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Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Heart attack and stroke cause irre-
versible tissue damage. The currently available treatment options are limited to “damage-control” rather than
tissue repair. The recent advances in nanomaterials have offered novel approaches to restore tissue function after
injury. In particular, carbon nanomaterials (CNMs) have shown significant promise to bridge the gap in clinical

Biosensors . . . . . . . .
Cardiac tissue engineering translation of biomaterial based therapies. This family of carbon allotropes (including graphenes, carbon
Immunomodulation nanotubes and fullerenes) have unique physiochemical properties, including exceptional mechanical strength,

electrical conductivity, chemical behaviour, thermal stability and optical properties. These intrinsic properties
make CNMs ideal materials for use in cardiovascular theranostics. This review is focused on recent efforts in the
diagnosis and treatment of heart diseases using graphenes and carbon nanotubes. The first section introduces
currently available derivatives of graphenes and carbon nanotubes and discusses some of the key characteristics
of these materials. The second section covers their application in drug delivery, biosensors, tissue engineering
and immunomodulation with a focus on cardiovascular applications. The final section discusses current short-
comings and limitations of CNMs in cardiovascular applications and reviews ongoing efforts to address these
concerns and to bring CNMs from bench to bedside.

1. Introduction However, the scar tissue is non-contractile and MI can result in heart

failure due to insufficient pump function [4,5]. Heart failure is associ-

Cardiovascular diseases (CVDs) are the leading cause of death world-
wide. The primary cause of CVDs is atherosclerosis that can result in
ischemic heart disease (IHD), cerebrovascular disease, mesenteric
ischemia, renovascular disease and peripheral vascular disease (PAD)
[1-3]. In the heart, atherosclerosis causes blockage of epicardial coro-
nary arteries by plaque deposition or blood clot formation, reducing
and/or interrupting blood flow to the heart muscle. This ultimately re-
sults in a myocardial infarction (MI), commonly known as a heart attack
which can cause permanent damage to the heart due to a massive loss of
functional cardiomyocytes. Intrinsic repair mechanisms prevent cardiac
rupture through the creation of a fibrotic scar at the infarct site.
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ated with high mortality rates and immense financial strain for patients.
Currently available pharmacologic and procedural interventions are
entirely palliative measures that do not address the fundamental prob-
lem of cardiomyocyte loss and reduced contractile area [6-8]. This is a
huge gap that needs to be bridged through regenerative medicine and
tissue engineering [9].

Tissue engineering uses a combination of biomaterials, signalling
molecules and cells to promote regeneration of a target tissue/organ.
Biomaterials, in particular, are rapidly gaining popularity in biomedical
research and development. These specialized materials can directly
interact with the biological system and support tissue formation by
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mimicking the native extracellular matrix [10,11]. The advancements in
nanotechnology to generate nanoscale biomaterials has further
increased the theranostic potential of this field [12,13].

Carbon nanomaterials (CNMs) are an elite class of biomaterials with
distinctive structural and physiochemical properties. CNMs have been
studied as potential drug carriers, biosensors, and in tissue engineering
applications. Some of the prominent CNMs used in biomedical engi-
neering are graphene, carbon nanotubes (CNTs), fullerene and carbon
dots [14-16]. In this review, CNMs (including graphene, CNTs, and their
derivatives) will be discussed in the context of cardiovascular thera-
nostics. First, we will review the synthesis and the unique physico-
chemical properties of each material. Next, we will discuss existing
efforts to use these materials in the field of cardiovascular theranostics.
Finally, we will discuss the shortcomings of these materials and the
current efforts underway to address these concerns.

2. Carbon nanomaterials

The synthesis of first carbon nanomaterial, fullerene, in 1985 revo-
lutionized the application of carbon-based materials in all areas of
research. It was quickly realized that different carbon allotropes have
different arrangements of sp? hybridized carbon atoms, giving each of
them unique physical, electrical, and optical properties. The other car-
bon allotropes, CNTs and graphene were first synthesized in 1991 and
2004 respectively [17,18]. The CNMs have large surface area, high
mechanical integrity, and excellent electrical and thermal conductivity
[16,19]. These characteristics make them excellent choice compared to
other biomaterials for cardiovascular theranostics. In the following
sections, some of features of the most commonly employed carbon al-
lotropes such as graphene and CNTs as well as their derivatives are
discussed with respect to their potential applications in cardiovascular
theranostics.

2.1. Graphene

Graphene is one of the most widely used carbon allotrope in
biomedical applications [20]. Its characteristic structure contains a
uniform 2D arrangement of carbon atoms in a honeycomb-like pattern.
The physiochemical properties of graphene arise from the long range
n-conjugation bonds which yield excellent mechanical, thermal, and
electrical properties. Graphene is 1 atom thick with an elastic modulus
ranging from 0.5 to 1 TPa and has an ultimate tensile strength of 130
GPa. In addition, weak Van Der Waals force of attraction among
different layers of graphene makes it soft and lightweight, increasing its
potential for application in medical nanotechnology [18,21-23].

Graphene also has many derivatives which are gaining recognition
for their importance in various applications. Graphene oxide (GO),
reduced graphene oxide (rGO), and graphene quantum dots (GQDs) are
examples of commonly available graphene derivatives [24,25]. The
major limitation of pristine graphene is its hydrophobic nature and its
unstable homogenous dispersion, which prevents its application in
many areas of biomedical research [25]. Therefore, GO and rGO are
more commonly utilized in medical applications. GO is most commonly
obtained through the modified Hummers’ method, which involves the
oxidation process of the base material ‘graphite’ and its subsequent
exfoliation. Upon oxidation, hydroxyl groups are functionalized on the
GO sheets increasing the interlayer space and thereby allowing them to
be hydrophilic in nature. This property permits them to interact elec-
trostatically in an aqueous solution, making it distinct from the hydro-
phobic pristine graphene [26,27] Furthermore, the open hydroxyl
groups in the edges and periphery of GO nanosheets provide function-
alization capabilities, flexible processability, amphiphilic nature, and
fluorescent quencher ability, which help in creating better composites
for various biomedical applications including cardiovascular thera-
nostics [28].

In the reduction process of GO, functional oxygen groups are
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removed and its reduced form, rGO, is obtained. This is mostly done to
mimic the properties of pristine graphene along with GO’s hydrophi-
licity. But the defects in rGO during synthesis makes it a distinct carbon
allotrope of its own not resembling either of the two carbon materials
[29,30]. Finally, another derivative of graphene is graphene quantum
dots (GQD), which are synthesized either by the top-down or bottom up
approach. They have superior electrical and optical properties compared
to pristine graphene [31,32].

Graphene nanomaterials have high surface area and the presence of
interactive functional groups such as -COOH, —-OH, and -COC allows its
functionalization with other organic or inorganic molecules. They can
also be covalently or non-covalently functionalized with a wide range of
FDA approved polymers to reduce their toxicity and improve their
specificity/selectively to interact with cells of interest including cardiac
cells [24]. Table 1 shows some of the applications of graphene and its
derivatives in cardiovascular tissue engineering over the past 5 years.
The multifaceted advantages and unique properties of graphene and its
derivatives make them better candidates than other biomaterials for
drug/gene delivery, biosensing, tissue engineering, and immunomodu-
latory applications in CVDs.

2.2. CNTs

CNTs are another major carbon allotrope which are being used in
industry, medical and electronic applications due to their peculiar me-
chanical and electrical properties [45,46]. CNTs were discovered by
Sumio Iijima, a Japanese scientist in 1991 using the arc discharge
method [47]. After years of optimization, chemical vapor deposition and
laser ablation techniques are currently used to develop CNTs with high
purity and yield [48]. While both methods use amorphous carbon as a
starting material, due to difference in the source of energy, the end
product varies in physiochemical properties. Other less commonly used
methods for synthesizing CNT include the flame synthesis method and
the ‘high pressure CO’ process [49,50]. All the methods rely on
recombination of individual carbon atoms to form carbon tubes as the
final product.

CNTs have high aspect ratio with diameter of around 1 nm and
length in micron scale [51]. CNTs can exhibit three different configu-
rations: armchair, chiral and zigzag. The specific structural configura-
tion of CNTs confers their electrical properties, ranging from
pseudo-metallic to semi-conductive depending on their chirality [52].
Pristine CNTs are hydrophobic in nature with poor aqueous solubility,
thereby having a high tendency to aggregate due to van der Waals’s
interaction between neighbouring nanotubes. Surface functionalization
of CNTs with OH, COOH or NH; groups enhances their solubility and
dispersion in aqueous media. Further functionalization with biocom-
patible polymers can also address the toxicity concerns raised by pristine
CNT usage in biomedical applications [53].

Geometrically, CNTs are classified into two types: single walled CNTs
(SWCNTs) and multi-walled CNTs (MWCNTs). SWCNTs have only a
single outer wall with a diameter ranging 1-2 nm whereas MWCNTs
have multiple graphene sheets wrapped around the inner core, with an
outer diameter ranging from 2 to 100 nm and an inner diameter of about
1-3 nm [54]. The major advantage with MWCNT over SWCNT is that the
former can be functionalized with ease due to abundant defects present
in the concentric layers [55]. Overall, the high elastic moduli, light
weight, stability, and electrical conductivity of CNTs make them an ideal
class of materials for various applications of cardiovascular tissue en-
gineering. Table 2 shows some of the applications of CNT composites in
cardiovascular tissue engineering over the past 5 years.

3. Application of CNMs in cardiovascular tissue engineering
3.1. Drug/biomolecule delivery

Drug delivery is an important area of research in cardiovascular
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Table 1
Graphene and its derivatives for cardiovascular applications over the past 5 years.
Graphene composite Field of in vitro/in vivo validation Significant Outcomes References
application
Glassy carbon electrodes (GCE)/Nitrogen doped Biosensor Human serum The detection range of cardiac troponin I was between [33]
porous rGO 0.001 and 100 ng/ml
Indium-Tin Oxides electrode/Manganese doped CdS Biosensor Human serum The linear detection range of cardiac troponin I was [34]
sensitized graphene/Cu;MoS, 0.005-1000 ng/ml
Cu nanoparticles/laser induced graphene Biosensor Human serum The detection limit was between 0.001 and 6 mM for [35]
glucose
Carbon coated screen-printed electrodes/Au Biosensor Human serum The range of detection for cardiac myoglobin was [36]
nanoparticles/rGO/Myoglobin Ab between 1 ng/ml to 1400 ng/ml
GCE/Ce0O2-Au nanofibers/GO Biosensor Human serum A wide detection range of 0.01-1000 pmol/1 for [371
amlodipine drug
GCE/N-GNRs-Fe-MOF@AuNPs and AuPt-Methylene Biosensor Human serum The biosensor has a better linear range (0.0001-50 ng/ [38]
blue nanorod/Gal-3 ml) of galectin-3 detection when compared to ELISA.
rGO/Gelatin methacryloyl (GelMA) hybrid hydrogel Tissue Neonatal rat ventricular Better mechanical, electrical properties, cellular [39]
engineering cardiomyocytes (NRVMs) attachment and maturation.
GO-Reverse Thermal Gel Tissue NRVMs Gelation at 37 °C with improved cellular adhesion, [40]
engineering proliferation and survival.
rGO-reinforced gellan gum hydrogel Tissue Rat myoblast (H9C2) Mechanical properties similar to the native myocardium  [41]
engineering with no cellular toxicity.
GO/silk fibroin hydrogel Tissue Cardiac progenitor cells & Cytocompatibility, improved proliferation and survival [42]
engineering human on the hydrogel
coronary artery
endothelial cells
Partially reduced graphene oxide foam chip Tissue NRVMs Improved cell attachment, spreading, organization and [43]
engineering beating function
Heparin loaded polycaprolactone/chitosan/ Tissue Embryonic stem cell derived  Improved mechanical and electrical properties with [44]
polypyrrole/functionalized graphene cardiac engineering embryoid bodies biocompatibility
patch
Table 2
CNTs and their derivative for cardiovascular applications.
CNT composite Field of In vitro/in vivo validation Significant Outcomes Reference
application
MWCNTs/dipyridamole Drug delivery Varied pH solutions (Hydrochloric acid & PBS) ~ Improved dissolution rate and controlled release of [56]
the drug
GCE coated poly styrene/Carboxylated- Biosensor Human serum & PBS solution The linear detection limit of cTnI was between 0.5 [57]
MWCNT/whiskered nanofibers/HRP- ng/ml — 100 ng/ml
anti-cTnl
GCE/carboxyl-terminated ionic liquid Biosensor Human serum The linear range limit for ¢Tnl antigens was between ~ [58]
and helical carbon nanotubes/anti- 0.01 and 60.0 ng/ml
cTnl antibodies
Au/ZnO/MWCNTs Biosensor Human serum The detection range of cholesterol was between 0.1 [59]
and 100 pM
Chitosan/polyvinyl alcohol/MWCNTs Tissue Somatic stem cells Improved tensile and electrical properties and [60]
nanofibers engineering increased cardiac gene expressions (troponin I,
CX43)
SWCNT/Collagen hydrogel Tissue NRVMs Better mechanical strength and electrical [61]
engineering conductivity with improved cellular assembly &
alignment
SWCNT/gelatin with methacrylate Tissue NRVMs Improved cellular alignment, assembly, adhesion [62]
anhydride (GelMA) engineering and maturation
Hydrazide functionalized/MWCNT/ Tissue Human mesenchymal stem cells (hMSCs) & Promoted proliferation of hMSCs and improved the [63]
pericardial matrix hydrogel engineering human induced pluripotent stem cell derived maturation of iPSC-CMs
cardiomyocytes (iPSC-CMs)
MWCNTs/silk fibroin electrospun fibers Tissue NRVMs Enhanced conductivity and tensile strength with [64]
engineering improved cell alignment and Cx43 protein
expression
3D printable SWCNTs ink/bacterial Tissue Canine model Similar conductivity and elasticity when compared [65]
nanocellulose cardiac patch engineering to the native myocardium
Restored the conduction in the disrupted myocardial
conduction system
Tissue—engineered blood vessels/C- Immune Vascular smooth Polarized the shift of M1 inflammatory macrophage  [66]
SWCNT/Resveratrol modulation Muscle cells (VSMCs) to M2 reparative macrophages along with preserved

/SD rats

contractile phenotype of VSMCs

medicine. Pharmacologic therapy, given orally or intravenously, is a
mainstay therapy for the prevention and treatment of cardiovascular
diseases [67]. Common problems faced by the conventional drug de-
livery approaches include poor bioavailability of the drug, frequent
dosing to achieve therapeutic efficacy and off-target effects. These

2263

factors pose significant challenges in optimizing the therapeutic benefits
of drug therapies. Therefore, novel nanoscale drug delivery systems are
highly desirable to address these concerns.

Nanomaterials have been explored as drug delivery carriers for
localized and controlled delivery of drugs to the target site. In
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cardiovascular medicine, conventional drugs or novel synthetic com-
pounds are delivered to reduce atherosclerotic lesion formation, pro-
mote angiogenesis in ischemic tissues and improve the remodelling
process in the damaged organs [68-70]. In the emerging area of nano-
technology, carbon allotropes are considered as one of the cardinal
classes, which have gained significant attention in drug delivery appli-
cations [71,72]. The advantages of CNMs over many other biomaterials
as drug carriers are their nanoscale size range and facile processability to
conjugate large amount of therapeutics [73]. Fig. 1 shows commonly
used CNMs for drug delivery. This figure also emphasizes on various
transport approaches CNMs undertake in order to effectively deliver the
biomolecule of interest to the target cells in the heart. The mechanisms
of entry of these biomaterials into the cell depends mainly on their size
and surface chemistry. For instance, bulky CNMs such as CNTs undergo
receptor mediated cell entry whereas GQDs can directly enter the cell
membrane due to their small size [74-76]. In this section, carbon-based
nanomaterials such as graphene, CNT and their derivatives will be dis-
cussed in detail as drug/biomolecule carriers for cardiovascular
engineering.

3.1.1. Graphene and its derivatives as drug/biomolecule carriers
Graphene derivatives possess ultra-high surface area, high mechan-
ical strength, facile hydrophilic and hydrophobic drug loading capabil-
ities [77,78]. Further, graphene derivatives are capable of facilitating
targeted localized delivery of the drugs without losing the efficacy.
These properties make graphene and its derivatives better candidates
than many other biomaterials for drug delivery. While pristine graphene
is hydrophobic and has limited ability to be used as a drug carrier, GO
and rGO are preferred as carriers to load drugs. These materials have
easy processability to functionalize drugs with high loading capacity
compared to other graphene-based biomaterials. These properties are
utilized to effectively deliver both organic and inorganic biomolecules to
the target areas [79]. In a study by Kaya et al., an electroconductive
hydrogel was prepared by reinforcing rGO into a hyaluronic acid
(HyA)-gelatin-poly (ethylene oxide) (PEO) hydrogel to study the drug
release kinetics of irbesartan. Irbesartan belongs to the class of angio-
tensin receptor blockers which are used to treat high blood pressure in
CVD patients. The study involves the application of mathematical
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models to simulate and understand the release kinetics of irbesartan
from the electroconductive hydrogel. It was reported that the hydrogel
containing 20% rGO was able to effectively release irbesartan in a
controlled fashion for a 10-day period. This composite shows the effi-
cacy of rGO in the hydrogel as a drug carrier for the treatment of CVDs
[80]. Similarly, in a study by Sarkar et al., an effective drug carrier
membrane was prepared with GO and methylcellulose (MC) to study the
release kinetics of diltiazem. Diltiazem is a calcium channel blocker used
to manage arrhythmias and treat hypertension. This study demonstrated
the importance of GO/MC composite for efficient and controlled drug
release [81].

Occlusion of blood vessels is a serious concern arising as a result of
atherosclerosis. Therapeutic angiogenesis is one such treatment that
offers development of new blood vessels from the pre-existing one [82].
Vascular endothelial growth factor (VEGF) is a soluble factor demon-
strated to exert therapeutic benefits by inducing angiogenesis in
ischemic cardiac tissue [83,84]. To facilitate effective delivery of VEGF,
it was functionalized with GO to improve the half-life and availability of
VEGF to improve angiogenesis in ischemic muscle tissue. In this study,
hindlimb ischemia model in Balb/c mice was used to mimic conditions
found in peripheral arterial disease (PAD) [85]. VEGF was delivered
with or without GO, it was reported that there was a significant increase
in blood vessel density and oxygen availability in the ischemic muscle in
VEGF-GO group compared to only VEGF group. This study also reported
that VEGF loaded GO specifically targeted VEGF receptors in the
ischemic tissues of the hind limb demonstrating the therapeutic benefits
of presence of GO in the formulation.

In a similar study, Paul et al. [86] demonstrated controlled and
localized delivery of a plasmid containing VEGF-165 pro-angiogenic
gene. Fig. 2 depicts the overall process of the study from the drug carrier
design to its functional evaluation in a MI model for improved cardiac
performance. Basically, the gene carrier was composed of poly-
ethyleneimine (PEI) to bind VEGF gene, functionalized GO (fGO) and
methacrylated gelatin (GelMA) composite for its application in acute
myocardial infarction. A rat MI model was employed to evaluate the
cytotoxic and the therapeutic effect of the fGOyggr/GelMA hydrogel
when injected intramyocardially into the infarct region for 14 days. The
fGOvyggr/GelMA group had increased capillary density formation when
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Fig. 1. Schematic representation of different mechanistic approaches employed by CNMs as carriers to deliver drugs/gene into the cardiomyocytes.
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Fig. 2. Preparation of injectable hydrogel for acute myocardial infarction (AMI) therapy. (a) Schematic of stepwise formulation process of bioactive hydrogel and
subsequent injection to treat damaged heart with acute myocardial infarction. (1) First, GO nanosheets are functionalized by amide bond with branched PEI to form
cationic fGO. (2) fGO is then surface functionalized with anionic plasmids (DNAyggr) to form fGO/DNAyggr as shown in TEM images. (3) These bioactive hybrids are
then suspended in prepolymer of GelMA hydrogel and UV cross-linked under optimized condition to form hydrogel (4) injectable f{GO/DNAyggr carrying GelMA
hydrogel (GG). (5) The latter is then intramyocardially injected in rat heart with AMI for local gene delivery of incorporated fGO/DNAyggr nanocomplexes. (6) The
hydrogel exhibits therapeutic effects by promoting myocardial vasculogenesis, which leads to reduced scar area and improved cardiac function. (b) Injectability of
the developed GO carrying GelMA hydrogel. The viscosity of GO/GelMA nanocomposite hydrogels was monitored at different shear rates. At low shear rate, both
fGO/GelMA and GelMA hydrogels had high viscosity. However, at higher shear rate, f{GO/GelMA and GelMA hydrogels showed decreased viscosity. This suggests
that both GelMA and fGO/GelMA were able to flow at higher shear rate and were easily injectable. The results also indicate that the addition of surface functionalized
fGO to GelMA results in higher viscosity of fGO/GelMA at higher shear rate compared to GeIMA. In other words, fGO reinforces the Ge]MA hydrogel network. Scale
bar: 1 pm(reproduced with permission from Ref. [86], © American Chemical Society, 2020).

compared to sham and DNAVEGF/GelMA groups. There was also a 3.1.2. CNTs and their derivatives as drug/biomolecule carriers

decrease in scar size and an increase in fractional shortening (FS) after CNTs are another class of biomaterials which are being exploited for
14 days in the fGOyggr/GelMA group in this study. drug delivery. The high aspect ratio of CNTs is responsible for their

One of the major disadvantages associated with GO-based drug de- efficient drug loading capacity and controlled release of drug to the
livery is their toxicity towards cells. This can be overcome by func- target site [91]. In addition to these properties, the ease of functionali-
tionalizing them with other biocompatible nanocomposites to make a zation with covalent or non-covalent modification in CNTs offers ways
well-dispersed and nontoxic drug carrier [87,88]. Ginsenoside is a nat- to engineer superior structural and chemical complexes which can be
ural glycosidic nanocomposite derived from ginseng. It possesses employed in delivering drug/biomolecules [92]. Pristine SWCNTs and
intrinsic anti-inflammatory and antihypertensive properties [89]. Zar- MWCNTs are not employed because of their poor dispersibility with
dini et al. functionalized GO with ginsenoside (Rh2) and evaluated the minimal drug loading capacity. Among the two CNTs, SWCNTs have a
toxicity of GO in cardiac tissue after transplantation in a rat model. It much better drug loading efficiency due to their high surface area
was reported that presence of ginsenoside mitigated the toxic effects of compared to MWCNTSs [93]. There are many strategies to functionalize
GO and retained its therapeutic value [90]. These studies demonstrate drugs in CNTs, including doping, a common strategy to improve the
that GO and rGO hold excellent potential as drug carriers for cardio- adsorption of drugs on the surfaces of CNTs [94,95]. In a study Namin
vascular applications. This is due to the unique properties such as high et al. used density functional theory (DFT) to study the adsorption ef-
drug loading capacity because of large surface area, hydrophilicity, ease ficiency of a drug, metformin, in gaseous and aqueous environments in
of functionalization and their ability to effectively internalize into the pristine SWCNT, silicon (Si), and aluminium (Al)-doped (5, 5) SWCNTs.
target cells [82]. However, future studies focusing on further improve- Metformin is a very effective antihyperglycemic drug, which is widely
ments in terms of biocompatibility of these materials will add tremen- used to treat type 2 diabetic patients. It was reported that, Al-doped
dous value to the therapeutic potential of these biomaterials. SWCNT and Si-doped SWCNTs showed the maximal absorption rate
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and maximal sensitivity towards metformin when compared to pristine
CNT [96]. Similarly, in another study, the adsorption of resveratrol
(RSV) on CNT was evaluated using DFT in gaseous phase [97]. RSV is a
polyphenolic compound which has been reported as a cardioprotective
agent [98,99]. In this study, it was reported that the CNTs have high
sensitivity towards RSV through non bonded interactions which makes
them a suitable drug carrier for safe and controlled release of RSV [97].
CNTs are also reported as carriers to deliver angiogenic factors to the
ischemic tissues to promote angiogenesis [100,101].

In another study Masotti et al. functionalized CNT with PEI/poly-
amidoamine dendrimer (PAMAM) to deliver miR-503 oligonucleotides
to promote angiogenesis during CVD. It was reported that CNTs were
able to effectively deliver miR-503 and improve angiogenesis [102].
Further, CNTs have also been used to coat stents to deliver angiogenic
molecules to prevent in-stent restenosis. After stent implantation at the
site of blockage in the coronary artery, there is a high chance of
occurrence of endothelial dysfunction along with increased smooth
muscle cell proliferation around the stent. This results in rapid reoc-
clusion of the coronary artery and can be associated with repeated heart
attacks or recurrent symptoms. To overcome this complication, Paul
et al. devised a polyacrylic acid (PAA) coated SWCNT in a fibrin
hydrogel that contained VEGF and angiopoietin-1 with endosomolytic
Tat peptide. The efficacy of this composite was tested in a canine model.
This biohybrid stent improved reendothelization, halted neointima
formation and prevented stenosis at the injured artery segment [103]. In
a study Renyun et al. compared various CNMs such as MWCNTs, GO and
carbon black as drug carriers. This study reported that GO had the
highest loading capacity compared to other CNMs. This study also
demonstrated that other factors such as pH and functionalization played
significant role in deciding release profile of the drug [104]. More
comparative studies like this one are needed to understand the role of
different CNMs in drug delivery and how they can be optimized effec-
tively for controlled and safe release of drugs to the cardiovascular
system.
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3.2. Biosensors

Biosensors are promising tools that can be used for early detection of
cardiac biomarkers and continuous monitoring of CVDs to allow for the
timely treatment and preservation of heart function [105-107]. A wide
range of biochemical molecules such as metabolites, proteins, and
nucleic acids can be detected using biosensors [108]. Biosensors are
composed of a biocatalyst and a transducer. The former is used to detect
biological analyte of interest and the latter is used to record the inter-
action of the biocatalyst and the target biological analyte. A biocatalyst
can be any biomolecule (including nucleic acids, antibodies, proteins
and immobilized cells) that has sensitivity towards a given target ana-
lyte. Electrochemical and optical sensors are the two major types of
transducers employed to quantify the concentration of target analytes
[109,110]. The use of nanotechnology in biosensors has improved their
sensitivity and robustness by providing a larger surface-to-volume ratio
for better conjugation of biocatalysts. Furthermore, electroconductive
nanomaterials can be used as both a sensing element and a transducer in
abiosensor [111,112]. Some of the nanomaterials commonly used in the
management of cardiovascular diseases as biosensors are gold nano-
particles, CNMs and zinc oxide. Due to their low cost, high surface to
volume ratio, smaller size, and unique electrical and optical properties,
CNMs are ideal candidate to be used as sensing materials in the diagnosis
of CVD [113-116]. Fig. 3 shows the schematic representation of CNMs
in diagnosis of CVD.

3.2.1. Graphene and its derivatives as biosensors

The movement of free electrons and the arrangement of carbon
atoms in 2D hexagonal planar structure of graphene is responsible for its
electrical conductivity, high surface area and robust mechanical
strength [117,118]. These properties collectively provide graphene the
biosensing ability to detect biomarkers under disease conditions.

In AMI, several macromolecules (biochemical markers) such as
myoglobin, creatine kinase, B type-natriuretic peptides (BNP), and
cardiac troponins, are released from dying cardiomyocytes during a
stress or injury [120,121]. The robustness and sensitivity of biosensors

Cardiac

Biomarkers

DNA

i © &%

Antibodies

Enzymes

Celis

Processor Display

Fig. 3. Application of CNMs in biosensors for diagnosis of CVDs. Model demonstrates the detection of cardiac biomarkers in blood of CVD patients. The sensors have
biocatalysts such as DNA, enzymes, antibodies present on the surface which are used to detect specific cardiac biomarkers. The signals are then amplified and

processed to display the value.
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to detect minute levels of these circulating biomarkers is the key in early
diagnosis of the disease. In a study by Demirbakan et al., an ultrasen-
sitive graphite paper electrode was modified by hydrochloric acid and
functionalized with cardiac troponin T antibody (cTnT) to detect
circulating levels of cTnT in human serum. This electrode demonstrated
excellent sensitivity and has surface stability similar to a gold electrode
and was able to detect cTnT in sub-femtogram level as well [122].
Similarly, Kazemi et al., prepared a glassy carbon electrode (GCE)
coated with porous GO (pGO) which was further functionalized with
human cTnl antibodies to detect c¢Tnl antigens in human serum. The
GE/pGO/cTnl immunosensor was found to be sensitive and specific to
the human cTnl antigen where the dynamic linear range was around
0.1-10 ng/ml. Though, the sensitivity of the immunosensor towards
cTnl was similar to the conventional enzyme-linked fluorescence assay,
the detection speed was much faster in the biosensor [123]. Another
important derivative of graphene, rGO, was also used as a sensor in a
study by Lei et al., Fig. 4a depicts a schematic representation of the
design of biosensor in this study. The biosensor was composed of
reduced graphene oxide and was decorated with platinum nanoparticles
and anti-BNP antibodies to detect BNPs in whole human blood. This
immunosensor was able to detect BNP at as low as 100 fM. Fig. 4b shows
the sensitivity of the biosensor towards different amounts of BNP anti-
gen in PBS. The sensitivity of this biosensor was better than the other
commonly available conventional methods such as ELISA, surface
plasmon resonance and electrochemical method. Further, this biosensor
was highly specific towards BNP in human blood samples of CVD pa-
tients [119].

Graphene quantum dots (GQD) are nano sized zero dimensional
derivative of graphene with excellent electrical properties which are
required for sensors in CVD [124]. Lakshmanakumar et al., coated
functionalized GQDs with acetic acid over a gold electrode to synthesize
an electronic immunosensor to detect cTnl for AMI. Analytical tech-
niques such as cyclic voltammetry and amperometry were used to
evaluate the characteristics of the immunosensors. This study reported

-
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that the immunosensor was highly sensitive and was able to detect levels
of cTnl in the range of 0.17-3 ng/ml in human serum. This study did not
use antibodies to detect cTnl and addressed the limitations of antibody
mediated antigen detection, including lower efficiency, poor recovery,
high cost due to antibody use, and instability at high temperatures
[125]. Metals and nanostructured metal chalcogenides have excellent
electrocatalytic activity, mechanical stiffness, and fast charge transfer
kinetics, making them ideal materials to dope or functionalize with
graphene electrodes to improve their sensitivity and selectivity to detect
cardiac biomarkers in CVD [126,127]. In a study by Chauhan et al., rGO
was embedded with metal chalcogenide (molybdenum tetraselenide,
nMo3Se4) in an indium tin oxide (ITO) coated glass electrode, which
was further functionalized with anti-cTnl using bovine serum albumin
(BSA) for detection of cTnl. The biosensing ability of the fabricated
composite electrochemical immunosensor was validated with cyclic
voltammetry studies with analytes from human serum. The result
showed that the immunosensor had a wide linear range from 1
fg/ml-100 ng/ml and was stable for up to 35 days at room temperature.
It also showed that the fabricated electrode was 9 times more sensitive
compared to other ZrO, based electrodes commonly used to detect cTnl
[128]. These studies suggest that graphene and its derivatives have
tremendous potential as diagnostic tools for early detection of heart
failure in CVD patients. Graphene based biosensors’ possess unique
electrochemical properties, and the ease of biomolecule adsorption
through n-n stacking or electrostatic bonding makes them ideal for
cardiovascular biosensing applications [129]. Future studies are needed
to compare the sensitivity and robustness of different graphene based
biosensors to find the best fit products for any specific application. The
outcome of comparative analysis will also help the researchers and en-
gineers to improve the existing products and manufacture new need
based tailored products for biomedical applications.

3.2.2. CNTs and their derivatives as biosensors
The CNTs have drawn significant attention as biosensors for various

Fig. 4. a) Schematic illustration of the PtNPs-
decorated rGO FET biosensor with a custom-
made microfilter for BNP detection. b). (A)
Real-time electrical detection at different con-
centrations of BNP solution in PBS (12.5 nM, 25
nM, 50 nM, 100 nM, 200 nM, 400 nM, 800 nM).
Inset: Real-time electrical detection at lower
concentrations of BNP. (B) The response of the
PtNPs-decorated rGO biosensors to BNP at
different concentrations. Inset: The response of
the biosensors to BNP at low concentration range
(100 f™M, 1 pM, 10 pM, 100 pM, 1 nM) (Repro-
duced with permission from Ref. [119].© Elsev-

<

0o

ier Ltd 2020).
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medical applications owing to their unique properties. CNTs have
extremely sensitive surfaces which can be used to detect specific ana-
lytes. They can also be attached with bioactive molecules on the surface
to increase the sensitivity towards cardiac biomarkers. The high surface
area, excellent electrical and mechanical strength, and electrochemical
stability in fluids make CNTs a good candidate for nano biosensor ap-
plications [130,131]. However, the intermolecular 7-n interactions
among the carbon layers in CNTs make these composites hydrophobic in
nature. To this end, functionalization of CNTs by chemical adsorption or
doping can be used to generate stable and hydrophilic nanomaterials
suitable for biosensor applications [132-134]. In 2014, Freitas et al.,
developed an amino-functionalized MWCNT based carbon electrode to
measure cTnT levels. The amino group allowed proper immobilization
of the anti-cTnT antibodies on the surface of the CNT to improve its
sensitivity to detect cTnT antigens. In human serum samples, the elec-
trochemical immunosensor had a broad detection range of 0.02-0.32
ng/ml and a LOD of 0.016 ng/ml making it suitable to detect cTnT levels
in vitro [135].

Similarly, Phonklam et al., devised an electrochemical biosensor
where the carbon electrode was coated with MWCNTs and poly-
methylene blue (PMB) to improve the electrode surface area for cTnT
attachment with improved redox reaction detection. In this study, pol-
yaniline (PANI) was coated around cTnT antibody embedded onto the
MWCNT/PMB immune sensor. Fig. 5A and B show step by step con-
struction of the biosensor along with its voltage potential. Fig. 5C &E
show the robustness and specificity of the biosensor towards cTnT an-
tigens. Also, The PMB/MWCNTs sensor was reported to have a linear
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detection range of 0.10-8.0 pg/ml with a LOD of 0.040 pg/ml to mea-
sure the cTnT levels in human serum as shown in Fig. 5D [136].
Different CNMs (e.g. graphene and CNTs) based biosensors have
unique properties that defines their performance and make them suit-
able for different applications. In a study, Shimaa et al., compared the
performance of six commercial CNMs based electrodes (Carbon, carbon
nanofibers, MWCNT, SWCNT, pristine graphene and GO) for detection
of glycosylated haemoglobin levels. Even though all the biosensors
showed good selectivity and sensitivity towards biomarkers, SWCNT
based biosensor had the overall best performance [137]. More studies
like this one on comparative analysis of different CNMs as biosensors for
cardiovascular applications are needed to select the best product that
can be effectively used for any particular type of CVD diagnosis.
Furthermore, considering the advantages of CNT based biosensors, more
in depth studies are required to understand the mechanisms of CNTs
mediated CVD diagnosis so that the commercial products with improved
efficacy can be manufactured for CVD diagnosis and management.

3.3. Tissue engineering

At the onset of myocardial infarction, ischemia results in massive cell
death amongst functional cardiomyocytes in the infarct area. Even after
restoration of normal blood circulation, the heart muscle does not have
the ability to regenerate itself. Thus, disease progression often results in
a permanent non-conductive and non-contractile scar in the infarct re-
gion. If large enough, this can adversely affect the pumping function of
the heart that leads towards heart failure [138,139]. Conventional
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therapies do not provide a permanent solution to repair the damaged
myocardium. As a last resort, heart transplantation can be employed for
end-stage heart failure, but it is associated with many potentially
life-threatening complications.

Cell-based therapies and tissue engineering approaches have the
potential to offer permanent solutions to this problem. Tissue engi-
neering utilizes cells and biomaterials to regenerate and/or replace the
lost muscle tissue during a myocardial infarction. Advancements in the
field of nanotechnology have further improved the prospects of cardiac
tissue engineering by generating superior scaffolds, injectable hydro-
gels, and conductive cell-laden cardiac patches. For the latter, bio-
materials also play an important role in providing the correct signalling
cues and extracellular matrix (ECM) to support differentiation and
maturation of stem cells into mature cardiomyocytes [140,141]. A
successful scaffold mimics the structural and chemical composition of
native ECM of the myocardium. The CNMs provide structural strength
similar to collagen in the ECM and their conductive properties help to
improve electrical conduction among remaining cardiomyocytes in the
myocardium and transplanted stem cell derived cardiac cells [142-144].
Fig. 6 displays a model of CNMs based cardiac tissue engineering.

3.3.1. Graphene and its derivatives for cardiac tissue engineering

The extraordinary mechanical strength of graphene coupled with
other characteristics such as electrical conductivity, stiffness and large
surface areas provide cues for the stem cells to proliferate and differ-
entiate. Graphene materials are also being used to prepare scaffolds to
generate cardiac tissue constructs that can electromechanically couple
with the host myocardium [145,146]. The structural arrangement of
carbon in graphene nanosheets provides a large surface area which al-
lows cells to grow and differentiate into cardiac cells. Graphene nano-
sheets also possess the ability to promote maturation of implanted stem
cells derived cardiomyocytes. In a study by Ahadian et al., aqueous
graphene was incorporated into embryoid bodies (EB-graphene) to
induce cardiac differentiation. Embryoid bodies are formed from 3D
aggregates of pluripotent stem cells. They can be differentiated into the
three germ layers upon addition of appropriate growth factors. In this
study, it was reported that the EB-graphene group had improved
Young’s modulus and electrical conductivity, which promoted better
cardiac differentiation compared to the EB group alone. In addition,
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upon electrical stimulation, the EB-graphene group showed upregula-
tion of the cardiac specific genes cardiac such as muscle alpha actin
(ACTC1), myosin heavy chain alpha and beta (MYH6, MYH7), and
cardiac muscle troponin T (TNNT2), with a significant improvement in
spontaneous beat rates [147].

The electrical properties of an ideal CNM-based scaffold should
mimic the electrical network of native myocardium. This will facilitate
impulse propagation among adjacent cardiomyocytes and promote
efficient contraction of the myocardium. Therefore, incorporation of
electroactive materials in addition to CNMs in a nonconductive poly-
mer/scaffold results in better electromechanical coupling of the car-
diomyocytes, thereby improving the performance of the injured
myocardium [144,148,149]. In a study by Nazari et al., reduced gra-
phene oxide-silver (rGO-Ag) nanoparticles were embedded in a poly-
urethane (PU) scaffold to improve the mechanoelectrical properties of
the composite. The scaffold was then seeded with human cardiac pro-
genitor cells (hCPCs). In this study, it was found that the rGO-Ag/PU
scaffold improved the survival and growth of hCPCs compared to PU
group. It upregulated the expression of cardiac specific genes GATA4,
TBX18, c¢TnT, and a-MHC compared to the PU composite [150]. Simi-
larly, our lab recently synthesized a conductive scaffold by incorpo-
rating GO-AU nanoparticles in a chitosan (CS) scaffold, to improve its
mechanical strength and electrical conduction. This GO-Au/CS scaffold
showed no toxicity towards fibroblasts and smooth muscle cells in vitro.
Also, in a rat MI model, GO-Au/CS scaffold implantation improved the
conduction velocity and contractility with increased levels of connexin
43 (Cx43) expression in cardiomyocytes [151]. The outcome of these
studies show the importance of conductive materials in scaffolds
developed for cardiac tissue engineering.

In the myocardium, the cardiac ECM is highly elastic and flexible,
which allows for cardiomyocytes to contract and relax upon electrical
stimulation. Injectable hydrogels are 3D interconnected polymers which
provides a natural environment for the cardiomyocytes to grow and beat
synchronously. In addition, the shear thinning property of the injectable
hydrogels allows them to safely inject the encapsulated cells into the
damaged myocardium and effectively facilitate the repair process in MI
[152,153].

In a study by Bao et al., a soft injectable hydrogel was synthesized
using melamine which was crosslinked to thiol-modified hyaluronic acid

Fig. 6. Overview of CNMs in cardiac tissue engi-
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(Hya-SH) using a crosslinker PEGDA700. The PEG-MEL/Hya-SH
hydrogel was then incorporated with GO to make it conductive. The
PEG-MEL/Hya-SH/GO hydrogel was found to exhibit anti-fatigue me-
chanical and electrical properties, mimicking the myocardium. The
electroconductive hydrogel was then encapsulated with adipose tissue-
derived stromal cells (ADSCs) and injected intramyocardially into the
infarct region in a rat MI model. As shown in Fig. 7, after 4 weeks, the
cells in the hydrogel group showcased improved a-smooth muscle actin
(x-SMA) and Cx43 expression when compared to the control groups.
Also, there was a significant improvement in the ejection fraction, blood
vessel density levels, reduced infarct size and fibrosis. Overall, the
hydrogel effectively improved the electromechanical coupling of the
injected cells thereby improving the cardiac performance in the
infarcted heart [154]. In a similar study, GO was reinforced into oligo
(poly(ethylene glycol) fumarate) (OPF) hydrogels to improve the me-
chanical strength and the electrical conduction among remaining
healthy cardiomyocytes in an infarcted heart. The GO/OPF hydrogel
was able to improve cardiac fibroblast attachment when compared to
the nonconductive OPF hydrogel. In a rat MI model, the intramyocardial
injection of GO/OPF hydrogel upregulated the expression of gap junc-
tions related genes including Cx43, Cx40, Cx37 and Cx45 [155]. These
examples suggest that graphene increases the mechanical and electrical
properties of the polymer composites allowing functional car-
diomyocytes to grow and mature for tissue engineering applications.
Biomaterial-mediated stem cell delivery has also been reported to
promote angiogenesis and protect implanted cells from reactive oxygen
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species (ROS) in the infarct zone [156,157]. Norahan et al. synthesized a
collagen and graphene oxide (Col-GO) patch to induce angiogenesis
after MI. The addition of GO improved the tensile strength to mimic
native myocardium, it also improved the conductivity of the Col-GO
cardiac patch. The Col-GO patch had no toxicity towards human um-
bilical vein endothelial cells (HUVECSs) after 96 h. Furthermore, the
Col-GO patch showed enhanced gene expression of Cx43, Actn4 and
TrpT-2 in rat neonatal cardiomyocytes [158]. Therefore, the presence of
graphene and its derivatives in scaffolds and hydrogels promote cell
survival, differentiation and induce angiogenesis after implantation.
These are ideal characteristics of a biomaterial to synthesize a tissue
construct for cardiac repair.

3.3.2. CNTs and their derivatives for cardiac tissue engineering

CNTs are electrically stable materials, can interact with electroactive
tissue such as neural, cardiac and bone tissues [159-162]. This property
is extensively investigated in cardiac tissue engineering applications.
This section majorly covers the role of CNTs in promoting car-
diomyocyte differentiation and maturation of cardiomyocytes.

In a study by Ahadian et al., CNTs incorporated in a scaffold were
able to enhance differentiation of embryoid bodies toward -car-
diomyocytes. This study reported a significant decrease in the expres-
sion of pluripotency markers (Nanog, Pou5f1, KIf4) and an increase in
cardiac lineage markers (Nkx2-5, Tnnt2, Myl7, Actcl and Actc2) in the
presence of CNTs [163]. One limitation with the above-mentioned
approach is the possibility of randomly dispersed CNTs to aggregate,
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Fig. 7. Cardiac repair by different treatments after 28 days (a, al-a4: Sham; b, b1-b4: PBS; c, c1-c4: PEG-MEL/HA-SH; d, d1-d4: PEG-MEL/HA-SH/GO; e, el-e4: PEG-
MEL/HA-SH/ADSCs; f, f1-f4: PEG-MEL/HA-SH/GO/ADSCs). (A) Masson’s trichrome staining for collagen (blue) and muscle (red); a2-f2 is magnification of the
corresponding black box labelled in al-fl1. (B) Infarction size. (C) Fibrosis area. (D) LV wall thickness. (E) Immunofluorescence staining for a-SMA. (F) Immuno-

fluorescence staining for Cx43. * indicates a significant difference between the experimental group and PBS treated group (Reproduced with permission from

Ref. [154].© Elsevier Ltd 2020).
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thereby causing uneven mechanical strength and improper conductivity
throughout the scaffold, which may later affect the growth conditions
for the implanted cells. To address this issue, Ren et al. prepared a super
aligned CNT (SA-CNT) in poly dimethylsiloxane (PDMS) to mimic the
ECM of native myocardium. When neonatal rat ventricular car-
diomyocytes (NRVMs) were cultured in the presence of SA-CNT, it led to
improvements in the alignment and morphology of cells. In addition,
when paced with electrical stimulation, the SA-CNT was able to reduce
the spontaneous beating of CMs with improved contractility [164].
Furthermore, incorporation of CNTs in hydrogels and scaffolds creates
electrically conductive next generation constructs for cardiac tissue
repair. Both natural and synthetic polymers can be employed in these
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biomaterials to provide the necessary elasticity to support the cells and
mimic native myocardium [165,166].

In a study by Ahadian et al., an elastic and conductive scaffold was
prepared using a synthetic polymer (124 polymer) along with electro-
conductive CNT to mimic the native ECM. Fig. 8 shows different 124
polymer-CNT constructs with cells encapsulated in the scaffold. The
hybrid 124 polymer-CNT scaffold offered better mechanical support and
improved cell viability after 7 days when neonatal rat ventricular
myocytes (NRVMs) were seeded into the constructs compared to the
controls. Additionally, the 124 polymer-CNT cardiac patch exhibited
better contractility with uniform syncytium of the seeded NRVMs
compared to non-conductive controls [167]. Similarly, another study
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Fig. 8. Composite scaffolds in cardiac tissue engineering. (A—C) Images of rat cardiac tissue constructs with 124 polymer-CNT scaffolds containing 0.1% and 0.5%
CNTs compared to pure polymer scaffolds. (A) Bright field images of polymers seeded with rat CMs at day 7 of culture demonstrate tissue compaction around scaffold
struts (Scale bars: 100 pm). (B) Tissues were imaged for viability with live/dead staining assay (Live cells: green, dead cells: red), where the scaffold exhibits
autofluorescence in the red channel (Scale bars: 100 pm). (C) High magnification excerpts demonstrate the wrapping of viable cells around scaffold struts (Scale bars:
50 pm). (D) The quantification of live-dead assay images present no difference in cell viability among material groups. (E and F) Comparison of excitation threshold
(E) and maximum capture rate (F) suggest improved tissue properties with 0.5% CNTs in polymer scaffolds in comparison to pure polymer controls (*p < 0.05)

(Reproduced with permission from Ref. [167].© Elsevier Ltd 2020).
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reinforced collagen, a natural polymer, with CNT to prepare a conduc-
tive hydrogel. The NRVMs had better compatibility and rhythmic con-
tractions in the collagen-CNT hydrogel compared to collagen only
hydrogel [168]. Both above-mentioned studies demonstrated the
importance of synthetic and natural polymers in creating biomimetic
cardiac constructs for cardiac tissue engineering. The combination of
natural and synthetic polymers can offer even better characteristics to
the constructs compared to using only one type of polymer [169].
Mombini et al. prepared an electromechanical composite comprised of
the synthetic polymer, polyvinyl alcohol (PVA) and a natural polymer
chitosan embedded with CNTs to drive differentiation of MSCs to car-
diomyocytes. In this study, the tensile strength and the conductivity of
the chitosan/PVA/CNT scaffold was found to be enhanced compared to
individual polymer groups without CNT. Furthermore, the cardiac spe-
cific gene expression levels (Nkx2.5, Troponin I, and ~MHC) at day 10
and day 20 in cardiomyocytes were significantly upregulated in the
chitosan/PVA/CNT scaffold group compared to the controls [170].
These studies illustrate the benefits of incorporating CNTs in scaffolds
and hydrogels when constructing patches for cardiac tissue engineering.

The literature reviewed in above sections suggest that each and every
CNM has distinct mechanoelectrical properties, therefore comparative
analysis is required to determine the best suited CNM for any particular
function. In a study by Junmin et al. the performance of different CNMs
(GO, rGO and C-MWCNTSs) in GelMA scaffolds was evaluated individu-
ally for cardiac tissue engineering applications. The cardiomyocytes
grown in CNT-GelMA based scaffold had the best electrophysiological
properties and enhanced capabilities to promote maturation of car-
diomyocytes compared to other CNM composites [171]. Therefore,
future studies focussed on in depth analysis of different synthesis ap-
proaches, functionalization strategies of different CNMs will improve
our understanding with respect to the choice of materials for cardiac
repair.

3.4. Immunomodulatory agents

After M, the infiltration of immune cells in the myocardium is a
process that initially helps in cardiac tissue repair process [172,173].
The cytokines released from the immune cells clear the dead cells and
debris from the damaged myocardium to initiate the next step in the
myocardial repair process. This inflammatory phase in the cardiac tissue
repair process must be tightly regulated as excessive inflammation can
cause second degree injury around the infarct while insufficient
inflammation prevents proper scar tissue formation and interrupts
postinjury cardiac repair process. Therefore, homeostasis must be
maintained to prevent prolonged immune response in the infarct region.
The currently available treatment options to regulate inflammation in
the heart are mostly devised to target specific cell types like B cells or T
cells, or factors such as reactive oxygen species (ROS) [174-176].
Recently, the application of nanomaterials is also being explored in
immunomodulation. The nanomaterials can induce both immune sup-
pression and immune stimulation depending upon their surface chem-
istry [177]. In this section, we will focus on the application of CNMs
such as graphene and CNTs to explore their immunomodulatory and
anti-inflammatory behaviours for the treatment of CVD.

3.4.1. Graphene and its derivatives in immunomodulation

Several studies have reported the immunomodulatory effects of
graphene [178]. The innate immune system that comprises macro-
phages, dendritic cells (DC) and neutrophils acts as body’s first line of
defence. Graphene has been reported to be immunomodulatory due to
its ability to suppress these cells. Malanagahalli et al. prepared few-layer
graphene (FLG), a derivative of graphene, and studied its immuno-
modulatory effects on mouse bone marrow-derived macrophages. This
study reported that FLG exerted its immunomodulatory effects after
entering into the macrophages by passive diffusion [179]. Graphene is
also reported to suppress dendritic cells which are responsible to
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stimulate adaptive immune cells such as T and B cells in response to a
foreign antigen [180]. In another study, Tomic et al. synthesized GQDs
and studied their immunomodulatory properties in peripheral blood
mononuclear cells (PBMCs). It was reported that GQDs at a concentra-
tion of 200 pg/ml were able to inhibit the proliferation of activated
human PBMCs and suppress proinflammatory (IL-1p, lymphotoxin-a,
IL-6, IL-8) and Th1 cytokines (interferon (IFN)-y, IL-12) [181]. Func-
tionalization of graphene and its derivatives with polymers can improve
their biocompatibility and immune evasive properties towards immune
cells. In a study, Wang et al. prepared two different composites of GO by
functionalizing it with PEI and polyethylene glycol (PEG). Both com-
posites were nontoxic to macrophages even at 100 pg/ml and suppressed
the levels of pro-inflammatory cytokines [182].

During a myocardial infarction, the presence of M1 macrophages
increases the production of proinflammatory cytokines thereby aggra-
vating the infarct zone expansion and ultimately resulting in the
inflammation induced failure of the heart. The immunotherapies to
polarize proinflammatory macrophages M1 to regenerative M2 macro-
phages have gained significant attention for cardiac repair [183]. Han
et al. prepared a macrophage-targeting/polarizing GO complex (MGC)
made up of GO, PEI, PEG and folic acid to specifically bind the IL-4 gene
to target the polarization of M1 to M2 macrophages. In the design of the
MGC complex, GO was used a carrier, while PEI was used to bind the
IL-4 gene and folic acid was used to specifically target M1 macrophages.
The results showed that MGC complex showed no signs of cellular
toxicity in macrophages. In a mouse model of myocardial infarction, the
delivery of MGC complex was able to polarize M1 into M2 macrophages
along with improved ROS scavenging properties, fibrosis mitigation,
and improvement in angiogenesis with preserved cardiac functions
[184]. Some graphene derivatives have also been used as antioxidants to
remove ROS in the cardiac tissue post myocardial infarction. In a study,
GQDs were tested for their ability to scavenge free radicals in vitro in
cardiomyocytes. It was found that GQDs at a concentration of 1 pg/ml
were able to protect cardiomyocytes from HyOp-mediated cell injury
[185].

In cardiac stem cell therapy, poor survival of transplanted cells is
often a major issue due to the hypoxic and ROS-concentrated environ-
ment in the infarct region. Graphene is reported to protect the trans-
planted stem cells from ROS-mediated death and improve survival of
implanted cells in the heart. Park et al. synthesized GO flakes which
prevented ROS-mediated death of MSCs and promoted therapeutic ef-
fects of transplanted MSCs in a MI model. GO flakes were surface
modified with ECM proteins and MSCs where attached to the GO flakes.
An ischemia reperfusion model was used to evaluate the antioxidant
behaviour of MSC-GO composites against HyO2-mediated cell death. It
was reported that the presence of GO promoted the survival of MSCs in
ROS concentrated environment in vitro compared to MSCs alone. Under
in vivo conditions they found an improved survival and engraftment of
MSCs in the MSC-GO group, and an overall improvement in cardiac
performance compared to MSC transplantation alone [186]. Similarly,
Choe et al. prepared an antioxidant hydrogel composed of rGO/alginate
encapsulated with MSCs to prevent ROS-mediated cell death. The
microgel prevented death of MSCs under Hy0,-mediated oxidative stress
[187]. Therefore, above-mentioned studies show that GO and its de-
rivatives can serve as immunomodulatory and antioxidant agents during
inflammation related complications in the injured heart.

3.4.2. CNTs and their derivatives in immunomodulation

The strategies based on CNTs-mediated immunomodulation may
offer great benefits due to their potential application in immunotherapy
against inflammatory disorders, infectious diseases and cancer. The
limiting factor which prevents CNTs from being utilized in immuno-
modulation is their intrinsic immunogenicity when injected into the
body. However, this can be overcome by fine-tuning their size, altering
their physicochemical properties and surface functionalization to make
them less immunogenic [188,189]. This section will cover
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immunomodulatory behaviour of CNTs and their interaction with im-
mune cells and how these properties can be exploited to treat cardio-
vascular diseases.

The innate immune system offers the first line of defence against
foreign bodies and pathogens.

Macrophages and DCs are two major immune cell types which
effectively eliminate foreign bodies through phagocytosis or comple-
ment activation. The interaction of CNTs with these immune cells is
essential for their immunomodulatory action. Sun et al. prepared a
composite comprised of polydopamine (PDA) functionalized MWCNTSs
and poly-i-lysine (PLL) and studied the immunomodulatory effects in
macrophages. As shown in Fig. 9, the composite was nontoxic towards
the RAW264.7 macrophages with no change in ROS or lipid oxidation.

Bioactive Materials 6 (2021) 2261-2280

secretion of inflammatory cytokines. Therefore, the intrinsic immuno-
genicity of CNTs can be modified by functionalization of these bio-
materials [190]. Furthermore, the dendritic cells are responsible for
presenting the antigens to T-cells for their activation and secondary
immune response. Aldinucci et al. studied the immunomodulatory ef-
fects of CNTs on DCs, in this study MWCNTSs were functionalized with
COOH groups and tested on human DCs for their toxicity and immu-
nological properties. They found no significant effect of the biomaterial
on cytoskeleton organization, gene expression and cytokine levels,
demonstrating the tolerance of DCs towards MWCNTSs [191]. In another
study Mitchell et al. investigated the interaction of MWCNT with T cells
as well as systemic immune function in C57B1/6 mice. MWCNT was able
to suppress T cell activation in a dose dependent manner [192]. The

Also, there was no change in the morphology of immune cells and application of CNMs to evade immune cells in the body is promising
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Fig. 9. (A). Schematic diagram of experimental design to evaluate material biocompatibility with RAW264.7 macrophages. The cells were cultured on (PLL-CNT-
COOH) film or (PLL-CNT@PDA) film, and then examined for cellular functions. The cells grown on the surface without modification (Uncoated) and PLL-coated
surface (PLL film) were applied as controls. RAW264.7 cells were also directly treated with dispersed CNTs (CNT-COOH or CNT@PDA), using untreated cells as
control. B, The cells were seeded onto different films for 48 and 72 h. Cell viability examined by the CCK-8 assay was comparable among these groups. C, The cells
were treated with CNT@PDA or CNT-COOH at different concentrations for 24, 48 and 72 h. No viability change was observed. D, ROS levels were detected by the
DCFH-DA assay. No change in ROS levels was found in RAW264.7 cells following a 72-h culture on the specified films. E, A 24 h treatment of CNT-COOH increased
ROS levels in a concentration-dependent manner, whereas CNT@PDA had no significant effect even at a concentration of 50 pg/mL. F, Treatments with none of the
films for 72 h affected lipid oxidation, as determined by the MDA assay. G, CNT-COOH, but not CNT@PDA treatment for 24 h raised cellular lipid oxidation. n = 4-6;
*P < 0.05, **P < 0.01, ***P < 0.001 versus uncoated or specified controls by one-way ANOVA; ns: not significant (Reproduced with permission from Ref. [190].©
Elsevier Ltd 2020).
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technique which can be exploited to develop therapeutic strategies to
modulate myocardial inflammation during cardiac injury. Even though,
biomaterials based immunomodulation is an emerging field and has
witnessed a significant progress, however, the application of CNMs in
immunomodulation is very limited. But the available evidences strongly
suggest that CNMs based strategies hold huge potential in terms devel-
oping therapeutic interventions for cardiovascular repair. Therefore,
extensive basic research studies focused on understanding the effects of
CNMs on the immune system are needed to broaden the scope of CNMs
in clinical applications.

3.5. Other CNMs for cardiovascular theranostics

Fullerenes and carbon nanodiamonds are some of the other
commonly employed CNMs in several biomedical applications due to
their unique physicochemical properties [193-196]. This section will
discuss about the application of these CNMs in cardiovascular
theranostics.

Fullerene is a truncated icosahedron which contains 60 carbon atoms
(C60) with C5-C5 single bonds forming pentagons and C5-C6 double
bonds forming hexagons. A single fullerene molecule has a diameter of
0.7 nm. Also, fullerenes are commonly termed as buckyball or C60. The
physical properties such as density and electrical resistivity of fullerenes
are around 1.65 kg/cm® and 1014 Q/m respectively [197]. Fullerenes
are hydrophobic in nature which results in poor solubility. However,
functionalization and modification approaches can improve the water
solubility and increase their potential use in drug delivery and tissue
engineering applications. The application of fullerenes and nano-
diamonds are studied for bio-imaging, targeted drug delivery, and
photodynamic therapy [198]. Tong et al. reported their potential as
scaffold reinforcers in cardiovascular tissue engineering applications.
This group demonstrated the ability of C60 fullerene in enhancing cell
survival and proliferation of brown adipose derived stem cells (BADSCs)
through modulation of MAPK signalling pathway [199]. Another major
application of these caged carbon molecules is their ability to act as ROS
scavengers during heart failure. Another study by Tong et al. demon-
strated the cytoprotective capability of fullerenes during oxidative stress
mediated cell death. The fullerenol conjugated alginate hydrogel was
able to effectively protect BADSCs from H202 mediated ROS. Also, the
survival and retention of BADSCs in fullerenol/alginate composite was
significantly improved when injected into ischemic areas of the MI rats
[200]. Therefore fullerene has the potential to be applied in cardiovas-
cular theranostics.

Similarly, carbon nanodiamonds are an essential class of bio-
materials which consist of sp® carbon atoms arranged in a diamond
crystal structure, with an average size of around 5 nm. Excellent optical
and mechanical properties, high surface area, tuneable surface charac-
teristics and low toxicity make them a good candidate for biological
applications. Furthermore superior intrinsic fluorescence capabilities
increase their potential use in biomedical imaging applications [201].
However, so far, the application of carbon nanodiamonds in cardio-
vascular field is limited only to biosensing. In this regard, Zhao et al.,
designed a biosensor for electrochemical detection of glucose. In this
study, a gold electrode was pre-treated with nanocrystalline diamonds
and subsequently conjugated with glucose oxidase enzyme. The resul-
tant sensor displayed high selectivity for glucose with minimal crossover
effect and a detection limit of 5 pM was achieved [202]. Similarly, in a
recent study, nanodiamond and graphdiyne heterostructure based
biosensor was devised to detect cTnl and myoglobin levels in human
serum. The biosensor was able to detect very minute levels of myoglobin
(0.01-1000 pg/ml), when compared to other commonly available bio-
sensors such as black phosphorous and gold nanoparticle based bio-
sensors [203]. However, in spite of these exciting reports the application
of nanodiamonds and fullerenes in biomedical field face a lot of obsta-
cles, including off target effects and toxicity. Therefore, extensive basic
research needs to be done in terms of developing new modifications and
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functionalization strategies to pave the way for these carbon nano-
materials to emerge as candidate material of choice for cardiovascular
theranostics in future.

In this review, the biomedical applications of different CNMs have
been discussed in the field of drug delivery, tissue engineering, bio-
sensing and immunomodulation. We have also reviewed different
types and derivatives of CNMs. Overall, it is clear from the literature
reviewed here that CNMs have the potential to act as outstanding can-
didates for cardiovascular applications. However, the clinical use of
CNMs is still in its infancy, there are many challenges such as
improvement in bioavailability, stability and biocompatibility of CNMs.
Therefore, for successful clinical translation of CNMs based strategies
these challenges need to be dealt with. In the following section we have
discussed some of the barriers involved in clinical translation CNMs
based strategies.

4. Barrier for clinical translation of CNMs

The translation of nanomaterials based strategies from bench to
clinical application has witnessed some progress in the past few years.
Currently, there are over 50 nanomaterial-based drug formulations
approved for clinical use by FDA for different disease conditions. Also,
there are more than 100 ongoing clinical trials testing the efficacy of
nanomaterials as biosensors, tracers in biomedical imaging and for
many other applications [204-207]. However, there are several chal-
lenges involved in bringing nanomaterials-based approaches to the
clinic and in this section, we will discuss some of these challenges.

The unique physicochemical properties of CNMs and promising
outcome of preclinical studies have motivated the investigators to test
their efficacy in clinical trials. Presently, the CNMs are being tested in
clinical trials as biosensors for neurological disorders and stomach dis-
eases, tracers for imaging tumours, enhancers in dental tissue engi-
neering, in bioinstrumentation for prosthesis development in medical
biotechnology [208-213]. In cardiovascular field the potential of GQDs
as biosensors is currently being validated as photo electrochemical
immunosensor for early diagnosis of cardiac troponin I in AMI patients.
The focus of this clinical trial will be to test the precision and sensitivity
of biosensors in AMI patients. This study is being led by the Xinhua
Hospital in China and is expected to be completed by 2023 [214]. Even
though the numbers of nanomaterials based clinical trials has grown
recently, the CNMs based clinical studies have come across several
challenges in terms of approvals for application in patients. This is
mainly due to their intrinsic cytotoxicity to all major organs in the body
[14,215-218]. Therefore, in order to develop safe CNM based strategies
for cardiovascular repair, the toxic effects of these materials need to be
thoroughly investigated.

4.1. Toxicity of CNMs in cardiovascular tissues

There are several factors including size, shape, method of synthesis,
surface chemistry, dosage and delivery route which are reported to
contribute to the toxicity of CNMs. Basically these factors influence the
way CNMs interact with the cells or tissues. The complications such as
excessive inflammation and genotoxicity are some of the effects of their
interaction with cells or tissues [219-221]. In this section, the toxicity of
graphene and CNTs toward cardiovascular system is discussed. This will
provide researchers the insights on how to tune CNMs toward biocom-
patible materials for cardiovascular theranostics.

4.2. Toxicity of graphene and its derivatives

Several studies have reported the toxicity of graphene and its de-
rivatives in different cells and animal models. The toxicity of graphene
in biological systems is mediated by its planar dimensions, concentra-
tion of the particles and their surface properties [222,223]. The
long-term exposure and accumulation of graphene in the cells causes
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inflammation, permanent genetic damage and cell death [224]. The size
and proper dispersion of graphene nanosheets are major concerns which
must be regulated to minimize the toxicity in a biological system. Duch
et al. reported that GO and hydrophobic graphene caused oxidative
stress in the lungs whereas hydrophobic graphene dispersed in pluronic
was biocompatible and elicited no toxicity in vivo. This study highlighted
the importance of surface functionalization and dispersion which
improved the biocompatibility of graphene [225]. In another study by
Chen et al. different sizes of GO (50-200 nm, <500 nm and >500 nm)
with different concentrations (0.1,1,10 and 100 mg/1) were employed to
study their effects on embryonic zebrafish development. This study re-
ported that GO at 100 mg/1 concentration led to a slower hatching time
of the zebrafish embryos, reduced body length, change in the heart rate
and blood flow along with increase in apoptotic gene expression. This
study also reported that the toxicity was not dependent on the size of GO
when it reached above 10 mg/l concentration [226]. Therefore,
choosing the size and dose of CNMs is very important for its safety and
efficacy for therapeutic applications.

Next, the exposure time and the dose of graphene and its derivatives
are highly important. Arbo et al. found that nano-GO was highly toxic
for H9c2 cell line at a dose of 20 pg/ml for 24hrs. However, GO at 10 pg/
ml was biocompatible with H9c2 cells emphasizing the importance of
dose [227]. Similarly, in another study, pristine graphene was evaluated
for its genotoxicity on cardiovascular system in zebrafish. This study
reported that graphene at a concentration greater than 15 pg/1 caused
apoptosis, reduced blood vessel formation and early developmental
heart defects. But at lower dosage including 5-10 pg/l, graphene were
nontoxic to the cells [228]. Therefore optimization of dosage and
treatment protocol is very critical and important for biomedical appli-
cations of graphene.

4.3. Toxicity of CNT and its derivatives

CNTs are also reported to exert toxicity when employed in biological
systems. This limits the application of CNTs in drug delivery, biosensors,
tissue engineering applications for various tissues especially sensitive
organs like heart and brain [229,230]. Short term pulmonary exposure
of CNTs in animal models is an effective way to check their initial
toxicity. Lung is the primary organ that is severely affected through
inhalation of the CNTs thereafter indirectly affecting the functioning of
cardiac tissues [231,232]. In a study in rats it was reported that inha-
lation of MWCNTs decreased the blood pressure and the heart rate
[233]. The strategies to minimize the toxic effects are focussed on the
alterations in functional groups and surface chemistry of the CNTs.
Conjugating chemical group which are nontoxic or removing the reac-
tive functional groups on the surface of graphene based composite are
mostly the preferred ways to make it biocompatible. In a study, the
toxicity of SWCNTs and acid functionalized SWCNTs was evaluated in
mice through oropharyngeal aspiration. It was reported that exposure to
acid functionalized SWCNTs increased neutrophil and edema formation
in the lungs in a dose dependent manner [234]. CNTs tend to aggregate
in aqueous solutions due to their bulky and large dimensions compared
to smaller CNMs which can be easily dispersed. This is the main reason
for CNM mediated toxicity in cells [235]. In a study, long (L)-MWCNTSs
in micron size which tend to form aggregates and small (S)-MWCNTs in
nano size which are well dispersed in the aqueous environment were
used to evaluate the toxicity in a zebrafish developmental model.
Exposure to L-MWCNTs led to a significant reduction in heart rate and
caused heart developmental defects in zebrafish when compared to
S-MWCNTs. Therefore the size and dimensions of CNMs is one of the
major reasons for cardiotoxicity [236].

5. Future directions and conclusions

This review summarizes promises and challenges associated with the
application of CNMs for drug delivery, biosensors, tissue engineering
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applications and immunomodulation for cardiovascular diseases. Even
though CNMs possess several properties which make them attractive
candidates for cardiovascular theranostics. However, as discussed in this
review there are several challenges which we need to overcome for
successful translation of these materials for clinical applications. In
order to thoroughly understand the effect of size, shape and surface
chemistry of the materials on their function, more extensive studies on
the synthesis, physicochemical characterization and functionalization
techniques of CNMs are needed. The biocompatibility of materials is
very important parameter in deciding their applicability in the clinic.
Therefore, more studies on the validation of these materials in different
in vitro models and small as well as large animal models are needed to
understand the safety profile and basic mechanisms of biomaterials
mediated tissue repair and beneficial effects. The pharmacokinetics and
pharmacodynamics profiles of CNMs such as their effective absorption,
distribution in the cardiovascular tissue and effective excretion from the
body are required. In depth studies focussed on understanding the best
administration route, optimum dosage for therapeutic effects, biode-
gradability and nontoxic behaviour of CNMs will help in developing
procedures to synthesize next generation biomaterials for cardiovascu-
lar theranostics. Another area of focus in future for successful clinical
translation of CNMs based biomaterials is the development of facilities
for large scale production of CNM products. Some of the challenges
involved with the large scale production of GMP grade CNMs are inef-
ficient reproducibility of CNM products, lack of expertise in large scale
manufacturing, expensive raw materials and impurities in the synthe-
sized materials. Therefore, future efforts should be directed toward
finding solutions for these issues.
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