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Recent Advances in Designing Electroconductive
Biomaterials for Cardiac Tissue Engineering

Mahsa Ghovvati, Mahshid Kharaziha, Reza Ardehali, and Nasim Annabi*

Implantable cardiac patches and injectable hydrogels are among the most
promising therapies for cardiac tissue regeneration following myocardial
infarction. Incorporating electrical conductivity into these patches and
hydrogels is found to be an efficient method to improve cardiac tissue
function. Conductive nanomaterials such as carbon nanotube, graphene
oxide, gold nanorod, as well as conductive polymers such as polyaniline,
polypyrrole, and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate are
appealing because they possess the electroconductive properties of
semiconductors with ease of processing and have potential to restore
electrical signaling propagation through the infarct area. Numerous studies
have utilized these materials for regeneration of biological tissues that
possess electrical activities, such as cardiac tissue. In this review, recent
studies on the use of electroconductive materials for cardiac tissue
engineering and their fabrication methods are summarized. Moreover, recent
advances in developing electroconductive materials for delivering therapeutic
agents as one of emerging approaches for treating heart diseases and

cardiac diseases increases to 23.6 million by
2030.21 Myocardial infarction (MI) results
from fractional or complete obstruction of
coronary arteries. Lack of blood flow to the
myocardium may lead to an irreversible loss
of cardiomyocytes (CMs), which is replaced
by the scar tissue.[*] MI can activate a range
of adverse remodeling mechanisms, in-
cluding arrhythmias, ventricular dilatation,
cardiac hypertrophy, and fibrotic scar tissue
formation.[*l Scar tissue, formed due to
lack of proliferative potential of CMs, is rel-
atively inert and cannot effectively transmit
electrical signals and contractile activ-
ity, increasing the risk of heart failure.l%’
Current therapies for MI include timely
revascularization and guideline-directed
cardioprotective pharmacotherapy to pre-
vent adverse remodeling and progression of
the heart failure.l®] While optimal medical

regenerating damaged cardiac tissues are highlighted.

1. Introduction

Cardiac diseases remain the leading cause of mortality and dis-
ability in the world.[' Tt is expected that global mortality related to
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therapy has been used as an effective way to

slow the decline in heart function, majority

of patients eventually develop heart failure

due to irreversible myocardial damage,
requiring mechanical circulatory support or heart transplanta-
tion. In addition, these strategies suffer from numerous restric-
tions, including immune rejection, lack of donors, and restricted
durability.l”] Recently, regenerative strategies based on stem cell
therapy have shown promising in vitro and in vivo outcomes.®!
While several clinical trials of cell-based therapy have gener-
ated enthusiasm about the potential of stem cells for heart dis-
ease, clinical outcomes have been largely inconsistent and no
study has yet confirmed the delivery of a pure population of
stem/progenitor cells capable of robust cardiac regeneration.°!
Additionally, most of these studies rely on the delivery of exoge-
nous cells into a hostile post-injury cardiac environment, where
majority of the transplanted cells die and those that survive do not
functionally integrate into the host myocardium. Consequently,
it is essential to create innovative strategies which support the
infarcted tissue regeneration and repair electromechanical cou-
pling at the site of the dysfunctional heart tissue.

In the past decades, cardiac tissue engineering has been intro-
duced as a promising solution for the construction of off-the-shelf
artificial cardiac tissues, which can replace the dysfunctional frag-
ments of the heart after ML.I'% In cardiac tissue engineering, a
combination of artificial scaffolds, cells, and bioactive molecules
is applied to improve the cell-matrix interactions and form a func-
tional cardiac tissue.l'!] Many studies have focused on design-
ing biomimetic scaffolds from natural or synthetic materials,!?]
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Figure 1. Electroconductive biomaterials designed for cardiac tissue engineering. Examples of the biomaterials used for Ml repair including conductive
agents such as conductive polymers (e.g., PANI, PPy), gold- and carbon- based nanomaterials, ionic liquids, conductive metal (oxide) NPs and nanowires,

and therapeutic agents such as siRNA, miRNA, growth factors, and small mo
(e.g., GelMA, PEG, and PCL); Strategies used to apply biomaterials for card

lecule inhibitors (e.g., 3i-1000), incorporated in hydrogel /polymer scaffolds
iac tissue regeneration including injectable hydrogels, and cardiac patches

produced by different methods such as molding, 3D printing, electrospinning; and Implantation into the damaged area in the heart. Created with

BioRender.com. Abbreviations: GelMA: gelatin methacryloyl; MI: myocardial

infarction; miRNA; micro RNA; NPs: nanoparticles; PANI: polyaniline; PCL:

polycaprolactone; PEG: polyethylene glycol; PPy: polypyrrole; siRNA: small interfering RNA.

which can simulate the chemical, mechanical, and topographi-
cal features of the native heart tissue.['*] These scaffolds should
provide mechanical support to the infarcted area and support
cellular growth and function as well as their engraftment after
transplantation.['*) In addition, the morphological features of the
scaffolds, at the multi-scale level, including their porosity, pore
size, and geometry should facilitate cell infiltration both in vitro
and in vivo.'">! The aligned surface topography of scaffolds also
plays a critical role in directing cardiac tissue maturation and
remodeling.[' Moreover, the stiffness and flexibility of the scaf-
folds, in accordance to the host tissue, are critical for improving
cardiac tissue function.!”]

The myocardium is an active and contractile tissue with con-
tinuous cycles of polarization and depolarization, which can ad-
just itself according to hormonal balance and corporeal oxygen
demands. Consequently, the applied cardiac tissue engineering
strategies should use electroconductive biomaterials to support

Adv. Healthcare Mater. 2022, 11, 2200055 2200055

the electrical conduction and revascularization of the infarct area,
leading to improved myocardium regeneration.'®]

Electroconductive materials are categorized into carbon-based
materials (e.g., carbon nanotubes (CNT5), graphene-based family,
and carbon dots), conductive polymers (e.g., polypyrrole (PPy)),
ionic liquids, metallic nanomaterials (e.g., gold), and recently in-
troduced biomaterials such as melanins and silicon nanowires,
which are mainly used for engineering both soft and hard tissues
constructs with appropriate mechanical and electrical properties
(Figure 1).11%

Electroconductive materials have been extensively investi-
gated and developed for various biomedical applications over
the past few decades. A desirable conductive material should be
biocompatible and biodegradable with suitable mechanical prop-
erties and structural integrity.?° Toxicity of electroconductive
nanomaterials, especially gold and CNTs, have been studied
extensively. Gold is known to be safe and chemically inert.!! No
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synergistic or suppressive effects were observed in the presence
of gold nanoparticles (AuNPs) (using the acceptable limit of 1%
w/v), suggesting that AuNPs do not elicit immune reactions.(2!¢]
In addition, several studies were conducted on the uptake
and potential hazards of CNTs (particularly multi-walled CNTs
(MWCNTs)) to humans and other biological systems.?'"! CNTs
have been shown to cause cytotoxicity at high concentrations.[?!<l
Although there is no exposure standard for CNTs, a recom-
mended exposure limit of 7 ug m=3 for CNT is proposed by US
national institute for occupational safety and health.[?2] CNTs
can induce inflammatory and apoptosis responses in human
T-cells at higher concentrations. However, MWCNTTs are the least
toxic among the CNTs, carbon nanofibers, and carbon NPs.[?!’]
Furthermore, conductive structures based on electroconductive
polymers, including PPy, and polyaniline (PANI), may induce
some level of cytotoxicity, specifically when they are used at high
concentrations.[?*!

Some classes of electroconductive nanocomposite hydrogels
may experience a decrease in their electrical conductivity under
deformation due to enhanced distances between conductive NPs
in their network, limiting their applications for propagating elec-
trical impulses consistently with the contractile properties of the
cardiac tissues.**! In addition, although the introduction of elec-
troconductive materials may significantly promote cardiac mus-
cle regeneration in vitro, their long-term clinical and therapeu-
tic applications have not been fully investigated. Preclinical stud-
ies using proper large animal models are required to confirm
their biocompatibility, biodegradability, mechanical characteris-
tics, and long-term efficacy.!®”]

The exceptional electrical, mechanical, and biological proper-
ties of electroconductive biomaterials and their roles in direct-
ing various cellular functions and tissue remodeling have been
widely reviewed.[?] Our group,!?’! along with others, 28] studied
the functional behavior of various types of electroactive biomate-
rials to regulate CM function, signal transition, and cardiac tissue
regeneration.

In a recent review article by Esmaeili et al.?! the application
of electroconductive materials for engineering biomimetic and
functional cardiac tissues is discussed. In addition, Li et al.'®"]
recently presented an overview of the types and fabrication meth-
ods of conductive biomaterials, and discussed the recent ad-
vances in myocardial tissue construction in vitro and myocardial
repair in vivo. However, a comprehensive overview of recently de-
veloped electroconductive biomaterials classified based on fabri-
cation methods with a particular focus on their application for
therapeutic delivery in cardiac tissue is not yet available.

In the present review, we summarize the latest development
of electroconductive materials, in various forms, for in vitro
and in vivo cardiac tissue engineering applications. We pro-
vide a brief introduction on the electroconductive properties of
the cardiac tissue, followed by a detailed overview of the re-
cently used strategies to develop electroconductive biomaterials
for cardiac tissue engineering. Moreover, the ability of electrocon-
ductive biomaterials for the delivery of therapeutic agents (e.g.,
small interfering RNA (siRNA), micro RNA (miRNA), growth
factors, and small molecule inhibitors) for cardiac tissue regen-
eration are highlighted. Finally, future direction for the design of
electroconductive biomaterials for cardiac tissue regeneration is
discussed.
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2. Cardiac Tissue Architecture and
Electroconductivity

The heart wall is made of three layers: the innermost endo-
cardium, myocardium, and the outer epicardium. Within these
layers, the compositions of cellular and extracellular matrix
(ECM) change according to the functional requirements of that
specific area of cardiac tissue. For example, the endocardium is
composed of connective tissue, which is supported on one side
by a thin layer of endothelium, lining the heart chambers, and
on the other side by a layer of smooth muscle fibers that are
tangled with the connective tissue. The myocardium’s cells are
joined to the endocardium by a subendocardial layer. This as-
sembly merges with the heart’s conduction system to guide cell
signaling and function. Around 33% of the myocardium’s cells
are CMs, which account for 75% of the heart’s volume.*%) In
other words, the myocardium consists of precisely positioned
CM fibers within connective tissue along with other supporting
cells to generate rhythmic cardiac contraction. In addition, other
cardiac cell types, including cardiac fibroblasts (CFs), endothe-
lial cells, and mural cells (vascular smooth muscle cells and per-
icytes), play crucial roles during normal development and patho-
logical conditions.*!) Besides, the ECM also provides structural
support to the myofibers and regulates the mechanotransduction
of cells, controlling the deposition of structural and functional
proteins.'® The heart is an electroactive and elastic organ. Its
elasticity provides mechanical stability for myocardial relaxation
and contraction.®?] The contractility of the healthy heart is re-
lated to the regular atrial and ventricular contractions. This pro-
cess starts in the sinoatrial node, where pacemaker cells’ excita-
tion leads to the transmission of signals along a path to the atri-
oventricular nodes (AVNs) to stimulate atrial contraction. AVN is
the slow contractile part of the cardiac conduction system; there-
fore, this step can preserve the time for ventricles to be filled with
blood following the contraction of atria. Other portions of the car-
diac conduction system, including conductive bundles and fibers,
quickly conduct electrical signals to start the CM depolarization
and the final contraction of the ventricles for blood pumping.[**!

The electrophysiological activity of CMs is related to the trans-
fer of charged ions, including sodium, potassium, and cal-
cium, across the cell membrane via regulated channels and
receptors.3*! Electrical signal coupling in the cardiac conduction
system is related to the cell-cell communications by transferring
these ions via structures such as transverse tubules, and inter-
calated discs, including fascia adherens, desmosomes, and gap
junctions. Among them, gap junctions ensure mechanical cou-
pling between CMs and enable the propagation of electrical im-
pulses throughout the heart.

In the ischemic heart, CMs are replaced by a stiff and non-
contractile scar layer, which can block or delay electrical propaga-
tion. This layer can result in turbulences in cell-cell communica-
tions and disruption of ion-channel activity, leading to desynchro-
nized contractions and arrhythmia.[® These cellular and extra-
cellular changes, which induce cardiac electrical weakening, can
be treated by elimination of the main activating factors and man-
agement of the secondary structural disorders. Consequently, be-
sides drugs and surgeries, regenerative strategies are also help-
ful for improving the conduction function of the myocardium.
In this regard, therapies based on electroconductive biomaterials
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may be used as a promising cardiac regenerative approach.**l In
the following sections, the role of electroconductive materials on
CM function and myocardium regeneration is discussed.

3. Cardiac Tissue Engineering Approaches Based
on Using Electroconductive Materials

Generally, cardiac tissue regeneration based on the use of elec-
troconductive biomaterials consists of two strategies: i) fabrica-
tion of electroconductive patches/scaffolds in vitro and their su-
turing/gluing to the infarcted area, and ii) development of in-
jectable conductive hydrogels and their direct injection to the my-
ocardium. In both approaches, the electroconductive materials
are utilized to transmit electrochemical and electromechanical
signals and to electrically stimulate CMs, leading to improved
cellular function and tissue regeneration. These two platforms
can also be applied as a carrier for the delivery of therapeutic
agents, genes, and growth factors to promote cell function and
neovascularization, and enhance myocardium regeneration. Re-
cent studies on designing various types of electroconductive car-
diac patches and injectable hydrogels for cardiac tissue regener-
ation are described in the following sections.

3.1. Cardiac Patches

One promising technique for cardiac tissue regeneration is the
use of cardiac patches.’”] Cardiac patches, also known as 2D and
3D heart muscle structures, are tissue-like constructs that can be
used to improve contractile function in cases of acute ML The
use of conductive cardiac patches can bypass abnormal areas of
failed or slow conduction in the damaged heart to prevent reen-
trant dysrhythmia and restore normal conduction.*?! In order to
integrate successfully with the native tissue, these patches must
closely resemble the configuration of the native ECM as well as
the heart’s electroconductivity.?”] When used as a cell delivery
scaffold, the alignment of the CMs in the cardiac patches is es-
sential in order to maintain the microarchitecture and biologi-
cal functions of the native tissue.l’’*’] Hence, patterning the car-
diac patches has been the subject of numerous studies, aiming
to align CMs and create functional cardiac tissues. To this end,
various methods have been used to pattern the polymeric sub-
strates used for CMs alignment, including micropatterning, elec-
trospinning, and 3D printing techniques.[*!] In addition, conduc-
tive biomaterials have been added to these substrates to further
improve CM function and alignment.[*?) Matching the mechan-
ical strength of the myocardium is another important property
forthe engineered cardiac patches. These scaffolds should exhibit
remarkable mechanical resilience to withstand repeated cycles
of stretching during the cardiac beating.[**] For instance, Olvera
and colleagues engineered an electroconductive cardiac patch
based on polycaprolactone (PCL) coated with in situ polymerized
PPy.l**] They used a melt electrospinning method to develop an
auxetic patch that could accommodate the strains and stresses in
the human myocardium during systole and diastole. This aux-
etic patch also showed anisotropic mechanical properties, mim-
icking the directionally dependent mechanics of the native my-
ocardium. Moreover, PPy coating provided the electrical proper-
ties appropriate for myocardial regeneration. In another study,
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to evaluate the impact of conductive materials on CMs, Navaei
et al. engineered cardiac patches based on gold nanorod (GNR)
incorporated gelatin methacryloyl (GelMA) seeded with CMs.[*]
As opposed to pristine GelMA hydrogel structures, CMs inter-
acted with the GNRs within the designed cardiac patch, which
resulted in substantially faster and synchronous electrical signal
propagation. Furthermore, their results showed an improved lo-
cal alignment of F-actin fibers at high concentrations of GNRs
(i.e., 1 and 1.5 mg mL™). In another study, highly stretchable
auxetic patches based on chitosan (CS) and PANI were designed
for MI treatment using a rat model.[*%! This auxetic design gave
the cardiac patch a negative Poisson’s ratio, which could mimic
the mechanical behavior of the native heart tissue.

3D printing and electrospinning methods are commonly used
for fabricating cardiac patches.’”3**3247l Due to inherent dif-
ferences in these fabrication processes, the resulting patches
have shown different thread and pore sizes. Although 3D-printed
scaffolds are typically composed of arranged materials with mi-
croscale threads and large pores, electrospun sheets are com-
posed of mainly randomly oriented nanoscale threads with much
smaller pores. Regardless of their distinctions, both architectures
have shown significant effectiveness in generating functional car-
diac tissue construct.[*®! Table 1 summarizes recently developed
electroconductive patches designed for cardiac tissue engineer-
ing with their fabrication method, reported conductivity and me-

chanical properties, and the outcome after applying them in vitro
and/or in vivo.[2743739:4224345-47,59,94.97-128)]

3.1.1. Engineering Cardiac Patches Using Electrospinning

Electrospinning was first used in cardiac tissue engineering by
Shin et al. to produce nanofibrous PCL patches seeded with
neonatal rat CMs (NRCMs).[*! After this initial study, electro-
spinning was widely used in the fabrication of electroconductive
materials for cardiac regeneration.l®! For instance, Hosoyama
and co-workers developed a nanocomposite electroconductive
collagen (Col)-based cardiac patch for the treatment of the
infarcted myocardium.!*’2] They prepared an aligned nano-Col
fibrous (AF) layer (conductive layer) by electrospinning of a
Col solution containing AuNPs. The collected nanofibers were
then anchored onto an elastic Col hydrogel layer (elastic layer),
and the resulting patch was glued to the infarcted myocardium
using fibrin glue (Figure 2A-i). A representative macro image
of the engineered electroconductive cardiac patch incorporating
AuNPs is shown in Figure 2A-ii. The results of their in vitro
study showed that these patches were able to increase connexin
43 (Cx43) expression in NRCMs cultured under electrical stim-
ulation and could recover cardiac function. The in vivo data
using a mouse MI model exhibited that only AuNPs -containing
patches were able to restore the heart function. Histological
analysis also exhibited that blood vessel density and Cx43 levels
were increased, and the scar size was reduced in mice that
underwent experimental MI and were treated by the patches
containing AuNPs. Moreover, fractional area change, a repre-
sentative index of myocardial contraction, was improved only
for animals that received the implants containing AuNPs (Fig-
ure 2A-iii). Similarly, the results of echocardiography indicated
that implantation of the composite material containing AuNPs

© 2022 Wiley-VCH GmbH
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Figure 2. Examples of electroconductive electrospun cardiac patches used for Ml repair. A) Engineering cardiac patches containing an AF layer and
an EH layer; i) diagram summarizing the experimental procedure for in vivo implantation of the cardiac patches in an M|l mouse heart model. The
patches were glued to the left ventricular wall, using fibrin glue, ii) representative macro images of an AuNPs-containing cardiac patch, iii) FAC during
35 days post-MI in mice treated with different samples, and iv) LVEF over time after treatment in M| mice (implantation took place at day 7 post-
MI). Experimental groups included nontreated animals (control), EH, EH + AF, and EH + AF-AuNPs, v) representative images of Masson-trichrome
staining of the mice hearts at day 28 post-implantation. Reproduced with permission.[472] Copyright 2018, American Chemical Society. B) Engineering
cardiac patches using electrospun GelMA fibrous sheet and Bio-IL; i) schematic illustration of the cardiac patch preparation, ii) standard wound closure
test using rat heart to test the adhesion strength of GelMA/Bio-IL cardiac patches, iii) schematic illustration of interaction between cardiac tissue and
engineered patches containing acrylated Bio-IL, iv) quantification of the tissue adhesion strength of cardiac patches fabricated with 10% w/v GelMA
and varying concentrations of acrylated Bio-IL on heart tissue, and v) electrical conductivity of cardiac patches fabricated with varying GelMA and
Bio-IL concentrations, demonstrating the electrical conductivity of patches increased by increasing acrylated Bio-IL concentrations. Reproduced with
permission.!*32] Copyright 2019, Elsevier. Abbreviations: AF: aligned Col fiber; AuNPs: gold nanoparticles; Bio-IL: bio-ionic liquid; EH: elastic hydrogel;
FAC: Fractional area change; GelMA: gelatin methacryloyl; LVEF: left ventricular ejection fraction; MI: myocardial infarction.

significantly improved left ventricular ejection fraction (LVEF)
as compared to all other groups (Figure 2A-iv). Furthermore,
representative images of Masson-Trichrome staining of the mice
hearts at day 28 post-implantation demonstrated that only the
group treated with the cardiac patch containing AuNPs showed
a significant decrease in the scar size of #25% (Figure 2A-v).

In another study, our team developed adhesive and conduc-
tive fibrous cardiac patches by electrospinning of GelMA accom-
panied by the conjugation of acrylated choline-based bio-ionic
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liquid (Bio-IL) (Figure 2B).1*33] These cardiac patches were opti-
mized to mimic the conductivity and mechanical properties of
the native myocardium. Figure 2B-i represents a schematic illus-
tration of electrospinning of GelMA fibrous sheet followed by the
addition of acrylated Bio-IL prior to UV-crosslinking to form the
adhesive cardiac patches. In addition, the electrostatic forces be-
tween the negatively charged surface of cardiac tissue and
positively charged acrylated Bio-IL, as well as covalent bonds be-
tween NH, functional groups in cardiac tissue and methacrylate
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groups of GelMA provided a firm adhesion of the patch to
the murine myocardium, eliminating the need for suturing
cardiac patches fabricated with 10% w/v GelMA and varying con-
centrations of acrylated Bio-IL on heart tissue confirmed that the
patches containing increased concentrations of acrylated Bio-IL
had higher adhesion strength to the heart tissue (Figure 2B-iv). In
addition, the cardiac patches fabricated with varying GelMA and
Bio-IL concentrations demonstrated enhanced electrical conduc-
tivity by increasing acrylated Bio-IL concentrations (Figure 2B-v).

Although among different techniques, electrospinning ap-
pears to be the simplest but a promising method for the fabrica-
tion of fibrous cardiac patches,>!] one challenge is to induce fiber
alignment. In many applications, a scaffold composed of aligned
nanofibers is ideal, as anisotropy in topography and shape can
significantly affect both mechanical strength and various cellular
functions, including adhesion, proliferation, and alignment.[>?
In particular, aligned fibrous scaffolds replicate the ECM in the
heart tissue, where the ventricular myocardium is made up of
perpendicularly interwoven Col stripes. The directional depen-
dence of electrical and mechanical properties of cardiac tissue
is due to this unique anisotropy.l*?! In one study, Zong and col-
leagues showed that primary CMs cultured on an aligned elec-
trospun poly(L-lactide) nanofibrous scaffold formed mature con-
tractile machinery (sarcomeres), indicating the importance of
fiber alignment.>*) Another shortcoming of the traditional elec-
trospinning methods is that the scaffolds are mainly 2D struc-
tures composed of densely packed layers of nanofibers with lim-
ited porosity. This constraint may limit their applications in tis-
sue engineering in which cell infiltration is required for the for-
mation of 3D tissue constructs. Thus, it is important to develop
new techniques for producing electrospun scaffolds with a robust
3D nanofibrous structure containing interconnected pores.[>*!

In conclusion, 3D aligned nanofibrous scaffolds can be used
as a promising tissue regeneration strategy. In comparison to
2D scaffolds, 3D aligned nanofibrous scaffolds provide an ad-
ditional dimension to control various cell behavior, including
migration, morphogenesis, and cell-cell interactions, which are
important in regulating stem cell destiny and cardiac tissue
regeneration.” With the ultimate goal of commercialization,
and clinical implantation of cardiac patches, the adaptability, scal-
ability, repeatability, and consistency of electrospinning technol-
ogy undoubtedly pave the way for its cilinical use and regulatory
authorities.[>®!

3.1.2. Engineering Cardiac Patches Using 3D Printing

3D printing of cardiac patches involves computer-controlled
layer-by-layer placement of synthetic or natural polymers and
cardiac cells to control the microstructures of scaffolds.l”’ The
3D printing process of cardiac muscle integrates the placement
of CMs with specific spatial orientation, microcirculation, and
electrical conductivity elements during the assembly of the bio-
fabricated heart tissue.’®! This technique enables the construc-
tion of complex porous networks that allow for efficient nutri-
ent delivery and uniform cell distribution across the engineered
patch. 3D printing processes have been used with various mate-
rials combined with different cardiovascular cells as bioinks.[>!

Adv. Healthcare Mater. 2022, 11, 2200055
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The existing bioinks, which are typically made of polymers,
are inefficient conductors for improving electrical binding be-
tween adjacent cardiac cells. Electrically conductive nanomate-
rials, including graphene oxide (GO), CNT5s, and AuNPs, have
been shown to promote CMs maturation and organization in
the 3D cardiac tissue structures. Therefore, these materials can
be incorporated into bioinks to print and generate 3D func-
tional cardiac tissue constructs.>®! To print 3D structures of car-
diac tissue with enhanced conductivity, Zhu et al. developed
a GelMA-based bioink, comprising an electrically conductive
nanocomponent.l**! They incorporated GelMA-coated GNRs (G-
GNRs) into GelMA/alginate (Alg) prepolymer solutions contain-
ing CMs and CFs (Figure 3A-i), and used an air printing tech-
nique to form multiple layered constructs. As shown in Fig-
ure 3A-ii, the printability of the bioink was evaluated while using
different concentrations of Alg and calcium chloride (CaCl,). In
addition, the in vitro results showed that the encapsulated cells
within the printed matrices containing G-GNRs could spread
within 5 days and an interconnected and uniform layer of cells
was formed after 7 days. The in vitro results also showed high
cell viability (above 70%) when printing speeds of 5 and 10 pL
min~! were used (Figure 3A-iii); however, cell viability decreased
at higher speeds due to the high applied shear stresses during
the printing process. Moreover, the presence of a conductive
nanocomponent in their bioink improved the electrical propaga-
tion between adjacent CMs, as compared to the printed struc-
tures without G-GNRs, evidenced by enhanced expression of the
gap junction protein Cx43 and higher synchronized contraction
of the printed construct after 2 weeks. In their study, they also
measured the viscosity of the G-GNR nanocomposite bioink (Fig-
ure 3A-iv) and found that due to the presence of G-GNRs, the
flow consistency index increased, and the flow behavior index de-
creased. These changes resulted in an amplified shear-thinning
effect that could improve the printability. In another study, Basara
and co-workers fabricated cardiac constructs by printing conduc-
tive titanium carbide (Ti,C,T,) MXene in a pre-designed pattern
on polyethylene glycol (PEG) hydrogels using an aerosol jet print-
ing (Figure 3B-i). The in vitro biocompatibility of the engineered
constructs was confirmed by seeding human induced pluripo-
tent stem cell derived CMs (hiPSC-derived CMs) on these patches
for 7 days, which showed cell viability above 85% (Figure 3B-
ii). Moreover, their results confirmed the vital role of 3D printed
Ti,C,T, MXene in aligning hiPSC-derived CMs with a significant
increase in beta myosin heavy chain 7 (MYH7), sarco/endo plas-
mic reticulum calcium ATPase 2 (SERCA2), and cardiac troponin
T type 2 (TNNT2) expressions (Figure 3B-iii).l>”]

Despite the high potential of 3D bioprinting, there are sev-
eral limitations to the present bioinks and printing processes. For
example, most of the naturally-derived bioinks lack structural
stability and immediately deform upon exiting the nozzle, mak-
ing the printing process complicated. To address this limitation,
our team utilized a freeform reversible embedding of suspended
hydrogels (FRESH) printing technique to 3D print vascularized
cardiac structures using soft and elastic bioinks. The printed cell-
laden constructs demonstrated endothelium barrier function
and spontaneous beating of cardiac muscle cells as important
functions of cardiac tissue in vivo.[®"] In another study, Lee and
co-workers used FRESH 3D printing method to engineer compo-
nents of the human heart. They found that the printed constructs

© 2022 Wiley-VCH GmbH
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Figure 3. Examples of 3D printed electroconductive cardiac patches for Ml repair. A) Engineering cardiac patches designed by using G-GNR/GelMA
and Alg bioink; i) schematic illustration of the 3D bioprinting process, ii) printability of different Alg concentrations and different CaCl, concentrations
(the concentrations of GelMA and G-GNRs were kept as 7% w/v and 0.1 mg mL~", respectively), iii) live/dead assay of CFs grown within G-GNR
nanocomposite bioink printed constructs after printing with different extrusion speed (*p < 0.05), and iv) rheological characterization of 7% w/v GelMA
prepolymer solution, GelMA/Alg bioink (7% w/v GelMA, 2% w/v Alg), and G-GNR nanocomposite bioink (0.1 mg mL~! G-GNR, 7% w/v GelMA, 2%
w/v Alg). Reproduced with permission.[>®] Copyright 2017, Wiley-VCH GmbH. B) Engineering 3D printing conductive (Ti;C,T,) MXene in pre-designed
patterns on PEG hydrogels using an aerosol jet printing; i) schematic illustration of the 3D printing process as well as a representative Live/dead image
from the stem cell-derived CMs on Hilbert’s curve pattern, ii) live cell percentage on days 2, 4, and 7 after seeding the Ti;C,T, MXene-PEG composite
hydrogels, and iii) quantification for the western blotting for the expressions of MYH7, SERCA2, GJAT, and TNNT2 proteins (n = 2). Reproduced with
permission.3”] Copyright 2020, Elsevier. Abreviations: Alg: alginate; CaCl,: calcium chloride; CFs: cardiac fibroblasts; CMs: cardiomyocytes; GelMA:
gelatin methacryloyl; G-GNR/GelMA: GelMA coated GNR incorporated GelMA; GJA1: gap junction alpha-1; GNR: gold nanorod; MYH7: beta myosin
heavy chain 7; PEG: polyethylene glycol; SERCA2: sarco/endo plasmic reticulum calcium ATPase 2; Ti;C, T,: titanium carbide; TNNT2: cardiac troponin
T type 2.
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Table 2. A summary of electroconductive injectable hydrogels for cardiac tissue regeneration.
Biomaterial Conductivity Application Outcome Ref
[sm™]
GelMA + PEI + fGO + VEGF NA In vitro/In vivo Reduced infarcted size; [63a]
Increase in myocardial capillary density and cardiac
performance
CS-AuNPs + CS + p-GP 0.16 In vitro Enhancement in the properties of myocardial constructs; [70]
Supportive of viability, metabolism, migration, and
proliferation of MSCs along with the development of
uniform cellular constructs
PEGDA + MEL + HA-SH + GO 0.0284 In vitro/In vivo A significant increase in a-SMA and Cx43 expression; [19¢]
Improvement in the transmission of mechanical and
electrical signals;
A significant improvement of heart functions
PEGDA-TA + HA-SH 0.0232 In vitro/In vivo Increase in expression of eNOs; [88]
Upregulation of pro-angiogenic growth factors and
myocardium related mRNA;
A significant improvement of heart functions
CS + PPy ~0.023 In vitro/In vivo Improvement of heart function [67]
ECM + MWCNT 1.5 In vitro Supportive for CMs proliferation; [72]
A significant increase in Cx43 expression
PAMB-Gelatin NA In vitro/In vivo Improvement in electrical impulse propagation; [129]
synchronization of heart contraction;
Preservation of the ventricular function;
Reduction of cardiac arrhythmia
GelDA/DA-PPy + HA-CHO- HHA 0.0001-0.028 In vivo Attachment onto the myocardium surface; [68]

Improvement in cardiac function after Ml injury

Abbreviations: Au: Gold; CS: Chitosan; CS-AuNPs: Chitosan-stabilized gold nanoparticles; Cx43: Connexin-43; DA-PPy: Dopamine-modified polypyrrole; ECM: extracellular
matrix; eNOs: Endothelial nitric oxide synthase; fGO: functionalized GO nanosheets; GelDA: Gelatin-dopamine; GelMA: Gelatin methacryloyl; GO: Graphene oxide; HA:
Hyaluronic acid; HA-CHO: Oxidized sodium hyaluronic acid; HA-SH: Thiol modified hyaluronic acid; HHA: Hydrazided hyaluronic acid; MEL: Melanin; MI: Myocardial infarc-
tion; mRNA: Messenger RNA; MSCs: Mesenchymal stem cells; MWCNT: Multi-walled carbon nanotube; NA: Not mentioned; PAMB: Poly-3-amino-4-methoxybenzoic acid;
PEGDA: Poly (ethylene glycol) diacrylate; PPy: Polypyrrole; TA: Tetraaniline; VEGF: Vascular endothelial growth factor; a-SMA: a-Smooth muscle actin; -GP: -glycerophosphate

disodium salt solution.

accurately reproduce patient-specific anatomical structures.
These 3D printed constructs showed endothelium barrier func-
tion as well as spontaneous beating of CMs. Moreover, cardiac
ventricles printed with human CMs showed directional action
potential propagation, and synchronized contractions. Further-
more, when implanted subcutaneously in rats, the printed
constructs evoked minimal inflammatory responses.[¢!]

In conclusion, 3D printed cardiac patches can provide CMs
with a support matrix, allowing them to adhere and proliferate
in infarcted heart tissues, as well as improve tissue regenera-
tion by promoting angiogenesis and reducing scar formation in
the defect area.l®?] Future works on engineering 3D printed car-
diac patches should focus on further evaluation of biocompatible
bioinks and pattern design at higher resolution.

3.2. Injectable Hydrogels

The use of injectable biomaterials has shown promise as an
alternative treatment option following MI to preserve cardiac
function.[®3] These injectable materials can be administered in-
dividually or in combination with cells or growth factors to
improve the mechanical and functional properties of the in-
farcted region. Injectable hydrogels based on various biopoly-
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mers such as GelMA,[®% thiol-modified hyaluronic acid (HA-
SH),[1%] Alg 164 Col,[%5] and fibrin!®] have been extensively stud-
ied for heart tissue regeneration. Table 2 summarizes various
electroconductive injectable hydrogels applied for cardiac tis-
sue engineering.[19¢632.67.68.70.7288.129] Thege electroconductive in-
jectable biomaterials not only provide structural support to the
injured myocardium, but also electrically bridge the scar barrier
between the healthy cardiac tissue and the viable CMs inside the
scar to improve heart function.[®’]

A plethora of studies has focused on designing adhesive and
injectable hydrogels which could strongly attach to the my-
ocardium, avoiding surgical sutures. For example, Wu and co-
workers proposed a combined therapy for MI repair, by first in-
jecting a hydrogel into the infarcted myocardium, followed by
painting an adhesive hydrogel onto the outermost surface (Fig-
ure 4A-i). The injectable hydrogel was formed using a Schiff base
reaction between oxidized sodium hyaluronic acid (HA-CHO)
and hydrazided hyaluronic acid (HHA), and the adhesive hydro-
gel was synthesized using Fe**-induced ionic coordination be-
tween dopamine-gelatin (GelDA) and dopamine functionalized
PPy (DA-PPy).[%] The GelDA/DA-PPy hydrogel revealed strong
adhesive strength to the porcine myocardium and porcine skin
(10 and 18 kPa, respectively) due to the non-covalent binding
ability of the catechol moieties to the wet tissues. Additionally,

© 2022 Wiley-VCH GmbH



ADVANCED ADVANCED

SCIENCE NEWS 'jlﬁﬁ'lfTEicl:ﬁ\EsE

www.advhealthmat.de

www.advancedsciencenews.com

a: GelDA \

b: GelDA/DA-PPy-0.3%
C: GelDA/DA-PPy-0.6%

a b c

GelDA
" GelDA
" GelDA/DA-PPy (0.3%)
* GelDA/DA-PPy (0.3%)
GelDA/DA-PPy (0.6%)
* GelDA/DA-PPy (0.6%)
......‘..Q.

oepbprPOnN
2000 qQq

000000000000

®
000000000
o..ooooooo°°°°°°°. .ﬁgg
0,0 ardd - AAALLL
2““.. AppnAAGE00000
nnanodesd
a2
L)

100 200 300 400 500 600
Time (s)

AAAATEED SN BN B ¢

. iv
Chitosan -NH3* -Au* Au B-GP MSC (iv) i
(ii) 2042 1
a
2
2 0.08 =
3
T
c
o
© 0.04 A
0 T T T \ 0 -
K CS  CS-1AuNP CS-2AuNP CS-3AuNP CS-1AuNP CS-2AuNIy

Figure 4. Examples of injectable and electroconductive hydrogels for cardiac tissue engineering. A) Co-administration of a conductive and adhesive
hydrogel patch composed of GelDA and DA-PPy and an injectable hydrogel made of HA-CHO and HHA to the infarcted myocardium,; i) a schematic
showing the preparation/applying process, ii) gelation time for hydrogels, and iii) rheological analysis of hydrogels in a time-sweep mode at 37 °C.
Reproduced with permission.[%8] Copyright 2019, American Chemical Society. B) Engineering of a thermosensitive conductive hydrogel using CS and
AuNPs; i) schematic illustration of the hydrogel preparation and in vitro seeding, ii) images of the CS solution (left) and gel (right) following a change in
temperature, iii) gelation time assessment based on the test-tube-inverting method (n = 3, *p < 0.05, ***p < 0.001), and iv) four-point probe conductivity
of CS hydrogel that contained different concentrations of AuNPs (n = 3, ***p < 0.001). AuNPs/CS (% w/w) =0, 0.5, 1, and 1.5 in CS, CS-1AuNP, CS-
2AuNP, and CS-3AuNP, respectively. Reproduced with permission.[7?] Copyright 2016, Elsevier. Abbreviations: AuNPs: gold nanoparticles; CS: chitosan;
DA-PPy: dopamine functionalized polypyrrole; GelDA: dopamine-gelatin; HA-CHO: oxidized sodium hyaluronic acid; HHA: hydrazided hyaluronic acid.

the catechol-Fe** and catechol-gelatin carboxyl coordination com-  corporation of PPy in the hydrogel matrix provided 2.85 x 102 S
plexation provided improved cohesion and interface adhesion. m™! electrical conductivity, which was close to that of the native
Also, the gelation behavior was investigated using an inverted  myocardial tissue (%1072 S m~!). The viscoelasticity of the hydro-
vial method. As presented in Figure 4A-ii, the gelation time de-  gels was also evaluated by rheology tests (Figure 4A-iii). It was
creased by increasing the DA—PPy content, due to the formation ~ shown that the storage moduli (G’) of the hydrogels were domi-
of several crosslinking points. Moreover, they showed that the in-  nant over the loss moduli (G”), and by increasing DA—PPy, the
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moduli of the hydrogels were increased due to the formation of
a more compact network.

Among the injectable biomaterials, thermally sensitive (ther-
moresponsive) hydrogels are appealing since upon injection into
the body, the viscosity of the hydrogel increases, holding the ma-
terial at the injection site.l%! Different synthetic and naturally-
derived hydrogels have been used as building blocks of thermore-
sponsive hydrogels for heart tissue regeneration. For example,
Baei and colleagues developed a thermosensitive conductive hy-
drogel by using CS and AuNPs (Figure 4B-i).”") The addition
of p-glycerophosphate disodium salt solution (5-GP) allowed the
formation of homogeneous CS hydrogel within 30 min when
the temperature was increased from 23 to 37 °C (Figure 4B-
ii)), with improved organoleptic properties.”*’!] Here, the elec-
trostatic interactions between CS, the polyol salt, and g-GP, as
well as hydrogen bonding and hydrophobic interactions between
CS chains, induced thermoresponsive gelation behavior in CS.
They evaluated the gelation time of the hydrogels based on the
changes in the fluidity of the solutions at 37 °C. As shown in Fig-
ure 4B-iii, the CS solution had the lowest gelation time, which
was increased considerably by increasing AuNPs. Moreover, a
four-point probe conductivity test showed that while the CS hy-
drogels were not electroconductive, increasing AuNPs concentra-
tion increased the electrical conductivities (Figure 4B-iv). In ad-
dition, the in vitro studies exhibited that these hybrid hydrogels
promoted the growth and viability of mesenchymal stem cells
(MSCs).170]

Another type of injectable, thermo-responsive, and conductive
hydrogel was fabricated based on modified MWCNTs func-
tionalized with carbodihydrazide residues, which was mixed
with pericardial matrix from the sheep heart.”?l To form this
hydrogel, a powdered sheep-derived ECM was digested with
pepsin in hydrochloric acid to obtain a viscous solution with
thermoresponsive properties, which could form a hydrogel
within 10 to 20 min when the temperature was changed from
24 to 37 °C. In vitro results demonstrated that the engineered
materials improved the proliferation and expression of Cx43 in
CMs cultured in these hydrogels.[”?!

Slow gelation can result in rapid dispersion of injected ma-
terial prior to solidification, leading to cargo loss. In addition,
if gelation occurs too quickly, it can clog the syringe needle be-
fore hydrogel deposition.[”?] To overcome limitations of the in
situ crosslinking of injectable hydrogels, materials with shear-
thinning properties have been developed. Shear-thinning hydro-
gels can be injected through a syringe upon application of shear
(e.g., using angled syringe needles!”’!) and then reform rapidly
within seconds (self-healing) when shear forces are removed. As
an example, Gaffey et al. developed an injectable shear-thinning
HA hydrogel seeded with endothelial progenitor cells to en-
hance cell engraftment and improve ischemic myocardium.”*l
Their designed shear-thinning hydrogel assembled due to inter-
actions of adamantine, and f-cyclodextrin modified HA. They
were able to address adverse remodeling after MI, by deliver-
ing cells directly to the ischemic myocardial border zone using a
syringe.

Although small and large animal studies have shown consider-
able improvement in critical parameters such as wall thickness,
vascularization of the ischemic zone, left ventricular volumes,
and cardiac function due to the application of injectable hydro-
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gels, several critical problems associated with these biomaterials
must be solved in order to develop optimum therapeutics for MI
and heart failure. These include improving material characteris-
tics, injection procedures, and understanding the mechanisms of
action. Overall, the use of injectable biomaterials has the poten-
tial to evolve into innovative therapeutics for MI, possibly bene-
fiting the lives of millions.[d]

4. Conductive Platforms Used for Therapeutic
Delivery in Cardiac Tissue Engineering

Cardiac tissue regeneration strategies are frequently supple-
mented with cellular, pharmacological, or therapeutic agents,
including cardiovascular cells, stem cells, small molecules,
growth factors, DNA/RNA, and other therapeutics to further
promote cardiac tissue healing. However, controlled release of
these therapeutic agents is the main challenge. One strategy to
provide controlled and sustained drug delivery is to use elec-
trical stimulation by using electroconductive materials. These
materials respond to changes in the electrical field, altering
charge distribution, and consequently polymer conformation.!”>]
Moreover, the modulation of the electrical stimulus can be used
to accomplish various release profiles, including burst release
and slow-elution, due to the electrophoretic and electroosmotic
effects.l’®] Table 3 summarizes recent electroconductive plat-
forms applied for the delivery of different therapeutic agents
for cardiac tissue engineering.[03281838488899394130-132] Thege
constructs have been developed in various shapes, including
NPs, electrospun fibrous matrices, microneedle (MN) patches,
polymeric films, and injectable hydrogels.

One of the challenges after MI is the increased level of
localized inflammation caused by M1 macrophages in the
cardiac infarction region, intensifying adverse remodeling af-
ter MLU7] Consequently, the regulation of inflammation via
immunomodulation strategies to promote M1 polarization to-
ward M2 macrophages was proposed by severalrecent studies.!”®]
For example, adjusting reactive oxygen species (ROS) production,
which results in M1 differentiation to M2 macrophage pheno-
types, has been proposed as a new therapeutic approach.””) GO
was introduced as an antioxidant that could decrease inflam-
mation and inflammatory polarization of macrophages via a
reduction in intracellular ROS creation. In addition, GO has been
applied as a carrier for various types of genes and drugs.[%338] In
one study, Han et al. developed interleukin-4 plasmid DNA (IL-4
pDNA) loaded GO nanosheets to propagate M2 macrophages.!8!]
Their results revealed that IL-4 pDNA loaded GO complex de-
creased ROS in immune-stimulated macrophages. In addition,
DNA-functionalized GO polarized M1 to M2 macrophages and
promoted the cardiac repair-favorable cytokines secretion.

A common drug used in conjunction with biomaterials to
enhance myocardial regeneration is 3i-1000 which is a small
molecule inhibitor of GATA4-NKX2-5 transcriptional synergy,
hindering CMs hypertrophic reactions and boosting myocardial
regeneration.®?) Zanjanizadeh Ezazi et al. developed a smart
electroconductive patch based on elastomeric poly(glycerol seba-
cate) (PGS) matrix, combined with Col type I and PPy to deliver
3i-1000.8%] To incorporate 3i-1000 drugs into the electrocon-
ductive patches, (3-aminopropyl)triethoxysilane-functionalized
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Table 3. Recent electroconductive materials designed for delivery of different types of therapeutic agents to the heart.

Biomaterial Therapeutic agent Outcome Ref
PGS-Puppy-triethoxysilane-porous 3i-1000 Appropriate electrical conductivity and controlled drug release [83]
silicon NPs for improvement of cardiac myoblast cell attachment and
cytotoxicity
Oxidized Alg + TA + ADSCs H,S Adhesive property, upregulation of cardiac-related mRNA (e.g., [89]

TA + PEGDA + HA-SH + ADSCs Plasmid DNA encoding

eNOs

GelMA + PEI + fGO VEGF g5 pro-angiogenic

gene

GO nanosheets IL-4 plasmid DNA

GelMA-CNT MN patch VEGF, IL-10

Gelatin scaffold Glutathione grafted to the
carboxyl-capped aniline
pentamer

Oxidized nanocellulose + PGS + 3i-1000 and curcumin

PPy 3D-printed patches

PPy nanorods loaded PAM/CS Dexamethasone
hydrogel

AuNPs Simdax

AuNPs miR155

Cx43, a-SMA, and cTnT) and angiogenic factors (e.g., VEGFA
and Ang-1) and downregulation of inflammatory factors (e.g.,
tumor necrosis factor-a)
Equivalent myocardial conductivity; upregulation of [88]
pro-angiogenic growth factors, and myocardium-related
mRNA,; reduced infarction size, less fibrosis area, and higher
vessel density

Reduced infarcted size; [63a]
Increase in myocardial capillary density and cardiac

performance
Increased M1 to M2 macrophage polarization and accelerated [81]

cardiac repair

Adhesive property to the heart and controlled release of [94]
encapsulated drugs; stimulate the contraction of CMs

High conductivity and antioxidant activity which removes [130]
intracellular ROS and decreases oxidative stress damage in
adipose-derived stem cells

Improved regeneration of myocardium [84]

Controlled drug release, depending on the PPy content, and [93]
stimulation voltage; improved C2C12 cell activity under
electrostimulation
Cardioprotective effects in rats with heart failure [137]
Treatment of diabetic cardiomyopathy; increase [132]
anti-inflammatory macrophages and reduce the
inflammation and cell apoptosis;
Restoration of cardiac function

Abbreviations: ADSC: Adipose-tissue derived stem cell; Alg: Alginate; Ang-1: Angiopoietin 1; Au: Gold; AuNPs:Gold nanoparticles; CNT: Carbon nanotube; cTnT: Cardiac
troponin T; Cx43: Connexin-43; eNOs: Endothelial nitric oxide synthase; fGO: functionalized GO nanosheets; GelMA: Gelatin methacryloyl; H,S: Hydrogen sulfide; HA-SH:
Thiol modified hyaluronic acid; IL-10: Interleukin-10; IL-4: Interleukin-4; miR155: MicroRNA155; MN: Microneedle; mRNA: Messenger RNA; NPs: Nanoparticles; PAM: Poly-
acrylamide; PEGDA: Poly(ethylene glycol) diacrylate; PEI: Polyethylenimine: PGS: Poly(glycerol sebacate); PPy: Polypyrrole; Simdax: Levosimendan; TA: Tetraaniline; VEGFA:

Vascular Endothelial Growth Factor A; a-SMA: a-Smooth muscle actin.

thermally carbonized porous silicon (APTES-TCPSi) NPs en-
capsulating 3i-1000 were attached to the surface of the patches.
These electroconductive patches exhibited shape customizability,
high blood wettability, and controlled drug release, and could be
easily implanted on the surface of the infarcted heart muscle.[®
In another study, delivery of two therapeutics, 3i-1000 and cur-
cumin, was used to control inflammatory responses and promote
cardiac regeneration.®* The presence of curcumin provided both
antioxidant and anti-inflammatory activities,®°! and the 3i-1000
showed an effective role in stimulating myocardial repair after M1
infarction.®®] In another study, a multifunctional patch made of
nanocellulose incorporated PGS-PPy was used for the controlled
release of 3i-1000 and curcumin while providing appropriate
electrical conductivity and mechanical robustness similar to the
native cardiac tissue.l®* The drugs were loaded either in the PGS-
PPy precursor suspension and used as bioink for 3D extrusion
or by direct immersion of the ready-made patches in the drug
solution. The slow degradation of 3D printed PGS-based patch
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could prohibit initial burst release confirming its suitability for
long-term therapy. These 3D printed cardiac patches demon-
strated biocompatibility, controlled degradation rate, mechanical
robustness, and flexibility, as well as electrical conductivity for
engineering functional cardiac tissue constructs.[®*]

Hydrogels can also be used for programmable drug release
by accurately controlled electrostimulation. In other words, the
porous morphology and high-water content of hydrogels offer
exceptional capacity for loading bioactive molecules, drugs, and
cells. However, intrinsic electroactive hydrogels, including HA,
Alg, and CS, reveal weak electrical responsiveness and poor me-
chanical properties, limiting their application for implantable
and long-term drug delivery.’”! To promote the electrical per-
formance of hydrogels, a conductive injectable hydrogel was de-
signed to encapsulate adipose-derived stem cells (ADSCs), lipo-
fectamine (Lipo), and plasmid DNA-endothelial nitric oxide syn-
thase (eNOs) nanocomplexes (Figure 5A-i).[88] The hydrogel was
developed via an in situ Michael addition reaction between multi-
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Figure 5. Examples of electroconductive patches for delivery of therapeutic agents for Ml repair. A) An injectable conductive hydrogel developed for
delivery of plasmid DNA-eNOs and ADSCs for Ml treatment; i) schematic demonstrating the conception to construct a conductive injectable hydrogel,
which was employed to load plasmid DNA-eNOs NPs and ADSCs to treat myocardial infarction, ii) NOx concentration in a 4 week time period in normal
and Ml hearts, and in the M1 hearts with TA-PEG/HA-SH/ADSCs/gene hydrogel treatment, and iii) the expression of mMRNA of eNOs characterized by
qRT-PCR in a 4 week time period in normal and Ml hearts, and in the M| hearts with TA-PEG/HA-SH/ADSCs/gene hydrogel treatment. Reproduced
with permission.[38] Copyright 2018, Science Publishing Group. B) Conductive H,S-releasing hydrogel encapsulating ADSCs for myocardial infarction
treatment; i) a schematic presenting the ADSC-loaded conductive H,S releasing hydrogel for damaged cardiac treatment; ii) H,S-releasing profile in
vitro, and iii) sulfide concentration of the cardiac tissue in the MI area. Reproduced with permission.[#?] Copyright 2019, American Chemical Society. C)
PPy incorporated PAM/CS IPN loaded with dexamethasone; i) a schematic of the synthesis process of PAM/CS IPN, ii) the role of electrostimulation
on the dexamethasone release, and iii) releasing of the dexamethasone by the redox process when the negative potential was applied. Reproduced with
permission.[?3] Copyright 2018, American Chemical Society. D) Engineering of CNTs integrated MN patch; i) schematic illustration of applying the engi-
neered patches on the infarcted myocardium, i) confocal laser scanning microscope image of the aligned hiPSC-derived CMs cultured on the conductive
MN array patch (scale bars: 20 um), and iii) the beating performance of the cells cultured on the conductive patch. Reproduced with permission.[%]
Copyright 2021, Elsevier. Abbreviations: ADSCs: adipose-derived stem cells; CNTs: carbon nanotubes; DNA-eNOs: DNA-endothelial nitric oxide syn-
thase; HA-SH: Thiol modified hyaluronic acid; H,S: hydrogen sulfide; hiPSC-derived CMs: human induced pluripotent stem cell derived cardiomyocytes;
MI: myocardial infarction; MN: integrated microneedle; NPs: Nanoparticles; PAM/CS IPN: polyacrylamide/chitosan interpenetrating hydrogels; PEGDA:
poly(ethylene glycol) diacrylate; PPy: polypyrrole; qRT-PCR: Quantitative Reverse Transcription-Polymerase Chain Reaction; TA: Tetraaniline.
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armed conductive crosslinker tetraaniline-poly(ethylene glycol)
diacrylate (TA-PEGDA) and thiol modified hyaluronic acid (HA-
SH). The optimized formulation of the engineered conductive
hydrogel with appropriate conductivity and anti-fatigue perfor-
mance was applied for treating rats after experimental MI. In this
study, eNOs expression was measured in vitro and in vivo to ver-
ify the gene transfection. As demonstrated in Figure 5A-ii, TA-
PEG/HA-SH/ADSCs/gene group showed a sustained NOx ex-
pression behavior with an increased amount over 28 days. How-
ever, the NOx concentration in the MI kept a much lower level
than that of normal myocardium, which was verified by the same
trend in the expression of eNOs measured by quantitative re-
verse transcription-polymerase chain reaction (QRT-PCR) (Fig-
ure 5A-iii). Moreover, this conductive hydrogel supported AD-
SCs against severe microenvironment while effectively deliver-
ing them to the infarcted area. The encapsulated plasmid DNA-
eNOs nanocomplexes intensified NO in the infarcted area, which
was vital for promoting neovascularization and myocardium re-
generation. Consequently, a significant increase in ejection frac-
tion (EF), shortened QRS interval, smaller infarction size, less
fibrosis area, and superior vessel density were reported, confirm-
ing cardiac tissue regeneration.®® In another study, a conduc-
tive bioadhesive hydrogel was developed for the controlled re-
lease of hydrogen sulfide (H,S).*) H,S molecules can quickly
diffuse across cell membranes to provide intercellular signal-
ing without any degradation.[*! H,S has shown various anti-
inflammatory roles, mitochondrial function conservation, va-
sodilation, and protection against oxidative stress in cardiovas-
cular systems.”!l Nevertheless, the therapeutic potential of H,S
was restricted due to its inherent limitations including poor water
solubility and high toxicity.®”) In this study, H,S was created by
grafting 2-aminopyridine-5-thiocarboxamide (APTC) on oxidized
Alg (Alg-CHO) to control the release of H,S without inducing
toxicity (Figure 5B-i).1%1 To provide electrical impulse signals be-
tween myocardial cells, Alg-CHO-APTC was grafted to tetraani-
line (TA) leading to the formation of a multifunctional copolymer
ALG-TA—-APTC. Herein, the hydrogels with conductivity and
controllable H,S-releasing ability were developed via the Schiff-
base reaction between the aldehyde groups of ALG-TA—APTC
and amine groups of gelatin. As shown in Figure 5B-ii, a sus-
tained and controllable release of H,S was achieved in vitro for
the ALG-CHO/ALG—TA—APTC/Gelatin hydrogel group. In this
study, the methylene blue method was utilized for the detection
of the total sulfide concentration to illustrate the H, S concentra-
tion in the myocardium. Figure 5B-iii shows that the concentra-
tion of sulfide in a normal myocardium was detected as 0.16 pmol
g1, while after MI, the sulfide decreased to a relatively low level of
0.12 umol g~!. Furthermore, the therapeutic effect of the ADSCs
loaded hydrogel on acute MI was investigated and results demon-
strated the long-term stability and integration with myocardial
tissues. In addition, while electrical conductivity of the hydro-
gel enhanced the electrical pulse conduction between myocardial
cells, H,S promoted neovascularization and anti-inflammatory
effects in the MI area.®]

Development of nanocomposite hydrogels is another strategy
to improve both the mechanical performance and electroconduc-
tive properties of electrically controlled drug release platforms.!”¢]
In one study, a nanocomposite conductive and injectable hydro-
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gel with effective release of vascular endothelial growth factor-165
(VEGF 5) pro-angiogenic gene was developed for MI therapy.[®%]
The pro-angiogenic gene was loaded in GO (fGOy¢) and con-
sequently encapsulated in a low-modulus GelMA hydrogel. Af-
ter injection of fGOy . /GelMA to the infarcted heart, a substan-
tial improvement in microcapillary density at the infused peri-
infarct region and a decrease in scar formation were observed.[6%]
In addition, compared to control group (pure GelMA), improve-
ment in cardiac function, based on echocardiography (after the
fGOyggr/GelMA injection) was reported. This nonviral hybrid
complex of f{GO and DNA was introduced as a promising strategy
for M1 therapy.[%33] In another study, to develop an electroconduc-
tive hydrogel for controlled release of dexamethasone, polyacry-
lamide (PAM)/CS interpenetrating polymeric network (IPN) was
applied as the hydrogel matrix where PPy nanorods were formed
in situ inside this hydrogel network.[}! According to Figure 5C-i,
during the polymerization process, dexamethasone was added to
the prepolymer solution to provide electrostatic interactions with
the PPy. As shown in Figure 5C-ii, while the tough PAM/CS IPN
matrix revealed an unstimulated burst release of dexamethasone,
incorporation of PPy provided a controlled release of dexametha-
sone using external electrical stimulation. The cumulative release
was also improved by increasing the PPy concentration and stim-
ulation voltage. In this study during the oxidative polymerization
process, the free anionic drug was incorporated in the PPy ma-
trix as a dopant molecule. When the PPy was electrochemically
reduced under negative potentials, the anionic drug was released
because the positive charge state of the polymer backbone was
changed (Figure 5C-iii). This electrical stimulation could also pro-
mote the elongation and activity of C2C12 cultured on this elec-
troconductive hydrogel.[%*]

Recently, MN array patches have been also applied for the
controlled release of drugs for cardiac disease therapy. In this
regard, a CN'Ts integrated MN patch was developed as an inno-
vative strategy for treating cardiac diseases.[** This patch could
accommodate hiPSC-derived CM attachment and alignment for
the treatment of MI using a mouse model. As shown in Fig-
ure 5D-i, this multi-layer patch had a bottom layer encapsulating
angiogenic and antiphlogistic drugs, a middle layer made of
parallel aligned CNTs, and an upper layer of GeIMA hydrogel.
This electroconductive MN patch with an anisotropic structure
could induce cell alignment (Figure 5D-ii) and provide a platform
for electrical signal conduction among cells. In addition, the
aligned CNT layer could ensure the simultaneous contraction of
CMs cultured on the patch (Figure 5D-iii). Moreover, VEGF and
interleukin-10 (IL-10) loaded bottom layer of MN patch could
facilitate revascularization and hinder inflammatory reaction of
the damaged zone, respectively.

In conclusion, three factors are necessary for a successful de-
sign of heart-targeted drug delivery systems. First, it is important
to learn the basics of different cardiac disorders, such as their
origin, pathological manifestations, clinical aspects, and desired
therapy. Second, appropriate heart-targeted drug carriers must be
chosen, and their active targeting characteristics should be ad-
justed in order to increase the stability of loaded therapeutics.
Finally, the right targeting ligands should be identified to guaran-
tee that the nanocarriers connect specifically with complimentary
molecules on the surface of the targeted cells.*]

© 2022 Wiley-VCH GmbH
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5. Conclusions

Cardiac tissue engineering has been developed as a possible al-
ternative to improve heart function in patients with heart fail-
ure. In this regard, promoting the electrical integration of car-
diac scaffolds with the host tissue may restore the functionality
of the injured heart. There are several forms of electroconductive
materials employed in cardiac tissue engineering, including gold
and carbon-based nanomaterials, as well as electroactive poly-
mers (e.g., PANI and PPy). The engineered scaffolds containing
conductive agents have been developed using a variety of meth-
ods, most notably 3D printing and electrospinning. These elec-
troconductive scaffolds encapsulated with CMs and/or therapeu-
tic agents (e.g., small molecule drugs, growth factors, and RNA-
based therapeutics) have shown to promote cardiac tissue re-
generation through CMs stimulation and controlled release of
different bioactive molecules. It is worth noting that, while a
plethora of studies summarized ihere aimed at cardiovascular
disease therapy using electroconductive materials, none of them
satisfy all the needs for successful in vivo applications, and we
are still waiting for an appropriate cure to reach patients. There-
fore, the design and implementation of preclinical trials that can
simulate native tissue microenvironment will facilitate reaching
clinical trials. In this regard, clinically relevant and meticulously
designed pre-clinical trials, especially large animal studies, are re-
quired to expedite the translation of these findings.!”>! However,
since genetic and environmental variables play a prominent role
in cardiovascular diseases, matching a specific condition to a sin-
gle experimental model is challenging. As a result, no model pre-
cisely replicates the complication of the human body. To putin a
nutshell, cost, equipment, and the need for specialist employees
should all be taken into account and the models that best imitate
the condition should be chosen based on all of these factors and
the available budgets.[®!

Despite all the existing obstacles, the area of in-
jectable/printable biomaterial-based regenerative medicine
for cardiovascular disease has great potential to benefit a large
number of patients, and it is expected that these strategies would
quickly progress through clinical trials.
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