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M
esenchymal stem cells (MSCs)
can repair myocardium damaged
by myocardial infarction (MI).1�3

There are largely two mechanisms of action
for the repair; one mechanism suggesting
MSCs directly differentiate into functional
cardiac cells,4�7 and the secondmechanism
addressing MSCs secrete therapeutic para-
crine molecules.7�9 Although the multipo-
tency of MSCs is promising, their cardiac
differentiation in vivo is controversial,1,10,11

and the lack of cardiac phenotypes in naïve
MSCs poses an electrophysiological chal-
lenge for MI repair.12�15 Previous studies
have showed that MSCs expressing cardiac-
specific biomarkers can reduce arrhythmic
risksand improvecardiac function in vivo,16�18

suggesting that cardiac phenotype devel-
opment ofMSCs can improve the therapeutic
efficacy. Along with the cardiac phenotypes,
the salutary effects of the paracrine mole-
cules secreted fromMSCs have been demon-
strated in a number of studies,19�21 and the
enhanced paracrine secretion resulted in
better reparative efficacy of the MSC thera-
pies.22�24 Hence, both cardiac phenotype
development formyocardium compatibility
and paracrine signaling improvements may
improve the therapeutic potential of MSCs
for MI.
To induce cardiac phenotype develop-

ment of MSCs in vitro, exogenous supple-
ments, such as transforming growth factor
beta 1 (TGF-β1) and 5-azacytidine (5-AZA),
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ABSTRACT Electrophysiological phenotype development and paracrine action of mesenchymal stem cells

(MSCs) are the critical factors that determine the therapeutic efficacy of MSCs for myocardial infarction (MI). In

such respect, coculture of MSCs with cardiac cells has windowed a platform for cardiac priming of MSCs.

Particularly, active gap junctional crosstalk of MSCs with cardiac cells in coculture has been known to play a

major role in the MSC modification through coculture. Here, we report that iron oxide nanoparticles (IONPs)

significantly augment the expression of connexin 43 (Cx43), a gap junction protein, of cardiomyoblasts (H9C2),

which would be critical for gap junctional communication with MSCs in coculture for the generation of

therapeutic potential-improved MSCs. MSCs cocultured with IONP-harboring H9C2 (cocultured MSCs: cMSCs)

showed active cellular crosstalk with H9C2 and displayed significantly higher levels of electrophysiological

cardiac biomarkers and a cardiac repair-favorable paracrine profile, both of which are responsible for MI repair. Accordingly, significantly improved animal

survival and heart function were observed upon cMSC injection into rat MI models compared with the injection of unmodified MSCs. The present study

highlights an application of IONPs in developing gap junctional crosstalk among the cells and generating cMSCs that exceeds the reparative potentials of

conventional MSCs. On the basis of our finding, the potential application of IONPs can be extended in cell biology and stem cell-based therapies.
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have been used in MSC cultures.25�27 Coculture with
cardiomyocytes or cardiomyoblasts has also been
proposed as a method for cardiac lineage differentia-
tion that requires no exogenous supplements.28,29

Primary cardiomyocytes, however, pose challenges
for coculture, because these cells have limited life span
and do not proliferate in vitro.27 Moreover, the limited
accessibility to the primary cardiomyocytes causes
another difficulty for the coculture. To overcome these
problems, cardiomyoblast cell line, H9C2, has been
used in previous coculture studies.29,30 Although
H9C2 cells provide excellent accessibility and quality
assurance, they rarely express connexin 43 (Cx43), a
gap junction protein,31 which is responsible for inter-
cellular gap junction coupling and cell-to-cell crosstalk
in coculture, which are previously known to play major
roles in MSC modification.17,32 Thus, H9C2 with en-
hanced Cx43 expression may provide active intercel-
lular interactions with MSCs in coculture, which could
promote cardiac lineage development of MSCs.
Aside from direct cardiac phenotype development

of MSCs, improvement in indirect paracrine mecha-
nism of MSCs was studied using various culture con-
ditions. MSCs are known to repair damaged organs
through a broad spectrum of reparative paracrine
molecules.11,19,20 To improve the paracrine secretion
of MSCs, previous studies introduced hypoxic culture

conditions or mild hypoxia generated from MSC
spheroids.22�24 Even so, no previous studies have
investigated whether both cardiac phenotype devel-
opment and paracrine profile improvement of MSCs
could be achieved simultaneously and orchestrated
into one solution for MI.
Recently, iron oxide nanoparticle (IONP)-mediated

cell labeling or drug delivery has been extensively
studied, and the use of IONPs in cell studies has been
shown safe and effective.33,34 In spite of their plasticity
in biomedical applications, the effect of IONPs as ion-
delivering carriers has rarely been studied, and their
use in cell biology or stem cell-based therapy needs
more exploration. While some studies have integrated
IONPs to control cell behaviors in vitro,35�37 ap-
proaches with IONP-induced gap junctional commu-
nication improvements have not been reported.
Additionally, the mechanisms behind the nanoparti-
cle-induced cellular behavior changes need better
clarification for potential application of IONPs in the
biomedical field.
In the present study, we demonstrate new biofunc-

tional properties of IONPs in gap junctional cell�cell
crosstalk and focus on the generation of therapeutic
potential-improved MSCs using IONP-induced cocul-
ture with H9C2 (Figure 1). The major therapeutic
mechanisms of MSC therapies for MI, namely, the

Figure 1. Schematic illustration of IONP-induced connexin 43 (Cx43) expression enhancement in H9C2, the assessments of its
effects in coculture with MSCs and in vivo therapeutic efficacy of the cocultured MSCs. (A) Cx43 expression enhancement in
H9C2 by IONP uptake. (B) Generation of therapeutic potential-improved MSCs (cMSCs) from IONP-induced active cell�cell
crosstalk between IONP(þ) H9C2 and MSCs in coculture, and the improved therapeutic efficacy of cMSCs in vivo.
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cardiac phenotype development and reparative
paracrine molecule secretion, were targeted to be
improved from the IONP-based coculture system.
When uptaken by H9C2, IONPs are partially ionized
into iron ions, which may trigger gap junctional signal-
ing cascade to develop Cx43 expression. To address
the development of Cx43 by IONPs and subsequent
cellular crosstalk in coculture, we analyzed the gene
and protein expression of Cx43 in IONP-harboring
H9C2 (IONP(þ) H9C2) and evaluated Cx43-based
crosstalk of these H9C2 with MSCs in coculture. Con-
sequently, we investigated cardiac phenotype devel-
opment of MSCs influenced by Cx43-mediated cellular
crosstalk in coculture with IONP(þ) H9C2. Additionally,
we assessed the modification of MSCs' reparative
paracrine profile after coculture through gene expres-
sion and protein secretion analysis. To address the
therapeutic efficacy of IONP(þ) H9C2 cocultured MSCs
(cMSCs), we injected cMSCs into rat MI models and
evaluated cardiac tissue repair and cardiac functional
recovery. Here, we demonstrate a new application of
IONPs in developing cellular gap junction and propose
a new window for the generation of therapeutic
potential-improved MSCs from IONP-based coculture.

RESULTS AND DISCUSSION

IONP Internalization for Cell Modification. The physiolo-
gical properties of iron oxide nanoparticle (IONP), and
the effects of IONP-internalization in H9C2 were evalu-
ated (Figure 2).Wehave utilized nanocubes rather than
nanospheres to maximize the high magnetization
while maintaining the colloidal stability. Since the
responsiveness of IONPs to external magnetic field is
proportional to their volume, larger nanoparticles are
desirable for effective magnetic cell sorting. However,
iron oxide nanoparticles larger than 20 nm exhibit
ferromagnetic property and easily form large aggre-
gates owing to their strongmagnetic attraction to each
other. Interestingly, a previous report showed that iron
oxide nanocube with an edge length of 22 nm, which
was encapsulated with PEG-phospholipid, exhibited
high colloidal stability while maintaining high magne-
tization.38 Therefore, iron oxide nanocubes with a
similar size were employed in this study. The size and
shape of IONP, along with the cellular uptake of
nanoparticles, were assessed using transmission elec-
tron microscopy (TEM; Figure 2B). When treated with
40 μg/mL of fluorescent dye-labeled IONPs for 24 h,
H9C2 showed efficient uptake of nanoparticles, and
IONP clusters were observed only within the cells.
IONP uptake was further visualized with a fluorescent
microscope, and IONP-uptaken H9C2 (IONP(þ) H9C2)
expressed strong fluorescent signal comparedwith un-
treated H9C2 (IONP(�) H9C2) after 24 h (Figure 2C). To
quantitatively evaluate iron contents within H9C2,
both IONP(�) H9C2 and IONP(þ) H9C2 were assessed
with inductively coupled plasma mass spectrometry

Figure 2. IONP-induced connexin 43 upregulation in H9C2
and its functional role in gap junctional crosstalk in cocul-
ture with MSCs. (A) Schematic representation of IONP. (B)
TEM images of (i) IONPs (iron oxide nanoparticles) and (ii)
IONPs uptaken by H9C2. IONPs are marked with white
arrows. (C) Fluorescent images of H9C2 after IONP (red)
treatment for 24 h. Bars, 100 μm. (D) Quantification of iron
contents within H9C2 after IONP uptake. ICP-MS was per-
formed 24 h after IONP treatment. *P < 0.05. (E) Expressions
of H9C2-inherent cardiac and apoptosis-regulatory genes
before and after IONP treatment. Gene expressions were
normalized to the levels of IONP(�) H9C2. *P < 0.05 vs
IONP(�) H9C2. (F) Expression of a gap junction protein,
Cx43 (green), in H9C2 after IONP uptake. Blue indicates
nuclei. Bars, 100 μm. (G) Schematic illustration of IONP-
mediated signaling cascades within the cells. (H) Visualiza-
tion of IONP ionization at low pH. For visualization, 40 μg/mL
of IONPs were added into pH 4 or pH 7 solution, and the
images were taken after 24 h. (I) The cytotoxicity of exo-
genous iron ions or IONPs added in H9C2 culture; 40 μg/mL
of IONPs or the samemolar concentration of iron ions were
added directly into H9C2 culture. For cell viability evalua-
tion, MTT assay was performed 24 h after IONP or Fe2þ/3þ

treatment. *P < 0.05. (J) Western blot analysis and the
quantification of intracellular signaling cascades for
enhanced Cx43 expression triggered from IONP uptake.
n = 3, *P < 0.05 vs untreated. (K) Fluorescent images and
quantitative analysis showing active dye (calcein-AM,
green) transfer after 48 h of coculture. Before coculture,
IONP(þ) H9C2 was labeled with calcein-AM and DiI (red),
while MSCs were unlabeled. After 48 h of coculture, cells
having green fluorescence without red (calcein-AMþ/DiI�;
solid arrow) denoteMSCs that received calcein-AM through
functioning gap junction. Cells having no fluorescence but
DAPI (calcein-AM�/DiI�; hollow arrow) denote MSCs that
did not receive calcein-AM during 48 h of coculture. Bars,
100 μm. *P < 0.05.
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(ICP-MS; Figure 2D). When compared with IONP(�)
H9C2, IONP(þ) H9C2 showed significantly increased
iron contents within the cells. Long-term residence
of IONPs in H9C2 was also evaluated using TEM at
2 week time point, and sustained intracellular resi-
dence of IONPs was observed (Supporting Information
Figure S1).

To evaluate whether IONP uptake affected the
inherent gene expressions of H9C2, IONP(þ) H9C2
were analyzed with quantitative real-time reverse
transcription-polymerase chain reaction (qRT-PCR;
Figure 2E). The data showed that IONP uptake did
not affect the expression levels of H9C2-inherent
apoptosis-regulatory (Bcl-2/BAX) or cardiac-specific
genes when compared with no IONP uptake. Interest-
ingly, IONP(þ) H9C2 showed significantly improved
gap junction protein connexin 43 (Cx43) gene expres-
sion compared to IONP(�) H9C2 (Figure 2E), and its
protein expression was further assessed with immuno-
cytochemistry (Figure 2F). Cellular uptake of IONPs did
not affect cell viability at 2 week time point, and IONP-
induced Cx43 expression was also observed at 2 week
time point (Supporting Information Figure S2). The
primers are listed in Supporting Information Table S1.

Next, we examined the intracellular signaling me-
chanisms for the improved expression of Cx43 after
IONP uptake (Figure 2G). To assess the stability of
IONPs at low pH, a condition that resembles cell
endosomes, IONPs were added and incubated in
pH 4 or pH 7 solution for 24 h. After 24 h, pH 4 solution
showed better transparency compared with pH 7
solution, suggesting IONPs are partially ionized into
Fe2þ or Fe3þ ions at low pH condition (Figure 2H),39

and IONPs would generate metal ions upon endoso-
mal uptake. Interestingly, when the same molar con-
centration of iron ions were directly added into the
H9C2 culture, instead of using IONPs, significant cyto-
toxicity was observed (Figure 2I). To further evaluate
the intracellular signaling cascades upon IONP uptake
(Figure 2G), IONP(þ) H9C2were analyzedwithWestern
blots (Figure 2J). When treated with IONPs, H9C2
uptake nanoparticles through endocytosis and these
IONPs are retained in the intracellular endosomes.39

Upon internalization in the endosomes, which have
comparatively low pH level as low as 4,40 IONPs are
partially ionized into iron ions, and the metal ions are
released into the cytosol.39 These free metal ions
promote JNK activation, c-Jun phosphorylation, and
ultimately JNK-mediated Cx43 expression as expected
from the previous study (Figure 2G).41 Twenty-four
hours after the IONP treatment, IONP(þ) H9C2 exhib-
ited great upregulation in the phosphorylated protein
forms of JNK (p-JNK) and c-Jun (p-c-Jun) relative to
the nonphosphorylated protein forms compared with
untreated H9C2 (Figure 2J). Increase in p-JNK and
p-c-Jun consequently activated Cx43 expression in
IONP(þ) H9C2.

Next, the functional role of enhanced Cx43 expres-
sionwas evaluated using dye transfer assay (Figure 2K).
Cx43 is known to induce intercellular coupling among
the adjacent cells, and a previous study demonstrated
that Cx43-overexpressing cells showed active gap
junctional communication with the nearby cells and
transferred biomolecules to these cells.17 To investi-
gate whether IONP-induced Cx43 expression in H9C2
successfully formed functional gap junctions with the
adjoining MSCs and transferred cellular biomolecules,
IONP(þ) H9C2 or IONP(�) H9C2 were cocultured with
MSCs for 48 h. Before cocultured with MSCs, both
IONP(þ) H9C2 and IONP(�) H9C2 were dual-labeled
with DiI (red), which cannot pass through gap junc-
tions, and calcein-AM (green), which can only pass
through gap junctions. Only when H9C2 formed func-
tional gap junctions with MSCs, calcein-AM, not DiI,
would be transferred to unlabeled MSCs. When dye
transfer was evaluated with fluorescence microscopy
48 h after coculture, more MSCs having calcein-AM
without DiI were observed in coculture with IONP(þ)
H9C2 compared with the IONP(�) H9C2 coculture
(Figure 2K), suggesting IONP(þ) H9C2 formed more
functional gap junctions with MSCs compared with
IONP(�) H9C2. Quantitative analysis also showed the
calcein-AM transfer from H9C2 to MSCs was signifi-
cantly more frequent when H9C2 was pretreated with
IONPs. This data suggests that IONP uptake can not
only enhance Cx43 expression of H9C2 but also devel-
op functional gap junction communications withMSCs
in coculture.

IONP-Based Magnetic Cell Sorting after Coculture. The
efficiency of IONP-assisted MSC sorting was assessed
(Figure 3). Two week-cocultured cells, consisting of
MSCs and IONP(þ) H9C2, were trypsinized and col-
lected in a tube and IONP(þ) H9C2weremagnetized to
a neodymium magnet (Figure 3A). IONP-based mag-
netic cell sorting inducedhigh-density accumulation of
IONP(þ) H9C2 after 2 min and was evaluated with a
fluorescent microscope (Figure 3B). To further assess
the cell population contents, cell populations attracted
to the magnet (magnet(þ) population) and those
not attracted to the magnet (magnet(�) population)
were both stained for human nuclear antigen (HNA)
to assess MSC purity (Figure 3C). HNA staining
only stained human MSCs in the cell population. As
shown in Figure 3C, counterstainingwith 4,6-diamidino-
2-phenylindole (DAPI) displayed IONP(þ) H9C2 cells as
DAPIþ (blue)/HNA� blue, and MSCs as DAPIþ/HNAþ

(green) blue-green. After magnetic cell separation,
no IONP(þ) H9C2 was observed in the magnet(�)
population (Figure 3C). Similarly, almost no MSCs was
observed in the magnet(þ) population. The immuno-
fluorescent images were then quantitatively evalu-
ated. To further confirm pure MSC population in
the magnet(�) population, the cell population for
in vivo injection, the MSC purity was evaluated using
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fluorescent-activated cell sorting (FACS; Figure 3D).
FACS result demonstrated over 99% pure MSCs in the
magnet(�) population. Facile separation of MSCs after
coculture is particularly intriguing because conven-
tional cell sorting method after coculture faces several
challenges. For cardiac differentiation of MSCs or en-
dothelial progenitor cells, direct cell-to-cell contact
with cardiomyocytes or cardiomyoblasts was shown
pivotal.28,29 Even so, cell separation following coculture
necessitates costly cell-specific antibodies, sorting
equipment, and expertise, thereby limiting simple,
efficient, and clinical-scale cell sorting. Moreover, the
inability to eliminate cell-conjugated antibodies after
antibody-induced cell sorting could be problematic for
the transplantation of the cocultured cells. Likely for
this reason, in vivo administration of the cocultured
MSCs forMI has rarely been reported. In contrast, IONP-
based coculture facilitated a simple, cost-effective,
easily scalable, and efficient cell sorting following

coculture, allowing for the separation of transplantable
dosages of MSCs for in vivo applications.

Cardiac Phenotype Development of MSCs after Coculture.
Cellular phenotype changes in the cocultured MSCs
were evaluated by analyzing the expression of cardiac-
specific biomarkers (Figure 4). MSCs were cocultured
with IONP(þ) H9C2 or IONP(�) H9C2 and sorted by
neodymiummagnet or FACS, respectively. After 7 days
of coculture, MSCs cocultured with IONP(�) H9C2
showed no significant changes in their cardiac genes
compared with unmodified MSCs. However, MSCs
cocultured with IONP(þ) H9C2 showed significant
increase in cardiac-specific genes including ß-MHC,
MLC2a, and MLC2v (Figure 4A). This data suggests that
the improved gap junctional communication from
IONP uptake (Figure 2J,K) successfully induced cardiac
phenotype development of MSCs after coculture.

To further compare the cardiac phenotype devel-
opment efficacy of IONP-based coculture with the

Figure 3. Facile separation of cMSCs following 2 week coculture by magnetically removing IONP-harboring H9C2 from the
cocultured cell population. (A) Representative illustration of the cell sorting method. Cells attracted to the magnet
(magnet(þ) population) were segregated from the cells not attracted to the magnet (magnet(�) population) and discarded
to leave pure cMSC population. (B) Macroscopic fluorescent visualization of IONP(þ) H9C2 (red) sorting using a magnet. (C)
Efficiency of IONP-induced cell sorting. DAPIþ (blue)/ HNA� H9C2 were visualized as blue, and DAPIþ/ HNAþ (green) human
MSCs were visualized as blue-green. Fluorescent images were taken and quantified for both magnet(�) and magnet(þ)
populations. H9C2 are marked with white arrows in the first image (before separation). Bars, 100 μm. *P < 0.05 vs before
separation. (D) FACS result of the IONP-based cell sorting.
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conventional cardiac differentiation methods, a num-
ber of groups were analyzed with qRT-PCR (Figure 4B).
After 7 and 14 days of culture, qRT-PCR was performed
for unmodified MSCs, MSCs treated with cardiac differ-
entiation supplements, such as TGF-β1 or 5-AZA, and
MSCs cocultured with IONP(þ) H9C2. As shown in
Figure 4B, only the MSCs cocultured with IONP(þ)
H9C2 showed distinctively increasedmRNA expression
of cardiac-specific proteins compared with the other
groups. Cocultured MSCs exhibited increased expres-
sion levels of a cardiac transcription factor, MEF2C, as
well as themidlate cardiac structural genes β-MHC and
MLC. Increase in cardiac structural gene expressions
was dependent on the coculture period, and the
similar tendency was observed in cardiac ion channel
marker expressions (Figure 4C). A significant increase
in the mRNA expression of ion channel proteins was
observed in 2 week cocultured MSCs (cMSCs) com-
pared with unmodified or 1 week cocultured MSCs
(Figure 4C). On the basis of these data, the optimal
coculture period needed for MSCs to develop cardiac
phenotypes was set to 2 weeks. When the expres-
sion of sarcomeres was evaluated for cMSCs and

unmodified MSCs, however, only a small fraction of
cMSCs expressed sarcomeric R-actinin, and no expres-
sion was observed in MSCs (Supporting Information
Figure S3). Immunocytochemistry and Western blot
analysis were then performed to evaluate the expres-
sion of Cx43 in cMSCs compared with unmodified
MSCs (Figure 4D). Cx43 expression is particularly im-
portant because Cx43 plays a critical role in gap
junctional communications in the myocardium.42,43

After acutemyocardial infarction, severe loss of healthy
myocardium impairs intercellular communications at
the peri-infarct and induces cardiac conduction
disturbances.42�44 Administration of naïve MSCs at
this phase faces compatibility issues and may pose
arrhythmic risks.13,14 Previous studies addressed that
abnormal cardiac conduction and arrhythmogenic
remodeling after MI could be worsened by low Cx43
expression, immature ion channel activity, or even
a physiological incompatibility of naïve MSCs.12,14,45

Interestingly, injection of MSCs expressing cardiac
biomarkers or genetically modified cells that overex-
press Cx43 conferred a better reparative effect post-
infarct.12,16,17 Previous studies also showed that

Figure 4. Effective development of cardiac phenotype in MSCs by coculture with IONP(þ) H9C2. The expression levels of the
genes were normalized to the levels of unmodified MSCs. (A) IONP-dependent cardiac phenotype development of MSCs.
*P < 0.05 vs any group. (B) Enhanced cardiac phenotype development ofMSCs by IONP-induced coculture comparedwith the
conventional cardiac differentiationmethods, treated with TGF-β or 5-azacytidine. *P < 0.05 vs any group. (C) Culture period-
dependent expression of ion channel genes in cMSCs (MSCs cocultured with IONP(þ) H9C2). *P < 0.05. (D) Immunocy-
tochemistry staining and Western blot analysis for connexin 43. Bars, 100 μm.
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overexpression of connexin 43 in MSCs or skeletal
muscle cells can greatly improve the therapeutic effi-
cacy of the cell therapy in MI regardless of the cellular
arrangement of connexin 43.12,16�18,46

MSC overexpression of cardiac structural genes, ion
channel biomarkers, and Cx43 from the IONP-based
coculture could associate with enhanced therapeutic
efficacy in vivo. A number of previous studies tried
terminal cardiac differentiation of MSCs, however,
developing functional cardiac behaviors such as
action potential generation or calcium transient was

limited.16,17,25,26,28,32,47,48 Hence, the present study did
not address action potential generation or calcium
transient inMSCs. However, adaptation of electrophys-
iological biomarkers showed promising results in MI
treatment.16�18 Accordingly, we focused to potentiate
the therapeutic efficacy of MSC therapy by addressing
their electrophysiological phenotype development.

Cardiac Repair-Favorable Paracrine Profile of cMSCs. The
alteration of the cellular paracrine profile in MSCs
after IONP-based coculture was assessed by qRT-PCR
and protein array analysis (Figure 5). Angiogenic and

Figure 5. Cardiac repair-favorable paracrine profile of cMSCs (MSCs cocultured with IONP(þ) H9C2). Expressions were
normalized to the levels of unmodifiedMSCs. (A) Enhanced gene expressions of angiogenic proteins inMSCs, as evaluated by
qRT-PCR. *P < 0.05. (B) Representative images and quantitative analysis of the protein array. Paracrine molecules with
significant differences in pixel densities compared to unmodified MSCs or MSCs cocultured with IONP(�) H9C2 labeled with
dotted or solid lines, respectively. n = 3, *P < 0.05.
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cardioprotective proteins that are inherently expressed
in MSCs were first evaluated with qRT-PCR (Figure 5A).
Interestingly, cMSCs exhibited augmented gene ex-
pression of angiogenic proteins such as basic fibroblast
growth factor (bFGF), hepatocyte growth factor (HGF),
and vascular endothelial growth factor (VEGF) com-
pared with unmodified MSCs or MSCs cocultured with
IONP(�) H9C2 (Figure 5A). bFGF and VEGF are known
to promote angiogenesis and induce proliferation of
endothelial cells,3,11,22 while HGF has cytoprotective
and antiapoptotic effects.9,11 This finding is particularly
interesting because coculture of MSCs with IONP(þ)
H9C2 affected not only the cardiac-specific gene ex-
pression (Figure 4) but also the angiogenic gene

expression inMSCs. Additionally, upregulation of these
therapeutic genes was IONP-dependent, suggesting
that IONP-induced gap junctional coupling was critical
in developing cardioprotective gene expression in
MSCs during coculture.

To further evaluate the paracrine profile improve-
ment by coculture with IONP(þ) H9C2, we performed
protein array analysis for the conditioned media of
unmodified MSCs, MSCs cocultured with IONP(�)
H9C2, and cMSCs. Cocultured MSCs were first sorted
and replated to a culture plate. Initial number of
the plated cells was kept the same for all groups
(unmodified MSCs, MSCs cocultured with IONP(�)
H9C2, andcMSCs). Figure5Bdemonstrates representative

Figure 6. Injection of cMSCs attenuates left ventricular remodeling. (A) Histological sections of myocardium stained with
Masson's Trichrome, and their quantitative analysis. n = 4 animals, *P < 0.05. Bars, 200 μm. (B) Images of TTC stained heart
sections, and the quantitative analysis. The infarcted area is marked with a yellow line. n = 4 animals, *P < 0.05.
(C) Immunohistochemistry images of apoptotic cells and gap junction proteins at the border zone. TUNELþ apoptotic cells
(red) aremarkedwith white arrows. Apoptotic cells were quantified as the number of TUNELþ cells permm2. Cx43 expression
(green) was quantified using densitometry and evaluated relative to DAPIþ expression. Bars, 100 μm. n = 4 animals, *P < 0.05.
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dot blots and quantitative analysis of the assay
2 days after the MSC replating. MSCs cocultured with
H9C2, regardless of their IONP uptake, produced large
number of cytokines comparedwith unmodifiedMSCs.
Proteins that are known to repair damaged myocar-
dium, such as angiopoietin 1 (Ang-1) and urokinase-
type plasminogen activator (uPA) that reduce infarct
size,49�51 alongwith placental growth factor (PlGF) and
monocyte chemoattractant protein-1 (MCP-1) that
help collateral perfusion,52 showed significant upregu-
lation in bothMSCs cocultured with IONP(�) H9C2 and
cMSCs compared with unmodified MSCs. Surprisingly,
the secretion of plasminogen activator inhibitor-1
(PAI-1), pigment epithelium-derived factor (PEDF),
and VEGF was shown IONP-dependent and was
significantly increased in cMSCs compared to MSCs
cocultured with IONP(�) H9C2. PAI-1 is known to
promote angiogenesis by stimulating endothelial cell
migration53 and is expected to protect damaged myo-
cardium from extensive fibrosis.54 Also, PEDF and VEGF
have been suggested to have a protective role in MI
and reduce collagen deposition for improved cardiac
function, respectively.55,56 After magnetic cell sorting,
cMSCs remained active for 1 week to secrete the
paracrine molecules (PLGF, MCP-1, PEDF, and VEGF)
and showed increased cytokine secretion compared to
unmodified MSCs (Supporting Information Figure S4).
This suggests that the enhancement in paracrine
profile was not transient. Upregulation in paracrine
molecules is beneficial inmyocardium regeneration, as
a number of studies has previously emphasized the
reparative and long-term effect of paracrine signaling

ofMSCs.57�59 Our study demonstrates that cMSCs show
higher levels of therapeutic gene expression and pro-
tein secretion comparedwith unmodifiedMSCsorMSCs
cocultured with IONP(�) H9C2. Although we could not
specify which type of molecules were transferred from
H9C2 to MSCs, IONP-dependent developments of
therapeutic gene expression and paracrine profile
were clearly demonstrated. Significant enhancements
in MSC's innate cytokine profile could augment the
therapeutic efficacy of stem cell therapy.17

Left Ventricular Remodeling Attenuation in Vivo. Attenua-
tion of ventricular remodeling by cMSC administration
in vivo was assessed (Figure 6). Rats were treated with
no operation as a positive control, with saline as a
negative control, with MSCs as a conventional MI
treatment, and with cMSCs as the experimental group.
Two weeks after the treatments, Masson's trichrome
staining was performed to assess the area of collagen-
containing fibrous tissue. Longitudinal sections of the
heart showed markedly low levels of blue-colored
fibrotic tissue area in the cMSC group (Figure 6A).
Quantitative analysis showed that the injection of
cMSCs significantly reduced fibrotic tissue forma-
tion compared with the injection of saline or MSCs
(8.9 ( 3.6 versus 22.6 ( 4.5 and 18.2 ( 5.6%, respec-
tively; P < 0.05). The administration of cMSCs was also
associated with superior infarct size suppression
(Figure 6B). Infarct size was analyzed by triphenyl
tetrazolium chloride (TTC) staining and quantitatively
assessed by measuring the ratio of infarcted myocar-
dium in the left ventricle. The degree of infarct size was
significantly lower in the cMSC group compared with

Figure 7. Injection of cMSCs increases vessel density at the peri-infarct. (A) Expression of vWF (upper images; white arrows)
and SMA-R (lower images; white arrows) at the peri-infarct, 2 weeks after the treatments. Bar, 100 μm. (B) Quantification
of capillary and arteriole density. Vascular densities were quantified as vWFþ or SMA-Rþ vessels per mm2. n = 4 animals,
*P < 0.05.
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the saline or MSC groups (15.7 ( 3.2 versus 33.0 ( 9.9
and 28.2 ( 2.6%, respectively; P < 0.05).

Regulation of cardiac remodeling was further as-
sessed with myocardium apoptosis and endogenous
gap junction protein expression (Figure 6C). ApopTag
Fluorescein In Situ Apoptosis Detection Kit (TUNEL)
assay and immunohistochemistry for Cx43 were per-
formed 2 weeks after the treatments. The administra-
tion of cMSCs decreased peri-infarct apoptotic cell
numbers comparedwith the injection of saline orMSCs
(20.9( 3.2 versus 41.9( 11.1 and 33.9( 6.2 cells/mm2,
respectively; P < 0.05). Consequently, the densitometry
ratio of Cx43 to DAPI at the peri-infarct was higher in
the cMSC group compared with the saline or MSC
groups (3.9 ( 1.6 versus 0.6 ( 0.5 and 1.4 ( 0.5,
respectively; P < 0.05). This data suggests that cMSC
injection salvaged dying cardiac cells and better pre-
served Cx43 expression.

Increased Vessel Density in Vivo. To confirm that the
increased vascular growth was involved with the

improvement in cardiac remodeling, the heart sections
were stained 2 weeks after the treatments for the
expression of vonWillebrand Factor (vWF) and smooth
muscle actin alpha (SMA-R) (Figure 7). Capillary density
was notably higher in the cMSC group compared with
the saline or MSC groups (20.3 ( 4.3 versus 2.6 ( 0.9
and 12.3 ( 5.1 vessels/mm2, respectively; P < 0.05).
The cMSC group also showed higher arteriole density
at the border zone compared with the saline or MSC
groups (36.3 ( 6.2 versus 11.7 ( 2.6 and 20.8 (
6.8 vessels/mm2, respectively; P < 0.05). Our observa-
tions demonstrate that the suppression of physiologi-
cal remodeling of the heart was accompanied by
enhanced capillary and arteriole growth.

Animal Survival and Cardiac Function Improvements. Im-
provements in animal survival and cardiac function
after cMSC injection were evaluated (Figure 8). The
cumulative animal survival rate was analyzed with
Kaplan�Meier analysis (n = 6 animals for normal,
27 for saline, 21 for MSC, and 22 for cMSC; Figure 8A).

Figure 8. Injectionof cMSCs improves animal survival and cardiac functions. (A) The cumulative animal survival rate. *P<0.05,
log-rank analysis. (B) Representative images and the quantitative analysis of echocardiography. n = 6 animals, *P < 0.05.
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The cMSC group displayed the highest animal survival
compared with the other groups. The MSC group
showed an increase in survival, but not significant,
compared with the saline group (P > 0.05). The cMSC
group, however, showed a significant increase in ani-
mal survival compared with the saline group (P < 0.05).
Interestingly, a notable change in animal survival was
detected only within 72 h after treatment. Previous
studies showed the ventricular arrhythmias are most
likely observed within 48�72 h after infarction, and
they can be regulated with increased expression of
cardiac ion channel genes and gap junction protein of
the injected cells.12,14,60 Thus, the improved survival in
cMSC-treated animals at the initial phase of MI could
have been mediated by the cardiac electrophysiologi-
cal properties of cMSCs.

To further investigate the functional recovery of the
ischemic myocardium, transthoracic echocardiogra-
phy was performed and quantified (Figure 8B). Two
weeks after the treatments, both left ventricular inter-
nal diameter at end diastole (LVIDd) and at end systole
(LVIDs) were markedly decreased in the cMSC group
(LVIDd = 6.2 ( 0.5; LVIDs = 3.4 ( 0.5 mm) compared
with the saline (7.6 ( 0.6; 5.9 ( 0.7 mm; P < 0.05) or
MSC (7.0 ( 0.7; 4.6 ( 1.1 mm; P < 0.05) groups. The
improvements in LVIDd and LVIDs collectively affected
the contractility of the heart and greatly recovered the
ejection fraction (EF) ratio and fractional shortening
(FS) in the cMSC group (EF = 80.3 ( 5.9; FS = 44.7 (
5.7%) compared with the saline (50.9 ( 10.4; 22.6 (
5.7%; P < 0.05) or MSC (67.4 ( 14.2; 34.0 ( 10.2%; P <
0.05) groups (Figure 8B). A previous study has shown
that MSCs that express cardiac biomarkers can reduce
early animal sudden death, and MSCs' paracrine sig-
naling results in prolonged myocardium protection.16

We expect the developments of cardiac phenotype
and reparative paracrine profile in cMSCs from the
IONP-based coculture functioned cooperatively to

prevent physiological remodeling of the heart and
resulted in cardiac function recovery.16,23,61

Long-term engraftment of MSCs, however, was not
observed in this study, conforming to the previous
studies that showed improved cardiac function with
insignificant long-term survival of the injected MSCs
(Supporting Information Table S2).62�66 Injection of
human-derived MSCs into rat models could have
attributed to the lowMSC survival, but a previous study
also reported that allogenic injection of rat MSCs also
showed rapid cell clearance with improved cardiac
function.62,65,67 Even so, the physiological properties
of cMSCs that were previously known to be beneficiary
for MI treatment, including connexin 43 overexpres-
sion (Figure 4),12,18,46 cardiac electrophysiological gene
expression (Figure 4),13,14,16 and paracrine signaling
(Figure 5),7�9,22,68 contributed to the remarkable im-
provement in cardiac tissue repair and function.

CONCLUSIONS

In this study, we demonstrate a novel approach of
utilizing IONPs for cellular gap junction development,
and the generation of therapeutic potential-improved
cMSCs through coculture with IONP-harboring H9C2.
IONP uptake by H9C2 triggered intracellular signaling
cascade, which subsequently enabled gap junctional
coupling of H9C2 with MSCs and active cellular cross-
talk in coculture. MSCs cocultured with IONP(þ) H9C2
showed enhanced therapeutic properties, namely, a
cardiac phenotype development, which may reduce
electrophysiological challenges of naïve MSCs, and a
unique paracrine profile, which provides more cardiac
repair-favorable cytokines. Injection of cMSCs with
cardiac phenotype and improved cytokine profile
into rat MI models significantly improved cardiac
tissue repair and functional recovery. The IONP-based
coculture platform can be used to potentiate the
therapeutic efficacy of MSCs for MI.

METHODS
Preparation of IONPs. Iron(III) acetylacetonate (0.706 g, Acros,

99%) was dissolved in benzyl ether (10.40 g, Aldrich, 99%)
solution containing oleic acid (1.27 g, Aldrich, 90%) and
4-phenylcarboxylic acid (0.4 g, Acros, 95%). The solution was
degassed under vacuum for 1 h, refilled with argon, and heated
to 290 �C with a heating rate of 20 �C/min. After maintaining
290 �C for 30min, the solutionwas cooled to room temperature.
To precipitate the resulting nanoparticles, acetone or ethanol
was added to the solution, which was centrifuged at 1700 rpm
for 10min. The separated precipitate was dispersed in nonpolar
chloroform. The shape and size of the nanoparticles were
confirmed using transmission electron microscope operating
at 200 kV. To make the nanoparticles hydrophilic, they were
then encapsulated using 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
mPEG) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000] (DSPE-PEG-NH2, Avanti
Polar Lipids, Inc., Alabaster, AL). Typically, 10 mg of DSPE-mPEG
and DSPE-PEG-NH2 was added to 2 mL of IONP solution in

chloroform. After evaporating the solvent, 2 mL of sterilized
water was added and sonicated to disperse the nanoparticles.
Excess PEGylated phospholipids were removed using ultracen-
tifugation at 20 000 rpm for 1 h. Subsequently, aggregates or
contaminants were removed using a cellulose acetate syringe
filter (Advantec, Japan). To conjugate fluorescence dyes, nano-
particles with amine groupswere dispersed in phosphate buffer
saline. Onemilligramof rhodamine B isocthiocyanate (RITC) was
added, and the solution was stirred for 6 h. Excess RITC was
removed using a desalting column (PD-10, GE Healthcare
Life Sciences, Pittsburgh, PA). The final product was analyzed
using TEM.

Cell Culture and IONP Uptake. Human bone marrow MSCs were
purchased from Lonza (Walkersville, MD), and rat cardiac myo-
blast cell line H9C2 cells were purchased from Korean Cell Line
Bank (Seoul, Korea). Both MSCs and H9C2 cells were cultured in
growth medium consisting of low-glucose DMEM (Gibco, NY)
supplemented with 10% (v/v) FBS, 100 units/mL penicillin,
and 100 μg/mL streptomycin. To prepare IONP(þ) H9C2 cells,
nanoparticles were added into the medium at a concentration
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of 40 μg/mL. After 24 h, the cells were washed thoroughly with
PBS. For the detection of internalized IONPs, the cells were
analyzed using TEM and fluorescent microscopy (Model IX71,
Olympus, Tokyo, Japan). The cytotoxicity of IONPwasmeasured
using MTT and qRT-PCR. Intercellular iron contents were then
measured using inductively coupled plasmamass spectrometry
(ICP-MS; ICPS-7500, Shimadzu, Kyoto, Japan). To compare the
cytotoxicity of IONPs to direct iron ion delivery, H9C2 were
treated with 40 μg/mL IONPs, or with the same molar concen-
tration of Fe2þ/3þ in 40 μg/mL IONPs, and MTT assay was
performed after 24 h. To evaluate the intracellular signaling
cascade upon IONP uptake, Western blot analysis was
performed.

IONP-Based Coculture of MSCs. To prepare the IONP(þ) H9C2
feeder layer, H9C2 cell proliferation was first inhibited with
mitomycin-C (Sigma) at a concentration of 10 μg/mL for 2 h. The
cells were washed with PBS, and the media was switched to
fresh growth medium. IONPs were then added into the medi-
um. After 24 h of incubation, the cells werewashedwith PBS and
plated at a density of 3000 cells/cm2 in 150 mm culture dishes
(total 5 � 105 cells). Two days later, 2 � 105 MSCs were seeded
into the IONP(þ) H9C2 cell-plated 150 mm culture dishes. A cell
number ratio of 2:1 between IONP(þ) H9C2 andMSCs was used
in this study because, when 1:1 ratio was used for coculture,
mitomycin-C-treated, nonproliferating IONP(þ) H9C2 was over-
whelmed by proliferative MSCs after 1 week, limiting cell�cell
crosstalk. When cell number ratio of 3:1 was used, however,
therewere comparatively toomany IONP(þ) H9C2 compared to
MSC, resulting in noneffective cell�cell crosstalk. To maximize
cellular contacts between IONP(þ) H9C2 and MSCs, we opti-
mized the cell number ratio to 2:1 between IONP(þ) H9C2 and
MSCs.

For the analysis of dye transfer from H9C2 to MSCs, both
IONP(þ) H9C2 and IONP(�) H9C2 were prelabeled with DiI
(6.25 μg/mL; Sigma) and calcein-AM (10 μmol/L; Sigma) before
cocultured with MSCs. After 48 h of coculture, the cells were
counterstained with DAPI, and dye transfer was evaluated using
fluorescent microscope.

IONP-Driven Cell Sorting after Coculture. After 7 and 14 days of
coculture, the mixture of MSCs and IONP(þ) H9C2 cells were
collected by trypsinization, resuspended in growth medium,
and collected into Eppendorf tubes. A neodymiummagnet was
placed right next to the tube to induce cell sorting, while the cell
suspension was continually gently mixed for dispersion. After
2 min of sorting, macroscopically dark colored IONP(þ) H9C2
cells were magnetized to the magnet and accumulated at the
bottom of the tube. Only the top suspension of the cells was
collected and resuspended in growth medium. Magnet-
induced cell sorting was repeated 5 more times. After the sixth
sorting, the homogeneous MSC suspension was collected, and
the purity was evaluated by immunofluorescent staining for
HNA and by FACS installed at the National Center for Inter-
university Research Facilities (NCIRF) at Seoul National Univer-
sity (FACS Aria II, Seoul, Korea).

In Vitro Assessments. Upregulation in cardiac specific gene
expression was measured with qRT-PCR. RNA was extracted
from the cells and reverse-transcribed into cDNA. Expression
of cardiac structural and ion channel genes were measured
using StepOnePlus real-time PCR system (Applied Biosystems,
Foster city, CA) with FAST SYBR Green PCR master mix (Applied
Biosystems) for 45 cycles. Each cycle consisted of the following
temperatures and times: 94 �C for 3 s and 60 �C for 30 s. The
primers are listed in Supporting Information Table S1.

For protein detection, immunohistochemistry and Western
blot analysis was performed against Cx43 for MSCs and 2 week-
cocultured cMSCs.

For Western blot analysis, IONP(þ) H9C2 lysate was pre-
pared using sodium dodecyl-sulfate (DS) sample buffer
(62.5 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol,
50 mM dithiothreitol, and 0.1% (w/v) bromophenol blue). The
total concentration of the protein was determinedwith bicinch-
oninic acid protein assay (Pierce Biotechnology, Rockford, IL)
and further performed through 10% (w/v) SDS-polyacrylamide
gel electrophoresis. Proteins were transferred to Immobilon-P
membrane (Millipore Corp., Bedford, MA) and probed with

antibodies against c-Jun N-terminal kinases (JNK; Abcam, Cam-
bridge, U.K.), phosphorylated JNK (p-JNK; Abcam), c-Jun
(Abcam), phosphorylated c-Jun (p-c-Jun; Abcam), connexin 43
(Cx43; Abcam). and beta actin (ß-actin; Abcam). Proteins were
incubated with horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at
room temperature, and blots were developed using a chemilu-
minescence detection system (Amersham Bioscience, Piscat-
away, NJ).

Cytokine gene expression and protein secretion were ana-
lyzed using qRT-PCR and proteome profiler human angiogen-
esis array (R&D systems, Minneapolis, MN) according to the
manufacturer's directions. After 2 weeks of coculture, cMSCs
were sorted and plated to a 100mmculture dish. Two days later,
conditioned medium was collected for angiogenesis array, and
RNA was extracted from the cells for qRT-PCR. To evaluate the
paracrinemolecule secretion activity of cMSCs after 1week time
point, 2 week cocultured cMSCs were sorted and plated to a
100 mm culture dish. One week later, the conditioned medium
was collected for angiogenesis array. For the paracrine secretion
activity characterization, the initial number of plated cells was
kept the same for all groups (unmodified MSCs, MSCs cocul-
tured with IONP(�)H9C2, cMSCs 2 days, and cMSCs 1 week).
Quantitative analysis for angiogenesis array was performed
with densitometry using ImageJ software from National Insti-
tutes of Health. The primers are listed in Supporting Information
Table S1.

MI Model and Treatment. Myocardial infarction was induced in
8 week old Sprague�Dawley rats (240 ( 10 g) obtained from
Samtako Bio (Osan, Korea), as previously described.69 Briefly,
after general anesthesia, the rat heart was exposed at the left
costal rib through incision. Then, the left anterior descending
artery (LAD) was ligated with a 6�0 silk suture (Ethicon,
Cincinnati, OH) for 1 h and then reperfused. Infarction was
macroscopically visualized as blanching in the left ventricle. For
sham-operated Normal groups, no ligation was performed. For
intramyocardial injection of MSCs and cMSCs, 1� 106 cells were
injected in a total volume of 60 μL of PBS using a 30-guage
needle (BD Bioscience) 1 h after artery occlusion. Injectionswere
made at the anterior and lateral aspects of the infarction border
zone. For saline injection, 60 μL of saline was injected at the
same sites. The use of animals was in accordance with the
International Guide for the Care and Use of Laboratory Animals.
The experimental protocol was approved by the Animal Re-
search Committee of Yonsei University College of Medicine
(IACUC No. 2012-0202-2).

Histological and Immunohistochemical Assessments. Two weeks
after cell transplantation, the animals were sacrificed and the
heart tissues were fixed with 10% (v/v) formaldehyde, em-
bedded in paraffin, and sliced into 5 μm sections. To assess
fibrotic tissue formation after infarction, the heart sections were
stained with Masson's trichrome. The area of fibrotic tissue was
measured using MetaMorph software (Molecular Devices, Sun-
nyvale, CA), and further expressed as the percentage to the total
left ventricle.

To measure the infarct size of the myocardium, rat hearts
were sectioned transaxially and incubated in TTC (Sigma) for
20min under 37 �C, followed by 10% formalin fixation at 2�8 �C
overnight. Infarcted region appeared yellow-white, and viable
myocardium appeared red. Heart sections were photographed
with a digital camera, and the area was measured with plani-
metry using ImageJ software. The area of infarction was ex-
pressed as the percentage of yellow-white infarct tissue to the
total left ventricle.

Vessel density at peri-infarct was evaluated by staining
tissue sections with anti-vWF antibody (Abcam) and anti-SMA-
R antibody (Abcam). Fluorescent detection of vWF and SMA-R
was visualized by FITC or Rhodamin-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories), respectively.
Vessel structures positive for vWF or SMA-R expression were
quantified for 4 animals per group, 2 slides per animal, and 3 to 4
fields per slide.

To evaluate tissue apoptosis, TUNEL (Chemicon, Billerica,
MA) was used according to the manufacturer's instruction. The
number of apoptotic cells was counted for 4 animals per group,
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2 slides per animal, and 3 to 4 fields per slide. For the detection
of Cx43 at the borderzone, anti-Cx43 antibody (Abcam) was
used and detected with FITC-conjugated secondary antibody.
Quantitative analysis was performed with densitometry using
ImageJ software from National Institutes of Health.

Evaluation of Cardiac Functions. Two-dimensional transthoracic
echocardiography was performed at baseline (normal) and
for all experimental groups (n = 6 per group) 2 weeks after
treatment. Assessments were carried out by an experienced
cardiologist, blinded to the identity of the experimental groups.
Images were acquired with a 14 MHz linear-array transducer
interfaced with an ultrasound system (Vivid q, GE, Vigmed
Ultrasound, Horten, Norway). Left ventricular internal diameters
at end-systole (LVIDs) and at end-diastole (LVIDd) were mea-
sured fromM-mode echocardiography in themidpapillary short
axis view.
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