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Abstract: Ischaemic heart diseases are the leading causes of morbidity around the world and pose
serious socio-economic burdens. Ischaemic events, such as myocardial infarction, lead to severe
tissue damage and result in the formation of scar tissue. This scar tissue, being electrically inert, does
not conduct electrical currents and thus generates lethal arrhythmias. The ventricle dilates with time
due to asynchronous beating due to the scar, and it eventually leads to total heart failure. The current
pharmacological approaches only cure heart failure symptoms without inducing tissue regeneration.
Therefore, heart transplant remains the gold standard to date, but the limited organ donors and
the possibility of immune rejection make this approach elusive. Cardiac tissue engineering has the
potential to address this issue by engineering artificial heart tissues using 3D scaffolds cultured
with cardiac stem cells. Compared with the traditional non-conductive scaffold, electroconductive
scaffolds can transfer feeble electric currents among the cultured cells by acting as a “wire”. This
improves intercellular communication and synchronisation that otherwise is not possible using
non-conductive scaffolds. This article reviews the recent advances in carbon nanomaterials-based
electroconductive scaffolds, their in vitro/in vivo efficacy, and their potential to repair ischaemic
heart tissue.

Keywords: carbon nanomaterials; ischaemic tissue repair; myocardial infarction; electrically conductive
scaffold; cardiac tissue engineering

1. Introduction

Ischaemic heart diseases (IHDs) are the leading cause of morbidity, with a relatively
high death rate in the Western world (Figure 1). Its estimated global prevalence rate
(1655/100 k people) is expected to exceed 1845/100 k people by 2030 [1]. Besides imposing
severe economic burdens, IHDs also hamper the everyday life of the affected individuals.
Myocardial infarction (MI) is one of the IHDs, and it is a consequence of coronary artery
blockage delivering blood to the heart tissue. This blockage, due to blood clots/plaque,
results in tissue ischaemia and the death of contractile cardiomyocytes (CMs) [2]. Once
injured, the heart tissue cannot heal itself due to its poor innate regeneration capability,
unlike some other tissues [3,4]. The injured area gets replaced with collagen-rich scar tissue,
and this scar tissue, being electrically inert due to collagen, induces lethal arrhythmias that
lead to total heart failure in the long run [5,6]. The current pharmacological approaches tend
to reverse the dilation of the failing ventricle by activating anti-inflammatory pathways but
do not induce the much-needed regeneration of the injured tissue [7-10]. Therefore, heart

C 2022, 8, 72. https:/ /doi.org/10.3390 /8040072

https:/ /www.mdpi.com/journal/carbon



C2022,8,72 2 of 24
transplant remains the gold standard so far, but the lack of organ donors and the possibility
of immune rejection make this approach elusive.
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Figure 1. Global death rate due to ischaemic heart diseases. Source: Institute for Health Metrices
Evaluation. Used with permission. All rights reserved.

Tissue engineering is a multidisciplinary field in which stem cells are seeded in a scaf-
fold to engineer artificial tissues. A scaffold can be considered a 3D structure emulating the
micro/nano bio-architectural features (mainly pore size) of an extracellular matrix (ECM) of
a tissue [11]. These engineered tissues, cellular or acellular grafts, can be implanted in vivo
to induce the regeneration of the injured area that cannot heal itself otherwise. The scaffolds
that are normally implanted (with or without cells) at the infarct site tend to induce tissue
regeneration [12], but they do not resolve the issues, such as arrhythmias, due to their
non-conductive nature. To overcome this, inert biomaterials (natural or synthetic) can be
blended with electrically conductive polymers (polyaniline, polypyrrole, or polythiophene)
or carbon nanomaterials (CNTs, graphene, or nanofibers) to obtain an electrically conduc-
tive scaffold. This scaffold harnesses biocompatibility and mechanical properties from
the non-conductive component (biomaterial) while the conductive component imparts
electrical conductivity. This, in turn, can provide the cultured cardiac stem cells with proper
bioelectrical cues to drive their differentiation and maturation towards cardiomyocyte-like
cells with a contractile phenotype. The implantation of electrically conductive constructs at
the infarct site has also significantly resolved the arrhythmic issues with improved blood
pumping ability of the injured heart, as shown in rat MI models [13,14].

This article reviews the recent developments in the conductive scaffold-based cardiac
tissue engineering approach using carbon nanomaterials (CNMs) as the conductive compo-
nent of the scaffold. The myocardial infarction, its consequences, and the in vitro/in vivo
efficacy of CNMs-based conductive scaffolds as potential candidates to resolve MI-related
issues are schematically shown in Figure 2.
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Figure 2. Electroconductive scaffold-based cardiac tissue engineering approach to repair ischaemic
tissue. Figure was made using the images from the Servier Medical Art.

2. The Contractile Machinery of the Heart

The heart is a muscular organ that pumps blood through the entire body. Cardiomy-
ocytes (CMs), also known as “the contractile machinery of the heart”, are the building
blocks of the contractile myocardium, as shown in Figure 3. The perpetual contraction-
relaxation of the heart is maintained by action potentials (APs) that travel from one CM
to another through gap junctions, thus maintaining efficient electrical signal transmission.
Adenosine triphosphate (ATP) fuels the contractile function of the cardiomyocyte, and it is
produced through two main processes (i) anaerobic glycolysis and (ii) aerobic respiration.
Glycolysis, which takes place in the cytosol, produces a small amount of ATP with pyruvate.
Lactate is also formed from pyruvate because glycolysis and lactate dehydrogenase (LDH)
maintain the concentration balance between pyruvate and lactate [15]. A large amount
of ATP is produced through aerobic respiration involving the complex Krebs cycle and
oxidative phosphorylation processes in the mitochondria. This ATP is then used as fuel to
conduct certain intracellular processes.

The contraction begins when the action potential from adjacent cardiomyocytes acti-
vates the voltage-gated calcium channels on the plasma membrane of CM. This results in
the influx of the extracellular Ca?* through these channels activating ryanodine receptor
channels on the sarcoplasmic reticulum (SR). The release of a large number of stored Ca®*
from SR results in a sudden increase in the calcium levels in the cell thus creating a calcium
spark. This spark generates a calcium signal which allows Ca?* to attach to the troponin
present on the tropomyosin filaments. The attachment of calcium ions to troponin exposes
the binding sites for the myosin head to attach to actin filaments. An ATP molecule is
attached to each myosin head which then slides the actin filament. The sliding of all actin
filaments at once generates rhythmic contractions. After contraction, the ATP is converted
into adenosine diphosphate (ADP) and inorganic phosphate. The ATP supply of the muscle
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Myocardlum

is consumed quickly, and it is renewed when creatine phosphate (CP) donates a high energy
phosphate to ADP as shown in Equation (1).

contraction

ATP ———— ADP + Inorganic phosphate + Energy )
CP + ADP — ADP Creatine

Creatine is then filtered through the kidneys and excreted out of the body via the
urinary system. When cardiomyocyte relaxes after contraction calcium ions leave the
troponin and are pumped back to the sarcoplasmic reticulum for storage. Ion exchangers
maintain a continuous exchange between sodium and calcium ions across the plasma
membrane while the sodium-potassium pump keeps the optimum ionic gradient in the cell.

Action potential from + Q K+
Ca% Na K
adjacent CM —/\ e v o
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Figure 3. Contractile machinery of the heart: (1) Voltage-gated calcium channels open. Influx of
Ca?* jons. (2) Calcium-induced calcium release through RyR receptor channel. (3) Local release
causes calcium spark. (4) All sparks sum up to create calcium signal. (5) Ca®* binds to troponin to
initiate contraction. (6) Upon relaxation, Ca?* unbinds from troponin. (7) Ca?* is pumped backed to
sarcoplasmic reticulum (SR). (8) Ca%* and Na* are exchanged with each other through exchangers.
(9) Na* gradient is maintained through sodium-potassium pump. (10) The action potential travels to
the adjacent CM through the gap junction.

3. The Damage to the Contractile Machinery due to Ischaemia

Blood provides the heart with glucose, oxygen, and other nutrients to make ATP. Any
delay in the blood supply would lead to a deficiency of these vital nutrients and pertur-
bations in the intracellular processes. Since the heart requires a smooth supply of blood
for its perpetual function, this gap in supply and demand also referred to as “ischaemia”
triggers a chain of anomalies. During normoxia, about 90% of the total ATP is produced
via the oxidative phosphorylation process in the mitochondria while anaerobic glycolysis
only makes up 5-10% of total ATP. Sudden cessation of the oxidative phosphorylation
process due to ischaemia initiates the systolic dysfunction, and CMs must find alternative
ATP sources. High-energy creatine phosphate could fuel the process for a while, but their
supply is exhausted quickly [16] and anaerobic glycolysis becomes the main source of
creating new ATP and results in the rapid accumulation of lactate in the form of lactic
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acid leading to intracellular acidosis. Inorganic phosphate generated from the breakdown
of creatine phosphate and acidosis leads to the inefficient binding of calcium ions to the
contractile proteins. Since no glucose is supplied to the cardiomyocytes through blood, the
main supply of glucose for cytosolic glycolysis comes from the stored intracellular glycogen
stockpiles. Even at its fastest rate, anaerobic glycolysis cannot replace a much more efficient
oxidative phosphorylation process. As a result, ATP is consumed more quickly than it is
produced. Intracellular acidosis due to the gradual accumulation of lactate blocks many
of the enzymes of the glycolytic pathways. Therefore, several minutes after ischaemia
the rate of anaerobic glycolysis is considerably suppressed until it stops altogether even
if the glycogen reserves are present to feed the process [17]. This marked drop in ATP
amounts in the ischaemic myocardium leads to irreversible changes in the CMs because
the energy-depleted cells cannot maintain their homeostasis.

The severe downfall of the metabolic activities in ischaemic CMs also leads to marked
perturbations in the intracellular ionic levels [18]. Ischaemic cells secrete out K* in the
interstitial matrix [19], and the gradual accumulation of extracellular K* results in inex-
citability and the conduction block. In the ischaemic area, the increased production and
inefficient removal of protons (H*) result in acidosis as pH falls by one unit or more. This
intra- and extracellular acidosis block many ionic channels leading to a fall or prolongation
of the action potentials with the creation of early depolarisations [20]. The dysfunction of
the sodium-potassium pump and sodium-calcium exchanger results in the intracellular
overload of Na* and Ca2" levels that creates an arrhythmogenic environment. Mg?* bound
to ATP is also released from the hydrolysed ATP in the ischaemic area. This chain of events
seriously compromises the electrophysiological functions of the ischaemic myocardium
which would lead to total heart failure in the long run.

4. The Scar Formation and Its Electrophysiological Remodelling

As prolonged ischaemia causes irreversible damage to the cardiomyocytes it also
wrecks the cardiac extracellular matrix. In the following days and months, ischaemic tissue
undergoes a healing process, and the lost contractile tissue is replaced by collagen-rich
fibrotic scar tissue. This scar tissue offers some degree of compliance during active pumping
and prevents the heart wall from rupturing. However, its inability to conduct electric
currents induces lethal arrhythmias and asynchronous beating resulting in ventricular
dysfunction that ultimately leads to total heart failure. Soon after the MI, the infarction
site is infiltrated by macrophages and neutrophils. They release inflammatory mediators,
such as matrix metalloproteinases (MMPs) and tumour necrosis factor (TNF) that remove
dead cells and disintegrated ECM debris. Four days post-MI, a pink granulation tissue
starts to form on the ischaemic area, and it consists of myofibroblasts, inflammatory cells,
and new blood vessels to restore the blood supply. Myofibroblast is the activated state
of cardiac fibroblast which secretes out excessive collagen at the site of injury. They are
not present in the healthy myocardium and the infarction area; they replace the dead
cardiomyocytes as they demonstrate some degree of contractility. This granulation tissue
rich in collagen eventually turns into scar tissue devoid of inflammatory cells but rich
in ECM and myofibroblasts [21]. Since the heart cannot pump efficiently due to the loss
of cardiomyocytes during the scar maturation process, the heart slowly starts to dilate
resulting in ventricular remodelling and total heart failure in the long run [22].

Gap junctions (GJs) mediate the propagation of electric signals throughout the my-
ocardium, and they are located at intercalated discs (ID) between adjacent cardiomyocytes.
They are comprised of connexin protein; the most common of which is connexin 43 (Cx43)
in mammalian hearts [23]. Due to infarction, not only does the GJs density decrease but
Cx43 tends to reorganise itself away from the ID zone as shown in Figure 4. Decreased elec-
trical activity in the ischaemic area is correlated to the dephosphorylation and translocation
of Cx43 from ID to non-ID sites [24,25]. This translocation of GJs interrupts normal electrical
conduction of the heart and could lead to arrhythmias [22,26-28]. At the boundary of the
infarct lies a few cells’ thick transitional areas referred to as the infarct border zone (IBZ)
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that lies between the ischaemic tissue and the viable myocardium. The inefficient removal
of the toxic biochemical products, Cx43 translocation, cellular organisation, and collagen
deposition all could lead to the generation of arrhythmias in the IBZ [29-31]. Surviving
cardiomyocytes in the IBZ have reduced Na* levels [32,33] and the repolarising K* currents
lead to a prolonged duration of action potentials [34,35]. These consequences along with the
perturbation in the intracellular calcium levels result in decreased excitability and altered
resting membrane potential [36]. Inefficient performance of sodium-calcium exchanger due
to ischaemia may lead to a marked reduction in the expression of sarcoplasmic reticulum
calcium ATPase (SERCA) that regulates the flow of Ca?* from the cytosol to the sarcoplas-
mic reticulum. This leads to irregular intracellular Ca?* levels that result in delayed action
potentials, arrhythmias, and LV dysfunction [37-39].

Figure 4. Structural changes in healed infarct scar. (A) The scar differentiates in the ischemic portion
of the heart. (b) Cx 43 (green) is localised to the IDs in remote myocardium. (c) Fibroblasts (blue)
interrupt normal myocyte (red) connections in the IBZ adjacent to the scar and Cx 43 reorganises
away from the IDs. Cx 43 is often found between myocytes and fibroblasts. (d) Punctate Cx 43 is
found within the scar. Reprinted with permission from [36]. Elsevier, all rights reserved.

5. Hostile Microenvironment of the Injured Myocardium and the
Post-MI Remodelling

After an ischaemic attack, the microenvironment of the myocardium becomes hostile
to cells due to the inflammatory response. This is the body’s natural response to repair the
injury and it involves complex biochemical processes; the result of which is scar formation.
The complete biochemical explanation of this hostile microenvironment including the fac-
tors involved, their roles, biological pathways etc. is given elsewhere [40,41]. In a nutshell,
there are three main factors responsible for this hostile microenvironment: (i) generation of
free radicals due to ischaemia, (ii) migration of the leukocytes to the injury site in response
to chemokine expression, and (iii) secretion of pro-inflammatory cytokines by injured
cardiomyocytes and the migrated leukocytes, as shown in Figure 5 [42]. This inflammatory
microenvironment is the principal culprit of why certain therapeutic approaches, such as
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stem cell therapy and tissue engineering methods, fail in the first place. A better under-
standing of this stressful condition could help us develop practical approaches to address
the problem.
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Figure 5. ECM components: Interstitial matrix consists of fibrillar collagen, elastin, proteoglycans, and
glycoproteins; basement membrane is made of non-fibrillar collagen and laminin. Cardiomyocytes
attach to the basement membrane via transmembrane proteins, such as integrin and dystroglycan.
The excessive ECM secretion after the infarction leads to tissue hypertrophy and scar formation
preventing quick ventricular dilation and tissue rupture. Adapted from [14] under the CC-BY license.

Shortly after an infarction, free radicals are produced in the cytoplasm of ischaemic
cardiomyocytes via mitochondrial pathways. These free radicals which are also referred to
as reactive oxygen/nitrogen species trigger the chemotactic infiltration of inflammatory
cytokines, such as macrophages, neutrophils, tumour necrosis factor (TNF), and matrix
metalloproteinases (MMPs). Macrophages/neutrophils remove dead cell/tissue debris,
while MMPs break down the ECM structure [43]. In addition to apoptosis, these pro-
inflammatory cascades also convert cardiac fibroblasts into more activated myofibroblasts
to secrete out excessive ECM components. As a result, scar tissue rich in collagen is formed
to replace the lost myocardial tissue and to prevent tissue rupture due to perpetual heart
contraction. In the long run, this scar tissue induces arrhythmias due to the inability of
inert collagen to conduct electric currents thus deteriorating and failing the heart.

6. How Has T.E Helped So Far to Mitigate the Problem?

Cardiac tissue engineering has emerged as a promising solution to address the issue.
By engineering, heart-like tissues researchers were able to replace the injured myocardium
with artificial tissue in animal models [44,45]. A cardiac patch made of gelatin methacry-
loyl (GelMA) cultured with hiPSCs-derived cardiomyocytes, smooth muscle cells, and
endothelial cells was engrafted onto a murine MI model. Four weeks post-implantation,
cardiac functions improved. However, cell engraftment decreased from 24.5% at week 1 to
11.2% at week 4 [46]. Human-embryonic-stem-cells-derived cardiomyocytes (hESCs-CMs)
survived for two weeks in the nude rat myocardium when cultured on a poly(hydroxyethyl
methacrylate)-co-methacrylic acid scaffold. The small pore size (30—40 pum) of the scaffold
led to angiogenesis at the infarction site with reduced M2 macrophage levels [47]. Likewise,
a fibrin-based cardiac patch, when cultured with CMs, improved the cardiac function and
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remodelling of the deteriorating myocardium in the rats after an MI [48]. Four weeks
after subcutaneous implant in the rats, infiltration of endogenous cells and vascularisation
was observed in acellular cardiac ECM/silk patches. While an elastomeric polyglycerol
sebacate patch provided mechanical compatibility to the myocardium and reduced the
hypertrophy, it could not support the systolic function of the failing myocardium [49,50].
Mouse-embryonic-stem-cells-derived cardiomyocytes (mESCs-CMs) integrated well with
the host myocardium when injected with nano-matrix gels containing RGDS motifs. One
week after injection at the injury site about 90% of CMs survived which led to improved
cardiac functions that sustained for twelve weeks [51]. In vivo efficacy of different biomate-
rials, cell types, and the therapeutic potential of cardiac tissue engineering to treat infarcted
myocardium, including pre-clinical and clinical studies, has been extensively reviewed [12].

Stem cell therapy has faced the serious challenge of cell engraftment in the hostile
environment following myocardial infarction. Some degree of success has been achieved
via a tissue engineering approach by engrafting cells with biomaterials and growth factors
at the injury site. However, the benefits observed in the clinical studies have been less
consistent mainly due to the poor integration of the transplanted cells/biomaterial with the
host myocardium. The conventional tissue engineering approach using a non-conductive
scaffold cultured with cells and then implanted in-vivo has not been quite as helpful in
improving the electrophysiological functions of the failing heart. In the presence of already
inert scar tissue, the implantation of the non-conductive construct could make matters
worse by generating arrhythmias and will not be able to restore the electrophysiological
functions of the injured heart. To tackle this issue, one possibility could be the implantation
of a conductive construct matching the electrical properties of the myocardium. This way
the scar tissue, which acts as a blockage to the propagation of action potentials across the
heart, could be overcome with a conductive construct, and a steady flow of electrical signals
could be restored as shown in Figure 6.

Scar tissue Distorted Conductive construct can
electrical signals restore the signals

Figure 6. Electrical signals blocked by the scar tissue after an infarction. A conductive construct can
restore the signal transmission through it.

7. The Conductive Scaffold

Several carbon-based conductive nanomaterials (carbon nanotubes, graphene, metallic
nanoparticles, etc.) could be blended with natural or synthetic biomaterials to fabricate a
conductive construct. With this approach, the differentiation potential of cardiac, nerve, and
muscle cells could be increased several-fold as these cells are more electrically responsive.
Besides providing a biocompatible microenvironment, the conductive scaffold can also
improve the intercellular propagation of electrical signals. With a balanced interplay
between physicochemical and electrical cues, cells can attain mature native-like phenotype.
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7.1. Carbon Nanotubes

The excellent electrical conductivity of carbon nanotubes (CNTs) has put them in
the limelight of a conductive scaffold-based tissue engineering approach. Single wall
carbon nanotubes (SWCNTs) embedded with collagen composites triggered the 31 integrin-
mediated pathways in the cultured neonatal rat ventricular myocytes (NRVMs). These
pathways led to the formation of junctional proteins that ultimately resulted in the im-
proved assembly of intercalated discs in the matured cells [52]. Likewise, CNTs embedded
with polyurethane/chitosan conductive membranes significantly improved the viability
of H9¢2 cells one week post-culture [53]. In addition to their positive contributions, SWC-
NTs could pose complications due to their small size (1-3 nm diameter) by penetrating
the plasma membrane and disrupting the intracellular processes in the long run [54-57].
To avoid this, carbon nanotubes are often used as multi-wall carbon nanotubes (MWC-
NTs) with a diameter ranging from 10-200 nm. The positive effect of MWCNTs was
observed when blended with a decellularised pericardium extracellular matrix. One week
post-culture, the proliferation rate of HL-1 myocytes increased three-fold with enhanced
expression of Cx43 and «-actinin [58].

A continuous electrical stimulation (1 Hz, 8 V, 10 ms pulses) was applied to C2C12 my-
oblasts cultured on gelatin methacryloyl/MWCNTs hydrogels. The cell manifested a strong
cardiomyocyte-like phenotype evident when the expression of MRF4, MHC, myogenin,
and «-actinin upregulated several-fold [59]. Carbon nanotubes have also been proven to
shift the differentiation of various stem cell lines towards myocardial differentiation. This
was observed when unrestricted somatic stem cells generated cardiomyocyte-like cells
when cultured on MWCNTs-embedded biomaterials. Differentiated cells demonstrated
a heart-like contractile phenotype as shown by the enhanced levels of Cx43, cInl, and
-MHC when electrically stimulated compared with when cultured on non-conductive
scaffolds [60]. Similarly, 129/SVE-derived mouse stem cells generated embryoid bod-
ies (EBs), which could be thought of as a 3D bundle of stem cells, when cultured on
gelatin methacrylate/CNT hydrogels. EBs started to beat with 1.8 beats per second when
stimulated electrically compared with when cultured on non-conductive hydrogels. An
exceptional increase in the expression of cardiac-specific genes, such as Nkx2.5 (14.8-fold),
Myh7 (4.9-fold), cTnT2 (59.6-fold), and Tbx5 (3.9-fold), was observed when CNTs were
embedded inside of these EBs. However, embryonic bodies without CNTs did not show a
well-pronounced cardiac phenotype [61,62].

CNTs embedded silk and gelatin methacrylated (GelMA) conductive patches signif-
icantly improved the cell maturation when cultured with neonatal rat cardiomyocytes.
Seven days later, cultured cells demonstrated elevated expression of x-actinin, Cx43, and
cInT with synchronous beating patterns compared with when cultured on non-conductive
patches, particularly when electrically stimulated [63,64]. Similarly, SWCNTs embedded in
collagen hydrogel resulted in the formation of engineered cardiac tissue with strong con-
traction potential when cultured with cardiomyocytes [65]. While MWCNTs blended with
polycaprolactone (PCL), and polyethylene glycol improved the viability and proliferation
of rat myoblasts seven days post-culture when coated with fibrin glue [66].

Pristine carbon nanotubes have also been used as a platform to enhance the electrical
coupling and contractility among cultured cells. Pristine carbon nanotube films were cul-
tured with neonatal rat ventricular myocytes and cardiac fibroblasts. Cells developed tight
desmosomes-like nano connections and started to beat rhythmically compared with when
cultured on non-conductive constructs [67,68]. Table 1 shows some practical applications
of carbon nanotubes in tissue engineering.
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Table 1. Carbon nanotubes-based conductive constructs for cardiac tissue engineering applications.

Conductive Construct

Mechano-Electrical
Properties

Electrical Stimulation

Cell Line

Cellular Behaviour

Collagen/SWCNTs composite [52]

0=172x10"%/Q

NRVMs

Enhanced assembly of intercalated discs

PU/chitosan/CNTs membranes [53]

UTS =21.9 MPa, E = 4.34 MPa,
R=0.17 kQ)/sq

HUVECs, H9c2

Improved cell viability

Decellularised pericardium ECM,

G’ =229 Pa, G =150 Pa,

Three-fold increase in the proliferation

MWCNTs hydrogels [58] 0=15x10"%S/cm B HL-1 rate
E =23.4KkPa, Myotube formation when stimulated
MWCNTs, GeIMA hydrogels [59] 7 = 400 KO 10 ms AC pulses at 1 Hz and 8 V for 2 days C2C12 electrically
CHI, PVA, MWCNTs membranes [60] E =941 MPa, ¢, = 3.8%, Monophasic pulses at 1.25 Hz and 10 V for USSCs Differentiation to cardiomyocyte-like

o0=12mS/cm

2 days

cells

GelMA-CNTs hydrogels [61]

E =30.6 kPa,
Z=56k0at0.2Hz

10 ms AC pulses at 1 Hz and 3V for 2 days

129 /SVE-derived mouse stem cells

Formation of beating embryoid bodies
with enhanced expression of cTnT2 and
Nkx2.5

CNTs embedded inside of EBs [62]

E =35.2kPa,
Z=300kQat1Hz

10 ms AC pulses at 1 Hz and 3V for 2 days

129 /SVE-derived mouse stem cells

Several fold increase in the expression of
Nkx2.5, acta2, cTnT2, MHC, MLC, and
Cdhb5 genes

Silk/CNTs patch [63]

E =51 kPa, ¢ =42%, R =94 kQ)

AC square waveform at 1 Hz

neonatal rat CMs

Synchronous beating patterns with
contractile phenotype

GelMA /CNTs patch [64]

E =32kPa, Z =2k at 1000 Hz

AC 50 ms pulses between 0.5-3 Hz at
1V/cm

neonatal rat CMs

Three times higher spontaneous
contractions than GelMA

Mechanical strength = 24 kPa,

Formation of engineered cardiac tissue

SWCNTs/ collagen hydrogel [65] 0=525mS/m ) CMs with strong contraction potential

MWCNTs/PCL/PEG/ ~ ~ i I
fibrin glue patch [66] E=47MPa, 0 =045S/m - Rat myoblasts Improved cell viability and proliferation
Pristine CNTs films [67] c=31mS 2 ms AC pulses at 1 Hz and 2 V/cm for neonatal rat CMs Synchronous }oeatlng patterns after
3 days stimulation
Development of striated morphology
Pristine MWCNT films [68] - - NRVMs, cardiac fibroblasts with tight desmosomes like
nano-connections
E =373 kPa, 50 ms AC biphasic pulses, Twice the beating rate five days

PGS-gelatin/CNTs membranes [69]

Z=7kQOat40 Hz

V =0-7volts, f =1-3 Hz

Neonatal rat CMs

post-culture on the conductive
membranes
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7.2. Graphene

With its exceptional electrical properties in 2D, graphene and its derivatives are promis-
ing candidates for regenerating electrically active biological tissues (Table 2). Reduced
graphene oxide (rGO) foam led to the maturation of cultured neonatal rat CMs. Ten days
post-culture, cells organised themselves ubiquitously throughout the porous foam. Differ-
ent cell clusters in various locations in the conductive foam started to protrude branches that
merged forming a large beating syncytium with 65 beats per minute [70]. Graphene-based
constructs also influence the differentiation of adult stem cells. Human-bone-marrow-
derived mesenchymal stem cells readily differentiated into cardiomyocyte-like cells when
cultured on rGO/alginate hydrogels. Differentiated cells demonstrated good viability with
a strong CM-like phenotype [71]. Graphene oxide blended with different biomaterials
improved the cell morphology of the cultured CMs and neonatal rat cardiac fibroblasts.
Cells developed spatial cytoskeletal morphology with striated sarcomeres evident from
the enhanced expression of x-tubulin, Cx43, cTnT2, and intercalated discs related proteins,
such as N-cadherin [72,73]. Improved intercellular coupling among the cultured cells was
observed that ultimately led to the synchronous beating of CMs. A conductive graphene
patch generated synchronous beating CMs matured from mESCs-CMs [74]. GeIMA /rGO
cultured CMs demonstrated nine times faster beating rate compared with when cultured
on non-conductive GelMA hydrogels [75].
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Table 2. Graphene based conductive constructs for cardiac tissue engineering applications.

Mechano-Electrical

Conductive Construct . Electrical Stimulation Cell Line Cellular Behaviour
Properties
G’ =8 KkPa A 3D cellular organisation within
rGO foams [70] . ! - Neonatal rat CMs conductive foam that formed a large
0=1125/m . . .
beating syncytium with 65 bpm
rGO/alginate hydrogels [71] G =1kPa,0=1/9+0.16 x 10°S/m - hBM-MSCs Differentiation to CMs-like cells
E =340 kPa, .
rGO/collagen patch [72] 0 =22 uS/m - CMs Elevated expression of Cx43 and ¢TnT2

OPF/GO hydrogels
[73]

0=4.24mS/cm

Neonatal rat cardiac fibroblasts

Well-organised sarcomeres with
enhanced expression of x-tubulin, and
actinin

E =0.098 MPa, UTS = 1.27 MPa, &, = 8%,

Elevated troponin levels with beating

PCL/CHI/PPy/graphene patch [74] 0=533S/cm - mESCs-CMs CMs
_ . . Nine times faster beating rate compared
GelMA /rGO hydrogels [75] 7= f 5_ 1(2 (2) Z:(f Oa(,) Hz 50 ms AC biphasic pulses at 1-3 Hz and Primary CMs to when encapsulated in non-conductive

3-6 V/cm

hydrogel

rGO/dECM
hydrogels [76]

E=175kPa,0=3S/m

hiPSCs-CMs and HS-27A stromal cells

Generation of engineered heart tissue
with elevated expression of
voltage-gated calcium and potassium
channels

PCL, graphene composites [77]

0=15%x10"%S/m

10 ms AC pulses at 1 Hzand 5V

mESC-CMs

Average beating frequency
1.1 beats/second two weeks post-culture

Chitosan/GO-Au patch [78]

0=12%x10"5S/cm

hiPSCs-CMs

Improved cell adhesion

rGO/GelMA/
polydopamine hydrogels [79]

E =23.6 kPa, Z = 1250 Q) at 1000 Hz

AC 2 ms triphasic pulses at 1.5 Hz

CMs

Improved calcium transients with
40 bpm

rGO/silk electrospun membranes [80]

Tensile strength = 6 MPa,
0=03S/cm

AC 5 ms square wave pulses at 100 Hz

CMs and myofibroblasts

Improved cell viability. However, the
stimulation caused ventricular
fibrillation
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7.3. Fullerene

Fullerene is a zero-dimensional allotrope of carbon and the most famous of all is
the hollow ball of 60 carbon atoms also known as buckminsterfullerene (C-60 fullerene).
Fullerene and its derivatives have been candidates of interest for various biomedical ap-
plications [81]. In one of the studies, C-60 fullerene particles were suspended in a cell
suspension containing brown adipose-derived stem cells (BADSCs). After seven days,
fullerenes modulated cardiomyogenic differentiation by improving MAPK expressions
in BADSCs. This also led to improved cell survival, proliferation, and cardiomyogenesis
evident from the enhanced expression of ¢cITnT2 and «-actinin compared with the cell
suspension without fullerenes [82]. Quite often the hydrophobic nature of C-60 fullerene
in its pristine form limits its ability to fabricate a scaffold or construct. Therefore, it is
usually conjugated with -OH groups on the surface to make it water soluble, referred to as
“fullerenol”. An injectable fullerenol/alginate-conductive hydrogel was able to suppress
the oxidative stress damage in the cultured BADSCs in the presence of hydrogen peroxide.
These conductive hydrogels improved the survival capability of the cells under this oxida-
tive stress microenvironment by activating ERK/p38 and inhibiting JNK pathways. Under
these favourable conditions, cells differentiated into cardiomyocyte-like cells and expressed
a striated contractile morphology [83]. C2C12 myoblasts generated muti-nucleated my-
otubes when cultured on highly directional one-dimensional fullerene whiskers. Compared
with the random formation of the myotubes on the glass control, cells proliferated, along
the whisker’s length, generating aligned myotubes with high fusion/maturation indices
and elevated expressions of MyoD and myogenin [84]. Table 3 shows some applications of
fullerenes for cardiac tissue engineering.

Table 3. Fullerene-based conductive constructs for cardiac tissue engineering applications.

Conductive Construct Mechano- . E.lectnc.al Cell Line Cellular Behaviour
Electrical Properties Stimulation
Improved MAPK expression
Cell suspension + C-60 led to the differentiation of
fullerene NPs [82] ) ) BADSCs BADSCs to
cardiomyocyte-like cells
Inhibition of ROS
environment by activating
Fullerenol/alginate G’ =700 Pa, . BADSCs ERK/p38 pathways which
hydrogels [83] G” =100 Pa led to better cell survival and
cardiomyogenic
differentiation
Myogenic differentiation
Fullerene whiskers [84] - - C2C12 with elevated expression of

MyoD and myogenin

7.4. Carbon Nanofibers

Carbon nanofibers (CNFs), just like CNTs, can also be reinforced into inert biomaterials
to develop conductive constructs. In one of the studies, CNFs were embedded in colla-
gen extracted from rat tail tendon, and the gels were lyophilised to fabricate conductive
nanocomposites. Cultured H9¢2 cells demonstrated good viability with a pronounced ex-
pression of contractile x-actinin protein [85]. Cardiomyocytes cultured on a gelatine/CNF
conductive patch exhibited mature sarcomeric morphology with elevated gap junction
proteins compared with when cultured on non-conductive gelatine constructs [86]. Like-
wise, CNF/chitosan composites improved the intercellular electrical coupling in cultured
neonatal rat CMs. This coupling led to a mature cardiomyocyte-like phenotype evident
from enhanced expression of Cx43, myosin heavy chain protein (MHC), atrial natriuretic
factor (ANF), and troponins. ANF is a hormone secreted by the cardiomyocytes during
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wall stretching, and it maintains circulatory homeostasis [87,88]. Table 4 reports some
practical applications of carbon nanofibers in cardiac tissue engineering.

Table 4. Carbon nanofibers-based conductive constructs for cardiac tissue engineering applications.
Conductive Mechano-Elfectrlcal E'lectrlc.al Cell Line Cellular Behaviour
Construct Properties Stimulation
Collagen/CNF composites [85] Mechanical strength =3.5 N - H9c2 Flevated expression of

o-actinin

Gelatin/CNF patch [86]

Three- to four-fold increase

E =8.42 MPs, UTS = 5.32 MPa, B CMs in actnd and

0 =84uS/m Cx43 expression.
Cell maturation with
contractile phenotype
. . E =28 kPa, evident from elevated
Chitosan/CNF composites [87] 0=025S/m - Neonatal rat CMs expression of cyto-skeletal
Cx43, GATA4, troponins,
Myhé6, Myh7, and ANF
PLA/CNFs E=389KkPa, 0 =0.58S5/m - Neonatal rat CMs Elevated expression of

membranes [89]

a-actinin, Cx43 and p-actin

PLGA /CNFs composites [90]

Increased cell growth and
E=79MPa, 0=01S/m - CMs density five days
post-culture

8. Possible Cell-Matrix Interactions

The cellular behaviour of the cells cultured on a conductive scaffold is different
compared with the cells cultured on a non-conductive scaffold. As explained in the
above section, the voltage-gated ion channels could be opened by electronic currents
travelling through the conductive scaffold. These channels could also be opened via
electrical stimulation [91]. This leads to a disturbance in the ionic concentration across
the plasma membrane, and an influx of ions (Na*, K*, Ca®*) takes place through these
opened channels causing membrane depolarisation. In the cytoplasm, the calcium-binding
protein calmodulin is activated by binding to Ca?* ions which in turn activates calcineurin
by dephosphorylating it [92]. MAPK/ERK signals generated by the interaction between
integrin and scaffold strands together with signals generated by phosphorylated NFAT
trigger an intracellular cascade of pathways. These pathways may lead to the expression of
cardiac-specific genes, such as Nkx2.5, GATA4, Cx43, etc. when cultured with cardiac stem
cells [93-95]. The expression of such genes indicates the differentiation of cardiac stem cells
to cardiomyocyte-like cells with contractile phenotype. GATA4 and NKx2.5 are cardiac-
specific transcription factors that play a fundamental role in myocardial differentiation
in the early stages of cardiogenesis in a developing embryo. Troponin proteins that play
an important role in heart contractility are expressed in the heart muscles of mammalian
and avian species [96-98]. Connexin 43 (CX43) is the principal gap junction protein of the
heart that facilitates the transmission of action potentials from cell-to-cell to synchronise
the beating [99]. The expression of cytoskeletal structural proteins, such as myosin heavy
chain (MHC), myosin light chain (MLC), and «-actinin, indicate that the cultured cells have
developed a contractile cardiomyocyte-like phenotype and are now fully differentiated.
Figure 7 demonstrates a scheme of these cell-matrix interactions. The following sections
will shed light on how conductive constructs assist stem cells to develop an in-vivo-like
tissue phenotype.
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Figure 7. A scheme of cardiac stem cells cultured on a graphene-based conductive construct. This
construct can trigger intracellular signalling pathways particularly when electrically stimulated. Such
pathways can lead to the expression of cardiac specific genes that are an indication of the cardiac-like
phenotype of the cultured cells. Sometime harmful external pathways (contamination of the culture
medium due to high concentration of cell metabolic waste, extreme stiffness of the scaffold and
toxicity of CNMs etc.) along with internal mitochondrial pathways (reactive oxygen species) can
result in cell death via apoptosis by activating caspase genes.

9. In Vivo Efficacy of the Conductive Constructs

In an attempt to control the cardiomyogenic differentiation potential of various stem
cell lines, the conductive scaffold-based tissue engineering approach is a leap forward. It
provides platforms through which cultured cells can achieve cardiomyocyte-like phenotype.
However, the fabrication of such platforms/constructs mimicking the ECM microenvi-
ronment to encourage appropriate cell-cell and cell-matrix interactions is arduous. An
optimum construct should be biocompatible with suitable porosity to deliver biological
factors and remove metabolic waste. Furthermore, it must provide appropriate mechano-
structural cues in the form of stiffness, and micro/nano topography, possessing suitable
electrical conductivity to provide the cultured cells with an in-vivo-like electrophysiological
microenvironment. Such cell-free or cell-laden constructs should also be able to integrate
well with the host tissue when implanted in vivo without inducing any tissue inflammation
or immune response. Taken together, when all these criteria are met a niche or cradle is
generated in which the cell-cell coupling or pathways among the cultured stem cells would
be in perfect harmony, just like it exists among the cells inside the body. Studies on animals
(Table 5) have shown that electroconductive constructs have substantially alleviated various
functions of the infarcted heart when implanted at the injury site.
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Table 5. In vivo efficacy of CNMs-based conductive scaffolds to repair the ischaemic heart tissue

in rats.
Conductive Construct Injured Heart Implanted Heart
OPF/GO hydrogels [73] Wall thickness = 0.37 mm Wall thickness = 0.77 mm

Chitosan/GO-Au patch [78]

Ejection fraction = 70%

Ejection fraction = 40% Fraction shortening = 40%,

Fraction shortening = 19%

Shorter QRS interval
Ejection fraction = 46% Ejection fraction = 68%
rGO/silk electrospun membranes [80] Fraction shortening = 23% Fraction shortening = 38%
P g g
Wall thickness = 0.7 mm Wall thickness = 1.2 mm
Fullerenol/alginate hydrogels [83] Wall thickness = 0.61 mm Wall thickness = 1.3 mm
. High tissue degeneration with the Improved angiogenesis with the repair of
Collagen/CNFs composites [85] damaged assembly of intercalated discs intercalated discs assembly
Ejection fraction = 50% Ejection fraction = 75%
PLA /CNFs membranes [89] Fraction shortening = 29% Fraction shortening = 45%
g g
Wall thickness = 0.8 mm Wall thickness = 2.4 mm
. Ejection fraction = 43% Ejection fraction = 49%
Gelatin/SWCNTs hydrogels [100] Fraction shortening = 19% Fraction shortening = 29%
PNIAA/SWCNTs . _ . _
hydrogels + BADSCs [101] Wall thickness = 538 um Wall thickness = 863 um
PEG-MEL/HA-SH/GO composites [102] Wall thickness = 0.9 mm Wall thickness = 1.9 mm
SF, GO hydrogels [103] Wall thickness = 250 pm Wall thickness = 280 pm

Carbon nanomaterials have also demonstrated good in vivo efficacy when it comes
to restoring the cardiac functions of the injured heart. Cardiac tissues are engineered by
culturing neonatal rat cardiac cells on gelatine/single-wall carbon nanotube hydrogels
integrated well with the host myocardium. Four weeks post-implantation, CMs infiltrated
the scar tissue and exhibited cTnT, actinin, and Cx43 expressions, which are an indication
of good integration of these CMs into the scar tissue. Injured hearts that received these
engineered tissues also demonstrated good blood pumping ability compared with the
hearts that did not receive any such treatment [100]. Brown adipose-derived stem cells
(BADSCs) survived the hostile microenvironment of the infarcted tissue when injected
with poly(N-isopropylacrylamide)/SWCNTs conductive gels. Four weeks post-injection,
LV wall thickness increased to 863 um compared with 538 um in the case of infarcted
hearts [101].

Similarly, graphene oxide (GO), when blended with different biomaterials, improved
various heart functions after implantation. Improved tissue regeneration was observed
with an LV wall thickness of 1.9 mm compared with 0.9 mm in MI hearts after four weeks
of implantation [102]. Infarct size was reduced by 1.8-fold with improved blood pumping
ability and reduced the left ventricle diameter at end-systole and end-diastole [73,103].
Injured hearts injected with fullerenol/alginate hydrogels with BADSCs demonstrated
improved angiogenesis with twice the vessel density and LV wall thickness compared with
when the hearts were injected with PBS and BADSCs only [83]. Collagen/carbon nanofiber
composites repaired the damaged intercalated discs assembly. A sarcomeric phenotype
was observed in the regenerated tissue with high angiogenesis [85].

10. Drawbacks

Even though carbon nanomaterials-based conductive scaffolds have demonstrated
useful potential to address the ischaemic heart tissue problem, carbon nanomaterials
themselves could pose serious health complications. Of several such complications, the
destruction of cellular structure, inflammation, autophagy dysfunction, DNA laceration,
pulmonary lesion, hepatic injuries, and granuloma formation are a few. However, it must
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be noted that these adverse effects were observed only when the animals were exposed
directly to CNMs via various routes, such as inhalation, intravenous injection, pharyngeal
aspiration, etc. as shown in Table 6. Furthermore, a 2020 report published by the OECD
revealed the three most common biological side effects related to nanomaterial exposure
are (i) oxidative stress, (ii) cytotoxicity, and (iii) inflammation [104]. These effects lead
to tissue injuries and ultimately lung dysfunction due to the formation of mesothelioma
and emphysema.

Another issue with CNMs is their biodurability /longevity and non-biodegradable
nature. Pristine SWCNTs and MWCNTs do not degrade in neutral biological conditions.
However, they can be degraded in an acidic medium or in the presence of peroxidases.
In vitro studies have shown that SWCNTs engulfed by phagocytic cells usually generate
reactive oxygen species that can break C-C and C-H bonds by activating innate peroxidases
(myeloperoxidase and eosinophil peroxidase). In vivo biodurability studies of SWCNTs
(diameter: 10-30 nm, length: 2-3 pm) demonstrated their presence in male CD-ICR mice
3 months after intravenous injection [105]. Likewise, MWCNTs (Diameter: 20-50 nm,
length: 0.5-2 pm) stayed in the lungs of male SD rats for up to 6 months after an intra-
tracheal instillation [106]. MWCNTs (diameter: 40-50 nm, length: 13 um) demonstrated
no mass loss by week 24 in Gamble’s solution [107]. The size of the nanotubes may also
impact their biodurability. For example, SWCNTs (length: 0.5-30 um) when incubated with
HRP and H>O; may result in a half-life of 80 years, while SWCNTs with a 0.1-1 pm length
degraded rapidly under similar conditions [108,109].

Fullerenes also appear to be biodurable in biological and environmental conditions.
Polyalkylsulfonated C-60 fullerene particles, which are highly water-soluble, were injected
intraperitoneally into female SD rats at the median lethal dose (LDsp) of 600 mg/kg of body
mass. The animals died within 30 h post-injection, and the kidneys were the main target
organ [110]. In another study, fullerene particles (diameter: 60-270 nm) were engulfed by
human monocytes at several sites within the cell, particularly inside the nucleus [111].

No clinical trials have been conducted so far to effectively evaluate the bedside efficacy
of carbon nanomaterials-based conductive scaffolds to address ischaemic heart tissue
injuries. This could largely be due to the toxic effects of CNMs as described above that
might spark bioethical controversies. Therefore, CNMs-based conductive scaffolds could
be useful to grow artificial heart tissues in the lab or for short-term in vivo applications, as
shown in Table 5, but they do not seem worth the risk for the long term and particularly for
clinical applications.

Table 6. Direct exposure of animals to carbon nanomaterials and the subsequent consequences.

Carbon
Nanomaterial

Properties Dose Animal Outcomes

SWCNTs [112]

Diameter: 0.8-1.2 nm

Four days of exposure led to

Leneth: 100-1000 nm 5 me /m? Female C57BL/6 inflammation with oxidative,
Surf agc o Area- 508 m2/ & mice fibrotic, and mutagenic
’ & responses.

SWCNTs [113]

Length: 0.5-40 um 2 mg/kg F344 rats
Surface area: 300-600 m2/ g

Diameter: 2 nm .
Presence of alveolar lesions

after 21 days of exposure.

SWCNTSs [114]

Oxidative damage to DNA

Length <1 um 0.064-0.64 mg/kg Female F344 rats in the liver and lungs.

MWCNTs [115]

Length: 200-300 nm 11 and 241 mg/ m3 Male Webster rats
Surface area: 253 m? /g

Fibrosis, oxidative stress,
and inflammation at 241
mg/ m?3 concentration while
no fibrosis at 11 mg/m?3.

Diameter: 10 nm
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Table 6. Cont.
Carbon . Properties Dose Animal Outcomes
Nanomaterial

Outer diameter: 17.8 + 6.4
nm, Length: 825 + 174 nm
Surface modification:

Two years post
subcutaneous implantation
large agglomerates did not

degrade, but smaller ones

MWCNTs [116] carboxyl and hydroxyl Powder, <100 pg/rat Wister strain rats underwent lysosomal
groups degradation. The animals
Zeta potential: did not show any sign of
—48.9 £ 8mV cancer or severe

inflammation.

Inhalation at the rate of
6 h/day resulted in no toxic

Diameter: 50 nm Female offocts after 30 davs
MWCNTs [117] Length: 10 pm 32.6 mg/ m? Kunming H s
. 2 . owever, severe pulmonary
Surface area: 280 m~/g mice
damage was observed after
60 days.
Inflammation and
MWCNTs [118] Diameter: 49 nm, Length: >40 pg/mouse Male C57BL/5 mice pulmonary f1bros.1s with
3.86 um granuloma formation over
56 days of exposure.
C-60 fullerene [119] Size: 0.7 nm 0.2 mg/mouse Male C57BL /6] mice DNA damage in the lungs.
Graphene oxide [120] Thickness: 20-30 layers 0.12,0.47 and 1.88 Male SD rats No toxic effects 28 days
mg/L post-exposure
No toxic effect on
Reduced Thickness: 5 nm 7 mg/kg Male Wister rats hippocampus, liver, blood,

and lungs 7 days
post-exposure.

graphene oxide [121] Zeta potential: 25 mV

11. Conclusions

The poor innate regeneration capability of the heart to heal itself is a strong driv-
ing force to find alternative therapeutic approaches to address the issue. Among many,
tissue engineering has provided encouraging solutions to address the problem. In par-
ticular, carbon nanomaterials as the electroconductive component of the constructs can
significantly improve the blood pumping ability of the injured heart by restoring the lost
electrical functions with regenerative effects as shown in Table 5. However, long-term
implantation of carbon nanomaterial-based scaffolds can pose serious complications due
to their potential toxicity [122-124]. The non-biodegradable debris of nanomaterials may
elicit tissue inflammation at the implantation site leading to tissue dysfunction. Therefore,
new biodegradable components that can demonstrate electrical properties as high as my-
ocardium are a dire need in cardiac tissue engineering to efficiently resolve the problem
with potential clinical applications.
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