proteins
not only are easily degraded but also their orientation and avail-
ability cannot be controlled. In contrast, the experimental results
support the assertion that the PMSC-rich aggregates can form
localized adhesive motifs to function as the adhesion agents for
providing stable immobilization to cell adhesion. Further verifica-
tion on the long-term healing effect was obtained by evaluating
the type-1 collagen expression, which plays an important role in



Fig. 8. The type-1 collagen production by HS68 cells cultured in the medium with
(black bar) and without FBS (gray bar) after cell adhesion for 5 days. ⁄p < 0.05 when
compared with NOCC groups (DE = 0).
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tissue generation and repair [34]. After cell incubation for 5 days,
the cells incubated with PMSC with the DE up to 0.51 could gener-
ate 120 lg collagen, while only 60–80 lg of collagen was produced
by the cells incubated with PMSC with the DE < 0.39 (Fig. 8). This
result was further verified by a test involving treatment without
10% FBS. A similar tendency was observed for the cells on the PMSC
with a larger DE, consistently demonstrating that fibroblast adher-
ence to the stiffer PMSC gels could produce more type-I collagen.
This finding is well-recognized as the fibrotic tissue reactions in
the healing process [35]. The results explain why the NOCC was
not favorable for cell morphogenesis as shown in Fig. 4b due to
inconstant environmental pH, and the excessively soft networks.
However, PDMS modification could impart the resulting PMSC
hybrid with optimal mechanical strength through enhancement
of the network structure. Therefore, by controlling the PDMS, an
optimal microenvironment for the growth of dermal cells can be
suitably designed for wound healing platform via precise manipu-
lation on the PMSC hybrids.
4. Conclusions

In summary, a new type of hierarchically structural hydrogel
based on chemical hybridization of hydrophilic polysaccharide
and hydrophobic polysiloxane was developed to investigate skin
cell behavior. Despite the observation that poor surface wettability
did not promote short-term cell attachment due to the hydropho-
bic character of PDMS, the self-assembling hierarchical structure of
the PMSC hybrid enabled both topographical guidance and
mechanical support to facilitate cell spreading and growth for
long-term proliferation without any adhesive reagent. As the DE
exceeded 0.39, the size of the PDMS-rich aggregates changed from
nanoscale to microscale, which enhanced the tensile modulus of
the NOCC up to fourfold and simultaneously enabled mechano-
topographic guidance for cell adhesion. Given these results and
the finding that PMSC hybrids promote type-I collagen production,
the PMSC hybrids show great promise for healing applications.
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1 and 2 are difficult to interpret in black and white. The full color
images can be found in the on-line version, at http://dx.doi.org/
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