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Recently, carbon nanotubes together with other types of conductive materials have been used to enhance the
viability and function of cardiomyocytes in vitro. Here we demonstrated a paradigm to construct ECT' for
cardiac repair using conductive nanomaterials. Single walled carbon nanotubes (SWNT's) were incorporated
into gelatin hydrogel scaffolds to construct three-dimensional ECTs. We found that SWNTs could
provide cellular microenvironment in vitro favorable for cardiac contraction and the expression of
electrochemical associated proteins. Upon implantation into the infarct hearts in rats, ECT's structurally
integrated with the host myocardium, with different types of cells observed to mutually invade into implants
and host tissues. The functional measurements showed that SWNT's were essential to improve the performance
of ECTs in inhibiting pathological deterioration of myocardium. This work suggested that conductive
nanomaterials hold therapeutic potential in engineering cardiac tissues to repair myocardial infarction.

ngineering cardiac tissues in vitro offers new perspectives for the therapy of myocardial infarction (MI)'~*.

The Engineered cardiac tissues (ECT's) exert beneficial effects on heart function after implantation, how-

ever, the therapeutic efficacy in general is restricted to inhibit further pathological deterioration of infarct
myocardium without expected complete reversal of myocardial dysfunction®**°.

A prerequisite for successful myocardial repair is that the implanted ECTs can electrically couple with host
tissue and participate in the synchronous contraction of the whole heart'*'". Although the ECTs closely attached
to the surface of host myocardium after implantation, there was still a clear boundary between ECT's and host
tissues within the infarct areas due to the inadequate structural integration between ECT's and infarct myocar-
dium"®. Since the structural integration of ECTs into infarct areas was insufficient, the capacity of ECTs to
regulate the microenvironment of infarct areas could not be fully developed, which hampered the therapeutic
efficacy of ECTs for the myocardium infarction'*.

The biomaterial scaffold is the main component of engineered cardiac tissues'>. Currently, biomaterials that
have been used for fabricating ECTs scaffolds range from synthetic polymers™'*', to naturally derived
matrixes>*'* and to biologically inspired materials'é. In previous studies, it has been proved that the biomaterial
scaffolds can promote cardiac cells to form three dimensional ECTs with native structural and contractile
properties in vitro'>'7"'°, support ECTs attachment and survival in the infarcted myocardium after implantation,
and exert beneficial effects on improving heart function>**">.

Nevertheless, the conventional materials showed a certain limitation in aspect of improving the effect of
structural and functional integration between ECTs and infarct myocardium. Considering the structural and
electrical conductive property of native myocardium***, conductive nanomaterials that can provide solutions in
this regard have been used to hybridize with natural materials to construct ECTs with stronger contractile and
electrical properties®>~**. Despite all these efforts, it is noted that the application of conductive nanomaterials only
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restricts to constructing ECT's in vitro, and it remains to be elucidated
whether conductive nanomaterials can support functional ECTSs
formation in vivo, or exert beneficial effects on the heart function,
or support the structural and functional integration between ECTs
and infarcted myocardium based on their nanoscale properties.

Carbon nanotubes are at the forefront of nanotechnology due to
their unique electrical and mechanical properties®* It has been
demonstrated that carbon nanotubes can improve the viability and
proliferation of cardiomyocytes and promote their electrophysio-
logical maturation®-**. Carbon nanotubes modified with natural or
synthetic polymers have allowed for a variety of biological applica-
tions such as biochemical sensing, drug delivery, as well as tissue
engineering®**. Given that gelatin is a kind of biocompatible mate-
rials derived from extracellular matrix, it has been reported that
carbon nanotubes-incorporated gelatin methacrylate (CNT-
GelMA) hydrogel thin film can be used to engineer 2D cardiac
patches®. Nevertheless, it remains to be elucidated that whether
cardiac patches based on CNT composites can exert beneficial effects
on the heart function after myocardial infarction.

In this study, we hypothesized that: 1) SWNT/gelatin composite
scaffolds can be used to fabricate ECTs with strong contractile and
electrical properties, promote the repair efficacy of ECT's to infarct
myocardium, and enhance the integration between ECTs and host
myocardium; 2) the SWNTSs can migrate into infarct areas due to
their unique nanoscale properties, and SWNTs can regulate the
microenvironment of infarct myocardium to enhance the structural
integration, even the fusion of ECTs into the infracted myocardium.

Results

Preparation of SWNT/gelatin hydrogels. SWNT/gelatin hydrogels
were fabricated by mixing SWNT's with gelatin, followed by glutaral-
dehyde (GA) cross-linking. To obtain uniform carbon nanotubes
dispersion, different solvents were tested and trifluoroethanol was
found to give rise to hydrogels with fast gelling speed and homo-
geneous structures, as compared to water, PBS buffer, ethanol/
methonal and acidic solution. The gross morphology of SWNT/
gelatin hydrogels and gelatin hydrogels was showed in supplemen-
tary Fig. S1.

To determine the optimal concentration of SWNTs, we system-
atically evaluated the cytotoxicity of SWNT/gelatin composite scaf-
folds with different SWNTSs concentration (0, 0.5, 1, 1.5, 2 and
2.5 mg/mL) on cardiac cells based on the previous reports®.
Viability/Cytotoxicity assay showed that the cytotoxicity of
SWNT/gelatin composite scaffolds on cardiac cells was closed related
to the concentration of SWNTs (supplementary Fig. S2). The cardiac
cell viability was maintained in a stable level of more than 80% after 3
days’ culture when the concentration of SWNT's was less than 2 mg/
mL, however it dramatically deceased from 87.3%+3.4% to 68.1+3.6
when the concentration of SWNTs increased from 1.5 mg/mL to
2 mg/mL respectively. Considering that the electrical and mech-
anical properties of carbon nanotubes also depend on their concen-
tration®**, we chose 1.5 mg/mL SWNTs to be incorporated with
7.5% gelatin and 2.5% GA to fabricate the composite hydrogels.

Scanning electron microscopy (SEM) observation of SWNT/
gelatin showed that the scaffolds possessed a highly microporous
structure and a well-developed network in which coil SWNT's were
uniformly distributed (Fig. 1a). The surface of pore walls appeared
smooth without adherence of aggregated SWNTs. At high magnifi-
cations, it was observed that tubular structure of SWNTs ending on
the surface of the pore walls. Generally, SWNT/gelatin hydrogels
exhibited significantly higher mechanical stress in comparison
with the pure gelatin scaffolds under the condition of 7.5% gelatin
(Fig. 1b). However, this trend reversed when the concentration of
gelatin increased to 15%, which may be duo to the accumulation of
SWNTs with the decrease in the porosity and pore size of gelatin.
Besides, the conductivity of SWNT/gelatin hydrogels (containing

1.5 mg/mL SWNTs, 7.5% gelatin and 2.5% GA) was found to be
significantly greater compared with gelatin hydrogels (Fig. 1c).

Construction and evaluation of ECTs in vitro. To determine
whether SWNT/gelatin hydrogels are appropriate for constructing
ECTs, neonatal rat cardiac cells were seeded into SWNT/gelatin
scaffolds to construct carbon nanotubed ECTs (c-ECTs). The
ECTs constructed without SWNTs were designated as g-ECT. All
groups were cultured under static conditions for 3 days, following 5
days’ electrical field stimulation as previously reported™ to enhance
their electrical performance. Three dimensional (3D) live cell
imaging of c-ECTs showed the process of cell proliferation and
migration into SWNT/gelatin scaffolds and the organization of
cardiac tissues (Fig. 2a, Supplement Movie M1,). With time, the
multi-cellular aggregates within SWNT/gelatin scaffolds became
more compact upon electrical field stimulation compared with the
constant small sporadic aggregates in gelatin scaffolds (Fig. 2b).
Besides, we tested cell types and their proportion in c-ECTs groups
at day 3 and day 8 by immunofluorescence analysis. It demonstrated
that the percentages of cardiomyocytes, fibroblasts, vascular smooth
muscle cell and endothelial cells was 63.6%, 24.5%, 8.9% and 2.8% at
day 3, while they changed to 48.3%, 34.8%, 14.4% and 3.3% at day 8,
respectively (Supplementary Fig. S3).

To further assess the effects of carbon nanotubes on the function of
cardiac cells, the expression of cardiac troponin T (cTnT)/sarcomeric
actinin and connexin (Cx43) in c-ECTs were analyzed in order to
understand the myofilament reassembly and gap junction formation
respectively. Abundant cTnT-positive cardiomyocytes were obser-
ved, as well as organized dense aggregates in c-ECTs (Fig. 2d).
Meanwhile, cardiomyocytes also exhibited strong expression of
Cx43 (the main protein of gap junctions) along the cell plasmalemma
and between adjacent cells, such phenomenon was not observed in
the g-ECT groups (Fig. 2d). Western blotting further revealed that c-
ECTs had a statistically-significant increase in Cx43 and actinin
expression compared with g-ECTs groups (p<<0.01, Fig. 2e, and
Supplementary Fig. S4-b).

Meanwhile, to better clarify the effect of electrical field stimu-
lation, non-stimulated controls of c-ECTs and g-ECT's were tested
by immunofluorescence and western blotting assay. It was demon-
strated that electrical field stimulation could upregulate the express-
ion of actinin both in ¢-ECT and g-ECT groups. Furthermore,
electrical field stimulation could promote the polarization of Cx43
in c-ECT groups which play an important role in the coordination of
electrical currents (Supplementary Fig. S5).

To assess the maturation of cardiomyocytes, we investigated the
ultra-microstructure of c-ECTs under transmission electron micro-
scopy (TEM) (Fig. 2¢). It is noted that most of the cardiomyocytes
were densely packed with myofibrils and displayed a predominant
orientation of sarcomere composed of Z bands along the longitudinal
cell axis, while the cardiomyocytes showed progressively less orga-
nized sarcomeres within gelatin scaffold (Fig. 2¢). Intercalated discs,
specialized cell-cell junctions that were responsible for mechanical
and electrical coupling of myocardium, formed between adjacent
cardiomyocytes. SWNT's were observed to disperse in the interspaces
between cardiomyocytes and in direct contact with the cardiac cell
membranes. After 21 days of culture, the distribution of SWNTs on
cardiac membrane was extended and accompanied with adjacent
membranes concavity and vesicles. In terms of the enhanced myofi-
lament reassembly and gap junction formation in c-ECTs, it may rely
on the direct interaction between SWNTSs and cardiomyocytes which
might induce specific change in membrane electrical behavior™.

To compare the contractile and electrophysiological performance
of c-ECTs with g-ECTs, we imaged them by calcium-sensitive dye
and recorded the green fluorescence intensity of five separate sites
(Fig. 2f). We noticed that g-ECTs did not contract visually after 8
days’ culture and showed little spontaneous electrical activity under
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Figure 1| Preparation and evaluation of SWNT/gelatin hydrogels. (a), SEM images showed the highly microporous structure of gelatin hydrogels and
SWNT/gelatin hydrogels. Carbon nanotubes were well dispersed in gelatin hydrogels (G) with the appearance of networks connecting the pore of gelatin
hydrogels. High magnifications revealed the tubular structure (black arrows) of carbon nanotubes ending (white arrows) on the surface of the pore walls.
(b), Representative macro images from each group of gelatin hydrogels and SWNT/gelatin hydrogels with different concentration of gelatin and GA. The
SWNT incorporation into the gelatin hydrogels enhanced their mechanical stress compared to the pure gelatin scaffolds were observed under the
condition of 7.5% gelatin while this trend reversed when the concentration of gelatin increased to 15%. (c), The conductivity of SWNT/gelatin hydrogels
(containing 1.5 mg/mL SWNTs, 7.5% gelatin and 2.5% GA) was found to be significantly greater compared with gelatin hydrogels. *** denotes statistical
significance for the conductivity of SWNT/gelatin hydrogels compared to gelatin hydrogels, P<0.001, error bars, =s.d.

calcium image. In contrast, c-ECT's beat regionally after 2-3 days and
contracted synchronously at day 8 (Supplementary Movie M2). The
c-ECTs displayed apparent spontaneous electrical activity at each site
and calcium transients with partial synchronism (Supplementary
Movie M3). After point stimulation under calcium imaging, four
tested sites (No.1 to No.4) in c-ECT's showed complete synchronism
activity from stimulated sites within 300 pm, while the fifth site
about 360 um away from stimulated sites showed partial synchron-
ism activity (Supplementary Movie M4). It suggested that the syn-
chronously electrical propagation was about 300 pm in c-ECTs.

Implantation and integration of ECTs with host. For in vivo
application, c-ECT's were implanted into Sprague-Dawley (SD) rats
with large myocardial infarct, and g-ECTSs, composite hydrogels
with non-cardiomyocytes (NCM) grafts, and sham were per-
formed as controls. Operations were performed at 14d after left ante-
rior descendant coronary (LAD) ligation, rats with heart fractional
shortening (FS)<<30% were selected (Supplementary Table T1). CM-
Dil (2 pmg/mL) was used to label cells in ECT's before implantation
to track implanted cells.

1 week after engraftment, c-ECTs attached to the infarct region of
host myocardium. Most of cell aggregates distributed within the
pores of SWNT/gelatin hydrogels with vessel-like structures located
inside, while better-aligned cell bundles appeared at the edge of
scaffolds (Fig. 3a). Immunostaining showed c-ECTs-derived Dil*
cardiomyocytes developed a differentiated phenotype with abundant
expression of Cx43 (Fig. 3b). Besides, Dil* implanted cardiomyo-
cytes and SWNTs located within c-ECT's and few could be detected
in the host myocardium and scar areas after 1 week of engraftment.

Dil~ + vWEF" (von Willebrand factor) blood vessels were detected in
c-ECTs, suggesting that host’s vasculature has invaded into the c-
ECTs at early stage.

Four weeks following engraftment, c-ECTs were still observable in
the infarct regions generally with unclear boundary to infarct myo-
cardium (Fig. 3c, Supplementary Fig. S6). Along with the partial
degradation of gelatin hydrogels, some SWNTs emerged outside
the gelatin scaffolds and incorporated to form well-aligned cell bun-
dles, while the number of blood vessels with erythrocytes increased
obviously (Fig. 3¢, 3d). In c-ECTs, Dil* implanted cardiomyocytes
developed and expressed Cx43 for electrical integration (Fig. 3d).
Notably, Dil* cardiomyocytes migrated from c-ECTs into the scar
areas, accompanied by the transportation of SWNTs into the scar
areas, suggesting that c-ECTs structurally integrated to the host myo-
cardium through cell and scaffolds migration (Fig. 3¢, 3d).

Besides, four types of Dil™ cells emerged in c-ECTs (Fig. 3d): 1)
cTnT positive cardiomyocyte; 2) SMA (o-smooth muscle actin) pos-
itive smooth muscle cells (which formed blood vessels connecting to
the host’s vasculature); 3) PCNA (proliferating cell nuclear antigen)
positive proliferating cells; 4) CD68 positive macrophages. Some of
the Dil~ cells in c-ECT's might come from the host, suggesting that
the host also integrated to the engraftment structurally. The phe-
nomenon that various host cells migrated into the c-ECTs further
demonstrated that apparent structural integration occurred between
ECTs and host myocardium.

Integration of c-ECTs to host myocardium through SWNTs mi-
gration. To further explore the contribution of the environment
within host myocardium to SWNTs migration, we compared the
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Figure 2 | Construction and evaluation of c-ECTs. (a), 3D live cell imaging showed the process of cell proliferation and migration into SWNT/gelatin
hydrogels to organize cardiac tissues from day3 to day8. (b), H&E staining of the c-ECTs on day 3 and day 8 revealed a better organized and more compact
multi-cellular aggregates within the SWNT/gelatin scaffolds after electrical field stimulation, however, g-ECTs on day 8 remained the constant small
sporadic aggregates. (c), TEM showed the ultra-microstructure of c-ECTs at day 8 with apparent oriented sarcomeres, Z bands, newly formed intercalated
disc, and directly contact of carbon nanotubes at localized sites of cardiac membrane surface (black arrow), while the cardiomyocytes showed
progressively less organized sarcomeres within the gelatin scaffold. After culture for 21 days, the distribution of carbon nanotubes on cardiac membrane
became continuous (within black dotted line) with adjacent membranes concavity (white arrow) and vesicles formation (white dotted line).

(d), Immunostaining of c-ECT's on day 8 revealed pervasive cTnT expression (green) and Cx43 gap junction protein (red, white arrow and dotted line)
were found between sarcomeric actinin positive cardiomyocytes (green) compared with low expressions in g-ECTs. Nuclei were stained blue.

(e), Quantification of sarcomeric actinin protein and Cx43 protein expression by western blot. (f), Calcium transient was assessed at specified 5 points by
monitoring calcium dye fluorescence (green). c-ECTs displayed apparent spontaneous electrical activity at each sites compared with little spontaneous
electrical activity in g-ECTs. After point stimulation, four tested sites (No.1 to No.4) in c-ECTs showed complete synchronism activity from stimulated
sites within 300 pm. The white arrow represents the direction of propagation. F/F refers to measured fluorescence normalized to background
fluorescence. Scar bars, 100 pm (b), 20 um (d) or 60 um (f).

regularity of SWNTs migration in infarct heart with that in healthy ~membrane surface or in cytoplasm. In the infarct area, cells
heart (as control) after 4 weeks of implantation. We noticed that  preferred to adjoining SWNTs to form dense cell bundles or
some SWNTs migrated into the scar areas of infarct heart clusters, thus SWNTs could connect cells continuously at local
(Figure 4a). They located at intercellular space, as well as on cell sites in the scar area, even throughout the infarct area (Figure 4b).
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Figure 3 | Morphology of c-ECTs after engraftment into infarct myocardium. (a), H&E staining of the mid-ventricular 1 week after engraftment showed
that c-ECTs firmly attached to the infarct surface (black dotted line). Most carbon nanotubes distributed within gelatin hydrogels (white arrow). Tissue
aggregates distributed within the pore and showed vessel-like structures (black arrow), while better-aligned cell bundles appeared at the edge of scaffolds.
(b), Immunostaining showed c-ECTs-derived Dil* cardiomyocytes (green+ red) developed a differentiated phenotype with abundant expression of
Cx43 (green+ red). vVWF positive blood vessels (green) appeared within c-ECTs. (c), H&E staining of the mid-ventricular 4 weeks after engraftment
showed the morphology of c-ECTs attached to the infarct surface (black dotted line). Carbon nanotubes dispersed throughout the ¢c-ECTs and
migrated into the scar area (black arrow). Blood vessels with erythrocytes formed obviously (white arrow). (d), Immunostaining showed Dil*
cardiomyocytes migrated into the scar areas (green+ red), while Dil~ cardiomyocytes appeared in c-ECTs (green). In c-ECTs, Dil ™ cardiomyocytes
expressing actinin (green+ red) and Cx43 (green+ red) could be detected. Besides, some Dil ™~ cells (green) including SMA positive blood vessels with
erythrocytes, PCNA positive proliferating cells and CD68 positive macrophages could also be detected. Nuclei were stained blue. Scar bars, 100 um (a, c)

or 20 pm (b, d).

Asa control, when c- ECT's were implanted to healthy heart, SWNT's
were mostly confined to c-ECT's and few could be detected in native
myocardium (Figure 4c).

Besides, we further detected the distribution of macrophages. It
could be observed that CD68 positive macrophages accumulated in
the scar areas of myocardium and the fusional zone between c-ECT's
and host myocardium (Fig. 4d, Supplementary Fig. S7). The amount
of macrophages within the scar areas in c-ECT group was higher than
in g-ECTs, non-cardiomyocytes (NCM) and sham groups (Fig. 4f,
Supplementary Fig. S8). In particular, some of these macrophages in
infarct areas contained phagotrophic SWNTs within their cyto-
plasm, suggesting that the migration of macrophages might play a
role in the transportation of SWNTSs. Also, we compared the location
of macrophages when c-ECTs were implanted to healthy heart. It
demonstrated that most CD68 positive macrophages were confined
to c-ECTs as well as SWNT's (Figure 4e), which might be due to the
native structure and property of normal heart without inflammatory
microenvironment.

Functional consequence of ECTs integration. Four weeks after
graft implantation, heart function was measured and compared be-
tween c-ECT group and control groups (g-ECT's, non-cardiomyocytes
(NCM) and sham groups). In total, 102 rats survived after LAD
ligation, while 73 rats had a fractional shortening (FS)<<30% and
54 rats survived the complete study and were subjected to echocar-
diography analysis. Echocardiography showed that transplantation
of c-ECTs significantly increased the FS and EF (ejection fraction),
deceased LVESD (left ventricular end-systole dimension), and
inhibited the progress of left ventricle enlargement compared with
control groups, suggesting that the implantation of c-ECTs effec-
tively inhibited further pathological deterioration and improved
heart function. (Fig. 5a, Supplementary Table T2). Catheterization
analysis provided consistent evidence with echocardiography
analysis, that c-ECTs significantly enhanced diastolic and systolic
function, including the increased left ventricle max dP/dt (change
in pressure/change in time) and the decreased LVEDP (left ventri-
cular end-diastolic pressure) (Fig. 5¢, Supplementary Table T3).

| 4:3733 | DOI: 10.1038/srep03733

5



Health control

mg-ECT
NCM

D6S* celly

Figure 4 | Integration of c-ECTs to host myocardium through Carbon nanotubes migration. (a), H&E staining of the mid-ventricular 4 week after
engraftment showed that carbon nanotubes migrated into the scar areas and located at cell membrane surface or in cytoplasm, as well as intercellular
space(white arrow). Carbon nanotubes could connect cells to form dense cell bundle or clusters in the infarct area (white dotted line), even throughout
the infarct area (b). Red arrows in (b) showed carbon nanotubes with continuous distribution. (c), Carbon nanotubes were mainly confined to the
implants on the surface healthy heart as control. (d), Immunostaining showed CD68 positive macrophages (green) migrated from the c-ECTs to the
infarct area, with apparent accumulation in the boundary zone and in scar areas. Some of these macrophages contained phagotrophic carbon nanotubes
within their cytoplasm (black arrow), and some of them were c-ECTs-derived Dil* macrophages (red+ green, white arrow). (e), CD68 positive
macrophages (black arrow) were confined to the c-ECTs (white dotted line) on the surface healthy heart as control. Some of these macrophages contained
phagotrophic carbon nanotubes within their cytoplasm (black arrow). (f), The number of CD68 positive cells in the infarct areas of c-ECTs compared
with g-ECTs, NCM and sham groups. Nuclei are stained blue. Scar bars, 100 pm (a—c) or 20 um (d, e). Data are mean = s.e.m. *=p<<0.05, **=p<<0.01,

8% = p().001.

Notably, c-ECTs grafting resulted in effective improvement of heart
function compared with the other control groups (Fig. 5b, 5¢),
suggesting that c-ECTs based on SWNT provide significant
therapeutic efficacy in repairing the infarct myocardium and
functional integration with the host heart.

Molecular mechanism underlying the effects of SWNT's on cardiac
repair. To further understand the potential role of carbon nanotubes
in the process of heart repair by c-ECTs, we investigated the
expression of intercellular adhesive junctions and electrochemical
junctions, as well as their relevant molecular pathways. Western
blot analysis revealed stronger upregulation of N-cadherin and
Cx43, a modest increase of Navl.5 in the c-ECTs-treated rats

compared with that in g-ECTs, NCM and sham groups (Fig. 6a,
6b), implying that the addition of SWNTS enhanced the expression
of intercellular adhesive junctions and electrochemical junctions in
the c-ECTs-treated rats. Given that the integrity of intercellular
adhesive junctions is a prerequisite for electrochemical junctions
formation, we assessed the integrin-mediated mechanotransduc-
tion pathway, including the target molecules ILK (integrin-linked
kinase), AKT (also known as Protein kinase B) and B-catenin. We
found that 1-integrin levels were higher in c-ECTs groups compared
with that in g-ECTs, NCM and sham groups. Especially, ILK levels
and p-AKT levels in c-ECTs were significantly higher (Fig. 6¢, 6d).
Similar results were observed for B-catenin levels, which also can be
regulated by ILK. The activation of ILK, p-AKT and B-catenin in the
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Figure 5 | Changes in left ventricular function after implantation for 4 weeks. (a), Each rat survived was reevaluated after implantation for

4 weeks. Trajectories showed the change of LVEDD, LVESD, FS and EF for each rat determined by echocardiography pre-implantation and after-
implantation. Statistical evaluations were performed by paired two-tailed Student #-tests. (b), Comparison of left ventricular function determined by
echocardiography (LVEDD, ES and EF) between each groups after 4 weeks of implantation. (c), Comparison of left ventricular function determined by
catheterization(LVEDP, Max dP/dtand Min d P/d¢) between each groups after 4 weeks of implantation. Data are mean * s.e.m. *=p<0.05, **=p<0.01,
***=p<<0.001. Abbreviations: LVEDP, left ventricular end-diastolic pressure; dP/df, change in pressure/change in time; LVEDD, left ventricular end-
diastolic dimension; LVESD, left ventricular end-systole dimension; FS, fractional shortening; EF, ejection fraction; NCM, non-cardiomyocytes grafts.

infarcted region of c-ECT-treated rats suggested that ILK/Akt/
-catenin pathway might involve the beneficial effect of SWNT's on
cardiac repair.

Discussion

We demonstrated the hypothesis that ECTs constructed by SWNT/
gelatin composite scaffolds could effectively repair the infarct myo-
cardium through the nanoelectronic conductive scaffolds mediated
integration. Our data showed that ECTs based on SWNT/gelatin
composite scaffolds showed stronger contractile and electrical

properties in vitro. After implantation, ECTs could integrate to
infarct myocardium and exerted beneficial effects on the myocardial
regeneration and remodeling in the infarct areas, resulting in the
improvement of heart function. We believe that our study can serve
as a proof of principle for a therapeutic potential of nanoelectronic
conductive scaffolds in myocardial repair.

In previous studies, efforts have been made to improve the muscle-
mimicry property of scaffolds in terms of chemistry, mechanics and
microstructure'®'*?***, One key functional trait of the native myo-
cardium is the excitation-contraction coupling which converts the
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Figure 6 | Molecular mechanism underlying the beneficial effect of SWNT on cardiac repair. (a), Western blot analysis of the expression of Cx43, N-
cadherin, Nav1.5 in the ischemic zones lysates after implantation for 4 weeks. (c), Western blot analysis of the expression of integrin-mediated ILK

signaling molecule in the ischemic zones lysates after implantation for 4 weeks. The antibodies against 31-integrin, ILK, Akt phospho-Akt (Ser473) and f3-
catenin were used. (b, d), Bar graphs showing quantification of the expression level of each protein compared with the expression of GAPDH or the non-
phosphorylated isoform. Lanes 1-3 show data from individual rats of the c-ECT group; lanes 4-6 show data from individual rats of the g-ECT group; lanes
6-9 show data from individual rats of the sham group; lanes 10-12 show data from individual rats of the NCM group. Data are mean * s.e.m. *=p<0.05,

k= p<(.01, ¥¥*=p<0.001.

action potential of the cell membrane into muscular contraction®?'.

However, it still needs to be improved in ECTs. Carbon nanotubes
can provide solutions in this regard with their intriguing mechanical
and electrical properties. Previous studies have shown that carbon
nanotubes could promote cardiac cells adhesion, proliferation and
maturation, and enhance cell-cell electrical coupling in 2D environ-
ments** indicating their potential to construct functional 3D
ECTs in vitro. On the basis of 2D patches and 3D biohybrid actua-
tors constructed by CNT hydrogel sheets by Ali K. group®, we
further engineered the 3D patches with a certain thickness using
the CNT based hydrogel in vitro. Our study serves as a proof of
principle to further demonstrate that conductive nanomaterials
(SWNTs) not only supported the contractile property of ECTs,
but also enhanced the formation of gap junction and promoted
the excitation-contraction coupling of cardiomyocytes in ECTs
through direct contacts with cardiomyocytes. It would possess
appropriate electrical compatibility between ECT cells and host
tissues to allow coordinated excitation of ECTs and their integration
with impaired myocardium.

In the past years, conductive nanomaterials of carbon nanotubes
emerged as promising candidate scaffolds in tissue engineering
research. They have been wildly used to hybridize with natural mate-
rials to increase the mechanical and electrical properties of base
polymers**~*>**% In order to improve the properties of carbon nano-
tube-composite scaffolds, careful consideration of carbon nanotubes
dispersion is required to achieve the desired electrical conductivity
and reduce the cytotoxicity, since the strong tendency of carbon
nanotube to agglomerate could impair cell viability*>*'. To obtain
uniform carbon nanotubes dispersion, we tested different solvents
and found that trifluoroethanol could lead to fast gelling speed and
homogeneous structures, compared with water, PBS buffer, ethanol/
methonal and acidic solution. Based on Viability/Cytotoxicity assay,

we found that SWNT/gelatin had little cytotoxic effects on cardiac
cells.

An important observation of this study is that the implanted c-
ECTs structurally fused with the infarct myocardium and carbon
nanotubes may play a vital role in this process. The phenomenon
that transplanted cells migrated from c-ECTs into the infarct areas
and carbon nanotubes were transported into the infarct myocar-
dium, while host cells infiltrated into c-ECTs, suggesting the fusion
of implanted c-ECT's with the infarct myocardium. In particular, the
host vasculature invaded the graft 1 week after transplantation and
increased significantly 4 weeks after transplantation, which could
provide sufficient nutrition for the grafts and ensure vitality and
function of the grafts in vivo*>**. Considering that the conductivity
of heart would be reduced due to the infarct myocardium (resulting
in unavailing impulse transmission and contraction®), the continu-
ous distribution of SWNTSs may be beneficial to motivate the elec-
trical conduction through the infarct area. Besides, considering the
advantage of carbon nanotubes in enhancing the adhesion and pro-
liferation capacity of cardiomyocytes®>****, the SWNTs in infarct
areas may also enhance the activity and regeneration capacity of
cardiomyocytes in these areas. Thus, the transportation of SWNTs
into infarct regions played a significant role in regulating the micro-
environment and stimulating the native cells to migrate into infarct
areas, which would be beneficial to myocardial regeneration and
remodeling.

Another important observation of this study is that macrophages
emerged in the process of the integration of c-ECTs to the host
myocardium. Four weeks after transplantation, we found that
CD68 positive macrophages apparently accumulated in the scar
areas of myocardium and the fusional zone between ECTs and host
myocardium. For this analysis, the macrophages may have two
sources: 1) host derived macrophages due to their inflammatory
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microenvironment and the reaction to the implanted ECT's contain-
ing SWNTs; 2) donor derived macrophages in ECT's from primitive
cultured cells in SWNT/gelatin scaffolds. We inferred that the
implantation of SWNT/gelatin scaffolds may trigger the inflammat-
ory response, which is consisting with the recent reports>**~*. As for
the role of macrophages in influencing myocardial repair, it has been
reported that they may participate in the angiogenesis*®*.
Nevertheless, their role in the structural integration between ECT's
and infarct myocardium has not yet been well understood. Our
research provides a cue to explore the potential role of macrophages
in this process. The emerging cause and mechanism of the macro-
phages, as well as their role in the structural integration between
ECTs and host tissues deserved in-depth investigation.

We reported for the first time that ECTs based on conductive
nanomaterials could improve heart function after MI. Further-
more, our data showed that the implantation of ECTs structurally
integrated with host myocardium, inhibited further pathological
deterioration of infarct heart effectively. One possible explanation
is that the implanted ECTs replaced the damaged myocardium and
attenuated dilation of left ventricular through the close attachment to
the surface of infarct myocardium physically. In addition, the effec-
tive improvement of heart function may result from the infiltration
of SWNT and implanted cells into the infarct myocardium. The
presence of SWNT and implanted cells in the infarct areas directly
regulated the microenvironment, promoted the myocardial remo-
deling in infarct areas and enhanced the regenerative capacity of
cardiomyocytes in these areas. Take together, the integration and
fusion of ECTs to the infarct myocardium eventually resulted in
the effective improvement of heart function.

The molecular mechanisms for beneficial effects of carbon nano-
tubes in cardiac repair are largely unclear. The ordered assembly of
adhesive junctions and electrochemical junctions are essential to the
function of cardiac tissues*. It has been reported that mechanotrans-
duction signaling play key roles in the establishment of intercellular
adhesive junctions between cardiomyocytes*. Considering the excel-
lent mechanical and electrical properties of carbon nanotubes, it
remains to be elucidated whether the special microenviroment
formed by carbon nanotubes can trigger mechanotransduction sig-
naling. In cell-matrix interaction-induced biomechanical signals,
ILK has been shown to plays an important role in regulating cardiac
contractility®, survival, and repair®'. Activated by cell-matrix or
growth factor, ILK signaling would further trigger the downstream
molecules, including Akt, glycogen synthase kinase (GSK)38, p38
mitogen-activated protein kinase (p38MAPK), extracellular signal-
regulated kinases (ERKs) and mTOR®'. The study demonstrated ILK
and p-AKT and (-catenin were activated in the infarct region of c-
ECT-treated hearts, while inactivated in the infarct region of control
ones, suggesting that carbon nanotubes might trigger the ILK/Akt/B3-
catenin pathway which may involve in the cardiac repair. The exact
molecular mechanisms deserved further investigations.

In previous study, engineered cardiac patches have been trans-
planted immediately®, 3 h later™, 1 week later™, 2 weeks later’,
and 4 weeks later® after acute infarction. In this study we trans-
planted ECTs 14 days after LAD ligation based on two reasons: 1)
Clinically, the patients’ heart function is not stable immediately after
acute MI, and interventional therapy by thrombolysis is preferred at
this stage to recover the patients’ coronary arteries flow. 10-14 days
post-MI, the patients’ heart function gradually stabilizes and it is
more suitable to perform further treatment™. 2) Generally, inflam-
mation is intense in infarct myocardium immediately after acute
MI**¥, 1t is unfavorable for the implanted ECTs at this stage to
survival and work. However, after 10-14 days, the inflammation is
greatly attenuated. This clinical phenomenon is in accordance with
that in rat models of ML

In summary, we have constructed 3D ECT's with good structure,
phenotype and function based on conductive SWNT incorporated

hydrogel scaffolds in vitro. Furthermore, we demonstrated, for the
first time, that ECTs based on conductive nanomaterials could
improve heart function in vivo. Notably, ECTs appeared obvious
structural fusion with the infarct myocardium after implantation,
which enhanced the remodeling and regeneration of the infarct myo-
cardium. Despite the unresolved questions, our study provides a
promising therapeutic perspective of conductive nanomaterials in
cardiac tissue engineering/regeneration.

Methods

Preparation of SWNT/gelatin scaffolds. All chemicals were purchased from Sigma-
Aldrich. SWNT were obtained from US Nanomaterials Research Inc. To disperse
SWNT in Pluronic aqueous solution, the 10 mL of 2% Pluronic copolymer solution
was prepared and 20 mg of SWNT were dispersed into the solution, and the mixture
was ultra-sonicated for 1 min X 10 times, followed by centrifugation at 8000 rpm for
10 min, resulting in a homogeneously black solution. 30% of gelatin stock solution
was prepared in 2, 2, 2-trifluoroethanol. Then quantitative amount of double distilled
water (DDW) was added to make 7.5% of gelatin aqueous solution and the dispersed
SWNT solution was added to make the final ratio at 2 wt% of gelatin, followed by the
ultra-sonication for 1 min X 5 times with ice bath. A 25% glutaraldehyde solution
(20 pL) was added to 180 pl of solution of SWNT/gelatin to give a final concentration
of glutaraldehyde at 2.5%. The mixed solution was cast into a 24 well dishes, and then
left at room temperature for 30 min to allow the cross-linking reaction of gelatin to
proceed. 5% of sodium cyanoborohydride aqueous solution was added to immerse
the hydrogels for 1 h to reduce the imine groups and to block the residual aldehyde
groups of glutaraldehyde, followed by three times of DDW wash. The obtained
hydrogels were immersed in DDW overnight for lyophilization. Regarding the
preparation of gelatin scaffolds, we diluted 30% of gelatin stock solution into 7.5%
gelatin and the cross-linking methods were same as above.

Engineering c-ECT's construction. Ventricular cardiac cells were isolated from 1-
day-old neonatal Sprague-Dawley rats and seeded into SWNT/gelatin scaffolds to
construct c-ECT (7X107 cells/cm?). All c-ECTs were cultured under static conditions
for 3 days, following 5 days’ electrical field stimulation consistent to a previous
report® to enhance their electrical performance. c-ECT's were transferred into a
chamber fitted with two 1/4-inch-diameter carbon rods (Ladd Research Industries,
Burlington, VT) placed 1 cm apart and connected to a cardiac stimulator (Nihon
Kohden, Tokyo) with platinum wires (Ladd Research Industries). The cell constructs
were cultivated in a cell incubator (37°C, 5% CO,), under electrical stimulation
(rectangular, 2 ms pulse, 5 V, 5 V/cm, 1 Hz).

Assessment of c-ECT's in vitro. The c-ECT's were assessed with the use of 3D live cell
imaging, Live/Dead Viability/Cytotoxicity assay and histology staining to observe the
cell attachment, viability, distribution, as well as the morphology of cardiac tissues in
SWNT/gelatin scaffolds. In addition, immunohistochemical staining and western
blotting were used to test the cardiac myofilament reassembly and gap junction
formation in c-ECTs, which were also detected under TEM. Besides, we used
intracellular calcium transient measurement to compare the contracted and
electrophysiological performance of c-ECTs compared with g-ECTs as control. All
details are available in the supplementary attachment of methods.

Myocardial infarction and c-ECTs grafting. All animal studies were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Chinese Academy of
Military Medical Science (Beijing, China). Male Sprague-Dawley (SD) rats (300+2 g;
n=136) were anesthetized with sodium pentobarbital (30 mg/kg) and were
performed by permanent LAD ligation (6-0, Prolene, Ethicon). 14 days after
generation of MI, the survived rats underwent an echocardiographic examination.
The animals with FS < 30% by echocardiography were randomly divided into 4
treatment groups, which received the implantation of c-ECTs and g-ECTs, NCM
grafts and sham operation. For the construction of g-ECTs and NCM grafts, neonatal
rat cardiac cells and cardiac fibroblasts were seeded into gelatin hydrogel and the
SWNT/gelatin hydrogel respectively. Grafts were simultaneously sutured onto the
epicardial surface over the visible infarct myocardium and adjacent infarction border
zones. In the sham-operated control group, 4 sutures were simultaneously performed
as if ECT's were implanted. For immunosuppression, the animals were administered
with daily injections of cyclosporine-A (5 mg/kg) azathioprine (2 mg/kg), and
methylprednisolone (2 mg/kg) by subcutaneous injection. Prior to transplantation,
all constructs were labeled with CM-Dil (Molecular Probes, Eugene, OR) for tracking
the implanted cells in host myocardium.

Statistical analysis. The data distributions were checked for normality with the
Shapiro-Wilk test and for equality of variances with the Levene procedure. An
unpaired two-tailed Student t-tests was performed to compare 2 groups (in vitro
data). We determined statistical differences using a paired two-tailed Student t-tests
to evaluate echocardiography-determined left ventricular function after implantation
compared to that of pre-implantation before. One-way analysis of variance
(ANOVA) was used for multiple group comparisons of left ventricular function after
4 weeks’” implantation. If the F-distribution was significant, we used the Newman-
Keul procedure as a post hoc test. A P value of <0.05 was considered statistically
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significant. Data were expressed as mean * standard error of the mean (s.e.m.). All
statistical analyses were performed in SAS statistical software version 9.1 (Cary, NC).
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