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Regulating Cellular Behavior on Few-Layer Reduced
Graphene Oxide Films with Well-Controlled Reduction States

Xuetao Shi, Haixin Chang,* Song Chen, Chen Lai, Ali Khademhosseini,

and Hongkai Wu*

Understanding the effect of graphene on cellular behavior is important

for enabling a range of new biological and biomedical applications. How-
ever, due to the complexity of cell responses and graphene surface states,
regulating cellular behaviors on graphene or its derivatives is still a great
challenge. To address this challenge we have developed a novel, facile route
to regulate the cellular behaviors on few-layer reduced graphene oxide
(FRGO) films by controlling the reduction states of graphene oxide. Our
results indicate that the surface oxygen content of FRGO has a strong influ-
ence on cellular behavior, with the best performance for cell attachment,
proliferation and phenotype being obtained in moderately reduced FRGO.
Cell performance decreased significantly as the FRGO was highly reduced.
Moderate performance was found in non-reduced pure graphene oxide

studies have demonstrated the compati-
bility of cell growth on graphene. Graphene
and its derivatives have been shown to pos-
sess an enhanced degree of cell adhesive-
ness and proliferation in chemical vapor
deposition (CVD) grown graphene, chemi-
cally reduced graphene, and graphene
based composites,**-3¢ while being cyto-
toxic in some cases.’’# For example, a
mechanically strong, electronically con-
ductive graphene papers from filtration
of chemically reduced graphene were
developed as biocompatible substrates for
cell growth.’3) CVD grown graphene also
showed the promoted adherence of human

and control glass slides. Our results highlight the important role of surface
physicochemical characteristics of graphene and its derivatives in their
interactions with biocomponents, and may have great potential in enabling
the utility of graphene based materials in various biomedical and bioelec-

tronic applications.

1. Introduction

Graphene and its derivatives have been intensely studied for
their unique electronic, mechanic, optoelectronic and photonic
properties.'" However, it has not been until recently that
graphene is explored as a novel biocompatible nanomaterial
for biosensing,'>2?% drug delivery,3*% and cell monitoring/
growth.'>33-40] In this regard, understanding the influence of
graphene on cellular behavior is important for enabling a range
of new biological and biomedical applications. Indeed, some
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osteoblast and mesenchymal stromal
cells,® and enhanced the differentiation
of neural stem cells into neurons.?® On
the other hand, graphene demonstrated a
strong toxicity through accumulating on
cell membranes, leading to apoptosis.’”l In
general, the influence of graphene and its
derivatives on cellular behaviors is still not
clearly understood, and the key physicochemical characteristics
in graphene based materials that influence cellular behaviors are
not clear. Due to the complexity of cell responses and graphene
surface states, it is challenging to elucidate or regulate cellular
behavior on graphene and its derivatives.

Herein, to address this challenge, we have developed a
novel, facile route to regulate the cellular behaviors on few-
layer reduced graphene oxide (FRGO) films by controlling the
reduction states of graphene oxide. The delicate tuning of the
reduction states in FRGO was developed by a low-temperature
thermal reduction method, which enabled controlling the
oxygen contents in FRGO. FRGO films with three different
reduction states were used to culture cells, and the cell adhe-
sion, proliferation and phenotype behaviors on FRGO were
investigated. The results indicate that the surface oxygenous
content of FRGO has a significant influence on cellular behav-
iors with the best performance of cell adhesion, proliferation
and phenotype being obtained in moderately reduced FRGO.
Cell performance decreased significantly as the FRGO was
highly reduced. Our results highlight the important role of
surface physicochemical characteristics of graphene and its
derivatives in their interactions with biocomponents, and
may have great potential in enabling the utility of graphene
based materials in various biomedical and bioelectronic
applications.
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Figure 1. TEM image of single layer graphene oxide sheets.

2. Results and Discussion
2.1. Fabrication and Tuning Surface Property of FRGO Films

Single layer graphene oxide and few-layer graphene oxide films
were prepared as described in the previous reports.*'7] The
single layer graphene oxide was characterized by transmission
electron microscopy (TEM, Figure 1) and atomic force micro-
scopy (AFM, Figure 2). Single layer graphene oxide was flex-
ible, and had a number of observable wrinkles (Figure 1). The
lateral size of single layer graphene oxide ranged from several
hundreds of nanometers to several micrometers (Figure 1,
Figure 2A) with the thickness of ~1 nm, typical for a single layer
(Figure 2B).”] We further studied the morphology of few-layer
graphene oxide and few-layer reduced graphene oxide films on
glass substrates. The pristine non-reduced few-layer graphene
oxide (FRGO-0) film was continuous and usually had a thick-
ness of ~7.5 nm (<8 layers) with an average roughness R, of
3.2 nm (Figures 3A and 3B). For the 260 min reduced FRGO
(FRGO-260) films, the thickness was ~6 nm with an average
roughness R, of 5.0 nm (Figure 3C). Therefore, there were no
significant morphological differences in the few-layer graphene
oxide and reduced FRGO films.

Interestingly the transparency of the FRGO films changed
significantly as a result of thermal reduction and restoration
of conjugated structures of graphene (Figure 3D).’) FRGO-0
film was optically transparent, and became increasingly more
opaque when reduced for a long period of time. The decreasing
transparency in FRGO with reduction time is due to the loss
of oxygen containing groups and the restoration of conjugated
structures as indicated in the following X-ray photoelectron
spectroscopy (XPS) measurements.

To further characterize the effect of the reduction on the
FRGO films, we performed XPS measurements for more
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Figure 2. AFM image (A) and height profile (B, for white line in A) of
single layer graphene oxide sheets.

information. XPS results showed that the content of oxyge-
nous groups in the FRGO-0 and reduced FRGO films were
vastly different. The oxygenous groups in graphene oxide are
mainly carboxyl, hydroxyl, and epoxy groups, which are denoted
as peaks and shoulders at the binding energy of ~287-288 eV
(Figure 4) similar to previous reports.l>*!l The relative intensity
of C-C component with peaks at ~284.5 eV increased with the
reduction time, consistent with the darker color shown in dig-
ital images (Figure 3D). The O/C atomic ratios were ~0.6 for
FRGO-0, and ~0.4 for 90 min reduced FRGO (FRGO0-90), and
~0.3 for FRGO-260 (Figure 4), respectively. The loss of oxyge-
nous groups was faster in the initial 90 min reduction, and
became much slower in the following 170 min. The loss of the
oxygen containing groups is due to the decomposition of oxygen
containing groups in FRGO during the thermal reduction, and
carbon dioxide (CO,) and water (H,0) will form during this
decomposition. Therefore we can control the quantity of oxygen
containing species in FRGO with the temperature and time of
thermal reduction.

Adv. Funct. Mater. 2012, 22, 751-759
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Figure 3. A) AFM image of non-reduced few-layer graphene oxide film on glass substrates.
B) Height profile of the white line cross the film in (A). C) AFM image of 260 min reduced
few-layer graphene oxide film. (D) Image of 0 min (left), 90 min (center) and 260 min (right)

thermally reduced FRGO films at 150 °C.

To determine the changes in the hydrophobicity of the
resulting films we also performed static water contact angle
measurements. The water contact angles of pristine few-layer
graphene oxide FRGO-0 and glass were measured to be 26.5
7.3° (Figure 5B) and 36.0 £ 6.6° (Figure 5A), respectively. The
water contact angle of FRGO-90 increased significantly to
60.4 £ 3.3°, indicating the obvious loss of oxygenous groups
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Figure 4. XPS spectra of 0 min, 90 min and 260 min thermally reduced
FRGO films at 150 °C.
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in the initial 90 min reduction (Figure 5C).
Note that the contact angles of FRGO-90 and
FRGO-260 (57.8 + 2.5°) were not significantly
different (Figures 5C and 5D), which may be
explained by smaller differences in the oxyge-
nous contents, and other parameters that
influence water contact angles (e.g., hierar-
chical microstructures, wrinkles, etc.).[*?!

2.2. Protein Adsorption on FRGO

Adsorbed proteins are critical for regulating
cellular behaviors on materials surfaces such
as adhesion and proliferation.**! There-
fore, the adsorption of individual proteins
such as fibronectin and fibroblast growth
factor (FGF), bovine serum albumin (BSA),
as well as fetal bovine serum (FBS), which
contains various serum proteins, was exam-
ined on different FRGO surfaces (Figure 6A).
Quantitative measurements indicated that
the amounts of adsorbed proteins such as
FBS, fibronectin, and FGF on FRGO-90 was
significantly higher than that on FRGO-
260, FRGO-0 and the control glass slides.
For example, the adsorbed fibronectin and
FGF on FRGO-90 were ~3 folds higher than
that on FRGO-260, and ~30% higher than
that on FRGO-0, while these two proteins
adsorbed on FRGO-0 similar to the controls
(Figure 6A). Similar protein adsorption trend was observed in
proteins from FBS. As for the adsorption of BSA, FRGO-260
exhibited ~3 folds lower protein adsorption than FRGO-90 and
FRGO-0. In all 4 tested cases, FRGO-260 had much weaker pro-
tein adsorptions than FRGO-90 and FRGO-0.

The protein adsorption on materials surface is highly
dependent on the surface physicochemical characteristics

Figure 5. Water contact angles of the control glass (A, 36.0 + 6.6°), and
0 (B, 26.5 + 7.3%), 90 (C, 60.4 % 3.3°), 260 (D, 57.8 + 2.5°) min thermally
reduced FRGO films on glass.
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Figure 6. A) Adsorption of BSA, FGF, fibronectin and proteins from FBS
on different FRGO surfaces. Pound sign (#) and asterisk (*) indicate
statistical significance when compared with the control and FRGO-0, and
with FRGO-90, respectively (p < 0.05). B) Scheme for main noncovalent
interactions between graphene oxide and proteins, including electrostatic
forces, hydrogen bonding, and hydrophobic interactions.

and noncovalent interactions (electrostatic forces, hydrogen
bonding, hydrophobic interactions, etc.) induced by molecular
structures of materials.*o*8 With increase of reduction time,
FRGO has less oxygen containing groups and more conjugated
carbon structures (Figure 4). The oxygenous groups in graphene
oxide introduce charged and electronegative regions to the sur-
faces and enable the formation of hydrogen bonds with pro-
teins, just like the interactions between small peptides and
graphene oxide in our previous studies.l'®l There are also pos-
sible hydrophobic interactions between proteins and FRGO.[*]
Therefore, the possible reason for strongest adsorption in mod-
erately reduced FRGO-90 may be due to a mixture of electro-
static forces, hydrogen bonding and hydrophobic interactions
in FRGO to proteins (Figure 6B). For example, fibronectin pro-
tein has an isoelectric point of ~5.0 and is negatively charged in
pH 7.2 buffer.* Although more oxygenous groups in FRGO-0
enhance the hydrogen bonding adsorption of fibronectin, they
also induce more electrostatic repulsion to fibronectin from
negative charges of oxygenous groups. However, in FRGO-260,
both hydrogen bonding adsorption and electrostatic repulsion
become weaker. As for hydrophobic interactions, their effects
on protein adsorption on FRGO surfaces are unclear. FRGO-90

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and FRGO-260 have similar hydrophobicity as indicated in sim-
ilar water contact angles (Figures 5C and 5D). Therefore, the
clear differences in protein adsorption in FRGO-90 and FRGO-
260 should be induced more by the competition of electrostatic
repulsion and hydrogen bonding. As for FRGO-0, it is much
less hydrophobic than FRGO-90 and FRGO-260 (Figure 5B),
and the hydrophobic interactions may play a more important
role when comparing FRGO-0 with FRGO-90 and FRGO-260.
In general, the result of competition of electrostatic repulsion,
hydrogen bonding and hydrophobic interactions is that mod-
erate oxygenous content FRGO-90 has the best performance on
protein adsorption. It is well known that some specific extra-
cellular matrix proteins such as fibronectin and vitronectin are
highly important for cell adhesion onto the surface of bioma-
terials.*85951 Tt is expected that such differences in protein
adsorption (especially for fibronectin) will have a greater influ-
ence on the cellular behavior on FRGO as will be discussed
later.

2.3. Cell Adhesion and Cell Proliferation on FRGO

To check the degree of cell adhesion and proliferation on FRGO
films, various surfaces were seeded with myoblasts, osteoblasts,
and fibroblasts and analyzed for their ability to induce cellular
adhesion and proliferation. The attachment rates of different
types of cells on different FRGO surfaces were compared to
that of the control glass slide. The results of the cell attach-
ment rates measurements revealed that more cells adhered to
FRGO-90 in comparison to FRGO-260, FRGO-0 and the con-
trol samples (Figure 7A). Nearly 4 times more cells adhered
on FRGO-90 after 3 h culture than that of FRGO-260. This
difference was smaller at nearly 1.5 folds higher for FRGO-90
in comparison to cell adhesion on the control samples and
dropped to 30-100% higher in comparison to FRGO-0. The dif-
ferences in cell attachment rates may be attributed to adsorp-
tion levels of various proteins (e.g., fibronectin) adhesion on
the different FRGO surfaces. It is known that fibronectin plays
a positive role in cell adhesion, growth and migration.%>! Tn
general, fibronectin can be adhered onto to the substrate from
FBS or be deposited by adhering fibroblasts. Fibroblast secreted
soluble compact fibronectin dimerized following by binding
to o5 B 1 integrin receptors on the surfaces of fibroblasts.’?
Fibronectin molecules form a complex, insoluble fibronectin
matrix with the increasing concentration of integrin-bound
fibronectin.3 The fibronectin from these two originations was
more effectively adsorbed on FRGO-90 than other substrates
(Figure 6A), which may be the reason for the subsequent cell
adhesive nature of this material.

The proliferations of the adherent myoblasts, osteoblasts,
and fibroblasts on different FRGO surfaces were further
investigated by a cell counting kit. As shown in Figure 7B,
after 6 days of culture, a higher level of cell proliferation on
FRGO-90 was observed compared to other FRGO surfaces.
For example, cell numbers on FRGO-90 were ~30 folds higher
than that on FRGO-260 for osteoblasts, fibroblasts, and ~3 folds
higher for myoblasts, respectively. Cell numbers on FRGO-90
were also ~70% higher than that on FRGO-0 and the control for
osteoblasts and myoblasts, and ~160% higher for fibroblasts,

Adv. Funct. Mater. 2012, 22, 751-759
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Figure 7. Cell attachment and proliferation. A) Cell attachment onto different FRGO films after 3 h of culture; B) Total cell numbers on different FRGO
films after 6 days of culture with the initial seeded cell numbers of 1 x 10 for all films; and C) TRITC-phalloidin F-actin staining and DAPI cell nucleus
staining, magnification: 4x. Pound (#), asterisk (*) and ampersand (&) sign indicate statistical significance when compared with the control and
FRGO-0, with FRGO-90, and with FRGO-0, respectively (p < 0.05). OB, FB, and MB indicate osteoblasts, fibroblasts and myoblasts, respectively.

respectively. Cell numbers on FRGO-0 were comparable to that  levels of proliferation. Such differences in cell proliferation
on the control, showing little enhancement effect on cell pro-  were more clearly demonstrated by TRITC-phalloidin F-actin
liferation for untreated pristine graphene oxide compared with  staining and DAPI cell nucleus staining (Figure 7C). It should
control glass. Therefore, cells on FRGO-90 had the highestlevel  be noted that there was a remarkable decrease in cell numbers
of proliferation, FRGO-260 had the weakest level of prolifera-  for all cell types on FRGO-260 cultured for 6 days indicating
tion with the control and FRGO-0 substrates showing moderate  that it may not be a suitable long-term cell culture substrate.

Adv. Funct. Mater. 2012, 22, 751-759 © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 755
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We also note that our results are consistent with previously
published reports that the chemically derived pristine graphene
showed much worse cell performance compared with the pris-
tine graphene functionalized with oxygen containing groups
(-COOH), and the functionalized oxygen containing group on
pristine graphene will help cell attachment and viability.?”)

The topography and physicochemical characteristics of mate-
rial surfaces are the principal parameters for cell attachment
and proliferation.*®>3>4 Electrostatic forces, hydrogen bonding,
hydrophobic interactions and other forces between cells and
material surface significantly influence the attachment process
of cells on materials.”® In this study, the topography of dif-
ferent FRGO surfaces was not significantly different, thereby
the notable differences for cell attachment and proliferation
on different FRGO surfaces are more likely induced by dif-
ferent surface physicochemical characteristics (e.g., content of
surface oxygen groups) and the resulting differences in envi-
ronmental proteins adsorption. Indeed, although FRGO-0
has more oxygen-containing groups, a moderately oxygenous
FRGO-90 had the best performance in both cell attachment and
proliferation for all the three different types of cells that were
tested, while FRGO-260 with lowest oxygenous content had the
worst performance. The result is consistent with the protein
adsorption on FRGO. As mentioned above, proteins appeared
to adsorb to highest degrees to FRGO-90 while the proteins
did not adsorb significantly to FRGO-260 probably due to the
differences in surface physicochemical characteristics and
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noncovalent interactions. Therefore, we speculate that the dif-
ferences in environmental protein (e.g., fibronectin) adsorption
on FRGO surface may induce the observed differences in cell
attachment and proliferation.*®5%1 Such oxygenous influence
was also found in other materials systems such as in oxygen
plasma-treated poly(N-isopropylacrylamide) (PNIPAAm) where
oxygen groups on PNIPAAm promoted the proliferation of
myoblasts.’>! These results strongly indicate that the amounts
of oxygen-containing groups on material surface may regulate
the resulting cell attachment and proliferation. Therefore, it
may be possible to control cellular attachment and prolifera-
tion on graphene based materials by controlling the appropriate
amount of oxygenous groups on the graphene surfaces.

2.4. Cell Phenotype on FRGO

The cell phenotype on different FRGO coated substrates was
further studied to analyze the resulting cellular differentiation.
First, the production of alkaline phosphatase (ALP) from oste-
oblasts was quantitatively determined after six days of culture
(Figure 8A). The activity of ALP, an important enzyme widely
found in bone tissue and an early marker for osteogenesis, was
highest in osteoblasts cultured on FRGO-90 surface. The ALP
activity from cells on FRGO-90 was ~8 folds higher than that
on FRGO-260, 50% higher than that on FRGO-0, and 2 folds
higher than that on control glass. The ALP activity performance
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Figure 8. Cell phenotype on different FRGO surfaces. A) ALP activity of osteoblasts; B) Calcium secretion of osteoblasts; C) Collagen secretion of oste-
oblasts and fibroblasts. Pound (#), asterisk (*) and ampersand (&) sign indicate statistical significance when compared with the control and FRGO-0,

with FRGO-90, and with FRGO-0, respectively (p < 0.05).
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and fast myosin heavy chain (green) and sarcomeric

o-actinin (red) in the myotubes after 6 days of culture on control glass and different time reduced FRGO (0, 90, 260 min) films. OB: osteoblasts; FB:
fibroblast. Magnification (Collagen): 4x; magnification (myosin and o actinin): 10x.

was consistent with the results of cell attachment and prolifera-
tion on FRGO substrates.

The calcium deposition of osteoblasts and collagen secre-
tion of both osteoblasts and fibroblast were also studied
(Figures 8B and 8C) since they are important for biomineral-
ized tissues such as bone.”® After 6 days of culture, osteoblasts
on FRGO-90 exhibited highest calcium secretion which was
over 10 folds higher than that on FRGO-260, ~70% higher than
that on FRGO-0, and ~2 folds higher than that on control glass
(Figure 8B). Similar trends were also observed in the collagen
secretion in both osteoblasts and fibroblast cells (Figure 8C).
Immunofluorescent staining of type I collagen of osteoblasts
and fibroblasts on different substrates is illustrated in Figure 9,
which is also consistent with our previous analysis on cell attach-
ment and proliferation. The results concur with the quantitative
collagen assay, and suggest that osteoblasts and fibroblasts grow
and proliferate more readily upon the surfaces of FRGO-90.

Cell phenotype of myoblasts was also investigated using a
similar procedure (Figure 9). After myoblasts were attached on
different substrates, horse serum was used to induce cellular
differentiation. At day 6, immunofluorescence of two differenti-
ation markers (myosin and o- actinin) were detected to evaluate
the myogenic commitment. The results indicated myoblasts
on FRGO-90 expressed more differentiation protein-myosin
and fused into multinucleated myotubes. Although cells on
FRGO-0 also expressed myosin, myotubes were not found on
the surface of FRGO-0. Additionally, the controls and FRGO-
260 showed only slight expression of myosin and no formation
of myotubes. Therefore, FRGO-90 can also support and pro-
mote the differentiation commitment of myoblasts, which are
quite different from FRGO-260, FRGO-0 and control.

Adv. Funct. Mater. 2012, 22, 751-759
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3. Conclusion

We have shown that cellular behavior on FRGO films can be
regulated by delicately tuning the reduction states of graphene
oxide. The surface oxygen content of FRGO has a significant
influence on cellular behaviors. Moreover, the moderately
reduced FRGO has the best performance of cell attachment,
proliferation and phenotype while highly reduced FRGO did
not support cell adhesion and proliferation. We have also shown
that the enhancement of cell adhesion and proliferation may
be induced by enhanced extracellular matrix proteins adsorp-
tion in moderately reduced FRGO by non-covalent interactions.
Therefore, the cellular behavior on graphene based materials
may be regulated by tuning the surface chemistry of graphene.
The results here envision the great potential of graphene with
well controlled surface physicochemical characteristics in var-
ious biomedical and bioelectronic applications, considering the
transparent, conductive, flexible/stretchable, and photothermal
advantages of graphene.’”*8] These advantages of graphene
could be more powerful in bioanalytical fields when combined
with microfluidic technology.27>9-0l

4. Experimental Section

Synthesis of Single Layer Graphene Oxide: Single layer graphene oxide
was prepared similar to the previously published reports.I>-'7] Briefly,
graphite flakes (Alfa Aesar, USA) were pre-oxidized by concentrated
H,S0,, K;S,03, and P,0Os by keeping the mixture at 80 °C for over 5 h.
The mixture was then left to room temperature following by diluting with
deionized (DI) water, filtering and washing thoroughly. The mixture was
dried and re-oxidized by slowly adding H,SO, and KMnO, under 0 °C
with stirring. The mixture was then kept at 35 °C for ~2 h, and diluted
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slowly using DI water. H,0, was added to the obtained solution till the
color changed into brilliant yellow. The solution was then filtered and
washed by diluted HCl and DI water for several times. To remove the
residue ions in the samples, the samples were dialyzed in DI water for
over 1 week. The final product is called graphite oxide. Graphite oxide
was sonicated for 1-2 h in DI water to be exfoliated to single layer
graphene oxide.

Fabrication of Few-Layer Graphene Oxide Films: To prepare few-layer
graphene oxide films, the single layer graphene oxide aqueous solution
(~0.4 mg/mL) was spun or drop cast on glass slide. Typically, a 40 pl
solution was used for a 1 cm x 1.2 cm glass slide. The glass slide was
first covered by single layer graphene oxide aqueous solution, and was
left to dry to obtain a homogenous, continuous few-layer graphene oxide
film. The film was thermally reduced in air at 150 °C from 0-260 min,
named few-layer reduced graphene oxide (FRGO).

Characterizations: TEM images of single layer graphene oxide were
obtained by a JEM-2010 (JEOL) transmission electron microscope with
120 kV accelerated voltage. AFM images of single layer graphene oxide
and FRGO were measured under tapping scanning modes (SPA-300HV
or XE-100 scanning probes). The Cls XPS spectra of few-layer graphene
oxide and reduced FRGO were collected by a PHI 1600 spectrometer.
Water contact angles of FRGO films were measured by an OCA20 optical
measuring system (Dataphysics, Germany).

Protein Adsorption: 1 mL 50 ug/mL fibronectin (in Tris-HCl buffer
with 0.45 M NaCl and 12% glycerol, pH 7.2), 100 pg/mL bovine serum
albumin (BSA, in pH 7.2 PBS buffer), 20 ug/mL FGF in DI water
solution (pH 6.5-7.0), and FBS solution (pH 7.0-7.5) were added onto
different FRGO surfaces and normal glass slides, respectively. After 3 h
of incubation, FRGO films were rinsed with PBS and then the adsorbed
proteins on FRGO surfaces were removed by 1% sodium dodecyl sulfate.
The total protein was quantified using a QuantiPro bicinchoninic acid
(BCA) assay kit (Sigma, USA).

Cell Culture, Seeding and Proliferation: Osteoblasts, fibroblasts,
myoblasts were maintained in Eagle’'s medium (MEM) (for osteoblasts)
and Dulbecco’s modified eagle’s medium (DMEM) (for fibroblasts and
myoblasts) with 10% (v/v) fetal bovine serum (FBS) and 2% penicillin/
streptomycin, respectively. Typically, 100 uL cell suspensions (1 x 10°
cells/mL) were seeded onto the FRGO and normal glass slides in cell
culture dish, and cultured for 6 days. After 6 h and 6 days of culture, Cell
number was determined using cell counting kit-8 (Sigma-Aldrich, USA)
following the manufacturer’s instruction.

Osteogenesis Assay: Alkaline phosphatase (ALP) activity of osteoblasts
was performed via pNPP assay (p-nitrophenyl phosphate liquid substrate,
Sigma-Aldrich, USA).5! Briefly, cells were pre-washed with PBS (pH =
7.2, Invitrogen, USA), and the cells growing on FRGO films were lysed
in 0.1% Triton X-100 solutions for 10 min in 4 °C. After added pNPP into
lysate, the mixed solution was incubated for 30 min at 37 °C, and the
absorbance at 405 nm of the solution was measured by a plate reader.
Finally, ALP activity was calculated via a formula offered by manufacturer
after normalizing cell number. Quantification of mineralization was
conducted according to previous report.’3l Briefly, osteoblasts on the
films were washed with calcium and magnesium free PBS (Invitrogen,
USA) and fixed in 10% (v/v) paraformaldehyde (Wako, Japan) for 10 min,
and then washed with calcium and magnesium free PBS. 40 mw alizarin
red solution (pH = 4.1) was added, and the films incubated at room
temperature. After 30 min, the alizarin red solution was removed and
the FRGO films were washed five times with calcium and magnesium
free PBS. 10% acetic acid was added to remove the deposited alizarin
red onto the films, and the films were then transferred to micro-
centrifugation tube. The tube was then heated to 85 °C for 10 min and
transferred on ice for 5 min. After centrifugation of the slurry in the
tube, the supernatant was collected and neutralized with ammonium
hydroxide. The absorbance values at 405 nm were determined with
a plate reader. Calcium quantification was calculated from standard
curve of calcium. Collagen content was measured via hydroxyproline
quantification. Briefly, the cells on the film were digested and then
added into a 4 m guanidine-HCl solution in 0.05 m sodium acetate. After
centrifugation, the supernatant was discarded and then the residue was
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added into 5 mL 6 m HCl and 2 mL edible oil, and heated at 115 °C
for 4 h. Afterwards, the residue was treated in chloramine-T solution,
perchloric acid solution and paradime thylaminobenzaldehyde solution,
respectively. The absorbance of the resulting solution at 560 nm was
determined. Collagen quantification was calculated from standard curve
of hydroxyproline.

Immunofluorescent and Actin Staining: After 6 days of culture, cells
on the films were fixed in 4% paraformaldehyde solution for 10 min,
and permeabilized in 0.3% Triton for 3 min. Thereafter, the specimens
were incubated in goat blocking serum (Wako, Japan) for 1 h. Type |
collagen secreted by osteoblasts and fibroblasts were detected with
mouse monoclonal collagen | primary antibody as primary antibody and
goat anti-mouse Alexa Fluor 488 (Invitrogen, USA) as the secondary
antibody. Myosin was confirmed using mouse monoclonal IgG against
fast skeletal myosin (Abcam, USA) as the primary antibody and goat
anti-mouse Alexa Fluor 488 (Invitrogen, USA) as the secondary antibody.
Sarcomeric o-actinin was monitored using mouse monoclonal anti-
sarcomeric a-actinin as the primary antibody (Sigma, USA) and donkey
anti-mouse antibody Alexa Fluor 594 (Invitrogen, USA) as secondary
antibody. Nucleus was counterstained with DAPI (Invitrogen, USA) and
F-actin was stained with TRITC-phalloidin. Briefly, after 6 days of culture,
samples were washed in PBS and fixed with 1% paraformaldehyde for
10 min and 0.1% TritonX 100 (Sigma-Aldrich, USA) for 10 min. The
samples were further washed with deionized water for 3 times following
by staining with DAPI and TRITC-phalloidin for 30 min at 37 °C. Samples
were again washed with deionized water for 3 times and viewed using
fluorescent microscope (Zeiss, Germany).

Statistical analysis: Four experiments were performed for every assay
and the results were expressed as means of + standard deviations.
Statistical significance was determined by analysis of variance with P <
0.05.
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