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ABSTRACT: Stem cells have emerged as potentially useful cells for
regenerative medicine applications. To fully harness this potential, it is
important to develop in vitro cell culture platforms with spatially regulated
mechanical, chemical, and biological cues to induce the diﬀerentiation of
stem cells. In this study, a cell culture platform was constructed that used
polydopamine (PDA)-coated paraﬁlm. The modiﬁed paraﬁlm supports cell
attachment and proliferation. In addition, because of the superb plasticity and
ductility of the paraﬁlm, it can be easily micropatterned to regulate the spatial
arrangements of cells, and can exert diﬀerent mechanical tensions. Speciﬁcally, we constructed a PDA-coated paraﬁlm with
grooved micropatterns to induce the osteogenic diﬀerentiation of stem cells. Adipose-derived mesenchymal stem cells that were
cultured on the PDA-coated paraﬁlm exhibited signiﬁcantly higher osteogenic commitment in response to mechanical and spatial
cues compared to the ones without stretch. Our ﬁndings may open new opportunities for inducing osteogenesis of stem cells in
vitro using the platform that combines mechanical and spatial cues.
KEYWORDS: paraﬁlm, polydopamine, stretchable materials, micropattern, mechanical tension, cell behavior

1. INTRODUCTION
Stem cells possess great potential in enabling regenerative
medicine for a range of ailments.1−3 Nevertheless, before stem
cells can be clinically transplanted, an understanding of the
mechanisms underlying stem cell behavior in injured tissue is
necessary.4 A number of studies have conﬁrmed that transplanted undiﬀerentiated stem cells may have serious side
eﬀects.5,6 For example, transplanting stem cells directly into
injured tissue not only fails to trigger specialized commitment
but may induce tumorigenesis.7 Thus, generating an in vitro cell
culture platform to diﬀerentiate stem cells prior to clinical use is
necessary.
The periosteum is a ﬁbrous membrane which covers the
surface of bones.8 The inner layer of the periosteum (also
known as cambium/osteogenic layer) has a microarchitecture
made of longitudinally assembled cells and collagen ﬁbers.
This layer is important in the growth, remodeling, and fracture
repair of bone.9−15 Stem cells residing in this layer are highly
mechanosensitive and alter the production of numerous
signaling molecules when triggered by a mechanical stimulus.16−25 To mimic the periosteum and diﬀerentiate stem cells into
© 2014 American Chemical Society

osteogenic phenotypes, it is necessary to construct a platform
that enables the regulation of cell morphologies and behavior
(including proliferation and diﬀerentiation) using a combination
of mechanical and topographical cues.25−30
To construct a platform that combines spatial and
mechanical cues for inducing the diﬀerentiation of stem cells
in vitro, the substrate for cell culture should possess excellent
stretchability and processability. Conventional cell culture
materials often do not fulﬁll these requirements. In this
study, we used paraﬁlm as a model material to construct a cell
culture platform that combines topographical and mechanical
cues to induce osteogenic diﬀerentiation of stem cells. Paraﬁlm
is a ﬂexible thermoplastic ﬁlm that is commonly used for sealing
and protecting various reagent-containing vessels because of its
superb waterprooﬁng, cohesion, and ductility properties.
Paraﬁlm-based microﬂuidic devices have been developed for
low-cost diagnostic applications.31 Compared with conventional
Received: October 22, 2013
Accepted: June 30, 2014
Published: June 30, 2014
11915

dx.doi.org/10.1021/am5029236 | ACS Appl. Mater. Interfaces 2014, 6, 11915−11923

ACS Applied Materials & Interfaces

Research Article

Figure 1. Surface property of the PDA-coated paraﬁlm and pristine paraﬁlm. (A) Images of the PDA-coated paraﬁlm and pristine paraﬁlm. (B) XPS
survey scan spectra of the surfaces of the PDA-coated paraﬁlm and pristine paraﬁlm. (C and D) Wettability and surface energy of the PDA-coated
paraﬁlm and pristine paraﬁlm.

stretchable matrices, paraﬁlm displays a higher stretchability.31
Moreover, it has a low cytotoxicity and is readily available in most
chemical, engineering, and biological laboratories. Importantly, to
mimic the microenvironment of periosteum, it is not necessary to
have an elastic deformation. Here, due to the signiﬁcant
elongation of natural periosteum, we wanted a material that
could elongate more than two folds than its original length after
stretching. As a proof-of-concept material that possesses this
property, we chose paraﬁlm as the substrate for simulating
periosteum in vitro. However, the high surface hydrophobicity of
paraﬁlm (similar to that of polydimethylsiloxane (PDMS))
prevents cells from attaching to its surface. To surmount this
obstacle, a chemical/physical surface modiﬁcation is required.
The biological applications of polymer coatings have long
been studied. For example, to promote cell adhesion, polylysine
is commonly utilized as a coating in PDMS-based microﬂuidic
devices and to coat cell culture dishes.32,33 However, polylysine
coating is not stable over long periods. An alternative strategy
for generating a stable polymer coating on various hydrophobic
surfaces that has received recent attention is the use of
polydopamine (PDA).34−36 PDA is a synthetic polymer that is
derived from dopamine, a small molecule that is an important
neurotransmitter.37 A unique feature of PDA is its ability to
deposit on various hydrophilic or hydrophobic surfaces via selfpolymerization by the oxidation of dopamine in a weak alkaline
buﬀer solution.38 The biocompatibility of the PDA coating on
various materials has been evaluated, and the results indicate
that the PDA coating can facilitate the adhesion of diﬀerent cell
types, including ﬁbroblasts, endothelial cells, osteoblasts, and
neural cells.39,40 Moreover, PDA coatings can also be useful to
immobilize proteins, enzymes, and growth factors via covalent
coupling without altering their bioactivities.41,42
In this study, we used surface modiﬁed paraﬁlm to regulate
cell behavior (such as cell alignment and cell diﬀerentiation).
Paraﬁlm was coated with PDA to induce cell adhesion. In
addition, various motifs were generated on the modiﬁed
paraﬁlm by using soft lithography. To evaluate stem cell
diﬀerentiation on the platform, we analyzed the osteogenic
diﬀerentiation of adipose-derived mesenchymal stem cells

(ADMSCs). ADMSCs can be easily derived from adipose
tissue with minimal site morbidity, and have excellent selfrenewal and proliferation properties. We cultured ADMSCs
onto the platform with grooved micropatterns, and diﬀerent
mechanical tensions were exerted onto the modiﬁed paraﬁlm to
simulate the microstructure and mechanical stresses of the
natural periosteum. We hypothesized that the platform may be
used to modulate the osteogenic commitment of stem cells by
the combination of topographical, mechanical, and biological
cues.
Although there are numerous publications on the topics of
stretch or micropatterns induced or promoted the osteogenesis
of stem cells or osteoblasts, the combination of mechanical and
topographic cues by mimicking the microenvironments of stem
cells on the periosteum has not been fully investigated.42−44 In
this study, an in vitro platform was constructed for inducing
osteogenesis of stem cells by simulating the microenvironment
of periosteum. Our ﬁndings may open new opportunities for
inducing osteogenesis of stem cells for the application of
regenerative medicine and for the study of physiological
diﬀerentiation of periosteum during osteogenesis in vitro.

2. EXPERIMENTAL SECTION
2.1. Preparation of Micropatterned PDA-Coated Paraﬁlm.
Prepolymer (TSE3032, Momentive, Japan) was cured to produce
microgrooved PDMS stamps (with groove spacings of 30, 50, and
100 μm) with diﬀerent micropatterns on a master fabricated by
conventional photolithography technique using SU-8 photoresist.
Paraﬁlm (Pechiney Plastic Packaging Company, USA) was covered by
a ﬂat poly(methyl methacrylate) (PMMA) chip and the PDMS stamp,
and then was heated using a hot compressor (Taiming, Inc., USA) for
3 s at 60 °C. The sandwich assembly was cooled down to ambient
temperature, and then removed the PMMA chip and PDMS stamp.
The obtained micropatterned paraﬁlm was treated with oxygen plasma
for 5 min. Subsequently, the resulting micropatterned paraﬁlm was
dipped into a 2 mg/mL dopamine (Sigma-Aldrich, USA) Tris buﬀer
(10 mM) solution at pH 8.5. The polydopamine coating was
generated by the autopolymerization of dopamine. After 8 h, an
observed polydopamine coating was obtained on the micropatterned
paraﬁlm. The XPS spectra were conducted on a Kratos Photoelectron
Spectrometer (Kanagawa, Japan).
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2.2. Wettability. The contact angles of the ﬂat PDA-coated
paraﬁlm and ﬂat pristine paraﬁlm were measured on a contact angle
meter (Kyowa Kaimenkagaku Co., Saitama, Japan). The surface free
energy of PDA-coated paraﬁlm was calculated using the following
equations:

(1 + cos θw)γw = 4(γw dγs d /(γw d + γs d) + γw pγs p/(γw p + γs p))
and

(1 + cos θg)γg = 4(γg dγs d /(γg d + γs d) + γg pγ sp /(γg p + γs p))
where γd and γp are the dispersive and polar component and θp and θw
are the contact angles to glycerin and water, respectively.
2.3. Protein Immobilization. One milliliter of 50 μg/mL
ﬁbronectin (or rhodamine labeled-ﬁbronectin solution) (in deionized
water solution), or 100 μg/mL bovine serum albumin (BSA) (or
ﬂuorescein isothiocyanate (FITC) labeled-BSA solution) (in deionized
water solution) was added to the surfaces of the ﬂat pristine paraﬁlm
and ﬂat PDA-coated paraﬁlms (1 × 1 cm), and then incubated in room
temperature in an incubator. After 5 h, the ﬁlms were carefully washed
with deionized water solution, and then placed into 1% sodium
dodecyl sulfate to remove the non-covalent proteins on their surface. A
protein assay kit (QuantiPro bicinchoninic acid protein assay kit,
Sigma-Aldrich, USA) was used to test the total protein absorbed on
the surfaces of ﬁlms.45
2.4. Cell Seeding and Viability. The PDA-coated paraﬁlm pieces
were placed under the UV light of a clean bench for 30 min. Samples
(ﬂat pristine paraﬁlm, ﬂat paraﬁlm treated with plasma, ﬂat PDAcoated paraﬁlm, micropatterned PDA-coated paraﬁlm with groove
spacings of 30, 50, and 100 μm; all 2 × 2 cm) were respectively loaded
with 100 μL of ADMSC (DS Pharm Biomedical, Japan) suspension
(5 × 105 cells/mL) and incubated in an incubator for 3 h and then a
cell culture medium (Dulbecco’s modiﬁed Eagle’s medium (DMEM)/
F12 supplemented, 1% streptomycin/penicillin (Invitrogen, USA),
10% (v/v) fetal bovine serum (FBS, Invitrogen, USA), and HEPES
(to regulate the pH value of medium to 7.4, Sigma-Aldrich, USA))
were used for cell culture. The cell viability was determined using
Live/Dead cell viability/cytotoxicity kit (Invitrogen) according to the
manufacture’s instruction. Cell Counting Kit-8 (Sigma-Aldrich, USA)
was used for the determination of viable cell number on the ﬁlms.
2.5. Quantiﬁcation of Cell Alignment. To quantify the degree of
cellular alignment, cells on the micropatterned PDA-coated paraﬁlm
with groove spacings of 30, 50, and 100 μm were stained with 4',6diamidino-2-phenylindole (DAPI) (for the cell nuclei) and rhodaminephalloidin (Invitrogen; for F-actin), respectively. The angles of cell and
nuclei alignment were measured by the method described in the
references.46−48
2.6. Determination of the Cell Numbers on PDA-Coated
Paraﬁlms. One hundred microliters of ADMSC suspension
(5 × 105 cells/mL) was added onto PDA-coated paraﬁlm (2 × 2 cm)
with groove spacing of 50 μm. After 1 day of culture, a low force (2 N)
or a high force (2.5 N) was utilized to stretch PDA-coated paraﬁlm
strips. The force was maintained for 5 days. Cell Counting Kit-8 (SigmaAldrich, USA) was used for the determination of viable cell number on
the ﬁlms.
2.7. Fabrication of a Device Based on PDA-Coated Paraﬁlm
to Induce Cell Strain. To induce the elongation of a cell cultured on
the micropatterned PDA-coated paraﬁlm, we designed a PDMS device,
which is shown schematically in Figure 6A. A small PDMS chamber
was placed in a cell culture dish, and rectangular holes were cut
through the right and left walls of the PDMS chamber, respectively. A
strip of micropatterned PDA-coated paraﬁlm was inserted through the
two holes, and forces were exerted at the ends of the paraﬁlm strip to
stretch the paraﬁlm, creating strains on the ADMSCs cultured on
the paraﬁlm. The center of the paraﬁlm strip that has grooved
micropatterns (the groove is 50 μm and the micropatterned area is
6 × 6 mm) in the small PDMS pools in the as-prepared devices were
loaded with 200 μL of ADMSC suspension (1 × 104 cells/mL), and a
low force (2 N) and high force (2.5 N) were utilized to stretch the
strips after 1 day of culture in the cell culture medium. The tensile

Figure 2. Cell viability and proliferation on PDA-coated paraﬁlm. (A
and B) Fluorescent images of cells on the PDA-coated paraﬁlm and
the pristine paraﬁlm stained by the live/dead kit. (C) Cell proliferation
on the PDA-coated paraﬁlm, plasma treated paraﬁlm, pristine paraﬁlm,
and culture dish (scale bar: 100 μm).

Figure 3. Protein immobilization on the PDA-coated paraﬁlm. (A)
Schematic of protein immobilization on the PDA-coated paraﬁlm. (B)
Fluorescent images of the ﬂuorescein isothiocyanate labeled-bovine
serum albumin (FITC-BSA) and rhodamine-ﬁbronectin immobilized
on the paraﬁlm (control), oxygen-plasma-treated paraﬁlm (plasma
paraﬁlm), and PDA-coated paraﬁlm (PDA paraﬁlm), respectively. (B)
Fluorescent images of immobilized on the paraﬁlm (control), oxygenplasma-treated paraﬁlm (plasma paraﬁlm), and PDA-coated paraﬁlm
(PDA paraﬁlm), respectively. (C) Quantiﬁcation of protein immobilized on the pristine paraﬁlm (control), oxygen-plasma-treated
paraﬁlm (plasma ﬁlm), and PDA-coated paraﬁlm (PDA ﬁlm). The *
and & symbols indicate statistical signiﬁcance when compared with
cells cultured on the oxygen-plasma-treated paraﬁlm and paraﬁlm,
respectively (scale bars: 100 μm).
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Figure 4. Generation of the micropatterned PDA-coated paraﬁlms with diﬀerent groove spaces. (A) Schematic of the generation of the
micropatterned PDA-coated paraﬁlm. (B−D) Optical images of PDA-coated paraﬁlms with arrays of grooves (from panels B−D, the groove spacings
are 100, 50, and 30 μm) (scale bar: 100 μm).
forces were measured using a digital force gauge (DS2-20N, IMADA,
Japan). The cell responses to the tensile strains and micropatterns
were assessed by specialized gene expression. In addition, the cell
responses to the tensile strains and micropatterns in osteogenic media
(DMEM/F12 supplemented with 10% (v/v) FBS, β-glycerophosphate
(10 mM), ascorbic acid (50 mM), dexamethasone (0.1 mM), and 1%
penicillin/streptomycin) were assessed by the expression of osteogenic
genes.
2.8. Gene Expression. The total RNAs of cells on the ﬁlms was
extracted and puriﬁed using TRIzol Plus RNA puriﬁcation kit (SigmaAldrich, USA) according to the manufacturer’s instructions. One-step
qRT-PCR was run using MyiQ2 two colors RT-PCR detection system
(Bio-Rad, USA). The qRT-PCR reaction mix consisted of SuperScript
III RT/Plantinum Taq Mix (Invitrogen, USA), ROX (Invitrogen,
USA), primers, RNA template, and DEPC-treated water (Invitrogen,
USA). Primer sequences were designed by Greiner Bio-One, Japan
(Table S1, Supporting Information).49,50
2.9. Statistical Analysis. Data were expressed as means ±
standard deviations (six replicates were conducted). Student’s t-tests
and ANOVA followed by Tukey’s multiple comparison tests were
performed to analyze diﬀerences between two experimental groups
and among more than two experimental groups, respectively.

addition, the surface energy of the PDA-coated paraﬁlm is
approximately 16-fold higher than that of pristine paraﬁlm, which
may signiﬁcantly promote cell adhesion.
The biocompatibility of the PDA-coated paraﬁlm was also
evaluated by studying the cytotoxicity with live/dead staining
and cell counting kit (Figure 2). ADMSCs were seeded for
5 days and 12 days on the PDA-coated paraﬁlm, the oxygenplasma-treated paraﬁlm, and native paraﬁlm, respectively. After
which the cell number on the PDA-coated paraﬁlm was
signiﬁcantly higher than that of the oxygen-plasma-treated
paraﬁlm. Also, only a few cells were observed on the pristine
paraﬁlm due to its extremely high hydrophobicity. These results
were also conﬁrmed by live/dead staining. A larger number of
cells grew on the PDA-coated paraﬁlm and generated a cell
network whereas signiﬁcantly less cell proliferation was
observed on the pristine paraﬁlm. We also showed that cell
proliferation on PDA-coated paraﬁlm was similar to that of
commercial cell culture plates.
The most pivotal process for cell adhesion on biomaterials is
the deposition of extracellular matrix (ECM), such as laminin,
collagen, and ﬁbronectin. The process of protein immobilization on the surface of biomaterials was mediated by ECM
secreted by cells or derived from cell culture medium.51 To
analyze the adsorption of proteins on PDA-modiﬁed paraﬁlm,
we immersed the PDA-coated paraﬁlm in solutions containing
ﬂuorescein isothiocyanate labeled-bovine serum albumin
(FITC-BSA) and rhodamine-labeled ﬁbronectin (Figure 3).
After 5 h of incubation, the immobilization of the ﬂuorescent
proteins on the PDA-coated paraﬁlm was visualized. We did
not observe signiﬁcant protein adsorption on the surface of the
unmodiﬁed paraﬁlm or oxygen-plasma-treated paraﬁlm, whereas a signiﬁcantly higher amount of protein was adsorbed on the
PDA-coated paraﬁlm. We also conﬁrmed this observation by
using a protein quantiﬁcational assay (Figure 3C). These results
showed that the immobilization of BSA and ﬁbronectin on the
PDA-coated paraﬁlms was around 3- and 2-fold higher than
that of the oxygen-plasma-treated paraﬁlms, and approximately
32- and 25-fold higher than that of the pristine paraﬁlms,
respectively. Together, these results and previously studies

3. RESULTS AND DISCUSSION
3.1. Generating PDA-Coated Paraﬁlm. PDA was
deposited on an oxygen-plasma-treated paraﬁlm via selfpolymerization by dopamine oxidation in a weak alkaline buﬀer
solution (pH = 8.5). As shown in Figure 1A, after 8 h of
incubation in the dopamine solution, the paraﬁlm darkened
compared to the native paraﬁlm, which was milky white. X-ray
photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM) were used to verify the formation of PDA
on the paraﬁlm’s surface (Figure 1B and Figure S1, Supporting
Information). The XPS spectrum of PDA-coated paraﬁlm
exhibits two peaks at approximately 399 and 513 eV, corresponding
to N1S and O1S of the PDA coating, respectively. To determine the
hydrophobicity of the PDA-coated paraﬁlm, we performed a static
water contact angle test (Figure 1C,D). The water contact angle of
the pristine paraﬁlm is 109.6°. The PDA-coated paraﬁlm exhibits a
signiﬁcantly lower water contact angle, indicating that abundant
hydrophilic groups were created on the surface of paraﬁlm. In
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conﬁrmed that the PDA-coated paraﬁlm promote cell adhesion
due to its higher ability to induce protein adsorption.52−54
3.2. Micropatterning PDA-Coated Paraﬁlms. The
process for the generation of diﬀerent micropatterns on the
PDA-coated paraﬁlm is shown in Figure 4A. A pristine paraﬁlm
was placed on a ﬂat PMMA slide and micromolded against a
micropatterned PDMS stamp under pressure (5 N) at an
elevated temperature (60 °C). After the micropatterned
paraﬁlm was molded, it was released from the PDMS stamp.
Finally, the surface of the microstructured paraﬁlm was
modiﬁed with PDA. In this study, the PDA modiﬁcation was
conducted after the micropatterning for two main reasons. First,
high temperatures were required to generate the micropatterns,
whereas ambient temperatures were preferred for PDA deposition.
Second, the micromolding process enlarged the surface area of the
paraﬁlm, which could damage the PDA coatings.
Here, we generated grooved micropatterns on PDA-coated
paraﬁlms to produce topographic cues for cell regulation. As
shown in Figure 4B−D, array of grooves on PDMS stamps
were successfully transferred onto PDA-coated paraﬁlms. The
replicated micropatterns exhibited ﬁne microscale resolution.
We subsequently seeded cells on the micropatterned paraﬁlms
to investigate the cell behavior regulated by the micropatterns
(Figures 5A and S2, Supporting Information). The ADMSCs
were cultured on the micropatterns for 3 days. To visualize the
cells clearly, we used DAPI (blue color) and rhodamine
phalloidin (red color) to stain nuclei and F-actin of cells,
respectively. On the groove-patterned zone, we measured
the alignment angles of the cell nuclei to conﬁrm the cell
alignment. Cells aggregated in the grooves of the micropatterned PDA-coated paraﬁlm and exhibited signiﬁcantly
aligned structures. In contrast, the cells cultured on the ﬂat
PDA-coated paraﬁlm exhibited random alignments. More than
80% and 40% of cells grown on the micropatterns with groove
widths of 30 and 50 μm, respectively, were aligned with the
same direction of groove, whereas only around 12% of cells
were aligned on the ﬂat PDA-coated paraﬁlm (Figure 5B). The
cell alignments were also conﬁrmed by the orientation of
F-actin. The F-actin of cells on the micropatterned surface was
directed along the grooves. We also investigated the osteogenic
gene expression of the stem cells seeded on diﬀerent micropatterns with grooves. After stem cells were seeded onto various
micropatterns, we used osteogenic media instead of common
media to induce cell diﬀerentiation. The cells on the micropatterns
with narrow grooves (the widths of groove are 30 and 50 μm)
signiﬁcantly promoted the expression of osteocalcin (a key
osteogenic gene, which regulates the mineralization of bone) after
14 days of culture, indicating a higher osteogenic commitment of
stem cells regulated by narrow grooves (Figure 5C). Due to the
higher expression of osteocalcin (an important late osteogenic
marker) of cells on the micropattern with a 50 μm groove, we
used this micropattern to evaluate cell behavior in the following
experiments.
3.3. Cell Behavior Regulated by Spatial and Mechanical Cues. To induce the elongation of the cells cultured on the
micropatterned PDA-coated paraﬁlm, we designed a PDMS
device, which is shown schematically in Figure 6A. A small
PDMS chamber was placed in a cell culture dish, and
rectangular holes were cut through the right and left walls of
the PDMS chamber. A strip of micropatterned PDA-coated
paraﬁlm was inserted through the two holes, and forces were
exerted at the ends of the paraﬁlm strip to stretch the paraﬁlm,
thus placing strain on the ADMSCs cultured on the paraﬁlm

Figure 5. Cell alignments on the micropatterned PDA-coated
paraﬁlms with diﬀerent groove spacings. (A) F-actin and nuclei
staining of cells on the micropatterned PDA-coated paraﬁlm with
diﬀerent groove spacings. (B) Aligned cell-nuclei counting of cells on
the PDA-coated paraﬁlm with grooved micropatterns and the ﬂat
PDA-coated paraﬁlm after 3 days of culture. (C) Osteogenic gene
expression of cells on the PDA-coated paraﬁlms with diﬀerent groove
sizes after 14 days of culture. The * symbol indicates statistical
signiﬁcance when compared with cells on the ﬂat PDA-coated paraﬁlm
at 95% conﬁdence level. Expression levels were normalized with
respect to the housekeeping gene β-actin.

(Figures S3 and S4, Supporting Information). Two diﬀerent
strains (2 and 2.5 N) were tested and compared with a cell
culture on the PDA-coated paraﬁlm in the absence of strain.
The results indicated that cell elongation was determined by
the strain because a higher strain induced a higher cell
elongation. The cell elongation with the higher strain was
approximately 1.3- and 1.8-fold higher than that driven by a
lower strain or by nonstrain, respectively (Figure 6B,C). During
the dynamic process of exerting stress on the paraﬁlms, the cells
with lower viability and activity detached from the paraﬁlms
because of their weaker adhesions. Therefore, the cell number
on the stretched paraﬁlm was slightly lower than that on the
nonstrain paraﬁlm (Figure 6D). In addition, we evaluated the
cytoskeleton gene expression using quantitative reverse transcription-polymerase chain reaction (qRT-PCR) after 3 days
and 5 days of culture (Figure 6E). The gene expression of
SM22-α and α-actin of cells under higher strain was
approximately 2.2- and 1.8-fold higher than that of the cells
11919
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Figure 6. Morphology of stem cells treated by the platform constructed by the micropatterned PDA-modiﬁed paraﬁlm (cells on the platform free of
force were used as control, the exerted forces were paralleling to the direction of grooves). (A) Schematic of the device based on the micropatterned
PDA-modiﬁed paraﬁlms that induce the elongation of cells in an osteogenic microenvironment when stretched. (B) Cell elongation induced by the
forces exerted on the paraﬁlm in the devices (scale bar: 20 μm). (C) Cell elongation induced by the diﬀerent forces (the # symbol indicates statistical
signiﬁcance when compared with cells driven by a low force and control at 99% conﬁdence level). (D) Viability of cells cultured on the
micropatterned PDA-modiﬁed paraﬁlms after being stretched. (E) Relative expression of cell-skeleton-related gene of cells under diﬀerent forces
induced by stretchable paraﬁlms in the devices in a common culture medium after 3 and 5 days of culture (the & and * symbols indicate statistical
signiﬁcance when compared with cells driven by a low force at 95% and 99% conﬁdence levels, respectively; expression levels were normalized with
respect to the housekeeping gene β-actin).

on the nonstretched ﬁlm, respectively. The gene expression of
SM22-α and α-actin of the cells with a lower strain was
approximately 1.2- and 1.4-fold higher than that of the cells on
the nonstretched paraﬁlm, respectively. Furthermore, the
expression of type I collagen of the cells with a higher strain
was signiﬁcantly stronger than that of the cells on the nonstretched
paraﬁlm. These results indicated that mechanical strains on the
cells facilitate the expression of cytoskeleton-related genes, such as
α-actin, and extracellular matrix-type I collagen.
We used the micropatterned PDA-coated paraﬁlm to
simulate the environment of the stem cells on the inner layer
of the periosteum to induce osteogenesis of stem cells.
Similarly, diﬀerent strains were exerted on the stem cell-laden
strip of micropatterned PDA-coated paraﬁlm. The PDA-coated
ﬁlm with double elongation induced by the higher strain is
similar to that of the original periosteum. As shown in Figure 7,
the periosteum on the humerus (31 mm) is 2 times longer than
the periosteum removed from the humerus (15 mm). Here, an
osteogenic medium was used instead of the common cell
culture medium used in the referenced study (DMEM+10%
FBS) to stimulate the osteogenic commitment of the stem cells.
After 12 days of culture, the expression of osteogenic protein
and genes was evaluated on the PDA−paraﬁlm-based platform
(Figures 8 and S5, Supporting Information). The activity of

Figure 7. Morphology and stretchability of the periosteum. (A)
Schematic of the periosteum on the bone and an optical image of the
periosteum microstructure. (B) Schematic and image of the
periosteum in the humerus (length: 31 mm) and the periosteum
after being removed from the humerus (length: 15 mm).
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Figure 8. Expressions of osteogenic genes of cells in the osteogenic medium exposed to diﬀerent forces induced by the stretchable paraﬁlm in the
devices after 6 and 12 days of culture (the # and * symbols indicate statistical signiﬁcance when compared with control at 95% and 99% conﬁdence
levels, respectively). Expression levels were normalized with respect to the housekeeping gene β-actin.

mechanical, chemical, biological, and topographic cues was
developed. This platform uses a PDA-coated micropatterned
paraﬁlm. The micropatterned paraﬁlm can eﬀectively regulate
spatial arrangement of cells. Speciﬁcally, the ADMSCs cultured
on the platform exhibited signiﬁcantly higher osteogenic
commitment in response to mechanical and spatial cues
induced by the modiﬁed paraﬁlms compared to the one
without stretch. Our ﬁnding may open a new door for stem cell
diﬀerentiation studies using this modiﬁed paraﬁlm platform.

alkaline phosphatase (ALP), gene expression of ALP (an early
osteogenic marker), and Cbfa-1/Runx-2 (a key transcription
factor related with osteoblast diﬀerentiation) of the cells driven
by a higher strain were approximately 1.4-, 1.5-, and 1.4-fold
higher than that of the cells on the nonstretched ﬁlm,
respectively. No remarkable diﬀerence was observed between
the cells under the higher and lower strain conditions.
However, the gene expression of type I collagen (main organic
composition of bone) of the cells under the higher strain was
approximately 1.3-fold higher than that of cells on the
nonstretched paraﬁlm and that of cells under the lower strain.
Additionally, the cells driven by the higher strain showed
stronger expression of BMP-2 (an osteoinductive growth
factor) than the cells on the nonstretched paraﬁlm.
The process of recognizing and responding to the mechanics
of the surrounding matrix is critical for cell growth and
function. In response to mechanical and spatial stimuli, the cells
will use feedback to transfer these signals to biochemical signals
and elicit cascade responses from mechanotransducer molecule
activation, specialized gene expression, diﬀerentiation, and
matrix remodeling.55−57 Previous studies have indicated that
microgrooved patterns promote osteogenesis in vitro and in
vivo, because the osteogenesis was induced by orientating
osteoblastic-like cells in bone and periosteum.58−62 In this
study, by simulating the mechanical and spatial conditions of
the periosteum using micropatterned PDA-coated paraﬁlm, we
conﬁrmed that the higher strain and spatial alignment of cells
are of great importance for osteogenesis. Therefore, this
platform provides a new method for understanding the eﬀect of
mechanical and spatial cues on cell diﬀerentiation.
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