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Graphene Potentiates the Myocardial Repair Efficacy of
Mesenchymal Stem Cells by Stimulating the Expression of
Angiogenic Growth Factors and Gap Junction Protein
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. . s 1. Introduction
Stem cell therapy has emerged as a potential modality for myocardial infarc-

tion treatment. Mesenchymal stem cells (MSCs) exert reparative actions in
the injured myocardium mainly through the secretion of paracrine factors. In
addition, the overexpression of connexin 43 (Cx43), a gap junction protein,
promotes cardiac repair and function restoration. It is known that MSCs in a
spheroid form, which have enhanced cell—cell interaction, exhibit enhanced
expression of paracrine factors and Cx43. However, cell-extracellular matrix
(ECM) interactions, which also contribute to growth factor expression, are very
limited in MSC spheroids. Reduced graphene oxide (RGO) shows high affinity

Mesenchymal stem cell (MSC) implan-
tation is a promising strategy for cardiac
repair after myocardial infarction (MI).[!
Previous studies have demonstrated
that MSCs implanted into the ischemic
myocardium contribute to the induction
of angiogenesis, attenuation of cardiac
remodeling, and improvement in cardiac
functions mainly through the secretion
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toward ECM proteins, such as fibronectin (FN), and high electrical conduc-
tivity. In this study, by incorporating FN-adsorbed RGO flakes into MSC sphe-
roids, it is possible to enhance the cell-ECM interactions and, subsequently,

of reparative paracrine factors.?l Mean-
while, MI may enhance vulnerability to
arrhythmia due to gap junction remod-
eling as a result of cardiac fibrosis and

the paracrine factor expression in the MSCs in spheroids. Cx43 is also upregu- the loss of gap junction-expressing car-

lated likely due to the enhanced paracrine factor expression and electrical
conductivity of RGO. The injection of MSC-RGO hybrid spheroids into the
infarcted hearts enhances cardiac repair compared with the injection of RGO
flakes or MSC spheroids. This study demonstrates that RGO can effectively
improve the therapeutic efficacy of MSCs for ischemic heart diseases.
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diac cells.ll The implantation of cells
expressing gap junction proteins, such as
connexin 43 (Cx43), can attenuate postin-
farct arrhythmia.! Although MSCs are
capable of expressing Cx43, the amount
of Cx43 expressed by naive MSCs is min-
imal,P! raising concerns regarding their
proarrhythmogenic potential.’) In addi-
tion, the upregulated expression of Cx43 in MSCs enhances
their cytoprotective effect on cardiomyocytes and improves car-
diac function.”) Therefore, the upregulation of reparative parac-
rine factors and Cx43 expression in MSCs would enhance the
therapeutic efficacy and reduce the risk of arrhythmia in MSC
implantation therapy for ML

The implantation of MSCs into the infarcted myocardium in
a spheroid form may be advantageous because MSCs in sphe-
roids show enhanced expression of angiogenic growth factors,
such as vascular endothelial growth factor (VEGF) and fibro-
blast growth factor-2 (FGF-2),8l and Cx43.°] The enhanced cell-
cell interactions in MSC spheroids promote the expression of
reparative paracrine factors.'% Additionally, this, at least in part,
contributes to the upregulation of Cx43 expression.l'!l How-
ever, cells in spheroid form show poor cell-extracellular matrix
(ECM) interactions,” which may limit further stimulation of
growth factor expression and thereby Cx43 expression.[!’]

In this study, we hypothesized that the incorporation of
reduced graphene oxide (RGO) flakes into MSC spheroids
would improve the expression of reparative paracrine factors
and Cx43 in the MSCs. RGO is a 2D nanomaterial composed of
carbon atoms, showing unique optical, chemical, mechanical,
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Figure 1. Schematic illustration of the effects of RGO flake incorporation in MSC spheroids on cardiac repair in MSC therapy for the treatment of MI.

and electrical properties.'* Cellular interactions with electri-
cally conductive materials enhance Cx43 expression.” In
addition, RGO is capable of adsorbing ECM proteins, such as
fibronectin (FN), from the serum contained in the cell culture
medium.'® This feature of RGO can provide cell-ECM inter-
actions,!"”! which can enhance the expression of paracrine fac-
tors®l and Cx43.1% Therefore, we investigated whether the
incorporation of RGO flakes into MSC spheroids can enhance
the expression of reparative paracrine factors and Cx43 in the
MSCs and the therapeutic efficacy of the MSCs for the treat-
ment of MI (Figure 1).

2. Results and Discussion

2.1. Characterization of RGO Flakes

The Raman spectrum of RGO flakes showed two characteristic
peaks of graphene at 1580 and 1350 cm™!, which are known
as G and D band, respectively (Figure 2a).% The atomic force
microscopy (AFM) image of RGO flakes showed that the
thickness of the RGO flakes used in this study was =1-2 nm
(Figure 2b). The AFM and transmission electron microscopy
(TEM) images showed that the sizes of the RGO flakes were
=~2-5 pm (Figure 2b,c). RGO flakes with such sizes were used
to enhance the cell-ECM interactions and cell—cell interactions.
RGO flakes larger than 2 pm were used because RGO flakes
under 1 um can be easily internalized by the cells.?!] The adhe-
sion of RGO flakes to MSCs, rather than internalization of
RGO flakes into MSCs, is needed to promote cell-ECM interac-
tions. RGO flakes smaller than 5 pm were used to prevent RGO
flakes from physically hindering cell-cell interactions between
MSCs with the size ranging from 15 to 19 um.??l The sixfold
symmetry of the selected area electron diffraction (SAED)
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pattern image (inset) obtained through TEM showed the high
crystallinity of the RGO used in our experiments (Figure 2c).
The intensity profile of the diffraction peaks measured along
the denoted line showed that the intensities of the 1010 (inner
hexagon) and 1120 (outer hexagon) spots were similar, which
demonstrates that the RGO flakes used in this study were close
to single layer (Figure 2c).l?%]

2.2. Formation of MSC-RGO Hybrid Spheroids

Previous studies have demonstrated that the use of various
materials can influence the functions of cells in spheroids. For
example, embryonic bodies cultured on hydrogel materials with
controlled elasticity showed enhanced formation of cardiovas-
cular organoids. Recently, Yoon et al. have reported that the
incorporation of transforming growth factor-f3-adsorbed gra-
phene oxide (GO) sheets to spheroids improved the chondro-
genic differentiation of the adipose-derived stem cells.'l In this
study, we utilized the potential of RGO flakes to enhance cell-
ECM interactions and the electrical conductivity of RGO flakes
to enhance the function of MSCs.

To determine the optimal concentration of RGO flakes for
the formation of MSC-RGO hybrid spheroids, the cytotoxicity
of the RGO flakes at various concentrations was examined. The
4’,6-diamidino-2-phenylindole (DAPI) staining of cell nucleus
and terminal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL) staining of apoptotic cells demonstrated that the
incorporation of RGO flakes into MSC spheroids by adding RGO
flakes at concentrations of 0, 2.5, 5, and 10 pg mL™! to MSC sus-
pensions in hanging drop form (Sph-0, Sph-2.5, Sph-5, and Sph-
10, respectively) did not significantly alter the apoptotic activity
of MSCs (Figure 3a). Similarly, the expression of a proapoptotic
gene, caspase-3, was not significantly changed by differences in
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Figure 2. Characterization of RGO flakes. a) Raman spectroscopy, b) AFM image, and c) TEM image and corresponding SAED pattern of RGO flakes.

the RGO concentration (Figure 3b). However, the expression  induce cell apoptosis.?l We postulated that this could be the
of the antiapoptotic gene Bcl-2 was decreased significantly in  reason for the decreased Bcl-2 expression in MSCs incorporated
MSCs incorporated with 10 pg mL™ RGO flakes (Figure 3b). A with 10 pg mL™! RGO flakes. Therefore, RGO concentrations
previous study has reported that increasing RGO concentration  lower than 10 pg mL™! would be preferred for the formation of
in cell culture can exert oxidative stress on the cells, and thus ~ MSC-RGO hybrid spheroids. The cytotoxicity of incorporation
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Figure 3. Cytotoxicity of RGO flakes. a) TUNEL staining of apoptotic cells in MSC spheroids that contain various amounts of RGO flakes. Scale bar,
100 pm. b) Relative mRNA expression of a proapoptotic gene, caspase-3, and an antiapoptotic gene, Bcl-2. *p < 0.05 versus any other group.
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Figure 4. Formation of MSC-RGO hybrid spheroids that contain various amounts of RGO flakes. a) H&E staining of MSC—RGO hybrid spheroids. RGO
flakes are indicated by black color. Scale bar, 100 pm. b) TEM images of MSC-RGO hybrid spheroids. Cell-RGO interactions were minimal in Sph-0
and Sph-2.5, and dominant in Sph-10. Sph-5 showed a good combination of cell-RGO and cell-cell interactions. Scale bar, 2 ym.

of 5 pg mL™! RGO flakes was further analyzed by staining viable
and nonviable cells using fluorescein diacetate (FDA) and eth-
idium bromide (EB), respectively. The FDA and EB staining
demonstrated that the incorporation of 5 ug mL™! RGO did not
alter the viability of MSCs in spheroids (Figure Sla, Supporting
Information). In addition, cell counting kit-8 (CCK-8) analyses
of Sph-0 and Sph-5 showed that there was no significant differ-
ence in the cell viability in spheroids with and without 5 pg mL™!
RGO incorporation (Figure S1b, Supporting Information).

To examine the formation of MSC-RGO hybrid spheroids,
hematoxylin and eosin (H&E) staining and TEM analysis
were performed for Sph-0, Sph-2.5, Sph-5, and Sph-10. H&E
staining of the spheroid sections showed that the distribu-
tion of RGO flakes within spheroids was quite homogenous
(Figure 4a). The amount of RGO flakes incorporated in MSC
spheroids increased with an increase in the RGO concentration
in the MSC-RGO suspension in hanging drop form during the
process of MSC-RGO hybrid spheroid formation (Figure 4a).

To examine the interaction of RGO flakes with MSCs in
spheroids, TEM images were obtained (Figure 4b). In the
absence of RGO flakes, the MSC spheroids (Sph-0) showed
only cell-cell contacts. In contrast, cell-lRGO contacts were
dominant in Sph-10, and negligible cell-cell contacts were
observed. In Sph-2.5 and Sph-5, cell-RGO and cell-cell con-
tacts were observed. The comparison of these two types of
hybrid spheroids revealed that Sph-5 showed a balanced com-
bination of cell-cell and cell-RGO contacts, whereas Sph-2.5
showed mainly cell-cell contacts with very limited cell-RGO
contacts. Therefore, considering the optimized combination
of cell-cell and cell-RGO contacts along with the cytotoxicity
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data, an RGO concentration of 5 pg mL™! was chosen for the
formation of MSC-RGO hybrid spheroids in the following
experiments.

2.3. Enhanced Cell-ECM Interaction by RGO Incorporation
into MSC Spheroids

A previous study has demonstrated that cell adhesion to gra-
phene substrates is mediated by cell-ECM interactions due to
the adsorption of ECM proteins, such as FN, to graphene.l?’!
Therefore, we evaluated the capability of RGO flakes to adsorb
FN from a serum-containing culture medium. While no FN
was detected in RGO flakes immersed in phosphate buff-
ered saline (PBS), a significant amount of FN was detected in
RGO flakes incubated in serum-containing culture medium
(Figure 5a). The expression of FN was detectable only at the
periphery of MSC spheroids without RGO (Figure 5b), which
is in agreement with the results of a previous study.?! In con-
trast, FN was distributed evenly throughout the MSC-RGO
hybrid spheroids in Sph-5 (Figure 5b), because the RGO
flakes in the hybrid spheroids adsorbed FN. FN in the MSC—
RGO hybrid spheroids (Sph-5) can provide cell-ECM inter-
actions via FN-integrin binding,””] To confirm the enhanced
cell-ECM interactions obtained through the incorporation of
FN-adsorbed RGO flakes into MSC spheroids, we examined
the expression of integrin 1, an integrin type that is known
to bind to FN for cell-FN interactions.?8! As expected, inte-
grin fB1 was significantly enhanced in Sph-5 compared with
Sph-0 (Figure 5c).
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Figure 5. Incorporation of RGO flakes into MSC spheroids provides cell-ECM interactions. a) Incubation of RGO flakes in a serum-containing culture
medium resulted in FN adsorption on the RGO flakes, whereas incubation in PBS resulted in no adsorption, as determined by western blot analysis.
b) A homogenous distribution of FN was observed in the MSC—RGO hybrid spheroids, which can provide cell-ECM interactions, whereas FN was
detected only at the periphery of MSC spheroids, as determined by immunohistochemistry for FN. Scale bar, 100 pm. c) Enhanced expression of inte-
grin B1, a FN-interacting integrin, was observed in MSC-RGO hybrid spheroids, indicating enhanced cell-FN interaction, as determined by western
blot analysis. *p < 0.05.

of FAK (pFAK) activates extracellular signal-regulated
kinase (ERK) thereby enhances VEGF expression.3% In this
study, the incorporation of RGO flakes into MSC spheroids

2.4. Enhanced Angiogenic Growth Factor Expression
in MSC-RGO Spheroids

Enhanced cell-ECM interactions trigger cell signaling cas-
cades that upregulate the expression of growth factors.!!8l

enhanced the cell-ECM interaction mediated by FN-inte-
grin binding (Figure 5c¢), which led to enhanced expressions

Integrin-mediated cell-ECM interactions facilitate focal of pFAK, phosphorylated ERK (pERK), and thus, VEGF
adhesion kinase (FAK) activation.’”) The phosphorylation (Figure 6a).
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Figure 6. Enhanced angiogenic factor expression in MSC-RGO hybrid spheroids. a) Changes in the expression of cell signaling molecules due to RGO
incorporation. b) mRNA expression of angiogenic growth factors evaluated by qRT-PCR. c) Amounts of secreted growth factors determined by ELISA.
#p < 0.05 versus Mono-0 (monolayer culture that contains 0 pg mL™' RGO flakes.) *p < 0.05 versus Sph-0.
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We examined the expression of angiogenic growth factors
through quantitative reverse transcription polymerase chain
reaction (QRT-PCR) and enzyme-linked immunosorbent assay
(ELISA). VEGF, FGF-2, and hepatocyte growth factor (HGF)
were analyzed because these are the major growth factors that
induce angiogenesis,®!l which plays a critical role in cardiac
repair.’?l The expression of VEGF, FGF-2, and HGF showed
similar tendencies (Figure 6b). The formation of spheroids
enhanced the expression of proangiogenic growth factors com-
pared with that obtained with a monolayer culture (Sph-0 versus
Mono-0, Figure 6b), which is in accordance with previously
reported results.’3 This finding is attributed to the activation
of E-cadherin in the MSC spheroids by enhanced cell—cell inter-
actions.!'”) More importantly, we demonstrate for the first time
that the addition of RGO flakes to cell culture further enhances
the expression of the growth factors, in both monolayer and
spheroid cultures (Figure 6b). As a result, spheroid formation
and RGO incorporation additively enhanced the expression of
growth factors (Figure 6b). The expression of growth factors
was highest in the hybrid spheroids with 5 ug mL™ RGO flakes
(Figure 6b). This result is likely because cellcell and cell-ECM
interactions, which upregulate the expression of growth factors,
in MSC spheroids are optimal and that RGO is not cytotoxic
at an RGO concentration of 5 pg mL™! (Figure 3, 4). Similar
to the gene expression data, MSC-RGO hybrid spheroids with
5 pg mL™! RGO flakes (Sph-5) showed significantly enhanced
secretion of paracrine factors compared with spheroids without
RGO (Figure 6c). To the best of our knowledge, this study pro-
vides the first demonstration that RGO enhances the secretion
of growth factors.

Hypoxia is known to stimulate the growth factor expression
of the cells in spheroids.*3l Hypoxia, which is caused by the
limited diffusion of oxygen,’4 is dependent on the size of the
spheroids. In this study, the quantification of the spheroid sizes
showed that the sizes were not influenced by the incorporation
of RGO flakes (Figure S2, Supporting Information). Therefore,
the effect of hypoxia on MSC functions induced by RGO incor-
poration was not investigated in this study.

2.5. Enhanced Cx43 Expression in MSC-RGO Spheroids

MI not only causes fibrosis of the heart but also may trigger
ventricular arrhythmia due to electrical remodeling of the
heart.>®! Excessive deposition of fibrotic tissue and loss of func-
tional cardiac cells impair linear electrical propagation and
lead to arrhythmia,®® at least in part, due to a reduced level
of Cx43.37] Therefore, postinjury arrhythmia may be reduced
by activating Cx43.%8 In addition, the engraftment of Cx43-
expressing cells into the infarct region can reduce the propen-
sity for arrhythmogenesis.l*l However, the expression of Cx43 in
naive MSCs is very low,P’! possibly limiting the antiarrhythmo-
genic potential of MSC therapy. In addition, Hahn et al. showed
that MSCs with augmented Cx43 expression exert an enhanced
cytoprotective effect on cardiomyocytes, reduce the infarct size,
and improve cardiac function.”!

It has been previously reported that VEGF! and electrically
conductive materials®” can enhance the expression of Cx43.
In the present study, RGO incorporation into MSC spheroids

Adv. Funct. Mater. 2015, 25, 2590-2600
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increased VEGF expression (Figure 6). In addition, RGO is an
electrically conductive material.*”! Therefore, we hypothesized
that MSC-RGO hybrid spheroids upregulate Cx43 expression
compared with MSC spheroids without RGO, likely due to
increased VEGF expression and the conductivity of RGO flakes
(Figure 7a).

To test this hypothesis, Cx43 expression was assessed in MSC
spheroids with or without RGO. The qRT-PCR analysis indi-
cated that Sph-5 and Sph-10 showed the highest Cx43 mRNA
expression levels (Figure 7b). The western blot analysis showed
that the protein level of Cx43 was also enhanced by RGO incor-
poration (Figure 7c). The immunostaining of Cx43 demon-
strated that Cx43 was hardly observed in Sph-0 and Sph-2.5
(Figure 7d). In contrast, Cx43 was found to be well expressed
in Sph-5 and Sph-10 (Figure 7d). To verify that the conductivity
of RGO contributes to the upregulation of Cx43, we compared
the Cx43 expression levels between RGO-incorporated sphe-
roids (Sph—RGO) and GO-incorporated spheroids (Sph-GO).
GO is electrically insulating and RGO is conductive.!l For this
comparison, we used GO flakes with dimensions that are sim-
ilar to those of the RGO flakes. Despite the abilities of GO to
adsorb FN and activate FAK,?’! which resemble those of RGO
(Figures 5a and 6a), GO significantly reduced the Cx43 expres-
sion in MSCs (Figure 7e). This finding demonstrates that the
conductivity of RGO indeed contributes to the upregulation of
Cx43. The functionality of Cx43 was examined by dye transfer
analysis. We labeled half of the MSCs with Dil and the other
half of the MSCs with calcein acetoxymethyl ester (AM), which
is transferred to adjacent cells through Cx43,[*?l and then used
these cells to form spheroids. If functional gap junctions exist,
calcein AM would transfer to adjacent cells.*3! In Sph-0, no
notable dye transfer was observed (Figure 7f). In contrast, the
transfer of calcein AM to Dil-labeled MSCs was observed in
Sph-5 (Figure 7f). These results demonstrate that the presence
of functional gap junctions in Sph-5.

Although other conductive materials that can adsorb pro-
teins could also promote paracrine factor secretion and Cx43
expression, it is hard to process the materials into thin, 2D
shape. For example, gold is generally fabricated into nano-*
or microsized particles.*”] However, gold nanoparticles would
not be able to provide cell-ECM interactions because the nano-
particles would be easily uptaken by the cells.[*] On the other
hand, the use of microparticles would require a larger amount
of conductive materials to provide cell-ECM interactions com-
pared with the use of 2D flakes due to the lower ratio of sur-
face area to volume, which would not be appropriate for in vivo
implantation.

2.6. Improved Cardiac Repair by MSC-RGO Hybrid
Spheroid Implantation

In general, the number of MSCs implanted to mouse MI
model ranges between 5 x 10° and 5 x 10° cells.*’] Mean-
while, in the present study, we implanted 3 x 10° MSCs per
mouse. This dose of MSCs was implanted to demonstrate that
the incorporation of RGO flakes was able to show a signifi-
cant therapeutic efficacy even with the reduced amount of the
implanted cells.
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Figure 7. Enhanced Cx43 expression in MSC—RGO hybrid spheroids. a) Schematic diagram of mechanisms for enhanced Cx43 expression through
RGO incorporation into MSC spheroids.'>3% b) qRT-PCR analyses of Cx43 expression. c) Cx43 protein expression analyzed by western blot. d) Immu-
nostaining of Cx43 in MSC spheroids incorporated with various concentrations of RGO flakes. Scale bar, 100 ym. e) Effect of incorporation of either
nonconductive GO flakes or conductive RGO flakes into MSC spheroids on Cx43 expression in the MSCs, as evaluated by gqRT-PCR analyses. f) Dye
transfer analysis of Sph-0 and Sph-5. The arrows (yellow) show the transfer of calcein AM (green) dye from calcein AM-labeled MSCs to Dil (red)-
labeled MSCs. Calcein AM is known to transfer to neighboring cells through functional gap junctions (Cx43).1*4 Scale bars, 20 pm. *p < 0.05 versus

any other group.

The amount of RGO flakes implanted to a mouse is
~0.75 mg RGO kg™' mouse body weight. This RGO amount is
much lower than 20 mg kg™! which has been reported to exhibit
no appreciable in vivo toxicity.*® In addition, our in vitro data
demonstrated that there was no significant induction of cell
apoptosis or reduction in cell functions such as secretion of par-
acrine factors (Figures 3 and 6). Therefore, although RGO flakes
are not biodegradable,*! the amount of RGO flakes used for
in vivo implantation in this study would not exhibit significant
toxicity.

Vascularization was evaluated by determining the den-
sity of capillaries in the border zone of infarcted myocardium
14 d after cell implantation. Capillaries were identified by
immunohistochemical staining with antibodies specific to von
Willebrand factor (vWF). Although the MSC spheroids (Sph-0)
were able to promote angiogenesis compared with the injection
of either PBS or RGO flakes, the MSC-RGO hybrid spheroids
(Sph-5) further enhanced the vascularization in the infarcted
myocardium (Figure 8a). This result may be attributed to the
enhanced secretion of angiogenic growth factors in MSCs
obtained by the incorporation of RGO flakes (Figure 6b,c).

wileyonlinelibrary.com
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The promotion of angiogenesis attenuates cardiac remod-
eling after MI1.32 In this study, the incorporation of RGO flakes
into MSC spheroids enhanced vascularization and attenuated
cardiac remodeling. Masson’s trichrome staining of the longi-
tudinal sections of the heart was performed 14 d after the treat-
ment to quantify the fibrous tissue area (Figure 8b). The results
showed large fibrotic areas (blue) in the PBS and RGO groups
and a small fibrotic area in the Sph-0 group. Importantly, the
implantation of Sph-5 showed the smallest fibrotic area, which
indicates attenuated cardiac remodeling.

To evaluate the electrical remodeling of the heart, the
expression of Cx43 in the border zone of the infarcted myo-
cardium was analyzed. Cx43 is the most abundant type of con-
nexin and is a critical determinant for the electrical properties
of the heart.” It has been reported that the enhanced expres-
sion of Cx43 in implanted cells contributes to the prevention
of postinfarct arrhythmia.! In the PBS and RGO groups,
the expression levels of Cx43 were relatively low (Figure 8c).
Although Sph-0 showed an increase in Cx43 expression, a
marked increase in the Cx43 level was apparent in the Sph-5
group. Therefore, the incorporation of RGO flakes into MSC

Adv. Funct. Mater. 2015, 25, 2590-2600
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Figure 8. Enhanced cardiac repair and cardiac function restoration by implantation of MSC-RGO hybrid spheroids. Infarcted hearts were treated
through the injection of PBS, RGO flakes, MSC spheroids (Sph-0), or MSC—RGO hybrid spheroids (Sph-5). a) Capillary density in the periinfarct border
zone assessed by immunostaining for vWF (green). Scale bars, 100 pm. b) Cardiac fibrosis indicated by Masson's trichrome staining (blue) and quan-
tification of the fibrotic area. c) Expression of Cx43 (red) examined by immunohistochemical staining in the infarct border zone. Scale bars, 100 pm.
d) Cardiac functions analyzed by echocardiography. *p < 0.05 versus any other group. p < 0.05.

spheroids attenuated the electrical remodeling of the heart
after MI.

2.7. Improvement in Cardiac Function by MSC-RGO Hybrid
Spheroid Implantation

The implantation of Sph-5 improved cardiac function, as
demonstrated through transthoracic echocardiography of the
infarcted hearts 14 d after the treatment. (Figure 8d). In terms
of ejection fraction (EF) and fractional shortening (FS), RGO
itself did not exert any therapeutic effect. There was no signifi-
cant difference in the left ventricular internal diameter at end
diastole (LVIDd) between the groups. Although the implanta-
tion of Sph-0 and Sph-5 showed significantly improved EF and
FS, along with the reduction of fibrosis, remarkable improve-
ment in cardiac functions was observed in the Sph-5 group
compared with the Sph-0 group. The EF was higher in the Sph-5
group (49.6% £ 4.6%, p < 0.05) compared with the Sph-0 group
(44.2% £ 0.9%, p < 0.05) and the PBS group (38.9% = 3.7%,
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p < 0.05). The adverse cardiac remodeling was also attenuated
in the Sph-5 group, showing a significant reduction of left
ventricular internal diameter at end systole (LVIDs) compared
with the PBS group (Figure 8d). Collectively, echocardiographic
parameters showed better cardiac performance in the Sph-5
group than in the Sph-0 group.

3. Conclusions

The incorporation of RGO flakes into MSC spheroids pro-
moted the expression of angiogenic growth factors and Cx43
in the MSCs, both of which are important for cardiac repair,
likely due to their high affinity toward FN and the high elec-
trical conductivity of RGO. The implantation of MSC-RGO
hybrid spheroids into the infarcted myocardium enhanced car-
diac repair and cardiac function restoration compared with the
injection of either RGO flakes or MSC spheroids. Therefore,
RGO can enhance the therapeutic efficacy of MSCs for the
treatment of MI.
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4. Experimental Section

RGO Preparation and Analyses: Graphite powder (<20 pm) was
purchased from Sigma-Aldrich and used as received. GO was
synthesized using a modified Hummers method.’] The synthesized
GO was suspended in water (0.05 wt%) to give a brown dispersion.
The exfoliation of GO was achieved by ultrasonication for 3 h, and the
mixture was subsequently dialyzed (12-14 kDa cut-off) for 6 h to remove
any residual salts and acids. The obtained solution was then subjected
to centrifugation at 3000 rpm for 20 min to remove the unexfoliated
GO. The resulting homogeneous dispersion (100 mL) was mixed with
1 mL of hydrazine solution (35 wt% in water) and 7 mL of ammonia
solution (28 wt% in water). RGO powder was then obtained by filtration
and drying in vacuum. The RGO samples were characterized by Raman
spectroscopy, AFM, TEM, and SAED. The Raman spectra were recorded
using an argon ion laser (514 nm) as the excitation source with a notch
filter of 50 cm™". The typical scan ranged from 1000 to 3000 cm™' and
the instrumental resolution was 10 cm™. The surface morphology
of the RGO samples was examined using the noncontact mode AFM
(XE-100 system, Park Systems, Korea). TEM and SAED were conducted
with a TEM (JEOL 2100, JEOL, Japan) operated at 200 kV installed at
the National Center for Inter-university Research Facilities at Seoul
National University. The rotation between the TEM images and the
corresponding SAED patterns was calibrated using molybdenum trioxide
crystals.

MSC-RGO Spheroid Formation: Human bone marrow-derived MSCs
were purchased from a commercial source (Lonza, USA) and cultured
in Dulbecco’s modified Engle’s Medium (DMEM, Gibco BRL, USA)
containing 10% (v/v) fetal bovine serum (FBS; Gibco-BRL) and 1% (v/v)
penicillin—streptomycin (PS; Gibco-BRL) on cell culture plates. MSC or
MSC-RGO spheroids were fabricated through the hanging-drop method
with slight modifications.’? Three thousand MSCs (passage 5) in 30 pL
of DMEM containing 20% (v/v) FBS, 1% (v/v) PS, and RGO (0, 2.5, 5, or
10 pg mL™") were incubated hanging on the lid of a Petri dish for two days
to form a spheroid. To evaluate the morphology of the spheroids and the
presence of RGO in the spheroids, the spheroids were fixed in 4% (v/v)
paraformaldehyde for 30 min and embedded in optimal cutting temperature
(OCT) compound. The spheroids were cut into 10-pm sections and stained
with H&E. Cell apoptosis was evaluated using a TUNEL assay kit (Millipore
Corp., Billerica, MA, USA) according to the manufacturer's instructions. For
comparison, MSCs were cultured on a cell culture plate in a monolayer, and
incubated with RGO flakes (0, 2.5, 5, or 10 pg mL™) for two days (Mono-0,
Mono-2.5, Mono-5, and Mono-10, respectively).

TEM Analyses: The spheroids were fixed with Karnovsky's solution
(EMS Hatfield, PA, USA) for 24 h at 4 °C and washed three times with
a 0.05 m sodium cacodylate buffer. The specimens were then fixed with
2% osmium tetroxide (Sigma) for 2 h at 4 °C, washed three times
with cold distilled water, dehydrated through a series of graded ethanol
(50%, 60%, 70%, 80%, 90%, 95%, 98%, and 100%) and propylene oxide
rinses, and finally embedded in Spurr's resin (Agar Scientific, Essex,
UK). The samples were then polymerized at 60 °C for 24 h and cut into
thin slices using an ultramicrotome (MTX, RMC, Arizona, USA). The
thin sections were observed with a Libra 120 microscope (Carl Zeiss,
Oberkochen, Germany).

qRT-PCR: The total RNA was extracted using 1 mL of TRIzol
reagent (Invitrogen) and 200 pL of chloroform. The samples were
centrifuged at 12 000 rpm at 4 °C for 10 min. The RNA pellets were
washed with 75% (v/v) ethanol and dried. After the drying procedure,
the samples were dissolved in RNase-free water. The RNA (500 ng)
from each sample was reverse-transcribed to obtain cDNA using
GoScript Reverse Transcriptase (Promega, USA). SYBR green-based
qRT-PCR was performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems, USA) instrument with the TOPreal qPCR Premix
(Enzynomics, Korea). Forty amplification cycles were performed, and
each cycle consisted of three steps: 30 s at 94 °C, 45 s at 55 °C, and
45 s at 72 °C. The primer sequences for the qRT-PCR analyses are listed
in Table 1. All of the data were analyzed using the 272A¢t method. Three
samples were analyzed per group.
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Table 1. Primer sequences.

Gene Forward primer Reverse primer
Glyceraldehyde 5”-CCA CTC CTC CAC 5"-ACC CTG TTG CTG
3-phosphate CTTTGAC-3 TAG CCA-3’
dehydrogenase
Bcl-2 5”-TTG GCC CCC GTT 5’-CGG TTA TCG TAC
GCTT-3 CCT GTT CTC-3’
Caspase-3 5’-GGT TTT CGG TGG 5’-CAG TGT TCT CCA TGG ATA
GTGT-3 CCT-3"
VEGF 5’-GAG GGC AGA ATC ATC 5’-CAC CAG GGT CTC GAT
ACG-3’ TGG AT-3’
FGF-2 5”-GAC GGC CGA GTT GAC 5-CTC TCT CTT CTG
GG-3’ CTT GAA GTT-3"
HGF 5”-GAT GGC CAG CCG AGG 5"-TCA GCG CAT GTT
c-3 TTA ATT GCA-3’
Cx43 5”-TCT GAG TGC CTG 5”-ACT GAC AGC CAC

AACTTG C-3’ ACCTTC C-3"

Analyses of Cell Viability: FDA and EB solution was prepared by mixing
10 pL FDA solution (Sigma, 5 mg mL™ in acetone) and 10 mL EB
solution (Sigma, 10 yg mL™" in PBS). Sph-0 and Sph-5 were incubated
in FDA and EB solution for 3-5 min at 37 °C. After staining, the
samples were examined using a fluorescence microscope (IX71 inverted
microscope, Olympus, Tokyo, Japan). The cell viability was quantitatively
measured using CCK-8 (Sigma).

ELISA: The spheroids were incubated in DMEM without FBS for
24 h. The amount of growth factors in the supernatant was then determined
quantitatively using an ELISA assay kit (n =3 per group, R&D Systems, USA).

Western Blot: The analysis was performed through 10% (w/v) sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (n =3 per group). The
proteins were first transferred to an Immobilon-P membrane (Millipore
Corp., USA) and then probed with antibodies against pFAK, VEGF,
CX43, and B-actin (all purchased at Abcam, UK). The proteins 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).

Immunocytochemistry: The spheroid sections were
immunocytochemically ~ stained with antibodies against Cx43
(Abcam). The immunostaining signal was visualized with
rhodamine isothiocyanate-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, USA). The slides were counterstained
with DAPI (Vector Laboratories, USA) to stain the nuclei of the cells.

Dye Transfer. MSCs were stained with either 10 x 10 m Dil or 10
x 107 m Calcein AM. After washing, the Dil-labeled MSCs and Calcein
AM:-labeled MSCs with or without RGO (5 pug mL™") were mixed in equal
proportions to form spheroids. The spheroids were imaged using a
Leica TCS SP8 X Confocal Microscope (Leica Microsystems, Mannheim,
Germany).

M1 Induction and Cell Implantation: The animal experimental protocol
was approved by the Chonnam National University Animal Care and
Use Committee (CNU IACUC-H-2014-22). M| was induced in 8-week-old
male athymic BALB/c nude (hu/nu) mice (n = 8 per group, Central Lab
Animal Inc., Seoul, Korea) by occlusion of the coronary artery. Briefly,
the mice were anesthetized with an intramuscular injection of ketamine
(50 mg kg™") and xylazine (10 mg kg™'), and the left coronary artery was
occluded within the myocardium between the left atrial appendage and
the right ventricular outflow tract using a curved needle and a 5-0 silk
suture. One week after MI, PBS, RGO flakes, Sph-0 (3 x 10° cells), or
Sph-5 (3 X 10° cells) in a volume of 50 pL were injected into the border
zone. Age-matched mice that were subjected to a sham operation were
used as the non-MI group. The mice were sacrificed two days after MSC
implantation.
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Histochemical and Immunohistochemical Staining: Two weeks after
cell injection, the hearts were excised and transversely sectioned into
two blocks across the infarct zone. The tissue blocks were frozen in
liquid nitrogen with the Tissue-Tek OCT compound, and sectioned to
4-uym-thick sections. For immunohistochemical analysis, the slides
were treated with 3% hydrogen peroxide in PBS for 10 min at room
temperature to block endogenous peroxidase activity. After nonspecific
binding was blocked with 5% normal goat serum (Sigma), the
slides were incubated with primary antibodies against Cx43 (Abcam,
Cambridge, MA, USA) or vWF (Abcam) for 18 h at 4 °C. The sections
were washed three times with PBS and then incubated for 1 h with Alexa-
Fluor 488- or 594-conjugated-secondary antibodies. After washing, the
slides were mounted with a mounting medium (VectaMount mounting
medium, Vector Labs Inc., Burlingame, CA, USA). Images were obtained
and digitized on a computer using an Olympus CX31 microscope
(Olympus) equipped with an Infinity 1 camera (Lumenera Scientific,
Ottawa, Canada). Five mice were analyzed for quantification. Cardiac
fibrosis was evaluated by Masson’s Trichrome staining. The fibrotic
areas were determined by visualizing the blue-stained fibrotic deposits
using the NIS-Elements Advanced Research program (Nikon, Japan).
The percentage of ventricular fibrosis was calculated as the blue-stained
area divided by the total ventricular area. Three samples were analyzed
per group.

Evaluation of Cardiac Function: Left ventricular function was assessed
by transthoracic echocardiography (n = 5 per group). Two weeks after
spheroid injection, the animals were anesthetized and intubated.
Echocardiography was performed to evaluate the left ventricular
function. The echocardiography was performed with a 15-MHz linear
array transducer system (iE33 system, Philips Medical Systems) by an
expert who was not aware of the experimental conditions to exclude bias.

Statistical Analysis: The quantitative data are expressed as the
means * standard deviations. The statistical analyses were performed
through one-way analysis of variance with Tukey’s significant difference
post hoc test using the SPSS software (SPSS Inc., USA). A value of
p < 0.05 was considered to denote statistical significance.
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