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Extensive efforts have been devoted to develop new substrates for culture and differentiation of human

induced pluripotent stem cells (hiPSCs) toward cardiac cell-based assays. A more exciting prospect is the

construction of cardiac tissue for robust drug screening and cardiac tissue repairing. Here, we developed

a patch method by electrospinning and crosslinking of monolayer gelatin nanofibers on a honeycomb

frame made of poly(ethylene glycol) diacrylate (PEGDA). The monolayer of the nanofibrous structure can

support cells with minimal exogenous contact and a maximal efficiency of cell–medium exchange

whereas a single hiPSC colony can be uniformly formed in each of the honeycomb compartments. By

modulating the treatment time of the ROCK inhibitor Y-27632, the shape of the hiPSC colony could be

controlled from a flat layer to a hemisphere. Afterwards, the induction and differentiation of hiPSCs were

achieved on the same patch, leading to a uniform cardiac layer with homogeneous contraction. This

cardiac layer could then be used for extracellular recording with a commercial multi-electrode array,

showing representative field potential waveforms of matured cardiac tissues with appropriate drug

responses.

1. Introduction

Culture dishes, flasks and multi-well plates are widely used for
cell biology studies and cell-based assays but they are not ideal
for culture and differentiation of pluripotent stem cells,
including both embryonic (ESCs) and induced pluripotent
stem cells (iPSCs). Indeed, cells cultured with these conven-
tional culture supports have to adapt a two-dimensional (2D)
surface with large exogenous contact and limited uptake and
self-organization efficiency, while the pluripotent stem cells
generally require more adapted cellular microenvironments to
maintain their pluripotency or differentiation homogeneity.
Previously, culture substrates coated with Matrigel,1 a gelati-
nous protein mixture derived from mouse tumor cells, or

recombinant proteins such as laminin2 and vitronectin3 have
been proposed for iPSC culture and differentiation. Other sub-
strates such as oxygen plasma etched plates,4 porous
materials5 and electrospun nanofibers6,7 are used, showing
sufficient interest in textured surface morphology. However,
these approaches do not recapitulate the three-dimensional
(3D) organization of extracellular matrix proteins of stem cell
niche. Without further improvement, conventional approaches
will not be able to overcome risks of genetic instability
and tumorigenicity.8–10 On the other hand, conventional
approaches are not appropriate to support tissue formation
because of the lack of required mechanic and/or physiological
conditions. Previously, cardiac sheets were obtained by
culture on and release from temperature-sensitive polymer
layers.11–14 This approach is ingenious but it does not allow
fabrication of robust and thick cardiac sheets due to limitation
of nutrient diffusion.11 Alternatively, cardiac layers can be
formed on topographic patterns15–18 and nanofibrous sub-
strates,19,20 but their application potential has to be demon-
strated. Most recently, we proposed a culture patch method for
culture and differentiation of human iPSCs (hiPSCs) into
motor neurons.21 Our results showed a number of advantages
of this method such as enhanced up-regulation of gene
expression of neurons, easy maturation of motor neurons as
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well as the plug-and-play monitoring of neuron spikes by extra-
cellular recording.

In this work, we extend the patch method to culture and
differentiation of hiPSCs toward functional cardiomyocytes.
Similarly, the patch was made of a monolayer of crosslinked
gelatin nanofibers on a honeycomb microframe. Whereas the
nanofibrous mesh structure with large pore sizes supported
cells with minimal exogenous contact and a maximal
efficiency of cell-medium exchange, the honeycomb frame
allowed formation of uniform hiPSC colonies. By adjusting the
ROCK inhibitor treatment, hemisphere hiPSC colonies could
be obtained in each of the honeycomb compartments. Then,
homogeneous cardiac differentiation could be conducted,
resulting in a uniform and united cardiac tissue layer. We
show that this cardiac-patch assembly is reliable for plug-and-
play extracellular recording of the cardiac tissue layer with a
commercial multi-electrode array.

2. Experimental section
2.1 Fabrication of the culture patch

The same protocol of our previous work21 has been used for
the fabrication of the culture patch used in this work. Briefly,
the patch consists of a monolayer of crosslinked gelatin nano-

fibers supported by a PEGDA honeycomb frame (Fig. 1A and B).
While the PEGDA frame was prepared with a UV based
molding method (Fig. S1†), the gelatin nanofibers were
obtained by electrospinning (Fig. 1C). Briefly, a pattern of
honeycomb frame was produced on a chromium mask with a
micropattern generator (μPG 101, Heidelberg Instruments,
Germany). A photoresist layer of 50 μm thickness (AZ 40XT,
MicroChem, France) was then spin-coated on the mask and
backside exposed with UV light. After development, for
anti-sticking treatment the mask was placed in trimethyl-
chlorosilane (TMCS) vapor for 1 min. A Polydimethylsiloxane
(PDMS) solution composed of a pre-polymer and cross-linker
(GE RTV 615, GE, France) at a weight ratio of 10 : 1 was
prepared and poured onto the photoresist mold. After curing
(80 °C for 2 h), the PDMS layer was peeled off and placed on a
glass slide. After degassing of the mold for 15 min, PEGDA
(Sigma, France, average Mn = 250) with 1 v/v% photo-initiator
(Irgacure 2959, Sigma) was introduced to fill the PDMS-glass
cavity, followed by 30 s UV exposure (9.1 mW cm−2). Finally,
the solidified PEGDA honeycomb was separated from the
PDMS mold and bonded to a PEGDA ring, with the help a
PEGDA solution and UV exposure.

The gelatin nanofibers were electrospun on the PEGDA
frame.6 For more uniform collection of nanofibers, the PEGDA

Fig. 1 Culture patch. (A) Schematic and (B) photograph of a culture patch made of crosslinked monolayer gelatin nanofibers on a PEGDA honey-
comb microframe; (C) schematic of electrospinning of gelatin nanofibers on the PEGDA frame; (D) SEM photographs of the culture patch after
electrospinning and crosslinking.
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frame was coated with a 10 nm thick Au and placed on a
silicon wafer as a collector. Gelatin solution was obtained
using 10 wt% gelatin powder (G2625, Sigma) and a solvent
mixture of DI water, ethyl acetate, and acetic acid at a volume
ratio of 10 : 14 : 21. The gelatin solution was ejected at a
pumping speed of 0.2 ml h−1 and a bias voltage of 11 kV was
applied between the stainless steel needle (23-gauge) of the
syringe and the collector at a distance of 10 cm. After electro-
spinning, the sample was dried overnight in a desiccator to
remove the residual solvent. To cross-link the gelatin nano-
fibers, the substrate was soaked in an ethanol solution con-
taining 0.2 M N-hydroxysuccinimide (NHS, Sigma) and 0.2 M
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC, Sigma) for 4 h. Finally, the sample was washed three
times in ethanol and dried in a vacuum overnight to eliminate
the residual solvent.

2.2 hiPSC culture

hiPSCs of the 253G1 cell line were cultured with complete
E8 medium in a culture dish coated with 1 : 100 diluted vitro-
nectin (Life Technologies, Japan) at 37 °C in 5% CO2. The
medium was renewed every day until the cells reached about
80% confluence. Cells were then collected by dissociation
using a 0.5 mM EDTA DPBS solution. To promote the adhesion
of hiPSCs on gelatin fibers, the culture patch was coated with
vitronectin diluted in DPBS at a ratio of 1 : 500 and then
placed in a culture dish. 2 × 105 hiPSCs in 50 µl E8 medium
containing 10 µM Y-27632 (ROCK inhibitor, Wako Chemicals,
Japan) were dropped on the culture patch and then incubated
for 1 h. Afterwards, a fresh E8 medium of 2 ml containing
10 µM Y-27632 was gently added in the culture dish. To obtain
different shapes of hiPSC colonies, the culture medium was
replaced after 1 h, 2 h or 4 h incubation by E8 medium
without Y-27632. The hiPSC colonies with different shapes
could then be observed on the next day.

2.3 Cardiac differentiation

Hemisphere hiPSC colonies were chosen for cardiac differen-
tiation using the protocol of Lian et al.22 Briefly, the E8 culture
medium is replaced by RPMI 1640 medium containing
B27 minus insulin supplement and 12 µM of CHIR99021
(Selleckchem, Japan). After 24 h incubation, the medium is
replaced with RPMI 1640/B27 without insulin (day 1). After
another 48 h incubation, the culture medium was replaced by
RPMI 1640/B27 without insulin but containing 5 µM IWP2
(Tocris, Japan) (day 3). After another 48 h, the medium was
replaced with RPMI 1640/B27 without insulin (day 5). Then,
the culture medium was replaced by RPMI 1640/B27 every
three days. With the same protocol, hiPSCs cultured on a glass
slide with 1 : 100 diluted vitronectin coating were differentiated
into cardiomyocytes as control. In both cases, cell contraction
was observed around days 7 and 8.

2.4 SEM observation

The patch with cells was fixed with 4% formaldehyde solution
for 15 min and washed in PBS three times. The samples were

then soaked in 30% ethanol solution (in DI water) for 30 min,
and dehydrated by subsequent immersion in ethanol solutions
containing 50%, 70%, 80%, 90%, 95%, and 100% ethanol in
DI water, each for 10 min and dried with nitrogen gas. After-
ward, an Au layer of 2 nm thickness was deposited by sputter-
ing. Finally the samples were observed by using a scanning
electron microscope (SEM, Hitachi S-800, 10 kV).

2.5 Immunocytochemistry

The patch with cells was rinsed with PBS to remove detached
and dead cells. Then, cells were fixed in a solution of 4% para-
formaldehyde for 15 min and permeabilized in 0.5% Triton
X-100 overnight at 4 °C. For non-specific binding blocking,
cells were treated with a PBS solution containing 0.1% Tween-
20, 5% normal goat serum, 5% normal donkey serum and 3%
bovine serum albumin at 4 °C overnight. Afterwards, the
samples were treated with primary antibodies, i.e., anti-Oct3/4
(1 : 100 diluted, Santa Cruz), anti-NANOG (1 : 100 diluted, Santa
Cruz, Japan), anti-α-actinin (Sarcomeric) antibody (1 : 500
diluted, Sigma, Japan), anti-Troponin T-C (1 : 200 diluted, Santa
Cruz), anti-connexin 43 (1 : 100 diluted, Cell Signaling, Japan)
and anti-MYH6 (1 : 50 diluted, Santa Cruz) in blocking buffer
overnight at 4 °C. Afterwards, the samples were incubated with
the corresponding secondary antibody for 1 h at room tempera-
ture. Then, cell nuclei were stained with 300 ng ml−1 4′-6-di-
amidino-2-phenylindole (DAPI) for 15 min, and then rinsed
with PBS. Finally the stained samples can be observed under an
Axiovert 200 inverted microscope (Zeiss, Germany) and captured
by the equipped CCD camera (Evolution QEI, USA).

2.6 Live/dead assay

Cell viability was tested with live/dead assay. In brief, cells on
the substrate were incubated with 2 μM Calcein AM and 2 μM
EthD-1 for live and dead cell staining, respectively (LIVE/DEAD®
Viability/Cytotoxicity Kit, Life Technologies). After 30 min incu-
bation at 37 °C, cells were observed and evaluated by using an
inverted fluorescence microscope, as described before.

2.7 Flow cytometry

hiPSC derived cardiomyocytes on the culture patch and glass
slide were dissociated with TrypLE Express at 37 °C for 5 min
to be harvested. The collected samples were washed twice with
PBS, followed by cell counting. For FITC labeled cTnT antibody
staining, cells were diluted with 2% fetal calf serum (FCS)
solution (in PBS) to a cell density of 1 × 107 cells per mL.
Then cells were incubated in antibody solution for 30 min at
room temperature. A specific isotype control was used as a
negative control. Afterwards centrifugation at 1000 rpm for
5 min was used to remove the antibodies, and then cells were
washed with 2% FCS solution. Finally the cell suspension was
loaded into a flow cytometer (FACS Canto II, BD Biosciences)
for analysis.

2.8 Total RNA purification

RNeasy Mini Kit (Qiagen, Valencia, CA) was used to collect the
total RNAs from normal cultured hiPSCs, hemisphere hiPSC
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colonies and hiPSC derived cardiomyocytes according to the
instructions of the manufacturer. The concentration of RNA
was measured with a NanoDrop1000 spectrophotometer.

2.9 Reverse transcription-polymerase chain reaction
(RT-PCR)

1 μl cDNA in PCR buffer with 5 units of Taq DNA polymerase
(Takara, Japan) and 0.2 μM PCR primers (ESI Table S1†) was
placed in an Applied Biosystems 7300 Real-Time PCR System
for DNA amplification. The initial incubation and final exten-
sion of PCR were 94 °C for 5 min and 68 °C for 3 min respect-
ively. After 30–35 cycles of PCR (94 °C, 30 s; 58 °C, 30 s; 72 °C,
60 s), 1.2% agarose gel electrophoresis was used for resolving
the amplified products, and ethidium bromide staining was
applied for visualization. The result of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was applied as a reference.

2.10 Quantitative RT-PCR (qPCR)

cDNA of total RNA was synthesized by using a first strand syn-
thesis kit (TaKaRa), and amplified with SYBR Green PCR
Master Mix (Applied Biosystems) in combination with the
qBiomarker Validation PCR Array-Cardiomyocytes Differen-
tiation Kit (Qiagen) in an Applied Biosystems 7300 Real-Time
PCR system (Life Technologies). The glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) level was used as the internal
normalization control. The heat map of all samples was gener-
ated by using R packages of heat map open-source software.

2.11 Field potential measurement

To record the field potential (FP), the cardiac patch was gently
placed in the chamber of a commercial multi-electrode array
(MEA, Multi-Channel Systems, Germany) which consists of
60 silicon nitride insulated electrodes with a diameter of
30 µm at a pitch size of 200 µm. The MEA chamber was filled
with pre-warmed medium and the patch was immobilized
with a piece of PDMS slab for a better cell–electrode contact.
After being stabilized for 15 min, the FP signals were simul-
taneously recorded from 60 electrodes at 20 kHz with 16-bit
precision (Multi Channel Systems).

2.12 Drug test

Three types of drugs with known cardiac effects, i.e., E-4031, pro-
pranolol and isoproterenol all purchased from Sigma (Japan),
were used. Typically, E-4031 was used to change the QT interval
of cardiac waves, while isoproterenol and propranolol were used
to increase and decrease the frequency of cardiac beating,
respectively. All FP recordings were performed 10 min after the
replacement of the drug containing RPMI/B27 medium.

3. Results
3.1 Process optimization

Typically, PEGDA honeycomb frames of 500 μm pitch size and
50 µm bandwidth were used as collectors of electrospun
gelatin nanofibers (Fig. 1D). After crosslinking, the gelatin

nanofibers became insoluble in water and formed a net-like
structure on the honeycomb frame with a diameter in the
range of 100–500 nm. Then, a PEGDA ring of 100 µm thick-
ness, 9 mm inner diameter and 13 mm outer diameter was
bonded to the PEGDA microframe. The 2D porosity or the
open space ratio of the net-like structure depends essentially
on the electrospinning time (Fig. S2A†). When the electro-
spinning time is less than 20 min, monolayer nanofibers
could be obtained after crosslinking. Otherwise, no hole could
be found through the layer of the crosslinked nanofibers.
From ImageJ analyses of the SEM images, we deduced a 2D
porosity of 79.8 ± 0.8% and 63.65 ± 1.35% averaged from at
least three independent experiments (±sd), for the samples of
7 and 15 min electrospinning, respectively. While the 7 min
sample has pore sizes larger than that of the cells, the 15 min
sample has mostly pore sizes less than that of the cells but still
large enough to ensure a high permeability (Fig. S2A and B†).
Cell culture test has been done on the three patches by
seeding the same number of hiPSCs (2 × 105). After 24 hours,
cells almost covered the entire fibrous area of the 15 and
30 min electrospun samples but much fewer cells remained on
the nanofibers of the 7 min one (Fig. S2C†). Therefore, 15 min
electrospun culture patches were chosen for the following
cell based assays. Interestingly, when placed in a culture dish,
the patch was not in tight contact with the bottom of the
dish after filling the culture medium, due to the comparable
material density of the patch (mostly PEGDA) and the
medium, suggesting an off-ground culture condition.

3.2 Shape control of hiPSC colonies

Due to compartmentation of the honeycomb structure, single
hiPSC colonies could be formed on the patch with uniform
size and homogeneous distribution. By modulating the ROCK
inhibitor Y-27632 treatment time, the shape of the hiPSC colo-
nies can be regulated from a monolayer to a hemisphere
(Fig. 2). This is because of the fact that ROCK is a key regulator
of cell migration and cell–cell adhesion23 while Y-27632 is a
selective inhibitor of ROCK which may affect the formation of
the hiPSC colonies. When the Y-27632 treatment lasts for
1–2 h, hemisphere hiPSC colonies were formed in each honey-
comb compartment, while flat colonies were obtained when
the treatment lasted for 4 h or more. Previously, Y-27632 has
also been used to prevent dissociation induced apoptosis and
promote the survival rate of ESCs and iPSCs.24 Our results
showed that a short ROCK inhibitor treatment did not affect
the viability and the stemness of the hiPSC colonies. As shown
in Fig. 3A, almost all the cells in the colonies were alive and
only a few dead cells were found in the surrounding area of
the colony. The immunofluorescence image of Oct3/4 and
NANOG stained cells showed high expression levels of these
pluripotency markers (Fig. 3B). The pluripotency of the cells
was further proved by reverse transcription-polymerase chain
reaction (RT-PCR). As expected, only Oct3/4 and NANOG but
not the three-germ differentiation genes PAX6, BRACHYURY
and AFP were expressed, similar to the case of dish culture
(Fig. 3C). Thus, hiPSC colonies of different shapes could be
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generated by changing the duration of Y-27632 treatment and
the resulted hemispheric colonies showed good cell viability
and high-level expression of characteristic pluripotency
makers, i.e., NANOG and OCT3/4.

3.3 Cardiac differentiation

We performed cardiac differentiation directly from hemisphere
hiPSC colonies (2 h Y27632 treatment) on the culture patch by

Fig. 2 Shape control of the hiPSC colonies on the patch. (A) Bright field and (B) SEM images of hiPSC colonies obtained with 1, 2, and 4 h Y-27632
treatment 24 h after cell seeding. (C) Bright field photo of hemisphere hiPSC colonies in different honeycomb compartments obtained with 2 h
Y-27632 treatment 24 h after cell seeding. (D) Diameter distributions of hiPSC colonies obtained with 1, 2, and 4 h Y-27632 treatment 24 h after cell
seeding.

Fig. 3 Viability and stemness of hiPSCs in hemisphere colonies 2 days after cell seeding. (A) Immunofluorescence and bright field images with
Calcein AM/EthD-1 staining. (B) Immunofluorescence images of the cells stained for NANOG (green) and Oct 3/4 (red) and the nuclei stained with
DAPI (blue). (C) Comparison of the RT-PCR results of iPSCs cultured on a patch and in a dish.
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adding sequentially GSK3 and Wnt inhibitors without cell
reseeding (Fig. 4), according to the protocol of Lian et al.22

During the process, the differentiated cells migrated progress-
ively away from the center of the hemisphere colonies to form
a whole cell sheet (Fig. 4C) and started beating around day
7. At day 12, the cardiac contraction became robust and homo-
geneous over the whole patch area (Video S1†). In contrast, the
contraction of the cells differentiated on a glass slide was
much less uniform (Video S2†). More precisely, the cells are
more evenly distributed on the patch than on the glass slide.
In fact, cell clusters were observed on glass, resulting in non-
uniform contraction. Fig. 5 shows comparisons of the immuno-
fluorescence images of differentiated cells on the culture patch
and glass slide after differentiation for 20 days. As can be seen,
TnnT2, a highly cardiomyocyte-specific protein, was positive in
the cells differentiated on both types of substrates but the
TnnT2 expression of the cells on the patch showed a much
clearer sarcomeric organization compared to the cells on glass,
which is typical in mature cardiomyocytes. α-MHC, a cardiac
muscle-specific protein involved in active force generation,25

was found to be less expressed in the cells on the culture patch
than that on glass, indicating an improved cardiac maturation
with the culture patch method.26 Finally, α-actinin, a sarcomere-
specific protein and connexin43, a gap junction specific
protein, were positive in the cells on both substrates.

Quantitative analyses also proved the advantage of the
culture patch method for cardiac differentiation. The genetic
differences of the cells on two types of culture supports are
presented by mRNA expression patterns of 20 cardiac differen-
tiation related genes obtained by qRT-PCR (Fig. 6A and B).

Here, the expression level of each gene is shown as a pseudo-
color after Z-score normalization, where red and green colors
represent over and under expression, respectively. Compared
to the undifferentiated cells (day 0), all cells at day 9 showed
increased expression levels of cardiac differentiation related
genes. However, all cardiac-specific genes, including NKX2-5,
TNNT2 and TNNI3, were expressed at much higher levels in
the patch supported cells than the glass supported ones. More-
over, the expression of both cardiac structure- (DES, ACTN2)
and function- (HAND2, GATA4) related genes was enhanced in
the patch supported cells compared to the glass supported
cells. Finally, the genes related to sodium/calcium/potassium
channels which play significant roles during cardiac contrac-
tion, such as KCNQ1, PLN, and SLC8A1, were increasingly
expressed in the patch supported cells. After 10 more days
maturation, the results of flow cytometry showed 74.7% cTnT
positive cardiomyocytes on the patch while only 34.5% cTnT
positive cardiomyocytes on the glass slide on day 21 (Fig. 7).

3.4 Electrophysiological evaluation

The culture patch with differentiated cardiomyocytes could be
easily placed in the chamber of a commercial MEA device at
day 21 (Fig. 8A and B), showing again the homogeneous con-
traction as observed before (Video S3†). Now, the field poten-
tial of cardiomyocytes could be recorded by each electrode of
the MEA. Typically, we observed an impulsion synchrony of
almost 100% over all 60 electrodes of the array (Fig. S3A and B†).
Such a recording could be done repeatedly by replacing the
patch on MEA without accuracy. We also found that the signals
from the nethermost electrodes have 85.18 ± 3.31 ms time

Fig. 4 On patch cardiac differentiation of hiPSCs. (A) Schematic of cardiac differentiation under off-ground conditions. (B) Protocol of cardiac
differentiation. (C) Bright-field images of the differentiating hiPSCs at day −1, 1, 3, 5 and 12.
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delay with respect to that from the uppermost electrodes,
which could correspond to a propagation speed of 16.46 ±
0.65 μm ms−1. Accordingly, we found 32.68 ± 2.94 ms time
delay and a propagation speed of 43.19 ± 3.89 μm ms−1 in the
horizontal direction (Fig. S3C†).

Consequently, drug effects on the cardiac functions could
be evaluated by measuring the QT wave intervals and the
beating frequency of the MEA signals. As expected, E-4031
resulted in a QT interval prolongation (Fig. 8C), due to the
blockage of the rapid component of the delayed rectifier
potassium current. This drug effect is clearly dose dependent.
By analyzing the signals from whole 60 electrodes, we found
that 50 nM E-4031 led to 194 ± 40.5 ms increase and 100 nM
led to 279 ± 70.1 ms increase of the QT interval respectively
(Fig. 8D), similar to the previous results.27,28 Isoproterenol
(ISP), a beta-agonist, was then tested, showing an increase of
the beating frequency as a function of the drug dosage. After
introduction of propranolol (Pro), a beta-blocker, a dose-
dependent decrease of the beating frequency was observed
(Fig. 8E and F). These experiments have been repeated several
times, showing reproducible results. Thus, we validated the

usefulness of the culture patch for drug test and demonstrated
the robustness and flexibility of the culture patch method for
advanced assays.

4. Discussion

We put forward the culture patch method for hiPSC culture
and differentiation towards cardiomyocytes. First, the cross-
linked monolayer gelatin nanofibers allow minimizing the
exogenous material contact of hiPSCs because of the large
pore sizes of the patch and the use of a natural polymer. If
necessary, the culture patch can be coated with vitronectin or
other types of extracellular matrix proteins for more functional
cell–nanofiber coupling. In all cases, the mechanical stress on
cells should be reduced and cell–cell coupling should be
enhanced with respect to the cells cultured on flat substrates.
Accordingly, cells can be more easily self-organized, which
explains the formation of single hiPSC colonies in each of the
honeycomb compartments as well as the formation of homo-
geneous cardiac tissues after differentiation.

Fig. 5 Comparison of immunofluorescence images of cardiomyocytes differentiated on a patch and on a glass (control) at day 21: α-actinin (green),
connexin43 (red), TnnT2 (green), α-MHC (red), nuclei (blue).
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Secondly, the crosslinked monolayer nanofibers allow
greatly increasing the exposure area of the hiPSCs to the
culture medium since the culture patch is under off-ground
culture conditions. Here, the off-ground culture could be poss-
ible with or without handling the device, since the material
density of PEGDA is close to that of the culture medium. Pre-
viously, we have shown that cells were preferentially localized
in the nano-patterned area, because of the enhanced diffusion
of nutrients and cellular uptake.29 Now, the cells are supported
by a monolayer of crosslinked nanofibers with large pore sizes
so that cell metabolites can be more efficiently diffused due to
the increased exposure area. In this regard, the culture patch
is advantageous over other types of 3D substrates.30 Indeed, we
found that the number of cells increases more rapidly on the
patch than on glass for both fibroblasts (Fig. S4†) and hiPSCs.

For example, with a seeding number of ∼560 cells in each
honeycomb compartment, we obtained a colony of ∼1300
cells after 24 h culture, deduced from the volume of the hemi-
sphere (∼5.6 × 106 μm3). This means that the culture patch is
more favorable to the cell growth than the conventional
substrates.6

The formation of uniform hiPSC colonies on the patch can
be attributed to the compartmentation of the PEGDA frame.
The honeycomb structure has been chosen because of its high
mechanical stability and low in-plane resistance to cardiac
contraction,31–33 whereas PEGDA has been used to facilitate
the hiPSC clustering. Previously, PEGDA has been widely used
to pattern the cell culture surfaces due to its poor cell adhesion
and poor protein adsorption but easy chemical modification.34

A honeycomb structure pitch size of 500 μm has been chosen

Fig. 6 qRT-PCR analysis of cardiomyocytes differentiated on a patch and on a glass. (A) Heat map of qRT-PCR with 20 cardiac related mRNAs
expression: undifferentiated hiPSCs (day 0) and differentiated hiPSCs on two types of substrates (day 9). (B) Histogram presentation of the gene
expression of undifferentiated hiPSCs (day 0) and differentiated hiPSCs on two types of substrates (day 9). Each data point represents the mean ± SD
value of triplicate experiments. Gene groups: (1) cardiomyocyte structural constituent; (2) cardiomyocyte transcription factors; (3) cardiomyocyte
receptors; (4) cardiomyocyte ion channels; (5) cardiomyocyte enzyme; (6) cardiomyocyte transporter; (7) normalization gene; (8) sample integrity
controls.

Fig. 7 Flow cytometer analysis with specific cardiomyocytes marker cTnT for cardiomyocytes differentiated on a patch (A) and on a glass (B) on
day 21.
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to generate hemisphere colonies of ∼250 μm diameter (∼1300
cells), which is the best size of hPSC colonies for cardiac differ-
entiation.35 To achieve this, the ROCK inhibitor treatment
time has been adjusted. It is known that the ROCK signaling
pathway has down-regulation effects on cell migration and
cell–cell adhesion,23 thus the ROCK inhibitor has the effect of
decreasing cell migration and cell–cell adhesion. Here, the
ROCK inhibitor Y-27632 has been used to balance the effect of
vitronectin which promotes the integrin-mediated cell
adhesion to the substrate. Therefore, both a low vitronectin
surface coating and a short time Y-27632 treatment should
decrease the cell–substrate interaction and promote the cell–
cell adhesion, thus enhancing the cell clustering and the for-
mation of hemisphere hiPSC colonies. Indeed, when the
Y-27632 treatment was limited to 1–2 h, hemisphere colonies
with a diameter of about 225 µm were obtained, while flat
hiPSC colonies were generated when the Y-27632 treatment
lasted for 4 h or longer. In both cases, hiPSC colonies stayed
on the upper side of the patch due to the smaller pore sizes of
the nanofiber.

Previously, flat hiPSC colonies were used for on patch
motor neuron differentiation.21 In this work, hemisphere
colonies were chosen for cardiac differentiation/maturation.
This is because of the morphological resemblance of the
hemisphere colonies and embryoid bodies (EBs), which is
much closer to the embryonic development process in vivo,
and could promote cardiomyocyte induction.36,37 In the past,
cardiac differentiation has been studied using EBs in suspen-
sion or reseeded in a culture dish,25,35,38,39 leading to rather
heterogeneous cardiac clusters. In our case, homogeneous
hiPSC colonies could be obtained in each honeycomb com-
partment, allowing uniform cardiac differentiation. More-
over, the differentiating EBs in suspension or dish culture
may form even larger cardiac clusters due to inevitable
fusion, while the PEGDA honeycomb compartment prevents
such a fusion until the later stage of the cardiac differen-
tiation. This also explains a much better beating uniformity
of the matured cardiac cells on the culture patch than on
glass (Videos S1 and S2†). Similar results were obtained with
the human episomal iPSC line from Life Technologies, which

Fig. 8 Electrophysiological measurement and drug test of cardiac patch at day 21. (A) Cardiac patch in the chamber of a MEA device filled with
medium. (B) Bright field image of the cardiac patch on MEA. (C) Field potential waveform showing an increased QT interval (green line) with the
increases of E-4031 concentration. (D) QT interval as a function of E-4031 concentration, by analyzing signals from whole 60 electrodes. (E) Field
potential signals showing the effect and dosage dependency of cardiac drug ISP and Pro. (F) Cardiac beating frequency as a function of the concen-
tration of ISP and Pro, by analyzing signals from whole 60 electrodes.
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implies the feasibility of this method for multiple human
iPSC cell lines.

We would like to mention that in our experiment the same
patch has been used along the whole cardiac differentiation
process which reduced risks of digesting/reseeding induced
cell damage or contamination. More interestingly, the cardio-
myocytes differentiated on the patch could be used directly for
electrophysiological measurement with a commercial MEA
without reseeding,40,41 allowing more efficient drug evaluation
as shown by the dosage-dependent response to cardiac drug
compounds. Previously, advanced levels of cardiomyocyte
maturation and 3D organization have also been achieved by
reseeding differentiated hESCs on a patterned hydrogel matrix
but patch clamp and optical mapping techniques had to be
used for observation.17,18 Our approach is based on plug-and-
play recordings without cell reseeding, which should greatly
simplify the routine applications.

We would also like to mention that the cardiomyocytes
differentiated on the patch should have tight gap junctions
and matured tissue structures due to enhanced self-organi-
zation and off-ground culture conditions. The patch form of
differentiated cells could be robust, versatile, and easy to use
for different cell-based assays. For example, they can be used
for preclinical drug assays instead of animal models. Since
there are significant differences between human cardiac and
animal models (e.g. beating rate and maturation time),42 the
use of human cardiomyocytes should be more relevant for
other applications such as disease modeling and drug develop-
ment. In this regard, the culture patch can be improved by
using aligned and/or biodegradable nanofibers.43,44 High
quality and high purity cardiomyocytes for clinical appli-
cations would require purification of differentiated iPSCs.
Among others, metabolic selection with lactate45 could be
applied directly to the culture patch method. More systematic
studies will also be required for optimization of the mechanic
stiffness and mesh size of nanofibers for both hiPSC cultiva-
tion and lineage specific differentiation.46 Besides, the cellular
patch systems could be easily integrated into microfluidic
devices for maturation under appropriate electrophysiological
conditions and eventually formation of vascular sub-systems.
Finally, our patch method can be extended to the formation of
multilayer cardiac constructs by fusing two or more cardiac
layers or hiPSC differentiation on a multilayer patch system,
which will be reported later on.

5. Conclusion

We described a culture patch method as an alternative to con-
ventional culture dish methods for culture and differentiation
of hiPSCs. When used for cardiac differentiation, hemisphere
colonies were firstly generated on the patch by straightforward
control of the ROCK inhibition. Then, the hiPSCs were differ-
entiated to cardiomyocytes without reseeding and the resulted
cardiac tissue could be placed directly on MEA for electro-
physiological measurement and drug tests. The advantage of

the patch method relies on the minimum contact between
cells and the exogenous material, and the maximum per-
meability under off-ground conditions, since both culture and
differentiation are performed on a net structure of cross-linked
monolayer nanofibers. The culture patch, with or without
cells, is robust and flexible for a variety of cell-based assays,
therefore holding high potential for both in vitro and in vivo
applications.
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