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Abstract: Bioengineered materials represent an innovative option to support the regenerative pro-
cesses of damaged tissues, with the final objective of creating a functional environment closely
mimicking the native tissue. Among the different available biomaterials, hydrogels represent the
solution of choice for tissue regeneration, thanks to the easy synthesis process and the highly tunable
physical and mechanical properties. Moreover, hydrogels are biocompatible and biodegradable,
able to integrate in biological environments and to support cellular interactions in order to restore
damaged tissues’ functionality. This review offers an overview of the current knowledge concerning
hydrogel synthesis and characterization and of the recent achievements in their experimental use in
supporting skin, bone, cartilage, and muscle regeneration. The currently available in vitro and in vivo
results are of great interest, highlighting the need for carefully designed and controlled preclinical
studies and clinical trials to support the transition of these innovative biomaterials from the bench to
the bedside.

Keywords: hydrogel; tissue engineering; biocompatibility; regenerative medicine; biomaterials;
tissue mechanical properties

1. Introduction

Due to population aging, life expectancy is increasing, together with a physiologi-
cal condition associated with the need for therapeutic solutions aimed at preserving or
restoring tissues and organ functionalities following age-related degeneration. To date,
regenerative medicine and tissue engineering represent an innovative approach to this
still unmet clinical need, as well as to the lack of donors for organ transplantation [1]. In
particular, tissue engineering, by using a combination of biomaterials, cells, and bioactive
molecules, allows for the development of functional biological structures closely mim-
icking specific organs and tissues that could be used to restore the damaged structure’s
biological integrity.

Hydrogels represent one of the most commonly used biomaterials for tissue engi-
neering. They are three-dimensional networks composed of hydrophilic polymers able
to absorb and retain significant amounts of water or biological fluids while maintaining
their spatial structure. The most relevant features that make these materials excellent candi-
dates for hierarchically organizing cells into tissue-like structures are their extraordinary
biocompatibility, biodegradability, and rheological and mechanical properties. Indeed, to
ensure their physiological activity and avoid the possible side effects resulting from the
stress shielding mechanisms, it is desirable to develop materials with mechanical properties
comparable to the native tissues [2].
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This review summarizes tissue biomechanical characteristics in relation to hydrogels
used in regenerative medicine, with special attention to skin, bone, cartilage, and muscles.

2. Mechanical Properties of Human Tissues and Organs

The mechanical properties of biological tissues are strictly dependent on the anatomical
localization, as well as on the extracellular matrix (ECM) composition and microstructure,
which are essential in driving cellular behavior, by providing specific extracellular sig-
nals; thus, mimicking the mechanical properties still represents a great challenge in the
development of successful tissue-engineered substitutes [3,4].

In this context, it is of great importance to consider that, in each different tissue, cells
are also guided by different mechanical stimuli (mainly represented by shear, compression,
and tensile stress) of both external and local origin. These different stressors determine
a deformation response that varies according to the considered tissue’s stiffness [5]. The
tissue’s stiffness is commonly expressed in terms of elastic or Young’s modulus and varies
according to the tissue’s functionality. In fact, it is the key parameter involved in defining
tissue structure, as well as its ability to provide structural support to the tissues as well as
to organs. Table 1 briefly summarizes the degree of stiffness of different tissues [6].

Table 1. Elastic modulus of different tissues.

Biological Tissue Elastic Modulus

Skin 4.6–20 MPa

Cartilage 10–20 kPa

Bone 1–20 GPa

Heart 30–400 kPa

Skeletal Muscle 20–100 kPa

The following sections offer a brief overview of the biomechanical features of skin,
bone, cartilage, and muscles, with the aim of highlighting the key parameters to be consid-
ered when developing biological substitutes.

2.1. Skin

The skin is composed of three layers: epidermis (external layer), dermis (middle
layer), and hypodermis (deep layer), and, being the largest organ of the human body,
represents the first barrier against environmental pathogens. This organ normally deals
with constant mechanical tension, including deformation and compression caused by
the body’s movement and by the forces arising from the underlying dermal layers; the
skin’s ECM is composed of a crosslinked network of laminins, elastic fibers, collagens, and
proteoglycans (PGs), such as perlecan and nidogen [7–9]. Skin ECM components, altogether,
contribute to dynamically modulating the swelling ability as well as the structural stiffness.
In this context, it is important to consider that collagens, which are mainly represented
by type I (accounting for 60–80% of the total amount) and type III (accounting for 15–20%
of the total amount), assure tissue stiffness, while the elastic components provide skin
physiological elasticity, and glycosaminoglycans (GAGs) account for its hydration, thanks
to their ability to entrap large amounts of water [10–18].

The typical dynamic adaptability of the skin to different mechanical stimulations
relies on the collagenous and elastic components of the ECM. It has been observed that,
when a strain stimulation of up to 0.3% is applied, elastin fibers offer low resistance, while
collagen fibers remain entangled and intertwined, not contributing to the stiffness of the
tissue. On the contrary, when mechanical stress increases, it is dissipated by collagen fibers
that linearize and stretch, resulting in a localized increase in tissue stiffness. A further
increase in strain stimulation, reaching values in the 0.6–0.7% range, results in a linear
stress–strain response. Finally, when the applied strain–stress overcomes the value of 0.7%,
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collagen fibers start to degenerate, resulting in a progressive loss of the skin’s physiological
mechanical properties [19]. As a matter of fact, detailed knowledge of skin mechanical
behavior is essential to discriminate between healthy and pathological tissues and to design
effective biomaterials for regenerative purposes.

2.2. Bone Tissue

Bone tissue is a stiff connective tissue representing the basic element of the skeletal
system, where it has to withstand both compressive and tensile stresses as well as bending
and torsion stimuli. The ability of this tissue to support such mechanical stresses is closely
related to its composition [20]. Bone mineral constituents effectively counteract compressive
forces, thus assuring tissue hardness, while collagen fibers, mainly represented by type I
(accounting for 90–95% of the total amount) and types III and V (present in small amounts),
assure its flexibility and elasticity. Moreover, PGs and GAGs side chains play an important
role in bone biomechanics by regulating the hydrostatic and osmotic pressure as well as
the poroelastic behavior of the mineralized tissue [17,21–23].

The mechanical properties of bone tissue are not only dependent on ECM composition,
as it is well known that its structural features (e.g., fiber orientation, trabecular architecture,
mineralization, and porosity) also play a key role in determining these properties. From a
structural point of view, bones are composed of stacked tissues, namely the cortical bone
(representing the outer layer, with a porosity ranging from 5% to 15%) and the trabecular
bone (representing the inner part, with a porosity ranging from 40% to 95%) [24,25]. The
cortical bone represents the most compact structure, showing a higher degree of toughness,
stiffness, and strength; in response to a compressive force, it slightly deforms, quickly
breaking down following increased stimulation [26,27]. Such mechanical behavior is also
affected by cortical porosity, as this parameter negatively correlates with the tissue elasticity,
by its compressive ultimate stress response, and by fracture toughness, finally accounting
for the tissue-specific elastic modulus and yield stress [24,28–31]. On the other hand, the
trabecular bone is a spongy structure that undergoes active remodeling and shows a more
ductile behavior towards compression forces, thus leading to larger deformations following
small compressive stimuli compared to cortical bone [32,33].

Considering that bone structure and properties could be affected both by pathological
processes and physiological aging, the understanding of their specific mechanical features
is essential for properly restoring bone integrity.

2.3. Cartilage

Articular cartilage (AC) is a load-bearing tissue able to mitigate compressive forces
in the joint and limit friction that could damage the underlying bone. These abilities
are due to its highly hydrated ECM, composed of PGs, collagens (mainly represented by
type II (accounting for 90–95% of the total amount), type IX (accounting for 1–5% of the
total amount) and XI (accounting for 1–5% of the total amount)), and non-collagenous
proteins and glycoproteins [17,34–37]. The AC’s ECM microstructure is once again the
major responsible for the whole tissue’s mechanical properties. In particular, the superficial
layer (10–20% of the total AC) is a highly hydrated structure composed of tightly packed
collagen fibers with parallel orientation, thus allowing tissue deformation when subjected
to external stress. The middle layer (40–60% of the total tissue), instead, is rich in PGs, and
it is characterized by thicker collagen fibers randomly oriented, thus representing the first
line of resistance against compressive forces. The deep layer (approximately 30% of the
total AC) is composed of PGs and thicker collagen fibers with a perpendicular orientation,
thus providing the greatest resistance to compressive forces. Finally, the calcified layer
anchors the deep layer of collagen to the underlying bone, thus offering excellent resistance
to shear forces [34–36,38–40].

Concerning the mechanical properties, the AC is a viscoelastic material able to sustain
transient deformation: when a compressive force is applied to the cartilage, the pressure
of the interstitial fluid increases, causing the fluid to flow out of the ECM, which then
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returns into the interstitial space when the compressive force is removed. This fluid
behavior is the main reason for the force dissipation, while only a small part is dissipated
through ECM deformation. Moreover, when compression occurs, the electrostatic repulsion
between negatively charged PGs increases, resulting in an increased tissue stiffness against
compression [36,41–44]. Experimental studies focusing on cartilage mechanical properties
highlighted the ability of this tissue to tolerate a compressive strain of up to 30% due to its
compressive stiffness resulting from a non-linear stress–strain behavior [45,46]. Moreover,
considering the natural inhomogeneity of the tissue, it should be noted that mechanical
properties depend on the considered tissue layer; the majority of the available studies
are focused on the external one without considering the existing variations between the
different layers [3]. Interestingly, recent research focused on the characterization of the
mechanical responses of the different cartilage layers [47,48], highlighting the presence
of a gradient in the tissue-specific elastic modulus between layers [3]. Considering that
AC mechanical properties are affected by age-related pathological degeneration, a deep
knowledge of the tissue’s microstructure is essential for developing bioengineered matrices
for cartilage regeneration.

2.4. Muscles

The muscular tissue’s distinctive characteristic is represented by contractility. In
vertebrates, three types of muscular tissues can be identified, indicated as skeletal, cardiac,
and smooth muscles, each one showing specific microstructural features that directly affect
their own mechanical properties.

The skeletal muscle is a viscoelastic tissue composed of long myofibers associated with
tendons, which undergo neurogenic contraction [49]. The skeletal muscle’s mechanical
behavior strongly depends on the associated ECM, which is organized in different layers:
endomysium, surrounding each myofiber; perimysium, grouping muscle fibers in fascicles;
and epimysium, wrapping the whole muscle. Endomysium and perimysium are the layers
mostly involved in defining the skeletal muscle’s mechanical features [50]. Endomysium
is composed of randomly arranged collagen fibers, while perimysium is composed of
hierarchically organized collagen fibrils. As observed for bone and cartilage, skeletal muscle
connective tissue is also composed of different types of collagens, differently represented in
terms of percentage: collagen type I and type III fibers account each for roughly 3% of the
total collagen of the tissue, while the others (mainly represented by types IV and V) account
for about 2% of the total. Overall, these play an important role in sustaining the tissue’s
biomechanical behavior, undergoing conformational changes during muscle elongation,
and contributing to the transmission of muscle contractile force to the bones through the
tendons [50–56].

The cardiac muscle is an elastic tissue composed of specific cells able to generate
myogenic contractions, whose stress–strain behavior is mainly dependent on its ECM
composition. In particular, it has been observed that, during diastole, pericardial collagen
fibers are uncoiled, thus offering low resistance to the stretch and allowing ventricular
filling, while during systole they linearize, transmitting force and helping to maintain
myocyte alignment throughout the cardiac wall [57]. Also, in cardiac ECM, different
components collaborate in defining the tissue’s mechanical properties: collagens are mainly
represented by type I (accounting for 85% of the total amount), type III (accounting for
15% of the total amount), and type V (accounting for up to 5% of the total amount) fibers are
mainly involved in contraction; elastin is known to support tissue-specific elastic properties
by interweaving with collagen fibers; and PGs and GAGs are involved in fluid movement
regulation during systole [58–63].

The smooth muscle is a non-striated muscular tissue characterized by myogenic con-
traction, mainly localized in the visceral organs, where its stress relaxation responses are
essential in ensuring body functions. Also, in this context, the specific tissue’s mechanical
features strongly depend on ECM organization, as the application of tensile and com-
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pressive forces, as well as shear stress, result in matrix remodeling and finally, in the
maintenance of tissue homeostasis [64,65].

3. Hydrogels in Tissue Engineering and Regenerative Medicine

In regenerative medicine applications, matrices are essential to sustain tissue integrity
restoration by providing a 3D structure for cellular functions. Thanks to their highly
hydrophilic 3D structure, which is essential in allowing the diffusion of biological fluids,
cells, and metabolites, hydrogels are one of the most used biomaterials in the field of
regenerative medicine [1,66]. These materials exhibit viscoelastic characteristics that can be
easily tuned by adjusting processing conditions (e.g., crosslinking rate, gelation conditions,
temperature, pH, etc.), in order to closely mimic the native tissue characteristics, thus
providing structural and biochemical support to the surrounding cells [67]. Moreover, it
is noteworthy that hydrogels, once implanted into the appropriate body district, should
integrate with the existing tissues, finally undergoing natural degradation when tissue
regeneration is reached.

3.1. Hydrogels: Characteristics, Classification, and Production

Hydrogels can be obtained from synthetic or natural polymers, or as a hybrid of
both. Table 2 shows the most common hydrogels used to support tissue regeneration,
highlighting the known pros and cons.

Regardless of their nature, hydrogels can also be tailored to allow their adaptability to
the surrounding environment. Such innovative scaffolds, called “smart hydrogels”, not
only undergo the classical swelling processes but can also modify their behavior according
to specific external stimuli like temperature, pH, or electric field. Among them, the most
studied in the biomedical field are the temperature and/or pH-responsive materials, as
they allow a more efficient integration in the surrounding environment [1,68].

Because one of the major advantages of hydrogel scaffolds is represented by their
highly tunable characteristics, special attention should be paid to their microstructure,
which mainly depends on substrate crosslinking. Based on the crosslinking procedure used
during their synthesis, hydrogels could be classified as physical or chemical hydrogels [1,68].
In particular, in physical hydrogels, the polymer chains’ crosslinking is based on non-
covalent forces, resulting in weak and reversible interactions, which can lead to, under
specific conditions, matrix dissolution in water or organic solvents. The use of non-toxic
crosslinking molecules and their limited lifetime in biological environments make these
scaffolds a safe choice for clinical applications. On the other hand, chemical hydrogels are
characterized by strong covalent bonds, which result in stable networks even in the swollen
state. Moreover, the use of the chemical crosslinking approach allows a fine-tuning of the
final matrix mechanical properties and biodegradability [1,68].

The choice of crosslinking is made according to the hydrogel’s desired properties,
which are dependent on the final application. Considering that the crosslinking approach
strongly depends on the final application of the scaffold, the main parameters that have to
be considered for preparing hydrogels are (I) the amount of water the matrix is expected to
absorb, and (II) the binding of the polymer chains within the gel network. The swelling
parameter, which can be regulated through the starting polymer molecular weight and/or
charge, as well as through the crosslinking density, represents a critical factor because it
influences the solute diffusion coefficient, the surface wettability and mobility, and the
optical and mechanical properties of the scaffold.
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Table 2. Advantages and disadvantages of different types of hydrogels used for tissue engineering applications.

Type Examples Advantages Disadvantages References

Synthetic

poly(vinyl alcohol) (PVA),
poly(ethylene glycol) (PEG),
poly(ethylene oxide) (PEO),

poly(2-hydroxyethyl methacrylate) (PHEMA),
poly(acrylic acid) (PAA),

poly(acrylamide) (PAAm), etc.

Excellent durability and reproducibility,
high tunability of their mechanical properties

Low bioactivity,
possible cytotoxic effects and immune

rejection
[68]

Natural

Protein based:
Collagen, elastin, fibrin, gelatin, silk fibroin

Polysaccharide based:
Glycosaminoglycans, alginate, chitosan

Decellularized hydrogels:
Decellularized ECM from different tissues

Biocompatibility,
biodegradability,
high bioactivity,

low/absent toxicity,
high tunability of their characteristics,

high retention of growth, and differentiation factors

Poor mechanical stability,
batch variability,

poor stability over a long period of time,
possible lack of reproducibility,

limited applicability in terms of 3D printing

[68,69]

Hybrid

Combination of natural and synthetic
(e.g., collagen, elastin, fibrin, gelatin, silk

fibroin, GAGs, alginate, chitosan,
decellularized tissues, poly(lactic acid) (PLA),

poly(ε-caprolactone) (PCL),
poly(glycolic acid) (PGA) and copolymers,

poly(ethylene glycol) (PEG), and
poly(vinyl alcohol) (PVA))

Remarkable thermodynamic stability,
elevated capacity of solubilization,

tunable mechanical properties,
heterogeneous structure allowing cell adhesion and

spreading, responsiveness,
biocompatibility,

biodegradability, and
non-immunologic response

The incorrect combination of materials
could result in incompatible and

non-functional hydrogels
[70–72]
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3.1.1. Hydrogels Fabrication Techniques

In order to produce hydrogel-based scaffolds suitable for biomedical applications, sev-
eral fabrication techniques have been developed: (I) emulsification, (II) freeze-drying, (III)
porogen leaching, (IV) gas foaming, (V) electrospinning, (VI) three-dimensional printing,
(VII) photolithography, and (VIII) sol–gel technique [1,73–80]. Table 3 briefly summarizes
the key features of these fabrication methods.

Table 3. Brief description of the distinctive features of the currently available hydrogel fabrication methods.

Fabrication
Methods Key Features Advantages Disadvantages Examples

Emulsification

It produces minute hydrogel
droplets by mixing multi-phased

solutions with a hydrophobic
phase. Hydrogel droplet size

could be easily tailored by
modifying the precursor’s

viscosity and mixing intensity.
Agglomeration could be

prevented by adding surfactants
to limit surface tension.

Possibility to obtain
cell-laden scaffolds by

simply adding cells to the
mixing phase.

Only spherical particles
could be produced, with a

wide particle size
distribution.

Natural (chitosan, collagen,
agarose, alginate) and

synthetic (polylactic acid,
polylactic-co-glycolic acid)
polymers can be used to

encapsulate cells to develop a
controllable environment for

differentiation.

Freeze-drying

Polymer and solvent are added
to a water solution undergoing
rapid cooling in a temperature

range, causing thermal
instability within the structure.
This freeze-dried construct is

then subjected to partial vacuum,
allowing solvent to evaporate

while building porous scaffolds.

Possibility to create
porous matrices.

Possibility to use water
and ice crystals instead of
organic solvents during
the fabrication process.

Difficulty in tuning pores
size and long processing

time, resulting in
relatively poor mechanical

features due to matrix
collapse following the
scaffold–air interface

tension changes during
solvent evaporation.

Natural (collagen, chitosan,
agarose, silk proteins),

synthetic (poly(ethylene
glycol), poly(L-lactic acid))

and composite
(polylactic-co-glycolic
acid-poly(propylene

fumarate), collagen-chitosan)
polymers can be used.

Collagen–chitosan scaffolds
crosslinked with

glutaraldehyde were tested for
adipose tissue engineering,

while agarose scaffolds with
linear porous channels

showed promising results in
supporting azonal

regeneration.

Porogen
leaching

Salt particles are mixed with a
solvent and transferred to a
mold of the desired shape,

which undergoes freeze-drying,
allowing solvent evaporation,

and subsequent leaching of the
trapped salt particles within the

network.

Fair reproducibility and
lack of sophisticated

fabrication apparatus.
Possibility to control pore

size and quantity by
adjusting the nature and
quantity of porogen used.

Possibility to develop
scaffolds with dual

porosity.

Need for long soaking in
water to remove salts and
solvents used during the

fabrication.
Potential presence of

residual porogen and/or
solvent within the
network, forming

defective pore structures.

Natural (collagen) and
synthetic

(polylactic-co-glycolic acid,
poly(lactic acid)) can be used
to obtain composite scaffolds.

Gas foaming

Effervescent salt particles are
mixed into a polymer gel cast in

a mold where gas bubbles are
generated with either chemical

or physical methods, decreasing
the polymer solubility.

Consequently, the pressure
causes gas nucleation and the
formation of interconnecting

pores, finally resulting in highly
porous foam scaffolds without

the use of organic solvents,
which can have toxic effects or

induce inflammatory responses.

Possibility to obtain
scaffolds with high

porosity (up to 90–93%).
Possibility to obtain

macroporous structures
with a homogeneous pore
size ranging between 100

and 200 µm.
Possibility to maintain the

bioactivity of the
molecules embedded into

the matrix.

Formation of skimming
film layers on the scaffold
surface, which needs to be

removed.
Poor interconnectivity of

the porosity.

Mixtures of poly(lactic acid)
and ammonium bicarbonate,

polylactic-co-glycolic acid and
citric acid, poly(acrylic

acid/acrylamide) and sodium
bicarbonate or poly(ethylene

glycol) and sodium
bicarbonate have been

successfully used to produce
highly porous foams.
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Table 3. Cont.

Fabrication
Methods Key Features Advantages Disadvantages Examples

Electrospinning

A high voltage current is applied
to the syringe pump filled with
the polymeric material, which

jets the solution out of the nozzle
tip as thin filaments collected by

a rotating collector.

Possibility to incorporate
proteins and/or growth

factors in poorly
biocompatible synthetic

polymers to improve their
whole features.

Possibility to obtain
submicrometric porous

fibrous hydrogels,
assuring improved

cell–scaffold interactions.

Difficulties in generating
scaffolds with complex

structures and
homogeneous pore

distribution.
Inability to generate
three-dimensional

scaffolds.

Natural (collagen, chitosan,
silk fibroin, chitin) and

synthetic (poly(lactic acid),
poly(glycolic acid),

poly(lactic-co-glycolitic acid),
polycaprolactone,

poly(ethylene oxide),
polyvinyl alcohol) polymers

can be used to develop
scaffolds for tissue

engineering applications.

Three-
dimensional

printing

It represents an innovative
strategy to fabricate matrices

with precise size and shape, in
which it is possible to precisely

position biologics, such as living
cells, and ECM components
according to a hierarchical

organization.

Possibility to replace the
classical two-dimensional
(2D) models in which cells
are grown as monolayers
without reproducing the

dynamic and complex
cell–cell and cell–matrix

interactions, thus
improving in vivo

physiological interactions
in artificial multicellular

tissues/organs.

Difficulties in the
identification of the

printable materials that
should possess structural

stability in biological
environments, a
degradation rate

congruent with tissue
regeneration, and
non-toxic features.

Natural (alginate, collagen,
silk, dextran, gelatin, fibrin,

agarose, gellan gum,
hyaluronic acid, decellularized
matrices), synthetic (pluronics,

poly(ethylene glycol),
polycaprolactone) and

composite (agarose/chitosan,
alginate/gelatin,

fibrinogen/gelatin,
hydroxyapatite/gelatin)
polymers can be used to

obtain cell-laden scaffolds
with predefined external shape

and internal morphology.

Photolithography

This is a two-step technique in
which a masked photosensitive
polymer modelled in the desired

shapes and sizes is exposed to
UV radiation to allow the

photopolymerization, while the
unreacted substrate is eliminated

through solvent washing.

Possibility to synthesize
polymeric 3D scaffolds
with tunable alignment

patterns.
Possibility to create

scaffolds in which cells are
encapsulated within
photocrosslinkable

polymers.
Possibility to conjugate
chemical moieties to the

hydrogel matrix in
spatially controlled

manner.

Need of
photo-crosslinkable

polymers and
photoinitiators that could

be cytotoxic.
Possible noxious effects of

UV radiation on cell
behavior.

Need for further assembly
of the obtained

two-dimensional
structures in order to

obtain three-dimensional
scaffolds.

Acrylic monomers,
acrylate-functionalized

polymers (poly(ethylene
glycol) diacrylate, acrylated

gelatin, acrylated alginate) or
vinyl-functionalized

macromolecules have been
successfully

photopolymerized to obtain
scaffold with arbitrary

geometries.

Sol–gel
technique

Scaffolds are prepared by
dissolving organic or inorganic
metal compounds in a solvent.

The resulting solution is
subjected to cycles of hydrolysis

and polymerization reactions,
allowing the formation of a

colloidal suspension (sol) that is
cast into a mold to achieve a gel
structure that is converted into a
dense ceramic or glass material

through further drying and
heat treatments.

Possibility to obtain
scaffolds with high

chemical homogeneity by
working with low

processing temperatures.
Possibility of controlling

particle size and
morphology.

High cost of raw materials.
Large shrinkage during

processing.
Possible health hazards
deriving from the long

processing time involving
organic solutions.

Natural (alginate, gelatin,
cellulose) and synthetic
(poly(ethylene glycol),

polyvinyl alcohol) polymers
can be used to obtain

porous scaffolds.

3.1.2. Mechanical Properties of Hydrogels

To achieve the generation of “artificial tissues” with mechanical performance compa-
rable to those of native tissues, it is essential to deeply understand hydrogel mechanical
properties. Theoretical approaches allow the prediction of the final polymer structure
as well as the estimation of the expected elasticity, taking into account the nature of the
substrate, the crosslinking procedure, and the biological environment of the implant [81].
Considering their inhomogeneous structure, in the swollen state hydrogels show poor
deformability, as demonstrated by the experimental evaluation of their responses to shear
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or compression stresses [82]. Another critical parameter that is usually evaluated through
an experimental approach is the elastic modulus, defined as the relationship between the
applied stress (force per area unit) and the axial strain (proportional deformation). In native
tissues, the elastic modulus strictly depends on their function and localization, with higher
values corresponding to greater stiffness [83].

Technically, standard methods to evaluate hydrogel viscoelastic properties work under
shear strain, where different loads are applied to the material under a constant extension
rate. Such measurements clearly show that hydrogel mechanical properties can be finely reg-
ulated by modifying the nature and concentration of the starting substrates, the crosslinking
approach and density, as well as the scaffold–composition ratio [1].

Furthermore, it is worth noting that scaffold mechanical properties deeply influence
cell adhesion, migration, proliferation, and even differentiation [1,83,84], as observed with
human mesenchymal stem cells (hMSC), which undergo neurogenic differentiation when
cultured on hydrogels with low stiffness and myogenic or osteogenic differentiation when
cultured on scaffolds with higher degrees of stiffness, close to the ones observed in the
native tissues [85].

3.1.3. Hydrogel/Tissue Mechanotransduction

Tissue regeneration is a dynamic process in which biomechanical signaling plays a
key role in defining tissue homeostasis and repairing processes, as it is known that shear
stress, tension, and compression forces provide crucial information to modulate cellular
physiological behavior and homeostasis. In this context, hydrogels provide a template,
mimicking the native extracellular matrix and providing the cells with biological and
mechanical stimuli needed to support the regeneration process. In particular, biomechanical
signals can originate both from inside and outside the cells and finally result in the control
of biological and cellular responses through the conversion of a pure mechanical stimulus
into a biochemical signal [6,86,87].

Mechanotransduction allows cell adaptation to a dynamic mechanical environment
and relies on molecular conformation changes in key cellular components, such as cell-
cell junctions (e.g., adherens and tight junctions, desmosomes), cell-matrix junctions (e.g.,
hemidesmomes, focal adhesions), mechanosensitive ion channels and G protein-coupled
receptors, as well as transcription factors (e.g., YAP/TAZ), and intracellular signaling path-
ways (e.g., Wnt/β-catenin). Table 4 summarizes the most important cellular actors involved,
sensing mechanical stimuli both at the cell membrane level and intracellularly [86–90].

Table 4. Brief description of the most important cellular mechanosensors and their mechanism of action.

Membrane-Located Mechanosensors Mode of Action

Cadherins They act as tension transducers, transmitting mechanical stimuli to the cytoskeletal
actin filaments.

Desmosomal cadherins They assure mechanical integrity to the junctional complex by acting on cytoskeletal
intermediate filaments.

Connexins They enhance cell–cell communications at gap junction level, assuring a
syncytium-like behavior.

Integrins They act as tension transducers, transmitting mechanical stimuli to the cytoskeletal
intermediate filaments.

Focal adhesions They strengthen the actomyosin cytoskeletal network thanks to mechanical
stimulation-induced conformational changes.

Transient receptor potential vanilloid 4 (TRPV4) channels They allow calcium influx and signaling in response to a direct
mechanical stimulation.

Piezo1 channels They allow calcium movement, influencing cytoskeletal rearrangement.

Very large G protein-coupled receptor 1 (VLGR1) They regulate focal adhesion assembly and disassembly and stimulate cell migration.
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Table 4. Cont.

Intracellular Mechanosensors Mode of Action

Linker of the nucleoskeleton
and cytoskeleton (LINC) complex It transmits mechanical stimuli between the nucleoskeleton and the cytoskeleton.

Yes-associated protein and transcriptional coactivator with
PDZ-binding motif (YAP/TAZ)

They alter their localization between the cytoplasm (inactive state) and the nucleus
(active state) in response to mechanical stimuli, thus regulating cell growth,

differentiation, and migration.

Rho-associated kinase (ROCK) It stabilizes the actin cytoskeleton, favors actin/myosin crosslinking, and enhances
actomyosin contractility.

mDia It promotes actin cytoskeleton assembly by favoring its nucleation
and polymerization.

Focal adhesion kinase (FAK) It transduces mechanical stimuli to the myosin cytoskeleton, finally regulating cell
differentiation by acting upstream on the Rho/ROCK pathway.

Mixed lineage kinases (MLKs) Under compression stimulation, they activated the downstream mitogen-activated
protein kinase (MAPK) pathway, a key regulator of cell differentiation.

Wnt/β-catenin pathway
Mechanical stimuli, like shear stress or tension, lead to integrin activation and

β-catenin accumulation and/or Wnt ligand release, finally resulting in the regulation
of cell differentiation and homeostasis.

4. Hydrogels in Regenerative Medicine

Different hydrogels have been developed to support the regeneration of damaged
tissues or organs. In particular, these novel materials have been proven to mimic the
native ECM biomechanics and to support cell survival, spread, and differentiation while
assuring metabolic exchanges. Another essential feature that should be achieved to sustain
their use as regenerative support is represented by their biodegradability, allowing their
replacement by the newly formed matrix at the end of the regeneration process. To date,
several hydrogels have been developed and characterized to support the regeneration of
different human tissues, such as skin, bone, cartilage, and muscle.

4.1. Hydrogels for Wound Care

Skin damages can be classified into acute wounds (mechanical injuries, chemical
injuries, surgical wounds, etc.) and chronic wounds (burns, infections, diabetes, etc.) that
can be treated with several medical devices such as gauzes, films, foams, nanofibers, hydro-
colloids, and hydrogels [91–93]. Among the currently available solutions, hydrogels have
gained attention thanks to their ability to enhance wound regeneration while providing a
moist environment. Moreover, hydrogels can be loaded with anti-microbial agents, anti-
inflammatory drugs, bioactive molecules, and nanoparticles, thus enhancing the wound
healing processes [94,95]. In fact, a major challenge in wound healing is represented by
fighting bacterial infections, which can significantly impair the healing process. A common
strategy to face this problem is represented by the use of active antimicrobial agents such as
antimicrobial peptides, antibiotic drugs, or antibacterial materials in the currently available
wound dressings. Several researchers have successfully tested, both in vitro and in vivo,
hydrogels incorporating antimicrobial molecules, such as amphotericin B (Amb) and antiox-
idant materials like curcumin and t-resveratrol [96,97], as well as thermo-responsive drug
carriers containing antibiotics [98], antibacterial nanoparticles [94] or antimicrobial peptides
(AMPs) [93,94,99,100]. Finally, another successful approach is represented by the use of
materials having intrinsic antibacterial activity, such as chitosan, to obtain hydrogels [101].

Another critical step in wound healing is represented by the sustained inflammatory
response of the damaged district. Hydrogels represent an interesting approach to dealing
with this issue, as it is known that their intrinsic physical and chemical properties can
modulate tissue immune response [97].

In this context, while the easier approach is represented by the use of hydrogels derived
from natural compounds, many research groups developed differently functionalized mate-
rials to improve their immunomodulatory potential. In fact, immunomodulating hydrogels
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have been successfully obtained by adding specific functional groups (i.e., peptides, growth
factors, cytokines, and antibodies), but also by using the biomaterial to deliver mesenchy-
mal or adult stem cells to the site of injury to support the healing process [93,101–105].

In addition to the above-discussed devices showing antibacterial as well as im-
munomodulatory properties, recently, mechanically responsive hydrogels have been suc-
cessfully developed [106–108]. To physiologically support the wound healing process,
such novel matrices should be able to modify their shape, thus allowing wound contrac-
tion [109,110]. Finally, the greatest challenge in developing scaffolds able to mimic skin
mechanical properties is to produce a complex matrix reproducing the stiffness of the
different cutaneous layers, whose feasibility has been proven by the pioneering work of Ma
and coworkers, who developed a 3D bioprintable gelatin–alginate hydrogel characterized
by a stiffness gradient able to guide stem cell infiltration and tissue remodeling [111]. These
works highlight the importance of evaluating and tuning the mechanical component in
hydrogel scaffolds for skin wound healing, as they also greatly contribute to the success of
tissue regeneration.

Figure 1 summarizes the main features involved in the hydrogel-sustained wound
healing process.
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To date, in the field of skin regeneration in response to wounds, many goals have been
achieved, as demonstrated by the successful production of hydrogels with antibacterial
activity, immunomodulatory potential, and the ability to support wound contraction thanks
to their intrinsic mechanical properties. Nevertheless, other important challenges need to be
addressed in order to obtain superior solutions for wound management. Among them is the
need to develop scaffolds able to control the oxygen supply at the wound site, as it is known
that oxygen is also a crucial factor in wound healing. Another important feature in wound
healing that leads to a new challenge in wound dressing development is scar formation
and the lack of natural skin appendages (e.g., hair follicles, sebaceous, and sweat glands)
regeneration. Several promising results come from the work of several researchers, who
developed innovative hydrogels able to provide a scarless environment able to support skin
appendage regeneration. Lastly, it is also important to remember that, in some cases, the
wound-healing process could be associated with a dysregulation of cellular and biological
responses, leading to non-healing or difficult-to-heal wounds, supporting the need for
continuous innovation in the field of growth factor-loaded scaffolds in order to obtain
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solutions able to coordinate cellular responses in tissue repair. All the above-mentioned
challenges are nowadays addressed by many research groups with promising results, thus
fostering the development of skin substitutes able to restore not only skin functionality
but also aesthetics (e.g., pigmentation, appendages), leading to a customized solution for
personalized treatment [112,113].

4.2. Hydrogel for Bone Regeneration

Bone can be damaged following mechanical insults (i.e., trauma or fractures) or patho-
logical degeneration (i.e., arthritis, infections, cancer, osteoporosis, or inflammation). In
order to restore tissue integrity, the most common approaches are represented by allografts
and autografts. Despite representing the current gold standard in clinical practice, these
approaches show several drawbacks, such as limited availability, graft failure, and im-
mune rejection. To overcome bone grafting limitations, the development of bioengineered
materials able to support tissue regeneration represents a promising solution [114].

Bone healing is a complex physiological process characterized by three consecutive
phases: inflammation, osteogenic differentiation, and bone remodeling. Bioengineered
scaffolds should provide a microenvironment able to support the osteogenic process. To
this extent, attention should be paid to vascularization, as it is well known that osteoge-
nesis and angiogenesis are two biological processes that are strictly coupled, with VEGF
(vascular endothelial growth factor) playing a key coupling role, finally assuring faster
vascularization and improved bone deposition, as demonstrated, in a rat model, by the
superior regenerative ability of an osteogenic differentiated mesenchymal and endothelial
cells bearing scaffold compared to the scaffold alone [23,115–117]. Furthermore, it should
be considered that an ideal scaffold needs to closely mimic the mechanical and physical
properties of the outer as well as the inner layers of the bone [118]. To achieve such a crucial
result, it is essential that ions like calcium (Ca2+), magnesium (Mg2+), and zinc (Zn2+) could
be directly integrated into biomaterials to enhance their regenerative properties while
improving their mechanical characteristics [119]. Ion-doped hydrogels for bone regenera-
tion have been successfully developed by different research groups, such as Zhang and
colleagues [120] who developed a novel magnesium ion-incorporating dual-crosslinked
hydrogel able to promote osteogenic differentiation and angiogenesis in both in vitro and
in vivo models. Chen and coworkers also developed a protein-crosslinked hydrogel able
to deliver and guarantee optimal Mg2+ and Zn2+ concentrations, resulting in a synergistic
enhancement of bone restoration by modulating the MAPK signaling pathway [121].

An alternative approach to hydrogel doping with mineral ions is represented by
the incorporation of bioceramic nanocomposites into the scaffold. One of the most used
bioceramic materials in this context is hydroxyapatite, which has been proven to increase
local Ca2+ concentrations, resulting in MSC growth and differentiation and osteoblast
proliferation [122]. The feasibility of this approach has been demonstrated by the successful
development of a biodegradable poly(2-hydroxyethyl methacrylate) (PHEMA)-gelatin
hydrogel containing nanohydroxyapatite dropped with metal ions showing considerable
elasticity and high mechanical strength [123].

Promising results were also obtained by Liang and colleagues, who obtained an os-
teogenic microenvironment by combining biomimetic hydrogels of periosteum-decellularized
extracellular matrix and calcium phosphate oligomers crosslinked with nano-hydroxyapatite
(nano-HAP) [124]. Furthermore, Vitale’s research group developed a nanocomposite
fluorenylmethoxycarbonyl-based RGD-functionalized peptide hydrogel modified with
hydroxyapatite nanopowder (Hap) showing improved rheological properties and the abil-
ity to sustain osteoclasts (OCs) differentiation and function [125]. Finally, hydroxyapatite
ball-flower particles (OHAHs) have been successfully encapsulated in hydrogels intended
for bone repair [126].

Hydrogels that could be successfully used to support bone regeneration not only
have to assure a pro-osteogenic microenvironment but also need to display mechanics
comparable to the native tissue, as has been demonstrated by the increased proliferation
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and differentiation rates observed in cells grown on matrices closely mimicking bone
tissue [127]. To achieve this goal, a promising strategy is represented by the use of double
network hydrogels, novel structures characterized by high fracture strength and wear
resistance associated with a low coefficient of fraction that can be obtained through a dual
crosslinking approach [128,129].

In the context of bone regeneration, hydrogels have also been investigated as cell
delivery systems. As a matter of fact, bone-specific cells such as pre-osteoblasts and
osteoclasts have been successfully encapsulated within the hydrogel matrix [125,130], as
well as MSCs that, thanks to their extraordinary differentiation potential, could represent a
very promising solution to support new tissue formation [131,132].

To guarantee proper bone regeneration, another crucial step is represented by im-
munomodulation, allowing immune cells to switch from a pro-inflammatory to a pro-
regenerative phenotype. To achieve this goal, Wang and colleagues developed an oxidized
glucomannan (GM) hydrogel grafted with RADA16 peptide able to induce macrophage
polarization toward the M2 phenotype, thus reducing the inflammatory response while
sustaining the healing process [133]. Hydrogels with immunomodulatory properties have
also been developed by other researchers, paving the way for the use of bioengineered
hydrogels in the treatment of bone defects of different clinical natures [134–136].

Finally, it should be considered that hydrogels could also represent an effective drug
delivery system that has already been successfully tested in osteosarcoma and chronic
osteomyelitis targeted therapy, thus expanding the range of the possible clinical applications
of the newly developed bioengineered hydrogels [137,138].

Figure 2 summarizes the main features involved in the hydrogel-sustained bone repair
process, highlighting the key role of an osteoinductive and osteo-permissive environment
in sustaining osteoprogenitor cells’ proliferation and differentiation toward osteoblasts and
finally osteocytes.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 16 of 28 
 

 

glucomannan (GM) hydrogel grafted with RADA16 peptide able to induce macrophage 
polarization toward the M2 phenotype, thus reducing the inflammatory response while 
sustaining the healing process [133]. Hydrogels with immunomodulatory properties have 
also been developed by other researchers, paving the way for the use of bioengineered 
hydrogels in the treatment of bone defects of different clinical natures [134–136]. 

Finally, it should be considered that hydrogels could also represent an effective drug 
delivery system that has already been successfully tested in osteosarcoma and chronic 
osteomyelitis targeted therapy, thus expanding the range of the possible clinical 
applications of the newly developed bioengineered hydrogels [137,138]. 

Figure 2 summarizes the main features involved in the hydrogel-sustained bone 
repair process, highlighting the key role of an osteoinductive and osteo-permissive 
environment in sustaining osteoprogenitor cells’ proliferation and differentiation toward 
osteoblasts and finally osteocytes. 

 
Figure 2. Schematic representation of hydrogel uses in supporting bone regeneration. Image created 
with BioRender.com. 

In conclusion, in order to ensure proper bone regeneration, it is crucial to develop 
scaffolds that could closely mimic the macro- and micro-scale hierarchical architecture of 
the native tissue. The current trend in biomaterials for bone regeneration research mainly 
focuses on the definition of composite matrices derived from the combination of inorganic 
and organic materials, which could assure the obtainment of microscopic features able to 
improve effective tissue development. In this context, scaffold porosity and roughness 
represent key requirements. The most recent fabrication approaches rely on the creation 
of three-dimensional scaffolds with interconnected pores of different dimensions (i.e., 50–
150 μm to allow cell colonization and 100–600 μm to facilitate the integration with the host 
native tissues) whose surface roughness is regulated by a fine-tuning of the starting 
mixture, as it has been demonstrated that rough surfaces are more effective in supporting 
bone regeneration compared to smoother ones. Last but not least, fiber alignment also 
appears to be crucial and thus represents another challenging feature to be reproduced 
during scaffold production. All these concerns started to be answered by different 
research groups, allowing a promising step forward for the creation of effective 
biomaterials to be used to support bone defect resolution [139]. 

4.3. Hydrogel for Articular Cartilage Regeneration 
Articular cartilage is a resilient and smooth type of connective tissue whose function 

is to minimize friction and compressions during movements. Joint cartilage can be easily 
damaged following physical trauma or in the case of chronic diseases. Since cartilage does 

Figure 2. Schematic representation of hydrogel uses in supporting bone regeneration. Image created
with BioRender.com.

In conclusion, in order to ensure proper bone regeneration, it is crucial to develop
scaffolds that could closely mimic the macro- and micro-scale hierarchical architecture of
the native tissue. The current trend in biomaterials for bone regeneration research mainly
focuses on the definition of composite matrices derived from the combination of inorganic
and organic materials, which could assure the obtainment of microscopic features able to
improve effective tissue development. In this context, scaffold porosity and roughness
represent key requirements. The most recent fabrication approaches rely on the creation
of three-dimensional scaffolds with interconnected pores of different dimensions (i.e.,
50–150 µm to allow cell colonization and 100–600 µm to facilitate the integration with the
host native tissues) whose surface roughness is regulated by a fine-tuning of the starting
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mixture, as it has been demonstrated that rough surfaces are more effective in supporting
bone regeneration compared to smoother ones. Last but not least, fiber alignment also
appears to be crucial and thus represents another challenging feature to be reproduced
during scaffold production. All these concerns started to be answered by different research
groups, allowing a promising step forward for the creation of effective biomaterials to be
used to support bone defect resolution [139].

4.3. Hydrogel for Articular Cartilage Regeneration

Articular cartilage is a resilient and smooth type of connective tissue whose function
is to minimize friction and compressions during movements. Joint cartilage can be easily
damaged following physical trauma or in the case of chronic diseases. Since cartilage does
not have an intrinsic regenerative potential, the injured tissue cannot naturally recover,
thus leading to a worsening in the patient’s quality of life. To date, the available treatments
are intended to relieve the symptoms, highlighting the need to develop new therapeutic
approaches able to support tissue regeneration. In this context, due to their physical and
mechanical properties, hydrogels represent an interesting biomaterial to support damaged
cartilage recovery, along with their ability to adapt to the damaged area when injected in
situ [127,140–142].

Several naturally derived hydrogels proved to support chondrogenesis and cartilage
healing [143]. Due to its biocompatibility, bioactivity, and non-immunogenicity, along
with its role in maintaining chondrogenic phenotype, hyaluronic acid (HA) has been
successfully used to develop hydrogels able to sustain chondrocyte differentiation [144].
Zhang and coworkers achieved hyaline cartilage repair in an in vitro model by synthesizing
an injectable collagen type I (Col)-hyaluronic acid (HA) hydrogel loaded with bone marrow
mesenchymal stem cells (BMSCs) that successfully differentiated into chondrocytes [145].
Another interesting approach to cartilage regeneration is represented by the development of
a hydrogel-based bioink composed of HA and alginate co-printed with polylactic acid (PLA)
that has been demonstrated to increase the chondrogenic markers’ gene expression [146].
HA has also been combined with silk fibroin (SF) in composite hydrogels, providing
adequate mechanical strength and a slower rate of degradation along with tunable stiffness
and viscoelasticity, finally resulting in a scaffold able to promote the deposition of tissue-
specific ECM [147].

HA is not the only GAG used to develop chondroinductive hydrogels; as a matter of
fact, several authors developed chondroitin sulfate (CS)-based matrices able to support
in vitro cartilage regeneration [148,149].

Hydrogels loaded with appropriate cellular populations represent a great challenge for
researchers. MSCs, human articular chondrocytes (hACs), and human chondroprogenitor
cells (hCPCs) have been investigated as an interesting approach to improve articular carti-
lage healing. Among these cells, MSCs received great attention due to their proven ability
to promote the formation of hyaline-like persistent cartilage [150,151]. Different research
groups successfully developed hydrogels embedding different bioactive compounds (i.e.,
transforming growth factor β3 (TGF-β3), bone morphogenic protein 2 (BMP2), and stromal
cell-derived factor 1α (SDF-1α)) intended to sustain MSC differentiation towards a chon-
drogenic phenotype [152,153], while Scalzone and colleagues designed a thermo-sensitive
chitosan hydrogel able to sustain MSCs and chondrocyte co-culture [154].

Hydrogels for cartilage regeneration can also act as anti-inflammatory compound
delivery systems, ensuring their controlled release at the damaged site [155–157]. As it
is known that inflammatory response is critical during the development of degenerative
damages, Zhu and coworkers developed a multifunctional thermo-sensitive hydrogel able
to remove reactive oxygen and nitrogen species, thus promoting the repolarization of
macrophages [158], while Sang’s research group designed a thermosensitive, injectable
hydrogel able to release chondrocyte-derived exosomes, achieving a positive regulation of
chondrocyte proliferation, migration, and differentiation, as well as an effective macrophage
polarization from M1 to M2 [159].
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Figure 3 summarizes the main features involved in the hydrogel-sustained articular
cartilage healing process.
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Also, with respect to cartilage, it is evident that proper tissue regeneration strongly
relies on the development of scaffolds able to closely mimic the original tissue structure
both at the macro- and micro-scale level. This challenge has been recently addressed by the
development of scaffolds characterized by engraved grid patterns, which have proven to
be able to support chondrocyte and mesenchymal cell differentiation, as well as the vertical
alignment of the newly produced collagen fibers. Furthermore, since also in cartilage repair
scaffold porosity is known to play a crucial role, several researchers started to investigate
the combination of pore size and geometry in order to offer the different cell populations
recruited the optimal three-dimensional environment to spread and differentiate, as it is
known that smaller pores (100–200 µm diameter) promote chondrocyte differentiation,
while larger ones (300 µm diameter) are better at supporting mesenchymal cell differentia-
tion toward a chondrogenic phenotype. Again, in the last years, several research groups
started to obtain promising results in addressing the tissue-specific challenges imposed by
cartilage scaffold fabrication, supporting the development of superior biomaterials for this
tissue regeneration [139].

4.4. Hydrogel for Skeletal Muscle Regeneration

Skeletal muscle tissue shows an endogenous regenerative ability that is essential to
restore its functions following small injuries. Conversely, when tissue damage is exten-
sive, natural healing responses are not effective, and new treatment approaches, such as
bioengineered matrices able to support skeletal muscle recovery, are needed.

As previously discussed for their use in supporting other tissues’ regeneration, also in
this case different approaches (i.e., stem cells or bioactive molecules delivery, optimization
of the scaffold properties) have been developed [160–162]. In addition to the traditional
approaches, other innovative methods have been successfully tested, such as the use of

BioRender.com


Int. J. Mol. Sci. 2024, 25, 11426 16 of 26

hydrogel scaffolds to deliver viral or nonviral vectors encoding specific transgenes use-
ful to sustain muscle repair [163,164]. In particular, Doukas and coworkers developed
collagen-based matrices able to deliver transgenes intended to support myotube regenera-
tion in a skeletal muscle wound model [164]. Moreover, Falcon and colleagues successfully
synthesized a polymeric scaffold used to support the delivery and controlled release of
a therapeutic plasmid coding for insulin-like growth factor I (IGF-I), on which skeletal
myoblasts attach and proliferate, thus supporting the use of this kind of scaffold for skeletal
muscle regenerative purposes [163]. The scaffold’s topography represents another inter-
esting issue to be considered while developing matrices able to sustain skeletal muscle
regeneration. For this reason, micropatterned substrates, microfiber hydrogels, and 3D
scaffolds with anisotropic porosity have been deeply investigated [165–169]. In particular,
it has been observed that such engineered matrices are able to support myoblast align-
ment while supporting satellite cell growth, myogenic protein expression, and myokine
production, finally resulting in an in vivo regeneration [170,171].

In addition to the topography of the scaffold, its mechanical properties are also es-
sential in supporting damaged muscle recovery. As demonstrated by several authors,
hydrogel stiffness is essential to support myogenesis by preserving mechanotransduction
and optimizing metabolites and waste diffusion, while its elasticity is essential in regulating
muscle stem cell responses [169,172,173]. As electrical signals play an essential role in the
development and functionality of excitable biological tissues, another key feature of mus-
cle tissue is represented by its electroconductivity. Several research groups have already
developed hydrogels with tunable electrical properties able to improve muscle precursor
cell spreading and differentiation [174–176]. However, despite the promising potential of
electroconductive hydrogels, their long-term clinical and therapeutic applications have not
been fully investigated.

Figure 4 summarizes the therapeutic potential of engineered hydrogels obtained
through highly controlled polymerization conditions, allowing a specific micropatterned
and electroconductive substrate production in sustaining skeletal muscle regeneration.
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In summary, biomaterials intended for the support of skeletal muscle regeneration
need to mimic the spatial organization of the native tissue, requiring ordered fiber de-
position in order to guide myoblast alignment and maturation. Recent advancements
in fabrication techniques have also allowed researchers working in the skeletal muscle
regeneration field to address this crucial challenge, thus fostering the development of new
scaffolds with a complex hierarchical organization able to support myoblast differentiation
towards a striated phenotype [139].
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4.5. Hydrogels for Cardiac Muscle Regeneration

As well as the skeletal muscle, the cardiac muscle could also undergo pathological
damage, needing prompt repair to sustain the heart’s physiological activity. Due to their
widely tunable properties, hydrogels represent a very promising solution in the field of
cardiac regeneration.

To obtain hydrogels able to sustain cardiac tissue repair, different approaches have
been proposed, such as the use of a biocompatible matrix to sustain stem cell delivery
at the injury site or hydrogel functionalization with bioactive compounds able to sustain
angiogenesis [177,178].

An alternative solution to these injectable matrices is represented by the development
of implantable cardiac patches, biocompatible devices that can be composed of differ-
ent natural substrates, such as decellularized ECM, polysaccharides (e.g., chitosan), and
peptides (e.g., collagen, gelatin, fibrin, and silk fibroin), synthetic polymers, or hybrid
materials [177,179,180]. Such bioengineered systems have already been successfully used to
deliver cells (MSCs or induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs))
and therapeutic compounds (i.e., hepatocyte growth factors, insulin-like growth factor-1,
VEGF, bFGF) to assist heart tissue regeneration [177,181–185].

As previously discussed for skeletal muscle, electrical activity is also essential in the
context of cardiac functionality, and the ability to re-establish the electrical coupling within
the damaged tissue is an essential goal in developing biomaterials for cardiac regenera-
tion. Promising results have already been obtained by different authors, leading to the
production of electrically conductive hydrogels able to improve cardiac tissue functions
and healing [186–188]. However, as for hydrogels intended to support skeletal muscle re-
generation, preclinical studies are needed to characterize the long-term effects and stability
of these novel biomaterials.

Figure 5 summarizes the principal features of hydrogel use in supporting cardiac
regeneration, highlighting the different ways in which such promising bioengineered
substrates can be used in clinical contexts (i.e., injectable form or implantable patches).
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To sum up, the main challenge in developing successful biomaterials to support heart
tissue regeneration is represented by the synthesis of a viscoelastic matrix able to ensure the
electrical connectivity needed for the cyclical beating. Also, in this case, the optimal scaffold
should closely reproduce the hierarchical complexity of the native tissue, which is essential
for cardiac biomechanics. In recent years, several progresses have been made in this
field, with the successful development of highly interconnected three-dimensional porous
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biomaterials with specific square grid patterns, allowing cardiomyocyte differentiation, as
well as ensuring their electrical connection in a functional syncytium [139].

5. Conclusions

Biomaterial-based approaches have the potential to enhance and solve many draw-
backs of the existing approaches for organ and tissue regeneration. In particular, hydrogels,
thanks to their wide tunability in terms of physical and mechanical properties, represent
the most interesting choice to sustain the restoration of damaged tissue integrity and func-
tionality. Considering the progressive aging of the population and the known effects of
such physiological processes on human tissues and organs, tissue engineering represents
a valuable alternative to the continuous shortage of suitable donors for grafting. The
successful design of bioengineered scaffolds for biomedical applications strongly resides in
a deep understanding of the physical and mechanical properties of the biological material
to be replaced, as well as in the technical competencies needed to tailor the synthesis of
the biological substitute according to the intended use. In this context, hydrogels represent
a promising opportunity, as they can be easily produced in the desired size and shape,
adapting their physical and mechanical behavior to the surrounding environment. Last but
not least, another key advantage of such scaffolds is represented by their biocompatibility
and biodegradability, two essential features for any material that should be implanted in a
living organism with the aim of supporting cell spreading and proliferation while avoiding
exaggerated inflammatory responses and rejection.

Despite the main advantages offered by hydrogel matrices for the development of
scaffolds for tissue engineering purposes, many challenges remain to be addressed, espe-
cially in terms of tissue-specific constraints. The continuous advancements in the field of
biomaterials manufacture (e.g., suitability of starting materials and fabrication techniques)
along with the increasing knowledge about native tissues’ biological complexity led to
the creation of innovative scaffolds with promising prospects for clinical translation and
personalized medicine approaches.

In this context, smart hydrogels, namely hydrogels able to adapt and respond to
specific environmental stimuli (e.g., pH, temperature), represent a very interesting solution,
which could be further customized, taking advantage of their ability to undergo in situ
gelation, to develop substituents showing the most suitable features to support a successful
regeneration of damaged tissues.

Even if several promising results have been obtained with both in vitro and in vivo
models, the way for the creation of commercial solutions is still long and complex, mainly
because of the difficulties in reproducing such complex features over a large area for
scaffolds intended for relevant clinical use. Moreover, it should be remembered that, in
natural tissues, cells dynamically interact with their surrounding environment, so any
newly developed innovative scaffold should be able to spatially and temporally guide cell
fate and function in order to restore the original homeostasis.

Finally, to accelerate the translation of the promising experimental results already
available into clinical practice, a huge effort in the manufacturing process, ensuring new
solutions’ compliance with regulatory requirements, and well-designed preclinical and
clinical trials are mandatory.
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Hydrogel Scaffolds Based on 2-Hydroxyethyl Methacrylate, Gelatin, Poly(β-Amino Esters), and Hydroxyapatite. Polymers 2021,
14, 18. [CrossRef]

124. Kaiyu, L.; Chenchen, Z.; Chenxin, S.; Lan, Z.; Pengcheng, Q.; Shengyu, W.; Jinjin, Z.; Zhe, G.; Zhaoming, L.; Ruikang, T.; et al. In
Situ Biomimetic Mineralization of Bone-Like Hydroxyapatite in Hydrogel for the Acceleration of Bone Regeneration. ACS Appl.
Mater. Interfaces 2023, 15, 292–308.

125. Vitale, M.; Ligorio, C.; McAvan, B.; Hodson, N.W.; Allan, C.; Richardson, S.M.; Hoyland, J.A.; Bella, J. Hydroxyapatite-Decorated
Fmoc-Hydrogel as a Bone-Mimicking Substrate for Osteoclast Differentiation and Culture. Acta Biomater. 2022, 138, 144–154.
[CrossRef]

126. Tan, Y.; Ma, L.; Chen, X.; Ran, Y.; Tong, Q.; Tang, L.; Li, X. Injectable Hyaluronic Acid/Hydroxyapatite Composite Hydrogels as
Cell Carriers for Bone Repair. Int. J. Biol. Macromol. 2022, 216, 547–557. [CrossRef] [PubMed]

127. Lin, H.; Yin, C.; Mo, A.; Hong, G. Applications of Hydrogel with Special Physical Properties in Bone and Cartilage Regeneration.
Materials 2021, 14, 235. [CrossRef]

128. Gong, J.P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-Network Hydrogels with Extremely High Mechanical Strength. Adv.
Mater. 2003, 15, 1155–1158. [CrossRef]

129. Li, X.; Wang, H.; Li, D.; Long, S.; Zhang, G.; Wu, Z. Dual Ionically Cross-Linked Double-Network Hydrogels with High Strength,
Toughness, Swelling Resistance, and Improved 3D Printing Processability. ACS Appl. Mater. Interfaces 2018, 10, 31198–31207.
[CrossRef]

130. Wu, X.; Stroll, S.I.; Lantigua, D.; Suvarnapathaki, S.; Camci-Unal, G. Eggshell Particle-Reinforced Hydrogels for Bone Tissue
Engineering: An Orthogonal Approach. Biomater. Sci. 2019, 7, 2675–2685. [CrossRef] [PubMed]

131. Liu, X.; Fang, T.; Shi, T.; Wang, Y.; Liu, G. Hydrogels Provide Microenvironments to Mesenchymal Stem Cells for Craniofacial
Bone Regeneration: Review. J. Biomater. Appl. 2023, 38, 3–24. [CrossRef] [PubMed]

132. Cho, S.-H.; Shin, K.K.; Kim, S.-Y.; Cho, M.Y.; Oh, D.-B.; Lim, Y.T. In Situ-Forming Collagen/Poly-γ-Glutamic Acid Hydrogel
System with Mesenchymal Stem Cells and Bone Morphogenetic Protein-2 for Bone Tissue Regeneration in a Mouse Calvarial
Bone Defect Model. Tissue Eng. Regen. Med. 2022, 19, 1099–1111. [CrossRef]

133. Wang, Y.; Wang, J.; Gao, R.; Liu, X.; Feng, Z.; Zhang, C.; Huang, P.; Dong, A.; Kong, D.; Wang, W. Biomimetic Glycopeptide
Hydrogel Coated PCL/nHA Scaffold for Enhanced Cranial Bone Regeneration via Macrophage M2 Polarization-Induced
Osteo-Immunomodulation. Biomaterials 2022, 285, 121538. [CrossRef]

134. Wu, Z.; Bai, J.; Ge, G.; Wang, T.; Feng, S.; Ma, Q.; Liang, X.; Li, W.; Zhang, W.; Xu, Y.; et al. Regulating Macrophage Polarization
in High Glucose Microenvironment Using Lithium-Modified Bioglass-Hydrogel for Diabetic Bone Regeneration. Adv. Healthc.
Mater. 2022, 11, e2200298. [CrossRef]

135. Fu, M.; Li, J.; Liu, M.; Yang, C.; Wang, Q.; Wang, H.; Chen, B.; Fu, Q.; Sun, G. Sericin/Nano-Hydroxyapatite Hydrogels Based
on Graphene Oxide for Effective Bone Regeneration via Immunomodulation and Osteoinduction. Int. J. Nanomed. 2023, 18,
1875–1895. [CrossRef]

136. Di Francesco, D.; Talmon, M.; Carton, F.; Fresu, L.G.; Boccafoschi, F. Chapter 37—Macrophage Polarization Guided by Im-
munomodulatory Hydrogels. In Hydrogels for Tissue Engineering and Regenerative Medicine; Oliveira, J.M., Silva-Correia, J., Reis,
R.L., Eds.; Academic Press: Cambridge, MA, USA, 2024; pp. 765–782.

137. Tharakan, S.; Raja, I.; Pietraru, A.; Sarecha, E.; Gresita, A.; Petcu, E.; Ilyas, A.; Hadjiargyrou, M. The Use of Hydrogels for the
Treatment of Bone Osteosarcoma via Localized Drug-Delivery and Tissue Regeneration: A Narrative Review. Gels 2023, 9, 274.
[CrossRef] [PubMed]

138. Motasadizadeh, H.; Tavakoli, M.; Damoogh, S.; Mottaghitalab, F.; Gholami, M.; Atyabi, F.; Farokhi, M.; Dinarvand, R. Dual
Drug Delivery System of Teicoplanin and Phenamil Based on pH-Sensitive Silk Fibroin/Sodium Alginate Hydrogel Scaffold for
Treating Chronic Bone Infection. Biomater. Adv. 2022, 139, 213032. [CrossRef] [PubMed]

https://doi.org/10.1038/ncomms13601
https://www.ncbi.nlm.nih.gov/pubmed/27922003
https://doi.org/10.3390/bioengineering7040132
https://www.ncbi.nlm.nih.gov/pubmed/33092121
https://doi.org/10.1016/j.colsurfa.2018.09.035
https://doi.org/10.1016/j.msec.2021.111868
https://doi.org/10.1016/j.biomaterials.2021.120895
https://doi.org/10.1016/j.actbio.2017.07.009
https://doi.org/10.3390/polym14010018
https://doi.org/10.1016/j.actbio.2021.11.011
https://doi.org/10.1016/j.ijbiomac.2022.07.009
https://www.ncbi.nlm.nih.gov/pubmed/35810851
https://doi.org/10.3390/ma14010235
https://doi.org/10.1002/adma.200304907
https://doi.org/10.1021/acsami.8b13038
https://doi.org/10.1039/C9BM00230H
https://www.ncbi.nlm.nih.gov/pubmed/31062775
https://doi.org/10.1177/08853282231183103
https://www.ncbi.nlm.nih.gov/pubmed/37291869
https://doi.org/10.1007/s13770-022-00454-4
https://doi.org/10.1016/j.biomaterials.2022.121538
https://doi.org/10.1002/adhm.202200298
https://doi.org/10.2147/IJN.S399487
https://doi.org/10.3390/gels9040274
https://www.ncbi.nlm.nih.gov/pubmed/37102886
https://doi.org/10.1016/j.bioadv.2022.213032
https://www.ncbi.nlm.nih.gov/pubmed/35882123


Int. J. Mol. Sci. 2024, 25, 11426 24 of 26

139. Carotenuto, F.; Politi, S.; Ul Haq, A.; De Matteis, F.; Tamburri, E.; Terranova, M.L.; Teodori, L.; Pasquo, A.; Di Nardo, P. From Soft
to Hard Biomimetic Materials: Tuning Micro/Nano-Architecture of Scaffolds for Tissue Regeneration. Micromachines 2022, 13,
780. [CrossRef] [PubMed]

140. Bachmann, B.; Spitz, S.; Schädl, B.; Teuschl, A.H.; Redl, H.; Nürnberger, S.; Ertl, P. Stiffness Matters: Fine-Tuned Hydrogel
Elasticity Alters Chondrogenic Redifferentiation. Front. Bioeng. Biotechnol. 2020, 8, 373. [CrossRef]

141. Galarraga, J.H.; Locke, R.C.; Witherel, C.E.; Stoeckl, B.D.; Castilho, M.; Mauck, R.L.; Malda, J.; Levato, R.; Burdick, J.A. Fabrication
of MSC-Laden Composites of Hyaluronic Acid Hydrogels Reinforced with MEW Scaffolds for Cartilage Repair. Biofabrication
2021, 14, 014106. [CrossRef]

142. Zhang, Y.; Yu, J.; Ren, K.; Zuo, J.; Ding, J.; Chen, X. Thermosensitive Hydrogels as Scaffolds for Cartilage Tissue Engineering.
Biomacromolecules 2019, 20, 1478–1492. [CrossRef]

143. Benmassaoud, M.M.; Gultian, K.A.; DiCerbo, M.; Vega, S.L. Hydrogel Screening Approaches for Bone and Cartilage Tissue
Regeneration. Ann. N. Y. Acad. Sci. 2020, 1460, 25–42. [CrossRef]

144. Walker, M.; Luo, J.; Pringle, E.W.; Cantini, M. ChondroGELesis: Hydrogels to Harness the Chondrogenic Potential of Stem Cells.
Mater. Sci. Eng. C 2021, 121, 111822. [CrossRef]

145. Zhang, Y.; Cao, Y.; Zhao, H.; Zhang, L.; Ni, T.; Liu, Y.; An, Z.; Liu, M.; Pei, R. An Injectable BMSC-Laden Enzyme-Catalyzed
Crosslinking Collagen-Hyaluronic Acid Hydrogel for Cartilage Repair and Regeneration. J. Mater. Chem. B 2020, 8, 4237–4244.
[CrossRef]

146. Antich, C.; de Vicente, J.; Jiménez, G.; Chocarro, C.; Carrillo, E.; Montañez, E.; Gálvez-Martín, P.; Marchal, J.A. Bio-Inspired
Hydrogel Composed of Hyaluronic Acid and Alginate as a Potential Bioink for 3D Bioprinting of Articular Cartilage Engineering
Constructs. Acta Biomater. 2020, 106, 114–123. [CrossRef]

147. Ziadlou, R.; Rotman, S.; Teuschl, A.; Salzer, E.; Barbero, A.; Martin, I.; Alini, M.; Eglin, D.; Grad, S. Optimization of Hyaluronic
Acid-Tyramine/Silk-Fibroin Composite Hydrogels for Cartilage Tissue Engineering and Delivery of Anti-Inflammatory and
Anabolic Drugs. Mater. Sci. Eng. C 2021, 120, 111701. [CrossRef] [PubMed]

148. Ao, Y.; Tang, W.; Tan, H.; Li, J.; Wang, F.; Yang, L. Hydrogel Composed of Type II Collagen, Chondroitin Sulfate and Hyaluronic
Acid for Cartilage Tissue Engineering. Biomed. Mater. Eng. 2022, 33, 515–523. [CrossRef]

149. Smeriglio, P.; Lai, J.H.; Yang, F.; Bhutani, N. 3D Hydrogel Scaffolds for Articular Chondrocyte Culture and Cartilage Generation.
J. Vis. Exp. 2015, 104, 53085.

150. Kristjánsson, B.; Honsawek, S. Current Perspectives in Mesenchymal Stem Cell Therapies for Osteoarthritis. Stem. Cells Int. 2014,
2014, 194318. [CrossRef]

151. Hached, F.; Vinatier, C.; Le Visage, C.; Gondé, H.; Guicheux, J.; Grimandi, G.; Billon-Chabaud, A. Biomaterial-Assisted Cell
Therapy in Osteoarthritis: From Mesenchymal Stem Cells to Cell Encapsulation. Best Pract. Res. Clin. Rheumatol. 2017, 31, 730–745.
[CrossRef]

152. Gonzalez-Fernandez, T.; Tierney, E.G.; Cunniffe, G.M.; O’Brien, F.J.; Kelly, D.J. Gene Delivery of TGF-B3 and BMP2 in an
MSC-Laden Alginate Hydrogel for Articular Cartilage and Endochondral Bone Tissue Engineering. Tissue Eng. Part A 2016, 22,
776–787. [CrossRef]

153. Liu, H.; Xiang, X.; Huang, J.; Zhu, B.; Wang, L.; Tang, Y.; Du, F.; Li, L.; Yan, F.; Ma, L.; et al. Ultrasound Augmenting Injectable
Chemotaxis Hydrogel for Articular Cartilage Repair in Osteoarthritis. Chin. Chem. Lett. 2021, 32, 1759–1764. [CrossRef]

154. Scalzone, A.; Ferreira, A.M.; Tonda-Turo, C.; Ciardelli, G.; Dalgarno, K.; Gentile, P. The Interplay between Chondrocyte Spheroids
and Mesenchymal Stem Cells Boosts Cartilage Regeneration within a 3D Natural-Based Hydrogel. Sci. Rep. 2019, 9, 14630.
[CrossRef] [PubMed]

155. Zhao, T.; Wei, Z.; Zhu, W.; Weng, X. Recent Developments and Current Applications of Hydrogels in Osteoarthritis. Bioengineering
2022, 9, 132. [CrossRef]

156. Xia, C.; Chen, P.; Mei, S.; Ning, L.; Lei, C.; Wang, J.; Zhang, J.; Ma, J.; Fan, S. Photo-Crosslinked HAMA Hydrogel with Cordycepin
Encapsulated Chitosan Microspheres for Osteoarthritis Treatment. Oncotarget 2017, 8, 2835–2849. [CrossRef]

157. Fattahpour, S.; Shamanian, M.; Tavakoli, N.; Fathi, M.; Sadeghi-Aliabadi, H.; Sheykhi, S.R.; Fesharaki, M.; Fattahpour, S. An
Injectable Carboxymethyl Chitosan-Methylcellulose-Pluronic Hydrogel for the Encapsulation of Meloxicam Loaded Nanoparticles.
Int. J. Biol. Macromol. 2020, 151, 220–229. [CrossRef] [PubMed]

158. Zhu, C.; Han, S.; Zeng, X.; Zhu, C.; Pu, Y.; Sun, Y. Multifunctional Thermo-Sensitive Hydrogel for Modulating the Microen-
vironment in Osteoarthritis by Polarizing Macrophages and Scavenging RONS. J. Nanobiotechnol. 2022, 20, 221. [CrossRef]
[PubMed]

159. Sang, X.; Zhao, X.; Yan, L.; Jin, X.; Wang, X.; Wang, J.; Yin, Z.; Zhang, Y.; Meng, Z. Thermosensitive Hydrogel Loaded with
Primary Chondrocyte-Derived Exosomes Promotes Cartilage Repair by Regulating Macrophage Polarization in Osteoarthritis.
Tissue Eng. Regen. Med. 2022, 19, 629–642. [CrossRef] [PubMed]

160. Hwang, J.H.; Kim, I.G.; Piao, S.; Jung, A.R.; Lee, J.Y.; Park, K.D.; Lee, J.Y. Combination Therapy of Human Adipose-Derived
Stem Cells and Basic Fibroblast Growth Factor Hydrogel in Muscle Regeneration. Biomaterials 2013, 34, 6037–6045. [CrossRef]
[PubMed]

161. Ciriza, J.; Rodríguez-Romano, A.; Nogueroles, I.; Gallego-Ferrer, G.; Cabezuelo, R.M.; Pedraz, J.L.; Rico, P. Borax-Loaded Injectable
Alginate Hydrogels Promote Muscle Regeneration in Vivo after an Injury. Mater. Sci. Eng. C 2021, 123, 112003. [CrossRef]
[PubMed]

https://doi.org/10.3390/mi13050780
https://www.ncbi.nlm.nih.gov/pubmed/35630247
https://doi.org/10.3389/fbioe.2020.00373
https://doi.org/10.1088/1758-5090/ac3acb
https://doi.org/10.1021/acs.biomac.9b00043
https://doi.org/10.1111/nyas.14247
https://doi.org/10.1016/j.msec.2020.111822
https://doi.org/10.1039/D0TB00291G
https://doi.org/10.1016/j.actbio.2020.01.046
https://doi.org/10.1016/j.msec.2020.111701
https://www.ncbi.nlm.nih.gov/pubmed/33545860
https://doi.org/10.3233/BME-221404
https://doi.org/10.1155/2014/194318
https://doi.org/10.1016/j.berh.2018.05.002
https://doi.org/10.1089/ten.tea.2015.0576
https://doi.org/10.1016/j.cclet.2020.12.004
https://doi.org/10.1038/s41598-019-51070-7
https://www.ncbi.nlm.nih.gov/pubmed/31601910
https://doi.org/10.3390/bioengineering9040132
https://doi.org/10.18632/oncotarget.13748
https://doi.org/10.1016/j.ijbiomac.2020.02.002
https://www.ncbi.nlm.nih.gov/pubmed/32027902
https://doi.org/10.1186/s12951-022-01422-9
https://www.ncbi.nlm.nih.gov/pubmed/35526013
https://doi.org/10.1007/s13770-022-00437-5
https://www.ncbi.nlm.nih.gov/pubmed/35435577
https://doi.org/10.1016/j.biomaterials.2013.04.049
https://www.ncbi.nlm.nih.gov/pubmed/23688603
https://doi.org/10.1016/j.msec.2021.112003
https://www.ncbi.nlm.nih.gov/pubmed/33812623


Int. J. Mol. Sci. 2024, 25, 11426 25 of 26

162. Peper, S.; Vo, T.; Ahuja, N.; Awad, K.; Mikos, A.G.; Varanasi, V. Bioprinted Nanocomposite Hydrogels: A Proposed Approach to
Functional Restoration of Skeletal Muscle and Vascular Tissue Following Volumetric Muscle Loss. Curr. Opin. Pharmacol. 2021, 58,
35–43. [CrossRef]

163. Falco, E.E.; Wang, M.O.; Thompson, J.A.; Chetta, J.M.; Yoon, D.M.; Li, E.Z.; Kulkami, M.M.; Shah, S.; Pandit, A.; Roth, J.S.; et al.
Porous EH and EH-PEG Scaffolds as Gene Delivery Vehicles to Skeletal Muscle. Pharm. Res. 2011, 28, 1306–1316. [CrossRef]

164. Doukas, J.; Blease, K.; Craig, D.; Ma, C.; Chandler, L.A.; Sosnowski, B.A.; Pierce, G.F. Delivery of FGF Genes to Wound Repair
Cells Enhances Arteriogenesis and Myogenesis in Skeletal Muscle. Mol. Ther. 2002, 5 Pt 1, 517–527. [CrossRef]

165. Boso, D.; Maghin, E.; Carraro, E.; Giagante, M.; Pavan, P.; Piccoli, M. Extracellular Matrix-Derived Hydrogels as Biomaterial for
Different Skeletal Muscle Tissue Replacements. Materials 2020, 13, 2483. [CrossRef]

166. Bettadapur, A.; Suh, G.C.; Geisse, N.A.; Wang, E.R.; Hua, C.; Huber, H.A.; Viscio, A.A.; Kim, J.Y.; Strickland, J.B.; McCain, M.L.
Prolonged Culture of Aligned Skeletal Myotubes on Micromolded Gelatin Hydrogels. Sci. Rep. 2016, 6, 28855. [CrossRef]

167. Hosseini, V.; Kollmannsberger, P.; Ahadian, S.; Ostrovidov, S.; Kaji, H.; Vogel, V.; Khademhosseini, A. Fiber-Assisted Molding
(FAM) of Surfaces with Tunable Curvature to Guide Cell Alignment and Complex Tissue Architecture. Small 2014, 10, 4851–4857.
[CrossRef] [PubMed]

168. Hume, S.L.; Hoyt, S.M.; Walker, J.S.; Sridhar, B.V.; Ashley, J.F.; Bowman, C.N.; Bryant, S.J. Alignment of Multi-Layered Muscle
Cells within Three-Dimensional Hydrogel Macrochannels. Acta Biomater. 2012, 8, 2193–2202. [CrossRef] [PubMed]

169. Volpi, M.; Paradiso, A.; Costantini, M.; Świȩszkowski, W. Hydrogel-Based Fiber Biofabrication Techniques for Skeletal Muscle
Tissue Engineering. ACS Biomater. Sci. Eng. 2022, 8, 379–405. [CrossRef] [PubMed]

170. Patel, K.H.; Talovic, M.; Dunn, A.J.; Patel, A.; Vendrell, S.; Schwartz, M.; Garg, K. Aligned Nanofibers of Decellularized Muscle
Extracellular Matrix for Volumetric Muscle Loss. J. Biomed. Mater. Res. B Appl. Biomater. 2020, 108, 2528–2537. [CrossRef]

171. Patel, K.H.; Dunn, A.J.; Talovic, M.; Haas, G.J.; Marcinczyk, M.; Elmashhady, H.; Kalaf, E.G.; Sell, S.A.; Garg, K. Aligned
Nanofibers of Decellularized Muscle ECM Support Myogenic Activity in Primary Satellite Cells in Vitro. Biomed. Mater. 2019, 14,
035010. [CrossRef] [PubMed]

172. Costantini, M.; Testa, S.; Fornetti, E.; Barbetta, A.; Trombetta, M.; Cannata, S.M.; Gargioli, C.; Rainer, A. Engineering Muscle
Networks in 3D Gelatin Methacryloyl Hydrogels: Influence of Mechanical Stiffness and Geometrical Confinement. Front. Bioeng.
Biotechnol. 2017, 5, 22. [CrossRef]

173. Gilbert, P.M.; Havenstrite, K.L.; Magnusson, K.E.G.; Sacco, A.; Leonardi, N.A.; Kraft, P.; Nguyen, N.K.; Thrun, S.; Lutolf, M.P.;
Blau, H.M. Substrate Elasticity Regulates Skeletal Muscle Stem Cell Self-Renewal in Culture. Science 2010, 329, 1078–1081.
[CrossRef]

174. Spencer, A.R.; Shirzaei Sani, E.; Soucy, J.R.; Corbet, C.C.; Primbetova, A.; Koppes, R.A.; Annabi, N. Bioprinting of a Cell-Laden
Conductive Hydrogel Composite. ACS Appl. Mater. Interfaces 2019, 11, 30518–30533. [CrossRef] [PubMed]

175. Jo, H.; Sim, M.; Kim, S.; Yang, S.; Yoo, Y.; Park, J.-H.; Yoon, T.H.; Kim, M.-G.; Lee, J.Y. Electrically Conductive
Graphene/Polyacrylamide Hydrogels Produced by Mild Chemical Reduction for Enhanced Myoblast Growth and Dif-
ferentiation. Acta Biomater. 2017, 48, 100–109. [CrossRef]

176. Ramón-Azcón, J.; Ahadian, S.; Estili, M.; Liang, X.; Ostrovidov, S.; Kaji, H.; Shiku, H.; Ramalingam, M.; Nakajima, K.; Sakka, Y.;
et al. Dielectrophoretically Aligned Carbon Nanotubes to Control Electrical and Mechanical Properties of Hydrogels to Fabricate
Contractile Muscle Myofibers. Adv. Mater. 2013, 25, 4028–4034. [CrossRef]

177. Vasu, S.; Zhou, J.; Chen, J.; Johnston, P.V.; Kim, D.-H. Biomaterials-Based Approaches for Cardiac Regeneration. Korean Circ. J.
2021, 51, 943–960. [CrossRef] [PubMed]

178. Shaik, R.; Xu, J.; Wang, Y.; Hong, Y.; Zhang, G. Fibrin-Enriched Cardiac Extracellular Matrix Hydrogel Promotes In Vitro
Angiogenesis. ACS Biomater. Sci. Eng. 2023, 9, 877–888. [CrossRef] [PubMed]

179. McMahan, S.; Taylor, A.; Copeland, K.M.; Pan, Z.; Liao, J.; Hong, Y. Current Advances in Biodegradable Synthetic Polymer Based
Cardiac Patches. J. Biomed. Mater. Res. A 2020, 108, 972–983. [CrossRef]

180. Feiner, R.; Engel, L.; Fleischer, S.; Malki, M.; Gal, I.; Shapira, A.; Shacham-Diamand, Y.; Dvir, T. Engineered Hybrid Cardiac
Patches with Multifunctional Electronics for Online Monitoring and Regulation of Tissue Function. Nat. Mater. 2016, 15, 679–685.
[CrossRef]

181. Chen, J.; Zhan, Y.; Wang, Y.; Han, D.; Tao, B.; Luo, Z.; Ma, S.; Wang, Q.; Li, X.; Fan, L.; et al. Chitosan/Silk Fibroin Modified
Nanofibrous Patches with Mesenchymal Stem Cells Prevent Heart Remodeling Post-Myocardial Infarction in Rats. Acta Biomater.
2018, 80, 154–168. [CrossRef] [PubMed]

182. Wang, Q.; Yang, H.; Bai, A.; Jiang, W.; Li, X.; Wang, X.; Mao, Y.; Lu, C.; Qian, R.; Guo, F.; et al. Functional Engineered Human
Cardiac Patches Prepared from Nature’s Platform Improve Heart Function after Acute Myocardial Infarction. Biomaterials 2016,
105, 52–65. [CrossRef] [PubMed]

183. O’Neill, H.S.; O’Sullivan, J.; Porteous, N.; Ruiz-Hernandez, E.; Kelly, H.M.; O’Brien, F.J.; Duffy, G.P. A Collagen Cardiac Patch
Incorporating Alginate Microparticles Permits the Controlled Release of Hepatocyte Growth Factor and Insulin-like Growth
Factor-1 to Enhance Cardiac Stem Cell Migration and Proliferation. J. Tissue Eng. Regen. Med. 2018, 12, e384–e394. [CrossRef]

184. Lakshmanan, R.; Kumaraswamy, P.; Krishnan, U.M.; Sethuraman, S. Engineering a Growth Factor Embedded Nanofiber Matrix
Niche to Promote Vascularization for Functional Cardiac Regeneration. Biomaterials 2016, 97, 176–195. [CrossRef]

https://doi.org/10.1016/j.coph.2021.03.005
https://doi.org/10.1007/s11095-010-0358-5
https://doi.org/10.1006/mthe.2002.0579
https://doi.org/10.3390/ma13112483
https://doi.org/10.1038/srep28855
https://doi.org/10.1002/smll.201400263
https://www.ncbi.nlm.nih.gov/pubmed/25070416
https://doi.org/10.1016/j.actbio.2012.02.001
https://www.ncbi.nlm.nih.gov/pubmed/22326973
https://doi.org/10.1021/acsbiomaterials.1c01145
https://www.ncbi.nlm.nih.gov/pubmed/35084836
https://doi.org/10.1002/jbm.b.34584
https://doi.org/10.1088/1748-605X/ab0b06
https://www.ncbi.nlm.nih.gov/pubmed/30812025
https://doi.org/10.3389/fbioe.2017.00022
https://doi.org/10.1126/science.1191035
https://doi.org/10.1021/acsami.9b07353
https://www.ncbi.nlm.nih.gov/pubmed/31373791
https://doi.org/10.1016/j.actbio.2016.10.035
https://doi.org/10.1002/adma.201301300
https://doi.org/10.4070/kcj.2021.0291
https://www.ncbi.nlm.nih.gov/pubmed/34854577
https://doi.org/10.1021/acsbiomaterials.2c01148
https://www.ncbi.nlm.nih.gov/pubmed/36630688
https://doi.org/10.1002/jbm.a.36874
https://doi.org/10.1038/nmat4590
https://doi.org/10.1016/j.actbio.2018.09.013
https://www.ncbi.nlm.nih.gov/pubmed/30218777
https://doi.org/10.1016/j.biomaterials.2016.07.035
https://www.ncbi.nlm.nih.gov/pubmed/27509303
https://doi.org/10.1002/term.2392
https://doi.org/10.1016/j.biomaterials.2016.02.033


Int. J. Mol. Sci. 2024, 25, 11426 26 of 26

185. Cristallini, C.; Vaccari, G.; Barbani, N.; Cibrario Rocchietti, E.; Barberis, R.; Falzone, M.; Cabiale, K.; Perona, G.; Bellotti, E.;
Rastaldo, R.; et al. Cardioprotection of PLGA/Gelatine Cardiac Patches Functionalised with Adenosine in a Large Animal Model
of Ischaemia and Reperfusion Injury: A Feasibility Study. J. Tissue Eng. Regen. Med. 2019, 13, 1253–1264. [CrossRef]

186. Lee, M.; Kim, M.C.; Lee, J.Y. Nanomaterial-Based Electrically Conductive Hydrogels for Cardiac Tissue Repair. Int. J. Nanomed.
2022, 17, 6181–6200. [CrossRef]

187. Morsink, M.; Severino, P.; Luna-Ceron, E.; Hussain, M.A.; Sobahi, N.; Shin, S.R. Effects of Electrically Conductive Nano-
Biomaterials on Regulating Cardiomyocyte Behavior for Cardiac Repair and Regeneration. Acta Biomater. 2022, 139, 141–156.
[CrossRef] [PubMed]

188. Ghovvati, M.; Kharaziha, M.; Ardehali, R.; Annabi, N. Recent Advances in Designing Electroconductive Biomaterials for Cardiac
Tissue Engineering. Adv. Healthc. Mater. 2022, 11, e2200055. [CrossRef] [PubMed]

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/10.1002/term.2875
https://doi.org/10.2147/IJN.S386763
https://doi.org/10.1016/j.actbio.2021.11.022
https://www.ncbi.nlm.nih.gov/pubmed/34818579
https://doi.org/10.1002/adhm.202200055
https://www.ncbi.nlm.nih.gov/pubmed/35368150

	Introduction 
	Mechanical Properties of Human Tissues and Organs 
	Skin 
	Bone Tissue 
	Cartilage 
	Muscles 

	Hydrogels in Tissue Engineering and Regenerative Medicine 
	Hydrogels: Characteristics, Classification, and Production 
	Hydrogels Fabrication Techniques 
	Mechanical Properties of Hydrogels 
	Hydrogel/Tissue Mechanotransduction 


	Hydrogels in Regenerative Medicine 
	Hydrogels for Wound Care 
	Hydrogel for Bone Regeneration 
	Hydrogel for Articular Cartilage Regeneration 
	Hydrogel for Skeletal Muscle Regeneration 
	Hydrogels for Cardiac Muscle Regeneration 

	Conclusions 
	References

