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S
tem cell therapy has been spotlighted
as a promising approach for various
types of disease treatments and tissue

regeneration. However, despite their multi-
potency, transplantations of naïve stem
cells have shown low differentiation effi-
ciency in vivo.1 Such outcomes are the result
of the incompatible physicochemical char-
acteristics of stem cells with the surround-
ing in vivo environment,1,2 discouraging
the creation of an optimal milieu for tissue
repair. Thus, inducing stem cell differentia-
tion into the desirable cell type, prior to

implantation, has been proposed to im-
prove their therapeutic results.1�3 The dif-
ferentiation of stem cells can be regulated
by the surrounding microenvironment, the
so-called stem cell niche.4 Several ap-
proaches, such as introducing bioactive
molecules or scaffolds that provide the
biomimetic microenvironments, have been
reported to promote the differentiation of
stem cells.5�7 However, such artificialmicro-
environments may be insufficient in mim-
icking the complex nature of native micro-
environments to regulate the differentiation
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ABSTRACT Coculturing stem cells with the desired cell type is an

effective method to promote the differentiation of stem cells. The

features of the membrane used for coculturing are crucial to

achieving the best outcome. Not only should the membrane act

as a physical barrier that prevents the mixing of the cocultured cell

populations, but it should also allow effective interactions between

the cells. Unfortunately, conventional membranes used for coculture

do not sufficiently meet these requirements. In addition, cell harvesting using proteolytic enzymes following coculture impairs cell viability and the

extracellular matrix (ECM) produced by the cultured cells. To overcome these limitations, we developed nanothin and highly porous (NTHP) membranes,

which are ∼20-fold thinner and ∼25-fold more porous than the conventional coculture membranes. The tunable pore size of NTHP membranes at the

nanoscale level was found crucial for the formation of direct gap junctions-mediated contacts between the cocultured cells. Differentiation of the

cocultured stem cells was dramatically enhanced with the pore size-customized NTHP membrane system compared to conventional coculture methods. This

was likely due to effective physical contacts between the cocultured cells and the fast diffusion of bioactive molecules across the membrane. Also, the

thermoresponsive functionality of the NTHP membranes enabled the efficient generation of homogeneous, ECM-preserved, highly viable, and transfer-

printable sheets of cardiomyogenically differentiated cells. The coculture platform developed in this study would be effective for producing various types of

therapeutic multilayered cell sheets that can be differentiated from stem cells.
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of stem cells.8 Instead, coculturing stem cells with the
desired type of differentiated cells is highly effective
in controlling their fate.9�11 The coculture strategy
induces stem cell differentiation by providing the natu-
rally occurring cell-to-cell cross-talk, either through solu-
ble paracrine factors or direct cell�cell contact,
mimicking the native tissue microenvironment.12 In
addition, the coculture strategy is often more cost-
effective than dosing the culture medium with specific
biomolecules, including growth factors.13 Several stud-
ies using coculture have reported effective stem
cell differentiation into osteoblast,9 cardiomyocyte,10

neuronal, and glial cells.11

The features of the membrane used in coculture
systems are critical to stem cell differentiation out-
comes. The membrane should allow effective cell-to-
cell cross-talk between the heterogeneous cells (i.e.,
stem cells and the desired type of differentiated cells),
while at the same time serve as a physical barrier to
prevent mixing of the cells for efficient cell separation
following coculture.14,15 “Transwell” is a commercially
available porous membrane that is conventionally
used for coculture. However, because of the “track-
etched” fabrication method, a Transwell membrane
is more than 10 μm thick and has a low porosity.14

A previous study demonstrated that the physical prop-
erties of Transwell membranes hinder sufficient physi-
cal contact between cocultured heterogeneous cells
and the diffusion of bioactive molecules, secreted by
the cultured cells across the membrane.16 Thus, devel-
oping an ultrathin, highly porous membrane that
allows effective direct cocultured cellular contacts
and paracrine factor diffusion across the membrane
is required for efficient stem cell differentiation.
In addition, enzymatic harvesting of cells following

coculture is a major drawback of conventional cocul-
ture systems, since such methods damage the extra-
cellular matrices (ECM) produced by the cultured cells
and reduce their viability. This results in poor survival
and low therapeutic efficacy of the implanted cells.17,18

This poor survival also hampers the functional benefits
of the cell therapy.19 As an approach that can over-
come such problem, cell sheet engineering has
attracted considerable interest. The preservation of
ECM of the cell sheet was reported to facilitate cell
survival and engraftment after implantation.18,20 More-
over, implanting multilayered cell sheets was reported
to result in better therapeutic outcomes than single-
layered cell sheets, as more cell�cell junctions and
ECM resulted in better reparative effects of the
cells.21�23

Here, we report the development of nanothin and
highly porous (NTHP) membranes with a thermore-
sponsive property for generating transfer-printable
sheets of cells differentiated from stem cells through
coculture. The nanothin and highly nanoporous archi-
tecture of the NHTP membrane was realized by a

vapor-induced phase separation (VIPS) mechanism
using a spin-coating process. By using this process,
the pore size of NTHP membranes was finely tuned
at the nanoscale level by changing the process pa-
rameters and conditions. The NTHP membranes are
∼20-fold thinner and ∼25-fold more porous than
conventional “Transwell” membranes. Also, the initi-
ated chemical vapor deposition (iCVD) process was
employed to graft a thermoresponsive layer confor-
mally onto the NTHPmembranes without altering their
porous structure. We hypothesized that such features
of the NTHP membrane would induce effective dif-
ferentiation of stem cells into the desired cell type
through coculture. The NTHP membrane would allow
active cell-to-cell communication between the hetero-
geneous cocultured cells, as it significantly shortens
the distance between the cells to the nanoscale level,
creating a more in vivo-like environment. At the same
time, the NTHP membrane would function as an effec-
tive physical barrier preventing cell cross-contamination.
Another expected benefit of the free-standing, thermo-
responsive NTHP membrane is that it can generate a
transfer-printable cell sheet in response to tempera-
ture change. The NTHP membrane would allow easy
harvesting of the differentiated cell sheets after cocul-
ture due to its free-standing, transferable property.
In addition, it could be used to print the differentiated
cell sheets to formmultilayered cell sheets or tissue for
implantation. The ECM of the cell sheets are preserved
with this technique, which would enhance the ther-
apeutic efficacy of the cells following implantation.
In short, the NTHP membrane developed in this study
canbeused as an effective coculture tool for engineering
multilayered sheets of differentiated cells originating
from stem cells, and serve as a promising modality for
cell therapy.

RESULTS AND DISCUSSION

Fabrication and Characterization of NTHPMembrane. Figure1A
illustrates the procedure for the fabrication of the
thermoresponsive NTHP membrane. When a nonsol-
vent in the liquid phase comes in contact with a
polymer solution, mass exchange between the poly-
mer solution and nonsolvent occurs rapidly, forming
macrovoids in the membrane.24 To induce the nano-
scale pore architecture, the mass exchange rate was
slowed by using the vapor phase of the nonsolvent
(i.e., water), with controlled relative humidity (RH), during
the spin-coating process. RH has a decisive effect on
the number and size of pores as it results in different
composition paths as shown in the ternary phase diagram
(Figure 1B).25 Among the various process parameters in
designingVIPS-basedmembranes,26 in this study, thepore
size of the NTHPmembrane was tuned by controlling the
RH, spin-rate, and different types of solvent in polymer
solution. NTHP membranes with distinctively different
sizes of well-defined pores (i.e., an average of 100, 380,
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Figure 1. Fabrication and characterization of NTHP membranes with tunable pore architecture used in this study.
(A) A schematic diagram showing the fabrication of thermoresponsive NTHP membranes. (B) VIPS composition paths
of NTHP membranes in a ternary phase diagram and the corresponding AFM images obtained at different RH. Bars, 500 nm.
(C) Morphologies of NTHPmembranes with different pore sizes. (D) SEM and AFM images of (i, ii) a Transwell membrane and
(iii, iv) an NTHP membrane. Bars, 2 μm. (E) Thickness and porosity of a Transwell membrane and an NTHP membrane (with
comparable pore size of 400 and 380 nm, respectively). *p < 0.05. (F) Schematic of the chemical reactions for the iCVD
polymerization of GMA monomers and the grafting of PNIPAAm onto the pGMA-coated NTHP surface. (G) AFM images of
NTHP membranes before and after the grafting of PNIPAAm. Bars, 2 μm. (H) FT-IR spectra of (i) iCVD pGMA polymer,
(ii) PNIPAAm-grafted surface, and (iii) PNIPAAm powder. (I) Water contact angle measurements of the PNIPAAm-grafted
surfaces at different temperatures.
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and 860 nm pore size, respectively, with similar
thickness) can be generated by changing the pro-
cess parameters (Figure 1C, Supporting Information,
Figure S1, and Table S1).

The surface morphologies of commercial Transwell
and our NTHP membranes (with comparable pore size
of 400 and 380 nm, respectively) were examined and
compared by scanning electron microscopy (SEM) and
atomic force microscopy (AFM) (Figure 1D). While the
thickness and porosity of the Transwell membrane
were 10 μm and 2%, respectively, those of the NTHP
membrane were 380 nm and 54%, respectively
(Figure 1E). This highlights the nanothin and highly
porous architecture of the developed NTHPmembrane.

To harvest transfer-printable cell sheets from NTHP
membranes, the surface of the membrane was grafted
with a thermoresponsive polymer, poly(N-isopropyla-
crylamide) (PNIPAAm).27 Previous studies reported
that changes in hydration of PNIPAAm polymer in
response to temperature can alter the cellular adhe-
siveness/nonadhesiveness of the PNIPAAm-grafted
surface.27�30 Above the lower critical solution tem-
perature (LCST) in an aqueous solution of 32 �C,
PNIPAAm-grafted polymer become mildly hydro-
phobic since the conformation of the PNIPAAm poly-
mer chains collapses. The collapsed state of PNIPAAm
polymer chains promotes adsorption of cell-adhesive
proteins (e.g., fibronectin) on the PNIPAAm-surface
and allows subsequent cellular adhesion. Below the
LCST, the PNIPAAm-grafted polymer rapidly swells and
becomes highly hydrophilic. The entropic repulsion
of the protein adsorption initiates the detachment of
the cells.31 To conformally graft a PNIPAAm layer onto
NTHP membranes, while preserving the porous struc-
ture of themembranes, the iCVDmethodwas adopted.
iCVD is an effective method of coating various types of
functional polymer thin films uniformly onto complex
surfaces, including nanopatterned substrates and nano-
porousmembraneswithout altering the substrate struc-
ture and properties.32 The NTHP membranes were
initially coated with an epoxy-containing linker layer
composed of poly(glycidyl methacrylate) (pGMA),33

followed by a grafting reaction with amine-terminated
PNIPAAm using an epoxy-amine addition reaction
(Figure 1F). This method successfully preserved the
highly porous architecture of the NTHP membrane
even after PNIPAAm engraftment (Figure 1G).

The chemical compositions of deposited polymer
films were examined by Fourier transform infrared
spectroscopy (FT-IR) (Figure 1H and Figure S2) and
X-ray photoelectron spectroscopy (XPS) (Supporting
Information Figure S3 and Table S2). In the FT-IR
spectrum of the pGMA-coated membrane, the char-
acteristic epoxy pendant peaks at 760, 847, and
908 cm�1 were clearly identified (yellow box in
Figure 1H), indicating that the GMA monomers were
successfully polymerized by the iCVD process without

degradation of the epoxy functionality of the GMA
monomer. This result was fully consistent with our
previous study (Figure S2).34 The FT-IR spectrum of
the PNIPAAm-immobilized surface clearly showed the
increase of the secondary amides N�H stretch-
ing vibrations (3370�3270 cm�1), compared to the
pristine pGMA deposited surfaces, confirming the
PNIPAAm functionalization onto theNTHPmembranes
(gray box of inset spectra). Furthermore, in comparison
with PNIPAAm powder, the decreased primary amine
peak intensity of the PNIPAAm-immobilized surface
clearly illustrated that the primary amine functionality
in the amine-terminated PNIPAAm was consumed by
the epoxy-amine addition reaction with the surface
pGMA linker layer (blue box). A sharp, reversible phase
transition of the PNIPAAm-grafted surface was moni-
tored by measuring the water contact angle change
with repeated temperature variation (Figure 1I), dem-
onstrating the thermoresponsive property of the PNI-
PAAm-grafted NTHP membranes.

Biocompatibility of NTHP Membrane as Cell Culture Sub-
strate. To investigate the biocompatibility of the NTHP
membrane, human bone-marrow derived mesenchy-
mal stem cells (MSCs) were cultured on tissue culture
polystyrene (TCPS) dishes, Transwell membranes
(Transwell), and NTHPmembranes (NTHP). The viability,
apoptotic activity, and proliferative activity of MSCs on
each surface were measured for comparison. The
numbers of live cells were obtained at various time
points using a Cell Counting Kit-8 assay. The assay
revealed no significant differences in the number of
live cells among the groups (Figure 2A). In addition, we
examined the expressions of a pro-apoptotic regula-
tory gene, BAX, and an antiapoptotic regulatory gene,
Bcl-2, on day 3 of the MSC culture. The data showed
that MSCs on TCPS, Transwell, and NTHP membranes
expressed comparable levels of apoptosis-regulatory
genes (Figure 2B). Proliferating cell nuclear antigen
(PCNA) staining on day 3 and day 7 also indicated
comparable proliferation of MSCs between the groups
(Figure 2C). Collectively, the data indicate that the
NTHP membrane is a biocompatible cell culture sub-
strate.

Coculture Using Thermoresponsive NTHP Membrane for the
Generation of Transfer-Printable Cell Sheet. Scheme 1 illus-
trates the NTHP-based coculture system for generating
transfer-printable differentiated cell sheets originating
from cocultured stem cells. MSCs were seeded on the
PNIPAAm-grafted surface of NTHP membranes at
37 �C. H9C2 cells (H9C2s), a cardiomyoblast cell line,
were seeded on culture dishes. Following this, the
MSC-seeded NTHP membrane was layered on top of
the H9C2-seeded culture dish for coculture. To secure
the membrane stacking on H9C2s and prevent mem-
brane displacement during coculture, a square stain-
less steel ring was placed on top of the membrane.
MSCs were cocultured with H9C2s to induce the
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cardiac differentiation of MSCs by simulating the niche
of MSCs with paracrine factors secreted from H9C2s
and direct MSCs-H9C2s contact across the NTHPmem-
brane.35 After 1 week of coculture, the NTHP mem-
brane, originally seeded with MSCs, was transferred
from the H9C2-cultured dish onto a new culture dish.
At a lower temperature of 20 �C, a sheet of cardiac-
differentiated cells was printed on to the new dish.

Varying Extents of Cellular Interactions between Cocultured
Cells Depending on the Different Pore Sizes of NTHP Membranes.

To determine the ideal pore size of NTHP membranes
that would support maximum cell-to-cell communica-
tion (i.e., diffusion of paracrine soluble factors and cell
junctions-mediated direct contacts), the extents of
cellular interactions between the cocultured MSCs
and H9C2s were examined. Cellular proximity along
with protein diffusion across the NTHP membranes
with varying pore sizes were evaluated and compared
to Transwell membranes. We also analyzed whether
the pore dimensions of the membranes affect the

Figure 2. Biocompatibility of NTHPmembranes evaluated in terms of live cell number, proliferation, and apoptotic activity of
MSCs cultured on the membranes. (A) The number of live cells expressed relative to the number of live cells on tissue culture
polystyrene (TCPS) dish at day 1. The data were obtained using the CCK-8 assay. (B) Changes in expressions of apoptosis
regulatory genes, a pro-apoptotic marker BAX and an antiapoptotic marker Bcl-2, in MSCs cultured on various surfaces for
3 days evaluated by qRT-PCR. (C) Images and quantification of proliferating cells evaluated by PCNA immunocytostaining.
PCNAþ (red) cells are proliferating cells. DAPI (blue) stains nuclei. Bars, 100 μm.

Scheme 1. Schematic illustrations of the NTHP membrane-based generation of transfer-printable sheets of differentiated
cells through co-culture.
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functional gap-junction-mediated direct cell-to-cell
cross-talk between MSCs and H9C2s using the calcein-AM
dye transfer assay.

To observe the cell-to-cell proximity between MSCs
and H9C2s, each cell type was labeled with different
colored dyes: MSCs with green and H9C2s with red
(Figure 3A). The side view of the cocultured MSCs and
H9C2s, separated by a Transwell membrane, showed
that the distance between the cocultured cells was as
far as 10 μm, which corresponds to the thickness of the
Transwell membrane (Figure 3Aii). In contrast, the
cocultured MSCs and H9C2s in the NTHP membrane
systems were in close contact (Figure 3A iv, vi, and viii).
However, the distances between the cells using NTHP
membraneswith 380 and 860nmpore sizes (NTHP-380
and NTHP-860, respectively) were in closer proximity
(within the 200 nm resolution of super-resolution
confocal microscopy) compared to cells cultured
on 100 nm pore size membrane (NTHP-100), as some
parts of the cells were observed in yellow due to the
colocalized pixels of green and red fluorescence
(arrows in Figure 3A v and vii).

Next, to compare the rate of protein diffusion
through the NTHP membrane versus the Transwell
membrane, mathematical modeling and empirical
studies on protein diffusion were conducted. To eval-
uate the effects of thickness and porosity of the
membrane on the interphase transfer of protein mole-
cules, we employed a simplified one-dimensional
mathematical model that was established in a previous
study.36

DC
Dt

¼ Deff
D2C
Dx2

(Deff ¼ D0f (C0, Cs)h[ε, ζ, L(X)]) (A)

where C is the concentration of proteins, D0 the dif-
fusion coefficient in water, Deff the effective diffusion
coefficient of proteins which is influenced by the
physical properties of the solute, f(C0, Cs), and the
microstructural properties of the membrane, h[ε, ζ,
L(X)]. In addition, a hindrance factor of the diffusion
coefficient,37 which accounts for the decrease in the
rate of diffusion in less porous material, was pro-
posed as

Deff

D0
=

2θ
3� θ

(B)

eq A combinedwith eq Bwas solved numerically under
proper boundary conditions. The results indicated that
protein diffusion occurred faster when the membrane
thickness is reduced (Figure S4) and the membrane
porosity is increased (Figure S5).

Subsequently, a chamber was designed to empiri-
cally compare the rate of protein diffusion through the
NTHP and Transwell membranes. Each membrane was
set to partition the protein diffusion chamber into two
secluded compartments. One compartment was filled
with 10 mL of 10 μg/mL bovine serum albumin (BSA)

solution, while the other was filled with phosphate
buffer saline (PBS) of equal volume. Thus, BSA was
allowed to diffuse into the PBS chamber only through
the separating porousmembrane (Figure 3B). The result
showed that the BSA diffusion rate was not affected by
the pore sizes of NTHP membranes (Figure 3Bi), which
was likely due to the comparable porosity and thick-
ness among the membranes (Table S1). However, the
BSA diffusion rate was significantly higher in the NTHP
membrane system compared to the Transwell mem-
brane system (Figure 3Bii), which can be attributed
to the reduced thickness and higher porosity of the
NTHP membranes (Figure 1E).36,37

To investigate whether the cocultured MSCs and
H9C2s were undergoing active direct cell-to-cell cross-
talk via gap junctions, a calcein-AM dye transfer assay
was performed (Figure 3C). MSCs, on the top side of
each membrane, were dual-labeled with DiI (red) and
calcein-AM (green). DiI is a dye that labels cell mem-
branes and cannot be transferred through direct
cell�cell contact. Calcein-AM is nonfluorescent outside
cells. However, once calcein-AM penetrates cells, it
is cleaved to fluorescent calcein by esterase within
the cells.38 The fluorescent calcein is cell membrane-
impermeant and can pass only through direct cell-to-
cell gap junction channels.39 Thus, without direct cell-
to-cell connections, calcein cannot diffuse from MSCs
into the underlying H9C2s during the dye transfer
assay. The results showed that calcein-AM was not
transferred to H9C2s (green color only) in the Transwell
system (Figure 3Ci). The side view of the cocultured
cells clearly showed that none of the H9C2s (arrow
heads in Figure 3Cii) on the bottom side of the Trans-
well membrane (indicated by yellow dashed line)
exhibited green fluorescence, indicating that there
was no calcein-AM transfer across the Transwell mem-
brane (Figure 3Cii). This is due to the large thickness
and low porosity of the Transwell membrane, which
fails to permit effective cell�cell contact between the
coculturedMSCs andH9C2s layers. In addition, calcein-
AM was not transferred to H9C2s across the NTHP-100
membrane system (arrowheads in Figure 3Civ), indi-
cating that despite close proximity the cells were not
forming direct cell�cell contacts. In contrast, calcein-
AM transferred H9C2s were observed in the NTHP-380
and NTHP-860 systems. (Figure 3Cv and Figure 3Cvii).
The side view also revealed extensive calcein-AM
transfer across the NTHP membrane from the top
MSC layer to the bottom H9C2s layer (arrows in
Figure 3Cvi and viii). These data clearly indicate that
while the ultrathin thickness and high porosity of the
NTHP membrane allows dynamic and direct MSCs-
H9C2s contact via gap junctions, the nanoscale pore
sizes of the membranes also play a crucial role in the
formation of gap junctions between the cocultured
cells. Finally, we found that NTHP membranes with
pore size below 100 nm were not ideal for direct
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cell�cell gap junction-mediated interactions between
the cocultured cells.

Facile, Homogeneous Collection of MSCs Postcoculture. For
cardiac differentiation of stem cells through coculture,

Figure 3. Assessments of direct intercellular interactions in the coculture systems and the rates of protein diffusion through
the membranes. (A) Confocal images of cocultured MSCs (green) and H9C2s (red) viewed from the (i, iii, v, and vii) top (bars,
100 μm) and (ii, iv, vi, and viii) side (bars, 20 μm). The Transwell membrane is marked with yellow dashed lines. MSCs and
H9C2s in close proximity (within the 200 nm resolution of super-resolution confocal microscopy) were yellow due to the
colocalized pixels of green and red fluorescence (arrows in v and vii). (B) Illustration of protein diffusion chamber experiment
andquantitative analysis of the rate of BSAmolecule diffusion throughNTHPmembranes dependingon (i) various sizes of the
nanopores of themembranes and (ii) compared to Transwellmembranes. *p<0.05. (C) Confocal images of calcein-AM (green)
dye transfer between cocultured MSCs and H9C2s via gap junctions. Prior to coculture, MSCs were dual-labeled with DiI (red)
and calcein-AM (green). Only cells that form direct contact would show calcein�AM (green) transfer fromMSCs (on top of the
membrane) toH9C2s (on bottomof themembrane). Confocal images of the (i and iii) top and (ii and iv) side views of Transwell
and NTHP membranes with a pore size of 100 nm show dual-labeled MSCs (red and green) on the top of the membrane
with no calcein-AM (green) transfer to the H9C2s (no green, arrow heads in (ii) and (iv)) on the bottom ofmembrane, showing
the absence of direct contact between the cells in both systems. The Transwellmembrane ismarkedwith yellowdashed lines.
In contrast, confocal images of the (v and vii) top and (vi and viii) side views of NTHP membranes with pore sizes of 380 and
860 nm, respectively, indicate calcein-AM (green) transfer from dual-labeled MSCs (red and green) on the top of NTHP
membrane to H9C2s (green only, arrows in (vi) and (viii)) on the bottom, demonstrating direct contact between MSCs and
H9C2s. Bars, 50 μm.
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the use of allogeneic cardiac cells or cell lines is
inevitable due to limited access to human primary
cardiac cells.40 For therapeutic applications, the homo-
geneity of the collected cells postcoculture should be
strictly preserved as contamination of the collected
cells with exogenous cells might result in serious
complications such as immune rejection after in vivo

transplantation.41 Thus, the role of the membrane as a
physical barrier between the two types of cell popula-
tions is important to prevent the cross contamination
and preserve the homogeneity of the cells.

A remarkable feature of the NTHP membrane sys-
tem is facile harvesting of MSCs from the cocultured
cell populations. Owing to its free-standing capability,
the NTHP membrane is readily transferable, facilitating
the fast andeasy collection of culturedMSCs (Figure 4A).
Green fluorescence dye (DiO)-labeledMSCs, which have
been cocultured with red fluorescence dye (DiI)-labeled
H9C2s, were exclusively isolated from the cocultured
cell populations by NTHP membrane transfer after
1 week of coculture, demonstrating the fast and simple
harvesting of MSCs with NTHP membranes (Figure 4B).

To determine whether NTHP membranes effec-
tively prevent cellular cross-contamination across the
membranes, the homogeneity of the collected MSCs
after 1 week of coculture was assessed using fluores-
cence-activated cell sorting (FACS) (Figure 4C) and
fluorescence microscopy (Figure 4D). The quantitative
analysis by FACS and qualitative observation through
fluorescence microscopy revealed that the homoge-
neity of the collected MSCs from the NTHP-380 mem-
brane was high and comparable to that from com-
mercial Transwell membrane. This demonstrated the
robust function of the NTHP-380 membrane as a
competent physical barrier between the cocultured
cells. In addition, the data indicated that adhesion of
H9C2s on to the culture dish was strong enough to
prevent their detachment upon transfer of the NTHP
membrane, contributing to the high purity of the
collected MSCs (Figure 4D). However, the impurity of
the collected MSCs from the NTHP-860 membrane
system was much higher compared to to that of both
MSCs collected from Transwell and NTHP-380 systems
(Figure 4C and Figure 4D). These data were consistent

Figure 4. Facile collection of MSCs and assessing their purity following coculture with H9C2s, using the transferable NTHP
membrane. (A) Photograph showing the transfer of MSCs cultured on PET-framed NTHPmembrane following coculture with
H9C2s. The PET frame ismarkedusing yellowdashed lines. (B) Fluorescent images ofMSCs (green) andH9C2s (red) cocultured
on the top and bottom sides of the NTHPmembrane and the MSCs collected following transfer of the NTHPmembrane (pore
size of 380 nm) onto a new dish. Bars, 100 μm. (C) Homogeneity of the collected MSCs analyzed by FACS analysis. MSCs are
expressed in green and H9C2s in red. (D) Fluorescent images and quantification of the MSCs collected and replated on a new
culture dish to analyze their purity. Bars, 100 μm. *p < 0.05 vs other groups.
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with a previous study that indicated cellular cross-
migrations in cocultured populations separated by
membranes with pore sizes around 1 μm.42 Collec-
tively, we deduced that the ideal pore size for the NTHP
membrane system that allows dynamic interactions
between the cocultured cells and at the same time acts
as a robust physical barrier between them is 380 nm.

Enhanced Differentiation of MSCs by NTHP Coculture System.
Previous studies have reported that naïve MSC trans-
plantation for myocardial infarction treatment is in-
sufficient to achieve the best therapeutic outcome
because transplanted MSCs rarely differentiate into
cardiomyocytes in vivo, and the physiological charac-
teristics of naïve MSCs is inharmonious with the heart

Scheme 2. Comparison of the NTHPMembrane-Based Coculture Systemwith the Conventional Transwell Coculture Systems

Figure 5. Enhanced cardiac differentiation ofMSCs in the NTHPmembrane system following 1week of coculture with H9C2s.
(A) mRNA expression levels of cardiac transcription factor (MEF2C), cardiac structural marker (MLC2v), gap junction marker
(connexin 43), and cardiac ion channel markers (CACNA1D, HCN2) in MSCs after coculture. Gene expression levels were
normalized to those of noncocultured MSCs. (B) Western blot analysis for cardiac structural proteins, sarcomeric R-actinin,
and cardiac troponin T of MSCs after coculture. (C) Immunocytochemistry of cardiac protein markers and quantification for
the cardiac specificmarker-positiveMSCs after coculture. Bars, 50 μm. *p < 0.05 vs noncoculturedMSCs. #p< 0.05 vs Transwell
(indirect). $p < 0.05 versus Transwell (direct).
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tissue, imposing the risk of arrhythmia.3,43�45 The
transplantation of MSCs that express cardiac biomar-
kers was reported to have better reparative effects.46,47

Thus, cardiac differentiation of MSCs ex vivo prior to
transplantation is a high-priority requirement for im-
proved therapeutic efficacy of MSCs for cardiac repair.
As coculturing with cardiomyoblasts was shown to
promote cardiac-lineage differentiation,48 we investi-
gated whether the cardiac differentiation of MSCs
could be achieved through coculture with H9C2s on
NTHP membranes. Scheme 2 briefly illustrates the
advantages of the NTHP membrane system as a new-
coculture system over the conventional “Transwell”
system. In general, there are two coculture methods
in the “Transwell” system: indirect coculture and direct
coculture. In the indirect coculture method, H9C2s,
which provide important cues for the cardiac differ-
entiation of MSCs, are seeded on the porous mem-
brane of the Transwell insert, while the MSCs are
seeded on the bottom chamber. This coculture system
induces stem cell differentiation only via indirect inter-
cellular communication, which is the diffusion of cyto-
kines secreted by H9C2s across the porous mem-
brane. Direct cell�cell contact is absent in this system.

The other method is the direct coculture method, in
which H9C2s are seeded on the porous membrane of
the Transwell insert and MSCs are seeded on the
opposite side of the porous membrane. This system
is expected to allow both the diffusion of cytokines
secreted byH9C2s anddirect cell�cell contact through
the microthin, porous Transwell membrane. In con-
trast, our NTHP membrane system benefits from a
nanothin, highly porous membrane, which enables
dynamic crosstalk between H9C2s and MSCs through
faster cytokine diffusion and more effective cell�cell
contact compared to the Transwell system.

The expressions of cardiac-associated genes and
proteins were assessed after 1 week of culturing MSCs
in various conditions: noncocultured, cocultured with
H9C2s using the Transwell indirect coculture system
(Transwell (Indirect)), cocultured with H9C2s using the
Transwell direct coculture system (Transwell (Direct)),
and cocultured with H9C2s using the NTHP coculture
system (NTHP). Gene expressions of a cardiac tran-
scription factor (MEF2C), a cardiac structural marker
(MLC2v), a gap junction marker (connexin 43), and
cardiac ion channel markers (CACNA1D, HCN2) were
significantly higher in the NTHP group (Figure 5A).

Figure 6. Comparison of cardiac differentiation of MSCs in the NTHPmembrane coculture system and in the direct coculture
system without membrane. (A) Schematic illustrations of NTHP membrane-based coculture and direct coculture without
membrane. (B) mRNA expression levels of cardiac transcription factor (MEF2C), cardiac structural marker (MLC2v), gap
junction marker (connexin 43), and cardiac ion channel markers (CACNA1D, HCN2) in MSCs after coculture for 1 week. Gene
expression levels were normalized to the levels of noncocultured MSCs. *p < 0.05 versus noncocultured MSCs. No significant
differences between NTHP and direct coculture were observed. (C) Western blot analyses for cardiac structural proteins,
sarcomeric R-actinin and cardiac troponin T of MSCs after coculture for 1 week. (D) Immunocytochemistry for cardiac protein
markers of MSCs after coculture for 1 week. Bars, 50 μm.
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Western blot analysis (Figure 5B) and immunocytos-
taining (Figure 5C) of noncocultured MSCs showed no
expression of the cardiac structural proteins, sarcomeric
R-actinin (SA) and cardiac troponin T (cTnT). The same
results were observed in Transwell (Indirect). Mean-
while, Transwell (Direct) showed slightly increased
expression of SA protein. In contrast, NTHP demon-
strated significantly higher expressions of both SA and
cTnT proteins compared to other groups. Also, NTHP
showed a higher expression of connexin-43 compared
to the other groups. Statistically, the percentages of
MSCs that were positive for cardiac-specific markers
were significantly higher in the NTHP group than the
other groups (Figure 5C). The cardiac differentiation
efficiency of MSCs in the NTHP membrane coculture
system was comparable to that of MSCs directly
cocultured with H9C2s without the NTHP membrane
(Figure 6). Additionally, we cultured MSCs on their own
onNTHPmembranes andconfirmed that themembrane
itself does not affect their differentiation (Figure 7).
These results showed that NTHP membranes improve
the cardiac differentiation efficiency of MSCs com-
pared to other coculture systems, which is likely due
to the dynamic cell-to-cell interactions between the

cell populations in this membrane system. While a
number of previous studies attempted to induce term-
inal cardiac differentiation of MSCs, functional cardiac
behaviors such as contractility have not been observed
in the differentiated cells.10,46,47,49�53 Also, previous
studies indicated that H9C2s cardiomyoblast cell line
lacks many ion currents typical of themature heart and
shows no voltage-dependent current.54,55 Hence,
based on the aforementioned reports, the present
study did not address the contractility of the differ-
entiated cell sheets.

Generation of Transfer-Printable, Multilayered Sheets of
Differentiated Cells. The transferable and thermorespon-
sive features of NTHPmembranes allow the generation
of transfer-printable, multilayered sheets of differen-
tiated cells after coculture. Cell sheet printing can be
achieved by turning the thermoresponsive NTHP
membrane upside down, allowing the cell sheet to
adhere to a new culture dish at 37 �C for 4 h, and
printing the cell sheet onto the culture dish from the
membrane at 20 �C for 30 min. Repeating the transfer-
printing of a new cell sheet layer on top of the first
transfer-printed cell sheet layer can be used to fabricate
multilayered sheets of differentiated cells (Figure 8A).

Figure 7. Effects of NTHP membrane on cardiac differentiation of MSCs without coculture. (A) mRNA expression levels of
cardiac transcription factor (MEF2C), cardiac structural marker (MLC2v), gap junction marker (connexin 43), and cardiac ion
channel markers (CACNA1D, HCN2) in MSCs after 1 week culture on tissue culture plate dishes (TCPS) or NTHP membrane
(NTHP) without coculture. Gene expression levels were normalized to the levels of MSCs cultured on TCPS. (B) Western
blot analyses for cardiac structural proteins, sarcomeric R-actinin and cardiac troponin T of MSCs after culture for 1 week.
(C) Immunocytochemistry for cardiac protein markers of MSCs after culture for 1 week. Bars, 50 μm.
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Light microscopy images capturing the transfer print-
ing process are shown in Figure 8B. A transferred NTHP
membrane showed MSCs firmly adhered to the mem-
brane (Figure 8Bi). Gradually, the cells started to detach
from the NTHP membrane at 20 �C within 20 min,

starting from the edge of the membrane (Figure 8Bii),
followed by extensive detachment of the cell sheet
within 30 min (Figure 8Biii). A cross-sectional view of
the detached cell sheet stained by hematoxylin and
eosin (H&E) displayed an intact monolayer cell sheet

Figure 8. Generation of bilayered cells sheets by the transfer-printing technique using a thermoresponsiveNTHPmembrane,
and characterization of the cells sheets. (A) Schematic diagramof the generation ofmultilayered cell sheets with the transfer-
printing technique using NTHP membranes. (B) Light microscopic images of (i) a cell sheet adhering on NTHP membrane at
37 �C, (ii) a cell sheet gradually detaching fromNTHPmembrane after 20min at 20 �C, and (iii) after 30min at 20 �C, (iv) cross-
sectional view of the detachedmembrane, (iv) H&E stained cell sheet, and (v) transfer-printed cell sheet on a new culture dish.
Cell sheet detachment is marked with arrows. Bars, 100 μm. (C) z-Stack confocal images of bilayered cell sheets generated by
the transfer-printing technique using NTHP membranes viewed from (i) 3D tilt angle, (ii) top, and (iii) side. A second layer
(green) of cell sheet was stacked on top of the first layer (red) of cell sheet. Bars, 100 μm. (D) Cell viability assessment and
quantification after trypsinization or transfer-printing, as evaluated by live (green)/dead (red) assay. Bars, 100 μm. *p < 0.05.
(E) Immunofluorescent images of actin cytoskeleton (F-actin) and ECM (fibronectin and laminin) proteins expressed in
trypsinized (dissociated) single cells and a transfer-printed cell sheet. DAPI stained nuclei. Bars, 100 μm. (F) Western blot
analyses of ECM proteins in trypsinized single cells and transfer-printed cell sheet. *p < 0.05.
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(Figure 8Biv). In addition, we demonstrated that it was
possible to print the transferred and detached cell
sheet onto a new culture dish (Figure 8Bv).

Next, to determine whether the transfer-printing
technique with the thermoresponsive NTHP mem-
brane can be used to fabricate multilayered cell sheets,
consecutive cell sheets transfer-printing was per-
formed. Prior to transfer-printing, each cell sheet was
prelabeled using red (DiI) or green (DiO) fluorescence
dyes, respectively. The transfer-printing technique
with the thermoresponsive NTHP membrane was
performed by stacking a red fluorescent-labeled cell
sheet onto a green fluorescent-labeled cell sheet,
resulting in the fabrication of a bilayered cell sheet
(Figure 8C). The z-stack 3D confocal images of the
bilayered cell sheets showed intact incorporation
between the layers (Figure 8C).

Detachment of the cell sheet from a thermorespon-
sive substrate is reported to be an advanced approach
to harvesting adherent cultured cells compared to the
conventional method using trypsin.56,57 Trypsin, a
proteolytic enzyme that degrades ECM proteins, is
known to have harmful effects on the viability of
the trypsinized cells, since these proteins are crucial
components of the cellular microenvironment for cell
survival.20,58 To examine the cell viability of the trans-
fer-printed cell-sheet generated with thermorespon-
sive NTHP membranes, a live (green)/dead (red) cell
staining assay was performed and compared with cells
harvested by trypsinization. The data showed that cells
recovered using trypsin treatment showed only 75%
cell viability, while transfer-printed cell sheets by NTHP
membranes showed higher cell viability, up to 96%
(Figure 8D).

In addition, while actin cytoskeleton staining of the
trypsinized cells showed dissociated single cells after
cell harvesting, the transfer-printed cell sheet was
intact (Figure 8E). Immunocytostaining and Western
blot analysis of ECM molecules of the transfer-printed
cell sheets were also examined and comparedwith cells
harvested by trypsinization. Notably, ECMproteins, such

as fibronectin and laminin, were better preserved in the
NTHP membrane-generated cell sheet compared to
trypsinized cells (Figure 8E and Figure 8F). The data con-
firmed that transfer-printed cell sheets generated using
thermoresponsive NTHP membranes had a higher sur-
vival rate and better preserved ECM proteins compared
to the conventional cell-harvesting method.

CONCLUSIONS

Wedeveloped nanothin, highly porous, and thermo-
responsive membranes for the generation of transfer-
printable, stem cell-derived, multilayered cardiac
sheets. The feasibility of using NTHP membranes as
an effective substrate for coculture was confirmed by
the demonstration of the biocompatibility of themem-
brane, direct cell�cell contact between MSC-H9C2s,
fast protein diffusion across the membrane, and
enhanced cardiac differentiation of MSCs following
coculture. The precise control of the pore architecture
of NTHP membranes at the nanoscale level enabled a
systematic search for the most efficient pore size for
stem cell coculture. The tunable pore dimension was a
key parameter in regulating cell-to-cell communica-
tion, ranging fromdiffusion of soluble paracrine factors
to direct gap junction-mediated cell-to-cell contacts,
and preventing cellular cross-migrations between the
cocultured cell populations. In addition, thermorespon-
sive NTHP membranes enabled the facile engineer-
ing of multilayered cell sheets by the transfer-printing
technique.
The novel development of a customized and tunable

NTHP membrane-based system will serve as an effi-
cient coculture platform that can regulate the cell-to-
cell interactions between the cocultured cells. Also, this
platform might prove useful for engineering various
types of functional tissues by coculturing stem cells
and the desired type of differentiated cells. Since this
system can potentially be used to differentiate patient-
derived stem cells, it opens up the possibility for
patient-specific, personalized drug testing and toxico-
logical studies.

MATERIALS AND METHODS

Fabrication of NTHP Membrane. Cellulose acetate (CA) with an
averagemolecular weight (Mn) of 30 000 g/mol (39.8wt%acetyl
labeling extent) was prepared (Sigma-Aldrich Co., USA). CA was
dissolved in a good solvent, THF, at 4 wt % for NTHP-380
membranes. For NTHP-860 membranes, 3 wt % CA was dis-
solved in THF, and acetone was used as a solvent for fabricating
NTHP-100 membranes. NTHPmembranes were deposited onto
silicon (Si) wafers, which were previously cleaned by dipping in
a piranha solution, a mixture of 70 vol % H2SO4 and 30 vol %
H2O2, for 20 min at room-temperature, then rinsed with deion-
ized (DI) water and dried with a nitrogen stream. To obtain the
nanoporous structure of NTHP membranes, the spin-casting of
CA solutions onto Si wafers was performed with a spinning rate
of 3000 rpm (NTHP-100 and NTHP-380) or 1000 rpm (NTHP-860)
for 25 s, using an automatic spin coater in a closed humid

chamber with controlled RH. Since CA polymers are not soluble
in water, the porous structure in NTHP membranes was devel-
oped using a VIPS mechanism, and the pore size was controlled
by the RH in the closed chamber packed with different types of
supersaturated salt solutions (KCl for RH 55�85%). For theNTHP
membranes used in our experiment, we set up the RH to
65 ( 5% (NTHP-100 and NTHP-380), and 55 ( 5% (NTHP-860).
The freestanding NTHP membranes were obtained by peeling
off the membranes from the Si wafers in water after efficiently
drying the samples. We modified the NTHP membranes using
the method proposed by Ku et al.59 to enhance cell adhesion.
NTHP membranes were coated in a dopamine hydrochloride
solution for up to 16 h. Dopamine hydrochloride (Sigma-Aldrich
Co.) was dissolved in 10 mM Tris buffer at 2 mg/mL, and the
pH was adjusted to 8.5 using dilute NaOH solution. A PET film
was used as a frame for easier handling of the NTHP mem-
branes. The PET-framewas fixed with UV-curable poly(urethane
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acrylate) (PUA, 311-RM, Minuta Tech, Korea), which acts as a
glue. The PUA was irradiated with UV (λ = 365 nm) for 3 h.

PNIPAAm Grafting onto NTHP Membrane for Temperature-Responsive
Property. GMA monomer (97%) and the tert-butyl peroxide
(TBPO) initiator (98%) were purchased from Sigma-Aldrich
and used without further purification. Polymerized GMA films
were deposited onto the NTHP membranes in an iCVD reactor
(Daeki Hi-Tech Co., Korea). The GMA monomer was heated to
35 �C and the vaporized GMA was fed into the reactor at a flow
rate of 1.9 sccm for coating the pGMA film on the NTHP
membrane. The vaporized TBPO initiator was fed into the
reactor via metering valves at a flow rate of 0.8 sccm at room-
temperature. To keep the NTHP membrane at 25 �C during the
pGMA coating process, the membranes were placed on a stage
cooled by a recirculating chiller. The filament temperature was
maintained at 180 �C. The growth rate of film deposition was
monitored in situ using a He�Ne laser (JDS Uniphase, Milpitas,
USA). Amine-terminated PNIPAAm (Mn = 2500, Sigma-Aldrich
Co.) was dissolved in deionized (DI) water at a concentration of
1 g/30 mL. The PNIPAAm solution was reacted with the pGMA
deposited NTHP membrane through epoxy-amine addition
reaction in a shaker at 50 �C for 12 h at 55 rpm. Next, it was
washed several times with DI water. Prior to cell seeding,
membranes were sterilized with 70% (v/v) ethanol and UV
treated for 1 h on a clean bench.

Characterization of NTHP Membranes. The surface morphologies
of NTHP membranes were characterized by scanning electron
microscopy (SEM, JSM-6701F, JEOL, Japan) and atomic force
microscopy (AFM, JPK, Nanowizard 3, Germany, and diInnova,
Veeco, USA). The thicknesses of the NTHP membranes were
measured using a step height measurement (AlphaStep IQ
(revision A1-1), KLA-Tencor, USA). Based on previous studies,
both SEM and AFM images were used to determine the average
pore sizes of the NTHPmembranes.60,61 Pore size represents the
average value of the shortest and the longest axes of each pore.
The porosity of each membrane was analyzed using an image
processing software, ImageJ (National Institutes of Mental
Health, USA). AFM images were adjusted to black/white binary
phase, and then the proportion of white area to the total area
was considered as the porosity of the membrane. Fourier
transform infrared spectroscopy (FT-IR, IFS 66VS, Bruker, Bill-
erica, USA) spectra were obtained in normal absorbance mode
and averaged over 64 scans in order to confirm PNIPAAm
functionalization. X-ray photoelectron spectroscopy (XPS,Multi-
Lab 2000, Thermo, USA) was also utilized to determine surface
chemical composition of NTHP membranes. Water contact
angle measurements were made using a contact angle meter
(Phoenix 150, SEO, Korea) with a 2.5 μL DI water droplet. The
contact angle meter was equipped with an environment cham-
ber to control the temperature range from 25 to 250 �C.

Cell Culture. Human bone marrow-derived mesenchymal
stem cells (MSCs) were purchased from a commercial source
(Lonza, USA), and H9C2s, a rat cardiac myoblast cell line, were
purchased from Korean Cell Line Bank (Korea). Prior to cocul-
ture, both MSCs and H9C2s were cultured in growth medium
consisting of high-glucoseDulbecco'smodified Engle'sMedium
(DMEM; Gibco BRL, USA) containing 10% (v/v) fetal bovine
serum (FBS; Gibco-BRL) and 1% (v/v) penicillin-streptomycin
(PS; Gibco-BRL) at 37 �C in humid air with 5% CO2.

Cell Viability and Proliferation. For cell viability and proliferation
studies, MSCs were seeded at a density of 3 � 103 cells/cm2 on
tissue culture polystyrene (TCPS) dishes, Transwell membranes
(pore size 400 nm), and NTHP membranes (pore size 380 nm).
Transwell culture inserts for six-well plates (0.4 μm pore, polye-
ster membrane) were purchased from a commercial source
(Corning, USA). The viable cell number was determined using
Cell Counting Kit-8 assay (CCK-8, Sigma-Aldrich Co.) (n = 3 per
groups). The gene expression levels of BAX and Bcl-2 in MSCs
were determined by qRT-PCR to assess the expression of
apoptotic and antiapoptotic genes, respectively (n = 3 per
group). The proliferating cells were evaluated by immunocyto-
chemistry using antibodies against PCNA. The samples were
mounted in 4,6-diamidino-2-phenylindole (DAPI, Vector La-
boratories, USA) for nuclear staining. Each image was photo-
graphed using a fluorescence microscope (IX71 inverted

microscope, Olympus, Japan). The numbers of PCNA-positive
cells were digitally quantified (n = 10 images per group) using
Image Pro Plus software (Media Cybernetics, UK).

Coculture of MSCs and H9C2s Cells. For the coculture of MSCs and
H9C2s using NTHP membranes, H9C2s were plated at a density
of 2� 103 cells/cm2 on TCPS dishes, and MSCs were plated at a
density of 3� 103 cells/cm2 onNTHPmembranes. The following
day, the MSC-seeded NTHP membrane was layered on top of
the H9C2-seeded TCPS dish. To prevent the layered membrane
from moving, a square stainless steel ring was placed on top of
the NTHP membrane. Two coculture methods using the Trans-
well system, that is, indirect and direct coculture, were used for
comparison. In indirect coculture, H9C2s were seeded on a
Transwell insert and MSCs were seeded on the lower six-well
plate compartment. In direct coculture, MSCs were seeded on
the bottom side of the Transwell membrane. The following day,
H9C2s were seeded on the other (top) side of the Transwell
membrane. In the direct coculture group, without any mem-
brane, DiI-labeled (6.25 μg/mL; Sigma-Aldrich Co.) H9C2s and
nonlabeled MSCs were cocultured with no barrier between the
heterogeneous cells, at the same initial cell number ratio (H9C2/
MSC = 2:3), as other groups. Prior to evaluating differentiation
efficiency, cocultured MSCs were separated from DiI-labeled
H9C2s by fluorescence-activated cell sorting (FACS Aria II BD
Biosciences, USA). For noncocultured control groups, MSCs
were cultured on TCPS dishes or NTHP membranes. The medi-
um was changed every 2 days.

Interactions between the Cocultured Cells. The proximities
between MSCs and H9C2s cocultured on the two sides of the
NTHP membranes with different pore sizes and the Transwell
membranes were observed by prelabeling the MSCs with DiO
(6.25 μg/mL; Sigma-Aldrich Co., USA) and H9C2s with DiI
(6.25 μg/mL; Sigma-Aldrich Co.), prior to coculture. Images were
captured using a confocal microscope (SP8 X STED, super-
resolution confocal microscope, Leica, Germany) after 48 h of
coculture. For the dye transfer assay, MSCs were dual-labeled
with DiI (Sigma-Aldrich Co.) and calcein-AM (Sigma-Aldrich Co.).
MSCs on TCPSwere incubated inDiIworking solution (6.25μg/mL)
for 2 h at 37 �Cand then rinsedwith culturemedium three times to
wash off excess DiI. Next, the MSCs were incubated in serum-
free culture medium containing calcein-AM (10 μmol/L, a cell-
permeable ester form of calcein) for 30 min at 37 �C, and rinsed
with PBS three times to wash off the extracellular calcein-AM.
Subsequently, the dual-labeled MSCs were trypsinized and
plated on NTHP membrane. The MSC-seeded NTHP membrane
was layered on top of H9C2-seeded glass-bottom culture dishes
(Corning). Images were captured after 48 h of coculture using a
confocal microscope (SP8 X STED, super-resolution confocal
microscope, Leica) to investigate dye transfer from MSCs to
H9C2s. The dye transfer assaywas performed based on previous
studies.35,38,39 To determine the rate of protein diffusion
through the NTHP and Transwell membranes, a protein diffu-
sion chamber was designed. A Transwell or NTHP membrane
was used to partition the protein diffusion chamber into two
secluded compartments filled with 10 mL of 10 μg/mL bovine
serum albumin (BSA, Sigma-Aldrich Co.) solution on one side
and phosphate buffer saline (PBS, Sigma-Aldrich Co.) of equal
volume on the other side. Samples were collected from the PBS
chamber at various time points, and the concentrations of BSA
in the samples were quantified using the Bradford protein assay
(n = 3 per group) (Sigma-Aldrich Co.).

Homogeneity of the Collected MSCs Postcoculture. Prior to cocul-
ture, MSCs were prelabeled with DiO (6.25 μg/mL; Sigma-
Aldrich Co.) and H9C2s with DiI (6.25 μg/mL; Sigma-Aldrich
Co.). After coculturing for 1 week, images of the cocultured
MSCs and H9C2s were captured using a fluorescence micro-
scope (IX71 invertedmicroscope, Olympus). In addition, images
of the MSCs harvested from the transfer of MSC-seeded NTHP
membranes (380 nm pore size) onto new culture dishes after
coculturing for 1 week, were photographed using a fluo-
rescence microscope (IX71 inverted microscope, Olympus).
To assess the purity of the collected cells, cells adhered to the
transferred NTHP membranes were trypsinized and evaluated
by fluorescence-activated cell sorting (FACS Aria II BD Bio-
sciences, USA) installed at theNational Center for Interuniversity
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Research Facilities (NCIRF) at Seoul National University and
fluorescence microscopy (IX71 inverted microscope, Olympus)
(n = 10 images per group). MSCs collected from the Transwell
direct coculture group via trypsinization.

Differentiation of MSCs After Coculture for 1 Week. The
expressions of cardiac-specific genes in MSCs were evaluated
using qRT-PCR. RNA was extracted from MSCs and reverse-
transcribed into cDNA. Expression of a cardiac transcription
factor (MEF2C), a cardiac structural marker (MLC2v), a gap
junction marker (connexin 43), and cardiac ion channel markers
(CACNA1D, HCN2) were evaluated using StepOnePlus real-time
PCR system (Applied Biosystems, USA) 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 (n = 3 per group). For protein detection,
Western blot analysis on sarcomeric R-actininin and cardiac
troponin T were performed. In addition, immunocytochemistry
for connexin-43, sarcomeric R-actininin, and cardiac troponin T
was performed. The numbers of sarcomericR-actininin-positive
cells and cardiac troponin T-positive cells were digitally quanti-
fied (n = 10 images per group) using Image Pro Plus software
(Media Cybernetics, UK).

Transfer-Printing of Cell Sheet. Cell sheet printing was achieved
by transferring an MSC-seeded, thermoresponsive NTHP mem-
brane onto a new culture dish and changing the temperature.
The MSC-seeded membrane was turned upside down and
incubated for 4 h at 37 �C, allowing the cell sheet to adhere to
the new culture dish. Printing was then induced by incubating
the membrane for 30 min at 20 �C. Cell sheet printing was
observed under a light microscope (IX71 inverted microscope,
Olympus). For histological analysis, the printed cell sheet was
embedded in Optimal Cutting Temperature (OCT) compound
(Sakura Finetek, USA), frozen, and cut (10 μm in thickness) using
a cryostat cryocut microtome (Leica, CM3050S, Germany). After
hematoxylin and eosin (H&E) staining, the stained cross sections
of the cell sheet were examined by light microscopy (IX71
inverted microscope, Olympus). The viability of the cells har-
vested via transfer-printing was compared to that of trypsinized
cells by assessing the nmber of live and dead cells using
calcein-AM and ethidium homodimer, respectively. A two-color
fluorescence live/dead assay kit (Molecular Probes, USA)
(n = 10 images per group) was used for analysis. To analyze
the extracellular matrices of the transfer-printed cell sheet,
immunocytochemical staining for fibronectin and laminin was
performed. In addition, Western blot analyses on laminin and
fibronectin were performed (n = 3). For examination of bi-
layered cell sheets, prior to transfer-printing, each cell sheet
was prelabeled with DiI (6.25 μg/mL; Sigma-Aldrich Co.) or DiO
(6.25 μg/mL; Sigma-Aldrich Co.). Subsequently, transfer-print-
ingwas performed and theDiI-labeled cell sheet was stacked on
the DiO-labeled cell sheet. The z-stack 3D confocal images of
the bilayered cell sheets were obtained using a confocal micro-
scope (SP8 X STED, super-resolution confocal microscope,
Leica).

Western Blot Analysis. Cell lysate was prepared using cell lysis
buffer (Cell Signaling, U.S.A). The total concentration of the
protein was determined using the Bradford protein assay
(Sigma-Aldrich Co.) prior to loading the samples on a 10%
(w/v) SDS�polyacrylamide gel. Proteins were transferred to
Immobilon-P membrane (Millipore Corp., USA), blocked with
5% skimmed milk solution for 1 h at room-temperature, and
incubated with antibodies against sarcomeric R-actininin
(Abcam, UK), cardiac troponin T (Abcam), fibronectin (Abcam),
and laminin (Abcam) overnight at 4 �C. The membrane was
incubated with horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology, USA) for 1 h at room-
temperature. The blots were developed using a chemilumines-
cence detection system (Amersham Bioscience, USA).

Cell Staining. Cells and cell sheets were fixed in 4% parafor-
maldehyde solution, permeabilized with 0.1% Triton X-100, and
then blockedwith 1% BSA for 1 h for actin filament staining. The
actin filaments of the cells were stained by tetramethylrho-
damine isothiocyanate (TRITC)-conjugated phalloidin (1:40;
Molecular Probes, USA). For immunocytochemical staining, cells
were fixed in 4% paraformaldehyde solution, permeabilized

with 0.6% Triton X-100 and then blocked with 10% donkey
serum (Jackson ImmunoResearch Laboratories, USA). The sam-
ples were then reacted with antibody against PCNA (produced
in rabbit, 10 μg/mL; Abcam), cardiac troponin T (produced in
mouse, 1/400; Abcam), connexin 43 (produced in rabbit, 1:1000;
Abcam), sarcomeric R-actinin (produced in rabbit, 1/200;
Abcam), fibronectin (produced in rabbit, 1/500; Abcam), and
laminin (produced in rabbit, 1/100; Abcam). PCNA, cardiac
troponin T, and connexin 43 staining were detected with
tetramethylrhodamine isothiocyanate-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories). Sarcomeric
R-actinin, fibronectin, and laminin staining were detected with
fluorescein isothiocyanate-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories). The samples were
mounted in 4,6-diamidino-2-phenylindole (DAPI, Vector Labora-
tories, USA) for nuclear staining. Fluorescence images were
captured using a fluorescence microscope (IX71 inverted micro-
scope, Olympus, Japan).

Statistical Analysis. Quantitative data were expressed as the
means plus or minus the standard deviations. The statistical
analysis was performed using one-way analysis of variance
(ANOVA) with the Tukey's significant difference post hoc test
using SPSS software (SPSS Inc., USA). A value of p < 0.05 was
considered as statistically significant.
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