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Abstract: Aging is a complex multifactorial process that results in tissue function impairment across
the whole organism. One of the common consequences of this process is the loss of muscle mass
and the associated decline in muscle function, known as sarcopenia. Aging also presents with an
increased risk of developing other pathological conditions such as neurodegeneration. Muscular
and neuronal degeneration cause mobility issues and cognitive impairment, hence having a major
impact on the quality of life of the older population. The development of novel therapies that can
ameliorate the effects of aging is currently hindered by our limited knowledge of the underlying
mechanisms and the use of models that fail to recapitulate the structure and composition of the cell
microenvironment. The emergence of bioengineering techniques based on the use of biomimetic
materials and biofabrication methods has opened the possibility of generating 3D models of muscular
and nervous tissues that better mimic the native extracellular matrix. These platforms are particularly
advantageous for drug testing and mechanistic studies. In this review, we discuss the developments
made in the creation of 3D models of aging-related neuronal and muscular degeneration and we
provide a perspective on the future directions for the field.
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1. Introduction

Aging results in a progressive decline in tissue function and is accompanied by an
increased risk of disease, posing high health risks and compromising quality of life [1,2]. A
common consequence of aging is diminished muscle function, which can limit patient mobility
and increase the risk of falls and subsequent injury [3,4]. Many common aging-associated
disorders are neurodegenerative, leading not only to cognitive issues but also to mobility
problems due to the interconnected nature of the nervous and muscular systems [5–7].

Neurodegenerative disorders are characterized by a progressive loss of neurons or
neuronal function. The most common neurodegenerative diseases include Alzheimer’s
and Parkinson’s diseases [8]. While age is the main risk factor, recent studies have re-
vealed that both genetic and environmental factors are also significant contributors to the
onset of these disorders [8,9]. Both Alzheimer’s and Parkinson’s are characterized by an
aberrant accumulation of protein aggregates [10]. In the case of Alzheimer’s, the main
features are the accumulation of amyloid β (Aβ) proteins in the form of plaques and the
formation of neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau [9].
The formation of plaques disrupts the hippocampal circuitry and therefore impairs the
long-term consolidation of new memories [11]. As for Parkinson’s, the main histological
manifestations of this disease include the formation of fibrillar aggregates of α-synuclein,
known as Lewy bodies, and the loss of dopaminergic neurons in the substantia nigra [12]
(Figure 1). Symptoms develop when 70–80% of dopaminergic neurons have been degraded,
and include bradykinesia, resting tremors, and increased muscular rigidity [13,14].
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degraded, and include bradykinesia, resting tremors, and increased muscular rigidity 
[13,14]. 

 
Figure 1. Schematic diagram showing a comparison between healthy brain tissue (left) and brain 
tissue affected by either Alzheimer’s or Parkinson’s disease (right). Alzheimer’s is characterized by 
the formation of extracellular Aβ plaques and intracellular neurofibrillary tangles, while the main 
hallmark of Parkinson’s is the intracellular accumulation of α-synuclein in the form of Lewy bodies. 
Created with BioRender.com. 

Aging-related nerve cell degeneration can also result in the loss of muscle mass and 
function. This is the case when motor neurons are affected by degenerative processes, 
compromising the structural and functional integrity of the neuromuscular junction 
(NMJ) [15]. The NMJ is a cholinergic synapse of the peripheral nerve system that is estab-
lished between an efferent motor neuron and a skeletal muscle fiber [16–18]. It is com-
posed of three elements: the motor nerve terminal (presynaptic), the synaptic basal lam-
ina, and the muscle fiber (postsynaptic) [19]. When an action potential reaches the motor 
nerve terminal, voltage-dependent calcium channels open and facilitate the entry of cal-
cium into the neuron. This triggers the release of acetylcholine (ACh) into the synaptic 
cleft, where it diffuses through the basal lamina toward the muscle fiber. There, ACh binds 
its postsynaptic receptors (AChRs), starting a cascade of molecular events that results in 
the contraction of the muscle fiber [17,19,20]. During aging, this process is hindered by the 
degeneration of NMJs and the subsequent muscle denervation, as well as the failure of re-
innervation mechanisms. This impaired NMJ function, together with the reduction in re-
generative capacity that is characteristic of aged tissues, leads to the decline in muscle 
mass and function known as sarcopenia [15,19,21]. Furthermore, aging is a major risk fac-
tor for neuromuscular diseases that affect the NMJ, such as amyotrophic lateral sclerosis 
(ALS) [22]. This disorder leads to muscle weakness and atrophy, gradual paralysis, and 
respiratory failure [23]. 

Aging not only affects the structure and function of cells directly, but it also exerts an 
indirect effect by altering the extracellular matrix (ECM) that supports them [24]. Changes 
in the ECM structure, composition, and mechanical properties lead to alterations in cell 
signaling pathways that ultimately affect gene expression [25]. Neurodegenerative dis-
eases are also associated with changes in the ECM [26]. Alzheimer’s disease (AD) has been 
reported to cause an increased production of hyaluronic acid (HA), chondroitin sulfate 
proteoglycans (CSPGs), and tenascin, and a reduction in the levels of reelin [27]. These 

Figure 1. Schematic diagram showing a comparison between healthy brain tissue (left) and brain
tissue affected by either Alzheimer’s or Parkinson’s disease (right). Alzheimer’s is characterized by
the formation of extracellular Aβ plaques and intracellular neurofibrillary tangles, while the main
hallmark of Parkinson’s is the intracellular accumulation of α-synuclein in the form of Lewy bodies.
Created with BioRender.com.

Aging-related nerve cell degeneration can also result in the loss of muscle mass and
function. This is the case when motor neurons are affected by degenerative processes, com-
promising the structural and functional integrity of the neuromuscular junction (NMJ) [15].
The NMJ is a cholinergic synapse of the peripheral nerve system that is established be-
tween an efferent motor neuron and a skeletal muscle fiber [16–18]. It is composed of
three elements: the motor nerve terminal (presynaptic), the synaptic basal lamina, and
the muscle fiber (postsynaptic) [19]. When an action potential reaches the motor nerve
terminal, voltage-dependent calcium channels open and facilitate the entry of calcium
into the neuron. This triggers the release of acetylcholine (ACh) into the synaptic cleft,
where it diffuses through the basal lamina toward the muscle fiber. There, ACh binds its
postsynaptic receptors (AChRs), starting a cascade of molecular events that results in the
contraction of the muscle fiber [17,19,20]. During aging, this process is hindered by the
degeneration of NMJs and the subsequent muscle denervation, as well as the failure of
re-innervation mechanisms. This impaired NMJ function, together with the reduction in
regenerative capacity that is characteristic of aged tissues, leads to the decline in muscle
mass and function known as sarcopenia [15,19,21]. Furthermore, aging is a major risk
factor for neuromuscular diseases that affect the NMJ, such as amyotrophic lateral sclerosis
(ALS) [22]. This disorder leads to muscle weakness and atrophy, gradual paralysis, and
respiratory failure [23].

Aging not only affects the structure and function of cells directly, but it also exerts an
indirect effect by altering the extracellular matrix (ECM) that supports them [24]. Changes
in the ECM structure, composition, and mechanical properties lead to alterations in cell
signaling pathways that ultimately affect gene expression [25]. Neurodegenerative diseases
are also associated with changes in the ECM [26]. Alzheimer’s disease (AD) has been
reported to cause an increased production of hyaluronic acid (HA), chondroitin sulfate
proteoglycans (CSPGs), and tenascin, and a reduction in the levels of reelin [27]. These
alterations in the ECM composition lead to demyelination and protection of Aβ plaques
from degradation [27]. In the case of Parkinson’s, a differential expression has been
detected for collagens IV and VI, laminins, integrins, tenascin, annexins, brevican, neurocan,
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versican, and decorin [13,28]. While these changes have been detected in the brain, ECM
alterations associated with neuromuscular aging or disease occur in the NMJ basal lamina,
the specialized matrix present at the synaptic cleft of this synapsis. Studies conducted in
mouse models have shown that the deletion of the proteoglycan agrin leads to a significant
reduction in the levels of laminin α4 and α5 compared to control NMJs, and that this causes
age-related alterations in the NMJ such as the fragmentation of postsynaptic AChRs or the
denervation of endplates [29]. Changes in the distribution of these proteins with age have
also been reported: mRNA expression analysis has shown a re-localization of agrin and
laminin from synaptic regions to perisynaptic locations [29]. The substantial effect on NMJ
aging of the alterations in agrin and laminin expression and location can be explained by
their role in synaptic formation, organization, maturation, and maintenance [20]. Beyond
the NMJ, the ECM of the skeletal muscle is known to change with aging, for instance,
through fibrotic ECM deposition and crosslinking and through altered composition of the
protein components of the ECM [21,30–32].

Given the important role that the ECM plays in the pathophysiology of neuromuscular
disorders, it is essential to include this element in the in vitro models developed to study
these diseases. Cell culture within 3D matrices is often required to maintain proper cell mor-
phology, proliferation, mechanosensitive signaling, and epigenetic regulation [33,34]. Thus,
traditional 2D cell culture models based on monolayer cell growth on rigid plastic surfaces
typically fail to recapitulate the structure and function of human tissue [35–37]. On the
other hand, bioengineered 3D models are emerging as a promising alternative to 2D cell cul-
ture due to their biomimetic structure that recapitulates the cell microenvironment [38,39].
This is achieved using biomaterials as cell culture substrates that mimic the structure and
composition of the native ECM [40].

In this review, we discuss the use of biomaterials to develop 3D models of aging-related
neurodegeneration, muscle degeneration, and neuromuscular junction disintegration. We
first provide a brief overview of the types of biomaterials that have been developed for
these purposes, emphasizing recent advancements in dynamic biomaterials. For a more
detailed overview of biomaterial properties and their impact on 3D cell culture models,
readers are directed to several recent review articles [41–47]. We subsequently provide a
more detailed account of the use of such material-based approaches to model the neural
and muscular systems in order to investigate the pathophysiology of aging.

2. Biomaterials as Models of the Aging Extracellular Environment

Biomaterials are broadly defined as any materials that interact with biological sys-
tems [48,49]. Metals, ceramics, and composites have been widely used in the manufacture
of medical devices such as implants, tissue fixation devices, joint replacements, stents, or
surface coatings [48]. More recently, polymers have been preferred over other types of ma-
terials for biomedical and pharmaceutical purposes, as polymers can be readily engineered
to mimic the extracellular environment for the purpose of eliciting specific responses that
recapitulate physiological processes in vitro or that have a therapeutic effect in organisms
in vivo [48,50,51]. This is particularly the case for hydrogels, as their physio-chemical
properties can be designed to be comparable to those of the native extracellular matrix
(ECM), the polymeric meshwork that surrounds cells in vivo. Thus, hydrogels have become
the preferred biomaterials for engineering 3D in vitro tissue models [52–54].

Hydrogel biomaterials are 3D crosslinked networks that can absorb a significant
amount of water due to their hydrophilic composition [37,49,55,56]. Hydrogels are formed
by connecting polymer chains with either covalent or non-covalent linkages [49,57]. Hy-
drogels can be classified as natural or synthetic depending on the origin of the polymers
comprising the gels [49,58]. Natural hydrogels such as collagen and hyaluronic acid are
obtained from living organisms and are thus biocompatible, bioactive, and biodegrad-
able [55,58]. However, such naturally derived materials often have low mechanical strength
and their compositions may be highly variable between different batches [49]. On the
other hand, synthetic hydrogel biomaterials have a higher reproducibility in their physio-
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chemical properties due to the enhanced control of their structure and composition afforded
by chemical synthesis [59]. In particular, chemical synthetic approaches allow for greater
control over crosslinking chemistries, resulting in the generation of materials with superior
mechanical properties in comparison with natural hydrogels [55]. Due to their synthetic
nature, fully synthetic materials do not have bioactive moieties in their structure [55,60].
While this inherently results in less interaction between the materials and living cells,
which may necessitate further functionalization to encourage desired bioactivity, the lack
of interaction may result in lower immunogenicity for implanted materials [61–63].

Since the implantation of the first metal-based biomaterial in the 1800s, the field has
moved from the use of bio-inert materials to the development of bioactive and biodegrad-
able implants that direct cell behavior and promote the regeneration of the host tis-
sue [56,57,64]. Further advancements made in polymer chemistry during the past decades
have allowed the development of dynamic biomaterials, which detect physical or biochem-
ical stimuli from their environment and respond to them by changing their structure and
mechanical properties [56,57,64–67]. The use of these materials in culture systems results in
an improved biomimicry of the cell microenvironment in comparison with static hydrogels,
as the native ECM is constantly remodeled in response to biophysical stimuli or biochemical
cues produced by cells during development, tissue homeostasis, or disease [40,66,68–70].
This is of particular importance in disease modeling as any alteration in the ECM structure
or composition affects cell behavior and therefore may prove to be a key determinant of
disease progression [69]. Analogously, the use of dynamic materials is particularly relevant
in the research of aging-related pathologies due to their time-dependent properties that
may mimic the temporal progression of the aging process [41]. Beyond their potential
applications in modeling disease and aging in 3D culture systems, dynamic materials
have been extensively studied in regenerative medicine applications, as such materials
can be designed to integrate with the host microenvironment and evolve in response to
physiological processes [71].

In the native cell microenvironment, cells interact with the matrix and other cells while
also experiencing exogenous forces such as gravity and fluid shear stress [67]. Therefore,
both cells and the ECM are subjected to endogenous and exogenous forces that have an
effect on cellular responses such as differentiation, proliferation, and migration [67]. Since
dynamic biomaterials can respond to cell-derived cues or external physio-chemical stimuli,
or a combination of both, they are excellent candidates to replicate key aspects of the
mechanical microenvironment of living tissues. Dynamic biomaterials can be classified,
according to the type of stimuli that these materials respond to, as inherently dynamic
(cell-responsive) or on-demand tunable systems [41].

Inherently dynamic biomaterials are remodeled through biochemical or biophysical
interactions with living cells. The changes in material properties elicited by cells, such as al-
tered stiffness or nanostructure, can subsequently cause changes in cell behavior [56,71,72].
Thus, a bidirectional communication that mimics the native ECM–cell dynamics can be
achieved [66]. The synthesis of inherently dynamic materials may involve the creation of re-
versible crosslinks such as supramolecular host–guest complexes, hydrophobic interactions,
hydrogen bonds, dynamic covalent networks, and ionic interactions, or the introduction
of chemically responsive moieties such as hydrolyzable ester linkages or enzymatically
degradable peptide sequences (Table 1) [66,73,74]. The introduction of bioresponsive motifs
in the hydrogel networks confers the engineered matrices with the ability to undergo
changes in mechanical and structural properties in the presence of biomolecules such as
enzymes or upon exposure to an altered redox state or pH [41,67]. The development of
proteolytically degradable hydrogels that can be remodeled and degraded by enzymes
such as MMPs is of particular interest in aging research as it allows investigation of the
changes in matrix proteolysis that occur with aging [41].
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Table 1. Physio-chemical mechanisms used in the synthesis of inherently dynamic materials.

Material
Re-Modeling
Mechanism

Type of
Interaction

Crosslinking
Mechanism Molecular Mechanism Advantages Examples References

Reversible
crosslinks

Non-covalent
interactions

Host–guest
complexes

Macrocyclic hosts with hydrophobic cavities and
hydrophilic external surfaces (cyclodextrins,
curcubit[n]urils, and calix[n]arenes) act as host
molecules that encapsulate hydrophobic guest
molecules, thus forming stable host–guest complexes

Specificity of the host–guest
complex
Ease of reaction
Applied to a diverse range
of materials

Functionalization of hyaluronic
acid (HA) with mono-acryloyl
cyclodextrin and subsequent
complexation with either
adamantane or cholic acid via
host–guest chemistry. The
studies performed with these
materials showed that crosslinks
with a large dissociation rate
constant facilitated cell
spreading and mechanosensing.

[75–78]

Hydrophobic
interactions

Driven by the repulsion between hydrophobic groups
and the aqueous environment

Ease of preparation
Excellent mechanical and
self-healing properties

α-helical coiled-coil peptide
hydrogels
Amphiphilic block copolymers

[79–82]

Hydrogen
bonds

Secondary interactions that are weak in isolation but
that lead to the formation of hydrogels with dynamic
reversible crosslinks when present at significant
numbers

Reliable and adaptable
Self-healing
Toughening effect through
dissipation of external
energy

Injectable four-arm PEG
functionalized with either
adenine or thymine. After
mixing, a hydrogel was formed
through hydrogen bonding
between the nucleobases.

Hydrogel formation via β-sheet
assembly

[79,83,84]

Ionic
interactions

Attractive or repulsive forces between charged
molecules

Good solubility
Rapid gelation

Alginate hydrogels crosslinked
with divalent ions such as
calcium

[79,84–86]
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Table 1. Cont.

Material
Re-Modeling
Mechanism

Type of
Interaction

Crosslinking
Mechanism Molecular Mechanism Advantages Examples References

Reversible
crosslinks

Covalent
interactions

Dynamic
covalent
networks

• Boronate ester

Reaction between a diol and boronic acid
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The resulting hydrogels can
be tuned to have a similar
viscoelasticity to that of the
native human ECM
Dynamic covalent bonds can
break and form on
timescales that are
comparable to those of
cell-based matrix
remodeling
These reactions can be
carried out at physiological
pH and temperature

These reactions proceed at
relatively fast speeds, and
their kinetics can be tailored
to produce hydrogels with
pre-determined viscoelastic
properties

Self-healing hydrogel formed
of a copolymer of
2-acrylamidophenylboronic acid
(2-APBA) and
N,N-dimethylacrylamide
(DMA) mixed with poly (vinyl
alcohol) (PVA)
Self-healing dextran hydrogels
formed via reaction between
fulvene-modified hydrophilic
dextran (diene) and
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alginate. The resulting hydrogel
had calcium-mediated and
oxime crosslinking, which led to
a greater degree of tunability.
Dynamic covalently crosslinked
keratin hydrogels formed via
thiol–disulfide exchange. The
hydrogels showed injectability,
self-healing, and
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Collagen hydrogels crosslinked
with imine bonds had greater
stress relaxation rates than
collagen crosslinked with
methacrylate bonds. The faster

[74,79,87–93]
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Table 1. Cont.

Material
Re-Modeling
Mechanism

Type of
Interaction

Crosslinking
Mechanism Molecular Mechanism Advantages Examples References

• Imine crosslinking

Reaction between an amine and an aldehyde or ketone,
generating an imine
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stress relaxation promoted cell
spreading within one day.
Formation of hydrazone bond
between an aliphatic
aldehyde-terminated multi-arm
PEG and an aliphatic
hydrazine-terminated
multi-arm PEG, resulting in
highly viscoelastic gels that
promoted 3D cell spreading and
the formation of multinucleate
structures with a myotube-like
morphology

[74,79,87–93]
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As mentioned above, dynamic biomaterials that respond to cell-derived cues cap-
ture a key aspect of the reciprocal interactions between cells and their microenvironment.
However, such materials do not allow spatiotemporal control over the resultant changes
in material properties and thus do not fully replicate the long-term, aging-related phys-
iological changes in vitro. Therefore, the development of bioengineered disease models
will benefit greatly from the use of dynamic materials that are tunable on demand upon
application of external stimuli such as light, temperature, magnetic and electric fields,
strain, and ultrasound (Table 2) [41,66,67,100]. These stimuli-responsive materials enable
researchers to quickly generate substantial changes in the mechanical and biochemical
properties of the materials, while also controlling which regions of the engineered matrices
are subjected to such alterations, better recapitulating the dramatic and heterogeneous
changes seen in aged tissues.

It will ultimately be important to combine aspects of both inherently and on-demand
tunable dynamic materials to adequately capture the complexities of the aging microenvi-
ronment in vitro: first relying on inherently dynamic materials to enable cells to assemble
into 3D cultures that resemble healthy tissue and then changing the matrix properties on
demand to simulate an aged disease state [41]. In particular, research on aging-related
neurodegeneration and muscle degeneration will benefit from dynamic biomaterials that
replicate the changes in the mechanical properties of the ECM that occur with aging within
a shorter time frame than that of native tissues. Furthermore, these engineered platforms
can be adapted to mimic the mechanical stimuli that neural and muscular tissues receive
while exercising or when exposed to fluid shear stress. The following sections review the
advancements made in the bioengineering of 3D in vitro models of aging-related neural
and muscular degeneration, with a particular focus on the use of dynamic materials to
improve the biomimicry of these systems.
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Table 2. Dynamic biomaterials tunable on demand upon application of external stimuli.

Stimuli Molecular Mechanism Principle Advantages Disadvantages References

Temperature

Thermoresponsive polymers with
upper or lower critical solution

temperature (UCST or LCST), below
which they are either insoluble or

soluble, respectively

At the critical temperature, a change
in the polymer solubility occurs

and causes a change in
molecular conformation

Easy to control the culture temperature Temperature changes can affect cell
viability and metabolic processes [101,102]

Light
Incorporation of a photosensitive

molecule such as azobenzene
Photocleavable crosslinkers

Illumination changes the molecular
conformation or induces a chemical

reaction in the photoactivated moiety

Contact-free, easy, and precise
on-demand control of stimulation

Possible chromophore toxicity if not
covalently bound to the polymer

Potential phototoxicity
[101]

Ultrasound

Crosslinker cleavage that causes
changes in stiffness

Disassembly of vesicles that leads to
cargo release

Gel transitions

High-frequency waves cause a rise in
temperature and cavitation effects

(growth and shrinkage or implosion of
micro bubbles). The resulting pressure
causes an alteration in the mechanical

properties of the material.

Ease of application using an
ultrasound transducer

May be able to use existing material
design without incorporating additives

Limited range of parameters that can be
tuned in response to ultrasound [101,103,104]

Electric field

Conductive polymers or incorporation of
conductive materials into the polymer
The deformation of a material in an

electric field is influenced by variations
in osmotic pressure, pH, electrode
position, and the applied voltage

The application of an external electric
field causes changes in the structural

and mechanical properties of
the material

Allows the generation of soft robotic
materials that closely mimic human

motor function
Wide variety of

electroresponsive materials

Difficulties optimizing the magnitude
of the electric current

Some of these materials have a
low biocompatibility

Many of the materials have poor
mechanical strength and are brittle
Cells respond to the electric field

[101,103,105–107]

Magnetic field Materials that contain
ferromagnetic structures

The application of a magnetic field
triggers a reorganization in the

magnetic structures that leads to
changes in polymer structure, viscosity,

or stiffness

Fast and reversible material modulation
Magnets are easily included in

culture systems

Possible leakage and toxicity of
magnetic particles

Materials containing magnetic particles
are often opaque, making observing

real-time changes in cell
behavior challenging

[101,103,108–110]

Strain
Fiber reorganization and alignment,

non-covalent interactions
between fibers

The application of a mechanical strain
leads to changes in the mechanical

properties of the material

The strain can be externally applied or
generated by cells

Wide variety of materials with
these properties

The application of strain can cause
alterations in the topography of the
material, such as the generation of

wrinkles, which may serve as
confounding variables

It is difficult to separate the effects of
cell-generated vs. user-generated

strain effects

[101,103,111–117]
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3. Modeling Neurodegeneration

Neurodegenerative diseases are defined by a progressive loss of neural cells and
the synapses formed between them [118]. Alzheimer’s and Parkinson’s are the most
common neurodegenerative disorders, and both are characterized by the formation of
protein aggregates [119]. Extracellular amyloid plaques formed from amyloid β (Aβ)
protein fragments and intracellularly aggregating neurofibrillary tangles (NFTs), composed
mainly of tau protein, are formed in the brain of patients affected by Alzheimer’s, who
present with memory loss and movement dysfunction [120,121]. The pathophysiological
hallmark of Parkinson’s is the formation of intracellular α-synuclein inclusions, and the
disease manifests with the loss of dopaminergic neurons in the substantia nigra. This
causes bradykinesia, muscle rigidity, and a resting tremor in patients [118,119,122]. Due
to increasing life expectancy, a rise in the prevalence of these disorders is predicted in the
coming years. Beyond the detrimental impact that neurodegenerative diseases have on the
quality of life of patients, they also pose a substantial burden to healthcare systems due to
the intensive and lengthy care required [118].

The brain is made up of neurons and glial cells, which include astrocytes, microglia,
oligodendrocytes, and ependymal cells [118,123]. A population of neural stem cells (NSCs)
that give rise to both neural and glial cells is also present in brain tissue [124]. Constant
communication between these different cell types is essential for proper brain development
and function [125]. Furthermore, the interactions established between cells and the ECM
are also crucial for the maintenance of neuronal function [126]. The brain ECM is essential
for the maintenance of structural integrity and homeostasis as it contains cell adhesion
motifs and growth factors that modulate neurogenesis, cell migration, axon guidance, and
synaptogenesis [37,127–129]. This matrix constitutes 10–20% of the whole brain volume
and presents components and features that are exclusive to this organ [130]. With a Young’s
modulus of approximately 0.1–3 kPa, depending on the region analyzed, the brain is one of
the softest tissues in the human body [37,118]. In comparison to the ECM of other organs,
the brain ECM has a low number of fibrous proteins such as collagen and fibronectin, while
glycosaminoglycans (GAGs) are present at a high concentration [37,131,132]. One of the
most abundant GAGs in the brain ECM is hyaluronic acid (HA), which contributes to ECM
integrity by establishing non-covalent interactions with other matrix components [37,133].
The rest of the GAGs are covalently linked to proteins to form proteoglycans (PGs) [37].
Heparan sulfate proteoglycans (HSPGs) and chondroitin sulfate proteoglycans (CSPGs) are
the most abundant PGs in the brain, and their polarity confers brain tissue with a high water
content of approximately 80% of its total mass [37,133,134]. Another major glycoprotein in
the brain ECM is laminin, which regulates neural progenitor cell proliferation, neuronal
survival, and synaptic activity [135]. The composition of the adult brain ECM is relatively
stable, although it changes between different regions [136]. Despite this variability, any
region of the brain consists of similar ECM structures, including a basement membrane, or
basal lamina, that surrounds the blood vessels; perineuronal nets (PNNs) that can be found
around the dendrites and neuronal cell bodies; and the interstitial matrix [130].

Aging and aging-related diseases cause alterations in the structure and composition
of the ECM, which in turn affect the physical properties of neural tissue [37]. While the
general trend is for brain tissue to become stiffer with age, the opposite effect is observed
in Alzheimer’s disease patients [137]. These changes in the matrix are of particular impor-
tance in the context of neurodegenerative disorders as they modulate the accumulation
and propagation of pathogenic molecules and have an effect on inflammation and neu-
rodegeneration [9]. Neural and glial cells sense alterations in the mechanical properties
of the matrix through mechanosensitive pathways that lead to alterations in cell behavior
that can in turn contribute to disease progression. For example, HA remodeling has been
observed in a mouse model of α-synuclein-induced dopaminergic neurodegeneration [37].
Such alteration in the ECM could contribute to the neurodegenerative events that are
characteristic of this pathology [138].
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Owing to the likely effects of changes in the ECM on the cellular pathophysiology
of neurodegeneration, research on such disorders benefits from the development of 3D
models that mimic the ECM, particularly those that are comprised of materials that replicate
the dynamic properties of the native matrix [9,118]. Such systems will also contribute to
an improved comprehension of the mechanisms of Aβ aggregation in the brain ECM,
since 2D models do not facilitate the formation of Aβ plaques or neurofibrillary tangles
due to the dilution of the constituent proteins in the media [9]. On the other hand, 3D
culture conditions have been reported to facilitate the formation of amyloid plaques within
6–12 weeks [139]. Therefore, the use of these models increases our understanding of the
pathological features of amyloid disorders such as Alzheimer’s [9]. As the formation
of Aβ agglomerates and subsequent fibrillogenesis are affected by the physio-chemical
properties of the interstitial fluid and the biopolymer fibers that form the ECM, it is essential
to consider these conditions when formulating synthetic matrices and the buffers used
in biofabrication processes [9]. The replication of the brain ECM microenvironment will
be extremely valuable for the understanding of the potential effect of the matrix on the
accumulation of Aβ and tau proteins in the interstitial fluid, since the ECM exerts a resistive
force to fluid flow and clearance and may lead to the generation of hydrostatic and osmotic
pressure [140,141]. In addition, the ECM restricts the transport of Aβ oligomers and tau
proteins across the brain [142,143]. Thus, the replication of disease- and age-related matrix
alterations is an essential requirement to mimic and understand protein aggregation in
amyloid neurodegenerative disorders [144–147]. Besides the improved comprehension
of the effects of physical structure and phenomena on neurodegeneration, the use of 3D
models facilitates the observation of cellular responses that only occur in an environment
that is comparable to the native cell niche [37]. For example, observations made in vivo have
shown that astrocytes can switch from a phenotype with neuro-supportive characteristics
to one that is neuro-toxic [148]. This phenomenon cannot be replicated in a 2D culture due
to the high reactivity of astrocytes in 2D conditions. On the contrary, the use of collagen
matrices maintains astrocytes at reduced reactivity, hence allowing the activation of reactive
states in response to physiologically relevant cues [149,150].

The development of 3D in vitro models of neurodegeneration has been made possible
by the breakthroughs made in different disciplines such as stem cell biology, genetic
engineering, cell reprogramming, and biomaterials science [37]. Human pluripotent stem
cells are a promising tool in the development of 3D models as they eliminate the need to
use animal cell lines and facilitate the generation of patient-derived neural cells, enabling
studies of cells that may be genetically predisposed to developing neurodegenerative
disorders [131]. Organoids derived from these stem cells have also emerged as a tool
with huge potential to study organ development and disease [151,152]. However, these
systems are often arrested at an embryonic developmental state, and it is not yet clear
how to mature these organoids to make it possible to model the aged brain [9]. In parallel
to the advancements made in cell and molecular biology, a wide variety of ECM-like
materials has been developed to support cell growth in 3D while providing biomimetic
mechanical, topological, and biochemical cues [153,154]. Furthermore, the development
of dynamic biomaterials may facilitate the reciprocal cell–matrix interactions that occur in
the cell microenvironment [37]. Beyond considerations of biocompatibility and bioactivity
generally required for cell culture, the use of electrically conductive biomaterials may hold
particular promise for the culture of neural cells due to the positive effect of electrical
stimulation on neuronal differentiation [155].

Hydrogels are the most commonly used biomaterials in neural cell culture as they
form soft and porous networks that resemble the brain ECM and can be modified to present
biochemical and biophysical cues characteristic of brain tissue [156,157]. As mentioned in
previous sections, these materials are composed of polymers that are either natural or syn-
thetic. Matrigel® and decellularized ECM are some examples of natural hydrogels that have
been widely used in neural cell culture [158,159]. The former has been used by Kim and
coworkers to produce a 3D scaffold where neurons expressing AD mutations were cultured.
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The resulting model reproduced the aggregation of amyloid-β and the accumulation of
hyperphosphorylated tau [139]. However, a problem associated with the use of Matrigel®

in neural cell culture is that, as a murine sarcoma-derived matrix, it lacks numerous ECM
components that direct brain development [160]. Furthermore, Matrigel® contains growth
factors that may affect neural cell physiology [161]. For studies or applications where only
specific components of the matrix are needed, such as collagen, HA, or laminin, these
can be purified or produced as recombinant proteins [37,162]. Collagen has been used
in the production of 3D cell culture systems due to the proven efficacy of this protein in
promoting cell survival in vitro [163]. Liu et al. used this material to encapsulate mast cells,
an innate immune cell type found in the proximity of Aβ aggregates, in the presence of
different Aβ peptides. The authors found that these conditions caused mast cells to secrete
inflammatory mediators and hence concluded that the 3D collagen model is a valuable
tool for investigating the mechanisms of AD-related neuroinflammation [164]. Laminin is
often incorporated in 3D brain tissue models due to the ability of this protein to promote
neural cell adhesion and drive neurite outgrowth [165–167]. In an example of the use of this
protein to improve the bioactivity of bioengineered models of neurodegeneration, Cantley
et al. reported the development of a 3D human model that promotes the differentiation
and long-term culture of functional neural networks generated from hiPSCs derived from
either healthy individuals or patients affected by Alzheimer’s or Parkinson’s diseases. The
fabrication of this model involved the formation of a silk fibroin scaffold that was filled
with collagen and coated with poly-L-ornithine and laminin to promote 3D growth. The re-
sulting matrix supported the direct codifferentiation of hiPSCs into neurons and astrocytes.
Electrophysiological recording and calcium imaging demonstrated the functional activity of
the 3D brain tissue model for nine months [168]. Therefore, this model could be a valuable
tool for the investigation of network development, maturation, and degeneration, as well
as for the discovery of early-stage biomarkers of neurodegeneration. Whilst ECM-derived
proteins are superior to other materials in terms of bioactivity, the challenges encountered
in their isolation and characterization have promoted the use of alternative biopolymers by
some researchers. Polysaccharides such as chitosan, alginate, or agarose, which are mainly
obtained from marine organisms, have been widely used to fabricate scaffolds for tissue
engineering applications [169,170]. Tedesco and coworkers reported the use of chitosan to
fabricate a microbead-based scaffold that supported the growth of functional 3D neuronal
networks [171]. Microbead scaffolds have also been produced with alginate to generate a
model of Alzheimer’s disease that contained amyloid-secreting cells. The adjustment of the
protocol to produce beads with different sizes and stiffness allows the formation of highly
tunable and biomimetic structures [172].

Despite the promising developments made in the generation of 3D brain models using
natural hydrogels, it is important to take into consideration the batch-to-batch variation
and poor control over the mechanical properties of these materials. Therefore, the use of
synthetic hydrogels such as poly(ethylene glycol) can be particularly advantageous for
studies where a specific parameter needs to be controlled in order to investigate its effects
on cell behavior [37]. Furthermore, 3D models made with synthetic materials have been
shown to support the production of pathogenic Aβ peptides and phosphorylated tau pro-
teins, as demonstrated by Ranjan et al. using PLGA microfibers seeded with iPSC-derived
neural progenitor cells (NPCs) with Alzheimer’s disease mutations [173]. While some of
the challenges encountered in 3D modeling in vitro can be overcome with the use of syn-
thetic hydrogels, these present other pitfalls such as a low bioactivity due to the absence of
ECM-derived motifs. Nevertheless, the development of synthetic self-assembling peptides
represents a propitious advancement in the field, as these materials circumvent the issues
with mechanics and bioactivity encountered with natural and synthetic materials, respec-
tively. Self-assembling peptides (SAP) are particularly interesting materials since they allow
the rational design of synthetic hydrogels using natural amino acids as building blocks
that can be combined in multiple ways to generate specific architectures and bioactive
sequences [174]. The most widely used peptide in neural tissue engineering is a four-amino
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acid sequence composed of arginine-alanine-aspartate-alanine (RADA) [175–177]. This
system has been used by Ni and coworkers to produce RADA16-I hydrogels that improve
the differentiation of dopaminergic neurons from murine iPSCs and embryonic stem cells
(ESCs), hence providing a model for the investigation of Parkinson’s disease [177]. How-
ever, despite the careful design of synthetic hydrogels to mimic the brain ECM, their low
stiffness often results in structural instability that compromises the durability of the model
in vitro. This issue can be ameliorated by including a second polymer network in the
hydrogel in order to improve the mechanical stability [37]. Scaffolds made of silk or other
fibrous polymers produced by electrospinning are some examples of fibrous materials used
for this purpose in the development of 3D neural tissue models [168,178–181]. In addition
to the advantages offered by synthetic materials in terms of control over their mechanical
properties, they also provide additional functions such as electroconductivity. An example
of such a conductive material is poly(3,4-ethylenedioxythiophene) (PEDOT), which can
electrically stimulate bioengineered neural tissues [182].

The replication of the complex architecture of brain tissue often requires the use
of biofabrication methods to convert the biomaterials into biomimetic models that are
representative of the native cell environment. One of these techniques is bioprinting, an
additive manufacturing method that allows the generation of cell-laden 3D structures with
a predetermined design by depositing a cell-loaded biomaterial layer by layer [183,184].
Bioprinting technology facilitates the production of 3D matrices with multiple materials
and cell types, as these different components can be loaded into separate print heads.
The use of this technique to print neurons and glial cells in the same system allows the
generation of complex models that can be used to study the interactions between the
different cell types. Furthermore, a high degree of control over the architecture and cell
position is achieved. Joung et al. harnessed this technique to develop a 3D model of
damaged central nervous system (CNS) composed of iPSC-derived spinal neurons and
oligodendrocytes [185]. The cell clusters were deposited at specific locations in the matrix
through extrusion-based multimaterial 3D bioprinting. Furthermore, the oligodendrocytes
had the ability to myelinate the axons. Other studies have also confirmed the suitability of
this technique to generate models of Alzheimer’s and Parkinson’s disease. Benwood et al.
differentiated healthy and patient-derived iPSCs into NPCs, and incorporated these cells
into dome-shaped constructs that promoted the differentiation of NPCs into basal forebrain-
resembling cholinergic neurons (BFCN), the first cell type affected in the progression
of Alzheimer’s disease [186]. With regard to the application of this technology in the
production of models of Parkinson’s disease, Abdelrahman et al. reported the fabrication
of a peptide-based model that maintained the activity of encapsulated dopaminergic
neurons for more than one month. Furthermore, co-culture with endothelial cells led to
vascularization, which promoted neurite outgrowth and thus resulted in the formation
of a dense neural network [187]. The vasculature improves the physiological mimicry of
the system and improves the viability of the cultured cells due to the improved nutrient
distribution. This is of particular importance when replicating the pathophysiology of
neurodegenerative disorders due to the long time scales of disease progression [188].

Another technique that has revolutionized the development of in vitro models of brain
tissue is microfluidics. The use of this technology has given rise to the creation of brain-
on-a-chip models that allow compartmentalization and the application of fluid flow [189],
which is of particular importance to investigate the effect of the shear stress generated by
interstitial flow on neural cells [118]. The design of these devices allows the use of hydrogel
matrices to culture the cells in 3D [190]. In addition, the transparent materials used in
the fabrication of these platforms make it easy to obtain images of the cells with optical
microscopy techniques [191,192]. An example of the use of this technology to replicate
neurodegenerative diseases is the three-compartment organ-on-a-chip device developed by
Virlogeux et al. to model the Huntington’s disease (HD) corticostriatal network. Each of the
three chambers corresponds to either the presynaptic, synaptic, or postsynaptic region [193].
A similar system has also been used by Li et al. to investigate the neurotoxicity of the
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Aβ peptides that are characteristic of Alzheimer’s disease [194]. In another model of this
disorder, Park et al. incorporated iPSC-derived neurons, astrocytes, and microglia cells in a
microfluidic platform to replicate beta-amyloid aggregation, neuroinflammatory activity,
and phosphorylated tau accumulation [195].

As a whole, the studies described above demonstrate that the use of bioprinting and
organ-on-a-chip technologies can enable researchers to create 3D models with complex
structures that resemble the native ECM architecture. Furthermore, the use of microfluidic
systems facilitates the replication of fluid shear stress effects in vitro. These technologies
can also be combined to increase the automatization of the resulting models and to achieve
a higher precision and resolution when depositing the bioinks [196,197].

4. Modeling Aging-Related Muscle Degeneration

While many of the aging-related neurodegenerative disorders discussed above mani-
fest with impaired motor control, aging also results in substantial changes to the skeletal
muscle microenvironment that can result in muscle loss and directly cause impaired mo-
bility. Skeletal muscle is a highly organized tissue formed of several bundles of fascicles
that are in turn composed of muscle fibers, known as myofibers [198]. Two types of muscle
fibers, type I (slow-twitch) and type II (fast-twitch), coexist in muscle tissue [199,200]. Each
multinucleated myofiber is composed of multiple myofibrils [201], which in turn contain
a series of aligned sarcomeres [198,202]. The muscle sarcomere is the basic contractile
unit of the muscle fiber [198], and it is composed of thick and thin filaments of myosin
and actin, respectively, which are perpendicularly linked to the Z-lines that are found on
either side of the sarcomere [202,203]. When a muscle fiber receives a contraction signal
through the neuromuscular junction, the myosin head binds the actin filament, forming
a cross-bridge [198]. Consequently, the myosin head moves and slides the actin filament
toward the middle of the sarcomere (M-line) (Figure 2) [204,205]. The contractions of
numerous sarcomeres in series cause the contraction of the myofibrils, which in turn causes
a shortening of the muscle fiber [204].
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Figure 2. Schematic diagram showing the hierarchical organization of skeletal muscle tissue. Muscle
is composed of multinucleated cells known as myofibers, which contain multiple myofibrils. The
latter are comprised of a series of sarcomeres, the contractile unit of muscle tissue. The sarcomere is a
highly organized structure formed of actin and myosin filaments, the main orchestrators of muscle
contraction. Created with BioRender.com.

Each of the constitutive layers of muscle tissue described above is surrounded by the
extracellular matrix [200]. This structure provides support to muscle fibers, nerves, and
blood vessels, and it also facilitates the communication between myofibers and other cell
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types such as myoblasts, fibroblasts, and inflammatory cells [206–208]. Furthermore, it
plays a key role in the regulation of satellite cells, also known as muscle stem cells (MuSCs),
which differentiate into myogenic progenitor cells that form new myofibers during muscle
repair [30,200,209,210]. Depending on the muscle layer that it covers, the skeletal muscle
ECM is traditionally classified as epimysium (encasing the entire muscle), perimysium
(encasing groups of muscle fibers, or fascicles), and endomysium, or basal lamina (encasing
the muscle fibers) [200,211,212]. However, microscopic observations of muscle tissue have
shown that this classification may be relatively arbitrary and that the endomysium and
perimysium form two continuous 3D networks [211,213]. Furthermore, according to some
classification schemes, the basal lamina is considered to be a distinct structure from the
endomysium; however, they are in close contact, and in some instances, the basal lamina
has been described as a specialized form of endomysium [214,215]. Generally, the major
component of muscle ECM is collagen, accounting for up to 10% of its dry weight [200,211].
Other constituent elements of this matrix include glycoproteins, proteoglycans, and elastin,
although variations in the composition have been reported between the different ECM
layers [216,217]. The epimysium is formed of collagen type I, collagen type III, and fi-
bronectin; the perimysium contains fibronectin, proteoglycans, and collagens I, III, V, and
VI; and the endomysium is composed of laminin, fibronectin, and collagens I, III, and
V [218–221]. Collagen IV, the collagenous component of basement membranes, has also
been isolated from the endomysium, where it links with laminin to form a complex in-
volved in force transduction [214,218]. Some studies suggest that collagen type I is the
main component of intramuscular ECM and that it is abundant in the perimysium and
epimysium, while collagen type III is evenly distributed between the endomysium and
the epimysium [214,218,222]. However, further investigation with standardized models is
required to reach a consensus on the muscle matrix composition and to determine whether
collagen-type ratios vary between muscles with different functions [211].

During aging, the skeletal muscle ECM undergoes fibrotic ECM deposition, a re-
duced collagen turnover, and an increase in non-enzymatic crosslinking of collagen fibers
through the accumulation of advanced glycation end-products (AGEs) [223–225]. These
changes result in an increase in muscle stiffness that renders this tissue more susceptible
to injury [216,226]. The ECM architecture is also affected by aging, with a replacement
of the ordered crisscross lattice structure of healthy perimysium by a disordered fiber
network [213,217]. Results from numerous studies indicate that the absolute collagen
content increases and that the collagen composition of the basal lamina changes with
age [217,227,228]. Specifically, a reduction in the amount of collagen type IV in the basal
lamina has been observed in older humans, while the laminin content increased [229]. It is
important to note that opposite trends have been observed when using animal models to
analyze these age-related changes [228]. Due to the contact between the basal lamina and
the resident muscle stem cells, these changes in the ECM mechanics and composition may
compromise the functionality of the stem cells and alter their biochemical communication
with myofibers [230,231]. Furthermore, the impaired degradation of ECM proteins such
as fibronectin, elastin, and laminin leads to an accumulation of proteolytic fragments that
contribute to the reduced adhesion between MuSCs and myofibers [232]. Therefore, the
regenerative capacity of skeletal muscle may be negatively affected by the age-related ECM
alterations described herein [216,230].

Age-related changes in muscle structure result in the degeneration of this tissue,
a condition known as sarcopenia. This disorder is defined as the loss of muscle mass
and function that occurs beginning from middle age [233–235]. This syndrome results in
physical frailty and an increased risk of developing chronic diseases, as well as a loss of
independence in patients and a tendency toward sedentarism [234,236]. The detrimental
effects of sarcopenia on overall health are due to the loss of the ability of muscle to generate
force and to regulate metabolism throughout the body [234]. In addition to suffering
from muscle degeneration directly related to aging, the elderly population is also at a
higher risk of suffering from cachexia, which is the loss of muscle mass due to underlying
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pathological conditions such as cancer, heart failure, pulmonary disease, HIV, and renal
and liver failure. Due to the higher incidence of these conditions among the elderly, this
age group is particularly vulnerable to cachexia [237].

On a cellular level, the two mechanisms that regulate the decline in muscle mass are
muscle fiber atrophy and muscle fiber loss, with type II fibers more affected than type I
counterparts [233,234,238]. These changes are linked to an imbalance in muscle protein
synthesis and degradation. The disproportionate increase in protein degradation is caused
by muscle denervation, dysregulation of proteasomal degradation pathways, mitochon-
drial dysfunction, intramuscular and intermuscular fat infiltration, and inflammatory and
hormonal changes [235,239,240]. These factors also result in a decline in the number and
function of satellite cells, also known as muscle stem cells (MuSCs), in sarcopenic mus-
cle [233,241–244]. This can be due to alterations in the systemic factors that regulate MuSCs,
which include MuSC niche factors, TGF-β, and myostatin [235]. Other contributors to mus-
cle degeneration include neuromuscular junction dysfunction (discussed below), reduced
number of motor units, inflammation, insulin resistance, and oxidative stress [245–250].

The management of sarcopenia is based on physical activity and dietary adjustments
such as an appropriate intake of protein, vitamins, antioxidants, and polyunsaturated fatty
acids [235,251]. However, no pharmacological agents are currently available for individuals
who do not show any signs of improvement [251]. Therefore, the development of novel
therapies to combat muscle degeneration is currently a pressing need. To achieve this,
it is of paramount importance to increase our understanding of the pathophysiological
mechanisms of muscle wasting. Since most of our current knowledge in this area has been
acquired through studies based on 2D culture systems or in animal models that do not
faithfully recapitulate human aging, this field would benefit from the use of bioengineered
3D models of aged human muscle tissue.

The generation of skeletal muscle tissue in vitro requires the integration of multiple
cell types and the recreation of the extracellular environment and tissue architecture. The
latter is a particular challenge in muscle tissue engineering due to the complexity of its
hierarchical organization [214]. While the hallmark cell types in skeletal muscle tissue
are myofibers and muscle stem cells, other crucial cell populations that can be found
in muscle include fibroblasts and fibro-adipogenic progenitors, pericytes, endothelial
cells, neural cells, and immune cells. Therefore, the incorporation of different cell types
into engineered skeletal tissue models has been shown to improve the models’ fidelity
and the maturation of the tissue constructs in vitro [214]. Due to the ability of iPSCs
to differentiate into multiple cell types, these cells are widely used in the development
of 3D models of skeletal muscle [252]. For instance, Maffioletti et al. employed iPSCs
derived from patients suffering from Duchenne muscular dystrophy to generate 3D muscle
models based on hydrogels subjected to uniaxial tension in order to increase the degree
of myofiber alignment [253]. Stem-cell-derived muscle cells can also form aggregates,
known as myospheres, which enable scaffold-free 3D culture with cell–cell interactions
that closely resemble those of native muscle [254,255]. With regard to the muscle ECM, it is
essential to consider the mechanical characteristics of this structure as they influence cell
behavior and therefore play a major role in muscle development and regeneration [198].
Furthermore, this matrix provides structural support and mediates force transmission [256].
As the main component of the muscle ECM is collagen, this material has been used in the
development of numerous muscle models [214]. The addition of Matrigel® to collagen
hydrogels improves the engineered muscle structure as it leads to greater force generation
and muscle differentiation [257]. A study conducted by Wang and coworkers reported
the creation of a 3D muscle aging model by culturing primary muscle progenitor cells in
hydrogel matrices composed of Matrigel® and fibrinogen. By culturing cells derived from
either younger or older animals, they achieved the generation of a model that could show
a sarcopenic phenotype in old-cell-derived constructs and a healthy tissue in the model
derived from young cells. The sarcopenic phenotype was characterized by the presence
of hypotrophic myotubes, reduced contractility, and impaired regenerative capacity [258].



Biomolecules 2024, 14, 69 17 of 33

While Matrigel® has been proven suitable for the generation of artificial muscle in vitro,
the lack of muscle-specific cues in this substrate makes it desirable to develop alternative
materials that possess muscle-derived proteins [259]. Therefore, decellularized muscle
ECM hydrogels are increasingly used in muscle tissue engineering as they contain growth
factors and cell adhesion proteins that are essential to achieve the bioactivity required in a
tissue model [260,261].

Owing to the importance of surface topography on cell alignment and function, the
complex architecture of skeletal muscle must be replicated when developing 3D models
of this tissue [262]. One approach to achieving these structures makes use of biofabri-
cation techniques that enable the generation of biomimetic topographies on the culture
matrices [214]. Such techniques include micropatterning, 3D bioprinting, and electrospin-
ning [263]. Micropatterning techniques such as soft lithography, photolithography, or hot
embossing lithography have been used to investigate the effect of different topographies
such as grooves, ridges, channels, or posts on cell arrangement and function [264,265].
Charest and colleagues made use of hot embossing lithography to generate different mi-
cropatterns, such as grooves, ridges, and holes, with different sizes. The alignment and
differentiation of myoblast cultures on such surfaces were analyzed and compared. The
results of the study showed that a higher degree of alignment was achieved on narrower
grooves [266]. Lithography technologies have also been used to generate models of muscle
disease. Fernandez-Garibay et al. reported the utilization of these methods to create a
bioengineered model of myotonic dystrophy type 1. Gels composed of gelatin methacry-
late (GelMA)-carboxymethyl cellulose methacrylate (CMCMA) were micropatterned with
a topography that promoted myoblast alignment and differentiation. Patient-derived
cells cultured on these structures led to the generation of aligned myotubes with disease-
associated characteristics [262].

Lithography-based technologies are particularly advantageous for the generation of
bioinspired topographies due to their versatility, reproducibility, and high throughput [267].
However, they also present several pitfalls, such as the difficulty in generating certain
designs such as closed loops, the deposition of residual chemical agents, and the long
time required to make design changes in such multi-step processes [268,269]. While UV
photolithography has been presented as an alternative to traditional lithography, this
process requires a photomask and long processing times [269]. On the contrary, laser
ablation is completed in a single step and without any additional materials or chemicals. To
minimize the thermal effects associated with laser machining, femtosecond laser ablation
has emerged as a technique that can generate specific patterns on biological substrates
under physiological conditions [269,270]. However, these technologies pose limitations on
the scaffold size and, consequently, make it difficult to produce a whole organ or a large
tissue [271]. To circumvent these issues, bioprinting technology based on the layer-by-
layer fabrication of digitally designed structures has emerged as a promising alternative
to the use of physical templates [272]. This technique allows the generation of complex
geometries with a precise placement of cells, materials, and biomolecules [264]. Therefore,
a higher accuracy in the replication of native tissue and an improved reproducibility
are achieved [214]. This is of particular importance in muscle tissue engineering due to
the complex organization of this tissue [254]. The selection of a suitable bioink with an
appropriate printability, biocompatibility, mechanical strength, and degradation rate is
essential when using this technology [264]. Furrer et al. showed how Matrigel® can be
combined with 3D bioprinting technology to obtain human skeletal muscle models [214].
Matrigel® has also been used in combination with fibrinogen to 3D print a model of aged
human skeletal muscle. This platform supported the differentiation of myoblasts into
functional myofibers that showed signs of aging after treatment with TNFα to investigate
the morphological and functional changes that are associated with this process [273]. Due
to the issues encountered with the use of Matrigel®, other materials such as decellularized
ECM have been explored for 3D bioprinting applications [261]. Moreover, higher levels of
expression of muscle differentiation-related genes MYF5, MYOG, MYOD, and MYHC were
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reported in cells cultured on decellularized ECM [264]. High yields of myotube formation
have been reported when using this material to culture myoblasts [274].

The generation of functional muscle microtissues is only one part of the modeling
process when replicating certain types of muscle degeneration in vitro. This is the case of
cachexia, the loss of muscle tissue due to the incidence of other diseases such as cancer.
Due to the involvement of different organs in this disorder, the development of models of
cachexia requires the integration of different cell types and ECM-mimicking biomaterials.
Therefore, the use of bioprinting technology is of particular relevance in these studies, as
these systems are designed to incorporate different materials and cells into the printed
construct. As such, Garcia-Lizarribar et al. made use of this technique to generate functional
skeletal muscle that was cultured in a cancer-cell-conditioned medium to replicate the
effects of cytokines produced by melanoma cancer cells on muscle tissue [275]. An often
overlooked parameter in sarcopenia or cachexia modeling is the influence of exercise on
disease progression and therapeutic outcomes. However, recent studies are starting to
replicate these effects in engineered muscle models in vitro. As shown by Reyes-Furrer
et al., bioprinting technology can be used to generate advanced models with specific designs
that facilitate the electrical stimulation of the resulting constructs to mimic the effects of
exercise-induced muscle contraction [259].

Aligned nanofibrous materials have been shown to be superior to micropatterned
materials in terms of the assembly of longer myotubes [276]. Electrospinning has long been
recognized as a powerful technique for the production of micro- and nanofibers [277,278].
Its popularity in the field of tissue engineering stems from its versatility, low cost, and ability
to generate nanoscale topological cues comparable to those of the ECM [278]. Aligned fibers
can be generated with this technique, hence enabling the replication of the muscle tissue
architecture. The result of using such architectures in the generation of muscle models is
a more efficient organization and alignment of myotubes [279]. Soliman et al. harnessed
this principle to engineer a muscle sheet model for studies of the neuromuscular junction
in vitro. Muscle progenitor cells cultured on aligned fibers maintained directionality to
a higher extent than cells grown on traditional culture surfaces [280]. While numerous
studies have proven the ability of electrospun nanofibers to modulate cell organization, the
infiltration of cells into the dense fiber mesh remains a challenge encountered with this
technique. Fibers produced with the conventional electrospinning technique form 2D mats
rather than 3D structures. Therefore, the formation of 3D nanofibrous scaffolds requires the
use of 3D near-field electrospinning or melt electrowriting (MEW) technology [281,282].

Besides the selection of the appropriate cells, biomaterials, and biofabrication tech-
niques, another factor that is essential to consider when engineering muscle tissue in vitro
is the application of electrical and mechanical stimulation. Such stimulation improves cell
proliferation, maturation, and alignment. Bioreactors and deformable biomaterials have
been developed to mimic the effects of physical exercise on muscle tissue [214]. Numer-
ous studies have corroborated the beneficial effects of mechanical stimulation, such as
cyclic loading or stretch, on the generation of 3D muscle models, as such stimuli promote
ECM remodeling, hypertrophy, alignment, and satellite cell activation and differentia-
tion [254,283–287]. Furthermore, the emergence of organ-on-a-chip technology facilitates
the application of mechanical stimuli such as fluid shear stress or hydraulic compression
on muscle microtissues [288–290]. Electrical stimuli have also been applied to 3D muscle
models [291]. Long-term electrical stimulation of primary myoblasts cultured on hydrogels
was shown to enhance myotube formation and a higher differentiation efficiency [292].
Therefore, conductive materials such as carbon nanotubes, PEDOT, or gold nanoparticles
have been incorporated into many scaffold-based models [293–296].

5. Modeling Aging-Related Neuromuscular Junction Degeneration

The nervous system and skeletal muscle are connected via neuromuscular junctions
(NMJs). The NMJ is a synapse specialized in the transmission of electric impulses from the
motor neuron to the innervated muscle fibers [198]. It is composed of three elements: pre-
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synaptic (motor nerve terminal), intrasynaptic (synaptic basal lamina), and post-synaptic
(muscle fiber and muscle membrane) (Figure 3) [19]. When an action potential reaches
the pre-synaptic element, voltage-dependent calcium channels open and allow calcium
to enter the neuron, triggering the release of acetylcholine (ACh) into the synaptic cleft.
ACh diffuses rapidly through the basal lamina, the ECM of the synaptic cleft, to bind its
postsynaptic receptors (AChRs), triggering a cascade of molecular events that leads to
the contraction of the muscle fiber [20,198]. Briefly, these molecular events involve the
generation of an action potential by the AChRs and the subsequent activation of voltage-
gated dihydropyridine receptors (DHPRs) from the sarcolemma. This triggers the release of
calcium from the sarcoplasmic reticulum through ryanodine receptors (RyRs) [297]. Then,
calcium binds troponin C and causes a conformational change that moves tropomyosin
away from the myosin-binding site present in actin filaments. This allows the formation of
a cross-bridge between actin and myosin, triggering muscle contraction [298].
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Figure 3. Schematic diagram of the neuromuscular junction (NMJ), which is formed of a motor nerve
terminal, the synaptic cleft, and the innervated muscle fiber. The arrival of an action potential to the
nerve terminal causes the opening of voltage-dependent calcium channels. The influx of calcium
triggers the release of acetylcholine (ACh) from synaptic vesicles into the synaptic cleft. ACh diffuses
through the basal lamina and binds acetylcholine receptors (AChRs) present in the post-synaptic
element of the NMJ. The molecular events that are consequently triggered lead to the contraction of
muscle tissue. Created with BioRender.com.

The intrasynaptic region of the NMJ is divided into the primary cleft, which extends
from the presynaptic membrane to the basal lamina that encases the muscle fiber, and the
secondary clefts, which includes the space between the junctional folds of the postsynaptic
membrane [198]. The central region of the synaptic cleft contains the synaptic basal lamina,
which differs in its composition from the extrasynaptic basal lamina [299]. This matrix
maintains a tight adhesion between the pre- and post-synaptic elements and is involved
in NMJ innervation, development, and regeneration [300]. The synaptic basal lamina is
composed of a protein network composed of laminin (isoforms 221, 421, and 521) and
collagens IV and XIII, which are interconnected by the proteoglycans agrin and perlecan
and the glycoprotein nidogen-2 [198,298]. Synaptic laminins contribute to AChR clustering
through interactions with their post-synaptic receptors: α7β1 integrins and dystroglycan.
Agrin is also involved in AChR clustering through the activation of Lrp4 and MuSK.
Furthermore, laminin 421 may mediate degenerative changes caused by aging [20].

A substantial proportion of the matrix components described above are subjected to
alterations during aging. Consequently, cell–cell and cell–matrix interactions undergo a remod-
eling process that results in age-related alterations in NMJ morphology, mechanical properties,
and molecular composition and function [301]. The pre- and post-synaptic membranes are
particularly affected by morphological alterations, showing changes in topography. All these
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processes, together with inflammation, mitochondrial dysfunction, and oxidative stress, con-
tribute to the degeneration of the NMJ, which may be a cause of the muscle degeneration
associated with age [19]. However, whether NMJ degeneration is a cause or a consequence of
sarcopenia is still to be resolved and it is a question of particular interest in the field [302].

Due to the difficulty of studying the NMJ in vivo, the development of 3D models
of this synapse is of paramount importance to investigate the mechanisms of NMJ de-
generation [303]. The implementation of such engineered models holds great promise in
studying the pathophysiological mechanisms of diseases associated with the NMJ, such
as amyotrophic lateral sclerosis (ALS). The use of iPSCs to generate neural and muscular
tissues facilitates the generation of patient-derived NMJ models to elucidate the patho-
physiological hallmarks of NMJ degeneration that are specific to each patient [304]. Recent
developments in the field have proven fruitful with the creation of compartmentalized mod-
els that recreate both the neuronal and the muscular components of the NMJ. When neurons
and muscle cells are cultured in proximity, the axons of neurons extend into the myofibers
and form the NMJ [304]. A representative example of such a system is the model developed
by Osaki et al., which consists of a compartmentalized platform comprised of iPSC-derived
motor neurons from patients in the form of spheroids and skeletal muscle bundles. NMJs
were successfully formed between the resulting microtissues and showed characteristics of
ALS pathology such as motor neuron degradation and increased apoptosis of the muscle
on the ALS motor unit [305]. Another NMJ model based on a co-culture was developed by
Massih and coworkers. Briefly, primary myoblasts, fibroblasts, and iPSC-derived motor
neurons were co-cultured in a hydrogel composed of Geltrex™, fibrinogen, and thrombin.
By using iPSCs derived from ALS patients with SOD1 mutations, the resulting motor
neurons showed a decrease in muscle contractility over the 21 days of culture [306]. A
challenge encountered in the generation of stem-cell-derived neuromuscular models is the
detachment of muscle fibers from their culture substrate as they contract. To circumvent
this issue, Kamm and colleagues created a culture system based on the support of myofibers
between micropillar cantilevers that deflected upon contraction [305,307,308].

Microfluidic technology is particularly advantageous for the generation of compart-
mentalized systems, as it allows communication between the pre- and post-synaptic cham-
bers and the production of customized arrangements that better mimic the anatomical
characteristics of the NMJ. As previously mentioned, microfluidic platforms have distinc-
tive advantages over other systems with regard to mechanical, biochemical, and electrical
stimulation [309,310]. Furthermore, the observation of the nerve impulse transmission is
facilitated by the transparency of the materials used in the manufacture of these organ-
on-a-chip platforms [304]. This feature enables the integration of sensors to monitor the
cellular response to biophysical stimuli and drugs [311]. Park and coworkers produced one
of the first microfluidic-based NMJ models using mouse embryonic stem cells to generate
the motor neurons and C2C12 myoblasts to produce the myofibers [312,313]. This work
facilitated the development of more advanced models with physical separation between
the pre- and post-synaptic compartments, hence supporting the formation of functional
NMJs [308]. Later studies have shown that the addition of other cell types to the system,
such as endothelial cells or astrocytes, leads to further improvement in NMJ development,
functionality, and biomimicry [313–315]. The interactions between the different cell types
are supported by using hydrogels as substrates, and the addition of extra chambers opens
the possibility of modeling the interactions between the NMJ and other organs [314]. Dif-
ferent channel designs such as funnel-shaped systems have also been explored in order
to improve axon pathfinding [316]. As demonstrated by Southam et al., the generation of
alternative designs allows the replication of the anatomical features of the NMJ [314]. The
creation of different designs can also improve the functionality of the model by facilitating
cell seeding, as is the case for open-architecture microfluidic chips, or by controlling the
culture media composition in different chambers [309,317].

Another technique that is particularly suitable for the generation of 3D cell culture
compartments with different designs is bioprinting. This technology allows the generation
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of complex designs that better resemble the native architecture of tissues and organs. Recent
developments have resulted in the generation of an NMJ model generated with C2C12-
derived myotubes and motor neurons derived from mouse embryonic stem cells. Each of
these cell types was cultured in ECM-derived proteins to create a ring-shaped muscle tissue
with motor neuron embryoid bodies (EBs). The resulting structures could be combined and
integrated with each other in order to form a multi-compartment system. The presence of
glial cells in the EBs contributed to the survival, growth, differentiation, and proliferation
of motor neurons and the subsequent improvement in NMJ maintenance [318,319]. Overall,
all these studies show that great advancements can be achieved in the replication of the
NMJ in vitro by combining the advantages provided by co-culture, compartmentalized
organ-on-a-chip systems, and bioprinting. It is expected that further efforts in this field will
lead to the generation of NMJ models with improved functionality and biomimicry, and
that this will enable researchers to obtain greater insights into the effect of physical forces
and biochemical factors on age-related NMJ degeneration.

6. Conclusions and Future Directions

Aging is a complex process that leads to degeneration and functional impairment
across the whole organism. Aging-related degeneration of the neural and muscular systems
has a major impact on patients’ health and quality of life due to the role of these tissues
in cognition, movement, and a range of other bodily functions. Owing to the complexity
of the aging process, investigating the underlying mechanisms of neuromuscular aging is
particularly challenging. Furthermore, the widespread use of animal models has limited
the translatability of our knowledge due to the anatomical and physiological differences
that exist between animal and human organisms. The use of animal models in aging
research is also associated with other challenges such as ethical considerations, extended
experimental timelines, and higher costs associated with these long-term experiments.
Bioengineered 3D models composed of human-derived cells are a promising alternative
that can overcome these issues. This approach is based on the combination of cells and
ECM-mimicking materials forming a 3D structure that resembles the native tissue. While
naturally derived cell-interactive materials have been widely used in neural and muscular
disease modeling, these endeavors would benefit from the application of dynamic materials
that respond to cell- or user-generated stimuli to better capture the dramatic temporal
changes in the tissue microenvironment that accompany aging and disease. Furthermore,
engineered synthetic materials may be able to overcome the limited ability to tune the
mechanical properties of naturally derived materials. However, such synthetic materials
typically lack the bioactive cues that are present in ECM-derived polymers. A promising
alternative that can provide both bioactivity and customizable mechanical properties
is the development of recombinant protein-based biomaterials. Such materials can be
endowed with chemical sequences that allow their responsiveness to biochemical and
physical cues from their microenvironment, as recapitulating aging-associated phenomena
will likely require materials that can respond to both cell-secreted factors and externally
applied stimuli. The combination of novel dynamic materials with the use of biofabrication
techniques such as bioprinting or electrospinning may open the door to the generation
of complex biomimetic structures with dynamic functionality that mimic the native ECM
remodeling observed in vivo. Finally, the application of organ-on-a-chip technology may
enable the generation of models with improved biomimicry and improved control over
other important system parameters, such as fluid shear stress and nutrient transport. Such
systems are also advantageous for the real-time observation of cellular responses and the
application of mechanical and electrical stimuli to the 3D cell culture models.

Author Contributions: Conceptualization, V.H.-A. and C.M.M.; methodology, V.H.-A. and C.M.M.;
validation, V.H.-A. and C.M.M.; writing—original draft preparation, V.H.-A.; writing—review and
editing, C.M.M.; visualization, V.H.-A.; supervision, C.M.M.; project administration, C.M.M.; funding
acquisition, C.M.M. All authors have read and agreed to the published version of the manuscript.



Biomolecules 2024, 14, 69 22 of 33

Funding: C.M.M. is supported by funding from the U.S. National Institutes of Health (NIH: R00
AG071738) and a seed grant from the Center for Engineering Mechanobiology (CEMB), a U.S. National
Science Foundation-funded Science and Technology Center (NSF: CMMI 1548571). Figures were
generated using BioRender.

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

References
1. Maldonado, E.; Morales-Pison, S.; Urbina, F.; Solari, A. Aging Hallmarks and the Role of Oxidative Stress. Antioxidants 2023, 12,

651. [CrossRef] [PubMed]
2. Goh, J.; Wong, E.; Soh, J.; Maier, A.B.; Kennedy, B.K. Targeting the Molecular & Cellular Pillars of Human Aging with Exercise.

FEBS J. 2023, 290, 649–668. [CrossRef] [PubMed]
3. Volpi, E.; Nazemi, R.; Fujita, S. Muscle Tissue Changes with Aging. Curr. Opin. Clin. Nutr. Metab. Care 2004, 7, 405–410. [CrossRef]

[PubMed]
4. Naruse, M.; Trappe, S.; Trappe, T.A. Human Skeletal Muscle-Specific Atrophy with Aging: A Comprehensive Review. J. Appl.

Physiol. 2023, 134, 900–914. [CrossRef] [PubMed]
5. Wilson, R.S.; Leurgans, S.E.; Boyle, P.A.; Schneider, J.A.; Bennett, D.A. Neurodegenerative Basis of Age-Related Cognitive Decline.

Neurology 2010, 75, 1070–1078. [CrossRef] [PubMed]
6. Trojsi, F.; Christidi, F.; Migliaccio, R.; Santamaría-García, H.; Santangelo, G. Behavioural and Cognitive Changes in Neurodegener-

ative Diseases and Brain Injury. Behav. Neurol. 2018, 2018, 4935915. [CrossRef] [PubMed]
7. Smith, M.; Barker, R.; Williams, G.; Carr, J.; Gunnarsson, R. The Effect of Exercise on High-Level Mobility in Individuals with

Neurodegenerative Disease: A Systematic Literature Review. Physiotherapy 2020, 106, 174–193. [CrossRef]
8. Lamptey, R.N.L.; Chaulagain, B.; Trivedi, R.; Gothwal, A.; Layek, B.; Singh, J. A Review of the Common Neurodegenerative

Disorders: Current Therapeutic Approaches and the Potential Role of Nanotherapeutics. Int. J. Mol. Sci. 2022, 23, 1851. [CrossRef]
9. Hebisch, M.; Klostermeier, S.; Wolf, K.; Boccaccini, A.R.; Wolf, S.E.; Tanzi, R.E.; Kim, D.Y. The Impact of the Cellular Environment

and Aging on Modeling Alzheimer’s Disease in 3D Cell Culture Models. Adv. Sci. 2023, 10, 2205037. [CrossRef]
10. Irvine, G.B.; El-Agnaf, O.M.; Shankar, G.M.; Walsh, D.M. Protein Aggregation in the Brain: The Molecular Basis for Alzheimer’s

and Parkinson’s Diseases. Mol. Med. 2008, 14, 451–464. [CrossRef]
11. Preston, A.R.; Eichenbaum, H. Interplay of Hippocampus and Prefrontal Cortex in Memory. Curr. Biol. 2013, 23, R764–R773.

[CrossRef] [PubMed]
12. Wakabayashi, K.; Tanji, K.; Odagiri, S.; Miki, Y.; Mori, F.; Takahashi, H. The Lewy Body in Parkinson’s Disease and Related

Neurodegenerative Disorders. Mol. Neurobiol. 2013, 47, 495–508. [CrossRef]
13. Rike, W.A.; Stern, S. Proteins and Transcriptional Dysregulation of the Brain Extracellular Matrix in Parkinson’s Disease: A

Systematic Review. Int. J. Mol. Sci. 2023, 24, 7435. [CrossRef] [PubMed]
14. El-Agnaf, O.M.A.; Salem, S.A.; Paleologou, K.E.; Curran, M.D.; Gibson, M.J.; Court, J.A.; Schlossmacher, M.G.; Allsop, D.

Detection of Oligomeric Forms of α-synuclein Protein in Human Plasma as a Potential Biomarker for Parkinson’s Disease. FASEB
J. 2006, 20, 419–425. [CrossRef] [PubMed]

15. Jang, Y.C.; Van Remmen, H. Age-Associated Alterations of the Neuromuscular Junction. Exp. Gerontol. 2011, 46, 193–198.
[CrossRef] [PubMed]

16. Colomar, A.; Robitaille, R. Glial Modulation of Synaptic Transmission at the Neuromuscular Junction. Glia 2004, 47, 284–289.
[CrossRef]

17. Rodríguez Cruz, P.M.; Cossins, J.; Beeson, D.; Vincent, A. The Neuromuscular Junction in Health and Disease: Molecular
Mechanisms Governing Synaptic Formation and Homeostasis. Front. Mol. Neurosci. 2020, 13, 610964. [CrossRef]

18. Slater, C. The Structure of Human Neuromuscular Junctions: Some Unanswered Molecular Questions. Int. J. Mol. Sci. 2017, 18,
2183. [CrossRef]

19. Gonzalez-Freire, M.; De Cabo, R.; Studenski, S.A.; Ferrucci, L. The Neuromuscular Junction: Aging at the Crossroad between
Nerves and Muscle. Front. Aging Neurosci. 2014, 6, 208. [CrossRef]

20. Heikkinen, A.; Härönen, H.; Norman, O.; Pihlajaniemi, T. Collagen XIII and Other ECM Components in the Assembly and
Disease of the Neuromuscular Junction. Anat. Rec. 2020, 303, 1653–1663. [CrossRef]

21. Chen, W.-J.; Lin, I.-H.; Lee, C.-W.; Chen, Y.-F. Aged Skeletal Muscle Retains the Ability to Remodel Extracellular Matrix for
Degradation of Collagen Deposition after Muscle Injury. Int. J. Mol. Sci. 2021, 22, 2123. [CrossRef] [PubMed]

22. Gerou, M.; Hall, B.; Woof, R.; Allsop, J.; Kolb, S.J.; Meyer, K.; Shaw, P.J.; Allen, S.P. Amyotrophic Lateral Sclerosis Alters the
Metabolic Aging Profile in Patient Derived Fibroblasts. Neurobiol. Aging 2021, 105, 64–77. [CrossRef] [PubMed]

23. Cappello, V.; Francolini, M. Neuromuscular Junction Dismantling in Amyotrophic Lateral Sclerosis. Int. J. Mol. Sci. 2017, 18, 2092.
[CrossRef] [PubMed]

24. Birch, H.L. Extracellular Matrix and Ageing. In Biochemistry and Cell Biology of Ageing: Part I Biomedical Science; Harris, J.R.,
Korolchuk, V.I., Eds.; Subcellular Biochemistry; Springer: Singapore, 2018; Volume 90, pp. 169–190. ISBN 9789811328343.

https://doi.org/10.3390/antiox12030651
https://www.ncbi.nlm.nih.gov/pubmed/36978899
https://doi.org/10.1111/febs.16337
https://www.ncbi.nlm.nih.gov/pubmed/34968001
https://doi.org/10.1097/01.mco.0000134362.76653.b2
https://www.ncbi.nlm.nih.gov/pubmed/15192443
https://doi.org/10.1152/japplphysiol.00768.2022
https://www.ncbi.nlm.nih.gov/pubmed/36825643
https://doi.org/10.1212/WNL.0b013e3181f39adc
https://www.ncbi.nlm.nih.gov/pubmed/20844243
https://doi.org/10.1155/2018/4935915
https://www.ncbi.nlm.nih.gov/pubmed/30147810
https://doi.org/10.1016/j.physio.2019.04.003
https://doi.org/10.3390/ijms23031851
https://doi.org/10.1002/advs.202205037
https://doi.org/10.2119/2007-00100.Irvine
https://doi.org/10.1016/j.cub.2013.05.041
https://www.ncbi.nlm.nih.gov/pubmed/24028960
https://doi.org/10.1007/s12035-012-8280-y
https://doi.org/10.3390/ijms24087435
https://www.ncbi.nlm.nih.gov/pubmed/37108598
https://doi.org/10.1096/fj.03-1449com
https://www.ncbi.nlm.nih.gov/pubmed/16507759
https://doi.org/10.1016/j.exger.2010.08.029
https://www.ncbi.nlm.nih.gov/pubmed/20854887
https://doi.org/10.1002/glia.20086
https://doi.org/10.3389/fnmol.2020.610964
https://doi.org/10.3390/ijms18102183
https://doi.org/10.3389/fnagi.2014.00208
https://doi.org/10.1002/ar.24092
https://doi.org/10.3390/ijms22042123
https://www.ncbi.nlm.nih.gov/pubmed/33672763
https://doi.org/10.1016/j.neurobiolaging.2021.04.013
https://www.ncbi.nlm.nih.gov/pubmed/34044197
https://doi.org/10.3390/ijms18102092
https://www.ncbi.nlm.nih.gov/pubmed/28972545


Biomolecules 2024, 14, 69 23 of 33

25. Natale, B.V.; Kotadia, R.; Gustin, K.; Harihara, A.; Min, S.; Kreisman, M.J.; Breen, K.M.; Natale, D.R.C. Extracellular Matrix
Influences Gene Expression and Differentiation of Mouse Trophoblast Stem Cells. Stem Cells Dev. 2023, 32, 622–637. [CrossRef]
[PubMed]

26. Morawski, M.; Filippov, M.; Tzinia, A.; Tsilibary, E.; Vargova, L. ECM in Brain Aging and Dementia. In Progress in Brain Research;
Elsevier: Amsterdam, The Netherlands, 2014; Volume 214, pp. 207–227. ISBN 978-0-444-63486-3.

27. Yang, L.; Wei, M.; Xing, B.; Zhang, C. Extracellular Matrix and Synapse Formation. Biosci. Rep. 2023, 43, BSR20212411. [CrossRef]
[PubMed]

28. Downs, M.; Sethi, M.K.; Raghunathan, R.; Layne, M.D.; Zaia, J. Matrisome Changes in Parkinson’s Disease. Anal. Bioanal. Chem.
2022, 414, 3005–3015. [CrossRef] [PubMed]

29. Samuel, M.A.; Valdez, G.; Tapia, J.C.; Lichtman, J.W.; Sanes, J.R. Agrin and Synaptic Laminin Are Required to Maintain Adult
Neuromuscular Junctions. PLoS ONE 2012, 7, e46663. [CrossRef]

30. Stearns-Reider, K.M.; D’Amore, A.; Beezhold, K.; Rothrauff, B.; Cavalli, L.; Wagner, W.R.; Vorp, D.A.; Tsamis, A.; Shinde, S.;
Zhang, C.; et al. Aging of the Skeletal Muscle Extracellular Matrix Drives a Stem Cell Fibrogenic Conversion. Aging Cell 2017, 16,
518–528. [CrossRef]

31. Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Muñoz-Cánoves, P. Aberrant Repair and Fibrosis
Development in Skeletal Muscle. Skelet. Muscle 2011, 1, 21. [CrossRef]

32. Pavan, P.; Monti, E.; Bondí, M.; Fan, C.; Stecco, C.; Narici, M.; Reggiani, C.; Marcucci, L. Alterations of Extracellular Matrix
Mechanical Properties Contribute to Age-Related Functional Impairment of Human Skeletal Muscles. Int. J. Mol. Sci. 2020, 21,
3992. [CrossRef]

33. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-Dimensional Cell Culture Systems and Their Applications in Drug
Discovery and Cell-Based Biosensors. ASSAY Drug Dev. Technol. 2014, 12, 207–218. [CrossRef] [PubMed]

34. Antoni, D.; Burckel, H.; Josset, E.; Noel, G. Three-Dimensional Cell Culture: A Breakthrough in Vivo. Int. J. Mol. Sci. 2015, 16,
5517–5527. [CrossRef] [PubMed]

35. Alemany-Ribes, M.; Semino, C.E. Bioengineering 3D Environments for Cancer Models. Adv. Drug Deliv. Rev. 2014, 79–80, 40–49.
[CrossRef] [PubMed]

36. Moysidou, C.-M.; Barberio, C.; Owens, R.M. Advances in Engineering Human Tissue Models. Front. Bioeng. Biotechnol. 2021, 8,
620962. [CrossRef]

37. Kajtez, J.; Nilsson, F.; Fiorenzano, A.; Parmar, M.; Emnéus, J. 3D Biomaterial Models of Human Brain Disease. Neurochem. Int.
2021, 147, 105043. [CrossRef] [PubMed]

38. Tibbitt, M.W.; Anseth, K.S. Hydrogels as Extracellular Matrix Mimics for 3D Cell Culture. Biotechnol. Bioeng. 2009, 103, 655–663.
[CrossRef] [PubMed]

39. Hidalgo-Alvarez, V.; Dhowre, H.S.; Kingston, O.A.; Sheridan, C.M.; Levis, H.J. Biofabrication of Artificial Stem Cell Niches in the
Anterior Ocular Segment. Bioengineering 2021, 8, 135. [CrossRef] [PubMed]

40. Park, Y.; Huh, K.M.; Kang, S.-W. Applications of Biomaterials in 3D Cell Culture and Contributions of 3D Cell Culture to Drug
Development and Basic Biomedical Research. Int. J. Mol. Sci. 2021, 22, 2491. [CrossRef]

41. Madl, C.M. Accelerating Aging with Dynamic Biomaterials: Recapitulating Aged Tissue Phenotypes in Engineered Platforms.
iScience 2023, 26, 106825. [CrossRef]

42. Caprio, N.D.; Burdick, J.A. Engineered Biomaterials to Guide Spheroid Formation, Function, and Fabrication into 3D Tissue
Constructs. Acta Biomater. 2023, 165, 4–18. [CrossRef]

43. Teli, P.; Kale, V.; Vaidya, A. Beyond Animal Models: Revolutionizing Neurodegenerative Disease Modeling Using 3D in Vitro
Organoids, Microfluidic Chips, and Bioprinting. Cell Tissue Res. 2023, 394, 75–91. [CrossRef] [PubMed]

44. Han, S.; Cruz, S.H.; Park, S.; Shin, S.R. Nano-Biomaterials and Advanced Fabrication Techniques for Engineering Skeletal Muscle
Tissue Constructs in Regenerative Medicine. Nano Converg. 2023, 10, 48. [CrossRef] [PubMed]

45. Kolotyeva, N.A.; Gilmiyarova, F.N.; Averchuk, A.S.; Baranich, T.I.; Rozanova, N.A.; Kukla, M.V.; Tregub, P.P.; Salmina, A.B. Novel
Approaches to the Establishment of Local Microenvironment from Resorbable Biomaterials in the Brain In Vitro Models. Int. J.
Mol. Sci. 2023, 24, 14709. [CrossRef] [PubMed]

46. Basit, R.; Wiseman, J.; Chowdhury, F.; Chari, D. Simulating Traumatic Brain Injury in Vitro: Developing High Throughput Models
to Test Biomaterial Based Therapies. Neural Regen. Res. 2023, 18, 289. [CrossRef]

47. Sun, L.; Bian, F.; Xu, D.; Luo, Y.; Wang, Y.; Zhao, Y. Tailoring Biomaterials for Biomimetic Organs-on-Chips. Mater. Horiz. 2023, 10,
4724–4745. [CrossRef] [PubMed]

48. Pires, P.C.; Mascarenhas-Melo, F.; Pedrosa, K.; Lopes, D.; Lopes, J.; Macário-Soares, A.; Peixoto, D.; Giram, P.S.; Veiga, F.;
Paiva-Santos, A.C. Polymer-Based Biomaterials for Pharmaceutical and Biomedical Applications: A Focus on Topical Drug
Administration. Eur. Polym. J. 2023, 187, 111868. [CrossRef]

49. 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]

50. Geckil, H.; Xu, F.; Zhang, X.; Moon, S.; Demirci, U. Engineering Hydrogels as Extracellular Matrix Mimics. Nanomedicine 2010, 5,
469–484. [CrossRef]

51. Ornaghi, H.L.; Monticeli, F.M.; Agnol, L.D. A Review on Polymers for Biomedical Applications on Hard and Soft Tissues and
Prosthetic Limbs. Polymers 2023, 15, 4034. [CrossRef]

https://doi.org/10.1089/scd.2022.0290
https://www.ncbi.nlm.nih.gov/pubmed/37463089
https://doi.org/10.1042/BSR20212411
https://www.ncbi.nlm.nih.gov/pubmed/36503961
https://doi.org/10.1007/s00216-022-03929-4
https://www.ncbi.nlm.nih.gov/pubmed/35112150
https://doi.org/10.1371/journal.pone.0046663
https://doi.org/10.1111/acel.12578
https://doi.org/10.1186/2044-5040-1-21
https://doi.org/10.3390/ijms21113992
https://doi.org/10.1089/adt.2014.573
https://www.ncbi.nlm.nih.gov/pubmed/24831787
https://doi.org/10.3390/ijms16035517
https://www.ncbi.nlm.nih.gov/pubmed/25768338
https://doi.org/10.1016/j.addr.2014.06.004
https://www.ncbi.nlm.nih.gov/pubmed/24996134
https://doi.org/10.3389/fbioe.2020.620962
https://doi.org/10.1016/j.neuint.2021.105043
https://www.ncbi.nlm.nih.gov/pubmed/33887378
https://doi.org/10.1002/bit.22361
https://www.ncbi.nlm.nih.gov/pubmed/19472329
https://doi.org/10.3390/bioengineering8100135
https://www.ncbi.nlm.nih.gov/pubmed/34677208
https://doi.org/10.3390/ijms22052491
https://doi.org/10.1016/j.isci.2023.106825
https://doi.org/10.1016/j.actbio.2022.09.052
https://doi.org/10.1007/s00441-023-03821-2
https://www.ncbi.nlm.nih.gov/pubmed/37572163
https://doi.org/10.1186/s40580-023-00398-y
https://www.ncbi.nlm.nih.gov/pubmed/37864632
https://doi.org/10.3390/ijms241914709
https://www.ncbi.nlm.nih.gov/pubmed/37834155
https://doi.org/10.4103/1673-5374.346465
https://doi.org/10.1039/D3MH00755C
https://www.ncbi.nlm.nih.gov/pubmed/37697735
https://doi.org/10.1016/j.eurpolymj.2023.111868
https://doi.org/10.1007/s10856-019-6318-7
https://doi.org/10.2217/nnm.10.12
https://doi.org/10.3390/polym15194034


Biomolecules 2024, 14, 69 24 of 33

52. Castellote-Borrell, M.; Merlina, F.; Rodríguez, A.R.; Guasch, J. Biohybrid Hydrogels for Tumoroid Culture. Adv. Biol. 2023, 7,
2300118. [CrossRef]

53. 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] [PubMed]

54. Kaliaraj, G.; Shanmugam, D.; Dasan, A.; Mosas, K. Hydrogels—A Promising Materials for 3D Printing Technology. Gels 2023, 9,
260. [CrossRef] [PubMed]

55. Madduma-Bandarage, U.S.K.; Madihally, S.V. Synthetic Hydrogels: Synthesis, Novel Trends, and Applications. J. Appl. Polym.
Sci. 2021, 138, 50376. [CrossRef]

56. Burdick, J.A.; Murphy, W.L. Moving from Static to Dynamic Complexity in Hydrogel Design. Nat. Commun. 2012, 3, 1269.
[CrossRef] [PubMed]

57. Morris, E.; Chavez, M.; Tan, C. Dynamic Biomaterials: Toward Engineering Autonomous Feedback. Curr. Opin. Biotechnol. 2016,
39, 97–104. [CrossRef] [PubMed]

58. Tang, G.; Zhou, B.; Li, F.; Wang, W.; Liu, Y.; Wang, X.; Liu, C.; Ye, X. Advances of Naturally Derived and Synthetic Hydrogels for
Intervertebral Disk Regeneration. Front. Bioeng. Biotechnol. 2020, 8, 745. [CrossRef] [PubMed]

59. Prete, S.; Dattilo, M.; Patitucci, F.; Pezzi, G.; Parisi, O.I.; Puoci, F. Natural and Synthetic Polymeric Biomaterials for Application in
Wound Management. J. Funct. Biomater. 2023, 14, 455. [CrossRef]

60. Revete, A.; Aparicio, A.; Cisterna, B.A.; Revete, J.; Luis, L.; Ibarra, E.; Segura González, E.A.; Molino, J.; Reginensi, D. Advance-
ments in the Use of Hydrogels for Regenerative Medicine: Properties and Biomedical Applications. Int. J. Biomater. 2022, 2022,
3606765. [CrossRef]

61. Reyes-Martínez, J.E.; Ruiz-Pacheco, J.A.; Flores-Valdéz, M.A.; Elsawy, M.A.; Vallejo-Cardona, A.A.; Castillo-Díaz, L.A. Advanced
Hydrogels for Treatment of Diabetes. J. Tissue Eng. Regen. Med. 2019, 13, 1375–1393. [CrossRef]

62. Ramires, P.A.; Miccoli, M.A.; Panzarini, E.; Dini, L.; Protopapa, C. In Vitro and in Vivo Biocompatibility Evaluation of a
Polyalkylimide Hydrogel for Soft Tissue Augmentation. J. Biomed. Mater. Res. B Appl. Biomater. 2005, 72B, 230–238. [CrossRef]

63. Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A Comparative Review of Natural and Synthetic Biopolymer
Composite Scaffolds. Polymers 2021, 13, 1105. [CrossRef] [PubMed]

64. Tang, S.; Richardson, B.M.; Anseth, K.S. Dynamic Covalent Hydrogels as Biomaterials to Mimic the Viscoelasticity of Soft Tissues.
Prog. Mater. Sci. 2021, 120, 100738. [CrossRef]

65. Ooi, H.W.; Hafeez, S.; Van Blitterswijk, C.A.; Moroni, L.; Baker, M.B. Hydrogels That Listen to Cells: A Review of Cell-Responsive
Strategies in Biomaterial Design for Tissue Regeneration. Mater. Horiz. 2017, 4, 1020–1040. [CrossRef]

66. Jia, X.; Chen, J.; Lv, W.; Li, H.; Ariga, K. Engineering Dynamic and Interactive Biomaterials Using Material Nanoarchitectonics for
Modulation of Cellular Behaviors. Cell Rep. Phys. Sci. 2023, 4, 101251. [CrossRef]

67. Özkale, B.; Sakar, M.S.; Mooney, D.J. Active Biomaterials for Mechanobiology. Biomaterials 2021, 267, 120497. [CrossRef]
68. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the Extracellular Matrix in Development and Disease. Nat. Rev. Mol. Cell Biol. 2014,

15, 786–801. [CrossRef]
69. Xie, W.; Wei, X.; Kang, H.; Jiang, H.; Chu, Z.; Lin, Y.; Hou, Y.; Wei, Q. Static and Dynamic: Evolving Biomaterial Mechanical

Properties to Control Cellular Mechanotransduction. Adv. Sci. 2023, 10, 2204594. [CrossRef]
70. Cox, T.R.; Erler, J.T. Remodeling and Homeostasis of the Extracellular Matrix: Implications for Fibrotic Diseases and Cancer. Dis.

Models Mech. 2011, 4, 165–178. [CrossRef]
71. Xu, X.; Jia, Z.; Zheng, Y.; Wang, Y. Bioadaptability of Biomaterials: Aiming at Precision Medicine. Matter 2021, 4, 2648–2650.

[CrossRef]
72. Neumann, M.; Di Marco, G.; Iudin, D.; Viola, M.; Van Nostrum, C.F.; Van Ravensteijn, B.G.P.; Vermonden, T. Stimuli-Responsive

Hydrogels: The Dynamic Smart Biomaterials of Tomorrow. Macromolecules 2023, 56, 8377–8392. [CrossRef]
73. Braegelman, A.S.; Webber, M.J. Integrating Stimuli-Responsive Properties in Host-Guest Supramolecular Drug Delivery Systems.

Theranostics 2019, 9, 3017–3040. [CrossRef] [PubMed]
74. Rizwan, M.; Baker, A.E.G.; Shoichet, M.S. Designing Hydrogels for 3D Cell Culture Using Dynamic Covalent Crosslinking. Adv.

Healthc. Mater. 2021, 10, 2100234. [CrossRef]
75. Yang, B.; Wei, K.; Loebel, C.; Zhang, K.; Feng, Q.; Li, R.; Wong, S.H.D.; Xu, X.; Lau, C.; Chen, X.; et al. Enhanced Mechanosensing

of Cells in Synthetic 3D Matrix with Controlled Biophysical Dynamics. Nat. Commun. 2021, 12, 3514. [CrossRef]
76. Ma, X.; Zhao, Y. Biomedical Applications of Supramolecular Systems Based on Host–Guest Interactions. Chem. Rev. 2015, 115,

7794–7839. [CrossRef] [PubMed]
77. Takashima, Y.; Sawa, Y.; Iwaso, K.; Nakahata, M.; Yamaguchi, H.; Harada, A. Supramolecular Materials Cross-Linked by Host–

Guest Inclusion Complexes: The Effect of Side Chain Molecules on Mechanical Properties. Macromolecules 2017, 50, 3254–3261.
[CrossRef]

78. Sayed, M.; Pal, H. An Overview from Simple Host–Guest Systems to Progressively Complex Supramolecular Assemblies. Phys.
Chem. Chem. Phys. 2021, 23, 26085–26107. [CrossRef]

79. Wang, H.; Heilshorn, S.C. Adaptable Hydrogel Networks with Reversible Linkages for Tissue Engineering. Adv. Mater. 2015, 27,
3717–3736. [CrossRef]

80. Liu, Y.; Li, Z.; Xu, J.; Wang, B.; Liu, F.; Na, R.; Guan, S.; Liu, F. Effects of Amphiphilic Monomers and Their Hydrophilic Spacers
on Polyacrylamide Hydrogels. RSC Adv. 2019, 9, 3462–3468. [CrossRef]

https://doi.org/10.1002/adbi.202300118
https://doi.org/10.3390/ma13112483
https://www.ncbi.nlm.nih.gov/pubmed/32486040
https://doi.org/10.3390/gels9030260
https://www.ncbi.nlm.nih.gov/pubmed/36975708
https://doi.org/10.1002/app.50376
https://doi.org/10.1038/ncomms2271
https://www.ncbi.nlm.nih.gov/pubmed/23232399
https://doi.org/10.1016/j.copbio.2016.02.032
https://www.ncbi.nlm.nih.gov/pubmed/26974245
https://doi.org/10.3389/fbioe.2020.00745
https://www.ncbi.nlm.nih.gov/pubmed/32714917
https://doi.org/10.3390/jfb14090455
https://doi.org/10.1155/2022/3606765
https://doi.org/10.1002/term.2880
https://doi.org/10.1002/jbm.b.30157
https://doi.org/10.3390/polym13071105
https://www.ncbi.nlm.nih.gov/pubmed/33808492
https://doi.org/10.1016/j.pmatsci.2020.100738
https://doi.org/10.1039/C7MH00373K
https://doi.org/10.1016/j.xcrp.2023.101251
https://doi.org/10.1016/j.biomaterials.2020.120497
https://doi.org/10.1038/nrm3904
https://doi.org/10.1002/advs.202204594
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1016/j.matt.2021.06.033
https://doi.org/10.1021/acs.macromol.3c00967
https://doi.org/10.7150/thno.31913
https://www.ncbi.nlm.nih.gov/pubmed/31244940
https://doi.org/10.1002/adhm.202100234
https://doi.org/10.1038/s41467-021-23120-0
https://doi.org/10.1021/cr500392w
https://www.ncbi.nlm.nih.gov/pubmed/25415447
https://doi.org/10.1021/acs.macromol.7b00266
https://doi.org/10.1039/D1CP03556H
https://doi.org/10.1002/adma.201501558
https://doi.org/10.1039/C8RA09644A


Biomolecules 2024, 14, 69 25 of 33

81. Jiang, H.; Duan, L.; Ren, X.; Gao, G. Hydrophobic Association Hydrogels with Excellent Mechanical and Self-Healing Properties.
Eur. Polym. J. 2019, 112, 660–669. [CrossRef]

82. Lin, M.; Dai, Y.; Xia, F.; Zhang, X. Advances in Non-Covalent Crosslinked Polymer Micelles for Biomedical Applications. Mater.
Sci. Eng. C 2021, 119, 111626. [CrossRef]

83. Yu, H.; Xiao, Q.; Qi, G.; Chen, F.; Tu, B.; Zhang, S.; Li, Y.; Chen, Y.; Yu, H.; Duan, P. A Hydrogen Bonds-Crosslinked Hydrogels
with Self-Healing and Adhesive Properties for Hemostatic. Front. Bioeng. Biotechnol. 2022, 10, 855013. [CrossRef] [PubMed]

84. Tong, Z.; Jin, L.; Oliveira, J.M.; Reis, R.L.; Zhong, Q.; Mao, Z.; Gao, C. Adaptable Hydrogel with Reversible Linkages for
Regenerative Medicine: Dynamic Mechanical Microenvironment for Cells. Bioact. Mater. 2021, 6, 1375–1387. [CrossRef] [PubMed]

85. Rowley, J.A.; Madlambayan, G.; Mooney, D.J. Alginate Hydrogels as Synthetic Extracellular Matrix Materials. Biomaterials 1999,
20, 45–53. [CrossRef] [PubMed]

86. Novikova, L.N.; Mosahebi, A.; Wiberg, M.; Terenghi, G.; Kellerth, J.; Novikov, L.N. Alginate Hydrogel and Matrigel as Potential
Cell Carriers for Neurotransplantation. J. Biomed. Mater. Res. A 2006, 77A, 242–252. [CrossRef] [PubMed]

87. Beaupre, D.M.; Weiss, R.G. Thiol- and Disulfide-Based Stimulus-Responsive Soft Materials and Self-Assembling Systems.
Molecules 2021, 26, 3332. [CrossRef] [PubMed]

88. Deng, C.C.; Brooks, W.L.A.; Abboud, K.A.; Sumerlin, B.S. Boronic Acid-Based Hydrogels Undergo Self-Healing at Neutral and
Acidic pH. ACS Macro Lett. 2015, 4, 220–224. [CrossRef] [PubMed]

89. McKinnon, D.D.; Domaille, D.W.; Cha, J.N.; Anseth, K.S. Biophysically Defined and Cytocompatible Covalently Adaptable
Networks as Viscoelastic 3D Cell Culture Systems. Adv. Mater. 2014, 26, 865–872. [CrossRef]

90. Liu, A.; Wu, K.; Chen, S.; Wu, C.; Gao, D.; Chen, L.; Wei, D.; Luo, H.; Sun, J.; Fan, H. Tunable Fast Relaxation in Imine-Based
Nanofibrillar Hydrogels Stimulates Cell Response through TRPV4 Activation. Biomacromolecules 2020, 21, 3745–3755. [CrossRef]

91. Sánchez-Morán, H.; Ahmadi, A.; Vogler, B.; Roh, K.-H. Oxime Cross-Linked Alginate Hydrogels with Tunable Stress Relaxation.
Biomacromolecules 2019, 20, 4419–4429. [CrossRef]

92. Chen, M.; Ren, X.; Dong, L.; Li, X.; Cheng, H. Preparation of Dynamic Covalently Crosslinking Keratin Hydrogels Based on
Thiol/Disulfide Bonds Exchange Strategy. Int. J. Biol. Macromol. 2021, 182, 1259–1267. [CrossRef]

93. Wei, Z.; Yang, J.H.; Du, X.J.; Xu, F.; Zrinyi, M.; Osada, Y.; Li, F.; Chen, Y.M. Dextran-Based Self-Healing Hydrogels Formed by
Reversible Diels–Alder Reaction under Physiological Conditions. Macromol. Rapid Commun. 2013, 34, 1464–1470. [CrossRef]
[PubMed]

94. Bhagawati, M. Biofunctionalization of Hydrogels for Engineering the Cellular Microenvironment. In Micro-and Nanoengineering of
the Cell Surface; William Andrew Publishing: Norwich, NY, USA, 2014; Chapter 14.

95. Young, J.L.; Engler, A.J. Hydrogels with Time-Dependent Material Properties Enhance Cardiomyocyte Differentiation in Vitro.
Biomaterials 2011, 32, 1002–1009. [CrossRef] [PubMed]

96. Deshayes, S.; Kasko, A.M. Polymeric Biomaterials with Engineered Degradation. J. Polym. Sci. Part Polym. Chem. 2013, 51, 3531–3566.
[CrossRef]

97. Zustiak, S.P.; Leach, J.B. Hydrolytically Degradable Poly(Ethylene Glycol) Hydrogel Scaffolds with Tunable Degradation and
Mechanical Properties. Biomacromolecules 2010, 11, 1348–1357. [CrossRef] [PubMed]

98. Azevedo, H.S.; Reis, R.L. Enzymatic Degradation of Biodegradable Polymers and Strategies to Control Their Degradation Rate.
In Biodegradable Systems in Tissue Engineering and Regenerative Medicine; CRC Press: Boca Raton, FL, USA, 2004.

99. Lutolf, M.P.; Lauer-Fields, J.L.; Schmoekel, H.G.; Metters, A.T.; Weber, F.E.; Fields, G.B.; Hubbell, J.A. Synthetic Matrix
Metalloproteinase-Sensitive Hydrogels for the Conduction of Tissue Regeneration: Engineering Cell-Invasion Characteris-
tics. Proc. Natl. Acad. Sci. USA 2003, 100, 5413–5418. [CrossRef]

100. Li, Z.; Zhou, Y.; Li, T.; Zhang, J.; Tian, H. Stimuli-responsive Hydrogels: Fabrication and Biomedical Applications. VIEW 2022, 3,
20200112. [CrossRef]

101. Bril, M.; Fredrich, S.; Kurniawan, N.A. Stimuli-Responsive Materials: A Smart Way to Study Dynamic Cell Responses. Smart
Mater. Med. 2022, 3, 257–273. [CrossRef]

102. Doberenz, F.; Zeng, K.; Willems, C.; Zhang, K.; Groth, T. Thermoresponsive Polymers and Their Biomedical Application in Tissue
Engineering—A Review. J. Mater. Chem. B 2020, 8, 607–628. [CrossRef]

103. Roy, D.; Cambre, J.N.; Sumerlin, B.S. Future Perspectives and Recent Advances in Stimuli-Responsive Materials. Prog. Polym. Sci.
2010, 35, 278–301. [CrossRef]

104. Chandan, R.; Mehta, S.; Banerjee, R. Ultrasound-Responsive Carriers for Therapeutic Applications. ACS Biomater. Sci. Eng. 2020,
6, 4731–4747. [CrossRef]

105. Gao, Y.; Xu, S.; Wu, R.; Wang, J.; Wei, J. Preparation and Characteristic of Electric Stimuli Responsive Hydrogel Composed of
Polyvinyl Alcohol/Poly (Sodium Maleate-Co-sodium Acrylate). J. Appl. Polym. Sci. 2008, 107, 391–395. [CrossRef]

106. Rotjanasuworapong, K.; Thummarungsan, N.; Lerdwijitjarud, W.; Sirivat, A. Facile Formation of Agarose Hydrogel and
Electromechanical Responses as Electro-Responsive Hydrogel Materials in Actuator Applications. Carbohydr. Polym. 2020, 247,
116709. [CrossRef] [PubMed]

107. Sun, S.; Titushkin, I.; Cho, M. Regulation of Mesenchymal Stem Cell Adhesion and Orientation in 3D Collagen Scaffold by
Electrical Stimulus. Bioelectrochemistry 2006, 69, 133–141. [CrossRef] [PubMed]

108. Kiang, J.D.; Wen, J.H.; Del Álamo, J.C.; Engler, A.J. Dynamic and Reversible Surface Topography Influences Cell Morphology.
J. Biomed. Mater. Res. A 2013, 101A, 2313–2321. [CrossRef]

https://doi.org/10.1016/j.eurpolymj.2018.10.031
https://doi.org/10.1016/j.msec.2020.111626
https://doi.org/10.3389/fbioe.2022.855013
https://www.ncbi.nlm.nih.gov/pubmed/35497342
https://doi.org/10.1016/j.bioactmat.2020.10.029
https://www.ncbi.nlm.nih.gov/pubmed/33210030
https://doi.org/10.1016/S0142-9612(98)00107-0
https://www.ncbi.nlm.nih.gov/pubmed/9916770
https://doi.org/10.1002/jbm.a.30603
https://www.ncbi.nlm.nih.gov/pubmed/16392134
https://doi.org/10.3390/molecules26113332
https://www.ncbi.nlm.nih.gov/pubmed/34206043
https://doi.org/10.1021/acsmacrolett.5b00018
https://www.ncbi.nlm.nih.gov/pubmed/35596411
https://doi.org/10.1002/adma.201303680
https://doi.org/10.1021/acs.biomac.0c00850
https://doi.org/10.1021/acs.biomac.9b01100
https://doi.org/10.1016/j.ijbiomac.2021.05.057
https://doi.org/10.1002/marc.201300494
https://www.ncbi.nlm.nih.gov/pubmed/23929621
https://doi.org/10.1016/j.biomaterials.2010.10.020
https://www.ncbi.nlm.nih.gov/pubmed/21071078
https://doi.org/10.1002/pola.26765
https://doi.org/10.1021/bm100137q
https://www.ncbi.nlm.nih.gov/pubmed/20355705
https://doi.org/10.1073/pnas.0737381100
https://doi.org/10.1002/VIW.20200112
https://doi.org/10.1016/j.smaim.2022.01.010
https://doi.org/10.1039/C9TB02052G
https://doi.org/10.1016/j.progpolymsci.2009.10.008
https://doi.org/10.1021/acsbiomaterials.9b01979
https://doi.org/10.1002/app.26375
https://doi.org/10.1016/j.carbpol.2020.116709
https://www.ncbi.nlm.nih.gov/pubmed/32829837
https://doi.org/10.1016/j.bioelechem.2005.11.007
https://www.ncbi.nlm.nih.gov/pubmed/16473050
https://doi.org/10.1002/jbm.a.34543


Biomolecules 2024, 14, 69 26 of 33

109. Testa, P.; Style, R.W.; Cui, J.; Donnelly, C.; Borisova, E.; Derlet, P.M.; Dufresne, E.R.; Heyderman, L.J. Magnetically Addressable
Shape-Memory and Stiffening in a Composite Elastomer. Adv. Mater. 2019, 31, 1900561. [CrossRef] [PubMed]

110. Tran, K.A.; Kraus, E.; Clark, A.T.; Bennett, A.; Pogoda, K.; Cheng, X.; Cēbers, A.; Janmey, P.A.; Galie, P.A. Dynamic Tuning of
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