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We have examined the effects of surface nanotopography and hyaluronic acid (HA) on in vitro chon-
drogenesis of dental pulp stem cells (DPSCs). Ultraviolet-assisted capillary force lithography was employed
to fabricate well-defined nanostructured scaffolds of composite PEG-GelMA-HA hydrogels that consist of
poly(ethylene glycol) dimethacrylate (PEGDMA), methacrylated gelatin (GelMA), and HA. Using this mi-
croengineered platform, we first demonstrated that DPSCs formed three-dimensional spheroids, which pro-
vide an appropriate environment for in vitro chondrogenic differentiation. We also found that DPSCs cultured
on nanopatterned PEG-GelMA-HA scaffolds showed a significant upregulation of the chondrogenic gene
markers (Sox9, Alkaline phosphatase, Aggrecan, Procollagen type II, and Procollagen type X), while
downregulating the pluripotent stem cell gene, Nanog, and epithelial–mesenchymal genes (Twist, Snail, Slug)
compared with tissue culture polystyrene-cultured DPSCs. Immunocytochemistry showed more extensive
deposition of collagen type II in DPSCs cultured on the nanopatterned PEG-GelMA-HA scaffolds. These
findings suggest that nanotopography and HA provide important cues for promoting chondrogenic differ-
entiation of DPSCs.

Introduction

Acurrent challenge in tissue engineering is to create
a microengineered extracellular matrix (ECM) that can

direct cell adhesion, proliferation, and differentiation similar
to in vivo conditions.1 Nanofabrication of the topographical
environment has shown promise in directing cell orientation,
geometry, and adhesion similar to that observed in vivo.2–4

Numerous studies have demonstrated the use of biomaterials
to create tissue scaffolds with nanoscale topographical cues
to elicit behavior in cells that more closely resembles that
observed in native tissue.5–7

Many contemporary techniques for fabricating biomaterial
scaffolds with nanoscale features include electrospinning,
nanoimprinting, dip-pen nanolithography, and capillary force
lithography (CFL).8–10 Of these methods, only CFL is ca-
pable of generating well-defined nano-features over large
areas without the need of expensive or sophisticated equip-

ment.11 In CFL, capillary action is used to draw a solution of
polymerizable monomers into a mold. The monomers are
then polymerized, typically with heat, the removal of a sol-
vent, or ultraviolet (UV) light.12 The simple and inexpensive
generation of scaffolds with precise nano-features allows
facile detection of sensitive cell responses to the nanotopo-
graphical environment.

In addition to providing topographical signals, native ECM
provides chemical cues to cells through the presentation of
proteins, sugars, and glycosaminoglycans (GAGs) embedded
in the ECM architecture.13 Hyaluronic acid (HA) is a natu-
rally occurring GAG and is an integral part of the ECM in
cartilage tissue and is the most prevalent ECM molecule in
the synovial fluid.14 HA provides cells with numerous bio-
chemical cues, mediated by receptors such as CD44 and
RHAMM, to regulate the behavioral aspects of cells such as
morphology, proliferation, and migration.15,16 HA has also
been found to provide chemical cues to promote stem cell
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differentiation toward the chondrogenic lineage and is used
in currently available cartilage repair therapies.17,18

Mesenchymal stem cells (MSCs) can differentiate into
chondrocytes and deposit cartilage matrix in either cell
monolayer (two-dimensional) or cell aggregate (three-
dimensional [3D]) cultures.19,20 Dental pulp stem cells
(DPSCs) are well-characterized neural crest-derived MSCs
that are isolated from both human and murine tooth
pulp.21,22 DPSCs are an attractive postnatal stem cell source
as they are easily accessible, can be easily expanded ex vivo,
and exhibit multipotency and regenerative capacity, whereas
extraction of MSCs requires an invasive procedure and
MSCs exhibit less expansion capacity than do DPSCs.23–25

Murine DPSCs are derived from neural crest origin and
express the epithelial–mesenchymal transition (EMT) genes,
Twist, Snail, and Slug.21 These EMT genes have been shown
to be important for inhibition of chondrogenesis both
in vitro and in vivo, whereas downregulation of EMT genes
enhances chondrogenic differentiation.26–28 In vitro differ-
entiation using induction media supplemented with growth
factors, such as bone morphogenetic protein (BMP) or
transforming growth factor (TGF)-b, can induce MSCs to
differentiate into the chondrogenic lineage as shown by
increased levels of chondrogenic genes and proteins.20,29

DPSCs can differentiate into chondrocytes under appropri-
ate stem cell niches, which may require downregulation of
the expression levels of EMT genes. The easy accessibility,
tremendous ex vivo expansion capacity, and malleability for
efficacious differentiation make DPSCs a promising MSC
source for cartilage tissue engineering.

Efforts to regulate the chondrogenic differentiation of
stem cells have shown that stem cell behavior is largely
dependent on mechanical and chemical cues from the ex-
tracellular environment.30,31 The importance of composite
hydrogels has been established in replicating the natural
ECM and providing the signals necessary for cartilage dif-
ferentiation.32 The structure of cartilage is composed of
multiple layers with different cellular organizations. In the
superficial layer, chondrocytes are well aligned. Previous
groups have demonstrated the use of anisotropic scaffolds to
mimic the superficial layer for articular cartilage regenera-
tion.33,34 It has also been demonstrated that nanotopography
can be responsible for the formation of 3D growth of cell
structures.35 In the field of cartilage tissue engineering,
spheroid formation provides a 3D architecture that enhances
chondrogenic differentiation capacity.36,37 Previous studies
have demonstrated that HA and 3D spheroid culture systems
using photolithography techniques can promote MSCs to
form spheroids.23,38 Motivated by the urgent need for more
efficient cartilage tissue engineering platforms and by the
potential of stem cell-based therapies, we sought to assess
the combined effects of matrix nanotopography and HA-
mediated signaling on the chondrogenic differentiation of
DPSCs. We chose to use CFL for nanofabrication due to
its low cost, ease of use, and the ability to be fabricated
into a diverse array of structures. To facilitate UV curing,
we conjugated thiol-modified HA to poly(ethylene glycol)
dimethacrylate (PEGDMA). We then cultured DPSCs on
scaffolds in the BMP-2-supplemented medium and deter-
mined their capacity to differentiate by examining the ex-
pression of chondrogenic genes and proteins. In this study,
we first report that nanopatterned PEG-GelMA-HA scaf-

folds fabricated by CFL enhance spheroid formation and
chondrogenic differentiation of DPSCs.

Materials and Methods

Synthesis of PEG-GelMA-HA precursor solution

Synthesis of the PEG-GelMA-HA precursor solution was
completed in two steps: (i) preparation of gelatin methac-
rylate and (ii) conjugation of HA and methacrylated gelatin
(GelMA) to PEGDMA (Polysciences). Synthesis of GelMA
was conducted as previously described.39 Briefly, gelatin
(Sigma-Aldrich) was added at 10% (w/v) to Dulbecco’s
phosphate-buffered saline (DPBS; Sigma-Aldrich) at 60�C
in stirring condition until a clear mixture was observed.
Methacrylic anhydride (Sigma-Aldrich) was added at 50�C
to form a 20% (w/v) solution. DPBS was added to dilute and
stop the reaction after 2 h. The solution was subsequently
dialyzed through a porous membrane bag (12–14 kDa mo-
lecular weight cutoff; Spectrum Lab, Inc.) to remove re-
sidual salts and methacrylic acid in deionized water. The
resultant product was filtered through a 22-mm membrane
(Millipore) and lyophilized for 4 days to produce white
porous foam. To form a PEG-GelMA-HA precursor solu-
tion, PEGDMA (Mw 1.0 · 104 Da) was suspended in the
DPBS solution, then mixed with lyophilized GelMA, and
suspended Glycosan HyStem, a thiol-modified HA product
(Mw 2.4 · 105 Da, generously provided by BioTime, Inc.).
Twenty percent of PEGDMA (w/v) was prepared with 10%
GelMA (w/v) and 0.5% HA (w/v). The solution was mixed
thoroughly by vortexing. The photoinitiator 2-hydroxy-2-
methylpropiophenone (Sigma-Aldrich) was subsequently
added at 1% (v/v). The precursor solution was covered in
aluminum foil until further use.

Fabrication of nanopatterned PEG-GelMA-HA hydrogels

Glass coverslips (BioScience Tools) were cleaned in a pira-
nha solution consisting of a 3:1 ratio of 100% sulfuric acid
(Sigma-Aldrich) and 30% aqueous hydrogen peroxide (Sigma-
Aldrich) for 30 min to remove organic material and provide
additional hydroxyl groups before silane treatment. Then, cov-
erslips were thoroughly cleaned using deionized water and dried
under an air stream before being submerged in 2 mM 3-(tri-
methoxysilyl) propyl methacrylate (Sigma-Aldrich) in anhy-
drous toluene (Sigma-Aldrich) for 60 min. The glass coverslips
were rinsed in toluene again and dried under an air stream. The
cleaned and silane-treated coverslips were stored under vacuum
inside a desiccator until used. UV curable nanopatterned poly-
urethane acrylate (PUA) (Minuta Tech) molds were prepared
for fabrication. Characterization and synthesis were previ-
ously described.5 The PUA mold consisted of a pattern of
ridge · groove · height dimensions of 800 · 800 · 500 nm. An-
isotropically nanopatterned PEG-GelMA-HA hydrogels were
fabricated on the pretreated glass coverslips using UV-assisted
CFL. A PUA mold was rinsed with 100% ethyl alcohol to
remove organic contaminants and was carefully placed onto the
surface. A small amount (*10mL) of PEG-GelMA-HA pre-
cursor solution was pipetted onto a single glass coverslip. The
solution was drawn into the nanogrooves of the pattern through
capillary action and cured by exposure to UV light (l= 365 nm)
for 5 min. After curing, the PUA mold was peeled off leaving a
nanopatterned PEG-GelMA-HA hydrogel scaffold.
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Characterization of PEG-GelMA-HA hydrogels

The surface topography of PEG-GelMA-HA hydrogels
was analyzed by a high-resolution scanning electron micro-
scope (FEI Sirion SEM). Images were taken of hydrogels with
and without patterning. To confirm the presence of HA on
PEG-GelMA-HA hydrogels scaffolds, toluidine blue staining
was conducted on both the PEG-GelMA and PEG-GelMA-
HA scaffolds. Toluidine blue is a metachromatic chemical dye
used to detect GAGs.40 Briefly, 1% toluidine blue (w/v) was
prepared in 70% ethanol and then diluted into 0.1% (w/v) in
1% NaCl. The PEG-GelMA-HA hydrogel scaffolds were
stained in a toluidine blue solution for 15 min, washed three
times with distilled water, and dried before image acquisition.
The percentage area of positive toluidine blue staining was
measured using ImageJ software analysis (NIH). X-ray pho-
toelectron spectroscopy (XPS) spectra were taken on a Sur-
face Science Instruments S-probe spectrometer. The X-ray
spot size for acquisitions was *800 mm. The Service Physics
Hawk Analysis Software was used to determine peak areas.
The binding energy scales of the high-resolution spectra were
calibrated by assigning the lowest energy C1s high-resolution
peak a binding energy of 285.0 eV.

Morphological cell analysis

Cell orientation was determined on unpatterned and pat-
terned scaffolds. The reference axis value of 0� indicates
parallel alignment with the nanopattern, whereas 90� indi-
cates perpendicular alignment with the nanopattern. The cell
orientation angle was determined by the angle between the
reference axis and the axis of the maximal cell cross-sectional
length. The cellular elongation was determined as a ratio
between cell length/cell width. Cell morphological measure-
ments were conducted using ImageJ software analysis.

Cell culture

DPSC clones were previously isolated from 4- to 8-day-
old neonatal mouse molar teeth under approved Institutional
Animal Care and Use Committee (IACUC) guidelines and
characterized.21 Frozen cells were thawed and expanded
(1500 cells/cm2) in stem cell media containing 60% low-
glucose Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Invitrogen), 40% MCDB201 (Sigma-Aldrich), 2%
fetal calf serum (FCS) (HyClone), insulin–transferrin–
selenium (ITS) (Sigma-Aldrich), linoleic acid with bovine
serum albumin (LA-BSA) (Sigma-Aldrich), 10 - 9 M dexa-
methasone (Sigma-Aldrich), 10- 4 M l-ascorbic acid (Sigma-
Aldrich), 100 units/mL penicillin with 100 mg/mL streptomycin
(HyClone), 1 · 103 units/mL leukemia-inhibitory factor (LIF-
ESGRO; Millipore), 10 ng/mL epidermal growth factor
(EGF; Sigma-Aldrich), and 10 ng/mL platelet-derived growth
factor (PDGF)-BB (R&D Systems) at 37�C under 5% O2 and
5% CO2.

DPSCs (20,000 cells/cm2) were plated on tissue culture
polystyrene (TCPS) and poly(ethylene glycol) (PEG)-based
scaffolds, which were fabricated on 12-well plates in stem cell
media. After 2 days, spheroids were collected and replated on
TCPS surfaces under the same culture condition to observe
cell survival and migration. The numbers of spheroids were
counted after 2 and 6 days replating in culture. Spheroid-
derived and replated cells were also collected for RNA. Details

are summarized in Supplementary Figure S1 (Supplementary
Data are available online at www.liebertpub.com/tea).

Quantification of cell viability through mitochondrial
dehydrogenase activity

Cell viability of DPSCs seeded on different types of
scaffolds (n = 3) was determined through the mitochondrial
dehydrogenase enzyme activity by using water soluble tet-
razolium salt (WST-1) assay (Clontech). Briefly, 100mL of
premixed WST-1 cell proliferation solution was added to
cells cultured in a glass-bottomed dish (Live Assay, Inc.)
containing 1 mL of cell culture medium. After incubation at
37�C in 5% CO2 for 4 h, 100 mL of the medium was trans-
ferred to a 96-well plate with a triplicate per scaffold condi-
tion. The absorbance at 450 nm was measured with a standard
plate reader (VICTOR3V; PerkinElmer, Inc.). The total mi-
tochondrial dehydrogenase activity increases proportionally to
the number of viable cells, leading to an increase in absor-
bance values, which resulted from the enzymatic cleavage of
the tetrazolium salt WST-1 to formazan.

In vitro chondrogenic differentiation

DPSCs (20,000 cells/cm2) were plated on TCPS and
PEG-based scaffolds, which were fabricated on 12-well
plates and incubated overnight in stem cell media at 37�C
under 5% O2 and 5% CO2. After 24 h, a spheroid formation
was observed and the medium was switched to the BMP-2
medium for 10–21 days. The BMP-2 medium consisted of
60% low-glucose DMEM, 40% MCDB201, 10% FCS, ITS,
LA-BSA, 10 - 7 M dexamethasone, 0.3 mM l-ascorbic acid,
100 units/mL penicillin with 100 mg/mL streptomycin,
supplemented with 100 ng/mL BMP-2 (Shenandoah Bio-
tech).29 The BMP-2 medium was changed every 3 days.
After differentiation, cells were collected for RNA and fixed
for collagen type II antibody staining.

RNA extraction and quantitative reverse-transcriptase
polymerase chain reaction

Total RNA was purified from DPSCs cultured in growth
media and BMP-2 media with an RNeasy Mini kit (Qiagen),
according to the manufacturer’s protocol. Quantity and purity
of RNA was determined by 260/280 nm absorbance. First-
strand cDNA was synthesized from 1mg of RNA using the
High Capacity cDNA synthesis kit from Applied Biosystems as
per the manufacturer’s protocol using a randomized primer.
Quantitative reverse-transcriptase polymerase chain reaction
(QRT-PCR) primers are listed in Supplementary Table S1.
cDNA (20 ng) was prepared using the SYBR green PCR master
mix from Applied Biosystems. Reactions were processed by
the ABI 7900HT PCR system with the following parameters:
50�C/2 min and 95�C/10 min, followed by 40 cycles of 95�C/
15 s and 60�C/1 min. Results were analyzed using the SDS 2.2
software, and relative expression calculated using the com-
parative Ct method and normalized with Gapdh expression.
Each sample was run in triplicate reactions for each gene.

Immunofluorescence

Cells were fixed with 4% formaldehyde in phosphate-
buffered saline (PBS) for 10 min, washed with 1% BSA in
0.1% Triton X-100 in PBS, blocked with 10% normal goat
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serum at room temperature (RT) for 1 h, and stained with
either rat anti-mouse CD44 monoclonal Ab (1:100; eBioscience)
or mouse anti-mouse collagen type II monoclonal Ab
(1:500; Chondrex), incubated overnight at 4�C followed by
three washes in PBS. Goat-derived anti-rat or mouse Alexa
594-conjugated secondary antibodies (1:800; Invitrogen)
were incubated at RT for 1 h and washed three times. Cells
were stained with 4¢,6-diamine-2-phenylindol (DAPI) at
1:1000 to visualize the nuclei. All antibodies were diluted in
1% BSA in 0.1% Triton X-100 in PBS. The IgG isotypes
from the species made for the primary antibody (0.1 mg/mL)
(Vector Burlingame) were used as negative controls.
Fluorescence micrographs were examined by a Zeiss Ax-
iovert 200 fluorescence microscope. Images were taken with
an onboard monochrome AxioCam camera. The back-
ground was reduced using brightness and contrast adjust-
ments, and color balance was performed to enhance colors.
Control images were treated the same as experimental im-
ages. All modifications were applied to the whole image
using Adobe Photoshop CS2. The relative intensity collagen
type II staining per cell was measured using ImageJ soft-
ware analysis. The number of samples for the image anal-
ysis was three samples per scaffold group (n = 3). From each
scaffold, five images were used for the analysis.

Statistical analysis

Quantitative data were analyzed using Student’s t-test, one-
way ANOVA, or Pearson’s chi-squared test. p-Values <0.05
were considered statistically significant. All values are re-
ported as mean – standard deviation.

Results

Fabrication and characterization of nanopatterned
PEG-GelMA-HA hydrogels

The chemical synthesis of PEG-GelMA-HA hydrogels is
shown in Figure 1A. PEG is a synthetic hydrogel that
demonstrates nontoxic and nonimmunogenic properties in
addition to tunable mechanical strength.41 However, PEG
does not exhibit any biological activity, which prevents cell
binding to the scaffold. Therefore, the incorporation of cell-
binding adhesion sites is necessary. Gelatin methacrylate
(GelMA) is a popular biomaterial due to its ability to form
hydrogel structures through photopolymerization.42 Gelatin
is denatured collagen containing sites that facilitate cell
binding and adhesion while possessing matrix metallopro-
teinase-sensitive degradation sequences that allow cells to
remodel the ECM. As a light polymerizable material,

FIG. 1. Schematic of
nanopatterned hydrogel syn-
thesis. (A) PEG-GelMA-HA
scaffolds were prepared from
prepolymer mixture (green)
consisting of poly(ethylene
glycol) dimethacrylate
(PEGDMA), methacrylated
gelatin (GelMA), and thio-
lated hyaluronic acid (HA).
The pattern was generated by
using polyurethane acrylate
(PUA) nanopattern (purple)
and photopolymerization by
low-wavelength ultraviolet
light at 365 nm. (B, C)
Scanning electron micro-
graphs of PEG-GelMA-HA
unpatterned and patterned
hydrogels, respectively, with
ridge · groove · height
dimensions of 800 · 800 ·
500 nm. Scale bars = 10 mm.
Color images available on-
line at www.liebertpub.com/
tea
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GelMA possesses the ability to be incorporated with other
polymerizable materials such as PEGDMA to create tunable
composite hydrogels that take advantage of both materials in
terms of mechanical and biological profiles.39

A prepolymer solution containing PEGDMA, GelMA,
and HA was cured by UV light to promote conjugation of
GelMA and HA to the PEGDMA backbone through pho-
topolymerization. To form nanopatterned scaffolds, a few
drops of the prepolymer solution were dispensed on a glass
substrate, and a PUA mold was then placed on the surface,
forming a conformal contact with the surface. The polymer
structure was cured by UV light, and the PUA molds were
removed from the surface leaving behind a nanopatterned
PEG-GelMA-HA scaffold. To confirm physical integrity
and the presence of the nanotopography, SEM images were
obtained from the PEG-GelMA-HA hydrogels prepared in
unpatterned and nanopatterned conditions (Fig. 1B, C). The
unpatterned PEG-GelMA-HA hydrogels contained no signs
of altered topography, whereas the nanopatterned PEG-
GelMA-HA hydrogels were composed of an array of linear
grooves with ridge · width · height groove dimensions of
800 · 800 · 500 nm as verified by analysis of the SEM
images. The fabricated pattern was highly reproducible be-
tween experiments. The dimension choice of 800 · 800 ·
500 nm of the nanopattern demonstrated a high reproduc-
ibility in repeated fabrication. In addition, previous studies
showed that anisotropic topographical scaffolds for super-
ficial cartilage tissue engineering explored ranges within
500–1000 nm with success in inducing alignment of
cells.33,34

To further verify the surface conjugation of HA, toluidine
blue staining and XPS analysis were used. The toluidine
blue staining revealed a homogenously intense blue color in
the PEG-GelMA-HA scaffolds (Supplementary Fig. S2A) due
to the presence of HA, whereas none appeared on the PEG-
GelMA scaffolds (Supplementary Fig. S2B). The quantifica-
tion of positive toluidine blue staining revealed that positive
staining was highly significant for PEG-GelMA-HA com-
pared with PEG-GelMA (***p < 0.001) (Supplementary Fig.
S2C). XPS analysis demonstrated the presence of HA in
HA-conjugated nanopatterned scaffolds, but not in nano-
patterned scaffolds due to the presence of elevated nitrogen
content (Table 1). This is to be expected as HA possesses
nitrogen atoms. This provides evidence to support the
conjugation of HA in the hydrogels.

Morphological analysis of DPSCs cultured
on different scaffolds

To evaluate the biocompatibility of fabricated scaffolds,
WST-1 assays of DPSCs after 24-h seeding on scaffolds
were performed. The result showed no statistically signifi-
cant difference in cell viability compared among cells see-
ded on scaffolds and TCPS (Supplementary Fig. S3),
indicating no cytoxicity of our scaffolds. DPSCs were also
able to attach on scaffolds and represented spindle-shaped
cells, the morphology of MSCs (Fig. 2A, B). These results
indicated that our fabricated scaffolds were not toxic to
DPSCs.

The cell alignment and elongation were performed to
indicate that cells responded to the nanotopographical cues
provided by our fabricated scaffolds. The morphology of
DPSCs cultured on unpatterned versus nanopatterned scaf-
folds is also an important aspect of mechanoregulation.
After 24-h cell seeding, a confluent layer of DPSCs with
random cellular orientation was observed on unpatterned
PEG-GelMA-HA scaffolds, whereas a parallel cell align-
ment (indicated by a white arrow) was present on nano-
patterned scaffolds (Fig. 2A, B). CD44, a cell surface
receptor that binds HA and modulates cartilage differenti-
ation, was stained in DPSCs cultured on unpatterned and
nanopatterned PEG-GelMA-HA scaffolds, respectively
(Fig. 2C, D).43,44 DPSCs cultured on nanopatterned PEG-
GelMA-HA scaffolds showed stronger CD44 staining at the
cellular membrane following the orientation of the patterned
scaffold compared with diffused CD44 staining by cells on
unpatterned scaffolds. This increased membrane-localized
CD44 staining following the orientation of the pattern on
the scaffold suggests that CD44 on the cells is binding to
HA on the patterned scaffolds and this binding may trigger
signaling important for chondrogenesis. In addition, cel-
lular alignment (indicated by a white arrow) was observed
as expected for nanopatterned scaffolds compared with
unpatterned scaffolds. DPSCs cultured on unpatterned
scaffolds exhibited a cellular morphology with character-
istics of random cell alignment. DPSCs cultured on na-
nopatterned scaffolds, however, exhibited a much higher
frequency of alignment (Fig. 2E). There were no differ-
ences in the elongation of cells depending on the location
on the patterned scaffolds. Moreover, the cellular elon-
gation ratio determined by the length/width ratio demon-
strated that DPSCs cultured on PEG-GelMA-HA patterned
scaffolds had a significantly greater elongation than
DPSCs cultured on unpatterned scaffolds (***p < 0.001)
(Fig. 2F).

Effects of nanotopography and HA on spheroid formation

Spheroid formation was observed in both nanopatterned
PEG-GelMA and nanopatterned PEG-GelMA-HA scaffolds.
We also observed monolayer cells attached, elongated, and
aligned along the pattern of scaffolds. DPSCs cultured on
nanopatterned scaffolds were able to form spheroids after
24 h on top of elongated and aligned monolayer cells, while
cells cultured on TCPS and unpatterned PEG-GelMA-HA
scaffolds did not form spheroids (Fig. 3A–D). To differen-
tiate live cells that form spheres from dead cells that form
cell aggregates, we collected all floating spheres and re-
plated on polystyrene surfaces. This would confirm if cells

Table 1. Atomic Mass Percentage of Carbon

(C), Nitrogen (N), Oxygen (O), and Silicon

(Si) Elements for Representative

PEG-GelMA and PEG-GelMA-HA Samples

Atomic conc. %

Sample C N O Si

PEG-GelMA 67.6 4.0 27.2 1.2
PEG-GelMA-HA 65.9 5.1 27.3 1.7

Note that atomic mass percentage was determined by XPS
analysis from a single spot of representative PEG-GelMA and PEG-
GelMA-HA samples.

XPS, X-ray photoelectron spectroscopy; PEG, poly(ethylene
glycol); GelMA, methacrylated gelatin, HA, hyaluronic acid.
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are alive or not. Live cells would attach on the surface,
proliferate, and migrate. After replating all spheres, all of
them were able to attach and proliferate until confluent. This
result demonstrates that spheres formed in our scaffolds
contained live cells.

Spheroids after 2 days attached to the TCPS surface and
began to expand outward (Fig. 3E). Spheroids were con-
tinuously observed at day 6 after replating (Fig. 3F). The
number of spheroids was also counted for each experimental
group (n = 3) on day 2 and 6 postreplating (Table 2). Out-
ward expansion continued until a confluent monolayer was
formed (Fig. 3F) and resulted in a decrease in the number of
spheroids at day 6, compared with that at day 2. Nano-
patterned scaffolds with HA showed significantly greater
numbers of spheroids compared with nanopatterned scaf-
folds without HA on both day 2 and 6 (***p < 0.001 and
*p < 0.05, respectively). This indicated that nanopatterned
topography itself enhanced the formation of spheres, but
nanopattern and HA functioned synergistically to improve
the capacity to form spheres. After in vitro differentiation,
spheroids remained on the patterned scaffolds through 21
days and some spheroids, but not all, grew in size with time
in culture.

Gene expression analysis of differentiated DPSCs

DPSCs seeded on TCPS and cultured in BMP-2 media
exhibited significant upregulation of the chondrogenic-
specific markers Sox9, Alkaline phosphatase, Aggrecan, and
Procollagen type II after 21 days compared with cells cul-
tured in growth media (*p < 0.05) (Supplementary Fig. S4),
indicating that BMP-2 can induce in vitro chondrogenesis of
DPSCs, as we have previously shown.21

To determine if fabricated scaffolds enhance the chon-
drogenic differentiation of DPSCs cultured in BMP-2 media,
the expression of specific chondrogenic genes was analyzed
at early (day 10) and late (day 21) time points. In nano-
patterned scaffolds, the QRT-PCR results were analyzed in
both monolayer and spheroids. At day 10, DPSCs cultured
on different PEG-based scaffolds expressed higher levels of
Sox9, Alkaline phosphatase, Aggrecan, and Procollagen type
II and X compared with DPSCs cultured on TCPS (Fig. 4A–
C and Supplementary Fig. S5). Among different kinds of
scaffolds, DPSCs cultured on PEG-GelMA-HA patterned
scaffolds expressed the highest level of chondrogenic genes.
Sox9, Aggrecan, and Procollagen type II were significantly
increased in the PEG-GelMA-HA patterned compared with

FIG. 2. The morphology
of dental pulp stem cells
(DPSCs) on different scaf-
folds. (A, B) Phase-contrast
images of DPSCs seeded
on PEG-GelMA-HA
unpatterned and patterned,
respectively. (C, D) CD44
staining of DPSCs seeded
on PEG-GelMA-HA
unpatterned and patterned,
respectively, after 24 h.
DPSCs aligned along nano-
pattern directions (indicated
by the white arrows) on
PEG-GelMA-HA patterned,
but not on PEG-GelMA-HA
unpatterned. Scale bars = 50
mm. (E) The cellular orien-
tation (represented as
percentage of frequency;
n = 100) was determined
for PEG-GelMA-HA un-
patterned (dashed line) and
patterned (solid line). (F)
The cellular elongation
(represented as a ratio
between cell length/cell
width; n = 50) was deter-
mined for PEG-GelMA-HA
unpatterned and patterned
scaffolds. Values are re-
presented as mean – standard
deviation (SD) (***p < 0.001
with respect to PEG-GelMA-
HA unpatterned) and ana-
lyzed by Student’s t-test.
Color images available online
at www.liebertpub.com/tea
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TCPS and other scaffold groups (*p < 0.01). The expression
of Alkaline phosphatase and Procollagen type X in DPSCs
cultured on the PEG-GelMA-HA patterned scaffolds signif-
icantly increased when compared with that on TCPS, but
did not differ from that on PEG-GelMA patterned and HA

unpatterned scaffolds (*p < 0.05). The effect of PEG-based
scaffolds on the chondrogenic differentiation of DPSCs was
also assessed after 21 days. In contrast to that on day 10,
Sox9 was significantly downregulated in DPSCs cultured on
PEG-based scaffolds, compared with TCPS (*p < 0.01).
However, cells in HA-based scaffolds expressed significantly
higher levels of Sox9 than those on nanopatterned PEG-
GelMA (*p < 0.05). At day 21, significant differences of
chondrogenic genes were seen in HA-based scaffolds com-
pared with TCPS, but there was no difference in Alkaline
phosphatase and Procollagen type X in HA-based scaffolds.
Aggrecan was significantly upregulated in DPSCs cultured on
PEG-GelMA-HA scaffolds compared with TCPS and pat-
terned PEG-GelMA scaffolds (Fig. 4B). Noticeably, Pro-
collagen type II was expressed fourfold and sixfold higher in
DPSCs cultured on PEG-GelMA-HA unpatterned and pat-
terned scaffolds, respectively, compared with that on TCPS
(*p < 0.05). Nevertheless, DPSCs cultured on PEG-GelMA-
HA patterned scaffolds expressed significantly higher levels of
Procollagen type II compared with that on PEG-GelMA-HA

FIG. 3. DPSC-derived
spheroid formation and via-
bility on different scaffolds.
(A, C) A confluent mono-
layer of DPSCs cultured in
stem cell media after 4 days
was observed in tissue cul-
ture polystyrene (TCPS) and
PEG-GelMA-HA un-
patterned scaffolds, respec-
tively. (B, D) Spheroid
formation observed on
patterned PEG-GelMA and
patterned PEG-GelMA-HA
scaffolds after 4 days in stem
cell media, respectively.
Spheroids were collected
from PEG-GelMA patterned
and PEG-GelMA-HA
patterned scaffolds and then
replated on TCPS. (E, F)
After 2- and 6-day replating,
cell migration and prolifera-
tion were observed from a
spheroid to the tissue culture
plates as indicated by the
decrease of spheroid size.
Scale bars = 100mm. Patterned,
PEG-GelMA patterned; HA
unpatterned, PEG-GelMA-
HA unpatterned; HA pat-
terned, PEG-GelMA-HA
patterned.

Table 2. The Number of Spheroids from Different

Nanopatterned Scaffolds After Replating

on TCPS at Different Time Points

Time of replate

Sample 2 days 6 days

PEG-GelMAa 24a 18a

PEG-GelMA-HA 54b 32a

Value based on spheroids collected from three scaffolds each
measuring 3.14 cm2. Results were analyzed by Pearson’s chi-
squared test.

ap < 0.05 compared with PEG-GelMA at 2 days.
bp < 0.001 compared with PEG-GelMA at 6 days.
TCPS, tissue culture polystyrene.
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unpatterned scaffolds (*p < 0.05). There was no significant
difference in chondrogenic gene expression between cells on
unpatterned PEG-GelMA and TCPS.

DPSCs seeded on different scaffolds significantly in-
creased the expression of Nanog, a pluripotent stem cell
marker highly expressed by DPSCs,21 compared with that
on TCPS (threefold for patterned and HA, fourfold for HA
patterned scaffolds). When cultured in BMP-2 media,
DPSCs seeded on nanopatterned PEG-GelMA-HA scaffolds
showed significantly lower Nanog expression compared

with cells cultured in growth media on the same type of
scaffolds, suggesting more efficient differentiation in this
scaffold (*p < 0.01) (Fig. 5).

Increased collagen type II protein expression
of DPSCs on nanopatterned PEG-GelMA-HA scaffolds

Differentiated DPSCs cultured on TCPS stained posi-
tively for collagen type II (Fig. 6A), and DPSCs cultured on
PEG-based hydrogel scaffolds revealed a stronger positive
collagen type II staining compared with TCPS after 10 days
(Fig. 6B–F). DPSCs cultured on nanopatterned PEG-GelMA
and nanopatterned PEG-GelMA-HA scaffolds demonstrated
positive staining not only in cell monolayers (Fig. 6B, E) but
also in spheroids (Fig. 6C, F). The alignment of DPSCs
cultured on nanopatterned scaffolds is indicated by white
arrows. The IgG isotype showed a completely negative
staining for collagen type II (Fig. 6G). ImageJ analysis was
performed to determine the fluorescence positive staining
per cell in each scaffold group (Fig. 6H). DPSCs cultured on
scaffolds showed a greater positive staining of collagen type
II staining compared with that on TCPS. However, only
DPSCs cultured on unpatterned and nanopatterned PEG-
GelMA-HA scaffolds showed significant differences in
fluorescence staining (***p < 0.001) compared with TCPS.
DPSCs cultured on nanopatterned PEG-GelMA-HA scaf-
folds also significantly increased collagen type II membrane
localization compared with that on patterned and HA
(***p < 0.001). In addition, we observed increased staining
in spheroid areas (Fig. 6C, F) than in monolayer areas (Fig.
6B, D, and E), suggesting that the spheroids were chon-
drogenic.

Effect of HA on expression of Twist, Snail,
and Slug in DPSC-derived spheroids

To gain insight into the potential mechanisms regulating
chondrogenesis of DPSCs cultured on different scaffolds,
mRNA expression of the EMT genes, Twist, Snail, and Slug,
was determined by QRT-PCR in DPSC-derived spheroids
on different scaffolds and replated cells cultured in stem cell

FIG. 4. Chondrogenic gene expression of DPSCs cultured
on different scaffolds in bone morphogenetic protein
(BMP)-2 media for 10 days (D10) and 21 days (D21). (A–
C) At day 10 of differentiation, all chondrogenic genes were
upregulated in DPSCs cultured on scaffolds compared with
TCPS. Sox9, Aggrecan, and Procollagen type II were signif-
icantly increased in HA-scaffolds compared with patterned
scaffolds. At day 21, Sox9 was significantly downregulated
in DPSCs cultured on poly(ethylene glycol) (PEG)-based
scaffolds compared with cells on TCPS. Aggrecan and
Procollagen type II were statistically significantly in-
creased in DPSCs cultured on HA scaffolds compared
with cells on TCPS and patterned scaffolds. Cells in HA
patterned expressed significantly higher levels of chon-
drogenic genes than cells in HA unpatterned in 10 and 21
days. No significant difference in chondrogenic gene ex-
pression between cells on TCPS and patterned was seen
at both time points. Values are represented as mean – SD
from three independent experiments (n = 3), *p < 0.05
with respect to indicated groups and analyzed by Student’s
t-test or one-way ANOVA.

FIG. 5. Nanog expression of DPSCs cultured in growth
media and BMP-2 media on different scaffolds for 21 days.
DPSCs cultured in growth media on PEG-based scaffolds
upregulated Nanog expression normalized to DPSCs cul-
tured on TCPS. After chondrogenic differentiation, DPSCs
seeded on PEG-based scaffolds showed decreased levels of
Nanog. Only DPSCs plated on HA patterned scaffolds sig-
nificantly decreased Nanog expression. Values are represented
as mean – SD from three independent experiments (n = 3),
*p < 0.05 with respect to indicated groups and analyzed by
Student’s t-test.
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media. We demonstrated that spheroid-derived cells and
replated cells from patterned and HA patterned scaffolds
significantly downregulated the expression of EMT genes
compared with monolayer cells on TCPS. The level of EMT
genes in replated cells was also significantly lower than that
in spheroid-derived cells (*p < 0.05) (Fig. 7A, B). DPSC-
derived spheroids collected from nanopatterned PEG-GelMA-
HA scaffolds significantly downregulated the expression of
all three EMT genes compared with those from nano-
patterned PEG-GelMA scaffolds (*p < 0.05) (Fig. 7C). After
replating, DPSCs from nanopatterned PEG-GelMA without
and with HA scaffolds still expressed lower levels of EMT
genes compared with cells on TCPS and spheroid-derived
cells, indicating that the cells derived from the spheroids
were already primed (induced) to the chondrogenic differ-
entiation. Downregulation of EMT genes in DPSCs appears
to be associated with enhanced chondrogenesis of DPSCs,
which is influenced by HA. In addition to the EMT genes,
undifferentiated cells on scaffolds expressed a significantly

higher level of Sox9, a transcription factor for chondro-
genesis, compared with undifferentiated cells on TCPS
(Supplementary Fig. S6).

Discussion

The present study demonstrates the use of an easy and
inexpensive platform that incorporates both topographical
and chemical cues for chondrogenic differentiation of
DPSCs. Numerous studies have demonstrated that the native
ECM possesses nanoscale dimensions and chemical cues
that govern cell regulation.45,46 The incorporation of nano-
topographical cues and HA as a potent chemical signal for
chondrogenic differentiation has been investigated in
previous literature.47 Indeed, systems that incorporate to-
pographical cues with HA demonstrate increased chondro-
genic differentiation compared with individual parameters.
However, these systems do not utilize well-ordered nano-
topographies and have not assessed molecular chondrogenic

FIG. 6. Collagen type II staining of DPSCs on different scaffolds in BMP-2-media for 10 days. Positive collagen type II
staining (in red) was observed in DPSCs cultured on TCPS (A), patterned (B, C), HA unpatterned (D), and HA patterned (E,
F). (G) The IgG isotype was used as a negative control. Arrows indicate direction of pattern. Scale bars = 50mm. (H)
Positive collagen type II staining per cell (relative difference with respect to IgG isotype negative control) was quantified
and compared between DPSCs cultured on different scaffolds. DPSCs cultured on HA patterned exhibited the significant
strongest staining among all scaffolds. Values are represented as mean – SD, ***p < 0.001, with respect to indicated groups,
and were analyzed by Student’s t-test or one-way ANOVA. The number of samples for the image analysis was three
samples per scaffold group (n = 3). From each scaffold, five images were used for the analysis. Color images available
online at www.liebertpub.com/tea
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differentiation potential in DPSCs, a promising postnatal
stem cell source for chondrogenic differentiation that is
easily obtained noninvasively and exhibits efficient ex vivo
expansion and multidifferentiation capacity.22,48

High molecular weight HA cannot be used to easily
generate nanopatterned scaffolds using CFL. PEG was thus
used to successfully incorporate HA and form nanopatterns,
whereas gelatin was further incorporated to provide neces-
sary adhesion cues. We observed that DPSCs were not able
to adhere and thus not able to survive (data not shown) on
PEGDMA scaffolds without gelatin conjugated with or
without HA. Consequently, we combined gelatin in PEGDMA
scaffolds to have PEG-GelMA to promote cell adhesion.
The results show that adding gelatin to the scaffolds en-
hanced cell attachment. Nevertheless, adding gelatin without
HA did not enhance the in vitro chondrogenic differentiation
of DPSCs. This is confirmed by no significantly statistical
difference in gene and protein expression in DPSCs differ-

entiated on TCPS compared with those on PEG-GelMA pat-
terned scaffolds. After HA conjugation in patterned scaffolds,
DPSCs were able to express higher levels of chondrogenic
markers, suggesting that HA plays an important role in
chondrogenic differentiation.

Previous studies show that both PEG-GelMA and PEG-
RGD systems promoted cell adhesion.39,49,50 However, in
this study, we chose to use the PEG-GelMA system for its
ability to be incorporated with other polymerizable materi-
als, such as PEGDMA, to create tunable composite hydro-
gels that take advantage of both materials in terms of
mechanical and biological profiles.

We observed that nanopatterned scaffolds induced mor-
phological changes in the cultured DPSCs. The phase-
contrast and CD44-stained imaging revealed that cells cultivated
on nanopatterned scaffolds exhibited increased cellular elon-
gation and preferential orientation parallel to the pattern. Our
results are consistent with previous reports that utilized
similar nanotopographical dimensions in their systems to
promote cellular regulation and chondrogenic differen-
tiation.5,51,52 A previous study has shown that signaling
triggered by binding of CD44 to HA is important for chon-
drogenesis as blocking with anti-CD44 antibodies inhibited
chondrogenesis in adipose-derived stem cells.53 Thus, the
increased membrane-localized CD44 staining in cells on
PEG-GelMA-HA scaffolds may indicate that CD44 is bind-
ing to HA and this binding triggers signaling for chondro-
genic induction.

Furthermore, as chondrogenesis is favored in the 3D
culture systems, such as the micromass technique or
spheroid formation, we hypothesize that the role of nano-
topography is to promote cell aggregation and extensive
cell–cell contact formation to induce chondrogenic differ-
entiation through formation of spheroid structures after
initial contact with the scaffold. We previously demon-
strated that nanopatterned polyurethane scaffolds further
enhanced osteogenic differentiation of hMSCs with osteo-
genic induction media.3,54 In this study, we first reported
that nanopatterned PEG-GelMA-HA hydrogels promoted
chondrogenic differentiation of DPSCs. Our scaffolds pro-
vide a nanotopographically defined 3D environment with
grooves of 500 nm that creates depth in addition to the other
two dimensions, width and length. This 3D nanotopo-
graphically defined environment promotes sphere formation,
which mimics the natural rounded unattached environment
of a chondrocyte. Plating chondrocytes on surfaces often
results in dedifferentiation, and thus, plated MSCs often
have unsuccessful chondrogenesis. To our surprise, we ob-
served the formation of spheroids on the patterned scaffolds,
which we report as a notable phenomenon on the nano-
patterned scaffolds. DPSCs are a special type of MSCs de-
rived from the cranial neural crest, and during embryonic
development, neural crest cells form spheres as they de-
laminate from the neural tube and migrate cranially.55 We
observed increased numbers of sphere formation on the
patterned scaffolds with and without HA, which indicates
that the nanotopographically defined 3D environment pro-
vided by the patterned scaffold is important for sphere for-
mation and may be mimicking the rounded unattached
environment of chondrocytes. Further studies will be re-
quired to determine the mechanistic cause leading to
spheroid formation.

FIG. 7. The quantitative expression of epithelial–mesen-
chymal transition (EMT) genes (Twist, Snail, Slug) for DPSCs
cultured on different scaffolds. The expression of Twist, Snail,
and Slug was significantly decreased in DPSC-derived spher-
oids (Spheroid) in HA patterned. After replating on TCPS for 1
day, DPSC-derived monolayer cells (monolayer) from HA
patterned still exhibited downregulated EMT genes, but only
Snail was significantly decreased. Values are represented as
mean – SD, *p < 0.05 with respect to indicated groups.
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We observed that DPSCs cultured on nanopatterned PEG-
GelMA scaffolds, with and without HA, compared with
DPSCs cultured on TCPS, were able to generate 3D
spheroids. Interestingly, nanopatterned scaffolds containing
HA produced a larger quantity of spheroids than did nano-
patterned scaffolds without HA. This is consistent with
previous studies reporting the effect of HA on enhancing
spheroid formation.23 Therefore, we hypothesize that na-
notopography may help induce the initial spheroid forma-
tion, while HA, perhaps through CD44 binding, provides
chemical cues that promote further formation and stabili-
zation, which may promote a cellular state more optimal for
chondrogenic differentiation.

Upregulation of chondrogenic markers typically indicates
chondrogenesis. In the presence of BMP-2 media, DPSCs
cultured on PEG-GelMA-HA scaffolds more efficiently
differentiate into the chondrogenic lineage, as demonstrated
by upregulation of chondrogenic genes and proteins com-
pared with scaffolds without HA. Downregulation of Sox9
has been demonstrated to be necessary for maturation of
chondrocytes as it is an early marker for differentiation.56

DPSCs cultured on TCPS at day 21 exhibited high levels of
Sox9, yet expressed lower levels of other chondrogenic
differentiation markers such as Procollagen type II than did
DPSCs cultured on scaffolds containing HA. This indicates
that DPSCs cultured on TCPS initiated chondrogenic dif-
ferentiation, but did not further progress and mature into
differentiated chondrocytes as did DPSCs cultured on
scaffolds containing HA. We further found that the ex-
pression of Alkaline phosphatase, Aggrecan, and Procolla-
gen type II and X was significantly higher in DPSCs cultured
on nanopatterned PEG-GelMA-HA scaffolds than in DPSCs
cultured on TCPS after 21 days. Among those chondrogenic
markers, Procollagen type II and X are considered as two
important markers for mature chondrocytes. Accordingly, in
our study, differentiated DPSCs cultured on nanopatterned
PEG-GelMA-HA scaffolds expressed a higher level of
Procollagen type II and type X. As a result of increased
Procollagen type II and X expression, we conclude that
nanopatterned PEG-GelMA-HA scaffolds can efficiently
facilitate chondrogenic differentiation of DPSCs induced
with BMP-2. Immunofluorescent positive staining of colla-
gen type II after 10 days of culture showed a significantly
higher expression of collagen type II protein in DPSCs
cultured on scaffolds with HA than in DPSCs cultured on
TCPS. Nevertheless, only scaffolds with nanotopography
and HA together produced the highest collagen type II
protein of all the scaffolds thus further suggesting that both
physical and chemical cues need to be present together to
achieve the most efficient differentiation of DPSCs.

We have previously shown that murine DPSCs are de-
rived from neural crest origin and express EMT genes Twist,
Snail, and Slug.21 Indeed, these genes are highly upregulated
in neural crest cells during their migration.57 Previous
studies demonstrated that Twist inhibits Sox9, whereas Snail
and Slug directly inhibit chondrogenesis by regulating the
gene expression of Procollagen type II (Col2a1) and Ag-
grecan.26,27 Our current results are consistent with these
previous studies as we demonstrate that DPSCs cultured on
nanopatterned PEG-GelMA-HA scaffolds formed spheroids
and downregulated EMT gene expression, resulting in en-
hanced chondrogenic differentiation. Together, these find-

ings suggest that the chemical properties of HA as a
chondrogenic inducer may be mediated by inhibition of
EMT genes Twist, Snail, and Slug. Future studies are needed
to determine if HA chondrogenic induction is dependent on
CD44 signaling and whether this signaling regulates EMT
gene functions.

Our interpretation of the results is that during chon-
drogenesis, a process opposite to EMT is required, wherein
Twist downregulation first leads to upregulation of Sox9, a
master regulator of chondrogenesis, followed by down-
regulation of Snail and Slug, sequentially resulting in
upregulation of Procollagen type II and Aggrecan. In our
studies, EMT genes decreased in cells on HA patterned,
compared with those on patterned scaffolds. This result
indicates that HA is important for further chondrogenic
differentiation perhaps mediated by downregulation of
EMT genes.

Nanog, a pluripotent stem cell gene important for stem-
ness maintenance, was significantly upregulated in DPSCs
in all experimental groups compared with that on TCPS.
This may indicate the persistence of a Nanog-expressing
stem cell population on the scaffolds. Decreased Nanog
levels are correlated with differentiation of stem cells to-
ward specific lineages.58 Accordingly, we observed signifi-
cantly decreased Nanog expression in DPSCs cultured on
nanopatterned PEG-GelMA-HA scaffolds after differentia-
tion, thus indicating increased differentiation potential for
DPSCs, which correlates with the downregulation of EMT
genes and upregulation of chondrogenic markers.

The aim of this work was to demonstrate the utility of an
easily generated tissue scaffold possessing topographical
and chemical cues in tandem for chondrogenic tissue engi-
neering. Whereas nanotopography alone did not signifi-
cantly improve chondrogenic differentiation in DPSCs, an
increased chondrogenic effect was observed upon combi-
nation of nanopatterned scaffolds with HA (Supplementary
Fig. S7). Our study is the first to demonstrate that HA
conjugated to nanopatterned scaffolds can enhance in vitro
chondrogenic differentiation in DPSCs. Although we did not
directly compare our method with the classic pellet culture
to induce chondrogenesis, our model of synergistic effects
of the nanopatterned scaffolds with HA, wherein the pat-
terned scaffold induces generation of sphere formation and
HA further induces chondrogenesis (Supplementary Fig. S7)
may be mimicking similar conditions induced by the pellet
culture system. Importantly, with our method, we can con-
trol biomimetic, anisotropic, topographical cues and chon-
drogenic cues (e.g., HA) to further enhance cartilage tissue
engineering.

Conclusion

In this study, we utilized CFL to fabricate nanopatterned
PEG-GelMA-HA scaffolds that provide physical and che-
mical cues to enhance chondrogenesis in DPSCs. The
downregulation of Nanog and EMT genes, upregulation of
chondrogenic genes, and positive staining of collagen type
II indicate that nanopatterned PEG-GelMA-HA scaffolds
can efficiently induce chondrogenic differentiation of DPSCs.
Our findings suggest that the combination of nanotopography
and HA signaling in scaffolds could be utilized to enhance
cartilage tissue engineering.
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A., López-Garcı́a, M., Kessler, H., and Spatz, J.P. Cell
adhesion and polarisation on molecularly defined spacing
gradient surfaces of cyclic RGDfK peptide patches. Eur J
Cell Biol 87, 743, 2008.

10. Du, F., Wang, H., Zhao, W., Li, D., Kong, D., Yang, J., and
Zhang, Y. Gradient nanofibrous chitosan/poly e-caprolactone
scaffolds as extracellular microenvironments for vascular
tissue engineering. Biomaterials 33, 762, 2012.

11. Kshitiz, Kim, D.H., Beebe, D.J., and Levchenko, A. Micro-
and nanoengineering for stem cell biology: the promise
with a caution. Trends Biotechnol 29, 399, 2011.

12. Suh, K.-Y., Park, M.C., and Kim, P. Capillary force li-
thography: a versatile tool for structured biomaterials in-
terface towards cell and tissue engineering. Adv Funct
Mater 19, 2699, 2009.

13. Gasimli, L., Linhardt, R.J., and Dordick, J.S. Proteoglycans
in stem cells. Biotechnol Appl Biochem 59, 65, 2012.

14. Laurent, T.C., Laurent, U.B., and Fraser, J.R. The structure
and function of hyaluronan: an overview. Immunol Cell
Biol 74, A1, 1996.

15. Entwistle, J., Hall, C.L., and Turley, E.A. HA receptors:
regulators of signalling to the cytoskeleton. J Cell Biochem
61, 569, 1996.

16. Shu, X.Z., Liu, Y., Palumbo, F., and Prestwich, G.D.
Disulfide-crosslinked hyaluronan-gelatin hydrogel films: a
covalent mimic of the extracellular matrix for in vitro cell
growth. Biomaterials 24, 3825, 2003.

17. Toh, W.S., Lee, E.H., Guo, X.M., Chan, J.K., Yeow, C.H.,
Choo, A.B., and Cao, T. Cartilage repair using hyaluronan
hydrogel-encapsulated human embryonic stem cell-derived
chondrogenic cells. Biomaterials 31, 6968, 2010.

18. Matsiko, A., Levingstone, T.J., O’Brien, F.J., and Gleeson,
J.P. Addition of hyaluronic acid improves cellular infiltra-
tion and promotes early-stage chondrogenesis in a colla-
gen-based scaffold for cartilage tissue engineering. J Mech
Behav Biomed Mater 11, 41, 2012.

19. Yoo, J.U., Barthel, T.S., Nishimura, K., Solchaga, L.,
Caplan, A.I., Goldberg, V.M., and Johnstone, B. The chon-
drogenic potential of human bone-marrow-derived mesen-
chymal progenitor cells. J Bone Joint Surg Am 80, 1745, 1998.

20. Wang, W.G., Lou, S.Q., Ju, X.D., Xia, K., and Xia, J.H. In
vitro chondrogenesis of human bone marrow-derived mes-
enchymal progenitor cells in monolayer culture: activation
by transfection with TGF-beta2. Tissue Cell 35, 69, 2003.

21. Janebodin, K., Horst, O.V., Ieronimakis, N., Balasundaram,
G., Reesukumal, K., Pratumvinit, B., and Reyes, M. Isolation
and characterization of neural crest-derived stem cells from
dental pulp of neonatal mice. PLoS One 6, e27526, 2011.

22. Gronthos, S., Mankani, M., Brahim, J., Robey, P.G., and Shi,
S. Postnatal human dental pulp stem cells (DPSCs) in vitro
and in vivo. Proc Natl Acad Sci U S A 97, 13625, 2000.

23. Huang, G.S., Dai, L.G., Yen, B.L., and Hsu, S.H. Spheroid
formation of mesenchymal stem cells on chitosan and
chitosan-hyaluronan membranes. Biomaterials 32, 6929, 2011.

24. Lee, S., An, S., Kang, T.H., Kim, K.H., Chang, N.H., Kang,
S., Kwak, C.K., and Park, H.S. Comparison of mesenchymal-
like stem/progenitor cells derived from supernumerary
teeth with stem cells from human exfoliated deciduous
teeth. Regen Med 6, 689, 2011.

25. Miura, M., Gronthos, S., Zhao, M., Lu, B., Fisher, L.W.,
Robey, P.G., and Shi, S. SHED: stem cells from human
exfoliated deciduous teeth. Proc Natl Acad Sci U S A 100,
5807, 2003.

26. Seki, K., Fujimori, T., Savagner, P., Hata, A., Aikawa, T.,
Ogata, N., Nabeshima, Y., and Kaechoong, L. Mouse Snail
family transcription repressors regulate chondrocyte, ex-
tracellular matrix, type II collagen, and aggrecan. J Biol
Chem 278, 41862, 2003.

27. Reinhold, M.I., Kapadia, R.M., Liao, Z., and Naski, M.C.
The Wnt-inducible transcription factor Twist1 inhibits
chondrogenesis. J Biol Chem 281, 1381, 2006.

28. Brini, A.T., Niada, S., Lambertini, E., Torreggiani, E.,
Arrigoni, E., Lisignoli, G., and Piva, R. Chondrogenic
potential of human mesenchymal stem cells and expression
of Slug transcription factor. J Tissue Eng Regen Med 2013.
[Epub ahead of print.] DOI: 10.1002/term.1772.

29. Tscheudschilsuren, G., Bosserhoff, A.K., Schlegel, J.,
Vollmer, D., Anton, A., Alt, V., Schnettler, R., Brandt, J.,
and Proetzel, G. Regulation of mesenchymal stem cell and

2828 NEMETH ET AL.



chondrocyte differentiation by MIA. Exp Cell Res 312,
63, 2006.

30. Lee, M.H., Kang, J.H., and Lee, S.W. The significance of
differential expression of genes and proteins in human
primary cells caused by microgrooved biomaterial sub-
strata. Biomaterials 33, 3216, 2012.

31. Kim, D.H., Lee, H., Lee, Y.K., Nam, J.M., and Levchenko,
A. Biomimetic nanopatterns as enabling tools for analysis
and control of live cells. Adv Mater 22, 4551, 2010.

32. Liu, S.Q., Tian, Q., Hedrick, J.L., Po Hui, J.H., Ee, P.L.,
and Yang, Y.Y. Biomimetic hydrogels for chondrogenic
differentiation of human mesenchymal stem cells to neo-
cartilage. Biomaterials 31, 7298, 2010.

33. McCullen, S.D., Autefage, H., Callanan, A., Gentleman, E.,
and Stevens, M.M. Anisotropic fibrous scaffolds for articular
cartilage regeneration. Tissue Eng Part A 18, 2073, 2012.

34. Wise, J.K., Yarin, A.L., Megaridis, C.M., and Cho, M. Chon-
drogenic differentiation of human mesenchymal stem cells on
oriented nanofibrous scaffolds: engineering the superficial
zone of articular cartilage. Tissue Eng Part A 15, 913, 2009.

35. Kim, D.H., Kim, P., Song, I., Cha, J.M., Lee, S.H., Kim, B.,
and Suh, K.Y. Guided three-dimensional growth of func-
tional cardiomyocytes on polyethylene glycol nanos-
tructures. Langmuir 22, 5419, 2006.

36. Denker, A.E., Nicoll, S.B., and Tuan, R.S. Formation of
cartilage-like spheroids by micromass cultures of murine
C3H10T1/2 cells upon treatment with transforming growth
factor-beta 1. Differentiation 59, 25, 1995.

37. Hsu, S.H., Huang, G.S., Lin, S.Y., Feng, F., Ho, T.T., and
Liao, Y.C. Enhanced chondrogenic differentiation potential
of human gingival fibroblasts by spheroid formation on
chitosan membranes. Tissue Eng Part A 18, 67, 2012.

38. Otsuka, H., Nagamura, M., Kaneko, A., Kutsuzawa, K., Sakata,
T., and Miyahara, Y. Chondrocyte spheroids on micro-
fabricated PEG hydrogel surface and their noninvasive func-
tional monitoring. Sci Technol Adv Mater 13, 064217, 2012.

39. Nichol, J.W., Koshy, S.T., Bae, H., Hwang, C.M., Ya-
manlar, S., and Khademhosseini, A. Cell-laden micro-
engineered gelatin methacrylate hydrogels. Biomaterials
31, 5536, 2010.

40. Kiernan, J.A. Histological and Histochemical Methods:
Theory and Practice. 3rd edn. Oxford; Boston: Butterworth
Heinemann, 2000.

41. Lin, C.C., and Anseth, K.S. PEG hydrogels for the con-
trolled release of biomolecules in regenerative medicine.
Pharm Res 26, 631, 2009.

42. Van Den Bulcke, A.I., Bogdanov, B., De Rooze, N.,
Schacht, E.H., Cornelissen, M., and Berghmans, H. Struc-
tural and rheological properties of methacrylamide modi-
fied gelatin hydrogels. Biomacromolecules 1, 31, 2000.

43. Nicoll, S.B., Barak, O., Csóka, A.B., Bhatnagar, R.S., and
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