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Polyethylene glycol (PEG)-based hydrogels are attractive biomaterials for stem cell culture due to their
tunable material properties and mechanical strength. However, the lack of cell adhesion sites has been
one of the major obstacles in generating functional tissue constructs using PEG-based hydrogels. To
overcome this limitation, we designed graphene oxide (GO)-functionalized polyethylene glycol diacrylate
(PEGDA) hydrogels to assign cell adhesion-dependent biofunctionality. The incorporation of GO into
three-dimensional PEGDA networks improved cell attachment, engaged focal adhesion, and activated
focal adhesion kinase (FAK) signaling of hydrogel-encapsulated human adipose-derived stem cells
(hADSCs). Compared to the control PEGDA hydrogel, GO functionalized PEGDA hydrogel (PEGDA-GO)
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condition, PEGDA-GO enhanced osteogenic differentiation and stimulated osteogenic phenotypes
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1. Introduction

Stem cells constantly interact with a myriad of biochemical and
biophysical signals from their microenvironment." Since this
interactive crosstalk between stem cells and their surroundings
can affect stem cell behaviors and trigger differentiation,>
numerous engineered scaffolds have been extensively investigated
to provide biological cues as well as structural support.* While
several types of biomaterials have been investigated for stem cell
culture, hydrogels have emerged as attractive candidates for
encapsulating stem cells and creating niches that promote tissue
regeneration.>® Owing to batch-to-batch uniformity and control-
lability, synthetic polymeric hydrogels have been frequently
utilized as scaffolding materials.” In particular, polyethylene glycol
diacrylate (PEGDA) photopolymerizing hydrogels have been
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compared to those in its PEGDA counterpart. Taken together,
biofunctionalizing moiety to modulate stem cell adhesion and differentiation.

GO could serve as an effective

intensely investigated for tissue engineering applications because
of their adjustable mechanical properties and facile controllable
scaffold architecture.”” However, PEGDA hydrogels alone do not
provide an ideal environment for stem cells, mainly due to their
lack of cell adhesion site." To incorporate cell adhesive moieties to
PEGDA, previous studies have functionalized polyethylene glycol
(PEG) networks with integrin adhesive peptides such as arginine-
glycine-aspartic acid (RGD)"™* or co-crosslinked with extracel-
lular matrix (ECM)-derived components.**® These studies
revealed that the incorporation of cell-adhesive moiety not only
promoted cell attachment but also stimulated lineage specific
stem cell differentiation. In this regards, proper functionalization
of the PEG-based hydrogel can modulate stem cell behaviors and
promote fate determination.'>'”**

In recent years, graphene oxide (GO) has emerged as an
appealing class of biocompatible material for stem cell culture.
GO has been reported to promote stem cell growth and differ-
entiation. In particular, human mesenchymal stem cells (hMSCs)
seeded on GO-coated surface™ or cultured in GO-conjugated
scaffold**** promoted cellular growth and osteogenic differenti-
ation. Even though GO may elicit cytotoxicity at high concen-
tration,?*?* recent studies indicate that GO at low concentration
is beneficial for cell culture.*** In addition, previous in vitro
studies have indicated that GO can promote stable stem cell
adhesion, growth, and differentiation.*® Stable cellular adhesion
can subsequently induce focal adhesion and focal adhesion
kinase (FAK)-mediated osteogenic commitment of stem cells.””
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Several studies have reported the increase in FAK phosphoryla-
tion of hMSCs interacted with GO,?***? so it is rational to think
that GO could serve as an effective cellular adhesion platform,
which could potentiate further biological signaling for osteo-
genic commitment of stem cells. Namely, the incorporation of
GO would be an effective way to functionalize PEG hydrogel and
increase cell adhesion and induce differentiation.

In this work, we designed and created GO-functionalized
PEGDA hydrogels (PEGDA-GO) and investigated osteogenic
differentiation of human adipose-derived stem cells (hADSCs).
As a bio-functionalizing agent, the effect of GO on viability,
adhesion, and osteogenic differentiation of hADSCs was inves-
tigated and simultaneously compared to that of PEGDA
hydrogel.

2. Materials and methods

2.1. Preparation and characterization of PEGA-GO

GO was synthesized from graphite using modified Hummers'
method, as previously described.*® Preoxidation of graphite was
carried out prior to the oxidation steps. Graphite flakes (1.0 g)
were stirred at 80 °C for 6 h in aqueous solution of K,S,04 (0.5 g)
and P,Os (0.5 g) in concentrated H,SO,, followed by several
washing and filtration steps with distilled water using glass frit
filter equipped with anodic aluminum oxide (AAO) membrane
(0.2 pm of pore size, Whatman, Germany). After dried under
vacuum condition at room temperature for 24 h, the pre-
oxidated graphite flakes were vigorously stirred at 0 °C for
40 min in a solution of NaNOj; (0.5 g) in H,SO,. The flask was
warmed up to 20 °C and KMnO, (3.0 g) was slowly added into
the flask and stirred for 45 min. After that, the temperature was
increased to 35 °C and the mixture was stirred for another 2 h.
Brownish mixture was obtained after the temperature was
raised up to 98 °C and 2.5 ml of H,0, (30 wt% aqueous solution)
was subsequently added into the flask to complete the oxidation
steps, followed by several washing and filtration steps with
250 ml of HCI (10 wt% aqueous solution) using glass frit filter
equipped with AAO membrane. To neutralize the final product,
GO was thoroughly washed with the large amount of distilled
water until the pH value was near 7.0 and then further dried
under vacuum condition at room temperature for 48 h. The GO
was then PEGylated as previously described by Zhang et al*!
Briefly, 200 mg of GO was added into 10 ml of N,N-dimethylfor-
amide under ultrasonication. In this process, GO was thoroughly
exfoliated down to individual sheets and formed stably dispersed
GO/DMF solution. The stable GO/DMF suspension was refluxed
with 40 ml of SOCI, at 70 °C for 24 h in CaCl, tube. Distillation
was performed at the end of the reaction to remove excess SOCl,,
and 2 g of PEG-1000 and DMSO were added to the mixture. The
reaction continued in the mixture at 120 °C for 3 days under
magnetic stirring. The resulting suspension was then added to
ethanol, filtered through a Buchner funnel under reduced pres-
sure, and dried at 60 °C under vacuum. Final acrylation was
performed by reacting as-obtained PEG-GO with acryloyl chloride
(Sigma, St. Louis, MO, USA) overnight under N, gas. For the
characterization of acrylated PEG-GO (PEGA-GO), Fourier
Transform Infrared Spectroscopy (FT-IR) analyses were carried
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out on Nicolet 6700 spectrophotometer (Thermo Scientific, USA,
spectral range: 3500-500 cm™ ", resolution: <0.4 cm™ ", detector:
high sensitivity DLATGS detector, source: high energy air cooled
MIR glower source) using Attenuated Total Reflectance (ATR)
equipment (FT-IR/ATR).

2.2. Hydrogel preparation and characterization

Acellular hydrogels were prepared in order to study their material
properties in terms of swelling ratio and rheological properties.
PEGDA (MW 5000; SunBio, Inc., Anyang, Korea) was dissolved at
a concentration of 10% (w/v) in phosphate-buffered saline (PBS)
containing 0.05% (w/v) Irgacure 2959 (photoinitiator; Sigma). For
the preparation of PEGDA-GO hydrogel, PEGA-GO was incorpo-
rated into the polymer solution at a concentration of 5 pg ml~".
40 pl of each polymer solution was pipetted between glass slides
separated by 1 mm-thick spacer and photopolymerized under
365 nm UV light (4 mW cm™?) for 7 min. The swelling ratios of
hydrogels were calculated as previously described.* Briefly, the
gels at swollen and equilibrated state in PBS were weighted, and
subsequently freeze-dried. After lyophilization, the weights of
dried constructs were measured. The swelling ratios of hydrogels
were calculated according to the following equation.

weight of the equilibrated hydrogel
weight of the dried hydrogel

Swelling ratio, Q =

Meanwhile, viscoelastic properties of hydrogels were inves-
tigated by performing dynamic strain frequency sweep test.
Measurements were carried out on ARES-G2 rheometer (TA
Instruments, New Castle, DE, USA) at constant strain (1.0%) and
temperature (25 °C). Each construct was placed between 8 mm
parallel plates with a gap of 1.3 mm, and the dynamic modulus
was recorded from at least three samples of each group. To
confirm incorporated GO in PEGDA, Raman spectrometer (T
64000, HORIBA, FR) was used. Ar laser (514 nm) was irradiated
to PEGA-GO, PEGDA, and PEGDA-GO and detected Raman
signal. The focal length is 640 mm, and aperture is f/7.5.

2.3. Isolation and culture of hADSCs

hADSCs from lipo-aspirates of well-informed and consenting
patients (between age 65 and 75) were isolated and cultured as
previously described.** hADSCs isolation procedure was approved
by the Borame Hospital Institutional Review Board and Seoul
National University (IRB No. 20160113/16-2016-03-021). hADSCs
were maintained in growth medium (GM) consisting of Dulbecco's
Modified Eagle's Medium (DMEM; Gibco BRL, Gaithersburg, MD,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco
BRL) and 1% (v/v) penicillin/streptomycin (PS; Gibco BRL). Cells
were grown under standard culture condition (37 °C, 5% CO,), and
the medium was changed every 2 days.

2.4. Photoencapsulation and in vitro osteogenic
differentiation of hADSCs

hADSCs were encapsulated in PEGDA or PEGDA-GO hydrogel,
and the procedure was similar to that of acellular hydrogel
formation. Each precursor solution was constituted in sterile

This journal is © The Royal Society of Chemistry 2017
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PBS containing 1% penicillin/streptomycin (PS; Gibco BRL).
Passage 5 hADSCs were gently mixed and suspended in each
precursor solution at a concentration of 1 x 10” cells per ml,
and 40 pl of cell-polymer suspensions were placed between
glass slides of 1 mm spacing. After exposing them to 365 nm UV
light (4 mW cm™?) for 7 min, obtained cell-laden constructs
were transferred into 24-well culture plates (SPL Life Sciences,
Pocheon, Korea). For the osteogenic differentiation of encap-
sulated cells, hydrogels were cultured up to 3 weeks in osteo-
genic differentiation medium (ODM) consisting of high-glucose
of DMEM (Gibco BRL) supplemented with 50 pg ml~* ascorbic
acid (Sigma), 10 mM B-glycerophosphate (Sigma), 100 nM
dexamethasone (Sigma), 10% (v/v) FBS (Gibco BRL), and 1% (v/
v) penicillin/streptomycin (PS; Gibco BRL), and the medium was
changed every 2 days.

2.5. Cellular morphology, viability, and apoptotic activity
analyses

The morphological characteristics of the cells either encapsu-
lated within or seeded onto the hydrogels were monitored by F-
actin staining. Both cell-laden and cell-seeded constructs were
fixed with 4% formaldehyde (PFA; Sigma) for 30 min at room
temperature, followed by permeabilization with 0.1% Triton X-
100 (Sigma) in PBS for 5 min. To stain F-actin, Alexa Fluor® 488
Phalloidin (Invitrogen, Carlsbad, CA) in 1% (w/v) bovine serum
albumin (Sigma) was treated for 20 min at room temperature,
and the cell nuclei was simultaneously labeled with 4',6-dia-
midino-2-phenylindole (DAPI; Vector Laboratories, Burlingame,
CA, USA). The development of actin cytoskeleton and cyto-
plasmic projections was visualized and imaged either by
confocal laser scanning microscope (Eclipse 90i, Nikon, Japan)
or by fluorescence microscope (IX71 inverted microscope,
Olympus, Tokyo, Japan).

To assess the population of encapsulated cells, the amount
of cellular deoxyribose nucleic acid (DNA) within hydrogels was
quantified at desired time points. Each lyophilized construct
was mechanically crushed, and incubated with 1 ml of papain
solution containing 125 pg ml™' papainase type III (Wor-
thington Biomedical, Lakewood, N.J., USA) in 100 mM phos-
phate buffer (10 mM cysteine, 10 mM EDTA, pH 6.3) at 60 °C for
16 h. DNA contents of digested samples were measured using
Quant-iT™ Pico-Green® dsDNA assay kit (Invitrogen) according
to the manufacturer's instruction.

Along with the DNA contents measurement, cellular viability
and apoptotic activity were also examined by neutral red assay
and quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR), which were performed on the cell-
laden constructs incubated up to 3 days in GM. For the
neutral red assay, the cultured gels were treated with the
medium containing 50 pug ml™" neutral red (Sigma). After 3
hours, the spent medium was removed, and 0.2 ml of acetic acid
(1%, v/v) and ethanol (50%, v/v) solution was added to each
construct. Within 5 min, red colored-dye was nicely developed
in the structures and subsequently extracted. The absorbance at
540 nm, which is proportional to the number of viable cells, was
measured using microplate reader (PowerWave X340, Bio-Tek
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Instruments, VT, USA). In the meantime, qRT-PCR analysis of
caspase-3, the pro-apoptotic marker, was carried out on day 3
samples.

2.6. Evaluation of in vitro osteogenic differentiation of
encapsulated hADSCs

Osteogenic phenotypes developed by encapsulated hADSCs in
each matrix were analyzed through the assays involved in
indentifying bone-related biomarkers. For the evaluation of
alkaline phosphatase (ALP) activity of hydrogels, p-nitrophenol
phosphate (Anaspec®, San Jose, CA, USA) was used as the
substrate. The constructs cultured in ODM for 1 week was rinsed
twice with PBS and lysed in alkaline lysis buffer. The lysates were
centrifuged for 10 min at 10 000 g, 4 °C, and the supernatants
were collected and subsequently incubated in the glycine buffer
containing 2 mg ml " of p-nitrophenol phosphate. After 30 min,
3 N sodium hydroxide solution was added to stop the reaction.
The absorbance at 405 nm was measured using microplate
reader (PowerWave X340, Bio-Tek Instruments).

To evaluate the extent of calcium deposition within hydrogel
networks, cell-laden hydrogels cultured for 3 weeks in ODM were
collected either for Alizarin Red S staining or for calcium quan-
tification. For preparing specimens for Alizarin Red S staining,
hydrogels were fixed in 4% PFA overnight at 4 °C, dehydrated,
and embedded in paraffin using standard techniques. Histolog-
ical sections obtained from samples (5-7 um in thickness) were
stained with Alizarin Red S solution (pH 4.2; Sigma) to visualize
calcium deposition throughout the structures. The amount of
calcium contents were also quantified. After rinsed twice with
deionized water, the constructs were incubated in 6 N HCI
solution. The calcium contents in the lysates were spectropho-
tometrically quantified with cresolphthalein complexone
(Sigma). Three minutes after the addition of reagents, the
absorbance of the samples was read at 575 nm using microplate
reader (PowerWave X340, Bio-Tek Instruments).

The expression of osteogenic differentiation markers, which
is not only transcriptional but also translational, were investi-
gated. qRT-PCR analysis was performed on the hydrogels
cultured in ODM for 1 week, 2 weeks, and 3 weeks to examine
the relative gene expression of osteogenic markers, including
runt-related transcription factor 2 (RUNX2), bone morphogenic
protein-2 (BMP-2), and osteopontin (OP). Additionally, immu-
nofluorescence staining of osteocalcin (OC; Abcam, UK) was
performed after 3 weeks of culture.

2.7. qRT-PCR

Total ribonucleic acid (RNA) from each hydrogel was extracted
with TRIzol reagent (Invitrogen). Reverse transcription reaction
was performed to obtain complementary deoxyribonucleic acid
(cDNA) from the RNA samples, using AccuPower® RT PreMix
(Bioneer Co., Daejeon, Korea). Gene expression profiles were
examined via StepOnePlus real-time PCR system (Applied Bio-
systems, Foster City, CA, USA) with TOPreal™ qPCR 2X PreMIX
(SYBR green; Enzynomics, Daejeon, Korea). 55 amplification
cycles were performed and each cycle consisted of the following
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steps; 95 °C for 10 s, 55 °C for 15 s, and 72 °C for 30 s. Obtained
data were analyzed through 222 method.

2.8. Immunofluorescence staining

The hydrogel constructs were sliced and subsequently immu-
nostained with antibodies against OC (Abcam). Immunoreac-
tivity was visualized through rhodamine isothiocyanate-
conjugated secondary antibodies (Jackson Immuno Research
Laboratories Inc., West Grove, PA, USA). The slices were then
mounted, while the nuclei of cells was counterstained with
DAPI (Vector Laboratories). The images were obtained using
confocal microscope (SP8 X STED, Leica, Mannheim, Germany).

2.9. Western blot

Western blot was performed to evaluate the molecular signaling
pathway of FAK and extracellular signal-regulated kinase (ERK).
The cell-laden constructs were cultured for 3 weeks in ODM.
Then, the samples were mechanically crushed and lysed in cold
lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NacCl, 1% Non-
idet P-40) containing protease inhibitor cocktail for 40 min.
After centrifugation at 4 °C (14 000 rpm, 20 min), the concen-
tration of protein in collected supernatant was determined by
bicinchoninic acid protein assay (Pierce Biotechnology, Rock-
ford, IL, USA). Equal amount of proteins were loaded and
separated by 10% (w/v) sodium dodecyl sulfate-polyacrylamde
gel (SDS-PAGE). The proteins were then transferred to an
Immobilon-P membrane (Milipore Corp., USA) and probed with
antibodies (Abcam) against FAK, phosphorylated FAK (pFAK),
ERK, and phosphorylated ERK (pERK). The labeled proteins
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were then incubated with a horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology, USA) for 1 h at
room temperature. The blots were developed using an
enhanced chemiluminescence detection system (Amersham
Bioscience, USA). B-Actin served as the internal control.

2.10. Statistical analysis

Quantitative data from at least triplicate samples were pre-
sented as mean value + standard deviation. Statistical analysis
was conducted via one-way single factor analysis of variance
(ANOVA) with the Tukey significant difference post hoc test
using SPSS software (SPSS Inc., USA). p < 0.05 was considered
statistically significant.

3. Results

3.1. Synthesis and characterization of PEGA-GO

For the functionalization of PEGDA hydrogel with GO, PEGyla-
tion process was performed on GO (Fig. 1). Following the
PEGylation process, acrylate group was introduced to the PEG
chain. The size of GO used for the study was approximately 10—
20 pm, and PEGylated GO (PEG-GO) and PEG-acrylated GO
(PEGA-GO) retained were well within the initial GO size distri-
bution (data not shown). The structural features of GO, PEG-GO,
and PEGA-GO were examined by FT-IR spectroscopy (Fig. 2A).
FT-IR spectrum of GO showed a strong and broad absorption at
3392 cm ! originating from O-H stretching vibrations. The
characteristic stretching absorption bands around 1500 cm™*
correspond to the carbonyl groups (C=0) in the COOH units

////,/‘,,

1) SOCl,, DMF, 70 °C, 24 h
2) PEG-1000, DMSO, 50 °C, 72 h
-

i
o oH

Q\E Graphene

|_oxide (<o) |

+ Photoinitiator, UV
~ 365 nm, 4 mW, 7 min

PEGDA-GO

Fig. 1 Schematic of PEGDA and PEGDA-GO hydrogel fabrication and chemical modification procedure for PEGA-GO.
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Fig. 2 Preparation and characterization of PEGDA and PEGDA-GO hydrogels. (A) Characterization of GO, PEG-GO and PEGA-GO via FT-IR
spectroscopy (B) SEM images of photopolymerized PEGDA and PEGDA-GO (scale bar = 10 um, white arrows indicate GO in PEGDA). (C) Swelling
ratio of the hydrogels. No statistical difference was observed between PEGDA and PEGDA-GO. (D) Dynamic modulus measurement in frequency

sweep mode. Both shear storage (G') and shear loss (G”) modulus were
spectrometer analysis of PEGDA, PEGA-GO, and PEGDA-GO.

situated at the edges of the GO sheets, whereas the bands of
C=C bond in graphitic sheet appear around 1300 cm™". After
PEGylation, the ether groups (C-O-C) in PEG imprints absorp-
tion bands around 1000 cm™" in the spectrum. Further acryl-
ation process shifts the C-O-C bands to the right, and the
intensity of the bands around 1500 cm ™" rises in the spectrum
of PEGA-GO, because of the increased carbonyl groups. From
these results, we confirmed the obtained GO derivate as PEGA-
GO, and performed subsequent UV-mediated polymerization
with PEGDA.

3.2. Preparation and characterization of hydrogels

Fig. 2B represents the photopolymerized PEGDA and PEGDA-
GO hydrogels. With or without functionalizing components,
two types of PEGDA-based hydrogels were prepared by the
exposure to UV light. It should be noted that the concentration
of PEGA-GO was determined depending on its cytotoxicity.
According to a preceding research, PEGylated GO derivatives
did not cause any cytotoxic events to the cells under the
concentration of 6.25 g ml~".>* Thus, we employed 5 pg ml~" of
PEGA-GO for the generation of PEGDA hydrogel to prevent any
potential cytotoxic event that can be caused by PEGA-GO. As we
incorporated PEGA-GO into PEGDA solution at low concentra-
tion, there was no significant color change between PEGDA and
PEGDA-GO, and PEGDA-GO would sustain its microstructures

This journal is © The Royal Society of Chemistry 2017

not statistically different between PEGDA and PEGDA-GO. (E) Raman

(Fig. 2B). Up to 150 ug ml~" of GO concentration, PEGDA-GO
preserved its transparent properties (Fig. S27).

To demonstrate the GO effect to cells, we optimized GO
concentration to maintain mechanical properties similar to
PEGDA hydrogel. To optimize and evaluate the influence of
incorporated GO into PEGDA hydrogel, we conducted subse-
quent characterization in terms of swelling ratio and dynamic
modulus. Despite the difference in precursor composition, the
swelling ratios of hydrogels did not make any clear distinction
in statistical terms (Fig. 2C). Furthermore, the results from
dynamic modulus measurement revealed that there was no
statistical difference in both shear storage (G’) and shear loss
modulus (G”), which are the indicators of viscoelastic behavior
(Fig. 2D). Although GO-functionalized hydrogels did not repre-
sent any observable differences in swelling and mechanical
behaviors, Raman analysis demonstrated that the GO was
incorporated within PEGDA structure (Fig. 2E). Thus, we
concluded that 5 ug ml~" of PEGA-GO conditions could func-
tionalize hydrogel constructs without causing any changes in
basic material properties of PEGDA hydrogel.

3.3. Morphological analysis and focal adhesion-related
signaling of hADSCs in PEGDA and PEGDA-GO

The morphological changes of hADSCs occurred on cell-
hydrogel interface were evaluated by F-actin staining. Cells were

RSC Aadv., 2017, 7, 20779-20788 | 20783
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Fig. 3 The positive influence of incorporated GO on cell adhesion,
FAK phosphorylation, and downstream ERK activation. (A) F-actin
staining of hADSCs either encapsulated in three-dimensional networks
(3D encapsulation, blue, white arrow indicate the protrusions of
hADSC) or seeded on two-dimensional hydrogel surfaces (2D seeding,
green). Cell nuclei were counterstained with DAPI (pink in 3D encap-
sulation, scale bar, left panel = 50 pum, right panel = 10 pym and blue in
2D seeding image, scale bar = 50 pm). (B) Western blot analysis of
pFAK, FAK, pERK, and ERK expression.
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uniformly encapsulated in both hydrogels, and they displayed
rounded morphologies (Fig. 3A; left panel). Our previous study
reported micro-sized protrusions when cells were encapsulated
in PEG-based hydrogels containing RGD peptide."***** Inter-
estingly, similar to the RGD-functionalized hydrogel, distinct
cellular protrusions were evident in PEGDA-GO hydrogel. Based
on the assumption that the extension of actin fibers was
induced by the adhesive interaction of cells with GO, we
observed direct morphological responses of the seeded cells to
the hydrogel surfaces (Fig. 3A; right panel). As expected, hADSCs
developed distinctive protrusions within PEGDA-GO hydrogel
due to increased cell adhesion moieties. Furthermore, unlike
the cells on PEGDA, cellular spreading also significantly
increased via GO-functionalization of hydrogel. From the
results, we confirmed that GO-functionalization of PEGDA
hydrogel (PEGDA-GO) could induce the modulation of cellular
morphology and cell adhesion.

On the basis of F-actin analysis, further investigation was
performed on cell adhesion-related signaling molecules and
their downstream pathways. The cell surface receptors such as
integrins interact with extracellular cell-adhesive functional
groups and clustered to establish focal adhesion. Western
blotting was therefore performed to evaluate the expression and
phosphorylation level of FAK (Fig. 3B). FAK phosphorylation
remarkably increased in PEGDA-GO, which corresponds to the

F-actin analyses. Moreover, we investigated the FAK
A 140 B S Il PEGDA
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Fig.4 The effect of GO-mediated functionalization on viability, proliferation, anti-apoptotic behavior, and long-term survival of hADSCs. (A) Cell
viability evaluated by neutral red assay, at day 1 and day 3 (n = 3, *p < 0.05 versus PEGDA at day 3). (B) Cell proliferation rate analyzed by Alamar
blue assay. (C) The apoptotic activity of encapsulated cells investigated through relative mRNA expression of pro-apoptotic caspase-3 at day 3 (n
= 3, *p < 0.05). (D) Quantification of DNA contents in PEGDA and PEGDA-GO cultured for 2 weeks and 3 weeks in ODM. The values are
normalized by day 1 (n = 3, *p < 0.05). No significant difference occurred between 2 weeks and 3 weeks in PEGDA-GO group.
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downstream signaling, such as ERK. The phosphorylation level
of ERK was also up-regulated in PEGDA-GO, and we deduced
that GO induces focal adhesion formation and triggers down-
stream intracellular signaling via ERK. Thus, in subsequent
experiments, we investigated the potential role of GO on
directing further intracellular events in stem cells, beyond focal
adhesion.

3.4. Cell viability, anti-apoptotic activity, and long-term
maintenance of hADSCs in PEGDA-GO

Next, we examined the viability of hADSCs encapsulated in
PEGDA and PEGDA-GO (Fig. 4A). The colorimetric evaluation of
the cell viability via neutral red assay revealed that there was no
statistically difference at day 1. However, at day 3, hADSCs in
PEGDA-GO showed improved cell viability compared to those in

A
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PEGDA. UV source and photo-initiator also may cause cellular
cytotoxicity during photopolymerization however, we incorpo-
rated 365 nm UV light (4 mW c¢cm™> for 7 min) and 0.05% (w/v,
Irgacure 2959) photo-initiator, which has been shown to be
biocompatible.** We further investigated the cell proliferation
rate through Alamar blue assay, and low concentration of GO in
PEGDA had a little effect to cell proliferation (Fig. 4B). The effect
of GO on cell proliferation rate in 2D condition correlated to the
3D culture condition (Fig. S3A7).

To further investigate cellular behavior within hydrogels, the
messenger RNA (mRNA) expression of pro-apoptotic marker
caspase-3 was evaluated. Corresponding to the neutral red
assay, the relative expression of caspase-3 was fairly down-
regulated in PEGDA-GO group (Fig. 4C). In addition to these
results, which were occurred in early culture period, the survival

: *
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Fig. 5 Enhanced osteoinductivity achieved by the incorporation of GO. (A) Relative osteogenic marker expression (RUNX2, BMP-2, and OP) at 1
week, 2 weeks and 3 weeks (n = 3, *p < 0.05). (B) Relative ALP activity of hADSCs at 1 week (n = 3, *p < 0.05). (C) Alizarin Red S staining for
deposited calcium in PEGDA and PEGDA-GO for 3 weeks, and its quantitative analysis (scale bar = 50 um, n = 3, *p < 0.05). (D) Immunoflu-
orescence staining of OC performed on hydrogels cultured for 3 weeks in ODM. Cytoplasmic osteocalcin expression was visualized by red
fluorescence and cell nuclei were counterstained with DAPI (blue) (scale bar = 75 um).
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of encapsulated cells in prolonged time points was monitored
by DNA quantification (Fig. 4C). DNA contents of PEGDA and
PEGDA-GO were similar after 2 weeks, but as additional one
week went by, the amount of cellular DNA in PEGDA group
decreased at 3 weeks. On the other hand, DNA contents in
PEGDA-GO were well maintained for 3 weeks, which was higher
than those in PEGDA. Thus, GO-functionalization of hydrogel
reduced pro-apoptotic marker expression and enhanced cell
viability. The advantageous influence of GO was also found in
extended culture period, in respect of improved cell retention
within PEGDA-GO hydrogel.

3.5. Enhanced in vitro osteogenic commitment of hADSCs in
PEGDA-GO

Based on the bioactive role of GO in terms of cell viability,
adhesion, and FAK-ERK activation, we assumed that the oste-
ogenic commitment of hADSCs would be improved in PEGDA-
GO. To evaluate the hypothesis, we first examined the relative
mRNA expression of osteogenic markers (RUNX2, BMP-2, and
OP) in hydrogels during the culture period (Fig. 5A). At 1 week,
the mRNA expression of RUNX2, the most specific osteoblast-
associated transcription factor,®” was highest in PEGDA-GO.
OP, the osteoblast-specific marker for matrix mineralization,*®
was the most significantly up-regulated osteogenic gene of
hADSCs in PEGDA-GO group. At 2 weeks, the mRNA expression
of OP was 2 fold higher for PEGDA-GO compared with PEGDA,
and its expression level has further increased more than 3 fold
in 3 weeks. BMP-2 is another osteogenic indicator, whose
autocrine loop is activated in the cells undergoing osteogenic
differentiation.* After 3 weeks, the differences in BMP-2 gene
expression between two groups became distinctive and the
values from the cells in PEGDA-GO were about three-fold higher
than those from PEGDA hydrogel.

Additionally, we examined the
concentration of incorporated GO and OP expression, which is
the most upregulated osteogenic gene, to investigate the
concentration dependence of GO-mediated osteogenic differ-
entiation (Fig. S1t). Although we decided the GO amount in
response to the cellular viability, hADSCs encapsulated with 5
ng ml~" of GO showed the highest expression of OP. Therefore,
we confirmed that this concentration is the optimal condition
for osteogenic differentiation of hADSCs in PEGDA-GO
hydrogel.

Several osteogenic phenotypes were also examined, such as
ALP activity, calcium deposition, and osteocalcin protein
expression. ALP is the essential osteogenic marker, whose
activity is upregulated during the early phase of osteogenesis.*
At 1 week, ALP activity was elevated in the cells cultured in
PEGDA-GO compared to its counterpart (Fig. 5B). Inorganic
calcium deposition is one of the general features of bone
formation.** After 3 weeks, the calcium contents were quanti-
fied, and hADSCs in PEGDA-GO deposited higher amount of
calcium than those in PEGDA (Fig. 5C). The degree of calcium
deposition was also qualitatively confirmed by histological
analysis with Alizarin Red S staining after 3 weeks (Fig. 5C). In
accordance with the calcium quantification result, PEGDA-GO
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developed intense red color, compared to PEGDA. A trend in
2D culture also showed similar to 3D encapsulation (Fig. S3B
and Cf). Furthermore, immunofluorescence staining of OC,
another specific marker protein residing in cytoplasmic
compartment of differentiating osteoblasts,*” was performed in
order to confirm the osteogenic marker expression at protein
level. After 3 weeks, hADSCs cultured in PEGDA-GO demon-
strated the most elevated expression of osteocalcin (Fig. 5D).

4. Discussion

In this work, we modified PEGDA hydrogel with GO to assign
biofunctionality. Previous studies showed that GO can adsorb
considerable amount of ECM proteins, resulting in enhanced
cell to matrix attachment.”®* GO has carboxyl, carboxylate,
carbonyl and hydroxyl functional groups, and GO can interact
with a range of biomolecules including serum proteins under
typical cell culture condition via electrostatic, covalent, and
hydrogen bond.*>**** In addition, GO is composed of aromatic
rings with reasonable oxygen contents, which leads to hydro-
phobic property of the material that allows increased adsorp-
tion of proteins. Because ECM globular proteins such as
fibronectin can directly mediate cell adhesion, increase in ECM
protein adsorption onto GO can facilitate initial attachment of
stem cells onto the culture substrate and form the foundation of
basic cellular behaviors. In the present study, GO functioned as
cell-adhesive moiety, and the incorporation of GO in PEGDA
hydrogel induced stark improvement in cell adhesion (Fig. 3A).
These adhesive behaviors might be mediated by ECM proteins
adsorbed onto GO, and the interaction between integrins and
ECM proteins could further activate the downstream effectors
FAK, which play a critical role in initiating adhesion-dependent
cellular responses to matrix environment.*® As shown in Fig. 3B,
in accordance with F-actin formation, hADSCs successfully
developed FAK autophosphorylation. Considering that the
enhancement in cell survival and osteogenic commitment of
hADSCs in PEGDA-GO coincided with the development of focal
adhesion and enhanced FAK activation in our work, we deduced
that the central working mechanism of GO might originate
from stable cell adhesion via strong adsorption between GO and
ECM proteins.

The incorporation of GO into PEGDA hydrogels had positive
influences on cell viability and long-term survival. It is widely
accepted that FAK plays a central role in transmitting adhesion-
dependent survival signals,”** and stimulation of FAK
signaling cascades followed by cell attachment to the ECM
suppresses the activity of apoptotic factors.*® Notably, at day 3,
the viability of hADSCs in PEGDA-GO was higher than that of
PEGDA group (Fig. 4A), and it coincided with the decreased
expression of pro-apoptotic caspase-3, a cysteine protease acti-
vated during apoptosis, in PEGDA-GO (Fig. 4C). However, there
was no significant difference in proliferation rate between
PEGDA and PEGDA-GO up to day 5 (Fig. 4B). Based on our
observation of cell adhesion and subsequent FAK activation in
PEGDA-GO group, we concluded that GO is capable of sup-
porting cell homeostasis and survival, with respect to the
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successful retention of cells in PEGDA-GO even in the longer
time period (Fig. 4D).

Previous studies have reported the role of GO on directing
osteogenic differentiation of stem cells."*** We also demon-
strated that hADSCs encapsulated in PEGDA-GO hydrogel
stimulated the osteogenic phenotypes compared to the cells in
PEGDA. RUNX2 gene transcription and ALP activity, which are
the harbingers of osteogenesis, were elevated in PEGDA-GO
group at 1 week (Fig. 5A and B). Together with enhanced
BMP-2 and OP gene expression (Fig. 5A), characteristic osteo-
genic phenotypes including calcium deposition and osteocalcin
expression were increasingly observed in hADSCs from PEGDA-
GO hydrogel after 3 weeks (Fig. 5C and D). A preceding research
reported that FAK activation and subsequent downstream ERK
phosphorylation promote osteogenic differentiation of stem
cells.*” As shown in Fig. 3B, hADSCs cultured in PEGDA-GO
hydrogel established FAK phosphorylation, and this activation
was then intracellularly transmitted to activate ERK. Namely,
the enhanced osteogenic commitment of hADSCs in PEGDA-GO
could be attributed by the incorporated GO, which promotes
cell adhesion and following FAK-ERK pathway. In addition,
there might be a connection between activated ERK and the
upregulated RUNX2 gene expression occurred at 1 week, based
on the critical role of ERK in osteogenesis. According to a study
by Ge and colleagues, the activated ERK signaling pathway
functions as an integral conduit for the development of osteo-
genic phenotype development and results in elevated RUNX2
phosphorylation and transcriptional activity.*® Likewise, in our
study, FAK-ERK signaling pathway, at least in part, might bridge
the signals from GO-adhered ECM proteins to the nucleus and
could make impacts on RUNX2 gene activation.

Other potential factors that could accelerate GO-mediated
osteogenic differentiation can be found among soluble factors.
Dexamethasone is a chemical inducer that directs stem cells into
osteogenic lineage,* and the previous study demonstrated that
GO could concentrate dexamethasone on its graphitic plane via
-7 interactions." Because we cultured the hydrogel constructs
under the presence of dexamethasone, the enhanced osteogenic
differentiation might be partially explained by localization of
dexamethasone within GO moiety. Moreover, we observed that
the mRNA expression of BMP-2 was significantly upregulated in
PEGDA-GO group compared to PEGDA group (Fig. 5A). Based on
the fact that BMP-2 autocrine signaling loop provides positive
feedback to differentiating stem cells,**** a preceding research
employed BMP-2 autocrine signaling as a central mechanism for
scaffold-mediated osteogenic differentiation.*® By introducing
BMP-2-binding moiety within PEGDA hydrogel, the researchers
could attach secreted BMP-2 proteins from differentiating cells in
engineered scaffold, and they argued that the sequestered BMP-2
continuously promoted osteogenic differentiation via autocrine
pathway. Considering that GO flakes can adsorb BMP-2 protein
onto its surface,”>** GO could sequester the BMP-2 from the
encapsulated hADSCs in our PEGDA-GO hydrogel system.
Therefore, PEGDA-GO might facilitate the osteogenic differenti-
ation of hADSCs by sequestering de novo synthesized BMP-2 from
the cells, which could provide a partial contribution in an auto-
crine manner during the osteogenesis of hADSCs in PEGDA-GO.

This journal is © The Royal Society of Chemistry 2017
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5. Conclusion

In conclusion, we demonstrated that the incorporation of GO
could successfully assign biofunctionality to PEGDA hydrogel by
enhancing cell attachment and subsequent osteogenic differ-
entiation. hADSCs encapsulated in PEGDA-GO hydrogels
resulted in an elevated level of focal adhesion and activation of
related kinases (FAK and ERK). Furthermore, hADSCs cultured
in PEGDA-GO successfully developed osteogenic phenotypes,
and its outcome was more prominent than that of PEGDA. From
this result, incorporation of GO into hydrogel can provide new
design strategy of hydrogel-based substitutes for tissue
regeneration.
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