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2D and 3D Hybrid Systems for Enhancement of
Chondrogenic Differentiation of Tonsil-Derived

Mesenchymal Stem Cells

Jinhye Park, In Young Kim, Madhumita Patel, Hyo Jung Moon, Seong-Ju Hwang,

and Byeongmoon Jeong*

2D/3D hybrid cell culture systems are constructed by increasing the tem-
perature of the thermogelling poly(ethylene glycol)-poly(L-alanine) diblock
copolymer (PEG-L-PA) aqueous solution in which tonsil tissue-derived mesen-
chymal stem cells and graphene oxide (GO) or reduced graphene oxide (rGO)
are suspended, to 37 °C. The cells exhibit spherical cell morphologies in
2D/3D hybrid culture systems of GO/PEG-L-PA and rGO/PEG-L-PA by using
the growth medium. The cell proliferations are 30%-50% higher in the rGO/
PEG-L-PA hybrid system than in the GO/PEG-L-PA hybrid system. When chon-
drogenic culture media enriched with TGF-f33 is used in the 2D/3D hybrid

stem cell differentiation.®"! The focal
adhesion of stem cells to a matrix scaf-
fold and biochemical signaling cascades
were suggested to be responsible for the
differentiation of stem cells by the above
parameters.[1213]

Recent studies also demonstrated that
dimensional control of a material such as
1D fibers, 2D sheets, and 3D hydrogels is
very important for stem cell differentia-
tion.*181 Orientation, length, and diam-
eter of nanofibers affect the stem cell dif-

systems, cells extensively aggregate, and the expression of chondrogenic
biomarkers of SOX 9, COL Il A1, COL II, and COL X significantly increases in
the GO/PEG-L-PA 2D/3D hybrid system as compared with the PEG-.-PA 3D
systems and rGO/PEG-L-PA 2D/3D hybrid system, suggesting that the GO/
PEG-L-PA 2D/3D hybrid system can be an excellent candidate as a chondro-
genic differentiation platform of the stem cell. This paper also suggests that
a 2D/3D hybrid system prepared by incorporating 2D materials with various
surface biofunctionalities in the in situ forming 3D hydrogel matrix can be a

new cell culture system.

1. Introduction

Control of stem cell differentiation into a specific cell type is
the most important step for successful stem cell therapy. Other-
wise, stem cells may differentiate into unwanted cells or tissues,
and can sometimes lead to the development of tumors.I'?l The
biochemical factors and materials parameters of scaffolds are
the main areas of the research on stem cell differentiation.>-!
Many biochemical factors including dexamethasone, ascorbic
acid, and various growth factors have been developed.[®”! Also,
physicochemical parameters of scaffolds such as topography,
mechanical properties, roughness of substrates, and chemical
or biochemical functional groups have been reported to control
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ferentiation and the 1D materials were
reported to be particularly effective in
directing the neuronal differentiation of
stem cells.>1 Traditionally, cell cultures
have been studied using the 2D system
of polystyrene plate. However, the cells
cultured in 3D culture systems exhibited
biomarker expressions and phenotypes
different from the cells cultured on 2D
systems.'”18] As a 2D surface, graphene
(G) or reduced graphene oxide (rGO)
and graphene oxide (GO) have recently
been investigated for cell and stem cell culture.'*?% G and GO
with different surface functional groups, were reported to be
effective in inducing osteogenesis and adipogenesis, respec-
tively.'20] The interactions between G or GO surfaces and
proteins in the culture media were claimed to be responsible
for the different behaviors. More recently, when transforming
growth factor beta 3 (TGF-f3) and fibronectin adsorbed on GO
were incorporated into the pellets of adipose-derived stem cells,
enhancement of chondrogenesis was observed.?!!

Thermogelling polymer aqueous solutions undergo sol-to-gel
transition as the temperature increases. Cells or stem cells can
be incorporated in an in situ formed gel by heating an aqueous
solution of the cells or stem cells in a sol state into a warm envi-
ronment, typically 37 °C. Due to the simple procedure and mild
conditions for hydrogel formation, thermogelling polymers
have been applied for 3D cell cultures and injectable tissue
engineering.?>-%

In our current study, we designed a 2D/3D hybrid system for
the culture of tonsil-derived mesenchymal stem cells (TMSCs).
TMSCs are isolated from human palatine tonsils which can be
easily obtained from otherwise waste tissues of tonsils after a
tonsillectomy.?*?’I In particular, the population density of the
MSCs from the tonsil is greater, and the proliferation rate of
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Scheme 1. Preparation of the 2D/3D hybrid culture system for TMSCs.
TMSCs suspended in PEG-L-PA aqueous solution containing GO or rGO
were heated to a cell culture temperature of 37 °C, where heat-induced in
situ gel formation leads to the 2D/3D hybrid cell culture system.

the TMSCs is greater is faster, compared with those of bone
marrow derived MSCs.?”2%] Recently, favorable chimerism
from several donors was reported, therefore TMSCs can be
mixed without a significant loss of their stem cell properties.
With the above advantages as a resource of MSCs, more inten-
sive studies should be explored urgently on the TMSCs.

The poly(ethylene glycol)-poly(t-alanine) diblock copolymer
(PEG-1-PA) aqueous solution undergoing temperature-sensi-
tive sol-to-gel transition was used for in situ preparation of a
hydrogel, where GO or rGO was coencapsulated with TMSCs
in the hydrogel during the sol-to-gel transition (Scheme 1).
Thus, 2D/3D hybrid cell culture systems consisting of GO or
rGO dispersed hydrogel were prepared. The in situ formed
hydrogel provided the 3D matrix, where the encapsulated GO
or rGO provided the 2D surfaces. The characteristic cell mor-
phology, and mRNA and protein expressions related to stem
differentiation in 2D/3D hybrid systems were investigated. As
control experiments, TMSCs were 2D cultured on the GO and
rGO surface and were 3D cultured in the PEG-1-PA thermogel.

2. Results and Discussion

Thermogelling polymer of PEG-1.-PA was synthesized by ring-
opening polymerization of N-carboxy anhydride of t-alanine
in the presence of a-amino-wmethoxy PEG.?’! Based on the
methyl peak of PA at 1.40-1.90 ppm (internal methyl group at
1.40-1.70 ppm and terminal methyl group at 1.70-1.90) and the
ethylene glycol peak of PEG at 3.80-4.20 ppm in the 'H-NMR
spectra of the PEG-1-PA, the molecular weights (M,) of each
block of PEG-L-PA was calculated to be 1000970 Da (Figure S1a,
Supporting Information). The molecular weight (M,) and the
molecular weight distribution determined by gel permeation
chromatography (GPC) relative to PEG standards were 1120 Da
and 1.1, respectively (Figure S1b, Supporting Information). As
the concentration increased from 0.001 to 1.0 wt%, the CD band
shifted to a longer wavelength at 220-230 nm, and the band
shape became narrow (Figure Slc, Supporting Information).
The increase in the band intensity at 220-230 nm is an indica-
tion of self-assemblies of the PEG-1-PA.2431-33 Similar changes
in peak shape and red-shift of the peak were observed as the
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temperature increased from 10 to 60 °C, thereby suggesting
that the aggregation or assembly of the polymer occurred as
the temperature increased (Figure S1d, Supporting Informa-
tion). 'H-NMR spectrum of PEG-L-PA (5.5 wt% in D,0) exhib-
ited that shifts and broadening of PEG peak, as the temperature
increased from 10 to 60 °C (Figure Sle, Supporting Informa-
tion), suggesting that PEG dehydrated as the temperature
increased.}*3% Based on the CD and 'H-NMR spectra, the
dehydration and aggregation of PEG-L-PA are involved in the
sol-to-gel transition of the polymer aqueous solution.

The 2D nanosheets of monolayer flakes of GO and rGO
that were several micrometers in size were prepared as shown
in the transmission electron microscopy (TEM) images
(Figure 1a). The nature of chemical bonding of the GO and
rGO nanosheets was examined by micro-Raman spectroscopy
and x-ray photoelectron spectroscopy (XPS). The characteristic
D band and G band in the Raman spectra were shown at 1366
and 1606 cm™! for GO whereas they were shown at 1363 and
1604 cm™ for rGO, respectively. The D band is related to the
defect-induced breathing mode of sp? rings and comes from the
C—C stretching mode of sp? carbons whereas the G band comes
from the first order scattering of the E,, photon of sp® carbon
atoms.’”] The area ratio of the D band to the G band (Ap/Ag) of
the Raman spectra is a measure of disorder degree and inversely
proportional to the size of the sp? domain.’8IA;/A; measured
by linear baseline between 1200 and 1700 cm™ was 1.23 and
1.51 for GO and rGO, respectively, thereby suggesting that the
sp? domain cluster partially decreased after the reduction pro-
cess of GO to rGO (Figure 1b). Cls XPS spectra of G and GO
suggested that the surface carbon-oxygen bonds coming from
C—OH, C—0—C, C=0, and O—C=0 groups observed at 285—
290 eV were significantly reduced after the reduction process of
GO to rGO by hydrazine. (Figure 1c,d). The curve fitting results
indicated that the ratio of the oxygen species of C—OH, C—0O—
C, C=0, and O—C=0 groups to C—C groups decreased from
1.32 to 0.55 during the reduction process (Table 1).

The moduli of the polymer aqueous systems (5.5 wt%) in sol
(4 °C) and gel (37 °C) states were compared by the dynamic
mechanical analysis (Figure 2a). The polymer aqueous solu-
tion at 5.5 wt% was selected to provide a rather stiff gel with
the modulus of 680 Pa at 37 °C. The storage modulus (G’)
and loss modulus (G”) are measures of the elastic compo-
nent and the viscous component of a complex modulus (G¥),
respectively.?lG” was greater than G’ at 4 °C whereas G’ was
greater than G” at 37 °C, indicating that the sol state at 4 °C
turned into a gel state at 37 °C. The addition of GO or rGO
to the polymer aqueous solution decreased the gel modulus
at 37 °C. As the concentration of GO increased from 0.0 —
0.01 - 0.1 - 1.0 wt%, the gel modulus of the GO/PEG-L-PA
hybrid system at 37 °C decreased from 680 — 610 — 470 —
330 Pa (Figure 2b). In contrast, the gel modulus of the rGO/
PEG-1-PA hybrid system at 37 °C decreased from 680 — 630 —
580 — 500 Pa as the concentration of rGO increased from 0.0
— 0.01 - 0.1 — 1.0 wt% (Figure 2c). The hydrophilic surface
property of GO more seriously decreased the modulus of the
PEG-1-PA thermogel than the rGO with hydrophobic surfaces.
G’ greater than 300 Pa at 37 °C was good enough to hold the
TMSCs during the cell culture, as would be discussed in cell
culture section. The decrease in gel modulus by adding the GO
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Figure 1. a) TEM images of GO and rGO. The scale bar is 1.0 pm. b) Raman spectra of GO and rGO. c) Cls XPS spectrum of GO. d) C1s XPS spec-

trum of rGO.

or rGO into PEG-1-PA aqueous system is related to the interac-
tions between GO or rGO and PEG-L-PA as well as the water.
CD spectra and FTIR spectra of the PEG-1-PA, GO/PEG-1.-PA
hybrid system, rGO/PEG-1-PA hybrid system suggested that
the addition of GO or rGO into the PEG-1-PA aqueous solution
slightly changed the secondary structure of 1-PA (Figure S2,
Supporting Information).

The photographs of the PEG-1-PA, GO/PEG-1-PA (G-1.0),
and rGO/PEG-1-PA (GO-1.0) in sol state (4 °C) and gel state
(37 °C) are shown (Figure 2d). GO-1.0 and rGO-1.0 are the
hybrid systems prepared from GO (1.0 wt%)/PEG-1-PA
(5.5 wt%) and rGO (1.0 wt%)/PEG-L-PA (5.5 wt%), respectively.

When the TMSCs were cultured on the 2D surfaces of GO
and rGO by using the growth medium of Dulbecco's modi-
fied eagle medium (DMEM), the cell developed fibroblastic
morphology and the cell population increased significantly in
14 days (Figure S3, Supporting Information). However, the
expression of typical mesodermal differentiation biomarkers
such as OCN, COL II, and PPARy were negligible (Figure S4,
Supporting Information). These facts indicated that both GO

Table 1. C1s XPS spectral analysis of GO and rGO.

GO rGO

Functional group Relative area [%)] Relative area [%)]

sp? C—C 432 64.4
C—OH 1.9 10.9
c—o—C 285 13.1
=0 7.9 5.0
0—Cc=0 8.5 6.6
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and rGO provided good adhesion surfaces for TMSCs and the
stem cells did not actively differentiate into the primary cells
during the 2D culture.

2D/3D hybrid systems were prepared by increasing the
temperature to 37 °C for TMSC-suspended PEG-1-PA aqueous
solution (5.5 wt%) containing GO or rGO in a concentration
range of 0.0-1.0 wt%. Considering the solid content of less
than 6.5% in current study, the remaining part of the gel are
filled with water, therefore the porosity of the gel is more
than 93.5%. The pores act as channels for mass transport for
metabolites and nutrients as well as cell migration during the
3D cell culture. A 3D culture system of PEG-L-PA was also
prepared in the absence of GO or rGO for comparison. When
the TMSCs were cultured in the 2D/3D hybrid systems of
GO/PEG-1-PA or rGO/PEG-1-PA by using the growth medium
of DMEM, the cells maintained spherical morphology, as
would be discussed in Section 3. The population of the cell
increased 2—4 times over 14 days (Figure 3a,b). The increase
in cell population was greater in the rGO/PEG-L-PA hybrid
system than the GO/PEG-1-PA hybrid system. In particular,
the rGO in rGO/PEG-1-PA 2D/3D hybrid system in a concen-
tration range of 0.01-0.1 wt% was effective in increasing the
cell population compared with the 3D system of PEG-1-PA
without rGO. We already reported the preferential chondro-
genic differentiation of mesenchymal stem cell in the 3D cul-
ture system of PEG—polypeptide thermogels.2**l In our cur-
rent study, among the above mesodermal biomarkers of OCN,
COL II, and PPARY, the COL II was highly expressed in the
2D/3D hybrid systems as well as in the PEG-1-PA 3D system.
In particular, the COL II expression increased by more than
ten times in the 2D/3D hybrid systems than in the PEG-1-PA
3D thermogel system (Figure 4a,b). The greatest increase in
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Figure 2. a) The storage modulus (G’) and loss modulus (G”) of PEG-L-PA aqueous solution (5.5 wt%) at sol (4 °C) and gel (37 °C) states. b) Storage
modulus (G’) of the GO/PEG-L-PA hybrid system at 37 °C as a function of GO concentration. c) Storage modulus (G’) of the rGO/PEG-L-PA hybrid
system at 37 °C as a function of rGO concentration. d) Photographs of the PEG-L-PA, GO/PEG-L-PA hybrid, and rGO/PEG-L-PA hybrid systems at 4 °C
(sol) and 37 °C (gel). The numbers in the legend of GO-0.01, GO-0.1, GO-1.0, rGO-0.01, rGO-0.1, and rGO-1.0 indicate the concentration (wt%) of

GO and rGO in the system, respectively.

COL II expression was observed in the GO/PEG-1-PA hybrid
system containing 1.0 wt% of GO. Immunofluorescence
analysis also indicated the same trend (Figure 5a,b). The
COL 1I stained in red exhibited significantly high intensity
in the GO/PEG-1-PA hybrid system. The semiquantitative
analysis of the fluorescence image suggested that about ten
times increase of COL II in the GO/PEG-1-PA hybrid system
occurred, compared with the 3D system of PEG-1-PA ther-
mogel (Figure 5c). Both real-time reverse transcription poly-
merase chain reactions (RT-PCR) and immunofluorescence
studies indicated that 2D/3D hybrid systems prepared by GO
and PEG-1-PA significantly improved the COL II expression
in both mRNA and protein levels.

COL II is the major extracellular protein in articular carti-
lage and plays roles in differentiation, matrix remodeling, and
mechanical stimulation. Chondrocytes bind to COL II ligands
through o1f1, o2f1, and «10f1 integrins, which affect the
signaling cascade to chondrogenic differentiation and upregu-
late the chondrogenic genes such as SOX 9, COL II, and COL
XM COL 1I is also reported to enhance the chondrogen-
esis synergistically in the presence of TGF-83.4142l TGF-B3 is
known to induce the chondrogenesis through the heterodimer
complex formation and affect signaling cascades of the chon-
drogenic transcription mechanism.*3] Based on these reports
and excellent COL II expression in the 2D/3D hybrid system,
we designed a chondrogenic culture system for TMSCs in the
2D/3D hybrid systems prepared from 1.0 wt% of GO or rGO
suspended PEG-L-PA aqueous solution, where the chondrogenic
induction media enriched with TGF-f33 was used. Live and dead

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

assay exhibited an excellent cell viability during the cell culture
period with the live cells and dead cells stained as green and
red, respectively. When the TMSCs were cultured by using
growth media, fibroblast-like cell morphologies were observed
during the 2D culture on GO and rGO whereas they changed
into spherical shapes with some spindle-like extrusion during
the culture in the 2D/3D hybrid systems of GO/PEG-L-PA or
rGO/PEG-1-PA (Figure 6). On the other hand, an extensive
aggregation of cells was observed in the 2D/3D hybrid systems
when the TMSCs were cultured by using chondrogenic induc-
tion media, which was pronounced in the GO/PEG-1-PA hybrid
system (Figure 6 bottom and Figure 5S, Supporting Informa-
tion). When the TMSCs were cultured in the 3D systems of
PEG-1-PA, they exhibited spherical shape with little aggregation
of the cells in both growth media and chondrogenic induction
media (Figure S6, Supporting Information). The mRNA expres-
sion was studied for chondrogenic biomarkers of SOX 9, COL
IT A1, COL II, and COL X. Compared with the 3D system of
PEG-1-PA thermogel, the cells expressed higher amounts of the
above chondrogenic biomarkers in the 2D/3D hybrid system.
SOX 9, COL II Al, and COL X mRNA expressions increased
more than 2 times, 3—4 times, and 6-8 times, respectively, in
the 2D/3D hybrid systems than in the PEG-1-PA 3D system
(Figure 7a,b). In particular, the COL II mRNA expression
increased 13 times higher in the GO/PEG-1-PA hybrid system
than in the PEG-L-PA 3D system (Figure 7b). Immunofluores-
cence study also confirmed the chondrogenic differentiation
of the TMSCs in the 2D/3D hybrid system in the protein level
(Figure 8a,b). Nucleus and actin were stained to blue and green

Adv. Funct. Mater. 2015, 25, 2573-2582
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Figure 3. Change in cell density relative to the zeroth day in the a) GO/
PEG-L-PA hybrid system and b) the rGO/PEG-L-PA hybrid system during
the cell culture period. Growth media of DMEM was used for cell culture.
The * on the bar graph indicates the significance (*: p < 0.05) of the
2D/3D hybrid system compared with the PEG-L-PA 3D culture system.
n=3.

by 4’,6’-diamidino-2-phenyl indole (DAPI) and phalloidin,
respectively. SOX 9 and COL II which are typical proteins related
to chondrogenesis were stained red by their corresponding anti-
bodies. The immunofluorescence study also suggested that sig-
nificant increases in COL II expression as well as cell aggrega-
tion occurred in the GO/PEG-1-PA hybrid system (Figure 8b).
Semiquantitative analysis of the fluorescence images demon-
strated that about a doubling in SOX 9 and ten times increase
in COL II occurred in the GO/PEG-1-PA hybrid system as com-
pared with the PEG-1-PA 3D thermogel system (Figure 8c).
Both RT-PCR and immunofluorescence studies suggested
that chondrogenesis was significantly improved by 2D/3D
hybrid system. The detailed mechanism on the enhancement
of the chondrogenesis is open for further study. It is widely
accepted that physicochemical factors play an important role
in directing the differentiation of stem cells. In our current
study, it was evident that the difference in surface functional

Adv. Funct. Mater. 2015, 25, 2573-2582

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

40.0
35.0 -”ZEG;;':A . .2
O =U. > .
300 rMgco-0.1 __| £s
=250 rlmGo-1.0 .
5200
©i50 | T
10.0
50 +
00 Lok |l osin .
0 3 7 14
Time (day)
40.0
450 ||OPEGLPA b)
arG0-0.01
30.0 Humrco-0.1
=25.0 - mrG0-1.0
| F%
3200 |
50 L —|
100 | —|
50 w
0.0 _:&ﬁ_u:g__;_li_‘_:].
0 3 7 14
Time (day)

Figure 4. Comparison of mRNA expression of COL Il during the TMSCs
culture in the a) GO/PEG-L-PA hybrid system and b) the rGO/PEG-L-PA
hybrid system as a function of GO and rGO concentration. Growth
media of DMEM was used for cell culture. The data were normalized
by the GAPDH and zeroth day. The data are presented as the mean +
SD of three independent experiments (n = 3). Zeroth day indicated 4 h
after the 3D culture started. The * or ** on the bar graph indicates the
significance of the 2D/3D hybrid system compared with the PEG-L-PA
3D culture system.

groups between GO and rGO played a role. Recent studies
by Anseth and co-workers reported that PEG hydrogel teth-
ered with carboxylate groups, phosphate groups, and t-butyl
groups significantly increased the chondrogenesis, osteogen-
esis, and adipogenesis, respectively, than unmodified PEG
hydrogel.''] We also reported that the surface-functionalized
microspheres dispersed in the polypeptide thermogel also
controlled the differentiation of the stem cells.*Y In par-
ticular, carboxylate modified polystyrene microspheres signif-
icantly enhanced the chondrogenesis compared to unmodi-
fied polystyrene microspheres in the 3D culture system.
The recent research and our current study suggest that car-
boxylate functional groups might be effective in inducing
chondrogenesis of stem cells. GO also has carboxylate and
hydroxyl groups on the surface. The hydroxyl and carboxy-
late resemble the functional groups of glycosaminoglycan
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Merge and hyaluronic acid which are components
of the extracellular matrix of the native
cartilage. Hyaluronic acid is reported to
improve chondrocyte proliferation during
the 3D culture.*] In our current study, the
chondrogenic media enriched with TGF f33
was particularly effective in cell aggregation
as well as chondrogenic differentiation.
TGF B3 binds to its receptor on the cell
surface and directs the chondrogenic differ-
entiation through the signaling cascade.[*¢!
TGF 3 can bind to GO through the bal-
anced interactions Dbetween electrostatic
and hydrophobic interactions.?'! TGF B3
Poum bound to GO could play a role in cell dif-
ferentiation in a time-controlled manner.
In addition, the specific functional group
of GO might recruit other serum proteins
to bind to the GO, and the proteins can
cooperatively affect the signaling cascade
for the chondrogenesis of the stem cells.*”]
On the other hand, functional groups of
GO might also direct cell-matrix interac-
tions to induce tissue-specific matrix mole-
cules, which might, in turn, affect stem cell
differentiation.!*8]

To summarize, TMSCs can be an excel-
lent resource for chondrogenic cells and
a 3D hybrid system incorporating 2D
biocompatible materials with the appro-
priate surface functional groups can be a
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. phology on the GO and rGO, suggesting
r R the GO and rGO provided good adhesion or
interaction sites. The 2D/3D hybrid systems
were prepared by heating the GO or rGO
suspended PEG-1-PA aqueous solutions to
37 °C. There is no significant mesodermal
differentiation on the 2D culture system. On
the other hand, preferential expression of
the chondrogenic differentiation biomarker
of COL II was observed in the PEG-i-PA
GO rco 3D system, while the COL II expression
significantly increased in the 2D/3D hybrid
culture systems of GO/PEG-1-PA and rGO/
Figure 5. Immunofluorescence images for biomarker expressions during TMSC culture in  pEG.-1-PA.

a) the GO/PEG-L-PA system ar-1d b) the rGO/PEG—L—PA‘ system as a function of GO or rGO When a TGE-B3 enriched chondrogenic

concentration. The scale bar is 20 pm. Growth media of DMEM was used for cell cul- . . .
ture. Nucleus and actin were stained by DAPI and phalloidin, respectively. COL II was medium was used in the 2D/3D hybrid sys-
stained by corresponding antibodies. c) Semiquantification of the fluorescence images  t€MS of GO/PEG-L-PA and rGO/PEG-L-PA,

*
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by the number of stained cell times fluorescence intensity. The * or ** on the bar graph  not only cell aggregation but also chondro-
indicates the significance of the 2D/3D hybrid system compared W|th the PEG-.-PA 3D  genic differentiation dramatically increased.
culture system. n = 3. In particular, the most significant increase in
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Figure 6. Change in cell morphology after 14 days of cell culture. Top: 2D
culture on the GO (left) and rGO (right) by using the growth media of
DMEM, middle; 3D culture in the GO/PEG-L-PA (left) and rGO/PEG-L-PA
(right) hybrid gels using the growth media of DMEM, and bottom; 3D
culture in the GO/PEG-L-PA (left) and rGO/PEG-L-PA (right) hybrid gels
using chondrogenic induction media enriched with TGF-f3 in DMEM.
The numbers in the legend of GO-1.0 and rGO-1.0 indicate the concen-
tration (1.0 wt%) of GO and rGO, respectively, in the system. The scale
bar is 100 pm.

chondrogenic biomarker expression including SOX 9, COL II
A1, COL II, and COL X were observed in the GO/PEG-i-PA
2D/3D hybrid system. The enhancement might be closely
related to the cooperative interactions among TGF-f3, COL II,
and GO for signaling cascades of the chondrogenic differentia-
tion. GO might provide not only 2D surfaces for cell adhesion
but also interaction sites between COL II and TGF-f33. In addi-
tion, GO increased the aggregation of the cells.

This paper proves that 1) cell morphology dramatically
changes depending on the dimensions of the culture system
and the medium composition; 2) COL II and TGF-f33 syner-
gistically contribute to the chondrogenesis of stem cells; 3) a
2D/3D hybrid culture system in situ formed by thermogela-
tion provides an effective method in controlling stem cell
differentiation, where surface chemistry of incorporated 2D
materials plays an important role in inducing expression of
specific biomarkers. With a mild condition for gel formation
and maintaining neutral pH during degradation, our poly-
peptide thermogelling system can provide an in situ forming
3D cell culture system. This paper also suggests a new 2D/3D
hybrid system can be designed for controlling stem cell dif-
ferentiation by incorporating 2D materials with various sur-
face functional groups in the in situ forming 3D hydrogel
matrix.

Adv. Funct. Mater. 2015, 25, 2573-2582
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Figure 7. Comparison of chondrogenic mRNA expression during the
TMSCs culture in the PEG-L-PA, GO/PEG-L-PA hybrid, and rGO/PEG-L-PA
hybrid systems. Chondrogenic induction media enriched with TGF-$3
was used for cell culture. SOX 9, COL Il A1, COL Il, and Col X were com-
pared. The data were normalized by the GAPDH and zeroth day. The data
are presented as the mean * SD of three independent experiments (n =
3). The * or ** on the bar graph indicates the significance of the 2D/3D
hybrid system compared with the PEG-L-PA 3D culture system.

COL X

4. Experimental Section

Materials: o-amino-@-methoxy PEG (MW = 1000 Da, IDB Chem,
Korea) and N-carboxy anhydrides of L-alanine (KPX life, Korea) were
used as received. Chloroform was dried over magnesium sulfate
before use. Anhydrous N,N-dimethyl form amide was used as
received from Sigma-Aldrich (USA). Toluene (Daejung, Korea) was
distilled over sodium before use. The aqueous colloidal suspension of
exfoliated GO nanosheets was synthesized by the modified Hummers’
method.*)] Another precursor, the colloidal suspension of exfoliated
rGO nanosheets was prepared by a chemical reduction of GO using
hydrazine.’% The solid-type GO and rGO were obtained by freeze-drying
the colloidal suspensions of the nanosheets at —45 °C.

PEG-L-PA Synthesis: PEG-L-PA was synthesized by the ring opening
polymerization of the N-carboxy anhydrides of L-alanine in the presence
of a-amino-@-methoxy PEG.1?°l The o-amino-@-methoxy PEG (5.0 g,
5.0 mmol; MW 1000 Da) was dissolved in anhydrous toluene (70 mL)
and the residual water was removed by azeotropic distillation to a

wileyonlinelibrary.com
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"H-NMR Spectroscopy: "H NMR spectra of PEG-
L-PA in CF;COOD (500 MHz NMR spectrometer;
Varian, USA) were used to determine the
composition and average molecular weight (M,)) of
the polymer. In addition, "H-NMR spectral changes
of the PEG-L-PA aqueous solutions (5.5 wt% in
D,0) were investigated as a function of temperature
in a temperature range of 10-60 °C. The solution
temperature was equilibrated for 15 min at each
temperature before measurements.

Gel Permeation Chromatography (GPC): The
gel permeation chromatography system (Waters
515) with a refractive index detector (Waters 410)
was used to obtain the molecular weights and
molecular weight distribution of PEG-L-PA. N,N-
dimethyl form amide was used as an eluting
solvent. Poly(ethylene glycol)s with a molecular
weight range of 400-20 000 Da were used as the
molecular weight standards. An OHPAK SB-803QH
column (Shodex) was used.

Circular Dichroism (CD) Spectroscopy: CD spectra
of the PEG-L-PA aqueous solution were measured by
a CD instrument (J-810, JASCO, Japan) as a function
of concentration in a range of 0.001-1.0 wt% at 15 °C.
In addition, the ellipticity of the PEG-L.-PA aqueous
solution was obtained as a function of temperature
in a range of 10-60 °C at a fixed concentration of
0.05 wt% in order to study the change in secondary
structure of the polypeptide as a function of
temperature. To observe any change in secondary
structure of PEG-L-PA by adding GO or rGO, the CD

Merge

20

L | OPEG-L-PA
| |l mGO-1.0
| mrGO-1.0

-t ek b ek b

oON B OOOODONPAOOO®

Relative fluorescence

SOX 9

Figure 8. Immunofluorescence images for biomarker expressions during TMSC culture in
a) the GO/PEG-L-PA hybrid system and b) the rGO/PEG-L-PA hybrid systems using chondro-
genic media. ¢) Semiquantitative treatment of the fluorescence images. The data are presented
as the mean £ SD of three independent experiments (n = 3). The concentration of GO or rGO
was fixed at 1.0 wt% in the PEG-L-PA aqueous solution (5.5 wt%). The * or ** on the bar graph
indicates the significance of the 2D/3D hybrid system compared with the PEG-L-PA 3D culture

system. The scale bar is 50 pm.

final volume of about 10 mL. Anhydrous chloroform/N,N-dimethyl
form amide (40 mL; 2/1 v/v) and N-carboxy anhydrides of L-alanine
(10.2 g, 88.7 mmol) were added to the reaction mixtures. They were
stirred at 40 °C for 24 h under anhydrous nitrogen conditions. The
polymer was purified by repeated dissolution in chloroform, filtration
of an undissolved fraction, followed by precipitation into diethyl ether,
and then evaporation of the residual solvent under vacuum. The
polymer was dialyzed in water using a membrane with a molecular
weight cutoff of 1000 Da and freeze-dried. The yield was about
75%.
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spectra of PEG-L-PA aqueous solution (0.05 wt%)
were studied in the presence of GO or rGO.

Transmission Electron Microscopy (TEM): The
TEM images of GO and rGO were obtained by
using a JEM-2100F microscope (JEOL, Japan) with
an accelerating voltage of 200 kV.

Micro-Raman Spectroscopy: Micro-Raman spectra
of the GO and rGO were measured with Y LabRam
HR spectrometer using an excitation wavelength of
514.5 nm.

X-Ray Photoelectron Spectroscopy (XPS): The XPS
machine (Thermo UK) adopted a monochromatic
source of Al K-alpha. Any possible shift of the XPS
peak caused by the charging effect was calibrated
by referencing it to the Cls peak at 284.8 eV.

Dynamic Mechanical Analysis: The modulus of the
polymer aqueous solution (5.5 wt%) was investigated
by dynamic rheometry (Rheometer RS 1; Thermo
Haake, Germany) at 4 and 37 °C. The aqueous
polymer solution was placed between parallel plates
with 25 mm in diameter and a gap of 0.5 mm. In
addition, the modulus of the in situ formed PEG-L-PA
hydrogel containing GO or rGO was investigated at 37
°C as a function of GO or rGO concentration. During
the dynamic mechanical analysis, the samples were
placed inside a chamber with water-soaked cotton to
minimize water evaporation. The data were collected
under a controlled stress (4.0 dyn cm=2) and frequency of 1.0 rad s7.

FTIR Spectroscopy: The FTIR spectra (FTIR spectrophotometer
FTS-800; Varian) of the PEG-L-PA aqueous solution (5.5 wt% in D,0)
containing GO or rGO (1.0 wt%) were investigated at 37 °C.

TMSC 2D Culture: TMSCs were isolated from palatine tonsils of
11 years old female donor (IRB approval code: ETC 11-53-02) at the Ewha
Womans University Mokdong Hospital (Seoul, Korea) following the
ethical guidelines of the University. Briefly, after obtaining the informed
consent form from the donor, the tonsils were collected from the patient
by tonsillectomy. TMSCs received from Ewha Womans University

Adv. Funct. Mater. 2015, 25, 2573-2582
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Table 2. Primer sequences of typical mesodermal differentiation bio-

markers and PCR conditions for their real-time RT-PCR. F and R indicate
forward and reverse primers, respectively.
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Table 3. Primer sequences of chondrogenic biomarkers and PCR condi-
tions for their real-time RT-PCR. F and R indicate forward and reverse
primers, respectively.

Gene Primer sequences Annealing temp. [°C] Gene Primer sequences Annealing temp. [°C]
PPARY F: 5"-GAAGACGGAGACAGACATGAG-3’ 54.7 SOX 9 F: 5"-ACCTTTGGGCTGCCTTATATT-3’ 54.3
R: 5-GCAACTGGAAGAAGGGAAATG-3" R: 5-TCCCTCACTCCAAGAGAAGAT-3’
coLi F: 5-CCCTAACCAAGGATGCACTATG-3’ 55.3 COLIIA F: 5-CAAACCCAAAGGACCCAAGTA-3" 55.1
R: 5-CAGTTCTTGGCTGGGATGTT-3" R: 5-TGTGAGAGGGTGGGATGAA-3"
OCN F: 5-AGGAGGGAGGTGTGTGAG-3’ 56.1 coLll F: 5"-CCCTAACCAAGGATGCACTATG-3’ 55.3
R: 5-CTAGACCGGGCCGTAGAA-3’ R: 5-CAGTTCTTGGCTGGGATGTT-3"
GAPDH F: 5"-CTCCTCACAGTTGCCATGTA-3’ 54.5 CoLX F: 5"-ACCCAAGGACTGGAATCTTTAC-3" 54.5
R: 5-GTTGAGCACAGGGTACTTTATTG-3" R: 5"- GCCATTCTTATACAGGCCTACC-3’
GAPDH F: 5-CTCCTCACAGTTGCCATGTA-3’ 54.5

Medical School were cultured in high glucose DMEM containing
10% fetal bovine serum (FBS) (Hyclone, USA) and 1% penicillin/
streptomycin (Hyclone, USA) under a 5% CO, atmosphere at 37 °C. As
a comparative purpose, the TMSCs were 2D cultured (passage 6) on the
GO and rGO by using the above growth media. As typical mesodermal
differentiation biomarker expression for osteogenesis, chondrogenesis,
and adipogenesis, osteocalcin (OCN), type Il collagen (COL Il), and
peroxisome proliferator-activated receptor gamma (PPARy) were
investigated after the incubation of the cells for 0, 3, 7, and 14 days.
Primer sequences of the OCN, COL Il, PPARY, and glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) are shown in Table 2.

TMSC Culture in 2D/3D Hybrid Systems Using Growth Medium:
To prepare 2D/3D hybrid cell culture systems, the harvested TMSCs
(passage 6, 0.20 x 10° cells) were mixed in a GO or rGO-suspended
PEG-L-PA aqueous solution (5.5 wt%, 0.20 mL) and were incubated in
24-well culture plates at 37 °C, during which TMSCs were encapsulated
in the GO/PEG-L-PA or rGO/PEG-L-PA gel by the sol-to-gel transition
of the polymer aqueous solution. The GO or rGO concentration varied
over 0, 0.01, 0.1, and 1.0 wt%. DMEM (2.0 mL) at 37 °C containing
10% FBS and 1% penicillin/streptomycin was added on top of the cell-
encapsulated hydrogel and the cells were cultured under a 5% CO,
atmosphere at 37 °C. The medium was replaced every three days. After
14 days of cell culture, the total RNA content was extracted from the
cell-encapsulated hydrogels using the TRIZOL reagent (Invitrogen, USA)
according to the manufacturer's protocol. The extracted RNA pellet was
dissolved in nuclease-free water, and the RNA quality and concentration
were determined using the Experion system (Bio-Rad, USA). After
synthesizing the cDNA from the isolated RNA, real-time RT-PCRs were
performed with the CFX96 system using the 1Q SYBR Green Supermix.
The sequence of primers of OCN, COL II, PPARY, and GAPDH are listed
in Table 2. The relative expression level of target genes was calculated as
2744Ct where target gene expression was normalized as AAC; = (Gene
A — GAPDH), — (Gene A — GAPDH),. ty (zero day) indicates on the day
when the experiment was started. After 14 days of 3D cell-culture, the
cell-encapsulated hydrogels were fixed in natural buffered formalin
(NBF). The fixed gels were embedded in an optical-cutting temperature
compound (OCT, Sakura, Netherlands) for 12 h, and then they were
frozen. The frozen gel samples were then sliced into 10 pm thickness
sections at —20 °C and attached to the slide glass. The cryo-sections
were stored at —80 °C before staining. For the immunofluorescence
study on COL Il, the sections embedded in OCT were incubated at
15 °C with aqueous solutions (500 pL/cryo-section) of anti-COL Il
antibody (Abcam, UK). After washing the section, antibodies were
detected using aqueous solutions (500 pL) of corresponding secondary
antibodies (Abcam, UK) according to the manufacturer's protocol.
The section was then incubated with DAPI (Molecular Probes, USA)
for nucleus staining and phalloidin (Molecular Probes, USA) for
actin staining. Labeled cells were then viewed under an Olympus
IX71 fluorescence microscope, and the images were captured using
Olympus DP2-DSW software.
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R: 5"-GTTGAGCACAGGGTACTTTATTG-3"

TMSC Culture in 2D/3D Hybrid Systems Using Chondrogenic Induction
Medium: The cell culture in 2D/3D hybrid systems was also performed
by using chondrogenic induction media prepared by adding 0.1 x 1073 wm
dexamethasone (Sigma, MO, USA), 50 pg mL™" ascorbate 2-phosphate
(Sigma), 40 pyg mL™"i-proline (Sigma), 100 yg mL™" sodium pyruvate (Sigma),
1x insulin-transferrin-selenium premix (ITS, Gibco), and 10 ng mL™
TGF-f83 (Peprotech, NJ, USA) to the DMEM containing 10% FBS. The
2D/3D hybrid cell culture systems were prepared in the same way. TMSCs
(passage 6, 0.20 x 10° cells) were mixed in a GO or rGO-suspended PEG-
L-PA aqueous solution (5.5 wt%, 0.20 mL) and were incubated in 24-well
culture plates at 37 °C, during which TMSCs were encapsulated in the
GO/PEG-L-PA or rGO/PEG-L-PA gel by sol-to-gel transition of the polymer
aqueous solution. The GO or rGO concentration was fixed at 1.0 wt% in
the 2D/3D hybrid system. The 3D system which does not contain GO or
rGO was also compared as a control. mRNA expression of chondrogenic
biomarkers of SOX 9 transcription factor (SOX 9), type Il Al collagen
(COL I AT), COL Il, and type X collagen (COL X) were investigated. The
primer sequences of the chondrogenic biomarkers are listed in Table 3.
Immunofluorescence studies using SOX 9 and COL Il were also compared.

Statistical Analysis: The data were expressed as the mean + standard
error of the mean (SEM). The differences in the mean values were
evaluated using the one-way ANOVA with Tukey tests. Differences were
considered significant when the p value was less than 0.05 or 0.01
(marked as * or **), respectively.
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