Journal of Chemical Health Risks

www.jchr.org

JCHR (2024) 14(2), 3786-3793 | ISSN:2251-6727

Catalyzing Cartilage Regeneration: Unlocking the Potential of

Polymeric Hydrogels

Bounic David M. Pharm.}, Uppuluri Varuna Naga Venkata Arjun M. Pharm., PHD?

!Department of pharmaceutics, School of Pharmaceutical Sciences, Vels Institute of Science, Technology and Advanced

Studies, Pallavaram, Chennai-600117.

Z*Assistant Professor, Department of Pharmaceutics, School of Pharmaceutical Sciences, Vels Institute of Science,

Technology and Advanced Studies (VISTAS),

Corresponding Author: Uppuluri Varuna Naga Venkata Arjun
Assistant Professor, Department of Pharmaceutics, School of Pharmaceutical Sciences,Vels Institute of Science,

Technology and Advanced Studies (VISTAS),

(Received: 17 February 2024

Revised: 04 April

Accepted: 30 April)

KEYWORDS
Hydrogel, Cartilage
repair, Tissue
regeneration,
Polymers,
Biocompatibility.

ABSTRACT:

In the quest to address cartilage defects and osteoarthritis, polymeric hydrogels emerge as a
beacon of hope. These biomimetic scaffolds offer a customizable solution, mimicking the
native cartilage microenvironment to promote tissue repair and regeneration. This review
explores the versatility of polymeric hydrogel-based approaches, from their fundamental
design principles to clinical applications. Dive into the intricacies of biomaterials science,

tissue engineering innovations, and translational challenges, all converging to reshape the
future of cartilage regeneration. Join us as we journey through the promising landscape of
polymeric hydrogels, unlocking new horizons in the quest for effective therapies and

improved patient outcomes.

1. Introduction to Cartilage Defects and Repair
Strategies

Cartilage, a critical component of the musculoskeletal
system, serves as a protective cushion between bones,
enabling smooth and pain-free joint movement.
However, it is susceptible to injury and degeneration due
to various factors such as trauma, aging, and diseases like
osteoarthritis. These insults can result in cartilage
defects, ranging from small focal lesions to extensive
damage encompassing the entire joint surface. Unlike
many other tissues in the body, cartilage has limited
regenerative capacity owing to its avascular nature and
low cellularity, making it challenging for spontaneous
healing to occur.

Traditional treatment options for cartilage defects, such
as pain management and physical therapy, primarily
focus on symptom alleviation rather than tissue repair.
Surgical interventions such as  microfracture,
mosaicplasty, and autologous chondrocyte implantation
(ACI) have stimulated cartilage regeneration. However,
they often yield variable outcomes and are associated
with limitations such as donor site morbidity and
limited integration with surrounding tissue. As a result,
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there is a growing interest in developing innovative
approaches for cartilage repair that can address the
underlying tissue damage and restore joint function more
effectively.?

Tissue engineering, a multidisciplinary field that
combines principles of biology, engineering, and
materials science, has emerged as a pivotal paradigm for
cartilage regeneration. By harnessing biomaterials and
bioactive factors, tissue engineering strives to create
functional substitutes that mimic the native cartilage
microenvironment and facilitate tissue repair. Among the
various biomaterials explored for cartilage tissue
engineering, polymeric hydrogels have attracted
significant attention due to their tunable properties,
biocompatibility, and ability to encapsulate cells and
bioactive molecules.?

This section, we will delve into the complex landscape of
cartilage defects and existing repair strategies,
highlighting the role of polymeric hydrogels as versatile
scaffolds for promoting cartilage regeneration, and also
examine the unique challenges posed by cartilage repair,
the principles underlying tissue engineering approaches,
and the potential of polymeric hydrogels to overcome
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these challenges and pave the way for enhanced clinical
outcomes in cartilage regeneration.

2. Fundamentals of Polymeric Hydrogels

Polymeric hydrogels, a class of three-dimensional (3D)
crosslinked networks, possess unique properties that
make them ideal for cartilage regeneration. These
hydrogels, composed of hydrophilic polymer chains, can
absorb and retain large amounts of water
without compromising their structural integrity. This
exceptional property allows hydrogels to swell and flex,
resembling the hydrated extracellular matrix (ECM)
found in native tissues. The fundamental structure of
polymeric hydrogels, with a polymer backbone,
crosslinking agents, and water-filled pores, creates a
microenvironment that promotes cell encapsulation,
proliferation, and tissue regeneration. One of the critical
characteristics of polymeric hydrogels is their tunable
physicochemical properties, which can be tailored to
match the specific requirements of various biomedical
applications,  including  cartilage  regeneration.
Researchers can modulate crucial parameters such as
mechanical strength, porosity, degradation kinetics, and
bioactivity by  selecting appropriate  polymer
compositions, crosslinking densities, and fabrication
techniques. For instance, natural polymers such as
hyaluronic acid (HA), chitosan, and alginate offer
inherent  biocompatibility and bioactivity, while
synthetic polymers like poly(ethylene glycol) (PEG) and
poly(vinyl alcohol) (PVA) provide precise control over
mechanical properties and degradation rates.*

Moreover, the incorporation of bioactive components
such as growth factors, cell-adhesive peptides, and
extracellular matrix (ECM) proteins into polymeric
hydrogels can further enhance their regenerative
potential by promoting cell attachment, migration, and
differentiation. For example, transforming growth factor-
beta (TGF-B) and insulin-like growth factor-1 (IGF-1)
have been encapsulated within hydrogel matrices to
stimulate chondrogenic differentiation of mesenchymal
stem cells (MSCs) and enhance cartilage matrix
production. Similarly, cell-adhesive peptides such as
RGD (arginine-glycine-aspartate) sequences have been
conjugated to hydrogel surfaces to facilitate cell adhesion
and spreading, thereby improving cell viability and tissue
integration. In recent years, many polymeric hydrogel
formulations have been developed for cartilage
regeneration, each offering unique advantages and
challenges. For instance, injectable hydrogels based on
thermo-responsive polymers like poly(N-isopropyl
acrylamide) (PNIPAAmM) can undergo asol-gel phase
transition in response to physiological
temperature, enabling minimally invasive delivery and in
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situ gelation within cartilage defects. On the other hand,
photo-cross-linkable hydrogels utilizing photoinitiators
and light exposure allow spatiotemporal control over
gelation kinetics and mechanical properties, facilitating
precise scaffold patterning and customization. In
summary, the fundamentals of polymeric hydrogels lay
the groundwork for their widespread application in
cartilage tissue engineering, offering a versatile platform
for designing biomimetic scaffolds capable of promoting
cell-based regeneration and functional tissue repair.
However, it is essential to note that polymeric hydrogel-
based approaches for cartilage regeneration also face
several challenges and limitations. By understanding
these, we can work towards overcoming them and
advancing the field of regenerative medicine toward
improved clinical outcomes.®

3. Polymeric Hydrogel Synthesis Techniques

Synthesizing polymeric  hydrogels for cartilage
regeneration involves various techniques, each offering
unique tunability, reproducibility, and scalability
advantages. One common approach is solution
polymerization, where monomers are dissolved in a
solvent and initiated to form polymer chains crosslinked
to create a hydrogel network. For instance, poly(ethylene
glycol) diacrylate (PEGDA) hydrogels can be
synthesized via photopolymerization using ultraviolet
(UV) light and a photoinitiator, allowing precise control
over gelation kinetics and mechanical properties. This
technique offers excellent spatial and temporal control,
making it suitable for fabricating hydrogel scaffolds with
complex geometries and tailored properties for cartilage
regeneration. Another popular method is the physical or
chemical crosslinking of pre-formed polymer chains to
generate hydrogel networks. Physical crosslinking relies
on non-covalent interactions such as hydrogen bonding,
electrostatic, or hydrophobic interactions to stabilize the
hydrogel structure. For example, self-assembling peptide
hydrogels can be formed by mixing peptide solutions
under controlled conditions, resulting in the spontaneous
formation of B-sheet structures and physical crosslinks.
Chemical crosslinking, on the other hand, involves
covalent bond formation between polymer chains using
crosslinking agents or reactive functional groups.
Methacrylated hyaluronic acid (MeHA) hydrogels can be
synthesized via a Michael-type addition reaction
between methacrylate groups and thiol-containing
crosslinkers. This provides a robust and stable network
suitable for cartilage tissue engineering applications.®

Furthermore, templating techniques such as cryogelation
or microfluidics can fabricate hydrogel scaffolds with
controlled architecture and porosity. Cryogelation
involves freezing a polymer solution followed by solvent
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removal to create a porous network structure, offering
high interconnectivity and mechanical strength. For
instance, the cryopolymerization of gelatin methacryloyl
(GelMA) hydrogels allows for forming interconnected
pores and channels, facilitating cell infiltration and
nutrient diffusion within the scaffold. Microfluidic
techniques, on the other hand, enable precise control over
hydrogel composition and spatial organization at the
microscale level. Researchers can create hydrogel
microstructures with defined patterns and gradients by
manipulating flow rates, mixing ratios, and channel
geometries, mimicking the native tissue architecture and
enhancing  cell-cell interactions  and  tissue
morphogenesis. In summary, various synthesis
techniques are available for fabricating polymeric
hydrogels with tailored properties for cartilage
regeneration. Each technique offers unique advantages in
terms of control over material properties, structural
integrity, and bioactivity, allowing researchers to design
scaffolds that closely mimic the native cartilage
microenvironment and promote cell-mediated tissue
repair. By leveraging these synthesis techniques,
significant progress has been made in developing
advanced hydrogel-based strategies for cartilage
regeneration, with the potential to revolutionize the
treatment of cartilage defects and osteoarthritis in clinical
settings.”

4. Mechanisms of Action in Cartilage Tissue
Engineering

In cartilage tissue engineering, polymeric hydrogels
serve as versatile scaffolds that support cell attachment,
proliferation, and differentiation while providing a
conducive microenvironment for tissue regeneration.
The mechanisms of action underlying their effectiveness
can be attributed to several critical factors, including
their ability to mimic the native cartilage extracellular
matrix (ECM), modulate cell behavior, and promote
chondrogenesis. One critical aspect is the biomimetic
nature of polymeric hydrogels, which closely resemble
the composition and structure of the native cartilage
ECM. By incorporating bioactive components such as
glycosaminoglycans (GAGs) and collagen-like peptides
into hydrogel formulations, researchers can create
scaffolds that mimic the biochemical cues present in
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native cartilage, thereby promoting cell-matrix
interactions and facilitating tissue regeneration. For
example, hyaluronic acid (HA)-based hydrogels can
provide a biologically relevant microenvironment for
chondrocytes and mesenchymal stem cells (MSCs),
promoting their differentiation towards a chondrogenic
lineage and enhancing cartilage matrix deposition.
Furthermore, polymeric hydrogels can modulate cell
behavior through physical and mechanical cues, such as
stiffness, porosity, and degradation kinetics. Cartilage is
subjected to dynamic mechanical forces during joint
movement, and hydrogels with mechanical properties
closely matched to native tissue can provide mechanical
support and maintain structural integrity under loading
conditions. For instance, poly(ethylene glycol) diacrylate
(PEGDA) hydrogels with tunable stiffness have been
shown to promote chondrogenic differentiation of MSCs
by mimicking the mechanical properties of native
cartilage. Additionally, the porous architecture of
hydrogels allows for nutrient and waste exchange,
facilitating cell viability and metabolic activity within the
scaffold.®

Moreover, polymeric hydrogels can act as reservoirs
for bioactive molecules such as growth factors,
cytokines, and small molecules, which are crucial in
regulating cell behavior and tissue regeneration. Growth
factors such as transforming growth factor-beta (TGF-B)
and insulin-like growth factor-1 (IGF-1) stimulate
chondrogenesis and matrix synthesis in cartilage tissue
engineering. By encapsulating these bioactive factors
within hydrogel matrices, researchers can provide
sustained and localized delivery to encapsulated cells,
promoting their differentiation towards a chondrogenic
lineage and enhancing cartilage matrix production. For
example, TGF-B-loaded polymeric hydrogels have been
shown to enhance chondrogenic differentiation of MSCs
and improve cartilage repair outcomes in preclinical
models of cartilage defects. Overall, polymeric
hydrogels play a crucial role in cartilage tissue
engineering by providing a biomimetic scaffold that
supports cell growth, modulates cell behavior, and
promotes tissue regeneration. Through their ability to
mimic the native cartilage microenvironment and deliver
bioactive factors in a controlled manner, hydrogels hold
immense promise for enhancing cartilage repair and
regeneration in clinical applications (Figure 1).°
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Figure 1. Depicts the role of the hydrogels in cartilage regeneration.

5. Clinical Applications and Trials of Polymeric
Hydrogel Constructs

Clinical applications and trials of polymeric hydrogel
constructs in cartilage regeneration represent a
significant advancement in regenerative medicine,
offering promising therapeutic strategies for addressing
cartilage defects and osteoarthritis. These hydrogel-
based approaches leverage the unique properties of
polymeric scaffolds to provide mechanical support,
promote cell infiltration, and deliver bioactive factors,
thereby enhancing tissue repair and functional recovery
in clinical settings. One notable example of a polymeric
hydrogel-based therapy is autologous chondrocyte
implantation (ACI) with a cell-seeded scaffold for
cartilage repair. In this approach, patient-derived
chondrocytes are expanded in vitro and seeded onto a
biocompatible, biodegradable polymeric scaffold, such
as a collagen or hyaluronic acid-based hydrogel. The
cell-seeded scaffold is then implanted into the cartilage
defect site, serving as a three-dimensional matrix for cell
attachment, proliferation, and matrix deposition. Clinical
studies have demonstrated the efficacy of ACI with
polymeric hydrogel scaffolds in promoting cartilage
regeneration and improving clinical outcomes in patients
with focal cartilage lesions, leading to pain relief and
restoration of joint function.®

Another emerging clinical application is injectable
hydrogels for minimally invasive cartilage repair.
Injectable hydrogels based on thermo-responsive
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polymers or in situ crosslinking mechanisms can be
delivered arthroscopically into cartilage defects, which
undergo gelation to form a stable scaffold within the
defect site. For example, thermosensitive hydrogels
composed of poly(N-isopropyl acrylamide) (PNIPAAM)
or poly(caprolactone-co-lactide) (PCLA) have been
investigated for their ability to fill irregularly shaped
defects and provide mechanical support while promoting
tissue regeneration. Clinical trials evaluating the safety
and efficacy of injectable hydrogel therapies for cartilage
repair are underway, with promising preliminary results
demonstrating improvements in pain, function, and
cartilage quality. Furthermore, polymeric hydrogel
constructs have been utilized as delivery vehicles for
bioactive factors and cell-based therapies to enhance
cartilage repair and regeneration. For instance, hydrogel-
based systems loaded with growth factors such as
transforming growth factor-beta (TGF-B) or insulin-like
growth factor-1 (IGF-1) have been developed to
promote chondrogenic differentiation of mesenchymal
stem cells (MSCs) and enhance matrix production in
cartilage defects. Clinical trials investigating the safety
and efficacy of growth factor-loaded hydrogel therapies
for cartilage repair have shown promising results, with
improved cartilage quality and clinical outcomes
observed in treated patients. Overall, polymeric hydrogel
constructs represent a versatile platform for cartilage
regeneration in  clinical applications, offering
customizable scaffolds that mimic the native cartilage
microenvironment and promote tissue repair. With
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ongoing advancements in biomaterials science and
regenerative medicine, hydrogel-based therapies hold
immense promise for addressing the unmet clinical need
for effective treatments for cartilage defects and
osteoarthritis, ultimately improving the quality of life for
millions worldwide.*

6. Biocompatibility and Immunomodulatory
Aspects of Hydrogel Implants

The biocompatibility and immunomodulatory aspects of
hydrogel implants are critical considerations in their
application for cartilage regeneration, as they can
profoundly impact tissue integration, host response, and
long-term outcomes. Biocompatibility refers to the
ability of a material to elicit an appropriate biological
response when in contact with living tissues. At the same
time, immunomodulation involves the modulation of
immune responses to minimize inflammation and
promote tissue healing. Polymeric hydrogels offer
inherent biocompatibility due to their hydrophilic nature
and resemblance to the extracellular matrix (ECM)
components  found in  native tissues.  This
biocompatibility minimizes adverse reactions such as
inflammation, fibrosis, and foreign body response,
thereby facilitating tissue integration and promoting host
tolerance of the implant. For example, hydrogels
composed of natural polymers such as hyaluronic acid
(HA) or chitosan are well-tolerated by host tissues and
exhibit minimal cytotoxicity, making them suitable
candidates for cartilage regeneration applications.*?

Moreover, polymeric hydrogels can be engineered to
possess immunomodulatory properties that regulate
immune cell responses and create a favorable

Mechanical Integrity

microenvironment for tissue repair. One strategy
involves incorporating immunomodulatory agents such
as anti-inflammatory cytokines, immunosuppressive
drugs, or immunomodulatory peptides into hydrogel
formulations to modulate immune cell activity and
reduce inflammatory responses. For instance, hydrogels
loaded with anti-inflammatory agents such as
interleukin-10 (IL-10) or dexamethasone have been
shown to attenuate inflammation and promote tissue
healing in various preclinical models of tissue injury.
Furthermore, hydrogels' physical and mechanical
properties can influence their immunomodulatory effects
by modulating cell behavior and cytokine secretion. Soft
and compliant hydrogels with mechanical properties
similar to native tissues have been shown to promote
anti-inflammatory M2 macrophage polarization and
reduce  pro-inflammatory  cytokine  production,
improving tissue regeneration outcomes. Conversely,
stiffer hydrogels may elicit a more pro-inflammatory
response characterized by M1 macrophage activation
and enhanced cytokine release, potentially impairing
tissue healing and integration. In summary, hydrogel
implants' biocompatibility and immunomodulatory
aspects are crucial in their success as therapeutic
platforms for cartilage regeneration. By leveraging their
inherent biocompatibility and engineering
immunomodulatory properties, polymeric hydrogels can
create a favorable tissue-repair microenvironment,
minimize adverse host responses, and enhance
integration with native tissues. Future advancements in
biomaterials science and immunology hold promise for
further optimizing hydrogel-based therapies and
improving clinical outcomes for patients with cartilage
defects and osteoarthritis (Figure 2).*3

Tujectability and moldability

Figure 2. Represents the characteristics of the hydrogel scaffold that plays a significant role in the cartilage regeneration.

7. Challenges and Limitations in Polymeric
Hydrogel-Based Cartilage Regeneration

Despite their considerable promise, polymeric hydrogel-
based approaches for cartilage regeneration face several
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challenges and limitations that must be addressed to
realize their full clinical potential. These challenges
encompass  material ~ design, biocompatibility,
mechanical properties, and translational hurdles. One
significant challenge is balancing mechanical strength
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and biocompatibility in hydrogel formulations. While
hydrogels must possess sufficient mechanical integrity to
withstand the dynamic loading environment of joints and
provide structural support for tissue regeneration, they
must also be biocompatible to avoid eliciting adverse
host responses. Achieving this balance often requires
trade-offs between material properties, with stiffer
hydrogels typically exhibiting better mechanical strength
but potentially inducing higher levels of inflammation
and foreign body response.*

Moreover, the degradation kinetics of hydrogels must be
carefully controlled to match the tissue regeneration and
remodeling rate. Rapid degradation may lead to
premature loss of mechanical support and insufficient
tissue ingrowth, whereas slow degradation can impede
cell migration and hinder matrix deposition. Balancing
degradation rates while maintaining biocompatibility is a
complex task that requires careful selection of
crosslinking chemistries, polymer compositions, and
degradation mechanisms. Another challenge is achieving
effective integration of hydrogel implants with native
cartilage tissue. In many cases, hydrogels may form a
physical barrier that impedes cell migration and tissue
ingrowth, leading to poor integration and suboptimal
functional outcomes. Enhancing integration includes
modifying hydrogel surface properties, incorporating
cell-adhesive peptides, or incorporating bioactive factors
that promote tissue remodeling and integration.
However, seamless integration with native tissue remains
a significant hurdle in hydrogel-based cartilage
regeneration.®®

Translating hydrogel-based cartilage regeneration
strategies from preclinical studies to clinical applications
poses additional challenges, including regulatory
approval, scalability, and cost-effectiveness. Regulatory
agencies require robust preclinical data demonstrating
safety and efficacy before approving new therapies for
clinical use, necessitating extensive testing in relevant
animal models and rigorous quality control measures.
Moreover, scaling up the production of hydrogel
implants for clinical use while maintaining consistency
and reproducibility presents logistical and manufacturing
challenges that must be addressed to ensure widespread
availability and affordability. In summary, while
polymeric hydrogel-based approaches hold tremendous
promise for cartilage regeneration, they face several
challenges and limitations that must be overcome to
realize their full clinical potential. Addressing these
challenges requires interdisciplinary collaboration and
innovation across materials science, tissue engineering,
and translational research, aiming to develop safe,
effective, and accessible therapies for patients with
cartilage defects and osteoarthritis.

3791

8. Future Directions and Innovations in Polymeric
Hydrogel Research

Future directions and innovations in polymeric hydrogel
research hold promise for overcoming current challenges
and advancing the field of cartilage regeneration toward
improved clinical outcomes. These developments
encompass various strategies to enhance material
properties, promote tissue integration, and facilitate
translation to clinical applications. One key area of
innovation is the development of multifunctional
hydrogel formulations that combine therapeutic agents,
such as growth factors, cytokines, or small molecules,
with the scaffold material to create bioactive matrices
capable of promoting tissue regeneration. For example,
recent studies have explored the incorporation of
microRNA-loaded nanoparticles into hydrogel scaffolds
to modulate gene expression in encapsulated cells and
enhance chondrogenic  differentiation.  Similarly,
hydrogel-based drug delivery systems that enable
controlled release of therapeutic agents over time have
shown promise in promoting cartilage repair and
mitigating inflammation in preclinical models.*’
Furthermore, advancements in biomaterials science and
tissue engineering are driving the development of
bioinspired hydrogel scaffolds that closely mimic the
hierarchical structure and mechanical properties of
native cartilage tissue. Strategies such as 3D bioprinting,
electrospinning, and self-assembly techniques allow for
precise control over hydrogel architecture and
composition, enabling the creation of scaffolds with
tailored mechanical properties, porosity, and bioactivity.
For example, bioink formulations of hybrid hydrogels
incorporating natural and synthetic polymers have
created bioengineered cartilage constructs with enhanced
mechanical strength and tissue-like properties.
Moreover, emerging approaches in stem cell biology and
regenerative medicine are revolutionizing hydrogel-
based cartilage regeneration strategies by leveraging the
regenerative potential of stem cellsto promote tissue
repair and regeneration. Engineered stem cell-laden
hydrogel constructs, such as mesenchymal stem cells
(MSCs) encapsulated within functionalized hydrogels,
offer a promising avenue for enhancing chondrogenic
differentiation and matrix deposition in cartilage defects.
Additionally, advances in cell reprogramming and
lineage conversion techniques enable the generation of
patient-specific induced pluripotent stem cells (iPSCs)
for personalized cartilage regeneration therapies.®
Another exciting direction in polymeric hydrogel
research is the integration of advanced imaging and
sensing technologies into hydrogel scaffolds to enable
real-time monitoring of tissue growth, mechanical
properties, and therapeutic efficacy. For example,
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hydrogel-based biosensors capable of detecting changes
in pH, oxygen tension, or metabolite concentrations
within the scaffold microenvironment can provide
valuable insights into cellular behavior and tissue
development.  Similarly, non-invasive  imaging
modalities such as magnetic resonance imaging (MRI)
and optical coherence tomography (OCT) can be utilized
to track the fate of implanted hydrogel constructs and
evaluate their integration with native tissue over time. In
summary, future directions and innovations in polymeric
hydrogel research hold tremendous promise for
advancing the field of cartilage regeneration and
addressing unmet clinical needs in patients with cartilage
defects and osteoarthritis. Researchers can develop next-
generation hydrogel-based therapies that offer improved
safety, efficacy, and patient outcomes by harnessing the
synergistic capabilities of biomaterials science, tissue
engineering, stem cell biology, and imaging
technologies.*®

9. Conclusion

As we conclude our exploration of polymeric hydrogel-
based approaches for cartilage regeneration, it is evident
that these innovative biomaterials are crucial to
unlocking new frontiers in tissue engineering. From
mimicking the intricacies of native cartilage to
addressing translational challenges, polymeric hydrogels
offer a beacon of hope for patients with cartilage defects
and osteoarthritis. With ongoing interdisciplinary
collaboration and biomaterials science advancements,
the future brightens with possibilities. Let us continue to
pioneer this path towards effective therapies and
improved patient outcomes, shaping a world where
cartilage regeneration is not just a possibility but a
reality.
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