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Abstract

Cardiovascular diseases represent a significant public health challenge and are responsible for more than 4 million deaths
annually in Europe alone (45% of all deaths). Among these, coronary-related heart diseases are a leading cause of mor-
tality, accounting for 20% of all deaths. Cardiac tissue engineering has emerged as a promising strategy to address the
limitations encountered after myocardial infarction. This approach aims to improve regulation of the inflammatory and
cell proliferation phases, thereby reducing scar tissue formation and restoring cardiac function. In cardiac tissue engineer-
ing, biomaterials serve as hosts for cells and therapeutics, supporting cardiac restoration by mimicking the native cardiac
environment. Various bioengineered systems, such as 3D scaffolds, injectable hydrogels, and patches play crucial roles
in cardiac tissue repair. In this context, self-healing hydrogels are particularly suitable substitutes, as they can restore
structural integrity when damaged. This structural healing represents a paradigm shift in therapeutic interventions, offering
a more native-like environment compared to static, non-healable hydrogels. Herein, we sharply review the most recent
advances in self-healing hydrogels in cardiac tissue engineering and their potential to transform cardiovascular healthcare.

Keywords Self-healing hydrogels - Cardiac tissue engineering - Cardiac regeneration - Cardiac cell therapy - Cardiac
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1 Introduction
Cardiovascular diseases are the leading cause of mortality
and morbidity worldwide, resulting in the loss of approxi-
mately 17.8 million lives in 2017 (Townsend et al. 2016;
04 Tatiane Eufrasio-da-Silva Mensah et al. 2019). Since 2006, it was projected that the
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numbers would be alarming, impacting 23.3 million lives
by 2023. This would mean that, compared to 2017, there
could be a 30% increase in the mortality rate linked to
cardiovascular complications (Mathers and Loncar 2006).
Heart-related pathologies—such as congenital anomalies,
ischemic complications, trauma, and inflammation—com-
promise cardiac structure and function, often resulting in
irreversible acute or chronic heart failure. The limited regen-
erative capacity of natural cardiac stem cells leaves the heart
vulnerable to arrhythmias, as well as significantly decreased
ejection fraction and adverse remodeling (Hernandez et al.
2019; Virani et al. 2020; Riggs et al. 2020). Myocardial
infarction (MI) and ischemic events further complicate mat-
ters, leading to acute loss of myocardial tissue and mechani-
cal instability, resulting in dilation, hypertrophy, and tissue
scarring. Noticeably, left ventricular remodeling after MI
stands out as the primary driver of heart failure (St. John
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Sutton and Sharpe 2000). Therefore, there is an urgent need
for innovative interventions to support cardiac regenerative
approaches and circumvent the drawbacks of these heart-
related pathologies. This context sets the stage for explor-
ing the potential of self-healing hydrogels in addressing the
structural and functional challenges encountered in cardiac
tissue engineering.

Over the past years, various biomaterials have been
investigated to address the needs of cardiac tissue regenera-
tion (Nelson et al. 2011; Paul et al. 2014; Wang et al. 2016;
Lind et al. 2016; Montgomery et al. 2017; Liang et al. 2018;
The et al. 2023), but there is still much more to accomplish.
Among those biomaterials, conductive scaffolds and hydro-
gels have garnered significant attention, given the impor-
tance of electrical stimulation in cardiac tissue regeneration.
For instance, Furlani et al. have investigated promising
electroconductive scaffolds as conductive interfaces. Their
study demonstrated that these scaffolds are non-cytotoxic
and biocompatible, enabling cardiomyoblasts to interact
strongly and form adherent clusters on the scaffolds (Furlani
et al. 2023). Additionally, attention has been directed toward
distinct manufacturing strategies of cardiac patches pre-
dominantly based on those materials, utilizing both natural
and synthetic materials (Tian et al. 2012; Montgomery et al.
2017; Izadifar etal. 2018; Yang et al. 2019). In this vein, non-
hydrogel and non-self-healable materials have been widely
used to create cardiac molds. For example, polydimethyl-
siloxane (PDMS) was used to produce cardiac molds that
maintained their electrical properties without causing irreg-
ular heart rthythms, though they faced limitations in estab-
lishing electrical connections with host tissue (Shadrin et al.
2017). Likewise, researchers have also combined materials
such as GeIMA and bioprinted non-self-healable hydrogel-
derived scaffolds made from cardiac extracellular matrix
and human cardiac progenitor cells (hCPCs) to manufac-
ture cardiac patches, demonstrating high cell viability and
enhanced gene expression related to heart tissue develop-
ment, which improves reconstruction of damaged heart
tissue (Bejleri et al. 2018). Additionally, genetically engi-
neered hepatocyte growth factor-expressing MSCs were
encapsulated within 3D cardiac patches (Park et al. 2020),
nanocellulose-based cardiac patches were investigated with
HO9c¢2 cardiomyoblasts (Ajdary et al. 2020), or even a multi-
functional epicardial device was synthesized consisting of a
biodegradable elastic patch (Huang et al. 2021). Despite all
the advancements, non-self-healing materials have inher-
ent limitations, such as poor mechanical properties and
durability issues. In particular, non-self-healing biomateri-
als typically require repeated interventions since they are
susceptible to damage during injection or implantation and
cannot repair themselves (Jensen et al. 2010a; Jensen et al.
2010b; Diba et al. 2018; Nejadnik et al. 2014). Furthermore,
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cardiac tissue necessitates a high degree of adaptability to
cope with the variable environment post-myocardial infarc-
tion (MI) and to withstand the significant mechanical stress
and strain it endures. Additionally, a remarkable drawback
of non-self-healable hydrogels is their inability to release
drugs or cells in a sustained manner due to their rapid degra-
dation or breakage following implantation (Yin et al. 2023).

At the forefront of this field, self-healing hydrogels have
emerged as a new promising alternative in cardiac tissue
engineering. These hydrogels can restore structural integrity
when damaged, representing a paradigm shift in therapeu-
tic intervention. By addressing the vulnerability of surgi-
cally configured non-self-healable cardiac patches under
mechanical load, self-healing hydrogels offer the potential
to enhance the longevity and functionality of these critical
interventions. Moreover, self-healing hydrogels offer a more
native-like and dynamic milieu for cells compared to their
static non-healable counterparts. This is because the cells
cannot adapt through remodeling within non-self-healing
hydrogels, as these have strong and irreversible crosslinking
bonds. Meanwhile, since self-healing hydrogels are made
from dynamic bonds that can break and re-bond, they are
much easier to remodel and better suited for injection-based
therapies due to their high shear-thinning capacity (Sun et
al. 2023a).

Consequently, self-healing hydrogels have emerged as
versatile tools for advancing cardiac tissue regeneration,
such as in minimally invasive clinical therapy approaches.
Additionally, they serve as carrier platforms for multiple
therapeutic substances (including growth factors and stem
cells), facilitating targeted delivery to aid in specific tissue
repair and renewal. These hydrogels are crafted to mirror
dynamically the active extracellular matrix (ECM) of car-
diac tissue, fostering a conducive environment to develop
and maintain vital cellular processes such as adhesion,
proliferation, and differentiation. Likewise, functioning as
supportive scaffolds, they not only offer mechanical rein-
forcement but also play a pivotal role in orchestrating the
assembly of cardiac cells, guiding their organization into
functional tissue (Quan et al. 2022).

This review provides a detailed overview of the latest
advancements, key challenges, and prospects of self-heal-
ing hydrogels in cardiac tissue engineering. By offering a
detailed examination of their transformative capabilities, it
presents a holistic view of how self-healing hydrogels have
the potential to reshape the field of cardiac tissue engineer-
ing. Indeed, this exploration of self-healing hydrogels opens
new horizons in cardiovascular healthcare, paving the way
for innovative solutions and advancements in the treatment
of heart-related disorders.
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2 Cardiac formation and regeneration - a
brief overview

In this section, we will provide a brief explanation of heart
anatomy and cardiac tissue, followed by a state-of-the-art
description of cardiac tissue engineering.

2.1 Heart anatomy and cardiac tissue

The cardiovascular system originates from mesodermal
cells, which differentiate into the myocardium, mesothelial
pericardium, and endothelium (endocardium). Between the
third and seventh weeks of embryonic development, the
primitive heart is formed (Kussman et al. 2023). Cardiogen-
esis begins around day 20-21 post-fertilization when two
parallel endocardial vascular tubes fuse into a single tube.
This tube begins to expand and beat by the third week, sub-
sequently undergoing cardiac looping, a process of dextral-
looping (rightward twisting) and levo-looping (leftward
twisting), initiating the formation of the early four-chamber
embryonic heart. Starting in the fourth week, the endocar-
dial cushion tissue located in the mid-central part of the heart
expands (from this tissue, the tricuspid and mitral valves,
as well as parts of the atrial and ventricular septa, develop)
(Romero Flores et al. 2023). Since the early stages of life,
the exclusive electrophysiological rhythm, along with the
distinct organization of cardiac cells and the extracellular
matrix (ECM), generates a mechano-pressure output, pro-
ducing a hemodynamic force expected to persist throughout
the life cycle. The heart features a robust, organized mus-
culature, with cardiomyocytes and the ECM (myocardium)
at its core, responsible for generating motion force. This
musculature is surrounded by a fluid system known as peri-
cardial fluid, enclosed within a membrane called ‘fibrous
pericardium’, which maintains the heart’s anatomical posi-
tion. The pericardial fluid (located between the heart and
the fibrous pericardium) provides external lubrication for
cardiac motion. Internally, the endocardium—situated in
the intra-heart cavity and comprising endothelial trabecu-
lae—also supports the heart’s pumping action. The anatomy
of a fully developed heart, from macro to micro levels, is
illustrated in Fig. 1A.

2.2 State-of-the-art in cardiac tissue engineering

Cardiovascular tissue engineering has emerged as a prom-
ising approach to tackle the complex challenges posed by
cardiovascular diseases and disorders (Fig. 1B), ranging
from cardiac muscle to blood vessels and valves. Special
attention is devoted to overcoming issues arising from
MI; thus, studies have been targeting all phases of post-
MI progression, such as inflammatory, proliferative, and

maturation phases (Zheng et al. 2021; Schotman and Dank-
ers 2022). Nevertheless, the treatment in early post-MI (the
inflammatory phase) is crucial to avoid major inflammation,
leading to cell death, and tissue damage. Cellular-based
therapies introduced during this phase might inadvertently
release pro-inflammatory cytokines and chemoattractants,
potentially exacerbating the detrimental effects rather than
offering benefits. However, the timing of therapeutic inter-
ventions becomes crucial as the MI response evolves (Pup-
kaite et al. 2020).

Biomaterials play a skeletal role in cardiac tissue engi-
neering, particularly hydrogels that are able to mimic the
biological, mechanical, chemical, and electrical cues of the
native myocardium. Moreover, hydrogel-based systems can
enhance cell viability and enable targeted delivery, thus
fostering successful regeneration. Injectable hydrogels,
in particular, offer a compelling advantage as they can be
delivered through minimally invasive methods, reducing
the potential for further tissue damage (Bejleri et al. 2018;
Zhang et al. 2022) (see Fig. 1C). For example, when admin-
istered shortly after MI, these hydrogels face challenges
due to the harsh microenvironment and altered tissue char-
acteristics. Yet, their strategic deployment within the first
hours post-MI has been shown to enhance vascularization,
mitigate inflammation, and curtail scar expansion (Li et al.
2021). Moving into the proliferative phase, the dynamics
shift to reduced inflammation and increased formation of
collagen-rich scar tissue initiated by myofibroblast prolif-
eration, making hydrogels more effective. Their capacity
to resist degradation aligns with the evolving tissue envi-
ronment, improving their overall performance (Chin et al.
2022).

Nevertheless, substantial evidence indicates that tradi-
tional hydrogels, while useful, present significant challenges
that hinder their long-term effectiveness in therapeutic appli-
cations. Specifically, traditional hydrogels face durability
and mechanical property issues in cardiac tissue engineer-
ing. Their limited longevity post-injection and inability to
self-repair lead to a shorter lifespan, necessitating repeated
injections or replacements (Yin et al. 2023). In addition,
traditional hydrogels often lack the dynamic cross-link-
ing mechanisms needed to adapt to mechanical stress and
strain, a crucial property for cardiac applications. Biocom-
patibility is another concern, as traditional hydrogels may
degrade quickly and fail to integrate seamlessly with sur-
rounding tissues, potentially triggering immune responses
and insufficient support for cardiac tissues (Li et al. 2023a).
Furthermore, traditional hydrogels often cannot provide
controlled and sustained drug delivery, reducing the effec-
tiveness of therapeutic agents and requiring more frequent
interventions, thus increasing procedural risks for patients
(Xu and Hsu 2023). In contrast, self-healing hydrogels offer
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Fig. 1 (A) Cross-sectional heart anatomy illustration showing from
macro- to micro-level; (B) Illustration of the most common cardiac-
derived diseases and disorders, that in different extends affect the
heart tissue and its function; and (C) Explanation of cardiac tissue
regeneration following a MI, without early-stage tissue engineer-
ing intervention, highlighting the detrimental effects of unbalanced
immunomodulation and proliferation processes (excessive myofibro-

significant advantages. Their ability to repair themselves
enhances durability and longevity, making them more effi-
cient for long-term use. Superior mechanical properties and
improved biocompatibility make self-healing hydrogels
more suitable for cardiac tissue engineering applications,
allowing better integration with surrounding tissues and
reducing immune responses (Li et al. 2023b). Overall, the
unique properties of self-healing hydrogels, including their
durability, adaptability, and biocompatibility, make them a
superior choice for many medical applications, including
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blast proliferation, collagen, and ECM deposition lead to scar tissue
maturation and ultimately heart failure). Nevertheless, the intervention
of tissue-engineered hydrogels and cardiac patches with self-healing
hydrogels improves control over the inflammatory and proliferative
phases post-MI, significantly enhancing cardiac tissue regeneration
and treatment

cardiac tissue engineering. However, further research is
needed to advance the use of hydrogels in cardiac tissue
engineering.

In summary, cardiac tissue engineering offers a multifac-
eted strategy to address the complex challenges of post-myo-
cardial infarction stages. Careful timing of interventions,
particularly with injectable hydrogels, holds great promise
in influencing the healing process. Continued research and
refinements in biomaterial designs, including self-healing
approaches, delivery techniques, and understanding of
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the myocardial microenvironment, will likely enhance the
effectiveness of cardiac tissue engineering in promoting
post-MI healing and regeneration (Holmes et al. 2005; Ertl
and Frantz 2005; Wen et al. 2020).

3 Self-healing hydrogels in cardiac tissue
engineering

In this section, the latest progress on functional self-healing
hydrogel design for cardiac tissue engineering applications
is explored. Beforehand, an overview of the definition of
self-healing hydrogels and types of bonds that conduct to
such properties is also provided.

3.1 Definition of self-healing hydrogels and types
of bonds

Self-healing hydrogels refer to those with the capacity to
restore their structure after being fractured, both micro- or
macroscopically. This ability gives self-healing hydro-
gels long-term stability and makes them durable over time
(Wang et al. 2018; Talebian et al. 2019). In this vein, intrin-
sic self-healing mechanisms can be divided into two groups:
physical non-covalent crosslink interactions and chemical
covalent crosslink interactions.

However, many times, on their own, none of these mech-
anisms is enough to fulfill the requirements for self-healing
hydrogels, as strength, toughness, fast self-healing ability,
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Fig. 2 Schematic illustration: common self-repairing mechanisms
involved in self-healing hydrogels

or water content are always compromised (Ritchie 2011;
Cong et al. 2013; Gong et al. 2016; Karvinen and Kelloméki
2022). Thus, the applications of these self-healing hydro-
gels are often limited because of their mechanical properties
(Sun et al. 2012). For this reason, scientists are investigating
new approaches to obtain the best properties for the above-
mentioned systems. These approaches include either com-
bining non-covalent and covalent crosslinking systems, as
well as aligning nanomaterials or polymers with the hydro-
gels to enhance their mechanical properties without com-
promising their self-healing ability (Gong 2010; Henderson
et al. 2010; Sun et al. 2013; Zhu et al. 2015; Karvinen and
Kellomaiki 2022).

In this section, we will describe the main physical non-
covalent crosslink interactions and chemical covalent cross-
link interactions (Eufrasio-da-Silva et al. 2024). In parallel,
Fig. 2 provides an overview of these interactions.

3.1.1 Physical noncovalent interactions

Physical noncovalent interactions are usually based on weak
links, which give the hydrogel low mechanical strength but
rapid and efficient self-healing capacity. These interactions
are listed on the left side of Fig. 2.

Hydrogen bonds are probably the most known of this
kind of interaction, as they are very frequent in nature.
They are formed when a hydrogen atom is attracted to two
atoms (such as N, O, or F), increasing their electronegativ-
ity. Hydrogen bonds need to be combined with stronger
bonds, forming double-network hydrogels, and contributing
to good elastic mechanical properties (Desiraju 2002; Geng
et al. 2020).

Hydrophobic interactions are of great interest when
designing self-healable hydrogels, especially for delivering
hydrophobic drugs (P et al. 2019). These interactions are
occurring often in nature, for example in protein folding.
They are slightly stronger than H-bonds and can be con-
trolled by modifying the shape or the number of hydropho-
bic moieties in them. Hydrophobic interactions are easily
reversible, due to their unstable configuration (Head-Gor-
don and Stillinger 1995; Talebian et al. 2019).

Host-guest interactions refer to those consisting of the
conjugation of cyclodextrin structures with hydrophobic
molecules into their hydrophobic cavities. Thus, they are
a more complicated variety of hydrophobic interactions
(Kakuta et al. 2013). However, the water uptake needs to
be monitored due to the high density of hydrophobic sites in
the system (Head-Gordon and Stillinger 1995).

Ionic bonds occur between oppositely charged ions as
part of polymers or other structures and nanomaterials. The
addition of these nanomaterials can improve the mechanical
properties of the system. The most common ionic bonded
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system is alginate hydrogel, which is formed by crosslink-
ing negatively charged alginate polymers with divalent
positively charged ions, usually calcium (Augst et al. 2006;
Talebian et al. 2019).

n-n stacking interactions include the links between aro-
matic rings based on m bonds. There are three possible
configurations based on the position of the linked groups:
T-shape, parallel displaced, or sandwich configuration.
These interactions can also occur within other biologi-
cal molecules. They are sometimes weaker than hydrogen
bonds (Zhao and Zhang 2016; Y et al. 2021).

Lastly, there is one potential interaction, known as crys-
tallization that encompasses different noncovalent interac-
tions between the chains of a soil polymer, such as H-bonds,
hydrophobic interactions, or ionic bonds (N et al. 2018).

3.1.2 Chemical covalent interactions

Chemical covalent interactions include both metal coordina-
tion bonds (chelation) and dynamic covalent bonds, which
in contrast to common covalent bonds, are able to recon-
nect without physical stimuli, making the reactions that
form them reversible when they are under equilibrium con-
trol conditions (Rowan et al. 2002; Jin et al. 2013). These
interactions occur as a result of the chemical reactions listed
on the right side of Fig. 2. They are usually stronger than
noncovalent interactions, even so, they create less healable
hydrogels.

Within this classificatory framework, firstly, chelation
refers to coordinate bonds in which one positively charged
transition-metal ion is surrounded by organic molecules act-
ing as ligands, to create complex lattice structures. These
bonds are usually stronger than the other covalent interac-
tions, and they are unique for their adhesivity, elasticity,
and reversibility, creating hydrogels with high self-healing
capacity (Talebian et al. 2019).

Moving on to dynamic covalent bonds, we will focus on
those made from imine, acylhydrazone, disulfide, boronate
ester, and Diels—Alder reactions:

Imine bonds are the most widely used covalent interac-
tions for the creation of self-healing hydrogels, forming
compounds that are also known as Schiff bases. These are
synthesized by the reaction of an aldehyde group with a pri-
mary amine. An example of this kind of interaction happens
between chitosan and benzaldehyde-terminated Pluronic (J
et al. 2018).

Acylhydrazone bonds are formed via a condensation
reaction between a hydrazine and an aldehyde group. These
interactions can be spontaneously created under physiologi-
cal conditions, making them great candidates to form self-
healable hydrogels, as well as injectable hydrogels due to
their ideal crosslinking time (Talebian et al. 2019).
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Regarding disulfide bonds, on the one hand, they are
weaker than the previous ones, and on the other hand, they
might be reduced under biological conditions due to their
sensitivity to glutathione, a reducing agent present in most
human tissues (Qstergaard et al. 2004). Thus, they are not
very commonly used to form self-healing hydrogels. Essen-
tially, they are thiol-disulfide dynamic exchange reactions.

Boronate esters arise from the interactions between diols
and boronic acid, usually when the pH of the medium is
higher than the pKa of the boronic acid (8 pKa). Thus, these
interactions are highly sensitive to pH modulations and can
respond to pH changes in human tissues, whenever they are
compatible with them, as shown by Deng C et al. after com-
bining boronic acid monomer with 2-acrylamidophenylbo-
ronic acid (Deng et al. 2015).

Lastly, Diels-Alder reactions are essentially electrocyclic
reactions that involve nt electrons from HOMO and LUMO
molecular orbitals that occur in conjugated diene and
dienophiles. These reactions are reversible under high tem-
peratures, which do not usually occur in physiological con-
ditions, making them difficult to use in medical applications.

3.2 Functional design of self-healing hydrogels for
cardiac tissue engineering applications

In this section, we will discuss the main functional designs
that are being investigated to develop self-healing hydrogels
for cardiac tissue engineering applications. Furthermore,
Table 1 provides an overview description of the latest self-
healing hydrogels.

3.2.1 Self-healing hydrogels for bio-inks & 3D printed
scaffolds

The progress in engineering strategies within the realm of
3D bioprinting has undergone various stages, initially pro-
gressing by using hydrogels alone to 3D-print scaffolds;
and more recently, by incorporating active molecules and
cells into the hydrogels-based inks in order to form bio-
inks (Chimene et al. 2020; Fonseca et al. 2020). The field
of 3D bioprinting technology has made significant progress,
facilitating the creation of tissue mimetics and organoids.
3D bioprinting also serves as a highly valuable strategy
for creating implantable biomaterials and tissue engineer-
ing scaffolds, as well as for developing in vitro models for
drug testing purposes, aiming to reduce the use of animals in
research (Izadifar et al. 2018; Heinrich et al. 2019; Chimene
et al. 2020; Fonseca et al. 2020; Lim et al. 2020; Tolabi et
al. 2023).

Four primary printing techniques—extrusion-based bio-
printing (EBB), inkjet-based bioprinting (a type of droplet-
based bioprinting, DBB), laser-assisted bioprinting (LBB),
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and stereolithography—are extensively employed in the
field of bioprinting. Among these, EBB is the most prevalent
method for printing self-healing and shear-thinning hydro-
gels (Karvinen and Kelloméki 2024). Both covalent and
physical crosslinking methods have been utilized in EBB.
However, despite the variety of self-healing crosslinking
methods available, only a limited number have been applied
to 3D bioprinting for cardiac biomedical applications. In
the context of self-healing covalently crosslinked hydro-
gels, imine and hydrazone crosslinking are predominantly
employed. For extrudable supramolecular hydrogels, cross-
linking methods such as host-guest interactions, coordina-
tion bonding, peptide-peptide interactions, and hydrophobic
interactions have been used. To enhance the mechanical sta-
bility of the printed structure, secondary post-crosslinking is
often applied. Other less conventional methods of 3D bio-
printing used for self-healing hydrogels include inkjet print-
ing and stereolithography (Karvinen and Kelloméki 2024).

Self-healing hydrogels have emerged as the most promis-
ing ink materials for 3D bioprinting because, unlike tradi-
tional hydrogels, their bonds, as well as their initial structure,
functionality, and properties, can be restored after damage
(for example, after extrusion). The reversible interactions
within hydrogels not only provide desirable mechanical
properties, such as mechanical strength and elasticity, but
also enhance shear-thinning, which further improves print-
ability (Xu et al. 2019). Consequently, the use of self-heal-
ing hydrogels obviates the need for controlling the gelling
process for mechanical stabilization purposes.

In the realm of cardiac tissue engineering, the 3D bio-
printing of self-healing hydrogels remains relatively unex-
plored. Nonetheless, a notable study by Daly et al. has made
significant strides in this area, as can be seen in Fig. 3A. The
researchers developed spheroids composed of self-healing
hydrogels, incorporating variations in cell types—spe-
cifically, iPSC-derived cardiomyocytes and cardiac fibro-
blasts in different ratios—to simulate healthy and fibrotic
cardiac microtissue. This pioneering work has opened new
avenues for research, particularly by creating models that
replicate pathological scar environments following myo-
cardial infarction (Daly et al. 2021). Another significant
study developed composite hydrogels through a Schiff base
reaction between the aldehyde group of oxidized konjac
glucomannan (OKGM) and the amino group of branched
polyethyleneimine (PEI). This hydrogel exhibited both self-
healing properties and shear-thinning capability, rendering
it suitable for 3D bioprinting technology. Additionally, the
incorporation of carbon nanotubes (CNTs) resulted in elec-
troactive hydrogels, which hold potential for application
in cardiac tissue regeneration (Wang et al. 2022). Further-
more, Loebel et al. published a comprehensive protocol in
Nature Protocols detailing the preparation methodology for

@ Springer

shear-thinning and self-healing hydrogels suitable for 3D
printing, with potential applications in cardiac tissue engi-
neering, which outlines the promising future of this technol-
ogy (Loebel et al. 2017).

3.2.2 Localized injection - strategies of therapeutic
delivery

Current research in the area of cardiac regeneration has
raised diverse treatment options, such as cell therapy (with
the administration of stem cells) and protein therapy, which
utilize growth factors and inflammatory mediators; these are
among the most effective strategies for promoting cardiac
tissue regeneration, although drug delivery platforms and
siRNA liberation systems are also being developed (Salu-
das et al. 2017).

In addition to the treatment modality itself, researchers
are also exploring administration methods as an impor-
tant factor to consider. In this context, minimally invasive
approaches are highly desirable. Catheter-based delivery
of injectable hydrogels can be achieved through either
intravenous or intra-myocardial injection. For intravenous
injection, the hydrogels must be in liquid-like state dur-
ing injection and then transition to gel form upon reach-
ing the target myocardium (Leor et al. 2009). For example,
Bastings et al. developed a pH-responsive supramolecular
hydrogel carrying growth factors that transitions to a liquid-
like state at pH > 8.5 during injection, and upon contact with
cardiac tissue, transitions to a solid-like state, thereby adapt-
ing well to the injection site (Bastings et al. 2014). How-
ever, this intravenous injection approach poses a challenge
due to its low treatment retention, and therefore, requires
further study (Saludas et al. 2017). Meanwhile, for intra-
myocardial injection, hydrogels can be deposited directly
into the cardiac tissue (Bastings et al. 2014). Injectable self-
healing hydrogels are emerging as a particularly attractive
option for this purpose, as illustrated in Fig. 3B (Zhang et
al. 2022). Table 1 provides a summary of some of the latest
self-healing hydrogels used in localized deliveries, targeting
therapeutic and regenerative strategies for cardiac tissue.

3.2.3 Cardiac patches

Cardiac patches present a promising avenue for addressing
the intricate challenges associated with heart disease. For
example, left ventricle remodeling after MI has limited abil-
ity to regenerate; consequently, the healthy ECM is replaced
with scar tissue, impairing the overall functioning of the
heart (Gaetani et al. 2012). One of the key advantages of
cardiac patches is their ability to provide mechanical sup-
port to the damaged heart tissue, thereby reducing the stress
on the walls and preventing the enlargement of the heart
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muscle. This is particularly crucial in the initial stages of
disease progression, where the weakening of the walls and
the risk of permanent scarring of the heart muscle are sig-
nificant concerns (Sarig et al. 2016; D’ Amore et al. 2016;
Lin et al. 2019).

To some extent, cardiac patches facilitate the integration
of advanced nanostructure material designs and high-res-
olution features, which are frequently compromised when
conventional injection methods are used. Innovative cardiac
patches aim to promote the migration of functional heart
muscle cells, repairing heart deficiencies without the forma-
tion of scar tissue. The selection of materials and designs
to develop cardiac patches significantly affects their char-
acteristics, such as conductivity, modulus, non-toxicity, and
drug release capabilities. In this vein, the use of self-healing
injectable hydrogels for cardiac patch development is an
attractive strategy for cardiac repair, where these hydrogels
not only mechanically support infarcted tissue and prevent
pathological ventricular remodeling, but also have the abil-
ity to repair their own structure and regain their original
properties after sustaining damage (Song et al. 2021; Jiang
et al. 2022; Hu et al. 2022; Yu et al. 2022) (Fig. 3C).

Some of the notable research focused on patch devel-
opment for cardiac tissue engineering includes the study
by Song et al., which investigates a novel self-healing
ionic hydrogel (POG1) developed by incorporating FDA-
approved biocompatible polyacrylic acid (PAA) into
the hydrogel matrix. This hydrogel exhibits remarkable
mechanical properties, including stretchability exceeding
500% strain and compressibility over 85% strain, along
with self-healing capabilities and highly stable, ultra-homo-
geneous conductivity. In vitro studies demonstrate oriented
growth and functionalization of cardiomyocytes. In vivo,
POGI1 provides long-lasting myocardial infarction repair
and maintains stable conductivity under cyclic deformation,
indicating its potential for advanced cardiac therapy (Song et
al. 2021). Another noteworthy article by Yu et al. describes
the development of an injectable mechanical-electrical cou-
pling hydrogel patch (MEHP) created through dynamic
covalent and noncovalent cross-linking. This MEHP exhib-
ited self-healing and self-adhesive properties, with electrical
conductivity and sensitivity tailored to match myocardial
tissue. The application of the MEHP showed enhanced elec-
trical connectivity between healthy and infarcted myocar-
dial regions, thereby potentially offering a novel therapeutic
approach for cardiac repair post-myocardial infarction (Yu
et al. 2022). Hu et al. developed a conductive, self-healing
zwitterionic hydrogel by copolymerizing carboxybeta-
ine methacrylate (CBMA) and hydroxyethyl methacrylate
(HEMA), both biocompatible monomers. This hydrogel
enhances the synchronous contraction of cardiomyocytes
in vitro by increasing o-actinin and Connexin-43 (CX-43)

@ Springer

expression. In vivo, it promotes electrophysiological signal
transmission and improves revascularization in the infarcted
area, suggesting its potential for myocardial infarction treat-
ment (Hu et al. 2022).

A more detailed description of self-healing hydrogels
designed for cardiac patch applications, along with those
intended for other purposes, is presented in Table 1.

4 Final remarks and future perspectives

Although significant progress has been made in the research
on self-healing hydrogels for cardiac tissue regeneration, it
is worth noting that the number of studies remains limited
and none have advanced to clinical trials. Nevertheless, pre-
clinical trials have been performed by using animal models
and promising outcomes have been reported. In this context,
we will now highlight some of the studies mentioned in the
previous sections, focusing specifically on their advance-
ment in pre-clinical trials. For example, one of the first
studies in a large animal model was the one by Bastings et
al., where they delivered a responsive self-healing hydrogel
loaded with growth factor for controlled release via intra-
myocardial injection using NOGA™ catheter, resulting in
a reduction of collagen scar (Bastings et al. 2014). How-
ever, the majority of the research in the field of self-healing
hydrogels for cardiac tissue regeneration has been carried
out in small animal models. Jiang et al. 3D-printed a bi-
layered cardiac patch formed by a self-healing hydrogel
with recombinant functional proteins. The research con-
tinued by performing a pre-clinical trial using two mouse
animal models: (i) transmural LV puncture model and
(i1) MI model. They observed that by replacing the tradi-
tional suture method for wound closure by using self-heal-
ing hydrogels the heart function improved while fibrosis
decreased (Jiang et al. 2022). It is well-known that the elec-
trophysiological rhythm between cardiac cells and ECM is
crucial for optimal cardiac function. Most recently, conduc-
tive self-healing hydrogels have also been explored in vivo.
For example, Song et al. developed and studied in vivo a
self-healing ionic conductive hydrogel for cardiac patches,
manufactured by combining oxidized alginate, gelatin, and
PAAc at ratios of 0, 9.1, or 16.6 mg/ml. The formulation
containing 9.1 g/ml of PAAc showed a reduced fibrotic area,
thicker LV wall, and higher microvessel density (Song et
al. 2021). Meanwhile, Zhang et al. developed a promising
self-healing hydrogel to treat post-MI, which has electrical
conductivity properties of 5.52x 10™% S/cm, matching the
natural cardiac electrophysiology (Zhang et al. 2022). As
observed in Fig. 3B, their conductive self-healable hydrogel
reduced the arrhythmia susceptibility at 4 weeks post-MI,
prevented LV remodeling, and reduced resistivity of the
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Fig. 4 Smart theranostic self-healing hydrogels merged with new technologies for tissue engineering can benefit cardiac tissue engineering

myocardial fibrotic tissue and infarcted size area; moreover,
at 4 weeks post-MI, the conductive self-healing hydrogel
showed high induction of angiogenesis (Zhang et al. 2022).
In vivo research was further performed with another cardiac
patch formed using a self-healable and zwitterionic con-
ductive hydrogel —copolymers of carboxybetaine meth-
acrylate (CBMA) and hydroxyethyl methacrylate (HEMA)

monomers—matching natural cardiac electrophysiology.
The aim was to enhance cell-cell communication and trig-
ger the propagation of electrical impulses in the infarcted
area (Hu et al. 2022). Altogether, the self-healable and zwit-
terionic conductive hydrogel improved cardiac function and
revascularization in the infarcted area, thereby repairing tis-
sue and promoting better electrophysiological signals (Hu et

@ Springer



36 Page 14 of 18

Biomedical Microdevices (2024) 26:36

al. 2022). Also recently, a self-healable injectable mechan-
ical-electrical-coupled hydrogel patch with interfacial wet
adhesion was developed and applied intrapericardially (Yu
etal. 2022). Remarkably, self-healing hydrogels and ADSCs
were combined, exploring cell therapy for cardiac repair
post-MI. Both hydrogels with and without ADSCs showed
promising results for cardiac therapy post-MI; nevertheless,
hydrogels with ADSCs enhanced performance, demonstrat-
ing higher left ventricular (LV) wall thickness, microvessel
density, actin area, reduced infarcted area, and improved
cardiac function after four weeks of post-MI treatment (Yu
etal. 2022).

Indubitably, the outcomes from research on self-healing
hydrogels in animal models are promising, and those hydro-
gels are expected to undergo clinical translation sooner than
projected. Those self-healing hydrogels with FDA-approved
and natural-based material sources will have a special
prevalence, mainly for cardiac cell therapy. Furthermore,
self-healing hydrogels with adhesiveness will gain special
attention, not only because cardiac-designated systems
are intensively subjected to mechanical loading, requir-
ing increased durability, but also due to their potential to
enhance the interface between cardiac patches and tissues,
thereby improving the accuracy of the bionic translational
stages. In addition, adhesive self-healing hydrogels can
serve as biomaterials for cardiac wound closure and healing,
particularly through minimally invasive approaches such as
injection, spray-based techniques, and devices.

In addition to the immediate applications mentioned
above, which could achieve faster clinical translation, self-
healing hydrogels should also be explored in personalized
pathological models and drug screens. Recent advance-
ments in conventional heart-on-a-chip technology, although
still using non-self-healable materials, have introduced
innovative methods to monitor cardiac function within
these devices. This includes microphysiological optical and
electrical observations for bionics, achieved by developing
heart-on-a-chip devices with integrated approaches aimed at
drug screening (Fu et al. 2018; Sun et al. 2023b). Further-
more, bioelectronic materials incorporated into heart-on-a-
chip systems have the potential to facilitate the integration
of bioelectronic devices, enabling better electrophysiologi-
cal monitoring of cardiac tissue in vitro models. Lind et al.
developed a 3D-printed, self-assembling cardiac micro-
physiological device using piezo-resistive and highly con-
ductive soft materials. They demonstrated that, in addition
to monitoring electrophysiological tissue contractility, these
systems could also be used to study drug responses (Lind et
al. 2016). In addition, researchers have incorporated mesh
nanoelectrodes into cardiac organoids (formed in this case
with a non-self-healing material). The use of silicon nanow-
ire-based bioelectronics has provided insights into encoding
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desired properties. Notably, these advanced approaches can
generate 3D maps of cardiac tissue activity over extended
periods, making them valuable tools in cardiac research
(Tian et al. 2012; Dai et al. 2016; Li et al. 2019; Kalmykov
et al. 2019). Building on the previously discussed state-of-
the-art in vivo studies, which showed that self-healing con-
ductive hydrogels can significantly restore cardiac function
and repair post-MI compared to non-self-healing hydrogels,
it is hypothesized that integrating self-healable conductive
hydrogels with dynamic organ-on-a-chip systems could
open new frontiers in cardiac tissue engineering and bio-
microelectromechanical systems (BioMENS). Furthermore,
this approach also paves the way for advanced smart ther-
anostic systems, cardiac tissue cyborgs, and innovations in
cardiac healthcare. Notably, theranostic self-healable hydro-
gels could potentially replace non-self-healing wearable
skin hydrogels designed to monitor cardiac function (Chun
et al. 2022). Moreover, such systems could be minimally
invasive, meaning they can be easily delivered and attached
to cardiac tissue, while also capable of both regenerat-
ing and monitoring heart biophysical signals in real-time.
Another noteworthy example of translational technology is
a near-infrared irradiation-induced self-healable triboelec-
tric nanogenerator (TENG) developed for potential use in
implantable electronic systems. Given the mechanical actu-
ation of heartbeats, these TENGs could pave the way for the
clinical translation of implantable systems that enable self-
powered wireless cardiac monitoring (Guan et al. 2018). In
summary, these are concrete translational examples where
smart theranostic self-healing hydrogel systems and Bio-
MENS integration can advance cardiac tissue engineering.
This approach can also enhance the development of cardiac
tissue cyborgs and improve cardiac healthcare monitor-
ing. Importantly, these advancements rely on collabora-
tion among physicians, materials scientists, and computer
scientists to support the evolution of cardiac regeneration
monitoring. This collaboration aims to provide personalized
treatments for patients and ultimately save lives.

5 Conclusion

Numerous investigations are being conducted to address the
challenges posed by MI. Based on current knowledge, self-
healing hydrogels remain an area that warrants further explo-
ration. Currently, the focus is primarily on the development
of injectable-based delivery systems and cardiac patches.
In vivo studies have demonstrated that the application of
self-healing hydrogels reduces fibrotic tissue, improves car-
diac function, and aids in repairing damage post-MI. Fur-
thermore, enhanced outcomes have been observed through
the use of self-healing conductive hydrogels, both with and
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without cell therapy integration. The latest advancements in
self-healing hydrogels are impacting the field of cardiac tis-
sue engineering and the realm of tissue cyborganics, show-
casing promising prospects for addressing cardiovascular
disorders (Fig. 4).
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