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Abstract: Cardiac fibroblasts’ (FBs) and cardiomyocytes’ (CMs) behaviour and morphology are
influenced by their environment such as remodelling of the myocardium, thus highlighting the
importance of biomaterial substrates in cell culture. Biomaterials have emerged as important tools for
the development of physiological models, due to the range of adaptable properties of these materials,
such as degradability and biocompatibility. Biomaterial hydrogels can act as alternative substrates
for cellular studies, which have been particularly key to the progression of the cardiovascular field.
This review will focus on the role of hydrogels in cardiac research, specifically the use of natural and
synthetic biomaterials such as hyaluronic acid, polydimethylsiloxane and polyethylene glycol for
culturing induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). The ability to fine-tune
mechanical properties such as stiffness and the versatility of biomaterials is assessed, alongside
applications of hydrogels with iPSC-CMs. Natural hydrogels often display higher biocompatibility
with iPSC-CMs but often degrade quicker, whereas synthetic hydrogels can be modified to facilitate
cell attachment and decrease degradation rates. iPSC-CM structure and electrophysiology can be
assessed on natural and synthetic hydrogels, often resolving issues such as immaturity of iPSC-CMs.
Biomaterial hydrogels can thus provide a more physiological model of the cardiac extracellular
matrix compared to traditional 2D models, with the cardiac field expansively utilising hydrogels to
recapitulate disease conditions such as stiffness, encourage alignment of iPSC-CMs and facilitate
further model development such as engineered heart tissues (EHTs).

Keywords: extracellular matrix; hydrogels; biomaterials; stiffness; cardiovascular

1. Introduction
1.1. Cardiac Extracellular Matrix

The myocardium consists of multiple cell types [1], with cardiomyocytes and cardiac
fibroblasts being the most abundant ones. In the healthy myocardium, the extracellu-
lar matrix (ECM) acts as a mechanical scaffold that provides structural organization and
support to these cells and is key for maintaining cardiac homeostasis by mediating cellu-
lar responses [2]. Cardiac diseases such as myocardial infarction and cardiomyopathies
trigger remodelling of the ECM, leading to increased collagen deposition and stiffness
of the extracellular matrix as part of pathological changes of the myocardium [3,4]. The
ECM is known to dictate cardiac cell behaviour by altering matrix rigidity, thus altering
cell phenotypes and structure [5]. Thus, elucidating the matrix environment within the
myocardium is relevant for understanding the progression of cardiovascular disease phe-
notypes. Recent cardiovascular research has shifted towards developing physiologically
comparable synthetic ECM models that mimic healthy and diseased myocardium tissues,
e.g., by utilizing hydrogels.

Induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) are cardiac cells
generated from stem cells which are widely used in the field for studying cardiac diseases
and modelling cardiac phenotypes as alternatives to primary cells or tissue [6]. Many
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in vitro models use iPSC-CM and cardiac fibroblasts cultured on plastic dishes or glass,
which often have a highly variable stiffness range from of 1 MPa–3 GPa. These conditions
do not reflect physiological conditions in the heart, with the healthy ECM possessing a
modulus of approximately 10 kPa whilst fibrotic ECM stiffness is approximately greater
than 40 kPa [7,8]. The stiffness of cell culture surfaces often correlates to different disease
phenotypes, such as transition of fibroblasts to myofibroblasts in cardiac fibrosis, which con-
sequently activates distinct biomechanical pathways [9]. Therefore, cells cultured on stiffer
substrates may not display a healthy phenotype, thus causing difficulty in distinguishing
a ‘healthy’ phenotype for downstream comparison to diseased cells. Cell culture dishes,
consequently, deviate from the biophysical environment, which highlights the requirement
for softer substrates to examine cellular systems.

Several strategies have been employed to improve cell culture dishes and better mimic
native myocardium environments. The dish surfaces are commonly coated with several
substrates that are found in the ECM, such as collagen, laminin or fibronectin. Formulations
that contain several of these ECM components, such as Matrigel or Geltrex, can further
facilitate cell differentiation and attachment. However, a key drawback with these ECM
formulation coatings is their batch-to-batch variability in composition and biomechanical
properties (such as stiffness), which leads to a lack of experimental reproducibility [10].
Furthermore, the stability of ECM coatings can be problematic in long-term cell culture
experiments. This is a notable issue when they are used for cardiac research, since cardiac
cells such as iPSC-CMs only reach maturity after 30 days. The limitations associated with
simple glasses or plastic dishes have driven the search for alternative substrates that possess
greater structural integrity and are biologically, chemically and mechanically modifiable.

1.2. Hydrogels as Synthetic Biomaterials Scaffolds

Biomaterials are natural or synthetic substances which can interact with biologi-
cal systems and maintain signalling, thus playing a major role in tissue engineering ad-
vances [11,12]. Hydrogels, which are 3-dimensional crosslinked polymer networks that
absorb and retain water whilst maintaining their structural integrity, have emerged as a
promising class of synthetic biomaterials [13]. The structural integrity of hydrogels can be
altered through chemical modification based on the crosslinking of polymer chains [14].
Specifically, the mechanical properties can be finely tuned by modulating several factors
including polymer composition or charge, network architecture/crosslinking density, and
responsiveness to external stimuli [15]. Furthermore, varying the composition and/or
crosslinking density of hydrogels is an effective means to control their degradability or
lifetime. The degree of crosslinking between polymers directly impacts the integrity of the
hydrogel, with greater crosslinking resulting in a stronger gel but reduced flexibility of the
network; a balance of network crosslinking is required to enable mechanical strength and
elasticity of a hydrogel [16].

In addition to crosslinking, the molecular weight and chemical nature of polymers
used for hydrogel synthesis can further impact the hydrophilicity and swelling behaviour
of gels, as the incorporation of monomers that have high hydrophilicity portray greater
swelling ratios [17]. Choice of polymer can therefore alter the formation and degradation
properties of hydrogels. Due to the modular nature of hydrogels, they are extensively
developed and applied as biomaterials for wide-ranging medicinal applications [18–21].

1.3. Functionalisation of Hydrogels

Hydrogel biomaterials often display poor cell adhesion properties; hence, function-
alisation of hydrogels is key for transforming them from bioinert to bioactive. There are
several methods of functionalising hydrogels to improve properties, with chemical modifi-
cation being the most common. The installation of functional groups onto polymers or via
post-functionalisation of the hydrogels after gelation can improve the adsorption capacity
of hydrogels, in addition to refining their selectivity and stability [22]. In the search for
more biocompatible reaction conditions, post-functionalisation strategies have moved away
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from inefficient metal-catalysed reactions and towards mild click reactions that employ
organocatalysts [23].

Peptides, such as integrin binding peptides, are a common motif used to improve
bioactive properties into hydrogels, where their chemical functionality promotes interaction
between the hydrogel and cell components to facilitate cell adhesion [24]. The naturally
occurring peptide arginyl-glycyl-aspartic acid (RGD) is most widely used for the func-
tionalisation of gels to improve cell attachment (Figure 1) [25]. In general, the content of
peptides in hydrogel scaffolds is positively correlated to the number of fibroblasts and
cardiomyocytes attached to various hydrogels [26,27].
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Figure 1. Functionalisation strategies, such as peptide modification and addition of functional
groups to facilitate cell attachment onto synthetic hydrogels. (A,B). Attachment of rat ventricular
cardiomyocytes to RGD modified alginate hydrogels compared to fewer cardiomyocytes attached to
unmodified alginate hydrogels. Cardiomyocytes stained with α-actinin (green), nucleus stain with
PI (red), white arrows indicate cell nuclei. Figure reproduced by Shachar et al., 2011 [27]. (C). Various
end groups utilized for polyethylene glycol hydrogel functionalization.

Electrostatic interactions also play a key role in functionalising hydrogels, as opposing
charges between the surface of hydrogels and cells increase the strength of electrostatic
attraction [22]. Charged residues are attracted to polar groups, and often these interactions
occur at functional sites [28]. The electrostatic charges can facilitate interactions between
enzymes, peptides and proteins and therefore improve cell adhesion to hydrogel surfaces.
Mechanical properties of hydrogels and electrostatic interactions can also be influenced
by various factors, such as the molecular weight of hydrogel materials, ratios of materials
used, pH and temperature [29].

Various reactive groups on amino acids that are inherent (e.g., amines, thiols or
carboxylates) or synthetically modified (e.g., azides) can be utilised to ligate peptides to
hydrogels [30,31]. In particular, lysine and cysteine are commonly used amino acids within
this context due to their accessible amino and/or thiol groups. For example, thiol-ene click
chemistry has been commonly used for protein conjugation where the nucleophilic thiol or
amino groups can react with electrophilic unsaturated bonds, such as alkynes or alkenes,
under mild conditions to form robust thioether bonds [32].
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• Application of hydrogels in cardiovascular research

Hydrogels have been employed within in vitro cardiac research as they show great
potential to represent the physiological conditions of the heart, by acting as tissue scaffolds
that mimic the matrix environment. Consequently, most hydrogels for cardiac research are
often derived from ECM proteins such as collagen, elastin or mixtures of ECM proteins
such as Matrigel since they are naturally occurring and therefore may reflect an appropriate
response to cells and remodelling [33]. In addition, the permeability of hydrogels allows
for facile diffusion of nutrients, which is a desirable feature of the native ECM.

Naturally occurring polymers, such as collagen, hyaluronic acid and alginate are a
popular choice for developing hydrogels (Figure 2) since these polymers are inherently
biocompatible and degradable [34]. However, natural hydrogels can suffer from a narrow
property range (e.g., mechanical stiffness or degradability), very from batch to batch
and are less amenable to covalent modification. In contrast, hydrogels that are based
on synthetic polymers such as polyethylene glycol (PEG) are renowned for their high
stability and modularity, with the polymers serving as ‘blank’ backbones for chemical
modifications [35,36]. The overall structure of these hydrogels can be altered to access
tailored properties, by simply adjusting the relative ratios of precursor polymers or even
changing fundamental polymer characteristics such as molecular weight [37]. In addition,
the mechanical stiffness of synthetic hydrogels can be modified through adjusting scaffold
porosity and network interconnectivity including crosslinking density [38].
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Natural and synthetic hydrogels used for iPSC-cardiomyocytes often require additional coatings to
facilitate attachment.
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An essential feature when developing synthetic hydrogels is to ensure the mainte-
nance of a desirable pH near 7.4 which imitates the ECM environment. Deviation from a
physiological pH, often indicated through changes in colour of cell culture media, can result
in acidic hydrogels, which are highly cytotoxic and thus incompatible for cell culture. This
issue can arise when using synthetic hydrogels, where leaching of unreacted precursors
or small molecules can change the pH or cause cytotoxicity. Therefore, it is often essential
to thoroughly wash synthetic gels with physiological buffers or media to remove any
remaining compounds/materials that are not incorporated into the network. The rest of
this review will focus on examples of both natural and synthetic hydrogels that have been
directly used in the field of cardiovascular research, whilst highlighting their respective
strengths and weaknesses (Table 1).

Table 1. Overview of natural and synthetic and hydrogels properties. Range of stiffnesses reached
for each material, with specific cases of biomaterial applications for iPSC-CMs in cardiac research,
with overall advantages and disadvantages.

Hydrogel (Type) Stiffnesses Degradability Applications Advantages Disadvantages

Alginate (Natural) 200–500 kPa Degrades within
2 weeks

3D scaffold for
ECM [39]
Assessing electrical
conductivity [40]

Electrical
conductivity
Low cost

Poor cell
attachment

Hyaluronan (Natural) 1.5–8 kPa 5–7 days Regenerative drug
delivery [20]

Component of the
ECM
Fast gelation

Disruption of cell
structure

Collagen/Gelatin
(Natural) 1–236 kPa

Days-weeks,
depending on
temperature

Self-healing
injectable
therapeutic
delivery [41]

Low cost
Easily modified

Limited range of
stiffness

Polydimethylsiloxane
(PDMS) (Synthetic) 12 kPa–2 MPa Can last up to

several months
Assessing cell
contractility [42]

Easy to produce
Biocompatible Hydrophobic

Polyacrylamide
(PAA)
(Synthetic)

1–200 kPa Up to 10 days Electrophysiology
of iPSC-CMs [43]

Easily modifiable
Optically
transparent

Cell adhesion
issues & lower
stiffness range

Polyethylene glycol
(PEG)
(Synthetic)

10 kPa–1 MPa
Can be chemically
modified to last
months

Structural
investigation of
ventricular
CMs [44]
Injectable
hydrogels
improving cardiac
function post
MI [19]

Hydrophilic
Non-toxic

Lack of cell specific
adhesion

2. Hydrogels from Natural Polymers

Natural hydrogels can further be classified into two primary groups, polysaccharides
(such as hyaluronic acid and alginate) and proteins (such as collagen) [45].

2.1. Collagen/Gelatin Based Hydrogels

Collagen is the dominant extracellular protein in the heart, playing a key role in
the structure of the cardiac myocardium. Gelatin, obtained by hydrolysis of collagen, is
a water-soluble polymer (Table 1) that has been utilized widely for tissue engineering
and hydrogel synthesis due to its ease of availability, low cost, biodegradability and cell
attachment motifs and peptides [46,47]. In addition, gelatin can be easily modified and
processed into various forms and thus is commonly used for hydrogel development and
drug therapeutics [41]. Both collagen and gelatin hydrogels have high biocompatibility
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with iPSC-CMs, both as individual biomaterials and when blended with other proteins
such as fibrin [48].

A key advantage of gelatin as a biomaterial is the lack of further ECM coatings required
for cell adhesion; iPSC-CMs have been shown to attach directly to gelatin hydrogels for
over 3 weeks in culture, which is ideal for cardiac cell ageing experiments [49]. Anisotropic
alignment of sarcomeric structures in rat cardiomyocytes has also been portrayed with
culture on gelatin gels [50]. Furthermore, cardiomyocytes have portrayed synchronized
beating and calcium transients whilst pacing on gelatin hydrogels, indicating gelatin
hydrogels are suitable for electrophysiological analysis [51].

Gelatin hydrogels recapitulate a range of soft stiffnesses with elasticities ranging from
1–236 kPa [50], which, however, limit the capabilities for producing stiffer hydrogels. In
addition, gelatin hydrogels are more susceptible to degradation by proteases, increasing
the degradation rate and decreasing the thermal stability of hydrogels [52,53]. Furthermore,
the source from which collagen has been extracted to form gelatin can alter the stiffness and
crosslinking of the hydrogel, thus impacting hydrogel properties and variability between
gelatin hydrogels [54].

2.2. Alginate Gels

Alginate is a natural polymer (Table 1) that can be rapidly crosslinked in the presence
of calcium, and it has been used extensively as a substrate to study cardiomyocytes [39].
A key feature of alginate hydrogels is their ionic crosslinking mechanism, which enables
temperature independent gelation, facile cell encapsulation and good cell recovery [55].
Additionally, alginate has low toxicity and is readily available at a low cost. Furthermore,
alginate hydrogels can range in stiffnesses, from 200–500 kPa (Table 1).

Alginate hydrogels with and without RGD peptide modification portrayed cardiac
fibroblast attachment [56], highlighting the excellent cytocompatibility of alginate hydrogels
with cardiac cells. Cardiomyocytes cultured on hydrogels formed from a combination of
alginate and gelatin have shown successful beating of human iPSC-CM and sarcomeric
protein expression [57]. Alginate scaffolds also hold advantageous electrophysiological
properties, exemplified by their increased conductivity, enhanced cell alignment and higher
expression of electrical coupling protein connexin-43 under electrical stimulation in cardiac
cells [40].

Despite the maintenance of cardiac cell structure and beneficial electrophysiological
properties of alginate hydrogels, there are several limitations of using alginate hydrogels in
the cardiovascular field. The repelling anionic surface of native alginate hydrogels leads
to issues with cell attachment, hence often requiring further functionalisation of alginate
scaffolds or addition of peptides [58], which may further deviate from physiologically
relevant conditions. Previous research and clinical trials using alginate scaffolds with
cardiac fibroblasts have shown degradation over relatively short periods of time, varying
from 15 to 21 days [59,60]. Cardiovascular research often requires long-term cultures of
cardiac cells, such as iPSC-CMs which require a minimum of 30 days in culture. Thus, the
rapid degradability of alginate hydrogels can be a significant challenge.

2.3. Hyaluronic Acid-Based Hydrogels

Hyaluronic acid is a natural glycosaminoglycan (Table 1) that is abundant in the
myocardial extracellular matrix and plays a role in cardiac development, structural organi-
sation and wound healing processes [21]. The uncomplicated ability to modify hyaluronic
acid hydrogels via peptide conjugation makes it an attractive biomaterial. Thiol-modified
hyaluronic acid hydrogels portrayed increased dermal fibroblast attachment and prolifera-
tion up to 15 days in vitro cell culture when crosslinked with polyethylene glycol diacrylate
and RGD peptides [61].

Furthermore, a range of stiffnesses are accessible starting from thiolated hyaluronic
acid and varying the ratios and thus the crosslinking density, which is beneficial for testing
different stiffnesses [62]. However, hyaluronic acid gels of stiffnesses greater than 1 kPa
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did not affect myofibrillar assembly of cardiomyocytes [63], indicating that the effect of
stiffnesses may be saturated or overridden on hyaluronan gels and therefore may not serve
as an accurate tool. Functionalisation of hyaluronic acid can also cause unintended issues,
as gels synthesized with tyramine displayed cell leakage due to poor mechanical strength of
the network coupled with low cell viability over 3 days [64]. As with alginate gels, studies
using hyaluronic acid gels have highlighted issues with rapid degradation (thinning of
gels) and reduced stiffness over time [65].

Cardiomyocyte maturity and alignment are essential factors in cardiovascular research,
with several studies aiming to reflect physiological conditions by maintaining cardiac
structures [66,67]. Hyaluronic acid, when added to neonatal rat cardiomyocytes and
fibroblasts, disrupted the organisation of cells, with reduced alignment and increased
tissue diameter [68]. The altered structure of cardiac cells when exposed to hyaluronic
acid indicates significant issues with hyaluronic acid as a representative ECM model.
Furthermore, injection of thiol hyaluronic acid hydrogels into rat myocardium led to an
inflammatory response and recruitment of granulomas surrounding the hydrogel, ref. [69]
suggesting the in vivo applicability of the hydrogels may be limited. The biocompatibility
issues with hyaluronic acid hydrogels therefore highlight a key limitation of this substrate
for investigation into cardiac cell function.

3. Synthetic Hydrogels

Compared to natural hydrogels, the use of synthetic hydrogels has steadily increased
primarily due to their flexibility in controlling mechanical and chemical properties. Nev-
ertheless, synthetic hydrogels often require additional derivatisation, usually via surface
coating, to enhance cell attachment [70].

3.1. Polydimethylsiloxane

Polydimethylsiloxane (PDMS) is a silicone-based polymer (Table 1) that is commonly
used in biological research across a wide-range of cell types due to its biocompatibility,
optical clarity, low cost and flexibility in fabrication [71]. There are several commercially
available formulations of PDMS; however, Sylgard 184 is the most prevalent precursor for
hydrogel synthesis due to its simple curing and strong mechanical properties. Another
significant strength of using PDMS hydrogels is the wide range of elasticity and mechanical
stiffnesses that can be developed (Table 1). PDMS hydrogels can be created by blending
Sylgard 184 elastomer curing agent and Sylgard 527 base agent and curing overnight
at 65 ◦C. The different ratios of Sylgard 527 to Sylgard 184 alters the Young’s modulus
of mechanical stiffness, and thus can achieve a range of elastic moduli from 12 kPa to
2.5 MPa [72]. The ability to combine PDMS hydrogels with other biomaterials such as
hyaluronic acid and polyethylene glycol enhances mechanical properties and degradation,
making it desirable for research [73,74].

The varying stiffnesses of PDMS have been utilised for studying fibrosis, as cardiac
fibroblasts cultured on stiffened PDMS hydrogels portrayed activation and conversion to
myofibroblasts [75], indicating that PDMS can mirror pathophysiological conditions of the
ECM. In addition, other cardiac cell parameters such as cardiomyocyte electrophysiology
can be assessed when using PDMS as a substrate. Large differences in calcium wave
propagation velocity have been observed in ventricular myocytes cultured on stiff vs.
soft PDMS, 2.7 MPa vs. 27 kPa [76]. Thus, this demonstrates that PDMS is suitable for
mimicking both healthy and diseased cardiac environments. Further supporting evidence
was found in increased contractility and calcium handling responses from iPSC-CMs
cultured on PDMS substrates that possessed physiological stiffness [77].

Sarcomeric organisation and alignment of cardiac cells are features of successful dif-
ferentiation and cell maturity, which are key factors observed when using alternative
substrates for ECM environments. Micro-grooved PDMS hydrogels have been shown
to improve iPSC-CM alignment (Figure 3), with greater organisation of sarcomeric struc-
tures [78] and higher expression levels of sarcomeric components compared to iPSC-CMs
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cultured on glass [79], further illustrating the benefits of employing PDMS hydrogels as an
ECM substrate for cardiovascular research.
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(A). Fibroblasts display activated morphology on glass compared to PDMS substrates of 2 kPa (soft
PDMS), 37 kPa (Soft-to-stiff glass) and 1 GPa (Stiff glass) over 4 days in culture. Cells were stained
with vimentin (a general marker for fibroblast, red), marker α-smooth muscle actin (a marker for
ECM-producing activated fibroblasts, green) and DAPI visualizing nuclei (blue). Figure reproduced
from Yeh et al., 2017 [75]. (B). iPSC-CMs display greater alignment when cultured on micro-grooved
PDMS hydrogels vs unstructured PDMS, with sarcomeric marker α-actinin(red) and DAPI visualizing
nuclei (blue). Figure reproduced from Rao et al., 2013 [78].

Despite the widespread use of PDMS in cardiac therapeutics, several limitations
remain unaddressed. A key issue with untreated PDMS is the hydrophobicity of its surface,
which negatively impacts protein adsorption and inhibits cell attachment [80]. Thus, ECM
coatings (such as fibronectin or Matrigel) are often added to PDMS to enhance bioactive
properties. However, delamination of the coating from the hydrogel surface is a significant
issue, leading to increased cytotoxicity and apoptosis [81]. Furthermore, basal respiration
and ATP production rates were found to be reduced in ventricular cardiomyocytes cultured
on PDMS gels in comparison to gelatin hydrogels, independent of substrate rigidity [81].
This indicates PDMS may not portray metabolic changes of cardiomyocytes as well as other
hydrogel substrates, which is an important factor to consider when reviewing candidates
for ECM models.
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3.2. Polyacrylamide

Polyacrylamide (PAA) is a synthetic biomaterial (Table 1) that has widely been used for
the study of cardiomyocytes, due to its non-toxicity, stability and hydrophilic properties [82].
The stiffness of PAA hydrogels (up to 200 kPa) can be easily modified by altering the ratio
of bis-acrylamide crosslinker and acrylamide monomers [83], increasing the desirability of
PAA hydrogels as ECM models.

A principal advantage of PAA hydrogels is that they are suitable for investigating
electrophysiology of cells due to their comparatively low mechanical stiffnesses (Table 1).
Patch clamping carried out on neonatal rat CMs cultured on 9 kPa PAA gels portrayed
longer action potential durations than cardiomyocytes on softer (5 kPa) and stiffer (>15 kPa)
PAA hydrogels [84]. The changes in CM electrophysiology based on substrate stiffness
indicates PAA is also effective at mimicking the ECM. Furthermore, neonatal rat CMs
cultured on 15 kPa PAA gels maintain sarcomere and F-actin structures [85]. Sarcomeric
structure and myofibril alignment was also preserved in human iPSC-CMs cultured on
10 kPa polyacrylamide gels [67], thus highlighting the compatibility of PAA with several
cardiac cell types. Cardiac fibroblasts cultured onto soft (2 and 4.5 kPa) PAA hydrogels and
2 kPa were shown to express α-smooth muscle actin after 15 days, indicating that the gels are
good surrogates for native tissue as α-smooth muscle actin is a classic activated fibroblast
marker [86]. PAA can also be used to investigate changes in gene expression (Figure 4).
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mide leads to inert surfaces and hence often demands functionalisation to promote effec-
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Figure 4. Transcriptomic profiles obtained from gene expression arrays of iPSC–CMs on polyacry-
lamide hydrogels of varying stiffnesses, portraying gene expression changes on hydrogels. (A). Gene
expression profiles are altered when cells are cultured on PAA hydrogels of 12 kPa (soft) and 123 kPa
(stiff), with increased expression of collagen proteins on stiffer substrates. (B). Venn diagram of gene
ontology analysis of de-regulated pathways (C). De-regulated pathways from gene ontology analysis
detected from CMs cultured on medium (30 kPa) and stiff (123 kPa) hydrogels. Figure reproduced
from Heras-Bautista et al., 2019 [43].

Analogous to many other synthetic hydrogels, the non-ionic nature of polyacrylamide
leads to inert surfaces and hence often demands functionalisation to promote effective
adhesion of cells and proteins [87,88]. Furthermore, PAA hydrogels may not be suitable for
simulating a fibrotic or ageing ECM, as PAA gels tend to have lower stiffnesses and and/or
tensile strengths due to excessive swelling [89,90]. Furthermore, PAA hydrogels are often
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difficult to adhere to plastic surfaces, which restricts their more general use in cell culture
studies [91]. In addition, the short life span of PAA hydrogels (usually up to 10 days) is
not ideal for long-term iPSC-CM cultures [88,92]. Finally, PAA hydrogels often suffer from
poor thermostability, with structural deterioration/degradation due to hydrolysis of amide
groups, thus disrupting polymer chains [93].

3.3. Polyethylene Glycol (PEG)

Polyethylene glycol (PEG) hydrogels (Table 1) are widely used in the medical field
as delivery strategies for bioactive molecules and tissue engineering, due to their biocom-
patibility, non-toxicity and propensity for chemical modification [94]. PEG holds several
structural, physical and chemical properties that are similar to the ECM, such as its high-
water solubility and level of hydration [95]. The well-developed chemistry behind PEG
hydrogels offers potential to develop hydrogels with highly specific properties, which
can be tailored to recapitulate the ECM. Despite PEG itself not having reactive functional
groups along the polymer backbone, the end groups such as thiol and alkynes can be easily
modified with reactive motifs to create telechelic polymers; low molecular weight polymers
with functional groups on both chain ends are valuable hydrogel precursors [96]. This
modularity enables the production of a vast range of hydrogels with various desirable
gel properties.

PEG hydrogels have been widely used in the cardiac field across several cell types.
iPSC-endothelial cells encapsulated in PEG hydrogels have been shown to successfully
incorporate into vascular networks and express genes involved in vasculature develop-
ment [97]. Furthermore, PEG hydrogels can maintain cardiac cell structures, as 3D culture
of adult murine cardiomyocytes encapsulated in PEG hydrogels have shown preserved
sarcomeric integrity and t-tubular structure [44]. The lack of interference with cell struc-
tures signifies that PEG is a suitable material for assessing the effects of ECM environments
on cardiac cell structure. In addition, contractility of aortic valve interstitial cells in PEG
hydrogels has also been measured [98], indicating the potential of PEG hydrogels to assess
a vast range of cardiac parameters such as stress fibre formation and molecular structure.
However, a major limitation of PEG hydrogels is their distinctive lack of cell specific adhe-
sion, which requires functionalisation (e.g., with RGD peptides) to increase their affinity
for cell binding [30].

4. Conclusions

Cardiac research is highly dependent on the synthetic models that are used to explore
cardiac diseases. Therefore, it is instrumental that these models are robust and physiologi-
cally relevant. Currently, many scientific in vitro findings are unable to be recapitulated in
a whole organism. With the advancement in technologies such as the development of iPSC-
CMs and induced pluripotent stem cell-derived fibroblasts, there is an unfulfilled need for
a mechanically stable hydrogel that can withstand long term cell cultures and achieve a
range of stiffnesses, to better imitate the ECM under various conditions and physiologi-
cal states. Ideal hydrogel properties for iPSC-CMs would include limited degradability,
biocompatibility, effective cell adhesion and low cost to enable wide-scale use. Chemical
modification of hydrogels with attachment peptides such as RGD have enhanced iPSC-CM
attachment to hydrogels, which are common issues experienced with iPSC-CMs due to
the sensitive nature of the cells. Furthermore, iPSC-CMs cultured on hydrogels can enable
maturation of cells, addressing a key issue of iPSC-CMs in the field. Another important
consideration for hydrogels suitable for iPSC-CM culture include gels that do not interfere
with ECM protein deposition, as iPSC-CMs in co-culture with FBs interact and deposit
their own ECM proteins such as collagen [99,100]. Hydrogels that can coat surfaces such as
coverslips and cell culture dishes would be beneficial, enabling cell culture compatibility
and thus easing experimental design.

Hydrogels offer a highly effective biomaterials platform, allowing for 2D cellular mod-
elling in a more physiologically relevant environment than plastic cell culture dishes, and
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are better for emulating the adult myocardium and ECM. Hydrogels are highly versatile,
inexpensive and biocompatible, characteristics which offer key improvements compared
to traditional in vitro cell culture models. The ability to chemically modify hydrogels and
change their network structure enables the creation of gels with highly tailored mechanical
properties that are suitable for a range of applications within the cardiovascular field.
Hydrogels can also be adapted to include conductive polymers, forming electroconductive
gels capable of promoting regeneration of cardiac tissue and repair due to restoration of
electrical coupling between cardiac cells, as found in the native myocardium. Furthermore,
hydrogels can be employed as therapeutic strategies in 3D contexts, with cardiac cells
encapsulated in hydrogels and injected into the body for regenerative purposes [101,102].

Other techniques can further enhance the fidelity of ECM models. For example,
micropatterning of substrates can improve cell alignment, structural organisation and
contractility, thus serving as a maturation strategy for iPSC-CMs [76,87,103]. Nano pillar
electrode structures have also been used to improve maturity. A recent study reported
a correlation between nanopillars and matured morphology of CMs through inducing
differentiation via cytoskeleton rearrangement and F-actin assembly [104]. Nanopillar
electrodes have also been utilised for iPSC-CM electrophysiological measurements, cap-
turing intracellular action potentials across multiple cells [105]. Further models such as
engineered heart tissue (EHTs) or engineered muscle tissue develop 3D culture systems by
using a combination of cardiomyocytes and FBs to form 3D models of the myocardium,
which are reflective of cardiac physiology [89,106].

Author Contributions: L.P. drafted the manuscript; J.C.W., A.P.D. and K.G. reviewed and revised
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: Katja Gehmlich has received research grant(s) PG/19/45/34419, MR/V009540/1,
NC/T001747/1, 1469084 from the British Heart Foundation, The Medical Research Council, The
National Centre for the 3Rs and Industry. Leena Patel is recipient of a studentship BB/T00746X/1
from the Biotechnology and Biological Sciences Research Council (BBSRC) and University of Birm-
ingham funded Midlands Integrative Biosciences Training Partnership (MIBTP). The Institute of
Cardiovascular Sciences, University of Birmingham, has received an Accelerator Award by the British
Heart Foundation [AA/18/2/34218].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tang, X.; Li, P.H.; Chen, H.Z. Cardiomyocyte Senescence and Cellular Communications Within Myocardial Microenvironments.

Front. Endocrinol. 2020, 11, 280. [CrossRef] [PubMed]
2. Frangogiannis, N.G. The extracellular matrix in myocardial injury, repair, and remodeling. J. Clin. Investig. 2017, 127, 1600–1612.

[CrossRef]
3. Meschiari, C.A.; Ero, O.K.; Pan, H.; Finkel, T.; Lindsey, M.L. The impact of aging on cardiac extracellular matrix. Geroscience 2017,

39, 7–18. [CrossRef] [PubMed]
4. Kwak, H.B. Aging, exercise, and extracellular matrix in the heart. J. Exerc. Rehabil. 2013, 9, 338–347. [CrossRef]
5. Cho, N.; Razipour, S.E.; McCain, M.L. TGF-β1 dominates extracellular matrix rigidity for inducing differentiation of human

cardiac fibroblasts to myofibroblasts. Exp. Biol. Med. 2018, 243, 601–612. [CrossRef] [PubMed]
6. Karakikes, I.; Ameen, M.; Termglinchan, V.; Wu, J.C. Human induced pluripotent stem cell-derived cardiomyocytes: Insights into

molecular, cellular, and functional phenotypes. Circ. Res. 2015, 117, 80–88. [CrossRef]
7. Ahmed, R.E.; Anzai, T.; Chanthra, N.; Uosaki, H. A Brief Review of Current Maturation Methods for Human Induced Pluripotent

Stem Cells-Derived Cardiomyocytes. Front. Cell Dev. Biol. 2020, 8, 178. [CrossRef]
8. Engler, A.J.; Carag-Krieger, C.; Johnson, C.P.; Raab, M.; Tang, H.-Y.; Speicher, D.W.; Sanger, J.W.; Sanger, J.M.; Discher, D.E.

Embryonic cardiomyocytes beat best on a matrix with heart-like elasticity: Scar-like rigidity inhibits beating. J. Cell Sci. 2008, 121
Pt 22, 3794–3802. [CrossRef]

https://doi.org/10.3389/fendo.2020.00280
https://www.ncbi.nlm.nih.gov/pubmed/32508749
https://doi.org/10.1172/JCI87491
https://doi.org/10.1007/s11357-017-9959-9
https://www.ncbi.nlm.nih.gov/pubmed/28299638
https://doi.org/10.12965/jer.130049
https://doi.org/10.1177/1535370218761628
https://www.ncbi.nlm.nih.gov/pubmed/29504479
https://doi.org/10.1161/CIRCRESAHA.117.305365
https://doi.org/10.3389/fcell.2020.00178
https://doi.org/10.1242/jcs.029678


Int. J. Mol. Sci. 2023, 24, 9995 12 of 15

9. Wang, J.; Chen, H.; Seth, A.; McCulloch, C.A. Mechanical force regulation of myofibroblast differentiation in cardiac fibroblasts.
Am. J. Physiol. Heart Circ. Physiol. 2003, 285, H1871–H1881. [CrossRef]

10. Aisenbrey, E.A.; Murphy, W.L. Synthetic alternatives to Matrigel. Nat. Rev. Mater. 2020, 5, 539–551. [CrossRef]
11. Jang, Y.; Park, Y.; Kim, J. Engineering Biomaterials to Guide Heart Cells for Matured Cardiac Tissue. Coatings 2020, 10, 925.

[CrossRef]
12. Majid, Q.A.; Fricker, A.T.R.; Gregory, D.A.; Davidenko, N.; Hernandez Cruz, O.; Jabbour, R.J.; Owen, T.G.; Basnett, P.; Lukasiewicz,

B.; Stevens, M.; et al. Natural Biomaterials for Cardiac Tissue Engineering: A Highly Biocompatible Solution. Front. Cardiovasc.
Med. 2020, 7, 554597. [CrossRef] [PubMed]

13. Catoira, M.C.; Fusaro, L.; Di Francesco, D.; Ramella, M.; Boccafoschi, F. Overview of natural hydrogels for regenerative medicine
applications. J. Mater. Sci. Mater. Med. 2019, 30, 115. [CrossRef] [PubMed]

14. Drury, J.L.; Mooney, D.J. Hydrogels for tissue engineering: Scaffold design variables and applications. Biomaterials 2003,
24, 4337–4351. [CrossRef]

15. Vasile, C.; Pamfil, D.; Stoleru, E.; Baican, M. New Developments in Medical Applications of Hybrid Hydrogels Containing
Natural Polymers. Molecules 2020, 25, 1539. [CrossRef]

16. Bashir, S.; Hina, M.; Iqbal, J.; Rajpar, A.H.; Mujtaba, M.A.; Alghamdi, N.A.; Wageh, S.; Ramesh, K.; Ramesh, S. Fundamental
Concepts of Hydrogels: Synthesis, Properties, and Their Applications. Polymers 2020, 12, 2702. [CrossRef]

17. Peters, J.T.; Wechsler, M.E.; Peppas, N.A. Advanced biomedical hydrogels: Molecular architecture and its impact on medical
applications. Regen. Biomater. 2021, 8, rbab060. [CrossRef]

18. Dimatteo, R.; Darling, N.J.; Segura, T. In situ forming injectable hydrogels for drug delivery and wound repair. Adv. Drug Deliv.
Rev. 2018, 127, 167–184. [CrossRef]

19. Chow, A.; Stuckey, D.J.; Kidher, E.; Rocco, M.; Jabbour, R.J.; Mansfield, C.A.; Darzi, A.; Harding, S.E.; Stevens, M.M.; Athanasiou, T.
Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Encapsulating Bioactive Hydrogels Improve Rat Heart Function
Post Myocardial Infarction. Stem. Cell Rep. 2017, 9, 1415–1422. [CrossRef]

20. Yoon, S.J.; Fang, Y.H.; Lim, C.H.; Kim, B.S.; Son, H.S.; Park, Y.; Sun, K. Regeneration of ischemic heart using hyaluronic acid-based
injectable hydrogel. J. Biomed. Mater. Res. B Appl. Biomater. 2009, 91, 163–171. [CrossRef]

21. Burdick, J.A.; Prestwich, G.D. Hyaluronic acid hydrogels for biomedical applications. Adv. Mater. 2011, 23, H41–H56. [CrossRef]
22. Badsha, M.A.H.; Khan, M.; Wu, B.; Kumar, A.; Lo, I.M.C. Role of surface functional groups of hydrogels in metal adsorption:

From performance to mechanism. J. Hazard. Mater. 2021, 408, 124463. [CrossRef] [PubMed]
23. Yigit, S.; Sanyal, R.; Sanyal, A. Fabrication and functionalization of hydrogels through “click” chemistry. Chem. Asian J. 2011,

6, 2648–2659. [CrossRef] [PubMed]
24. Deforest, C.A.; Sims, E.A.; Anseth, K.S. Peptide-Functionalized Click Hydrogels with Independently Tunable Mechanics and

Chemical Functionality for 3D Cell Culture. Chem. Mater. 2010, 22, 4783–4790. [CrossRef] [PubMed]
25. Neves, M.I.; Moroni, L.; Barrias, C.C. Modulating Alginate Hydrogels for Improved Biological Performance as Cellular 3D

Microenvironments. Front. Bioeng. Biotechnol. 2020, 8, 665. [CrossRef]
26. Plenderleith, R.A.; Pateman, C.J.; Rodenburg, C.; Haycock, J.W.; Claeyssens, F.; Sammon, C.; Rimmer, S. Arginine-glycine-aspartic

acid functional branched semi-interpenetrating hydrogels. Soft Matter. 2015, 11, 7567–7578. [CrossRef]
27. Shachar, M.; Tsur-Gang, O.; Dvir, T.; Leor, J.; Cohen, S. The effect of immobilized RGD peptide in alginate scaffolds on cardiac

tissue engineering. Acta Biomater. 2011, 7, 152–162. [CrossRef]
28. Zhou, H.X.; Pang, X. Electrostatic Interactions in Protein Structure, Folding, Binding, and Condensation. Chem. Rev. 2018,

118, 1691–1741. [CrossRef]
29. Seo, J.Y.; Lee, B.; Kang, T.W.; Noh, J.H.; Kim, M.J.; Ji, Y.B.; Ju, H.J.; Min, B.H.; Kim, M.S. Electrostatically Interactive Injectable

Hydrogels for Drug Delivery. Tissue Eng. Regen. Med. 2018, 15, 513–520. [CrossRef]
30. Zhu, J. Bioactive modification of poly(ethylene glycol) hydrogels for tissue engineering. Biomaterials 2010, 31, 4639–4656.

[CrossRef]
31. Zhu, J.; Marchant, R.E. Design properties of hydrogel tissue-engineering scaffolds. Expert. Rev. Med. Devices 2011, 8, 607–626.

[CrossRef]
32. Fisher, S.A.; Baker, A.E.G.; Shoichet, M.S. Designing Peptide and Protein Modified Hydrogels: Selecting the Optimal Conjugation

Strategy. J. Am. Chem. Soc. 2017, 139, 7416–7427. [CrossRef] [PubMed]
33. Saldin, L.T.; Cramer, M.C.; Velankar, S.S.; White, L.J.; Badylak, S.F. Extracellular matrix hydrogels from decellularized tissues:

Structure and function. Acta Biomater. 2017, 49, 1–15. [CrossRef] [PubMed]
34. Mano, J.F.; Silva, G.A.; Azevedo, H.S.; Malafaya, P.B.; Sousa, R.A.; Silva, S.S.; Boesel, L.F.; Oliveira, J.M.; Santos, T.C.; Marques,

A.P.; et al. origin biodegradable systems in tissue engineering and regenerative medicine: Present status and some moving trends.
J. R. Soc. Interface 2007, 4, 999–1030. [CrossRef] [PubMed]

35. Bhana, B.; Iyer, R.K.; Chen, W.L.K.; Zhao, R.; Sider, K.L.; Likhitpanichkul, M.; Simmons, C.A.; Radisic, M. Influence of substrate
stiffness on the phenotype of heart cells. Biotechnol. Bioeng. 2010, 105, 1148–1160. [CrossRef]

36. Hall, M.L.; Ogle, B.M. Cardiac Extracellular Matrix Modification as a Therapeutic Approach. Adv. Exp. Med. Biol. 2018,
1098, 131–150.

37. Chirani, N.; Yahia, L.H.; Gritsch, L.; Motta, F.L.; Chirani, S.; Farè, S. History and Applications of Hydrogels. J. Biomed. Sci. 2016,
4, 1–23. [CrossRef]

https://doi.org/10.1152/ajpheart.00387.2003
https://doi.org/10.1038/s41578-020-0199-8
https://doi.org/10.3390/coatings10100925
https://doi.org/10.3389/fcvm.2020.554597
https://www.ncbi.nlm.nih.gov/pubmed/33195451
https://doi.org/10.1007/s10856-019-6318-7
https://www.ncbi.nlm.nih.gov/pubmed/31599365
https://doi.org/10.1016/S0142-9612(03)00340-5
https://doi.org/10.3390/molecules25071539
https://doi.org/10.3390/polym12112702
https://doi.org/10.1093/rb/rbab060
https://doi.org/10.1016/j.addr.2018.03.007
https://doi.org/10.1016/j.stemcr.2017.09.003
https://doi.org/10.1002/jbm.b.31386
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1016/j.jhazmat.2020.124463
https://www.ncbi.nlm.nih.gov/pubmed/33189468
https://doi.org/10.1002/asia.201100440
https://www.ncbi.nlm.nih.gov/pubmed/21954074
https://doi.org/10.1021/cm101391y
https://www.ncbi.nlm.nih.gov/pubmed/20842213
https://doi.org/10.3389/fbioe.2020.00665
https://doi.org/10.1039/C5SM00695C
https://doi.org/10.1016/j.actbio.2010.07.034
https://doi.org/10.1021/acs.chemrev.7b00305
https://doi.org/10.1007/s13770-018-0146-6
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1586/erd.11.27
https://doi.org/10.1021/jacs.7b00513
https://www.ncbi.nlm.nih.gov/pubmed/28481537
https://doi.org/10.1016/j.actbio.2016.11.068
https://www.ncbi.nlm.nih.gov/pubmed/27915024
https://doi.org/10.1098/rsif.2007.0220
https://www.ncbi.nlm.nih.gov/pubmed/17412675
https://doi.org/10.1002/bit.22647
https://doi.org/10.4172/2254-609X.100013


Int. J. Mol. Sci. 2023, 24, 9995 13 of 15

38. Elkhoury, K.; Morsink, M.; Sanchez-Gonzalez, L.; Kahn, C.; Tamayol, A.; Arab-Tehrany, E. Biofabrication of natural hydrogels for
cardiac, neural, and bone Tissue engineering Applications. Bioact. Mater. 2021, 6, 3904–3923. [CrossRef]

39. Alonzo, M.; Kumar, S.A.; Allen, S.; Delgado, M.; Alvarez-Primo, F.; Suggs, L.; Joddar, B. Hydrogel scaffolds with elasticity-
mimicking embryonic substrates promote cardiac cellular network formation. Prog. Biomater. 2020, 9, 125–137. [CrossRef]

40. Dvir, T.; Timko, B.P.; Brigham, M.D.; Naik, S.R.; Karajanagi, S.S.; Levy, O.; Jin, H.; Parker, K.K.; Langer, R.; Kohane, D.S. Nanowired
three-dimensional cardiac patches. Nat. Nanotechnol. 2011, 6, 720–725. [CrossRef]

41. Sisso, A.M.; Boit, M.O.; DeForest, C.A. Self-healing injectable gelatin hydrogels for localized therapeutic cell delivery. J. Biomed.
Mater. Res. A 2020, 108, 1112–1121. [CrossRef] [PubMed]

42. Galie, P.A.; Khalid, N.; Carnahan, K.E.; Westfall, M.V.; Stegemann, J.P. Substrate stiffness affects sarcomere and costamere
structure and electrophysiological function of isolated adult cardiomyocytes. Cardiovasc. Pathol. 2013, 22, 219–227. [CrossRef]
[PubMed]

43. Heras-Bautista, C.O.; Mikhael, N.; Lam, J.; Shinde, V.; Katsen-Globa, A.; Dieluweit, S.; Molcanyi, M.; Uvarov, V.; Jütten, P.; Sahito,
R.G.; et al. Cardiomyocytes facing fibrotic conditions re-express extracellular matrix transcripts. Acta Biomater. 2019, 89, 180–192.
[CrossRef] [PubMed]

44. Crocini, C.; Walker, C.J.; Anseth, K.S.; Leinwand, L.A. Three-dimensional encapsulation of adult mouse cardiomyocytes in
hydrogels with tunable stiffness. Prog. Biophys. Mol. Biol. 2020, 154, 71–79. [CrossRef]

45. Gomez-Florit, M.; Pardo, A.; Domingues, R.M.A.; Graça, A.L.; Babo, P.S.; Reis, R.L.; Gomes, M.E. Natural-Based Hydrogels for
Tissue Engineering Applications. Molecules 2020, 25, 5858. [CrossRef]

46. Liu, X.; Ma, P.X. Phase separation, pore structure, and properties of nanofibrous gelatin scaffolds. Biomaterials 2009, 30, 4094–4103.
[CrossRef]

47. Xing, Q.; Yates, K.; Vogt, C.; Qian, Z.; Frost, M.C.; Zhao, F. Increasing mechanical strength of gelatin hydrogels by divalent metal
ion removal. Sci. Rep. 2014, 4, 4706. [CrossRef]

48. Kaiser, N.J.; Kant, R.J.; Minor, A.J.; Coulombe, K.L.K. Optimizing Blended Collagen-Fibrin Hydrogels for Cardiac Tissue
Engineering with Human iPSC-derived Cardiomyocytes. ACS Biomater. Sci. Eng. 2019, 5, 887–899. [CrossRef]

49. McCain, M.L.; Agarwal, A.; Nesmith, H.W.; Nesmith, A.P.; Parker, K.K. Micromolded gelatin hydrogels for extended culture of
engineered cardiac tissues. Biomaterials 2014, 35, 5462–5471. [CrossRef]

50. Oyama, T.G.; Oyama, K.; Kimura, A.; Yoshida, F.; Ishida, R.; Yamazaki, M.; Miyoshi, H.; Taguchi, M. Collagen hydrogels with
controllable combined cues of elasticity and topography to regulate cellular processes. Biomed. Mater. 2021, 16, 045037. [CrossRef]

51. Zhang, F.; Qu, K.; Li, X.; Liu, C.; Ortiz, L.S.; Wu, K.; Huang, N. Gelatin-based hydrogels combined with electrical stimulation to
modulate neonatal rat cardiomyocyte beating and promote maturation. Bio-Des. Manuf. 2021, 4, 100–110. [CrossRef]

52. Bello, A.B.; Kim, D.; Park, H.; Lee, S.H. Engineering and Functionalization of Gelatin Biomaterials: From Cell Culture to Medical
Applications. Tissue Eng. Part B Rev. 2020, 26, 164–180. [CrossRef]

53. Yang, G.; Xiao, Z.; Long, H.; Ma, K.; Zhang, J.; Ren, X. Assessment of the characteristics and biocompatibility of gelatin sponge
scaffolds prepared by various crosslinking methods. Sci. Rep. 2018, 8, 1616. [CrossRef] [PubMed]

54. Michelini, L.; Probo, L.; Fare, S.; Negrini, C. Characterization of gelatin hydrogels derived from different animal sources. Mater.
Lett. 2020, 272, 127865. [CrossRef]

55. Caliari, S.R.; Burdick, J.A. A practical guide to hydrogels for cell culture. Nat. Methods 2016, 13, 405–414. [CrossRef] [PubMed]
56. Plouffe, B.D.; Brown, M.A.; Iyer, R.K.; Radisic, M.; Murthy, S.K. Controlled capture and release of cardiac fibroblasts using

peptide-functionalized alginate gels in microfluidic channels. Lab Chip 2009, 9, 1507–1510. [CrossRef] [PubMed]
57. Majidi, S.S.; Slemming-Adamsen, P.; Hanif, M.; Zhang, Z.; Wang, Z.; Chen, M. Wet electrospun alginate/gelatin hydrogel

nanofibers for 3D cell culture. Int. J. Biol. Macromol. 2018, 118 Pt B, 1648–1654. [CrossRef]
58. Schulz, A.; Gepp, M.M.; Stracke, F.; von Briesen, H.; Neubauer, J.C.; Zimmermann, H. Tyramine-conjugated alginate hydrogels as

a platform for bioactive scaffolds. J. Biomed. Mater. Res. A 2019, 107, 114–121. [CrossRef]
59. Hunt, N.C.; Shelton, R.M.; Henderson, D.J.; Grover, L.M. Calcium-alginate hydrogel-encapsulated fibroblasts provide sustained

release of vascular endothelial growth factor. Tissue Eng. Part A 2013, 19, 905–914. [CrossRef]
60. Abecasis, B.; Canhão, P.G.M.; Almeida, H.V.; Calmeiro, T.; Fortunato, E.; Gomes-Alves, P.; Serra, M.; Alves, P.M. Toward a

Microencapsulated 3D hiPSC-Derived In vitro cardiac micro tissue for recapitulation of human heart microenvironment features.
Front. Bioeng. Biotechnol. 2020, 8, 580744. [CrossRef]

61. Shu, X.Z.; Ghosh, K.; Liu, Y.; Palumbo, F.S.; Luo, Y.; Clark, R.A.; Prestwich, G.D. Attachment and spreading of fibroblasts on an
RGD peptide-modified injectable hyaluronan hydrogel. J. Biomed. Mater. Res. Part A 2003, 68, 365–375. [CrossRef] [PubMed]

62. Prestwich, G.D. Hyaluronic acid-based clinical biomaterials derived for cell and molecule delivery in regenerative medicine.
J. Control Release 2011, 155, 193–199. [CrossRef] [PubMed]

63. Chopra, A.; Lin, V.; McCollough, A.; Atzet, S.; Prestwich, G.D.; Wechsler, A.S.; Murray, M.E.; Oake, S.A.; Kresh, J.Y.; Janmey, P.A.
Reprogramming cardiomyocyte mechanosensing by crosstalk between integrins and hyaluronic acid receptors. J. Biomech. 2012,
45, 824–831. [CrossRef]

64. Derkus, B. Human cardiomyocyte-derived exosomes induce cardiac gene expressions in mesenchymal stromal cells within 3D
hyaluronic acid hydrogels and in dose-dependent manner. J. Mater. Sci. Mater. Med. 2021, 32, 2. [CrossRef]

65. Young, J.L.; Kretchmer, K.; Ondeck, M.G.; Zambon, A.C.; Engler, A.J. Mechanosensitive kinases regulate stiffness-induced
cardiomyocyte maturation. Sci. Rep. 2014, 4, 6425. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bioactmat.2021.03.040
https://doi.org/10.1007/s40204-020-00137-0
https://doi.org/10.1038/nnano.2011.160
https://doi.org/10.1002/jbm.a.36886
https://www.ncbi.nlm.nih.gov/pubmed/31971330
https://doi.org/10.1016/j.carpath.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23266222
https://doi.org/10.1016/j.actbio.2019.03.017
https://www.ncbi.nlm.nih.gov/pubmed/30862552
https://doi.org/10.1016/j.pbiomolbio.2019.04.008
https://doi.org/10.3390/molecules25245858
https://doi.org/10.1016/j.biomaterials.2009.04.024
https://doi.org/10.1038/srep04706
https://doi.org/10.1021/acsbiomaterials.8b01112
https://doi.org/10.1016/j.biomaterials.2014.03.052
https://doi.org/10.1088/1748-605X/ac0452
https://doi.org/10.1007/s42242-020-00100-9
https://doi.org/10.1089/ten.teb.2019.0256
https://doi.org/10.1038/s41598-018-20006-y
https://www.ncbi.nlm.nih.gov/pubmed/29371676
https://doi.org/10.1016/j.matlet.2020.127865
https://doi.org/10.1038/nmeth.3839
https://www.ncbi.nlm.nih.gov/pubmed/27123816
https://doi.org/10.1039/b823523f
https://www.ncbi.nlm.nih.gov/pubmed/19458855
https://doi.org/10.1016/j.ijbiomac.2018.07.005
https://doi.org/10.1002/jbm.a.36538
https://doi.org/10.1089/ten.tea.2012.0197
https://doi.org/10.3389/fbioe.2020.580744
https://doi.org/10.1002/jbm.a.20002
https://www.ncbi.nlm.nih.gov/pubmed/14704979
https://doi.org/10.1016/j.jconrel.2011.04.007
https://www.ncbi.nlm.nih.gov/pubmed/21513749
https://doi.org/10.1016/j.jbiomech.2011.11.023
https://doi.org/10.1007/s10856-020-06474-7
https://doi.org/10.1038/srep06425
https://www.ncbi.nlm.nih.gov/pubmed/25236849


Int. J. Mol. Sci. 2023, 24, 9995 14 of 15

66. McCain, M.L.; Sheehy, S.P.; Grosberg, A.; Goss, J.A.; Parker, K.K. Recapitulating maladaptive, multiscale remodeling of failing
myocardium on a chip. Proc. Natl. Acad. Sci. USA 2013, 110, 9770–9775. [CrossRef]

67. Ribeiro, A.J.S.; Ang, Y.-S.; Fu, J.-D.; Rivas, R.N.; Mohamed, T.M.A.; Higgs, G.C.; Srivastava, D.; Pruitt, B.L. Contractility of single
cardiomyocytes differentiated from pluripotent stem cells depends on physiological shape and substrate stiffness. Proc. Natl.
Acad. Sci. USA 2015, 112, 12705–12710. [CrossRef]

68. Bouhrira, N.; Galie, P.A.; Janmey, P.A. Hyaluronan Disrupts Cardiomyocyte Organization within 3D Fibrin-Based Hydrogels.
Biophys. J. 2019, 116, 1340–1347. [CrossRef]

69. Young, J.L.; Tuler, J.; Braden, R.; Schüp-Magoffin, P.; Schaefer, J.; Kretchmer, K.; Christman, K.L.; Engler, A.J. In vivo response to
dynamic hyaluronic acid hydrogels. Acta Biomater. 2013, 9, 7151–7157. [CrossRef]

70. Liu, J.; Qu, S.; Suo, Z.; Yang, W. Functional hydrogel coatings. Natl. Sci. Rev. 2021, 8, nwaa254. [CrossRef]
71. Martin, S.; Bhushan, B. Transparent, wear-resistant, superhydrophobic and superoleophobic poly(dimethylsiloxane) (PDMS)

surfaces. J. Colloid. Interface Sci. 2017, 488, 118–126. [CrossRef] [PubMed]
72. Gray, D.S.; Tien, J.; Chen, C.S. Repositioning of cells by mechanotaxis on surfaces with micropatterned Young’s modulus.

J. Biomed. Mater. Res. A 2003, 66, 605–614. [CrossRef] [PubMed]
73. Khaleghi, M.; Ahmadi, E.; Khodabandeh Shahraki, M.; Aliakbari, F.; Morshedi, D. Temperature-dependent formulation of a

hydrogel based on Hyaluronic acid-polydimethylsiloxane for biomedical applications. Heliyon 2020, 6, e03494. [CrossRef]
74. Cui, J.; Lackey, M.A.; Tew, G.N.; Crosby, A.J. Mechanical Properties of End-Linked PEG/PDMS Hydrogels. Macromolecules 2012,

45, 6104–6110. [CrossRef]
75. Yeh, Y.C.; Corbin, E.A.; Caliari, S.R.; Ouyang, L.; Vega, S.L.; Truitt, R.; Han, L.; Margulies, K.B.; Burdick, J.A. Mechanically

dynamic PDMS substrates to investigate changing cell environments. Biomaterials 2017, 145, 23–32. [CrossRef]
76. Petersen, A.P.; Lyra-Leite, D.M.; Ariyasinghe, N.R.; Cho, N.; Goodwin, C.M.; Kim, J.Y.; McCain, M.L. Microenvironmental

Modulation of Calcium Wave Propagation Velocity in Engineered Cardiac Tissues. Cell Mol. Bioeng. 2018, 11, 337–352. [CrossRef]
77. Korner, A.; Mosqueira, M.; Hecker, M.; Ullrich, N.D. Substrate Stiffness Influences Structural and Functional Remodeling in

Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Front. Physiol. 2021, 12, 710619. [CrossRef]
78. Rao, C.; Prodromakis, T.; Kolker, L.; Chaudhry, U.A.; Trantidou, T.; Sridhar, A.; Weekes, C.; Camelliti, P.; Harding, S.;

Darzi, A.; et al. The effect of microgrooved culture substrates on calcium cycling of cardiac myocytes derived from human
induced pluripotent stem cells. Biomaterials 2013, 34, 2399–2411. [CrossRef]

79. Herron, T.J.; Da Rocha, A.M.; Campbell, K.F.; Ponce-Balbuena, D.; Willis, C.; Guerrero-Serna, G.; Liu, Q.; Klos, M.; Musa, H.;
Zarzoso, M.; et al. Extracellular Matrix-Mediated Maturation of Human Pluripotent Stem Cell-Derived Cardiac Monolayer
Structure and Electrophysiological Function. Circ. Arrhythm Electrophysiol. 2016, 9, e003638. [CrossRef]

80. Vlachopoulou, M.E.; Petrou, P.S.; Kakabakos, S.E.; Tserepi, A.; Beltsios, K.; Gogolides, E. Effect of surface nanostructuring of
PDMS on wetting properties, hydrophobic recovery and protein adsorption. Microelectronic. Engineering 2009, 86, 1321–1324.

81. Lyra-Leite, D.; Andres, A.M.; Cho, N.; Petersen, A.P.; Ariyasinghe, N.R.; Kim, S.S.; Gottlieb, R.A.; McCain, M.L. Matrix-guided
control of mitochondrial function in cardiac myocytes. Acta Biomater. 2019, 97, 281–295. [CrossRef] [PubMed]

82. Fischer, R.S.; Myers, K.A.; Gardel, M.L.; Waterman, C.M. Stiffness-controlled three-dimensional extracellular matrices for
high-resolution imaging of cell behavior. Nat. Protoc. 2012, 7, 2056–2066. [CrossRef] [PubMed]

83. Tse, J.R.; Engler, A.J. Preparation of hydrogel substrates with tunable mechanical properties. Curr. Protoc. Cell Biol. 2010, 47,
10.16.1–10.16.16. [CrossRef] [PubMed]

84. Boothe, S.D.; Myers, J.D.; Pok, S.; Sun, J.; Xi, Y.; Nieto, R.M.; Cheng, J.; Jacot, J.G. The Effect of Substrate Stiffness on Cardiomyocyte
Action Potentials. Cell Biochem. Biophys. 2016, 74, 527–535. [CrossRef]

85. Morishima, M.; Horikawa, K.; Funaki, M. Cardiomyocytes cultured on mechanically compliant substrates, but not on conventional
culture devices, exhibit prominent mitochondrial dysfunction due to reactive oxygen species and insulin resistance under high
glucose. PLoS ONE 2018, 13, e0201891. [CrossRef]

86. Gilles, G.; McCulloch, A.D.; Brakebusch, C.H.; Herum, K.M. Maintaining resting cardiac fibroblasts in vitro by disrupting
mechanotransduction. PLoS ONE 2020, 15, e0241390. [CrossRef] [PubMed]

87. Sanzari, I.; Humphrey, E.J.; Dinelli, F.; Terracciano, C.M.; Prodromakis, T. Effect of patterned polyacrylamide hydrogel on
morphology and orientation of cultured NRVMs. Sci. Rep. 2018, 8, 11991. [CrossRef]

88. Torres-García, R.; Flores-Estrada, J.; Cauich-Rodríguez, J.V.; Flores-Reyes, M.; Flores-Merino, M.V. Design of a polyacrylamide
and gelatin hydrogel as a synthetic extracellular matrix. Int. J. Polym. Mater. Polym. Biomater. 2022, 71, 266–277. [CrossRef]

89. Dehbari, N.; Tavakoli, J.; Singh Khatrao, S.; Tang, Y. In situ polymerized hyperbranched polymer reinforced poly(acrylic acid)
hydrogels. Mater. Chem. Front. 2017, 1, 1995–2004. [CrossRef]

90. Kim, D.; Park, K. Swelling and mechanical properties of superporous hydrogels of poly(acrylamide-co-acrylic acid)/polyethylenimine
interpenetrating polymer networks. Polymer 2004, 45, 189–196. [CrossRef]

91. Diaz-Bello, B.; Monroy-Romero, A.X.; Perez-Calixto, D.; Zamarron-Hernandez, D.; Serna-Marquez, N.; Vazquez-Victorio, G.;
Hautefeuille, M. Method for the Direct Fabrication of Polyacrylamide Hydrogels with Controlled Stiffness in Polystyrene
Multiwell Plates for Mechanobiology Assays. ACS Biomater. Sci. Eng. 2019, 5, 4219–4227. [CrossRef] [PubMed]

92. Denisin, A.K.; Pruitt, B.L. Tuning the Range of Polyacrylamide Gel Stiffness for Mechanobiology Applications. ACS Appl. Mater.
Interfaces 2016, 8, 21893–21902. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.1304913110
https://doi.org/10.1073/pnas.1508073112
https://doi.org/10.1016/j.bpj.2019.02.018
https://doi.org/10.1016/j.actbio.2013.03.019
https://doi.org/10.1093/nsr/nwaa254
https://doi.org/10.1016/j.jcis.2016.10.094
https://www.ncbi.nlm.nih.gov/pubmed/27821332
https://doi.org/10.1002/jbm.a.10585
https://www.ncbi.nlm.nih.gov/pubmed/12918044
https://doi.org/10.1016/j.heliyon.2020.e03494
https://doi.org/10.1021/ma300593g
https://doi.org/10.1016/j.biomaterials.2017.08.033
https://doi.org/10.1007/s12195-018-0522-2
https://doi.org/10.3389/fphys.2021.710619
https://doi.org/10.1016/j.biomaterials.2012.11.055
https://doi.org/10.1161/CIRCEP.113.003638
https://doi.org/10.1016/j.actbio.2019.08.007
https://www.ncbi.nlm.nih.gov/pubmed/31401347
https://doi.org/10.1038/nprot.2012.127
https://www.ncbi.nlm.nih.gov/pubmed/23099487
https://doi.org/10.1002/0471143030.cb1016s47
https://www.ncbi.nlm.nih.gov/pubmed/20521229
https://doi.org/10.1007/s12013-016-0758-1
https://doi.org/10.1371/journal.pone.0201891
https://doi.org/10.1371/journal.pone.0241390
https://www.ncbi.nlm.nih.gov/pubmed/33104742
https://doi.org/10.1038/s41598-018-30360-6
https://doi.org/10.1080/00914037.2020.1825082
https://doi.org/10.1039/C7QM00028F
https://doi.org/10.1016/j.polymer.2003.10.047
https://doi.org/10.1021/acsbiomaterials.9b00988
https://www.ncbi.nlm.nih.gov/pubmed/33417779
https://doi.org/10.1021/acsami.5b09344
https://www.ncbi.nlm.nih.gov/pubmed/26816386


Int. J. Mol. Sci. 2023, 24, 9995 15 of 15

93. Xiong, C.; Wei, F.; Li, W.; Liu, P.; Wu, Y.; Dai, M.; Chen, J. Mechanism of Polyacrylamide Hydrogel Instability on High-Temperature
Conditions. ACS Omega 2018, 3, 10716–10724. [CrossRef] [PubMed]

94. Lin, C.C.; Anseth, K.S. PEG hydrogels for the controlled release of biomolecules in regenerative medicine. Pharm. Res. 2009,
26, 631–643. [CrossRef]

95. Krsko, P.; Libera, M. Biointeractive hydrogels. Mater. Today 2005, 8, 36–44. [CrossRef]
96. Jain, E.; Hill, L.; Canning, E.; Sell, S.A.; Zustiak, S.P. Control of gelation, degradation and physical properties of polyethylene

glycol hydrogels through the chemical and physical identity of the crosslinker. J. Mater. Chem. B 2017, 5, 2679–2691. [CrossRef]
[PubMed]

97. Zanotelli, M.R.; Ardalani, H.; Zhang, J.; Hou, Z.; Nguyen, E.H.; Swanson, S.; Nguyen, B.K.; Bolin, J.; Elwell, A.; Bischel, L.L.; et al.
Stable engineered vascular networks from human induced pluripotent stem cell-derived endothelial cells cultured in synthetic
hydrogels. Acta Biomater. 2016, 35, 32–41. [CrossRef]

98. Khang, A.; Rodriguez, A.G.; Schroeder, M.E.; Sansom, J.; Lejeune, E.; Anseth, K.S.; Sacks, M.S. Quantifying heart valve interstitial
cell contractile state using highly tunable poly(ethylene glycol) hydrogels. Acta Biomater. 2019, 96, 354–367. [CrossRef]

99. Abecasis, B.; Gomes-Alves, P.; Rosa, S.; Gouveia, P.J.; Ferreira, L.; Serra, M.; Alves, P.M. Unveiling the molecular crosstalk in a
human induced pluripotent stem cell-derived cardiac model. Biotechnol. Bioeng. 2019, 116, 1245–1252. [CrossRef]

100. Hall, C.; Gehmlich, K.; Denning, C.; Pavlovic, D. Complex Relationship Between Cardiac Fibroblasts and Cardiomyocytes in
Health and Disease. J. Am. Heart Assoc. 2021, 10, e019338. [CrossRef]

101. Wang, H.; Liu, Z.; Li, D.; Guo, X.; Kasper, F.K.; Duan, C.; Zhou, J.; Mikos, A.G.; Wang, C. Injectable biodegradable hydrogels for
embryonic stem cell transplantation: Improved cardiac remodelling and function of myocardial infarction. J. Cell Mol. Med. 2012,
16, 1310–1320. [CrossRef] [PubMed]

102. Qi, Q.; Zhu, Y.; Liu, G.; Yuan, Z.; Li, H.; Zhao, Q. Local intramyocardial delivery of bioglass with alginate hydrogels for post-infarct
myocardial regeneration. Biomed. Pharm. 2020, 129, 110382. [CrossRef] [PubMed]

103. Knight, W.E.; Cao, Y.; Lin, Y.-H.; Chi, C.; Bai, B.; Sparagna, G.C.; Zhao, Y.; Du, Y.; Londono, P.; Reisz, J.A.; et al. Maturation of
Pluripotent Stem Cell-Derived Cardiomyocytes Enables Modeling of Human Hypertrophic Cardiomyopathy. Stem. Cell Rep.
2021, 16, 519–533. [CrossRef] [PubMed]

104. Seo, H.R.; Joo, H.J.; Kim, D.H.; Cui, L.H.; Choi, S.C.; Kim, J.H.; Lim, D.S. Nanopillar Surface Topology Promotes Cardiomyocyte
Differentiation through Cofilin-Mediated Cytoskeleton Rearrangement. ACS Appl. Mater. Interfaces 2017, 9, 16803–16812.
[CrossRef] [PubMed]

105. Lin, Z.C.; McGuire, A.F.; Burridge, P.W.; Matsa, E.; Lou, H.-Y.; Wu, J.C.; Cui, B. Accurate nanoelectrode recording of human
pluripotent stem cell-derived cardiomyocytes for assaying drugs and modeling disease. Microsyst. Nanoeng. 2017, 3, 16080.
[CrossRef]

106. Coulombe, K.L.; Bajpai, V.K.; Andreadis, S.T.; Murry, C.E. Heart regeneration with engineered myocardial tissue. Annu. Rev.
Biomed. Eng. 2014, 16, 1–28. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsomega.8b01205
https://www.ncbi.nlm.nih.gov/pubmed/31459189
https://doi.org/10.1007/s11095-008-9801-2
https://doi.org/10.1016/S1369-7021(05)71223-2
https://doi.org/10.1039/C6TB03050E
https://www.ncbi.nlm.nih.gov/pubmed/32264047
https://doi.org/10.1016/j.actbio.2016.03.001
https://doi.org/10.1016/j.actbio.2019.07.010
https://doi.org/10.1002/bit.26929
https://doi.org/10.1161/JAHA.120.019338
https://doi.org/10.1111/j.1582-4934.2011.01409.x
https://www.ncbi.nlm.nih.gov/pubmed/21838774
https://doi.org/10.1016/j.biopha.2020.110382
https://www.ncbi.nlm.nih.gov/pubmed/32590191
https://doi.org/10.1016/j.stemcr.2021.01.018
https://www.ncbi.nlm.nih.gov/pubmed/33636116
https://doi.org/10.1021/acsami.7b01555
https://www.ncbi.nlm.nih.gov/pubmed/28497946
https://doi.org/10.1038/micronano.2016.80
https://doi.org/10.1146/annurev-bioeng-071812-152344

	Introduction 
	Cardiac Extracellular Matrix 
	Hydrogels as Synthetic Biomaterials Scaffolds 
	Functionalisation of Hydrogels 

	Hydrogels from Natural Polymers 
	Collagen/Gelatin Based Hydrogels 
	Alginate Gels 
	Hyaluronic Acid-Based Hydrogels 

	Synthetic Hydrogels 
	Polydimethylsiloxane 
	Polyacrylamide 
	Polyethylene Glycol (PEG) 

	Conclusions 
	References

