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Introduction

Myocardial infarction (MI)

Abstract

Introduction: Biomaterials currently utilized
for the regeneration of myocardial tissue seem
to associate with certain restrictions, including
deficiency of electrical conductivity and sufficient
mechanical strength. These two factors play
an important role in cardiac tissue engineering
and regeneration. The contractile property of Gt facors
cardiomyocytes depends on directed signal ;
transmission over the electroconductive systems
that happen inside the innate myocardium.
Because of their distinctive electrical behavior,
electroactive materials such as graphene might be
used for the regeneration of cardiac tissue.
Methods: In this review, we aim to provide deep insight into the applications of graphene and
graphene derivative-based hybrid polymeric scaffolds in cardiomyogenic differentiation and
cardiac tissue regeneration.

Results: Synthetic biodegradable polymers are considered as a platform because their degradation
can be controlled over time and easily functionalized. Therefore, graphene-polymeric hybrid
scaffolds with anisotropic electrical behavior can be utilized to produce organizational and efficient
constructs for macroscopic cardiac tissue engineering. In cardiac tissue regeneration, natural
polymer based-scaffolds such as chitosan, gelatin, and cellulose can provide a permissive setting
significantly supporting the differentiation and growth of the human induced pluripotent stem
cells -derived cardiomyocytes, in large part due to their negligible immunogenicity and suitable
biodegradability.

Conclusion: Cardiac tissue regeneration characteristically utilizes an extracellular matrix (scaffold),
cells, and growth factors that enhance cell adhesion, growth, and cardiogenic differentiation. From
the various evaluated electroactive polymeric scaffolds for cardiac tissue regeneration in the past
decade, graphene and its derivatives-based materials can be utilized efficiently for cardiac tissue
engineering.

Graphene and its derivative Synthetic and nataral polymers Polymeric functionalized graphene

main solution despite being associated with numerous

often occurs due to difficulties. Hence, myocardial tissue regeneration might

the disruption in the coronary blood supply to the
myocardium tissue and induces irreversible myocardial
damage.! The myocardium, the so-called cardiac muscle
tissue, holds specialized cells that are responsible for
the rhythmic expansion and contraction in association
with the neural electrical impulses. Such an immaculate
function of the myocardium makes the regeneration
of myocardial tissue extremely challenging. Further,
the cardiac muscle tissue has a restricted capability
of restoration. Consequently, transplantation is the

be one of the most effective treatment modalities for
restoring cardiac functions.> Cardiac tissue engineering
should ideally result in the production of efficient tissue
constructs with desired physiological functions of the
natural cardiac muscle tissue to restore/rejuvenate the
injured tissues.>* Cardiomyocytes and fibroblasts are the
two types of cells in the myocardium. In the myocardium,
scatters of fibroblasts are among cardiomyocytes along with
extracellular matrix (ECM) in association with blood and
lymphatic vessels together with nerve endings. In such a
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complex microstructure, cardiomyocytes play a key role in
forming the myocardial tissue.’ In the tissue regeneration
process, the scaffold plays a pivotal role in the safe delivery
of the incorporated cells and necessary substances such
as growth factors. To improve the regenerative ability of
stem cells and biological properties, the scaffold should
possess desirable elasticity, stiffness, and topography.®
Graphene (GR) has been used as a scaffold (i.e., in cell
differentiation, proliferation, adherence, and healing
processes) because of its high biocompatibility, nontoxic
biodegradation, large surface area, excellent electrical
conductivity, suitable mechanical strength, stiffness,
high elasticity, low toxicity, flexibility, and unique
thermal properties.”'® To create new hybrid scaffolds for
enhanced tissue engineering, GR can be functionalized
with different types of biomacromolecules such as DNA,
proteins, peptides, enzymes, and polymers.""* It has
been shown that the reinforcement of a biopolymer or a
synthetic polymer with GR and GR-derived products can
enhance the wettability as well as the antibacterial activity
of scaffolds.”*> It also improves its biocompatibility,
mechanical, and electrical properties. The integration of
biopolymers with GR can result in the development of
electroconductive biocompatible scaffolds with functional
entities (e.g., amine, carboxyl, and hydroxyl groups).
Such potential might result in an improved interaction
of scaffold with biomacromolecules favoring cellular
attachment, proliferation, and differentiation.'

Applications and fabrication of graphene and its
derivative-based scaffolds by various techniques in
cardiac tissue regeneration

Cardiac tissue involves an extremely complex internal
microvasculature setting that contains cardiomyocytes,
endothelial cells (ECs), fibroblasts, and pericytes together
with ECM." It is an organ with a minimal capacity to play
key roles to regenerate in pumping blood and oxygen to
other organs, supplying nutrients, and maintaining blood
circulation homeostasis.'® Attributable to its 3D structure,
the myocardial tissue provides an aligned synchronized
beating pulse, which is largely dependent on the functions
of the major fibrous proteins of myocardial ECM (e.g.,
collagen (Col) types I and III) generated by cardiac
fibroblasts and is necessary for the stiffness and structural
integrity of cardiac tissue.””® The contractile property
and synchronized beating of cardiomyocytes (CMs) are
entirely related to cellular orientation, elongation, and
anisotropic microarchitecture of cardiac tissue.?* The
electrospinning technique provides well-organized and
interconnected porous scaffold fibers that can mimic
the anisotropic structure of the native myocardium, thus
improving the contraction patterns, topographical features,
and cellular alignments.” Beating pulse rate and electrical
transferring properties are related to the electroactivity of
cardiac muscle tissue, that is, 0.005 transverse and ~0.1
longitudinal S/m. Heart transplantation for the treatment

of cardiovascular diseases (CD) is often limited mainly
due to insufficient allograft tissue for transplantation,
immune rejection, surgical complications, and a shortage
of donors. Therefore, there is great interest in designing
an ideal artificial cardiac scaffold with contractile and
electrophysiological properties to be used for cardiac
tissue construction and stimulating vasculogenesis.***
In heart disease, such as MI, and endocarditis, different
tissues including blood vessels are affected.”** MI can
occur due to occlusion of coronary arteries, which results
in myocardial ischemia and hence heart dysfunction.
Notably, the resultant apoptotic process in cardiomyocytes
can alter contractile and electrophysiological
characteristics that are responsible for the death of a large
number of patients globally.>"*

For the treatment of ML, it is necessary to prompt the
proliferation of contractile cells. Awada et al showed
that the use of stem cells, growth factors, peptides,
biomaterials, and inflammatory mediators could regulate
the inflammatory response of the heart tissue, promote
the proliferation of cardiomyocytes and regenerate the
damaged myocardial area.’** Stem cells can differentiate
into cardiomyocytes, induce vascularization, and
consequently enhance contractile functionality in the
injured heart tissue. In the cardiac tissue, there exist two
main cell populations, including (i) cardiomyocytes that
are responsible for contraction and (ii) fibroblasts that
produce ECM proteins and play an important role during
MI.* Itis indicated that the thickness of the left ventricular
wall, angiogenesis, and myocardial revascularization
have been increased by the rapid infiltration of cardiac
fibroblasts. Therefore, these aspects must be considered
in tissue engineering in MI. In this area, cardiac tissue
engineering (CTE) has been advanced using safe natural
or synthetic scaffolds with desired substances. Such tissue
engineering modalities can result in the differentiation
of stem cells into cardiac cells, which can be used as a
substitute for ischemic/infarcted cardiac cells.***” The
main principles of CTE should be (i) efficiently improving
the contractile and electrophysiological function of the
heart muscles, (ii) properly reorganizing cells into tissues,
and (iii) substantially regenerating microvasculature
networks within a scaffold for the damaged myocardium
and vascularization. In CTE, an ideal artificial cardiac
scaffold should provide (i) high electrical conductivity
for the electrophysiological application, (ii) suitable
mechanical stiffness of the native cardiac tissue
(anisotropy, elasticity, contractility), (iii) better biological
settlement towards fibrous anisotropic alignment like
myocardium to stimulate functional vascularization,
and (iv) excellent cytocompatibility in terms of cellular
behaviors (e.g., proliferation, differentiation) with no/
trivial inflammatory responses. Given Young's modulus
of the native heart tissue in the range of 10-15 kPa,*® a
scaffold for the heart soft tissue needs to be very flexible
with lower tensile strength. Thus, scaffolds based on the
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Col fibrous structure of ECM myocardium may serve as an
ideal platform for the biological activities of the implanted
cells such as migration of cells from the implanted
scaffold and differentiation towards angiogenesis for
instance. Scaffolds with adequate mechanical properties
and high flexibility, such as the myocardial Col are
deemed to restore and improve the myocardial contractile
performance and regeneration. Likewise, various porous
and fibrous scaffolds, as well as hydrogels, have been used
to engineer heart valves. Accordingly, solid free-form
fabrication has been used to engineer 3D interconnected
porous scaffolds with acceptable mechanical strength
for tissue regeneration.” Given the potential of the
quality-by-design micropatterned elastomer film in the
simulation of the mechanical properties, anisotropy, and
electroactivity of natural myocardial tissues, Shi et al
capitalized on poly(glycerol sebacate) (PGS) and graphene
(GR) and developed micropatterned elastomeric films.*
Having appropriate mechanical strength (0.6 +/- 0.1-
3.2 +/- 0.08 MPa) to withstand heartbeats, the films
displayed satisfactory micropatterned structure to mimic
the natural myocardium anisotropy. Furthermore, owing
to the GR presence in the films, they showed good
conductivity. Both in vitro and in vivo examinations
(in H9c2 rat cardiomyocyte cells and rats, respectively)
confirmed the biocompatibility and effectiveness of the
films, particularly films with 1 wt% GR content (PGS-
GR1). Based on the animal model analyses, the PGS-
GR1 micropatterned film was found to substantially
improve the myocardial functions after MI, resulting in
improved function in the myocardium. In the treated
rats, the left ventricular internal dimension in systole and
diastole showed a meaningful downward trend, while
the fractional shortening and ejection fraction were
found to be considerably improved. Collectively, such an
electroconductive micropatterned elastomer film with
desired mechanical and anisotropic properties seems to
provide the right scaffold for CTE and regeneration.

Fabrication of graphene and its derivative scaffolds by a
three-dimensional (3D) printing technique

A 3D printing approach is an advanced form of solid free-
form (SFF), which can be used for the production of porous
3D structures from a variety of materials such as natural
and synthetic polymers for tissue engineering.*’ This
method allows cells to grow, proliferate, and deposit ECM
on the fabricated 3D solid porous scaffold for stem cell
differentiation into functional tissue constructs. The 3D
printing strategy is a rapid prototyping multidisciplinary
approach integrating chemistry, optics, and robotics,
which is referred to as SFF additive manufacturing to
produce 3D layered heterogeneous constructs mimicking
native tissue traits. For example, an implementation of
the UV-integrated 3D-bioprinting technique was shown
to provide a highly uniform structure with unique
physiological and biomechanical properties to mimic a

lenient microenvironment similar to that of the native
myocardium and cardiac tissue.*” For example, in a study,
a 3D graphene oxide-polyethyleneimine (GO-PEIs)
scaffold was prepared for cardiac tissue regeneration.
Considering the high reactivity of functional epoxy and
edge carboxylate groups of the GO when cooperating, with
NH, and NH," assemblies of linear PEIs, respectively, 3D
constructions could be produced with adjustable width,
porosity, enriched compositional, and organizational
regulation. The elasticity modulus of the prepared scaffold
originated too, reliant on the width of the platform,
with the lowest amount of 13 GPa attained in groups
comprising the maximum amount of alternating sheets.
Because of the amino-rich arrangement of the scaffold
and the well-known biocompatibility of GO, the platforms
did not display cytotoxicity; they endorsed cardiac muscle
HL-1 cell attachment and proliferation without interfering
with the cell shape and enhancing cardiac markers for
example Connexin-43 and Nkx 2.5. The new approach
for scaffold synthesis consequently overwhelmed the
drawbacks related to the restricted processability of pure
GR and little GO conductivity and allowed the fabrication
of biocompatible 3D GO platforms functionalized with
amino-grounded spacers, which was beneficial for cardiac
tissue regeneration usages. In particular, they indicated a
significant increase in the total gap junctions relative to
HL-1 cultivated on control substrates, which renders them
to main constituents for restoring injured heart organs
besides being utilized for 3D in vitro cardiac forming
studies.®

Fabrication of fibrous scaffolds based on graphene and
its derivative by electrospinning technique

Fibrous scaffolds are one of the best selections for cell
adhesion, nutrient transportation, and differentiation
in heart valve tissue engineering, mainly due to (i) their
similar morphology to the ECM of the natural tissue,
(ii) the high aspect ratio of fibers with high efficiency
to growth factor, (iii) anisotropic organization, (iv) high
surface-to-volume ratio, (v) porosity and mechanical
characteristics necessary for the cell migration and
vascularization.**  Electrospinning is one of the
techniques to prepare fibrous scaffolds ranging from
nanoscale to microscale. In this technique, applying a high
electrical voltage generates free charges on the surface of
the polymer droplets that repel each other, overcoming
surface tension, fluid elasticity, and formation of the liquid
jet.**” Because of bending instability and electrostatic
forces, the jet accelerates toward the collecting surface
and is stretched to become narrower resulting in the
production of solid fibers. The GR-based nanocomposites
are reflected as unique selections for increasing electrical
and mechanical properties in cardiac tissue regeneration.
In a study, rGO-silver (rGO-Ag) nanocomposites (1 and
2 wt%) were prepared and assimilated into polyurethane
(PU) nanofibers through the electrospinning method.
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The mechanical strengths, electrical behavior, and
human cardiac progenitor cells (hCPCs) adhesion on the
prepared scaffold were enhanced. The tensile strength,
wettability, and electrical conductivity of PU nanofibers
were significantly increased after incorporation with
rGO-Ag nanocomposites. Real-time polymerase chain
reaction (PCR) indicated the enhanced expression of
cardiac precise genes containing GATA-4, T-box 18 (TBX
18), cardiac troponin T (cTnT), and alpha-myosin heavy
chain (a-MHC) in the PU/rGO-Ag platforms as relative
to pure PU samples. Consequently, prepared nanofibrous
rGO-Ag-strengthened PU platforms could be reflected
as appropriate applicants in cardiac tissue regeneration.*
Fakhrali et al fabricated poly(caprolactone)/Gel (PCL/
Gel) nanofibrous platforms and GO (GO 0.3, 0.6, and 1%
w/w) was assimilated into scaffolds. The diameter of PCL
nanofibers was improved by the incorporation of Gel and
GO, particularly by the addition of 1 %w/w of GO (210
+ 20 nm against 482 + 104 nm). Mechanical strengths
and hydrophilicity were enhanced, too. All groups were
biocompatible and the highest viability values attained
approximately 91.71 + 0.1% and 94.29 + 1.1%, which were
related to PCL/Gel and PCL/Gel/GO, ,, respectively.*

Fabrication of hydrogel scaffolds based on graphene and
its derivative

Hydrogel scatfolds offer higher cell adhesion, proliferation,
and differentiation for heart valve engineering primarily
due to (i) high water content,”® (ii) mimicking the
structure of proteins and other biomolecule chains similar
to the native ECM,*"** (iii) high permeability to oxygen,
nutrients, the hydrophilic polymer, and (iv) sufficient
affinity to growth factor delivery. Hydrogels can act as
a carrier for growth factors and induce angiogenesis in
ischemic tissues. Hydrogels are ideal candidates to form
interconnected networks similar to that of the native
microvasculature. Further, porous hydrogels with oxygen-
releasing groups promote the vascularization or direct
alignment of cardiac cells and prevent cell hypoxia in
the ischemic myocardium, improving cardiac function.*
Conductive hydrogels restore the electrophysiological
functions of the cardiomyocytes and stimulate the
synchronous beating behavior of the heart. Besides, elastic
hydrogels provide flexibility and a dynamic environment
for the expansion and contraction of the muscle
heart. Altogether, it can be assumed that elastomeric
and conductive hydrogels with oxygen-releasing and
vasculogenic potential might serve as an excellent scaffold
to generate functional cardiac tissues.”*

Because of a rough surface and adsorption of
biomolecules like growth factors on the GR surface, it might
provide possibilities to stimulate stem cells to differentiate
into cardiomyocytes resulting in an improved contraction
of the heart muscles. In addition, the conductive nature of
GR can improve the organization and electrophysiological
traits of the implanted stem cells. Moreover, because of its

anti-platelet adhesion and anticoagulant nature, GR can
prevent blood clotting on the heart valve and can be used
for the treatment of cardiovascular diseases. GR stimulates
vasculogenesis and improves the viability of cells within
a 3D environment mainly due to its electrophysiological
and mechanical properties.?***’

Likewise, because of rGO electrical conductivity, it can
control the proliferation, migration, and differentiation of
cellsin a tissue that requires proper electrical properties for
cell-cell electrical interactions. An electrical extracellular
microenvironment can be provided by an rGO-based
3D foam that can enable the electrical stimulation
of cardiac cells with a uniform electric field strength
distribution.?>%¢°

Jing et al developed dopamine (DA)-loaded CS/
GO composite hydrogels with enhanced conductivity
in comparison with the CS-DA hydrogel. Via physical
or chemical crosslinking, polydopamine (PDA) could
react with CS to form a CS/GO composite hydrogel
with enhanced mechanical stability. This structure
was evaluated in terms of conductivity, self-healing,
and adhesion of scaffold in cardiac and muscle tissue
engineering (Fig. 1A). Due to electrical conductivity, rGO
has been reported to provide a faster spontaneous beating
rate in cardiomyocyte cells (Fig. 1B). Using live/dead
assay, prepared hydrogels were also evaluated for their
biocompatibility. The most viable results were obtained at
a moderate concentration of GO in CS-DA-GO, whereas
a high GO concentration led to more oxidative stress and
more apoptotic cells (Fig. 1C). An adequate amount of GO
has been shown to enhance cellular adhesion due to its
strong affinity to ECM proteins. Moreover, the hydrogel
was more crosslinked due to electrostatic interactions
between CS and GO as well as PDA within the GO layers.
The higher crosslinking density thereby resulted in a less
swelling hydrogel with greater stability. It was shown that
the electrical conductivity, self-healing, and adhesiveness
of the CS/GO composite hydrogels could be enhanced in
the presence of PDA, making it a potential candidate in
electroactive tissue engineering.*"

Natural polymer and graphene hybrid scaffolds

Shin et al recently reported the synthesis of rGO-loaded
gelatin methacryloyl (GelMA) hybrid hydrogel for CTE
that can be crosslinked using UV (Fig. 2A). Because
of the strong non-covalent interaction between rGO
and Gel methacryloyl (MA), no aggregation of rGO
sheets was observed, potentially favoring the uniform
distribution in the hydrogel matrix. The rGO sheets
adsorb ECM proteins by n-n stacking and hydrophobic
interaction and induce greater cellular adhesion on the
hybrid hydrogel. In comparison with pristine GelMA,
and rGO, the rGO-GelMA hybrid hydrogel resulted in
greater cell distribution, synchronous contraction, more
cardiac markers, and much higher spontaneous beating
rates due to the electrical and mechanical properties of
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Fig. 1. The application of the CS-DA-GO scaffold in electroactive tissue engineering. (A) Schematic of CS-DA-GO composite hydrogel production. (B)
Spontaneous beating rate of CMs on the selected hydrogels and TCPS. (C) Live/dead images of cells on (a) CS-DA, (b) CS-DA-GO 0.5, (C) CS-DA-GO 1,
and (d) TCPS.5" Copyright 2017. Reproduced with permission from Elsevier. CS-DA-GO, chitosan- dopamine- graphene oxide.

the hybrid hydrogel. The rGO’s electrical and mechanical
properties were measured by Young’s modulus. The
results showed that the rigidity and electrical conductivity
of the hydrogel was enhanced when rGO was present in
the hydrogel hybrid (Fig. 2B). Cardiac marker expressions
were examined by cardiomyocyte immunostaining and
the result showed a homogenous distribution, aligned
and uniaxially structures of connexin 43 (Cx-43) and
sarcomeric a-actinin on rGO-GelMA hydrogel as
compared to pristine GelMA samples. As a result, the
rGO-GelMA hydrogel improved the beating behavior of
the cardiac cells and contractile function (Fig. 2C). The
SEM analysis also confirmed that less porous hydrogels
were obtained at higher rGO concentrations. Moreover,
based on live/dead assay and DNA concentration data,
the 3T3 cells and primary cardiomyocytes cultured on the
rGO-GelMA scaffolds exhibited more cytocompatibility,
viability, and proliferation.®* Overall, rGO incorporation
into the biocompatible hydrogel appears to hold great
promise for CTE to treat MI. The use of GO in CS-based
composite scaffolds increased the electrical conductivity
(0.134 S/m) in 150 mg/L GO/CS scaffold without
exogenous electrical stimulation. Seven days after HOC2
was cultured in the GO/CS scaffold, the CX-43 and ¢InT

genes, which are responsible for electrical coupling and
muscle contraction, were up-regulated (4.1-fold) and
down-regulated (1.3-fold), respectively.®

Synthetic polymer and graphene hybrid scaffolds

To confirm the anisotropic electrical conductivity and
structural organization of GR, Smith et al,** designed a
micro-, and nano-patterned conductive GR-PEG hybrid
scaffold to generate cardiac tissue constructs by grafting
micro-and nano-patterned PEG onto the GR/poly(methyl
methacrylic acid) (PMMA) layer. A float GR/PMMA in
the groove region was first produced, and the PMMA was
then removed by rinsing in isopropyl alcohol (Fig. 3A).
The topography of the engineered GR-PEG structure
was characterized by utilizing conductive atomic force
microscopy (AFM), I-V curves and Raman spectroscopy.
AFM analysis exhibited deposited GR film hung over the
groove regions because of discrete crack formation and
flat over the patterned ridges. The anisotropic electrical
conductivity of GR-PEG was confirmed by I-V curves and
the conductive AFM analysis. The I-V curves indicated the
lowest resistance for GR-PEG in the parallel orientation
of patterned ridges. Further, the highest resistance was
recorded in transverse orientation, while the anisotropic
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Fig. 2. The impact of rGO-GelMA hydrogel on cardiomyocytes in cardiac tissue engineering. (A) lllustration of the rGO-GelMA synthesis. (a) production
of rGO from GO. (b) Preparation of rGO-GelMA hybrid hydrogels. (B) The elastic modulus of rGO-GelMA with rGO concentration. (C) Immunostaining of
cardiomyocytes cultured on rGO-GelMA hydrogels for cardiac markers as a sarcomeric a-actinin (green) and connexin 43 (red) after 8 days (a) 0 mg mL™",
(b) 1 mg mL™", (c) 3 mg mL™", (d) 5 mg mL~'.52 Copyright 2016. Reproduced with permission from the Wiley Online Library. rtGO-GelMA, reduced graphene

oxide-gelatin methacryloyl.

electrical conductivity of the substrate was shown to be
at the macroscopic scale. AFM analysis showed that
GR-PEG conductivity was largely dependent on the
orientation of the structure. The highest and the lowest
electrical conductivity values were recorded respectively
at the top surface of the patterned ridges and within the
grooves. This is because cracks could cause anisotropic
electrical conductivity patterns at the microscale. The
addition of oxygen plasma to the GR-PEG substrate also
increased the anisotropic electrical conductivity on the
ridges of the oxygen plasma-treated substrate due to the
removal of residual PMMA polymer. On the contrary,
longer plasma exposure increased GR defects within the
groove regions and reduced conductivity. To evaluate
the suitability of GR-PEG substrate for cardiac tissue
engineering, the effect of anisotropic electroconductive
and topographic cues on cardiac cell function and
structure was considered. Contractile and beating pulse
behaviors or structural properties of cardiac cells on
oxygen plasma-treated GR-PEG (OGR-PEG) substrate
were known by immunostaining with antibodies against
a-actinin, a sarcomeric protein localized to the Z disc and
Cx43. All three scaffolds of PEG, GR-PEG-G, and OGR-
PEG showed highly organized actin-myosin contractile

units and circumferential distribution of Cx43 on cardiac
cells. Confocal microscopy analysis revealed that cardiac
cells grown on PEG-OG scaffolds displayed larger average
sarcomere length— key for correlating inversely with a
cell’s ability in terms of generating contractile force and
larger z-band widths - as compared to cardiac cells grown
on PEG scaffolds. Western blotting was used to measure
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression in response to an electrophysiological function
of the heart by changing Cx43 and SERCA2, and the results
showed that the levels of SERCA2 and Cx43 expression in
cardiac cells grown on OGR-PEG were higher than other
scaffolds (Fig. 3B). Hydrophilicity and binding of cells
to the scaffold were enhanced by treating GR-PEG with
oxygen-plasma which led to improving cell attachment,
growth, and maturation. Because of enhancement in
Ca” transient® and the upregulation of SERCA2 protein
expression, calcium release during depolarization events
was enhanced when cardiac cells were cultured on OGR-
PEG surfaces (Fig. 3C). Therefore, PEG functionalized
GR with an anisotropic electrical conductivity appears
to improve the cell-cell coupling, modulate calcium
handling proteins, regulate the electrophysiological
function of the heart, and enhance myofibrils and
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Fig. 3. The micro-and nano-patterned conductive GR-PEG hybrid scaffold for cardiac tissue engineering. (A) lllustration of patterned conductive GR-PEG
hybrid scaffolds process. (a) A GR layer formation by chemical vapor deposition (CVD) on copper foil, (b) PMMA coated on GR layer, (c) The copper foil was
etched in an HNO, bath, (d) GR/PMMA composite was placed in water and PEG patterns were raised to contact with the topography, (e) The GR/IPMMA
was dried on PEG substrate. GR/ PMMA in the groove region was prepared by the GR/PMMA layer wets the micro-and nano-patterned PEG, (f) G-PEG
was washed with isopropyl alcohol and rinsed in de-ionized water. (B) Characterization of gap junction protein expression by Western blot analysis and
Quantification of Cx43 expression in PEG, PEG.G, and PEG.OG. (C) Analysis of calcium transient waveforms and Ca?* transient amplitude of PEG, PEG.G,
PEG.OG in the grown cardiac cells.®* Copyright 2017. Reproduced with permission from the Royal Society of Chemistry. GR, graphene; PMMA, poly(methyl

methacrylate); PEG, polyethylene glycol.

sarcomeres contraction with calcium release ability. Thus,
it may be considered an exciting substrate for advanced
CTE.* rGO-silver nanocomposites incorporated into PU
nanofibrous scaffold (rGO-Ag-PU) were fabricated via
the electrospinning method. The Ag nanoparticles (NPs)
enhanced the electrical conductivity of rGO while the
rGO restricted the aggregation of AgNPs. The mechanical
strength, electrical conductivity, and wettability of the
PU scaffold were improved in the presence of rGO-Ag.
The upregulation of cardiac-specific genes encompassing
T-box 18 (TBX 18), GATA-4, cInT, and alpha-myosin
heavy chain (a-MHC) and more hCPCs proliferation
(Fig. 4A, B) was observed for PU/rGO-Ag (1 and 2 wt%)
scaffolds. Immunofluorescent staining of a-Actinin
and cInT confirmed more upregulation of cardiac-
specific genes in the PU/rGO-Ag scaffolds (Fig. 4C).%
In addition, echocardiography (ECHO) of injectable
oligo(polyethylene glycol fumarate) (OPF)/GO(OPF/GO)
hydrogel revealed the improvement of ejection fraction
and fractional shortening after 4 weeks of injection in
the myocardial infarcted region. The addition of GO into

OPF hydrogels promoted the alpha-smooth muscle actin
(a-SMA), vWE and VEGE suggesting the angiogenesis
effect of OPF/GO hydrogel. By bridging the OPE, GO
seems to modulate the pathways for transmitting electric
flow and rhythmic calcium transients.”

Peptide and protein-functionalized graphene hybrid
system

A new multilayer cell construct of poly-L-lysine (PLL)
coated GO sheets and alternative cell seeding with
interlayer connectivity were prepared by a systematic
layer-by-layer assembly technique (Fig. 5A, B). Cells
cultured on the carbon nanotube (CNT)-GelMA and
pristine GelMA hydrogel substrates were used to assess
the appropriateness of hybrid hydrogels as the primary
substrates. The results showed that the cells seeded on the
GO-GelMA substrates were larger, more homogenous,
and more elongated than other substrates, and also
showed similar compressive modulus to CNT-GelMA
gels. Therefore, the GO-GelMA substrate was used as the
main scaffold to prepare multilayered constructs. Due to
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hCPCs, human cardiac progenitor cells.

the electrostatic attraction between the negatively charged
GO surfaces and positively-charged PLL chains, PLL in
the GO-PLL could act as an adhesive between each cell
layer, building strong cell adhesion, enhancing cell-cell
interaction and biological activity. The architecture and
thickness of multilayer tissue were controlled by adjusting
the quantity of the deposited GO. More homogenous
deposited PLL-GO was observed when a higher
concentration of PLL-GO was used. The fabrication
of multilayer cardiac tissues was further investigated
according to the layer-by-layer (LbL) assembly technique
of culturing cardiomyocytes, endothelial cells, and human
mesenchymal stem cells (hMSCs) on the GO/PLL films. In
this strategy, cardiac-specific marker sarcomeric a-actinin,
contraction function, and beating behavior under a low
external electric field were enhanced due to the presence
of PLL-GO film that promoted cardiomyocyte maturation,
guided cell-cell interaction by organized cell networks,
and induced cell-cell electrical coupling. This can mainly
be attributed to the impedance reduction that might
accelerate the charge distribution between cells. Their
findings indicated that the three cell types co-cultured on
GO/PLL films showed great applicability in terms of 3D
cultivation of cardiac tissue with a high level of cell viability
and adhesion along with electrophysiological function
and programmable pumping properties.® Electroactive
composite Col-GO and Col-rGO scaffolds have shown

potential for assisting vascularization and cardiac tissue
engineering. The Col-GO scaffold was fabricated by
covalent binding between —~NH, groups of the Col and —
COOH groups of GO, which indicated randomly oriented
interconnected pores in the desirable range of 120-138
+ 8 um. The tensile strength and Young’s modulus of
Col-GO-90 were enhanced to 162 kPa and 750 kPa,
respectively. In addition, Col-rGO scaffold was shown
to promote the neonatal CM adhesion, proliferation, and
upregulation of troponin T type 2 (TrpT-2), Cx43, and
actinin alpha 4 (Actn4) as cardiac gene markers. Because
of the angiogenesis properties of rGO, more blood vessels
and capillaries formed within the Col-rGO-90 scaffolds
as confirmed by immunofluorescent staining.®

Cardiomyogenic differentiation on graphene hybrid
material

It has been recently reported that GR is required to
stimulate the cardiomyogenic differentiation of human
embryonic stem cells (hESCs). The concept was confirmed
by GR-coated vitronectin (GR-VN) used for high cell
viability and a substantial degree of cardiomyogenic
differentiation. Owing to the rough nanoscale structure
of GR, it seems to induce hESC adhesion, promoting the
expressions of cardiomyogenic genes such as cardiac-
specific ECM, extracellular signal-regulated kinase
(ERK), and focal adhesion kinase (FAK) signaling. As a
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result, it might enhance cardiomyogenic differentiation
and hESC adhesion via the expression of phosphorylated
FAK (pFAK), vinculin, and paxillin. Quantitative real-
time reverse transcription-polymerase chain reaction
(qQRT-PCR) analysis confirmed the differentiation of
hESCs into mesodermal and endodermal cells, leading
to cardiomyogenic differentiation. Notably, the gene
expression of hESCs culture on the GR-VN was found to
be markedly greater than that of the glass-coated VN. In
this method, the beating pulse of cardiac muscle and full
differentiation into contractile cardiomyocytes were not
observed primarily due to the shortage of cardiac growth
factors such as BMP and fibroblast growth factor (FGF).
The result showed that GR can upregulate the expression
of cardiomyogenic genes and enhance cardiomyogenic
differentiation, therefore it can be used for the treatment
of ischemic heart diseases.”” One of the most important
keys in the cardiomyogenic differentiation of stem
cells is the stem cell-ECM interactions.”””* The major
components of the cardiac ECM are Col, fibronectin
(FN), and laminin. Laminin is vital for electrical signals
connection between neighboring cardiomyocytes.” The
MSCs cultured on GR compared to coverslips showed

more upregulation of the ECM gene expression to induce
cardiomyogenic differentiation. It seems that the signal
transduction pathways associated with cardiomyogenic
differentiation are modulated. For instance, GR can affect
the expression of FAK which has an important role in cell
survival, proliferation, migration, and differentiation.”
Stem cell survival and differentiation are regulated by
autophosphorylation of tyrosine 397 of FAK until binding
to Src’ and phosphatidylinositol 3-kinase (PI3K).”” The
Wnt 7a is a key gene for the myogenic differentiation of
stem cells, which can be upregulated by GR, while it also
induced the expression of Racl and Cdc42 by activating the
PI3K/Akt.”*” Ahadian et al reported GR for cardiogenic
differentiation in embryoid bodies. High ionic strength
and low zeta potential of GR in culture medium induced
instability of GR in DPBS. Therefore, the hanging drop
method was used to prepare embryoid bodies (EBs) via
embedding aqueous GR dispersion into the structure of
mouse EBs (Fig. 6A). Aqueous GR solution was prepared
by dispersing graphite powder in the BSA solution. There
was no substantial difference between the viability of
cultured mouse embryonic stem cells in EBs and EB-GR
over 5 days of culture, confirming GR biocompatibility

Biolmpacts. 2024;14(1):27684 l9



Amiryaghoubi and Fathi

and biodegradation within the cells (Fig. 6B).
Interestingly, stem cell proliferation decreased in EB-GR
as compared to EB, presumably because GR limited the
cell-cell compression and increased cell differentiation.
Given its electrical conductivity at a concentration of 0.2
mg mL™, GR can effectively differentiate the stem cells in
EB-GR. Moreover, because of its high mechanical strength,
GR enhanced Young’s modulus of EBs and affected stem
cell differentiation into different lineages. According to
high-throughput gene analysis, the differentiation of stem
cells in EB-GR significantly increased as compared to EB
on day 5 of culture due to the electrical and mechanical
properties of GR. The effect of electrical stimulation on
the cardiomyogenesis of stem cells was evaluated by the
cardiac protein levels, expression of cardiac genes, and
beating activity of the EBs and EB-GR. Upon electrical
stimulation, the TrpT-2 expression of EB-GR was found
higher than EB due to GR's natural electrical conductivity.
The data showed an enhanced TrpT-2 level for EB-GR
and EB as compared to the control with no electrical
stimulation. The EB immunostaining of cell nuclei and
TrpT-2 led to similar results (Fig. 6C). Moreover, cardiac
gene expression (e.g., Actcl, Myh6, Myh7, and Tnnt2)
induced by EB-GR upon electrical stimulation was
found to be greater than that of the EB in the absence of
electrical stimulation. Based on the beating activity, the
number of beats per minute, the average displacements of

Gravitational deposition of
cells and graphene
—_—

Graphene/) O C p 2
Stem cell L

1000 cells/20 pL

Eb-graphene

Eb
Live/dead

Phase Live/dead Phase

Day 1

Day 3

Day 5

EB

Non-stimulated Stimulated Non-stimulated

EB-graphene

Stimulated

EB-GR, and the ratio of the EB beating area to the whole
EB area for EB-GR with electrical stimulation were found
greater than EBs and EB-GR in the absence of electrical
stimulation. These data support the fact that EB-GR can
potentially be used as a platform for cardiac differentiation
and stem cell culture for regenerative applications.* In one
study, 3D graphene foam (3D-GF) and two-dimensional
GR (2DG) were prepared by CVD. The morphological
analyses of the porous 3D-GFs showed that the structure
was fully interconnected and 95% of the pores were 100-
300 nm in size. Fluorescence-staining images showed
that human umbilical vein endothelial cells (HUVECs)
cultured on a 3D-GF scaffold were more integrated due
to the appropriate 3D environment for cardiac cells. The
3D-GF electrical conductivity of 9 S/cm™ was desirable
for neuronal differentiation, proliferation, and myocardial
tissue applications. The 3D-GF provided higher levels of
Conx43 and TrpT-2 genes as compared to 2DG and TCP
duetoacceptableelectroactive moieties for cardiomyogenic
stimulation.®! Table 1 lists some important aspects of GR-
based materials in CTE and regeneration.

Biocompatibility of graphene-polymer materials

Before wusing GR-based materials for biomedical
purposes, it is important to analyze their toxicity
and biocompatibility in vivo and in vitro. Due to the
jagged edge, GR has been shown to damage the lung

EB formation

Cell-nuclei Troponin-T

Fig. 6. The effect of the EB-GR platform in cardiac regeneration. (A) lllustration of the EB formation using the hanging drop technique. (B) Images of live and
dead mouse embryonic stem cells on EBs and the EBs containing 0.2 mg per mL GR at different times. (C) Immunostaining of cell nuclei and TrpT-2 with and
without electrical stimulation.®’ Copyright 2016. Reproduced with permission from the Royal Society of Chemistry. EB, embryoid bodies; TrpT-2, Troponin T

type 2.
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cell membrane through penetration and induced cell
apoptosis and toxicity.® It has been shown that GR
can induce ROS generation and depolarization of
mitochondrial membranes in HUVECs.** The ROS
generated this way can cause excessive DNA damage and
increase the numbers of monocytes and proinflammatory
cytokines, resulting in an inflammatory environment.®
The toxicity and biocompatibility of GR-based material
are largely dependent on physicochemical properties
(e.g., shape, size, surface charge, and concentration), the
composition of GR-based material (surface modification
and its hydrophilicity), and the amount of formed ROS.
Given the correlation of toxicity with shape and surface
modification, the toxicity of rGO and carboxylated GR
has been reported to be less than GO or pure GR in the
monkey kidney cells.** GO also showed less toxicity than
GR.* Moreover, larger lateral dimensions of rGO induced
less cytotoxicity as compared to smaller lateral dimensions
due to the entrance of small particles to human MSC
cells via endocytosis®” and the uptake of large fragments
through phagocytosis.*® In addition, given the effect of
GO concentration, minimum cell toxicity was observed
in A549 cells when 50 ug/mL of GO sheet was used, and
toxicity was increased at higher GO concentrations.* In
vivo toxicity of GR was shown to be due to accumulation
in the lung, long blood circulation time, and low uptake or
capture into the reticuloendothelial system as compared
to nontoxic materials. A 14-day biocompatibility study
showed that GO offers good biocompatibility with red
blood cells at 1 mg kg! body weight, whereas toxicity and
inflammatory response were apparent when GO was used
10 times as much.”

The functionalization of nanographene sheets (NGSs)
with PEG was found to increase the hydrophilicity of
GR and reduce in vivo toxicity. Of note, the PEGylated
NGS mostly gathered in the reticuloendothelial
system, including the spleen and liver (similar to
most nanomaterial), and could be gradually cleared
over 3 months.”"* Ming et al investigated the toxicity
of functionalized GO with poly(acrylic acid) (PAA),
polyacrylamide (PAM), PEG, and aminated groups.
Among these GO derivatives, GO-PAA showed the best
biocompatibility in vitro and in vivo and less toxicity on
J774A.1 cell. Since GO-PEG and GO-PAA posed fewer
protein coronas absorption, the secondary structure of
IgG was less affected, resulting in less interaction with cell
membrane proteins. Thus, less membrane disruption and
less endocytosis with improved viability were indicated.”

It has been well documented that the covalent
functionalization of GO with dextran (DEX) as a
biocompatible polymer (GO-DEX), with 50-100 nm
size and 2.8 nm width reduced HeLa cell toxicity and
improved its biocompatibility. GO-DEX accumulated
in RES after injection and it was excreted via both renal
and fecal routes from the mouse body within a week
without noticeable toxicity.* Chowdhury et al reported

on in vitro and in vivo nontoxicity of O-GNR-PEG-DSPE
up to 80 pg/mL concentration of GO in endothelial
cells (HUVEC cells) due to functionalization of GR
nanoribbons with PEG-DSPE (1, 2-distearoyl-sn-glycerol-
3-phosphoethanolamine-N [amino (polyethylene
glycol)]) as a hematological component in treating
of circulatory system diseases.”® In another study, the
hydroxypropyl CS-graft-GO (HPCH-g-GO) 3D scaffold
was prepared by the freeze-drying technique and showed
more uniform porosity and interconnectivity compared
to the HPCH scaffold. Swelling capacity, water retention
ability, and mechanical strength were improved when
1% GO was added. In vitro, biocompatibility confirmed
good cell viability with no obvious cytotoxicity of the
HPCH-g-GO scaffold against mouse C3H10T1/2 MSCs
as compared to the control group. As a result, the HPCH-
g-GO scaffold was proposed as a potential platform for
tissue engineering.”® Overall, although GR can be a
promising material in tissue engineering and biomedical
applications, more efforts need to be made to understand
the in vivo long-term biodistribution and cytotoxicity of
GR-based material before they can practically be used in
the clinical setting.

Final remarks

Tissue engineering has paved the way for a longer life
expectancy. Accordingly, various advanced materials
have been used for the development of 3D scaffolds. To
date, much attention has been paid to the use of GR-
incorporated biomaterials in tissue engineering and
regenerative medicine mainly due to their extraordinary
mechanical, electrical, and biological properties. GR-
modified biomaterials have been shown to provide
a permissive setting to the embedded stem cells and
improve their proliferation and differentiation in favor
of myocardial tissue. GR and its derivative, because of
free m electron and negative charges, have also been
used as a gene/drug delivery system, indicating their
potential for delivery of drugs to the targeted cells/tissues.
GR and its derivative have been used to improve the
mechanical and surface properties of materials to direct
stem cell differentiation into different types of cells (e.g.,
chondrocytes and cardiomyocytes), and to inhibit the
thrombosis on artificial heart valves. A series of studies
focused on cell proliferation and adhesion using GR-
based materials (for the regeneration of cardiac, and
vascular tissues) have proven their impacts in tissue
engineering. Further, due to its electrical properties,
GR can be used for the development of various tissues
(e.g., cardiovascular tissues) that needs conductivity for
the generation of electrical impulses/signals. To date, a
myriad of literature has shown that GR might be used in
biomedical applications even though somewhat cytotoxic
and/or genotoxic effects may limit its applications. Such
a potentially hazardous aspect of GR can be resolved
via surface modifications. That being emphasized, the
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Review Highlights

What is the current knowledge?

v Cardiac tissue engineering has been advanced using safe
natural or synthetic scaffolds with preferred substances.

v Graphene is a two-dimensional form of crystalline carbon,
which can become an appreciated and useful nanomaterial
because of its remarkably high tensile strength and electrical
conductivity.

V Graphene can be modified with different polymers
becoming a potential scaffold for cardiac tissue engineering.

What is new here?

V Graphene-modified biomaterials can provide a potential
setting for the laden stem cells and recover their growth and
differentiation in the approval of myocardial organs.

v Graphene can be utilized for the improvement of
numerous tissues such as cardiovascular organs that requires
conductivity for the production of electrical impulses/signals.
V Graphene and its derivative have been utilized to increase
the mechanical and surface belongings of platforms to
provide stem cell differentiation into different kinds of cells
such as cardiomyocytes.

long-term in vivo safety of standardized GR products
necessitates a systematic investigation.
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