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Cardiovascular diseases represent a major socio-economic burden. In recent years, considerable effort
has been invested in optimizing cell delivery strategies to advance cell transplantation therapies to restore
heart function for example after an infarct. A particular issue is that the implantation of cells using a non-
electroconductive matrix potentially causes arrhythmia. Here, we demonstrate that our hydrazide-func-
tionalized nanotubes-pericardial matrix-derived electroconductive biohybrid hydrogel provides a suitable
environment for maturation of human-induced pluripotent stem cell (hiPSC)-derived cardiomyocytes.
hiPSC-derived cardiomyocytes exhibited an improved contraction amplitude (>500%) on conductive
hydrogels compared to cells cultured on Matrigel®. This was accompanied by increased cellular align-
ment, enhanced connexin 43 expression, and improved sarcomere organization suggesting maturation of
the hiPSC-derived cardiomyocytes. Sarcomeric length of these cells increased from 1.3 to 1.7 pym.
Moreover, 3D cell-laden engineered tissues exhibited enhanced calcium handling as well as positive
response to external electrical and pharmaceutical stimulation. Collectively, our data indicate that our bio-
hybrid hydrogels consisting of solubilized nanostructured pericardial matrix and electroconductive posi-
tively charged hydrazide-conjugated carbon nanotubes provide a promising material for stem cell-based
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Introduction

The major cause of heart failure in most cases is the loss of
cardiomyocytes as humans have no or at best a limited ability
to generate new cardiomyocytes." This leads to progressive scar
formation, ventricular wall dilatation, secondary loss of cardio-
myocytes, and eventually heart failure. Even though great
advances have been achieved in identifying risk factors and to
reduce damage by immediate measurements, for example by
acute percutaneous coronary intervention, the prevalence of
heart failure is increasing.>* As a result of public health and
medicine, the mortality of coronary artery diseases declined
since the 1960s by ~40%;* however, the quality of life for those
patients who survived from an infarct is still undermined by
hospitalization and long waiting lists for receiving appropriate
transplantations.> Therefore, major effort is invested to
develop therapies to prevent, reduce, and reverse damage to
the heart. Currently, the only available therapy is heart trans-
plantation, which is severely limited due to a shortage of
donor organs.>®

In order to reverse cardiomyocyte loss efforts have been
devoted to adding cardiomyocytes or by enhancing the
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endogenous regenerative potential of the heart." In terms of
adding cardiomyocytes, a large effort is invested in promoting
differentiation and maturation of human embryonic stem cells
(hESC) or human induced pluripotent stem cells (hiPSC) in
adult-like cardiomyocytes and in determining the best strategy
to implant these cells into the injured heart.” Major existing
issues are maturation of hESC- and hiPSC-derived cardiomyo-
cytes and induction of arrhythmia.®*° In terms of promoting
the endogenous regenerative potential of the heart, it remains
unclear whether it can indeed be enhanced to significantly
improve heart function. Yet, clinical trials have at least verified
that transplanted stem cells such as human mesenchymal
stromal cells (hMSCs) improve heart function in a paracrine
fashion.""" In addition, it has recently proposed that the ben-
eficial effects observed in animal models upon implantation of
hiPSC-derived cardiomyocytes are the result of a paracrine
effect and probably not due to the contractile force of the
cells."”" The underlying mechanism of the paracrine effect,
however, remains unclear. It is possible that secreted factors/
extracellular vesicles (EVs) promote cardiomyocyte prolifer-
ation or proliferation and cardiac differentiation of endogen-
ous stem cells. A current debate is whether cell transplantation
is necessary or the application of factors/EVs is sufficient."*°
Yet, it is clear that so far cell-free as well as cell-based strat-
egies are not advanced enough to decide which of both will be
successful in the future.

The clinical outcome of cell-based therapy remains unsatis-
factory but the so far obtained results are promising and
encourage continuing to better understand and optimize this
strategy. Major obstacles are the low engraftment and limited
survival rate of transplanted cells in the injured host
tissue.’”'® In addition, the transplanted cells and materials
will act as a non-conductive scar enhancing the risk of
arrhythmia."® Therefore, new materials are needed that are
electroconductive and allow stem cells to proliferate, which
will increase the amount of secreted factors/EVs, and/or to
promote maturation of hiPSC-derived cardiomyocytes. Several
approaches are known to enhance conductivity such as the
addition of electroconductive materials including nano-
particles,*® nanorods,*' nanowires,”” carbon nanotubes,**** or
conductive polymers.>*° In the field of cardiac tissue engin-
eering polyaniline (PANi)*” and polypyrrole (PPy)**>° are the
most utilized materials to enhance electrical conductivity.
While it has been shown that PANi and PPy are promising,
they have the major disadvantage of not being dispersible in
water.>*> Thus, they cannot be used together with cells
during the production steps. Therefore, there is an urgent
need for electroconductive materials, which are dispersible in
water and compatible with cells suitable to promote cardiac
repair. Currently, there is to our knowledge only one such
polymer, electroconductive poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS), in the literature
described.>® The suitability of PEDOT:PSS combined with
alginate and collagen has been tested in the context of hiPSC-
derived cardiomyocytes. However, due to its intrinsically low
mechanical properties, this material could not enhance the
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mechanical properties of the biohybrid hydrogel. This would
represent a limitation in tunability of mechanical properties of
the final hydrogel. Metallic nanoparticles are another group of
conductive materials, which have been used for tissue engin-
eering applications. However, their use in hydrogels might
result in inhomogeneous mechanical properties and thereby
forming points of stress concentrations, which can alter the
outcome of the final product.** Carbon nanotubes are promis-
ing due to their morphology as well as anisotropic mechanical
and electrical properties. However, a possible problem,
especially with multi-walled carbon nanotubes, is to obtain a
stable solution.*> Thus, we previously developed stably dis-
persed nanotubes in water that can be used together with
gels.”® These positively charged nanotubes could theoretically
interact with the negatively charged cellular membrane of car-
diomyocytes and enhance their function by improving cellular
attachment. Here, we tested our electroconductive biohybrid
hydrogel consisting of nanofibrous decellularized pericardial
matrix from young adult sheep heart and the above described
electroconductive, positively charged hydrazide-conjugated
multiwall carbon nanotubes® in the context of hMSC as well
as hiPSC-derived cardiomyocytes in order to expand the oppor-
tunities to deliver stem cells and/or produce electroconductive
cardiac tissues. While a variety of different biomaterials have
been evaluated for cardiac tissue engineering,*®*” decellular-
ized matrices are promising as they conserve different
elements from native extracellular matrix (ECM).*®
Maintaining the ECM complexity, these materials provide the
cells with mechanical integrity and participate in signaling
events that play an important role in cell fate.*®*° However,
these materials are mechanically weak and they are not electri-
cally conductive. These limiting factors may hamper their
efficiency when used for regenerating electroactive cardiac
tissue. Thus, we utilized carbon nanotubes, which due to their
unique characteristics improved mechanical and electrical pro-
perties of the hydrogels.**™*

Here we aimed at determining whether our hydrogel pro-
vides a proper microenvironment to enhance mesenchymal
stromal cell proliferation as well as cardiomyocyte maturation.
Our data indicate that our biohybrid hydrogel provides a prom-
ising material for stem cell-based cardiac tissue engineering. It
promotes proliferation of hMSCs as well as maturation of
hiPSC-derived cardiomyocytes evidenced by improved contrac-
tion amplitude in agreement with increased alignment,
enhanced connexin 43 expression, improved sarcomere organ-
ization, and increased sarcomeric length.

Results

Preparation and characterization of pericardial matrix-derived
electroconductive biohybrid hydrogel

As described previously,” we have functionalized multiwall

carbon nanotubes (MWCNT-COOH) with carbodihydrazide
(CDH) using N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide
coupling reaction to obtain hydrazide-functionalized nano-
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Fig. 1 Preparation of nanotubes and hydrogels. (a) Schematic illus-
tration of substituting carboxylic acid functional groups on the MWCNTs
with positively charged hydrazide functional groups. (b) Representative
elemental analyses by X-ray photoelectron spectroscopy(XPS). (c) XPS-
analysis of nanotubes for nitrogen atoms at N 1s binding energy inten-
sity. (d) Analyses of particle size for MWCNT-CDH at different pH values.
(e) Representative photograph images of MWCNT-COOH and
MWCNT-CDH to study the stability of the water-dispersed nanotubes.

tubes (MWCNT-CDH) (Fig. 1a). Analysis of the nanotubes
using X-ray photoelectron spectroscopy (XPS) before and after
modification verified the successful conjugation of hydrazide
functional groups at 4 mol%. This has been calculated by the
internal software of the machine based on the NIST X-ray
Photoelectron Spectroscopy Database (Fig. 1b and ¢) and indi-
cates the presence of -NHNH, functional groups.

Dynamic light scattering measurements revealed that
MWCNT-CDH in water formed particles with a diameter of
~190 nm at physiological pH (Fig. 1d). Lower pH values
resulted in a significant increase in particle size (~25 pm at
PH 2.4) while particle size further decreased by increasing pH-
values (~170 nm at pH 9.5). In order to evaluate time-depen-
dent stability of modified nanotubes, stationary vials filled
with nanotubes dispersed in water at physiological pH were
monitored for 3 days. In contrast to MWCNT-COOH,
MWCNT-CDHs were stable upon dispersion even after 3 days
(Fig. 1e).

Next, we prepared a new batch of decellularized solubilized
pericardial matrix following the previously reported protocol
(Fig. 2a).® For this purpose, we obtained adult sheep pericar-
dium, rinsed and cleaned it thoroughly from blood and
adipose tissue, decellularized and enzymatically digested the
remaining tissue. Decellularization was verified based on
hematoxylin and eosin staining (Fig. 2b) and quantification of
genetic material by measuring DAPI intensity (Fig. 2c).
Sulphated glycosaminoglycan (sGAG) content of the decellular-
ized solubilized matrix was measured by dimethyl-methylene
blue (DMMB) assay and compared to the fresh tissue (Fig. 2d).
Our data show that decellularization significantly decreased
SGAG content. However, molecular weight analysis of protein
content of decellularized tissues by polyacrylamide gel electro-
phoresis (PAGE) indicates that proteins with a molecular
weight comparable to collagen have been preserved compared
to fresh tissue (Fig. 2e). Finally, we mixed the solubilized
matrix with MWCNT-CDH in order to form a biohybrid pre-gel
and incubation at 37 °C for 30 min resulted in the formation of a
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Fig. 2 Material properties of conductive biohybrid hydrogels. (a)
Illustration of different steps in preparation of PM- and PMCNT-gels. (b)
Representative histological images of fresh and decellularized pericar-
dium based on hematoxylin—eosin staining. Blue points represent cellu-
lar nuclei. (c) Quantitative analyses of DNA content in fresh and decellu-
larized pericardium. (d) Quantitative analyses of sGAG content by DMMB
assay. (e) Analysis of molecular weight of the protein content by PAGE
measured from 35 pg total protein loaded in each well. (f)
Representative SEM images of PM- and PMCNT-gels. (g) Quantitative
analyses of electrical conductivity measured by four-point-probe test.
(h) Quantitative analyses of pore diameter based on SEM images. (i)
Quantitative analyses of swelling ratio of PM- and PMCNT-gels. (j)
Analyses of quantitative changes in storage and loss modulus as a func-
tion of frequency. (k) Quantitative analyses of shear storage (G') and loss
modulus (G”) measured from rheological analyses. (1) Quantitative ana-
lyses of loss tangent as an indication of dampening properties of the
gels as a function of frequency. Data are mean + SD. *: p < 0.05 and for
all quantified data n = 3. Scale bars: black: 50 ym, red: 1 pm.

stable gel (from now on termed as PMCNT-gel). Four-point-probe
measurements confirmed that the addition of MWCNT-CDH
increased the conductivity of pericardial matrix hydrogel

! to

(from now on termed as PM-gel) from 6.7 + 1.8 mS cm™
14.6 + 1.2 mS ecm™" for pericardial matrix hydrogel containing
MWCNT-CDH (Fig. 2g).

As previously shown,” PM- and PMCNT-gels exhibit an
ECM-like nanofibrous structure (Fig. 2f). Analysis of scanning
electron microscopy (SEM) images of critically point dried
samples after sputter-coating by gold revealed that incorpor-

ation of MWCNT-CDH resulted in increased pore diameter

This journal is © The Royal Society of Chemistry 2019
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from 0.6 + 0.3 um for PM-gels to 1.5 + 0.7 pum for PMCNT-gels
(Fig. 2h). The swelling ratio was not significantly affected by
the presence of MWCNT-CDH (Fig. 2i) while the storage
modulus (G') was significantly increased (Fig. 2j and k).
Finally, we calculated the ratio of G” to G', which is known as
loss tangent (tan(6) = G"G'™"). It provides a measure of dam-
pening of the material. In the range of physiological cardiac
frequencies, loss tangent for PMCNT-gels was 0.42 + 0.002
while it was 0.77 + 0.007 for PM-gels. This shows that PMCNT-
gels are more elastic than PM-gels storing more energy while
stressed and exhibiting lower energy damping (Fig. 21).

PMCNT-gels are suitable materials for cardiac therapy relevant
cell types

Previously, we have demonstrated the beneficial effects of peri-
cardial matrix derived hydrogel in the context of HL-1 cells.”®
However, these cells are derived from the AT-1 mouse atrial
cardiomyocyte tumor lineage, which exhibit ultrastructural
characteristics typical of embryonic atrial cardiac muscle
cells.** Thus, these cells are not clinically relevant. Therefore,
we evaluated the behavior of human cells including hMSCs
and hiPSC-derived cardiomyocytes on PMCNT-gels. Previously,
it has been shown that the beneficial effect of MSCs correlates
directly with the number of transplanted MSCs.**** On the
other hand, it is difficult to transplant high numbers of MSCs
due to low engraftment and survival rate.'® Therefore, we
hypothesized that PMCNT-gels provide a suitable environment
to allow hMSC proliferation and expansion upon transplan-
tation. Analyses of alamarBlue™ assays demonstrated that
hMSCs proliferate on PMCNT-gels faster than on PM-gels as
well as gelatin exhibiting a constant proliferation rate for
168 hours (Fig. S1af). In order to assess whether hMSCs main-
tained their multipotency and thus their beneficial paracrine
effect, we have analyzed their differentiation potential towards
adipose and bone lineages after culturing them for 7 days on
PMCNT-gels (Fig. S1bf). Our data show that hMSCs could
successfully be differentiated into adipose and bone lineages
indicating that hMSCs on the different matrices remained
their multipotency.

hiPSCs-derived cardiomyocytes are a promising cell-type for
cell-based cardiac therapy. Immunostaining of our hiPSCs
revealed the expression of OCT4, SSEA4, TRA-1-60, and SOX2
and therefore their pluripotency (Fig. 3a). Thus, we differen-
tiated these cells into cardiomyocytes using an established pro-
tocol utilizing CHIR-99021 and IWR-1-endo.*® Subsequently,
we evaluated the viability and beating properties of hiPSC-
derived cardiomyocytes. Analyses of viability by live and dead
staining showed that after one and seven days, the viability of
hiPSC-derived cardiomyocytes on PM- or PMCNT-gels is com-
parable to cells on Matrigel®, the standard culture substrate
for hiPSC-derived cardiomyocytes (Fig. Sic, df and Fig. 3b, c).
Furthermore, Kymograph analyses revealed that hiPSC-derived
cardiomyocytes exhibited autonomous contractions on
Matrigel®, PM- and PMCNT-gels after seven days (Fig. 3d).
However, cells on Matrigel® and PM-gels exhibited arrhyth-
mias (yellow plus signs, Fig. 3d and Movies S1, S27).
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Fig. 3 Analyses of response of the clinically relevant cell types. (a)
Examples of projections of confocal images of hiPSCs before differen-
tiation stained for pluripotent markersTRA-1-60, SOX2, SSEA4, OCT4,
and DNA (DAPI). (b) Quantitative analysis of live and dead staining (n = 3)
based on (c) images of viability of hiPSC-derived cardiomyocytes cul-
tured on 2D films after 7 days based on live and dead staining by
calcein-AM (green, living) and ethidium homodimer-1 (EthD-1, red,
dead). (d) Examples of Kymograph analysis visualizing autonomous con-
tractions (peaks) of hiPSC-derived cardiomyocytes. Yellow plus signs
indicate arrhythmia. (e) MUSCLEMOTION analysis of contraction ampli-
tude (n = 3), (f) examples of speed of contraction at day seven, and (g)
peak-to-peak time (n = 3). Data are mean + SD. *: p < 0.05. Scale bars:
yellow: 5 pm, white: 10 pm.

Incorporation of carbon nanotubes resulted in synchronous
contractions without signs of arrhythmia (Fig. 3d and Movie
S3t). In addition, we performed MUSCLEMOTION analyses of
the obtained movies at day 7. hiPSC-derived cardiomyocytes
grown on PMCNT-gels exhibited significantly greater contrac-
tion amplitude (PMCNT: 202.3 + 11.3 a.u. vs. PM: 35.6 + 15.8
a.u. and Matrigel®: 36.5 + 9.8 a.u., Fig. 3e). These cells also
exhibited a higher speed of contraction on PMCNT-gels (values
of normalized speed of contraction of ~14 a.u. vs. ~2 a.u. on
Matrigel® and ~7.5 a.u. on PM-gels, Fig. 3f). Finally, peak-to-
peak time was decreased in cells cultured on both PM- and
PMCNT-gels compared to cells on Matrigel® (Fig. 3g). There
was a clear trend (p = 0.05), yet, the difference was not signifi-
cant. Collectively, these data suggest that PMCNT-gels are suit-
able materials for the expansion of hMSCs as well as culture of
hiPSC-derived cardiomyocytes to exhibit rhythmic and efficient
contractions.

PMCNT-gels enhance alignment, electrical coupling, and
sarcomere maturation

Improved beating properties of engineered cardiac tissues
have been shown to be caused by improved cellular alignment,
intercellular electrical coupling, and sarcomere maturation
which can be induced by mechanical or electrical stimulation

of the engineered cardiac tissues*®*” or intrinsically in electro-
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conductive gels.>® Thus, we have investigated whether hiPSC-
derived cardiomyocytes exhibit also on electroconductive
PMCNT-gels improved characteristics. Immunostaining
images of cardiac troponin I were utilized by Orientation J
plugin®® of NIH Image] software in order to quantitatively
analyze the orientation distribution of cardiomyocytes on
Matrigel®, PM- and PMCNT-gels. Analyses of cellular align-
ment revealed that the majority of hiPSC-derived cardiomyo-
cytes per observed area exhibit a unidirectional orientation on
PMCNT-gels as shown by a narrow orientation distribution
(Fig. 4a—c). However, cells on Matrigel® and PM-gels failed to
form such orientation, and they showed irregular orientation
as measured from immunostaining images and expressed by
color-coded (Fig. 4a) as well as radar graphs (Fig. 4b).

In order to determine if intercellular coupling of hiPSC-
derived cardiomyocytes is enhanced on PMCNT-gels, cells
were stained at day 7 for cardiac-specific markers troponin I
and sarcomeric a-actinin as well as the gap junction protein
connexin 43 (Fig. 5a). Image analysis revealed that surface cov-
erage of cardiomyocytes based on troponin I staining was not
significantly different among all groups (Fig. 5a and b). In con-
trast, hiPSC-derived cardiomyocytes on PMCNT-gels exhibited
a markedly increased expression of connexin 43 indicating
improved cell-to-cell contact and coupling (Fig. 5a and c).
Finally, PMCNT-gels promoted sarcomere maturation as
hiPSC-derived cardiomyocytes exhibited a sarcomeric length of
1.3 £ 0.2 um on Matrigel®, 1.4 + 0.2 pm on PM-gels and 1.7 +
0.3 pum on PMCNT-gels (Fig. 5a and d).

In order to determine if PMCNT-gels are suitable to engin-
eer 3D cardiac tissues, we mixed hiPSC-derived cardiomyocytes
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Fig. 4 Conductive biohybrid hydrogels intrinsically enhance alignment
and orientation of hiPSC-derived cardiomyocytes. (a) Representative
color-coded confocal images of hiPSC-derived cardiomyocytes cultured
on hydrogels from utilized troponin | staining in order to determine
orientation of cardiomyocytes. (b) Representative radar graphs indicating
orientation distribution in an individual image. (c) Orientation distri-
bution of cardiomyocytes in individual images. Scale bars: 10 pm.
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Fig. 5 Conductive biohybrid hydrogels intrinsically enhance intercellu-
lar electrical coupling of hiPSC-derived cardiomyocytes. (a) Examples of
projections of confocal images of biohybrid hydrogels seeded with
hiPSC-derived cardiomyocytes for the cardiomyocyte-specific markers
troponin | and/or sarcomeric-a-actinin as well as connexin 43 and DNA
(DAPI) at day 7. (b) Quantitative analysis of cardiomyocyte (troponin I)
surface coverage (n = 3). (c) Quantitative analysis of connexin 43 surface
coverage normalized to troponin | (n = 3). (d) Quantitative analysis of
sarcomeric length based on confocal images of hiPSC-derived cardio-
myocytes stained for troponin | and sarcomeric-a-actinin in (a) (n = 3).
Data are mean + SD. *: p < 0.05. Scale bars: yellow: 10 ym, white: 2 pm.

with digested ECM and let it gel for 1 h. Immunofluorescence
staining analysis revealed that cardiomyocytes elongated and
spread through PM- and PMCNT-gels exhibiting a well-estab-
lished sarcomeric apparatus (Fig. 6a). Analysis of calcium
handling via Fluo-4 calcium sensitive dyes and live cell
imaging indicated that cardiomyocytes in both the PM- and
PMCNT-gels showed comparable calcium release and recovery
patterns. However, PMCNT-tissues showed slightly higher
beating frequencies, greater calcium flux peaks (Fig. 6¢ and d),
and significantly lower time to peak as well as relaxation times
(Fig. 6e-g).

We hypothesize that the inclusion of electroconductive
materials will be favorable in a clinical point of view as it
might help to prevent the issue of arrhythmia. Yet, it remains
unclear whether the inclusion of electroconductive materials
affects the responsiveness of engineered tissues to external
stimuli.

To address this issue, we assessed the response of both PM-
and PMCNT-tissues to external electrical stimulation, isopro-
terenol as well as epinephrine via MUSCLEMOTION analysis.
Our data demonstrate that the engineered tissues positively

This journal is © The Royal Society of Chemistry 2019
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responded to all these stimuli with increased beating frequen-
cies (Fig. 7a and b). Notably, PMCNT-gels exhibited a more
homogenous response than PM-gels (fewer intermediate peaks
of lower intensity indicating non-synchronous contractions)
(Fig. 7).

In order to evaluate long-term cellular behavior in engin-
eered tissues, we cultured PM- and PMCNT-tissues for 27 days
when they still exhibited spontaneous contraction (Movies S6
and S71). Immunofluorescence staining analysis revealed that
cardiomyocytes in both hydrogels formed condensed struc-
tures with very well striated sarcomeres (Fig. 8a). Furthermore,
engineered tissues responded to drugs that either enhance or
inhibit cardiomyocyte contraction (Fig. 8b and c). Stimulation
with isoproterenol or epinephrine resulted in an increased
beating frequency accompanied by an increased contraction
intensity that was higher in PMCNT-tissues compared to PM-
tissues. Nifedipine, as an L-type calcium channel blocker,
caused a decrease in beating frequency 2 min after treatment
and a stop of contraction after 5 min. Verapamil, as a T-type
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Fig. 7 Engineered cardiac tissues respond to electrical and pharma-
ceutical stimulations. Examples of contractility of engineered tissues
based on MUSCLEMOTION analysis of acquired movies at day 7. (a) PM-
tissues and (b) PMCNT-tissues were stimulated by electrical pacing at
1.5 Hz, and exposed to isoproterenol (50 uM) or epinephrine (50 pM).

calcium channel blocker, abolished beating of the tissues
2 min post-stimulation. Thus, these tissues can be maintained
in culture for long-term and be used as in vitro models for
cardiac physiology.

In summary, our results suggest that PMCNT-gels without
external stimulation can enhance alignment, intercellular elec-
trical coupling, and sarcomere maturation of hiPSC-derived
cardiomyocytes resulting in improved beating properties of
engineered cardiac tissues. Moreover, engineered PMCNT-
tissues exhibited improved calcium handling properties and
properly responded to external stimuli.

Discussion

We conclude that PMCNT-gels are promising materials for
stem cell-based cardiac tissue engineering to make more
opportunities for treating cardiovascular diseases. This con-
clusion is supported by our findings that PMCNT-gels provide
a suitable environment for hMSC proliferation as well as
hiPSC-derived cardiomyocyte maturation evidenced by
increased connexin 43 expression and increased sarcomere
length. Importantly, PMCNT-gel promoted hiPSC-derived car-
diomyocyte alignment and increased contractility in the
absence of arrhythmia. Moreover, 3D cell-laden PMCNT-engin-
eered tissues exhibited enhanced calcium handling evidenced
by shorter time to peak and relaxation time resulting in
slightly higher beating frequencies.

Clinical studies based on hMSC therapy for cardiac appli-
cations showed beneficial effects, which are due to hMSC-
secreted factors. However, cellular engraftment and mainten-
ance post-transplantation is a challenge.'””*® Thus, one strat-
egy to enhance hMSC-based therapies is to improve hMSC
delivery, survival and in situ amplification. As the PMCNT-gel
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Fig. 8 Engineered cardiac tissues exhibit spontaneous contraction at
day 27 and respond to pharmaceutical stimulations. (a) Examples of pro-
jections of confocal images of cell-laden tissue constructs stained for
the cardiomyocyte-specific markers troponin | and sarcomeric-
a-actinin. b, (c) Examples of contractility of engineered tissues based on
MUSCLEMOTION analysis of acquired movies. (b) PM-tissues and (c)
PMCNT-tissues were stimulated with drugs that enhance (isoproterenol
[50 pM], epinephrine [50 pM]) or inhibit (nifedipine [1 pM], verapamil
[1 pM]) cardiomyocyte contraction. Scale bars: yellow: 25 pm, white:
5 pum.

provides a suitable microenvironment for proliferation of
hMSCs, it is a promising material to be evaluated for enhanced
hMSC-based therapies. Furthermore, our data suggest that
PMCNT-gels allow the expansion of hMSCs maintaining their
multipotency and thus beneficial paracrine effect, as 7 days-
long cultured hMSCs could still successfully be differentiated
into bone and lipid lineages.

hESC- and hiPSC-derived cardiomyocytes are other promis-
ing cell types for regenerating the injured heart. Engraftment
of hESC- and hiPSC-derived cardiomyocytes showed promising
results.®'*"® However, these cells are developmentally imma-
ture and therefore they have self-beating characteristics as well
as limited force generation capacities." Thus, they are unable
to electrically couple with the surrounding cardiac tissue when
transplanted. Therefore, transplantation of these cells is often
accompanied by cardiac arrhythmia.>'° In contrast to
Matrigel® and PM-gels, PMCNT-gels promoted rhythmic
beating of hiPSC-derived cardiomyocytes and exhibited no tox-
icity. Furthermore, they generated greater “speed of contrac-
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tion” as well as “contraction amplitude” on PMCNT-gels. This
suggests that hydrazide functionalized carbon nanotubes can
provide the biohybrid hydrogel based on pericardial matrix
with a suitable environment for rhythmic beating and
improved generated force of hiPSC-derived cardiomyocytes.
Force generation of cardiac tissue depends on several
factors including cell-to-cell communication, cell alignment
and orientation, sarcomeric maturation, as well as mechanical
properties of the matrix.*® Our data show that hiPSC-derived
cardiomyocytes on PMCNT-gels expressed higher connexin 43
levels indicating that the cells better couple electrically, as con-
nexin 43 is a protein responsible for electrical coupling of adja-
cent cells. Moreover, they showed enhanced cellular alignment
and contained longer sarcomeres with an average of 1.7 um.
The cause of alignment is unclear, as SEM image of internal
structures in PMCNT hydrogel did not show any structural
motifs explaining the promotion of cardiomyocyte alignment.
It is well known that electrical stimulation of cardiomyo-
cytes induces cell elongation and alignment as well as centrally
positioned elongated nuclei and well-aligned sarcomeres.*®>°
It has been concluded that electrical stimulation enhances car-
diomyocyte cross talk by synchronizing their beating as well as
facilitating their intercommunication. While external electrical
stimulation generates a signal and dominates its propagation,
electroconductive biohybrid hydrogels might act as internal
enhanced electrical systems that facilitate communication of
cardiomyocytes by enhancing the overall conduction. Notably,
our observation that electroconductive biohybrid scaffolds
induce cellular alignment is not unique. Previously, Ryan AJ
et al. have shown that electroconductive biohybrid scaffolds
made from collagen and graphite promote enhanced align-
ment without any stimulation.”® In addition, we have pre-
viously described that cardiomyocytes in electroconductive bio-
hybrid hydrogels elongate and align locally while exhibiting
enhanced beating characteristics.>® Based on the in-depth
study by Kim Y et al on flexible conductive polymeric
systems,>” we believe that carbon nanotubes act as high aspect
ratio conductive fillers in biohybrid hydrogels and generate
self-assembled conductive pathways by forming conduction
anchor points throughout the gel. These anchor points should
facilitate ionic transportation, which is the main conduction
mechanism in hydrogels. Cardiomyocytes might recognize
these pathways and organize themselves accordingly forming
aligned cellular structures. We believe that an electroconduc-
tive environment enhances the propagation of the electrical
signals, which have been generated by the cells throughout the
gel. Thus, these cells can communicate easier and therefore
couple better. The improved coupling and beating observed in
these cells result in formation of condensed aligned batches of
cardiomyocytes that orient themselves unidirectional.
hiPSC-derived cardiomyocytes inside 3D generated cell-
laden engineered PMCNT-tissues exhibited enhanced calcium
handling properties including shorter time to peak as well as
relaxation time. Therefore, hiPSC-derived cardiomyocytes in
PMCNT-gels release calcium from their sarcoplasmic reticu-
lum faster as compared to PM-gels resulting in faster contrac-
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tion. On the other hand, the shorter relaxation time indicates
that the contracted cells regain their initial non-contracted
state faster returning to their equilibrium state. Furthermore,
we have shown that PMCNT-tissues (7 or 27 days-old) could be
used as an in vitro model to study effects of external stimuli on
cardiac tissue.

Finally, rheometric analyses revealed that PMCNT-gels,
probably thanks to the effects of carbon nanotubes, are more
elastic (loss tangent: 0.77 for PM-gels vs. 0.42 for PMCNT-gels)
and thus store and release energy more efficiently. Therefore,
this matrix exhibits a lower dampening to cardiomyocyte-gen-
erated force. As a comparison, native porcine or bovine myo-
cardium have a loss tangent of ~0.17.>* Moreover, the addition
of MWCNT-CDH increased the storage modulus, indicating
stiffness, of PM-gels from 119 + 51 Pa to 199 + 48 Pa, which is
significantly greater than the storage modulus of decellular-
ized and solubilized human as well as porcine myocardial
matrix-derived gels (5.3 + 0.4 Pa and 6.08 + 0.38 Pa, respect-
ively®*). However, it remains lower than the storage modulus of
native porcine and bovine myocardium (~20 and 25 kPa,
respectively®®). A possible solution is the maturation of these
constructs in a bioreactor utilizing the fact that cardiomyocytes
or added non-myocytes (e.g. fibroblasts) can produce their own
extracellular matrix and thereby increase the overall mechani-
cal properties of the construct. This is one of the reasons why
addition of non-myocytes has been proven to benefit cardiac
tissue engineering.”

Collectively, our data demonstrate that PMCNT-gels
improve several parameters known to contribute to efficiently
beating and force generating cardiac tissues. While the gener-
ated gels do not yet reach the level of native adult human myo-
cardium (e.g. sarcomeric length of 2.2 pm), they represent a
step forward in enhancing maturation of hiPSCs-derived
cardiomyocytes.

Conclusion

We have developed biohybrid conductive PMCNT-hydrogels
based on solubilized pericardial matrix and hydrazide functio-
nalized multiwall carbon nanotubes, which elevated the elec-
trical conductivity of the hydrogel. These hydrogels provided a
suitable environment for clinically relevant hMSCs as well as
hiPSC-derived cardiomyocytes. PMCNT-gels promoted hMSC
proliferation, which increases the chances that these cells will
also proliferate upon transplantation increasing the number of
hMSCs over time and thus enhancing their paracrine effect to
promote endogenous cardiac repair. In regards to hiPSC-
derived cardiomyocytes, PMCNT-gels exhibited no toxicity and
promoted their functionality evidenced by improved calcium
handling, contraction amplitude, and speed of contraction as
well as the absence of arrhythmia. A detailed analysis revealed
that the enhanced functionality results from enhanced cellular
alignment and cell-to-cell coupling due to increased connexin
43 expression, as well as increased sarcomeric length and
improved mechanical properties of the gel. Overall, we identi-
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fied PMCNT-gels as promising materials for stem cell-based
cardiac tissue engineering to foster hopes for treating cardio-
vascular diseases. A promising future approach might be the
generation of bilayer PMCNT-gels that contain a layer with
hiPSC-derived cardiomyocytes to provide immediately
additional contractile force as well as a layer with hMSCs to
promote endogenous repair mechanisms.

Experimental section
Hydrazide functionalization of nanotubes

Carboxylic acid functionalized multi-walled carbon nanotubes
(8% w/v, Sigma 755125) were hydrazide-functionalized using a
standard N-(3-diethylaminopropyl)-N'-ethylcarbodiimide (EDC)
coupling as described before®® with slight modification.
Briefly, COOH-MWCNT (100 mg) was dispersed in distilled
water (50 mL) by sonication (water bath sonicator, Branson
2510) for 30 min. Carbodihydrazide (Sigma C11006) and
hydroxybenzotriazole (Sigma 54802) were dissolved in distilled
water (50 mL) separately and added to COOH-MWCNT. Then,
pH was adjusted to 4.7 and EDC (Sigma 39391) was added to
the solution. The solution was stirred overnight at room temp-
erature and dialyzed through dialysis membranes (Spectra
Pro-3, MWCO 3.5 kDa) against diluted HCI (in distilled water,
pH = 3) (Fisher Scientific 1330572) and NaCl (0.1 M, Fisher
Scientific 1416237) for one day and subsequently against
double distilled water for two days. After dialysis, samples were
collected and lyophilized (SCANLAF Coolsafe 55-9 De-Ice,
LabGene Denmark) for 48-72 hours.

XPS analysis of nanotubes

Elemental evaluation of functionalized MWCNTs was done by
using the X-ray photoelectron spectroscopy technique (XPS,
Physical Systems Quantum 2000 spectrometer with monochro-
matic Al Ka radiation) to determine the amount of nitrogen
and carbon in carboxylic acid and hydrazide functionalized
MWCNTs.

Particle size measurements

Particle size was determined for nanotubes before and after
conjugation by dynamic light scattering (DLS) technique.
Nanotubes in water were sonicated and their size distribution
was assessed less than 15 min after sonication using Zeta Sizer
Nano ZS (Malvern Industries Ltd, Malvern, UK). Then, hydra-
zide functionalized MWCNTs were dispersed in water with
different pH-values to investigate the pH-dependent dispersi-
bility of nanotubes. Aliquots of nanotubes (0.1 mg mL™") were
used to measure particle sizes in a volume of 500 pL.

Pericardial matrix preparation

Pericardial tissue was harvested from young adult sheep and
immediately transferred to a clean room on dry ice. Excess
lipid tissue was dissected and washed several times with de-
ionized water. The pericardium was cut into small pieces, and
decellularized as reported.>® Decellularized pericardial matrix
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was lyophilized for 48 h and then cut into fine granular debris
and lyophilized again to obtain a powdery, granular pericardial
matrix. To confirm decellularization hematoxylin-eosin stain-
ing was performed as previously reported.”® In addition, deox-
yribonucleic acid (DNA) was quantified upon staining with
4',6-diamidino-2-phenylindole dihydrochloride (DAPI). Tissues
were fixed in paraformaldehyde (3.7% in Dulbecco’s phos-
phate buffered saline (DPBS), Sigma D8537) and permeabilized
in Triton X-100 (2.5% in DPBS) for 15 min; thereafter, samples
were incubated with DAPI (5 pg mL~", Sigma 32670) for 2 min
at room temperature (protected from light). Then, fluorescent
intensity was measured using a plate reader model Infinite
200 pro Tecan at the excitation/emission of 358/461 nm. SGAG
and protein content of the fresh and decellularized tissues
were measured based on DBMM assay and PAGE utilizing
NuPAGE 4-12% gels followed by Coomassie staining, respect-
ively, as reported previously.”” Total protein (35 pg) was loaded
in each well of the gel and rat tail collagen I (Advanced
Biomatrix) at the concentration of 2.5 mg mL~" was used as a
control.

Gel preparation

Gels (6 mg mL™') were prepared following our previous
report.>® Pericardial matrix and pericardial matrix containing
nanotubes (0.5%) were prepared by mixing MWCNT-CDH with
digested pre-gelled pericardial matrix and subsequent incu-
bation at 37 °C to induce gelation.

Scanning electron microscopy (SEM) analysis

Gels were fixed in paraformaldehyde (3.7% in DPBS) for 1 h,
rinsed in a 30, 50, 70, 90, 95 and 100% ethanol series for
30 min each, immersed in ethanol (100%), and critically point
dried to preserve the microstructure of the nanofibrous gel
(EM CPD300, Leica, 12 cycles, exchange speed of 5 and 120 s
delay). Samples were carefully cut into small pieces using a
surgical blade, sputter-coated with gold (Q150 T, Quorum
technologies Ltd, Germany) and cross-sectional area was ana-
lyzed with a Leo 1550 SEM (Zeiss Germany).

Rheometry

Gels were analyzed using a rheometer (AR-2000, TA instru-
ments) as described.’® A frequency sweep test was done on
gels with the diameter of 8 mm and the gap space of 1 mm
and 5% strain from 0.5 rad s~ to 100 rad s~ and the storage
(G") and loss modulus (G") were measured.

Swelling ratio

Wet and dry weight of gels were used to calculate swelling
ratios as described.*?

Electrical conductivity measurements

Electrical conductivity was measured at room temperature uti-
lizing a four-point probe device (Loresta AX (MCP-T370) with a
MCP-TPO6P sensor (N&H technology, Japan)).
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Cell culture

Pre-gel solutions were placed in culture vessels. For 2D con-
trols, coverslips were coated with Matrigel® (1: 160 dilution in
DMEM media) for hiPSC-derived cardiomyocytes or with
gelatin (0.02 wt% in double distilled water) for hMSCs. hMSCs
were cultured at passage number four in the Dulbecco’s modified
eagle’s medium (DMEM) containing FBS (10%) and penicillin/
streptomycin (1%). F1 hiPSCs> at passage number 24 were cul-
tured and differentiated into cardiomyocytes as previously
described.”® Briefly, hiPSCs (90% confluent) were treated with
CHIR-99021 (6 uM) for 2 days. After 1 day of incubation in culture
medium without any inhibitor, W, signaling was inhibited by
IWR-1-endo (5 pM) for 2 days. Cells were incubated in culture
medium for another 2 days. Subsequently, cells were cultured
with insulin until day 12. At this stage, cells were considered as 1
day-old cardiomyocytes. RPMI-1640 was used as base medium
and B27-minus insulin or B27 were used as supplements.

3D tissue generation

For 3D cell-laden tissues, cardiomyocytes were detached from
culture plates using Accutase™ for 8-9 min at 37 °C and sub-
sequently resuspended in pre-gel solution at the density of 4 x
107 cells per mL, were dispensed in 8-well chamber slides
(ThermoFisher Scientific), and let it gel for 1 h at 37 °C and
5% CO,. Then, culture media was added and changed every
other day.

hMSC differentiation

Differentiation was achieved by using StemPro™ Adipogenesis
and Osteogenesis Differentiation Kits (ThermoFisher
Scientific) according to manufacturer’'s instructions.
Differentiated cells were subsequently stained by LipidTox
(ThermoFisher Scientific) and Alizarin Red S (ThermoFisher
Scientific) staining for detection of adipose and bone lineages,
respectively. In order to better visualize Alizarin Red staining,
NIH Image J software was utilized to provide look up table
(LUT) color-coded images with enhanced contrast.

Cellular proliferation and viability

The proliferation of cells was measured by the Alamar blue
assay as reported.”> Alamar blue dye (Fisher Scientific
10099022) was diluted in culture medium to 10%, added to
the cells and subsequently the cells were incubated for 2 h at
37 °C and 5% CO,. Then, samples were analyzed at 560/
590 nm using plate reader model Infinite 200 pro-Tecan at
gain 80. In addition, viability of cells was determined using
Live and dead assay kit (L3224, Invitrogen)®' and images were
quantified using NIH Image] software.

Immunostaining

Samples were fixed in paraformaldehyde (3.7% in DPBS) for
30 min, permeabilized in Triton X-100 (0.25% in DPBS) for
20 min and immunostained for cardiac-specific markers as
previously described.®' The following primary antibodies were
utilized: mouse anti-sarcomeric o-actinin (1:250, Abcam,
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ab9465), rabbit anti-connexin 43 (1:50, Santa Cruz
Biotechnologies, sc-9059), goat anti-cardiac troponin I (1:250,
Abcam, ab56357). Pluripotency was assessed after 15 min
fixation, 15 min permeabilizing, and 30 min blocking (BSA, 5
wt/v %), Tween20 (0.2 v/v % in PBS) with the following anti-
bodies: mouse anti-human TRA-1-60 (MA-1-023), rat anti-human
SOX2 (14-9811-82) (both 1:100), mouse anti-human SSEA4
(MA1-021), rabbit anti-human Oct4 (MA5-1484) (both 1:250)
(all Thermofisher). Secondary antibodies conjugated with ALEXA
488-, ALEXA 594- or ALEXA 647 were used for fluorescent detec-
tion (2 h incubation, 1:500; Molecular Probes). DNA was visual-
ized with DAPI (0.5 g ml™" in 0.1 wt/v % NP40, 7 min).

Calcium handling properties

Fluo-4 Direct™ Calcium Assay Kit (ThermoFisher Scientific)
was used to analyze calcium handling properties of 3D cell-
laden engineered tissues using PM- and PMCNT-gels following
the manufacture’s instructions. The fluorescent movies were
acquired using a live cell imaging setup (Keyence Microscopy).

Electrical stimulation

PM- and PMCNT-tissues cultured for 7 days were stimulated
with a homemade four point-based electrical pacer at 1.5 Hz.

Pharmaceutical stimulation

PM- and PMCNT-tissues were cultured for 7 days and then
exposed to isoproterenol (50 pM) or epinephrine (50 uM) or for
27 days and exposed to isoproterenol (50 puM), epinephrine
(50 uM), nifedipine (1 pM), or verapamil (1 pM).

Movie acquisition

Movies of 2D cultures were recorded in wells of 6-well plates
for 10 to 15 s. For calcium handling assays, movies were
recorded for 10 s utilizing 24-well plates. Movies of electrical
stimulated cardiac tissues were recorded in @ 35 mm Petri
dishes for 10 s before and 10 s after pacing. As drug stimu-
lation was not compatible with the microscope set up, cardiac
tissues were recorded in 8-well chamber slides for 15 s at day 7
or 10 s at day 27, then, tissues were stimulated and incubated
for 5 min at day 7 or 2 min and 5 min at day 27 at 37 °C and
5% CO,, and subsequently recorded for another 15 s. All
movies were recorded under a Keyence BZ9000 microscope.

Beating characteristics

Movies were analyzed by Kymograph® as well as
MUSCLEMOTION®? plugin for NIH image J.

Orientation distribution analysis

Orientation J*® plugin for NIH Image] software was used in
order to measure cellular orientation distribution and generat-
ing color-coded images based on cardiac troponin I immuno-
staining images of hiPSC-derived cardiomyocytes.

Statistical analyzes

Data of at least three independent experiments are expressed
as mean =+ SD. Statistical significance of differences was evalu-
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ated by a two-tailed Student’s t-test (Excel) or where appropri-
ate by one way analysis of variance (ANOVA) followed by
Bonferroni’s post hoc test (IBM SPSS). p < 0.05 was considered
statistically significant.
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