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Abstract

:

Myocardial infarction (MI) is the consequence of coronary artery thrombosis resulting in ischemia and necrosis of the myocardium. As a result, billions of contractile cardiomyocytes are lost with poor innate regeneration capability. This degenerated tissue is replaced by collagen-rich fibrotic scar tissue as the usual body response to quickly repair the injury. The non-conductive nature of this tissue results in arrhythmias and asynchronous beating leading to total heart failure in the long run due to ventricular remodelling. Traditional pharmacological and assistive device approaches have failed to meet the utmost need for tissue regeneration to repair MI injuries. Engineered heart tissues (EHTs) seem promising alternatives, but their non-conductive nature could not resolve problems such as arrhythmias and asynchronous beating for long term in-vivo applications. The ability of nanotechnology to mimic the nano-bioarchitecture of the extracellular matrix and the potential of cardiac tissue engineering to engineer heart-like tissues makes it a unique combination to develop conductive constructs. Biomaterials blended with conductive nanomaterials could yield conductive constructs (referred to as extrinsically conductive). These cell-laden conductive constructs can alleviate cardiac functions when implanted in-vivo. A succinct review of the most promising applications of nanomaterials in cardiac tissue engineering to repair MI injuries is presented with a focus on extrinsically conductive nanomaterials.
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1. Introduction


Cardiovascular diseases (CVDs) are the leading cause of death globally with 523 million active cases as of 2019 and claimed 18.6 million lives the same year [1]. According to the World Heart Federation, the global cost to cope with CVDs could rise to an astounding 1044 billion USD by 2030 from 863 billion USD in 2010 [2]. In Europe alone, CVDs claim 3.9 million lives each year and costs 210 billion EUR while ischemic heart disease costs about 59 billion EUR each year to the EU economy [3]. Myocardial infarction is one of the clusters of numerous other CVDs. Obstruction of the coronary artery due to blood clots/plaques results in myocardial tissue ischemia and necrosis which consequently leads to infarction [4]. This results in the loss of billions of contractile cardiomyocytes (CMs) with poor regeneration capability [5,6]. The injured tissue is replaced with the collagen-rich fibrotic scar tissue that induces arrhythmias due to its inability to conduct electric currents [7]. The current pharmacological approach administering drugs such as β-blockers, renin-angiotensin system inhibitors, β2 adrenergic receptor agonist clenbuterol etc. are known to reverse ventricular remodelling by activating anti-inflammatory pathways and reducing apoptosis in ischemic rodent models [8,9,10,11,12]. Furthermore, the ventricular assistive device approach can also provide a short term solution to the failing heart but these strategies fail to meet the utmost need for tissue regeneration to mend the ischemic insult [13,14,15]. Therefore, the long term solution remains the heart transplant so far but the shortage of organ donors and the possibility of immune rejection makes this approach elusive [16].



Cell-laden structures made of natural or synthetic biomaterials to mimic the extracellular matrix (ECM) can emulate the biomechanical properties of the cardiac tissue providing efficient substitutes to the injured myocardium [17,18,19,20,21,22]. However, when implanted in-vivo the issues related to the arrhythmias and asynchronous beating of the injured myocardium are not resolved due to the non-conductive nature of the conventional engineered tissues. Collagens I and III fibrils are important constituents of the ECM with the diameter ranging from 150–300 nm and 25–100 nm, respectively [23]. The conductive Purkinje fibres in the heart are around 70–80 µm thick [24]. The potential of nanotechnology to mimic these micro/nano constituents, cardiac tissue bio-architecture and conductivity makes it a unique combination with tissue engineering to develop biomimetic conductive constructs in-vitro [25]. Two routes can be followed to develop conductive constructs for tissue engineering applications: (i) using intrinsically conductive organic polymers such as polyaniline, polypyrrole and poly(3,4-ethylenedioxythiophene) [26], (ii) or extrinsically conductive inorganic nanomaterials such as metal/carbon-based nanoparticles, nanotubes, nanowires, nanosheets etc. embedded in the inert biomaterials. Intrinsically conductive polymers are referred to as organic polymers which are doped with either p-type or n-type dopant that creates native polarons or bipolarons within the polymer structure thus imparting conductivity [27]. On the other hand, inorganic nanomaterials embedded in biomaterials induce a different mechanism of conduction thus referred to as extrinsically conductive in this article. Both structures, when seeded with cardiac cells yield heart-like tissues in-vitro which could decrease the resistivity of the fibrotic scar tissue when implanted in-vivo. This in turn would result in better propagation of the electrical signals through it overcoming the issues regarding arrhythmias. The nurturing electrical microenvironment can also enhance the cell-cell communications between the ischemic and seeded cells leading to better proliferation and replacement of the ischemic tissue in the long run. Figure 1 illustrates the conductive nanomaterials-based-cardiac tissue engineering scheme.



The most promising applications of extrinsically conductive nanomaterials in cardiac tissue engineering to repair MI injuries are succinctly reviewed as follows.




2. Cardiac ECM and Post-MI Remodelling


The cardiac extracellular matrix contains various components such as collagen, elastin, laminin, glycoproteins, and glycosaminoglycans. Advances in proteomics revealed that about 90% of the cardiac ECM is composed of 10 major proteins out of which serum albumin, collagens (type I, III and IV), non-fibrillar fibronectin and laminin, elastin, proteoglycans and glycosaminoglycan are the most abundant [28]. Cardiac ECM is divided into two main sections (i) interstitial matrix and (ii) basement membrane. Interstitial matrix is mainly composed of fibrillar collagens (80% type I and >10% type III) which are anchored to the basement membrane composed of non-fibrillar collagen IV, fibronectin, laminin, proteoglycans and glycosaminoglycans [29].



Collagen fibrils which are around 100 nm in diameter provide structural integrity, elasticity to the tissue, and anchor to the basement membranes [30]. Thick elastin fibrils around 0.2 µm in diameter provide elasticity to the tissue while laminin (77 nm long arm, 36 nm short arm) forms the basement membranes [31]. Fibronectin (61 nm length, 2 nm diameter) which is a glycoprotein binds to other ECM components [32]. The nano-size and complicated interlinks between these components impart complex anisotropic properties to the ECM which is difficult to mimic. MI triggers intense tissue repair mechanisms involving ventricular remodelling followed by inflammation and scar formation [33]. The excessive ECM secretion post-MI results in tissue hypertrophy with increased stiffness resulting in scar formation which hampers the electrical conductivity of the myocardium [34,35,36]. Within the first 30 min post-MI, CMs physiology is seriously compromised resulting in irreversible cell death that triggers acute inflammatory pathways [37,38]. Neutrophils and macrophages infiltrating the infarcted site release the inflammatory mediators such as tumour necrosis factors (TNF) and matrix metalloproteinases (MMPs) for ECM degradation and removal of the dead tissue/CMs debris [39]. After day 1, the neutrophils population exceeds that of macrophage’s and peaks by day 3 and after a week both start to decline [40,41,42]. The inflammatory cascades also turn cardiac fibroblasts into their activated state (myofibroblasts) that secrete out excessive ECM as shown in Figure 2. Scar tissue rich in collagen begins to form within five days post-MI to replace the extensive CMs loss [43]. To repair the post-ischemic insult to the myocardium, a construct should mimic the nano-architecture of the cardiac ECM to provide cells with an in-vivo-like microenvironment. Given below are some fabrication techniques that can be used to control structural features of the construct at micro/nano scale. These constructs can then be seeded with cells to develop heart-like tissues in-vitro to repair the MI injuries.




3. Fabrication Techniques to Develop Micro/Nano-Structured Constructs


Pristine/pure nanomaterials are difficult to use for tissue engineering applications due to their poor processability and potential to elicit cytotoxicity in the long run. Therefore, they are usually blended with other biomaterials to yield biocompatible and electroconductive constructs. Traditional fabrication techniques cannot fabricate scaffolds that can mimic the nano-architecture of the ECM. Therefore, micro/nanofabrication techniques such as 3D printing, photolithography, electrospinning etc. are used presently to engineer biomimetic constructs with ECM-like nano-architecture. These cell-laden conductive constructs can be implanted at the infarction site to repair the injured heart explained in detail in Section 5.



3.1. Photolithography


The two-photon polymerisation technique is a versatile technique to achieve sub-50 nm resolutions to mimic the tissue bioarchitecture [44]. In this technique, a femtosecond laser pulse is focused on the volume of a photosensitive solution. This pulse then initiates a photo-polymerisation reaction via free radical mechanism by the absorption of two extremely focused photons into a tiny spot in the solution creating nanostructures. For example, a cardiac patch (2 mm × 2 mm × 100 µm) was fabricated using methacrylated gelatin/photo-initiator as bioink and seeded with human induced pluripotent stem cells (hiPSCs) derived CMs, smooth muscle cells and endothelial cells. Just after one day, the cultured cells started to beat synchronously, and after four weeks the cell-laden patch significantly alleviated the cardiac functions in murine MI models when implanted in-vivo [45]. Similarly, direct laser writing (DLW) is also a useful technique to achieve sub-100 nm resolutions [46]. In this technique, a visible/UV laser beam is focused on a photosensitive solution and the continuous movement of the laser along x-y axes makes 2D layers via free radical photo-polymerisation. The downward movement of the stage along the z-axis deposits these 2D layers on top of the other to develop a 3D construct. Unlike the two-photon polymerisation technique, it does not produce an extremely focused laser beam, therefore, fine structures below 50 nm cannot be fabricated. Projection micro-stereolithography (PµSL) is another useful technique to fabricate scaffolds within 5–10 µm resolution [47,48]. In this technique, conductive nanomaterials are mixed with photosensitive resins and visible light photo-initiators such as irgacure 819, Eosin Y etc. are used to make a 3D construct. The resin is shined with the impression of the desired shape through photomask making 2D layers and the stage is lowered along the z-axis to deposit many layers to make a 3D construct.




3.2. 3D Bioprinting


3D bioprinting has emerged as an outstanding tool to make artificial tissues with resolution ranging from 50–500 µm depending on the targeted tissue/organ [49]. In this technique, conductive nanomaterial, biomaterials, and cells are blended to make bioink which is used to make 3D constructs via a layer-by-layer deposition approach. There are 3 main modes of 3D bioprinting, (i) Inkjet bioprinting, (ii) Pressure-assisted bioprinting, and (iii) Laser-assisted bioprinting. In all these modes the fabrication process is usually divided into six steps. (1) Imaging: the damaged tissue or organ is scanned to make a blueprint for the bioprinter. Several imaging techniques such as X-ray, MRI, CAT scan is used for this purpose. (2) Design approach: several approaches such as biomimicry, tissue self-assembly to develop organs, and the bottom-up assembly of the smaller building blocks of the tissue/organ. (3) Materials selection: material selection is tissue/organ specific. Natural/synthetic biomaterials or decellularised ECM could be used to develop bioink for the printer. (4) Cell selection: cell source could be autologous, allogenic, xenogeneic, or induced pluripotent stem cells. (5) Bioprinting mode: the selected design, material and cell population must integrate with the chosen inkjet, pressure-assisted or laser-assisted mode. (6) Application: some tissues might require some maturation time in the bioreactor before in-vivo applications and some could be used right away [50].



In a study, CNTs imparted nano-filament like structure to the bioprinted constructs which led to the improved elongation and attachment of human coronary artery endothelial cells. Cellular proliferation and differentiation led to the formation of lumen-like structures in-vitro after ten days [51]. Bioprinted microporous constructs utilising conductive bioink containing gold nanoparticles (NPs) and CNTs significantly improved various cellular behaviours of the cultured cells with strong cardiac-like phenotype [52,53].




3.3. Electrospinning


Electrospinning is a useful technique to mimic the fibrous tissue architecture, particularly the ECM. In this technique, a conductive solution is prepared by blending biomaterials with nanomaterials and it is then loaded in the syringe. The potential difference is set up between the syringe and the collector. This difference in potential works as the driving force to protrude the fibres out of the needle and the continuous deposition of these fibres yields nanofibrous membranes. These conductive membranes have shown the potential to drive cardiomyogenic differentiation of various stem cell lines. For example, CNTs and gold NPs incorporated fibrous membranes directed hiPSCs and hMSCs alignment along the fibre lengths giving them sarcomeric morphology and the cells differentiated to cardiomyocyte-like cells with synchronous beating patterns [54,55,56].




3.4. Other Techniques


Dip-pen nanolithography is a versatile nano-fabrication technique. In this technique, AFM tip (pen) is dipped in the solution/ink containing molecular units such as collagen, peptides etc. and these units are transferred onto the rigid surface one by one via capillary action. Both soft and hard tissues with sub-50 nm architecture can be printed with this method. The sequential or parallel deposition of multiple compounds would enable mimicking the complex architecture of the ECM with many different components [57]. Micro-contact printing (µCP) is another inexpensive technique to fabricate 2D templates with micropatterns mimicking the striated heart morphology. A PDMS stamp with micropatterns is prepared first and then it is immersed in the conductive ink containing nanomaterials. An impression is stamped on a surface yielding 2D conductive constructs. This groove-ridge topography unidirectionally aligns the cultured cells as observed in the case of embryonic stem cell-derived cardiac progenitor cells which formed a contractile myocardial tissue layer with striated morphology [58]. Table 1 demonstrates fabrication techniques to develop micro/nano-structured constructs.





4. Biological Response of the Cultured Cells to the Conductive Scaffolds


Cells cultured on the conductive scaffold behave differently compared to when cultured on the non-conductive scaffold. The spontaneous action potentials fired by the cultured cardiomyocytes can propagate easily throughout the conductive scaffold. The voltage-gated ion channels (Nav1.5, Cav1.2, and Kv) open in response when the excitation potential crosses the resting membrane potential of −90 mV in the case of cardiomyocytes [65], while in the case of stem/precursor cells these channels could be opened by an external electrical stimulation [66]. Due to this, the disturbance in ionic concentration takes place across the plasma membrane resulting in ionic influx and membrane depolarisation. Calcium ions activate the calcium-binding calmodulin protein which in turn activates calcineurin via its dephosphorylation [67]. Intracellular signals leading to cardiac-like phenotype, are then activated by phosphorylated NFAT triggered and integrin-mediated MAPK/ERK pathways [68,69,70]. The expression of cardiac-specific transcription factors (Nkx2.5 and GATA4) indicate the differentiation of the cultured stem/precursor cells to cardiomyocyte-like cells with improved intercellular communication demonstrated by gap junction proteins. Connexin 43 (Cx43) is the principal gap junction protein of the heart which mediates action potential propagation between cells to synchronise cardiac contraction. In addition to this canonical role, it may act as the transcription regulator [71]. GATA4 and Nkx2.5 are cardiac-specific transcription factors that play a fundamental role in myocardial differentiation and cardiac hypertrophy in the early stages of cardiogenesis in a developing embryo while cardiac troponins are expressed in the cardiac muscles of the mammalian and avian species [72,73,74]. The expression of actomyosin structural proteins such as myosin heavy chain (MHC), myosin light chain (MLC) and α-actinin result in the formation of contractile machinery of the cells facilitating their synchronous beating. Improved assembly of intercalated discs (ID) in differentiated cardiomyocyte-like cells could also be observed by the enhanced expression of ID-related N-cadherin, plakophilin, plakoglobin proteins [75,76]. This way, the nanomaterial-based conductive scaffold could direct the differentiation of the cultured stem cells to cardiomyocyte-like cells demonstrating the cardiac phenotype. The cell-scaffold interaction is described schematically in Figure 3 and in detail in the following sections.



4.1. Effect of Conductive Nano-Constructs on Cell Viability and Proliferation


Owing to their excellent electrical conductivity and potential to enhance intercellular coupling effects carbon nanotubes-based conductive scaffolds are quite appealing in tissue engineering and biomedical applications [77,78,79,80,81,82]. For example, carbon nanotubes (CNTs) embedded in polyurethane/chitosan membranes significantly improved the viability of H9c2 cardiomyoblasts after one week of culture [83]. However, the small size of single-wall carbon nanotubes/SWCNTs (1–3 nm diameter) could often pose complications due to plasma membrane penetration which could disrupt the intracellular processes in the long run [84,85,86,87]. To avoid it, multi-wall carbon nanotubes/MWCNTs (10–200 nm diameter) were blended with decellularised pericardial matrix and after one week, cultured HL-1 myocytes demonstrated a high proliferation rate with cardiac phenotype [88,89]. Graphene oxide is less conductive compared to its reduced form. The partially reduced graphene oxide foam demonstrated an electrical conductivity of 112 S/m [90] while the electrical conductivity of the culture medium lies between 1.68 to 1.728 S/m [91]. The low oxygen content of partially reduced graphene attracted the protonated/deprotonated forms of proteins from the culture medium leading to better cell attachment. After ten days, CMs ubiquitously organised themselves throughout the 3D porous foam and started to protrude branches while aggregating at different locations. These branches then merged forming a larger beating syncytium with 65 bpm [90]. This reveals the biocompatibility of pristine graphene oxide substrate without offering any potential cytotoxicity. Carbon nanofibers and gold nanowires/nanorods also directed the cardiac cell alignment along the conductive strands resulting in cardiac phenotype when blended with other biomaterials [92,93]. The high surface area of TiO2 nanoparticles incorporated into chitosan increased the cell-matrix interactions. This eventually led to the formation of an interconnected cardiac tissue layer when cultured with CMs [94]. The electrical connectivity between H9c2 cardiomyoblasts and chitosan-selenium NPs film mediated cellular attachment and migration with a high proliferation rate. Cells ended up making a cardiac tissue layer due to this enhanced connectivity [95]. When stimulated (2 ms, 1 Hz, 5 V/cm) for five days, cardiomyocyte viability significantly increased and demonstrated a relatively stronger cardiac phenotype compared to the unstimulated group when cultured on thiol-2-hydroxyethyl methacrylate/Au-NPs hydrogels [96]. Porcine cholecystic derived ECM conjugated with gold NPs provided nurturing microenvironment to the cultured H9c2 cells. Compared to the non-conductive constructs, incorporation of gold NPs significantly increased the cell viability with reduced apoptosis rate 24 h post culture [97]. Table 2 summarises the nurturing effect of nanomaterial-based conductive constructs on cell viability and proliferation.




4.2. Effect of Conductive Nano-Constructs on Cellular Differentiation


Biomaterials blended with extrinsically conductive nanomaterials have been shown to direct the differentiation of the cultured stem cells to cardiomyocyte-like cells (Table 3). Highly directional 1D fullerene whiskers directed the differentiation of C2C12 myoblasts towards myotubes evident from the enhanced expression of MyoD and myogenin. Compared to the random myotube formation on the glass, fullerene whiskers led to the formation of multinucleated myotubes with high fusion and maturation indices after 24 h of culture [98]. When stimulated electrically (8 V, 10 ms, 1 Hz) for two days myotubes demonstrated a strong cardiac phenotype with the expression of MRF4, MHC, myogenin and α-actinin up-regulated several folds [99]. Gold-coated polycaprolactone (PCL) membranes also generated myotubes when cultured with H9c2 cells. Myotubes demonstrated high maturation and fusion indices with 4.6 folds increase in MHC expression compared to when cells were cultured on non-conductive PCL membranes [100]. Likewise, 129/SVE-derived mouse stem cells created embryoid bodies (EBs) when cultured on gelatin methacrylate (GelMA)/CNTs hydrogels. EBs could be thought of as a 3D bundle of stem cells mimicking the early developmental stages of an embryo [101]. When stimulated electrically, EBs started to beat with 1.8 beats/s compared to EBs formed on non-conductive GelMA hydrogels. Several folds increase in the expression of cardiac-specific Nkx2.5 (14.8 folds), cTnT2 (59.6 folds), Tbx5 (3.9 folds), and Myh7 (4.9 folds) genes was observed when CNTs were embedded inside of the embryoid bodies. This shows that CNTs embedded EBs differentiated to cardiomyocyte-like cells with significant contractions when stimulated electrically [102,103]. Fullerene containing culture medium and conductive alginate/fullerenol hydrogels triggered the ERK/MAPK pathways which led to the differentiation of brown adipose-derived stem cells (BADSCs) to cardiomyocyte-like cells. Cells demonstrated twice the Cx43 expression compared to when cultured on non-conductive constructs [104,105]. Likewise, MWCNTs directed the myocardial differentiation of unrestricted somatic stem cells with a high proliferation rate. Cells demonstrated enhanced expression of cardiac troponin I (cTnI), Cx43 and β-MHC with high intracellular activity when stimulated electrically [106].



The significant potential of conductive nano-constructs to mediate myocardial differentiation of adult stem cells to cardiac-like cells gives hope to avoid the use of embryonic stem cells which involve many ethical concerns. In some studies, mesenchymal stem cells and cardiac progenitor cells differentiated to cardiomyocyte-like cells when cultured on reduced graphene oxide (rGO) and gold NPs incorporated constructs. Differentiated cells demonstrated enhanced expression of cardiac-specific genes revealing an in-vitro possibility to engineer heart-like tissues using nanomaterials [107,108,109,110].




4.3. Effect of Conductive Nano-Constructs on Cell Morphology


Cells can sense the conductive surface and can adapt their morphology accordingly particularly along the conductive struts as shown in various studies (Table 4). It was observed when neonatal rat CMs aligned themselves along the nanotube lengths when cultured on pristine MWCNTs films. Cells developed heart tissue-like sarcomeric morphology and due to the conductive nature of the nanotubes, cells started to beat with the same frequency as that of the pacemaker [112]. Similarly, the incorporation of gold NPs into laponite loaded myocardial ECM hydrogels led to the formation of mature CMs with elongated sarcomeres and enhanced expression of Cx43, and cTnI compared to when cultured on non-conductive hydrogels [113]. SWCNTs incorporated into collagen substrate led to intercalated discs (IDs) formation when cultured with neonatal rat ventricular myocytes (NRVMs). The presence of nanotubes triggered the β1 integrin-mediated pathways which led to the expression of mechanical and junctional proteins while this effect was not observed in pristine collagen cultured cells [114]. NRVMs directed their growth along the conductive fibres when cultured on Au-NPs loaded PCL/gelatin electrospun membranes. Cells developed synchronous contractions with an eight-folds increase in the contraction amplitude compared to when cultured on non-conductive membranes [115]. Likewise, gold nanorods incorporated into GelMA hydrogels also triggered the β1 integrin-mediated pathways which improved the cell-matrix interactions [116]. Furthermore, rGO and carbon nanofibrous substrates resulted in the spatial cytoskeletal organisation of the cultured CMs with strong cardiac sarcomeric morphology evident from the enhanced expression of Cx43, α-actinin and cardiac troponin [117,118]. An electrical stimulation (10 ms, 1 Hz, 5 V) sent the electrical pulses throughout the conductive fibres of PCL/graphene electrospun membranes which were sensed by the cultured mouse embryonic stem cells derived CMs. In response to this stimulation, cells started to align and elongate themselves along the conductive fibres in the direction of pulse propagation. Eventually, cells displayed sarcomeric morphology evident from up-regulated levels of MHC, cTnT and β-actin compared to when cultured on non-conductive PCL membranes [119].




4.4. Effect of Conductive Nano-Constructs on the Electrical Coupling of Cells and Contractility


Pristine carbon nanotubes or when blended with other biomaterials have been shown to substantially enhance the electrical coupling among the cultured cells due to their conductive nature (Table 5). In one of the studies, NRVMs and cardiac fibroblasts developed tight desmosome-like nano-connections when cultured on pristine MWCNTs films [121]. Cells developed rhythmic contractions with high beating frequencies compared to when cultured on non-conductive constructs [122]. The propagation of electrical signals through the nanotube structure significantly enhanced the intercellular coupling with high expression of gap junction protein among cultured CMs and synchronous beating when stimulated electrically [112,123]. However, when cultured on substrates with high nanotube concentrations, CMs developed arrythmias pointing out the potential cytotoxicity of nanotubes if used in higher concentrations [124]. Carbon nanofibers blended with chitosan also led to improved intercellular coupling with a mature contractile phenotype of the cultured neonatal rat CMs after fourteen days. Several folds increase in the expression of Cx43, MHC, troponins, GATA4 and ANF led to the formation of contractile cytoskeletal structure compared to when cells were cultured on non-conductive substrates [125]. Atrial natriuretic factor (ANF) is a hormone secreted out by the cardiac cells mainly in the atrial walls during stretching and it maintains the circulatory homeostasis [126,127]. Electro-mechanical features of the cardiac patch were tuned changing the graphene content to provide cells with an in-vivo-like elastic and electrical microenvironment. EBs generated from embryonic stem cells started to beat after twelve days of culture with twice the beating rate compared to control [128]. Likewise, cardiac cells started to beat when cultured on graphene-based conductive hydrogels with twice the amplitude of intracellular calcium transients [129] and the beating frequency synchronised with the frequency (0.5 Hz) of the applied electrical stimulation. However, at higher frequencies (2–3 Hz) cells developed arrythmias [130]. Gold NPs incorporated in decellularised omental matrix increased the contraction amplitude of the CMs by two-folds with faster calcium transients [131]. Excellent electrical conductivity of gold nanowires incorporated in alginate patch led to 2.4 folds increase in Cx43 expression with highly synchronised calcium transients compared to poor transients in the case of cells cultured on pristine alginate [93].




4.5. Conductive Nanomaterials as a Vehicle for Gene Delivery


Conductive nanomaterials are a good vehicle to deliver various genes at the infarction site for therapeutic purposes (Table 6). In one of the studies, deoxyribozymes or DNA enzymes (DNAzyme) were delivered to the infarction site after conjugating with gold nanoparticles via intramyocardial injection. Cy5-stained DNAzyme conjugated AuNPs catalytically silenced about 50% of tumour necrosis factor (TNF-α) using primary macrophage as a model. This resulted in significant up-regulation of anti-inflammatory pathways and improved the various functions of the infarcted myocardium [134]. Likewise, thiol modified antago-miR155 conjugated with gold nanoparticles delivered the nucleic acids into macrophages through phagocytosis via tail vein injection in ovariectomised diabetic mice. This in-vivo delivery of antagon-miR155 appreciably increased the anti-inflammatory type 2 macrophage (M2) levels compared to pro-inflammatory type 1 macrophage (M1) levels. This in turn led to reduced apoptosis and restored cardiac functions evident from elevated expression of CD68+ cells, and miR155 with improved blood pumping ability [135]. Intraperitoneally injection of circ-Amotl1-PEG conjugated with gold nanoparticles in mice led to improved CMs survival. Circular RNA, circ-Amolt1 physically bound to the PDK1 and AKT1 in-vivo and facilitated cardio-protection against Doxorubicin-induced cardiomyopathy. Doxorubicin is a drug used in chemotherapy and its long-term use can induce cardiomyopathy [136].



Single wall carbon nanotube (SWCNT) was functionalised with siRNA from the Caspase3 gene referred to as F-SWCNT-siCase3. It demonstrated 85% transfection efficiency in-vitro which significantly down-regulated the expression of Caspase3 related RNA and proteins in CMs. This Caspase3 gene silencing led to enhanced cell viability and cardiac functions after intramyocardial injection of F-SWCNT-siCase3 in SD rats. One week post-injection, LV wall thickness increased by 1.42-folds compared to control with decreased infarct size [137]. Similarly, functionalised graphene nanosheet was conjugated with DNAVEGF referred to as fGOVEGF encapsulated inside GelMA hydrogel for localised and controlled release of the gene. Intramyocardial injection of fGOVEGF/GelMA complex at the peri-infarct site in rats led to improved angiogenesis with reduced scar size. Two weeks post-injection, fGOVEGF/GelMA injected group demonstrated better cardiac performance compared to DNAVEGF/GelMA, GelMA and sham groups evident from echocardiography [138].





5. In-Vivo Ischemic Tissue Repair


Nanomaterial-based conductive scaffolds can also reduce further ventricular dilation and improve the functions of the infarcted myocardium as observed in animal models. Graphene oxide/silk fibroin hydrogel loaded with cardiac progenitor cells significantly reduced the scar size with improved regeneration of the ventricular wall when injected in-vivo [139]. Four weeks post-injection, the infarcted wall demonstrated intercalated discs formation with twice the thickness when injected with oligo(poly(ethylene glycol) fumarate)/graphene oxide hydrogels [120]. Furthermore, the infarcted heart demonstrated improved blood pumping ability while the scar size reduced by 2.3 folds compared to MI hearts [140]. In-vivo efficacy of cell-laden constructs is determined if it can alleviate the blood pumping ability of the injured heart with improved regeneration of the LV wall. Collagen/carbon nanofibrous conductive constructs led to significant regeneration of the infarcted wall. After four weeks, the regenerated wall demonstrated sarcomeric morphology with high angiogenesis evident from the enhanced expression of α-actinin and CD31, respectively [92]. An appreciable population of brown adipose-derived stem cells survived the hostile MI environment when injected with conductive fullerenol/alginate and poly(N-isopropylacrylamide)/SWCNT hydrogels. Cells differentiated to cardiomyocyte-like cells regenerating the LV wall with 3 folds increase in the wall thickness while scar size reduced by two-folds. Conductive constructs improved the blood pumping ability of the injured myocardium and angiogenesis with thick blood vessels [105,111]. These results justify the in-vivo efficacy of nanomaterials-based conductive scaffolds to regenerate the infarcted myocardium as shown in Table 7.




6. Limitations


This review also underlines certain limitations of the nanomaterials for cardiac tissue engineering applications. For example, the preclinical studies shown in Table 7 should not be taken as the next valid step towards clinical studies due to differences in the physiology of humans and animals and various other factors. Moreover, nanomaterial-based cardiac tissue engineering is still in its infancy and a lot of work needs to be done before it could enter clinical trials.



Despite the substantial effects of the nanomaterials on various cellular behaviours, it is worth mentioning that nanomaterials could pose serious complications such as their potential cytotoxicity and non-biodegradable debris could elicit inflammation at the local tissue site for long-term in-vivo applications. Several risks factors of nanomaterials such as toxicity, carcinogenicity, genotoxicity, immunogenicity, and teratogenicity are often dose dependent. These factors may lead to cancer, dysfunction of the various body systems such as reproductive system, harmful effects on the foetus before birth etc. due to their long-term presence inside the body. Furthermore, a 2020 report released by the Organisation for Economic Co-operation and Development (OECD) determined the three most common upstream key factors of tissue injury following nanomaterial exposure (i) Inflammation, (ii) Oxidative stress, and (iii) Cytotoxicity. This induced tissue injury due to these factors may lead to tissue dysfunction which ultimately results in adverse outcomes such as fibrosis, emphysema, granuloma, and mesothelioma [142]. Biopersistence and biodurability of conductive nanomaterials have also been shown to activate NLRP3 inflammasome on various stem cell lines. This, in turn, caused lysosomal membrane permeabilisation (LMP) and autophagy dysfunction [143].



The lack of international standards, regulatory tools, and methods for the risk assessment of nanomaterials is another constraint to use nanomaterials for biomedical and tissue engineering applications as these standards are costly and laborious. Various regional risk assessment frameworks exist to date [144,145] with their own scope, pros and cons and almost all of them lack decision making criteria to use nanomaterials for practical applications except one. This detailed framework developed by the European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) is mainly focused on human health hazards of nanomaterials. It uses three tier system to set up decision-making criteria for grouping nanomaterials into four categories and testing them [146]. Even though this decision-making framework is fully elaborated and covers the life cycle of nanomaterials and the biological pathways, its regulatory acceptability is unclear. Furthermore, it mainly focuses on the inhalation hazards of nanomaterials, not all risks. Due to the lack of such standards, it is difficult to launch conductive nanomaterial-based commercial products for cardiac therapy limiting their clinical applications.



The conventional scaffolds fabrication processes such as gas foaming, particulate leaching, solvent casting, freeze-drying, phase separation etc. offer certain limitations to produce conductive scaffold with micro/nano structural features. These limitations usually include-dimensional constraints, limited control over pore geometry and their interconnectivity, use of toxic organic compounds etc. Current fabrication techniques such as 3D printing, photolithography, bioprinting etc. have eliminated most of these constraints but they still lack in mimicking nano-architectural features of cardiac tissue. Furthermore, these techniques particularly lithography sometimes require high operating expertise and are expensive as we tend to go down to nano scale to achieve nano/sub-micro architectural features in a scaffold. One of the biggest limitations of current fabrication techniques is their inability to control scaffold design niches at the molecular scale. At this scale, the biological interaction of cells with the construct is completely different compared to the interactions with the bulk material. These cell-matrix interactions at this scale would mediate cells to develop in-vivo like cardiac phenotype thus developing conductive heart-like tissues in-vitro.



Finally, PubMed and Google Scholar were used for the literature survey using certain keywords: (“cardiac” OR “tissue” OR “engineering” OR “nanomaterials”) AND (“nanomaterials” OR “conductive” OR “scaffolds” OR “infarction”). Due to the focus of the searching algorithm on these keywords, we may not have been able to include all the relevant studies even after a careful search by trying different combinations of these keywords.




7. Conclusions and Future Perspectives


The possibility that the heart would repair itself after infarction is restricted due to the poor regeneration capability of the CMs. The usual injury repair mechanism of the body kicks in quickly compared to the least probable tissue regeneration mechanism, sealing the injury with scar tissue. Compared to the current pharmacological approaches mitigating only the symptoms of end-stage heart failure, left ventricular assistive devices (LVADs) have shown some potential with a patient surviving as long as 7 years after an LVAD transplant [147]. However, the heart transplant remains the gold standard to date for long-term solutions with a median survival rate of around 12 to 13 years [148]. Cardiac tissue engineering seems a promising alternative when it comes to repairing MI related injuries. Not only it eliminates the issues regarding LVAD device complications but also the paucity of organ donors and the possibility of immune rejection in the case of a heart transplant. With the emerging applications of nanotechnology in tissue engineering and regenerative medicine, conductive heart-like tissues closely mimicking the nano bio-architecture of the cardiac ECM can be engineered in-vitro.



The preclinical results of these conductive constructs are encouraging but we still need to address certain challenges. Even though nanomaterials can mimic the physicochemical properties of the ECM components it is still difficult to control the construct design niches at the molecular scale. Actually, the translation from the theoretical continuum mechanical framework of soft biological tissues to somewhat practical heart-like tissues is arduous due to the design limitations offered by the current fabrication techniques. Poor understanding of the heart biomechanics is another constraint because of its anisotropic nature. A group tried to unveil the biomechanical properties of the human myocardial tissues. They performed biaxial extension and triaxial shear tests on different myocardial tissue specimens harvested from the donor heart considered unfit for the transplantation due to certain reasons. For the left ventricle wall, the maximum Cauchy stress value varied from 2.6 to 18.9 kPa in the direction of myocardial fibres orientation while it varied from 1.3 to 10.5 kPa perpendicular to the fibres at different stretch levels from λ = 1.05 to λ = 1.15. On the other hand, the maximum shear stress value among six different shear modes was 5.8 ± 1.7 kPa [149]. For a scaffold to mimic the biomechanical properties of the myocardium this study could be a guide. Table 8 narrows down different studies as a guide for the selection of the best possible parameters to design a conductive scaffold/approach to resolve different cardiac-related issues. Gold nanoparticles seem to be the best candidates for gene delivery while carbon-based nanomaterials seem more suitable for tissue engineering applications.



To conclude, new fabrication techniques which would allow us to control the construct design niches at the molecular scale is a dire need in tissue engineering and regenerative medicine fields. With this approach conductive constructs closely mimicking the heart bio-architecture could be developed. However, for now, on this long avenue of cardiac tissue engineering, the short-term goal is to restore the electrophysiological features of the ischemic tissue using the conductive scaffold-based approach to address the issues regarding arrythmias and asynchronous beating of the injured myocardium. The long-term goal is the lab-grown hearts successfully underwent the trial phases to clinically address the problem.
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Figure 1. Conductive scaffold-based Cardiac Tissue Engineering. Due to infarction, collagen-rich scar tissue significantly impairs the electrical conductivity of the myocardium. Cell-laden nanomaterial-based conductive constructs can restore the electrical activity of the damaged myocardium with alleviated functions when implanted in-vivo. Some of the figures were adopted from the Servier Medical Art and modified under the CC BY 3.0 license. 
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Figure 2. 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. The figure of the MI heart was adopted from the Servier Medical Art under the CC BY 3.0 license. 
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Figure 3. Conductive nano-constructs can trigger intracellular signalling pathways when cultured with stem/precursor cells particularly when stimulated electrically. These pathways then lead to the elevated expression of cardiac-specific genes and transcription factors resulting in the cardiac phenotype of the cultured cells. 
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Table 1. Techniques to fabricate micro/nano-structured constructs.
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	Photolithography
	3D Bioprinting
	Electrospinning
	Dip-Pen Nanolithography
	Micro-Contact Printing





	Resolution
	50 nm–10 µm
	50–500 µm
	100 nm–150 µm
	20–30 nm
	35 nm–1 µm



	Pros
	Precise structural control
	A wide variety of biomaterials, nanomaterials and cells can be incorporated
	Suitable to mimic fibrous ECM structure
	Precise control over the complex architecture
	Finely detailed structures, printing on uneven surfaces



	Cons
	Expensive, potential cytotoxic compounds, time-consuming
	Nozzle clogging, low cell viability due to shear stresses, difficult to fabricate sub-micron constructs
	Fibrous scaffolds only, poor mechanical properties, inefficient cellular infiltration and distribution
	Only for small constructs
	Limited resolution due to the deformation of PDMS stamp, substrate sagging,



	Schematic
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	Ref
	[44,47,48]
	[49,59]
	[60,61]
	[62]
	[62,63,64]
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Table 2. Effect of conductive nano-construct on cell viability and proliferation.
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	Category
	Conductive Construct
	Mechanical Properties
	Electrical Properties
	Cell Line
	Cellular Response





	Carbon NMs
	Decellularised pericardium

ECM, MWCNTs hydrogels [89]
	G’ = 229.25 Pa, G” = 150 Pa
	Four-probe technique, σ = 15 × 10−3 S/cm
	HL-1
	Three-folds increase in the proliferation rate, enhanced expression of Cx43 and α-actinin



	
	PU/chitosan/

CNT membranes

[83]
	UTS = 21.9 MPa, E = 4.34 Mpa
	Four-probe technique, R = 0.17 kΩ/sq
	HUVECs, H9c2
	High cell viability



	
	rGO foams [90]
	G’ = 8 kPa
	Two-probe Keithley meter, σ = 112 S/m
	Neonatal rat CMs
	3D organisation of CMs within the porous foam



	
	Collagen/CNFs nanocomposites [92]
	Mechanical strength = 3.5 N
	-
	H9c2
	Good cell viability, enhanced expression of α-actinin.



	Metallic NMs
	Thiol-HEMA/

GNPs hybrid

hydrogels [96]
	E = 0.6 MPa
	Keithley electrometer, σ = 15.3 S/m
	CMs
	Increased viability after electrical stimulation



	
	GelMA/GNRs

hydrogels [52]
	E = 3.6 kPa
	Electrochemical workstation, Z = 1 kΩ at 105 Hz
	CMs
	Enhanced cell retention, high viability, elevated expression of Cx43, α-actinin



	
	Gold NPs/porcine

cholecyst derived

ECM [97]
	-
	-
	H9c2
	High cell viability, good proliferation rate







Abbreviations: NMs: nanomaterials, MWCNTs: multi-wall carbon nanotube, ECM: extracellular matrix, G’: shear storage modulus, G”: shear loss modulus, σ: electrical conductivity, PU: polyurethane, UTS: ultimate tensile strength, E: elastic modulus, R: electrical resistance, HUVECs: human umbilical vein endothelial cells, rGO: reduced graphene oxide, CMs: cardiomyocytes, CNF: carbon nanofibers, HEMA: hydroxyethyl methacrylate, GNPs: gold nanoparticles, GNR: gold nanorods, GelMA: gelatin methacrylate, Z: impedance.
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Table 3. Effect of conductive nano-construct on cellular differentiation.
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	Category
	Conductive Construct
	Mechanical Properties
	Electrical Properties
	Cell Line
	Cellular Response





	Carbon NMs
	MWCNTs,

GelMA hydrogels

[99]
	E = 23.4 kPa
	Z = 400 kΩ
	C2C12
	Myotube formation, more than two-folds increase in the expression of MRF4, α-actinin, and MHCIId/x when stimulated electrically



	
	CHI, PVA, MWCNTs membranes + differentiating molecules

[106]
	E = 941 MPa, εr = 3.8 %
	Keithley Multimeter, σ= 1.2 mS/cm
	USSCs
	Differentiation to CMs-like cells, 3 and 58-folds increase in β-MHC and cTnI expression, respectively



	
	PNIAA/SWCNTs

hydrogels [111]
	-
	R = 10 kΩ
	BADSCs
	Differentiation to cardiac like cells



	
	GelMA-CNTs

hydrogels [102]
	E = 30.6 kPa
	CompactStat Potentiostat, Z = 56 kΩ at 0.2 Hz
	129/SVE-derived mouse stem cells derived rat EBs
	Three-folds increase in the expression of cTnT2 and Nkx2.5 when stimulated electrically, relatively high scaffold area covered by the beating EBs



	
	CNTs embedded

in EBs [103]
	E = 35.2 kPa
	CompactStat Potentiostat, Z = 300 kΩ at 1 Hz
	129/SVE-derived mouse stem cells derived rat EBs
	Strong cardiac phenotype. Enhanced expression of Nkx2.5, acta2, cTnT2, MHC, MLC, Cdh5 genes



	
	rGO, Na-alginate

hydrogels [110]
	G’ = 1 kPa at ω = 10 rad/s
	Four-probe technique, σ = 1/9 ± 0.16 × 105 S/m
	hBM-MSCs,
	Readily differentiation to CMs-like cells with good viability



	
	Cell culture +

C60-fullerene

NPs [104]
	-
	-
	BADSCs
	Enhanced MAPK/ERK pathways led to differentiation to CMs-like cells, high expression of Cx43, α-actinin and cTnT



	
	Fullerenol/alginate hydrogels [105]
	G’ = 700 Pa, G” = 100 Pa, time sweep = 0–20 sec
	-
	BADSCs
	Enhanced MAPK/ERK pathways led to the differentiation to CMs-like cells



	
	Fullerene whiskers

[98]
	-
	-
	C2C12
	Myotube formation, 1.4-folds increase in MyoD and myogenin expression



	Metallic NMs
	Gold-coated collagen nanofibers [109]
	-
	The Keithly instrument, ρ = 4 × 10−5 Ω m
	Ch-MSCs
	Differentiation to CMs with high proliferation rate, enhanced expression of ANP and Nkx2.5



	
	Gold NPs/chitosan hydrogels [108]
	Ec = 7 kPa
	Four-probe technique, σ = 0.13 S/m
	MSCs
	Formation of cardiomyocyte-like cells, Nkx2.5 and α-MHC upregulated by 1.80 and 2.4-folds, respectively



	
	PU-rGO/

Ag-NPs membranes

[107]
	UTS= 110 MPa, εr = 51%,
	Metrohm conductometer, σ = 100 µS/cm
	hCPCs
	Elevated expression of Tbx18, cTnT, and α-MHC



	
	Gold-coated PCL membranes [100]
	E = 1.69 MPa
	Multi-meter, ρ = 9.5 kΩ/cm
	H9c2
	Myotube formation with high maturation and fusion indices, enhanced MHC expression







Abbreviations: CHI: chitosan, PVA: polyvinyl alcohol, USSCs: unrestricted somatic stem cells, BADSCs: brown adipose-derived stem cells, EBs: embryoid bodies, ω: angular frequency, hBM-MSCs: human bone marrow-derived mesenchymal stem cells, Ch-MSCs: chorion placental derived mesenchymal stem cells, hCPCs: human cardiac progenitor cells, PCL: polycaprolactone, G’: shear storage modulus, G”: shear loss modulus, εr: strain at rupture, Ec: compressive modulus, UTS: ultimate tensile strength, E = elastic modulus, ρ: electrical resistivity.
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Table 4. Effect of conductive nano-construct on cell morphology.
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	Category
	Conductive Construct
	Mechanical Properties
	Electrical Properties
	Cell Line
	Cellular Response





	Carbon NMs
	Collagen/SWCNTs composite [114]
	-
	Two-probe technique, σ = 1.72 × 10−9/Ω
	NRVMs
	Enhanced assembly of intercalated discs.



	
	rGO, Na-alginate

hydrogels [110]
	G’ = 1 kPa at ω = 10 rad/s
	Four-probe technique, σ = 1/9 ± 0.16 × 105 S/m
	Neonatal rat CMs
	Striated morphology with elevated expression of actn4, cTnT2, Cx43



	
	rGO/collagen

cardiac patch [117]
	E = 340 kPa
	Four-probe technique, σ = 22 µS/m
	CMs
	Two-folds increase in actinin and Cx43 expression with five-folds increase in cTnT2



	
	OPF/GO hydrogels

[120]
	-
	σ= 4.24 mS/cm
	Neonatal rat cardiac fibroblasts
	Well organised striated sarcomeres, enhanced expression α-tubulin, actinin, ID-related proteins



	
	PCL/graphene

composites [119]
	-
	EIS, Z = 1.2 kΩ
	mESCs-CMs
	Contractile morphology, elevated levels of MHC, Cx43, β-actin, cTnT after 14 days



	
	CNF/gelatin

patch [118]
	UTS = 5.32 MPa, E = 8.42 MPa
	Four-probe technique, σ = 84 µS/m
	CMs
	Cx43 and actn4 up-regulated by 3 and 4.4 folds, respectively



	Metallic NMs
	GelMA/GNRs

Hydrogels [116]
	E = 1.1 kPa
	LCR meter, Z < 1 kΩ (102 to 106 Hz)
	CMs
	Increased cytoskeletal organisation, enhanced expression of Cx43, α-actinin, cTnI, synchronous beating patterns.



	
	Laponite loaded

myocardial ECM/

gold NPs hydrogels

[113]
	-
	-
	Neonatal rat CMs
	Less apoptosis rate, strong cardiac phenotype.



	
	Gold NPs/PCL-gelatin membranes [115]
	-
	-
	NRVMs
	Elongated and aligned morphology. High contraction amplitude



	
	Chitosan/Se NPs

films [95]
	UTS = 19 kPa, εr = 67%,
	σ = 5.5 mS/cm
	H9c2
	Filopodia-like morphology



	
	Chitosan/TiO2 NPs hydrogels [94]
	E = 1.5 MPa
	-
	CMs
	Better cell-matrix interaction, Interconnected cardiac layers







Abbreviations: SWCNTs: single-wall carbon nanotubes, NRVMs: neonatal rat ventricular myocytes, OPF: oligo(poly(ethylene glycol) fumarate), GO: graphene oxide, ID: intercalated discs, EIS: electrochemical impedance spectroscopy, mESCs-CMs: mouse embryonic stem cells derived cardiomyocytes, Se: selenium, G’: shear storage modulus, εr: strain at rupture, UTS: ultimate tensile strength, E = elastic modulus.
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Table 5. Effect of conductive nano-construct on intercellular coupling and contractions.
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	Category
	Conductive Construct
	Mechanical Properties
	Electrical Properties
	Cell Line
	Cellular Response





	Carbon NMs
	PGS-gelatin/CNTs membranes

[123]
	E = 373 kPa
	Z = 7 kΩ at 40 Hz
	Neonatal rat CMs
	Enhanced Cx43 and cTnI expression, 2.2-folds increase in the beating rate after 5 days of incubation



	
	Pristine MWCNT

films [121]
	-
	-
	NRVMs, cardiac fibroblasts
	Sarcomeric striations, tight desmosomes like nano-connections



	
	Pristine MWCNTs

films [112]
	-
	σ = 3.1 mS (along fibre axes) 0.25 mS (transversely)
	neonatal rat CMs
	Sarcomeric striation formation, enhanced Cx43 expression, synchronised beating patterns via pacemaker



	
	Gelatin, chitosan,

SWCNTs [122]
	Ec = 15 kPa
	-
	NRVMs
	Three-folds increase in the beating frequency



	
	PEG/PLA/CNTs

membranes [124]
	E = 60 Mpa, εr = 52%,
	Four-probe technique, σ = 30 mS/cm
	CMs
	Enhanced expression of α-actinin, and cTnI. Synchronous beating at low CNT concentrations.



	
	PCL/CHI/Ppy/graphene patches [128]
	E = 0.098 MPa, UTS = 1.27 MPa, εr = 8%
	Two-probe technique, σ = 5.33 S/cm
	mESCs-CMs
	Enhanced cTnI expression, Beating CMs



	
	PEG/Graphene hybrid scaffolds [129]
	-
	I-V curves, R = 0.947 kΩ
	NRVMs
	Enhanced Cx43 expression, 2.2-folds increase in calcium transient amplitude



	
	GelMA/rGO hydrogels [130]
	E = 22.6 kPa
	Z = 1.5 kΩ at 100 Hz
	Primary CMs,
	Well organised striated sarcomeres, 9 times faster beating rate



	
	CHI, CNFs composites

[125]
	E = 28.1 kPa
	Four-probe technique, σ = 0.25 S/m
	Neonatal ratCMs, rat MI model
	Strong contractile phenotype with several folds increase in Cx43, GATA4, cTnI, cTnT2, Myh6, Myh7, ANF expressions



	Metallic NMs
	Alginate/GNWs patch [93]
	Ec = 3.5 kPa
	C-AFM, Z < 3 kΩ at 100 kHz
	Cardiac cells
	Two-folds increase in Cx43, and sarcomeric α-actinin expressions



	
	RTG/gold NPs gels

[132]
	G’ = 255.3 Pa at 37  C
	Multi-meter, R = 140 kΩ
	NRVMs
	Enhanced expression of Cx43, reduced α-actinin expression.



	
	Collagen/Ag-NPs membranes [133]
	-
	4-electrode system, σ = 0.8 µS/m
	CMs
	Up-regulation of Cx43 and α-actinin







Abbreviations: PGS: polyglycerol sebacate storage modulus, ANF: Atrial natriuretic factor, C-AFM: conductive atomic force microscopy, GNWs: gold nanowires, RTG: reverse thermal gels, G’: shear storage modulus, εr: strain at rupture, Ec: compressive modulus, UTS: ultimate tensile strength, E = elastic modulus.
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Table 6. Conductive nanomaterials as delivery vehicles for cardiac gene therapy.
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	Nanomaterials
	Delivered Gene
	Outcomes





	AuNPs [134]
	Deoxyribozyme (DNAzyme)
	Knockdown of 50% TNF-α expression. Improved anti-inflammatory pathways



	AuNPs [135]
	Antago-miR155
	Improved blood pumping ability



	AuNPs [136]
	Circ-Amolt1
	Cardio-protection against Doxorubicin-induced cardiomyopathy



	SWCNTs [137]
	siRNA/Caspase3
	Casepase3 silencing, 1.42-folds increase in the infarcted wall thickness with reduced scar size



	Graphene [138]
	DNAVEGF
	Improved angiogenesis, better cardiac performance







Abbreviations: TNF: tumour necrosis factor, VEGF: vascular endothelial growth factor, DNA: deoxyribonucleic acid, AuNPs: gold nanoparticles, SWCNTs: single-wall carbon nanotubes.
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Table 7. Preclinical studies using rat MI models to repair the ischemic tissue.
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	Conductive Construct
	Outcomes





	Gelatin/SWCNTs hydrogels

[141]
	Hydrogel injected heart: EF/FS improved to 49%/21.9%, enhanced expression of ILK, p-AKT, β1-integrin, and β-catenin after four weeks.

Gelatin injected heart: Reduced EF/FS of 43.4%/18.8%, expression of the above genes was not very pronounced.



	PNIAA/SWCNTs hydrogels + BADSCs [111]
	Hydrogel + BADSCs injected heart: Improved blood pumping ability and LV wall regenerated to 863 µm, infarct size reduced by two-folds, more cells could survive the hostile MI environment after four weeks.

PBS injected heart: Poor blood pumping ability with larger scar size with large infarct size, thin LV wall of 538 µm.



	PEG-MEL/HA-SH/GO composites [140]
	Scaffold implanted heart: Improved tissue regeneration with LV wall thickness of 1.9 mm, scar size reduced to 37% from 52.5%, four weeks post-injection.

PBS injected heart: LV wall was around 0.9 mm thick, blood-pumping ability dropped significantly.



	SF, GO hydrogels

[139]
	Hydrogel injected heart: LV wall thickness increased to 280 µm, reduced infarct size with 1.8-folds decrease in relative scar thickness.

MI heart: LV wall thickness was around 250 µm, larger infarct size.



	OPF/GO hydrogels

[120]
	Hydrogel injected heart: LV wall regenerated to 0.77 mm, infarct size reduced by 1.6-folds, improved blood pumping ability with reduced left ventricular diameter at end-systole and at end-diastole, high infiltration of macrophages, two weeks post-injection.

PBS injected heart: Thin LV wall around 0.37 mm, larger infarct size with reduced ejection fraction and fraction shortening.



	Fullerenol/alginate hydrogels [105]
	Hydrogel + BADSCs injected heart: Improved angiogenesis with twice the vessel density, 1.3 mm thick LV wall, decreased left ventricular internal diameter at end-systole and at end-diastole, four weeks post-injection.

PBS + BADSCs injected heart: Least angiogenesis with reduced blood pumping ability, 0.61 mm thick LV wall, wider left ventricular internal diameter at end-systole and at end-diastole.



	Collagen/CNFs composites [92]
	Scaffold implanted heart: Improved regeneration of the LV wall with sarcomeric morphology and high angiogenesis.

MI heart: Damaged intercalated discs assembly, high tissue degeneration.







Abbreviations: EF/FS: Ejection fraction/Fraction shortening, LV: Left ventricle, OPF: oligo(poly(ethylene glycol) fumarate), PEG-MEL/HA-SH: Polyethylene glycol-melamine/Thiol modified hyaluronic acid, SF: Silk fibroin, PNIAA: poly(N-isopropylacrylamide).
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Table 8. The best possible strategy to resolve different cardiac-related issues using conductive nanomaterials.
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	Conductive Nanomaterial
	Approach
	Major Issue Resolved
	Studies





	SWCNTs, GO, Fullerene, AuNPs
	In-vivo scaffold implantation, gene delivery
	Blood pumping ability
	[105,120,135,141]



	Fullerene, CNFs, Graphene
	In-vivo scaffold implantation, gene delivery
	In-vivo angiogenesis
	[92,105,138]



	SWCNTs, GO
	In-vivo scaffold implantation, gene delivery
	LV wall regeneration and reduced scar size
	[111,120,139,140]



	AuNPs
	Gene delivery
	Chemotherapy-induced cardiomyopathy
	[136]



	SWCNTs, AuNPs
	In-vivo scaffold implantation, gene delivery
	Inflammation
	[111,134,137]
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