REVIEW

HEALTHCARE

www.advhealthmat.de

Intra-Articular Injectable Biomaterials for Cartilage Repair

and Regeneration

Manivannan Sivaperuman Kalairaj, Ridhi Pradhan, Waqas Saleem, Morgan M. Smith,

and Akhilesh K. Gaharwar*

1. Introduction

Osteoarthritis is a degenerative joint disease characterized by cartilage

deterioration and subsequent inflammatory changes in the underlying bone.
Injectable hydrogels have emerged as a promising approach for controlled
drug delivery in cartilage therapies. This review focuses on the latest
developments in utilizing injectable hydrogels as vehicles for targeted drug
delivery to promote cartilage repair and regeneration. The pathogenesis of
osteoarthritis is discussed to provide a comprehensive understanding of the
disease progression. Subsequently, the various types of injectable hydrogels
used for intra-articular delivery are discussed. Specifically, physically and
chemically crosslinked injectable hydrogels are critically analyzed, with an
empbhasis on their fabrication strategies and their capacity to encapsulate and
release therapeutic agents in a controlled manner. Furthermore, the potential
of incorporating growth factors, anti-inflammatory drugs, and cells within
these injectable hydrogels are discussed. Overall, this review offers a
comprehensive guide to navigating the landscape of hydrogel-based

therapeutics in osteoarthritis.
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Osteoarthritis (OA) is the most common
chronic joint disease, affecting 32.5 mil-
lion Americans.!] OA involves changes in
the molecular, biochemical, morphologi-
cal, and biomechanical components of the
joints.l!l During OA, the articular hyaline
cartilage, joint capsule synovium, and sub-
chondral bone in the knee are primarily
affected. As OA progresses, there is a no-
table degeneration of cartilage, leading to
the narrowing of the joint space.?l Addi-
tionally, subchondral bone thickening, the
formation of osteophytes or bone spurs,
and joint inflammation occur, often accom-
panied by swelling and persistent pain.
Cartilage, an avascular, aneural, and alym-
phatic connective tissue, is enveloped by
a perichondrium-like fibrous membrane.
It is characterized by a low density of
chondrocytes responsible for producing the
majority of the extracellular matrix components.[*] These factors
contribute to the challenge of insufficient nutrient supply to car-
tilage and its limited regenerative ability.[*

Current clinical approaches for OA treatment rely on pain
management (nonsteroidal anti-inflammatory drugs (NSAIDs)
administration), restoration of joint function (hyaluronan injec-
tion to improve lubrication), and delaying the onset of perma-
nent joint deformities (arthrocentesis).’] Oral NSAIDs are used
to treat OA Dby inhibiting cyclooxygenase enzymes that produce
inflammation-causing prostaglandins. However, NSAIDs pro-
vide palliative relief and cannot reverse the disease progression.[®]
They also tend to accumulate in systemic tissues rather than the
targeted cartilage, resulting in insufficient therapeutic efficacy.
Therefore, intra-articular (IA) drug delivery is preferred as it al-
lows direct delivery to the site of injury. A injection increases the
bioavailability of the therapeutic agents at the target site, reduc-
ing systemic exposure, minimal systemic side effects, and overall
cost.l”] However, rapid clearance by synovial fluid leads to rapid
drug depletion in the joint cavity, necessitating frequent admin-
istration and increasing the risk of systemic toxicity.

Hydrogels offer a solution by sustainably delivering drugs,
enabling long-term treatment for osteoarthritis. Hydrogels pos-
sess desirable characteristics such as biofunctionality, biocom-
patibility, and tunable properties, including a porous framework,
high water absorption, and mechanical stability. These attributes
make hydrogels well-suited for delivering drugs and other ther-
apeutic agents, such as protein/peptides, and cells, to facilitate
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cartilage regeneration in the treatment of OA.®] The properties
of hydrogels can be adjusted based on their composition and
synthesis process. The porous structure of hydrogels allows for
the entrapment of the therapeutic agents, and the release ki-
netics can be controlled by manipulating the pore architecture.
Moreover, the physical properties of hydrogels can be tailored to
mimic the extracellular matrix for the differentiation and prolif-
eration of cells. Injectable hydrogels can be designed to crosslink
rapidly, enabling in situ hydrogel formation upon injection. In-
jectable hydrogels offer many advantages including convenient
synthesis, good biocompatibility and tunable biodegradability,
high drug loading capacity, encapsulation, and controlled release
of therapeutics.’! This minimally invasive approach is advanta-
geous for targeting irregularly shaped sites affected by OA, pro-
viding precise treatment at the desired location.

This comprehensive review focuses on the latest advance-
ments in utilizing injectable hydrogels as controlled drug deliv-
ery to facilitate cartilage repair and regeneration. A thorough dis-
cussion of the pathogenesis of osteoarthritis is provided, offering
a comprehensive understanding of the disease process. Subse-
quently, the various types of injectable hydrogels employed for
drug delivery to cartilage are explored, with a specific emphasis
on physically and chemically crosslinked hydrogels. The fabrica-
tion strategies and the ability of these hydrogels to encapsulate
and release therapeutic agents in a controlled manner are thor-
oughly discussed. Furthermore, the potential of incorporating
growth factors, anti-inflammatory drugs, and stem cells within
these hydrogel systems is highlighted. The critical roles these
components play in modulating cellular behavior, promoting car-
tilage regeneration, and reducing inflammation are extensively
addressed. Overall, this review provides a comprehensive guide
to navigating the promising landscape of hydrogel-based thera-
peutics in osteoarthritis.

2. Overview of OA Pathogenesis

OA is characterized by the degeneration of articular cartilage and
the remodeling of the underlying bone (Figure 1A). This con-
dition commonly leads to pain and stiffness, particularly affect-
ing the hip, knee, and thumb joints. Factors that play an impor-
tant role in the development and progression of OA include ag-
ing, sex, obesity, congenital factors, joint trauma, joint overuse,
infectious factors, genetic predisposition, surgical intervention,
and other systemic diseases.['”) The role of the immune sys-
tem in the onset and progression of OA is a crucial factor in its
pathogenesis.'!l OA is caused due to the imbalance between the
synthesis and degradation of the extracellular matrix components
by the chondrocytes.’®! During OA, a sequence of changes occurs
in the composite of articular cartilage, calcified cartilage, and sub-
chondral bone, known as the osteochondral unit (Figure 1B).!12]
A healthy osteochondral unit has a thin layer of calcified carti-
lage beneath the articular cartilage separated by a well-defined
tidemark.["3] Beneath the calcified cartilage lies the cortical plate
and an interconnected network of osteocytes. However, in the
early stages of OA, the cartilage matrix swells, and the metabolic
activity of chondrocytes increases.['*) In addition, surface fibril-
lations are observed in the articular cartilage, and remodeling of
the cortical plate with an increase in porosity is observed in the
subchondral bone. During the OA progression, the loss of proteo-
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glycans in the cartilage matrix disrupts the collagen network.!2]
This leads to the development of deep fissures and delamination
of the cartilage, resulting in the exposure of calcified cartilage
and subchondral bone. In late-stage OA, chondrocyte clustering
and chondrocyte apoptosis are observed. Also, vascularization oc-
curs in the calcified cartilage. This expands the calcified carti-
lage into the articular cartilage, leading to the duplication of the
tidemark."! In the subchondral bone, the osteocyte canalicular
network is damaged, resulting in osteocyte apoptosis.!'?] More-
over, inflammation also plays a significant role in the origin and
progression of OA.I'%! Studies show a high correlation between
the progression of cartilage degradation and the presence of in-
flammatory synovium.['®] Inflammatory cytokines are one of the
major contributors to inflammation and, correspondingly, to the
pathogenesis of OA.[1

2.1. Inflammatory Cytokines

Interleukin-1 beta (IL-1p) is a proinflammatory cytokine that in-
duces catabolic effects on the articular cartilage and the joint
(Figure 2A).1% Studies show that high levels of IL-1p are usually
observed in the synovial fluid, synovial membrane, cartilage, and
the subchondral bone layer of patients with OA.['"] Usually, IL-1p
is in an inactive form, as a cytosolic precursor protein (pro-1L-18),
and it is converted to active form when it undergoes intracellular
proteolysis by Caspase 1.8 The IL-18 binds to the interleukin-1
receptor type 1 (IL-1R1) receptor and recruits an additional IL-1
type 3 receptor (IL-1R3) chain, forming a complex, which then
recruits the adapter protein myeloid differentiation primary re-
sponse protein 88 (MyD88).[""! This complex also binds to the
IL-1 receptor-associated kinase (IRAK), which then affects tu-
mor necrosis factor receptor associated factor 6 (TRAF6) protein,
and induces additional binding of TAK1), TAB1, and TAB2.[*"]
This activates the transcription factors nuclear factor-xB (NF-
kB), p38 mitogen-activated protein kinase (p38MAPK), and c-Jun
N-terminal kinase (JNK), which enable the production of several
other cytokines, adhesion molecules, inflammatory mediators,
and enzymes.['2!] Through these mechanisms, IL-18 affects the
metabolism of cells and extracellular matrix.[??! Furthermore, IL-
18 affects the operation of chondrocytes via two mechanisms.
One, interfering with the synthesis of proteins such as type-II col-
lagen and aggrecan decreases extracellular matrix production.?]
The other is by increasing the synthesis of enzymes such as inter-
stitial collagenase (MMP-1), stromelysin-1 (MMP-3), and collage-
nase 3 (MMP-13), which have a destructive effect on cartilage.!**]
IL-1p present in the joint can also stimulate the synthesis of other
proinflammatory cytokines such as tumor necrosis factor alpha
(TNFa), interleukin-6 (IL-6), interleukin-8 (IL-8), and chemokine
(C-C motif) ligand 5 (CCL5).I*] In addition, IL-18 also secretes
other enzymes such as NO, phospholipase A2, cyclooxygenase-
2 (COX-2), and prostaglandin E2 (PGE2), which play a signifi-
cant role in the pathophysiology of OA.[?°! IL-15 generates reac-
tive oxygen species, leading to peroxides and hydroxylated radi-
cals formation and articular cartilage degradation.!’]

TNFq, in combination with IL-18, is a proinflammatory cy-
tokine involved in the pathogenesis of OA (Figure 2B).[1% Stud-
ies show that similar to IL-18, high levels of TNFa are also ob-
served in the synovial fluid, synovial membrane, cartilage, and
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Figure 1. Osteoarthritis pathophysiology. A) Schematic comparing a normal knee joint with osteoarthritis (OA). B) Schematic comparing a healthy
osteochondral unit with the changes in the osteochondral unit during OA progression. OA is characterized by chronic inflammation, cartilage damage
due to mechanical and proteolytic degradation, and abnormal subchondral bone formation, leading to the formation of bony outgrowths into the joint
capsule referred to as osteophytes. Adapted and redrawn with permission.['2] Copyright 2016, Nature.

the subchondral bone layer of patients with OA.['7?8] Usually,
macrophages in the joint can secrete TNFa in addition to that
of IL-18.1774 This secreted TNFa has the ability to bind to mem-
brane receptors TNF-R1 and TNF-R2 present on nucleated cell
surfaces.”! Binding of TNFa with TNF-R1 enables the TRADD
adapter protein to interact with the DD domain and gradually
bind to other adapter proteins such as cellular inhibitor of apop-
tosis protein 1 (c-IAP1), c-IAP2, TRAF2, and receptor interacting
protein 1 (RIP1).% This complex then enables RIP1 protein to
bind with TAK1, TAB1, and TAB2, stimulating the phosphoryla-
tion of the IKK complex.[3!) This results in the activation of NF-
kB, JNK, and p38MAPK transcription pathways.3!] Similarly, the
binding of TNFa with TNF-R2 will also enable mutual interac-
tions of proteins such as ¢-IAP1, c-IAP2, TRAF2, and TRAF3, re-
sulting in the activation of JNK kinase and the transcription factor
NF-xB.[32 In most cases, the effect of TNFa is similar to the effect
of IL-1p in the pathogenesis of OA.**] This similarity is due to the
activation of the same group of intracellular signaling pathways,
which triggers inflammation and catabolism in joint tissues.[2122]
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Like IL-1p8, TNFa also affects the chondrocytes from synthesiz-
ing proteins such as type-II collagen and proteoglycans, resulting
in decreased extracellular matrix production.**! Moreover, TNFa
enables increased production of MMP-1, MMP-3, MMP-13,and a
disintegrin and metalloproteinase with thrombospondin motifs
4 (ADAMTS-4).] TNFa, in conjunction with IL-1p, can induce
rapid aging in chondrocytes, leading to apoptosis.*®] This affects
chondrogenic progenitor cells (CPCs) migration and disables the
cartilage from regeneration.¢3’] This is attributed to reduction
in the efficiency of the respiratory chain, leading to reduced ATP
production within the mitochondria located in chondrocytes.38!
Moreover, TNFa also increases the synthesis of other proinflam-
matory cytokines such as IL-6 and IL-8 and secretes enzymes
such as iNOS, COX-2, and PGE2,263! which play a significant
role in the pathophysiology of OA.[2°]

Interleukin-15 (IL-15) is another proinflammatory cytokine
involved in the pathogenesis of OA. IL-15, a glycoprotein
with a mass of 14-15 kDa,*! contributes to OA by stimu-
lating the differentiation and proliferation of T-cells and NK
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Figure 2. Pathogenesis of OA. A) Intracellular signaling pathways associated with the inflammatory cytokine IL-18 and its downstream cellular targets
and effects. B) Intracellular signaling pathways associated with the inflammatory cytokine TNFa and its downstream cellular targets and effects. C)

Wnt—p-catenin signaling pathway. D) Notch pathway.

cells.*!] Moreover, IL-15 also stimulates the secretion of spe-
cific metalloproteinases.[*?! Studies show that increased levels
of IL-15 in patients’ serum also correlate with a higher sensa-
tion of pain and severity of lesions.}] The CD4* T cells and
mast cells that penetrate the synovial membrane can produce an-
other proinflammatory cytokine, interleukin-17 (IL-17),[*l which
affects chondrocytes and fibroblast-like synoviocytes exhibiting
IL-17R expression on their surface.[*] Moreover, IL-17 also influ-
ences the secretion of other proinflammatory cytokines such as
IL-18, TNFa, and IL-6.14¢] Similar to IL-15, increased levels of IL-
17 in patients’ serum and synovial fluid correlate with the severity
of lesions.*’] Interleukin-18 (IL-18) is a precursor form of the pro-
IL-18, which is transformed into a biologically active form after
the activation of Caspase 1.1*8] High levels of Caspase 1 in articu-
lar cartilage and synovium stimulate the formation of IL-18 and
IL-18.191 Similar to IL-15 and IL-17, an increased concentration of
IL-18 in patients’ serum, synovial fluid, synovium, and cartilage
also correlates with a higher degree of severity.>]

2.2. Wnt-p-Catenin Signaling

In addition to proinflammatory cytokines and their signaling
pathways, the canonical Wnt frizzled—f-catenin pathway also
plays a major role in the pathogenesis of OA (Figure 2C).5! Stud-
ies show that increased levels of f-catenin are observed in pa-
tients with deteriorating cartilage. This suggests that the failure
tolimit Wnt signaling might play a major role in OA. Generally, g-
catenin in the cytoplasm is in the form of an oligomeric complex
consisting of Axin, casein kinase (CK), the adenomatous polypo-
sis coli tumor suppressor protein (APC), and glycogen synthase
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kinase 38 (GSK3p).>2l However, when soluble Wnt glycoproteins
bind to coreceptors LRP5, LRP6, and CRD of the frizzled receptor,
a signal is transmitted through the f-catenin-dependent canoni-
cal Wnt pathway. This signal relocates Axin to the plasma mem-
brane complex and releases f-catenin from the oligomeric CK-
APC-GSK3p-Axin complex.’!l This increases the levels of free
cytoplasmic f-catenin, leading to the translocation of cytoplas-
mic f-catenin into the nucleus, where it interacts with transcrip-
tion factors and activates a transcriptionally active complex.>’]
This complex targets genes such as cyclin D1, MMP-3, ADAMTS-
5, and CD-44, resulting in the degradation of the extracellular
matrix.

2.3. Notch Pathway

Another canonical pathway that can cause OA is the Notch sig-
naling pathway (Figure 2D).>*l This pathway is initiated when
furin convertase cleaves (first cleavage) the trans-Golgi network
into two fragments. These two fragments can then reassociate
and reach the cell surface as a transmembrane receptor, con-
sisting of a Notch tethered membrane and an extracellular do-
main. This complex then binds to the ligand, exposing the recep-
tor to enzymes such as ADAM10 and ADAM17. These enzymes
then cleave (second cleavage) the transmembrane receptor into a
transmembrane domain and the intracellular domain.>*! Next,
an enzyme, y-secretase cleaves (third cleavage) the transmem-
brane domain of the receptor and releases the intracellular do-
main of the Notch receptor. This can then translocate to the nu-
cleus and interact with the transcription factor, CSL to activate the
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Figure 3. Schematic depicting the crosslinking process of an injectable hydrogel incorporating therapeutic agents such as small molecules, proteins, and
cells. Injectable hydrogels can be crosslinked using two common methods: A) Physical crosslinking, and B) Chemical crosslinking. Physical crosslinking
involves the formation of non-covalent bonds, such as electrostatic interactions, hydrogen bonds, and host-guest interactions. On the other hand,

chemical crosslinking utilizes covalent bonds through various strategies,
and photopolymerization.

transcription of target genes, resulting in increased production of
MMPs and the degradation of extracellular matrix.>*]

3. Injectable Hydrogel for Intra-Articular Delivery
of OA-Therapeutic

A range of injectable hydrogels have been engineered for the
intra-articular delivery of therapeutics aimed at targeting OA
pathogenesis. These hydrogels are capable of delivering small
molecule drugs, peptides, and proteins. Owing to their shear-
thinning properties, these injectable hydrogels can be adminis-
tered through minimally invasive techniques, thereby mitigating
complications commonly associated with surgical interventions.
Furthermore, the minimally invasive nature of these injectable
hydrogels allows for targeted delivery of therapeutics directly to
the site, thereby eliminating the systemic side effects commonly
associated with oral or intravenous administration.

Injectable hydrogels can be synthesized using various natu-
ral and synthetic polymers. Natural polymers, including alginate,
chitosan, hyaluronic acid, collagen, chondroitin sulfate, gelatin,
dextrin, and fibrin offer biocompatibility and bioactivity, mak-
ing them suitable for hydrogel synthesis. Conversely, synthetic
polymers such as poly(ethylene) glycol (PEG), polyethylene ox-
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includingclick chemistry, Schiff base reactions, enzyme-mediated reactions,

ide, poly(vinyl alcohol) (PVA), poly(lactic-co-glycolic acid) (PLGA),
poly(lactic acid), and poly(N-isopropyl acrylamide) provide tun-
able mechanical properties and degradation rates. In this section,
we will discuss various injectable hydrogels for delivery of thera-
peutics.

Injectable hydrogels can be crosslinked using either physical
or chemical crosslinking strategies (Figure 3). Physical crosslink-
ing involves noncovalent interactions such as ionic bonds, hy-
drogen bonds, hydrophobic interactions, van der Waals, dipole—
dipole, or London dispersion forces.** These physical hydrogels,
being crosslinked without chemical modification, exhibit com-
patibility with biomolecules and living cells. However, due to the
involvement of weak interactions, these gels often demonstrate
poor mechanical properties and susceptibility to degradation.’!
In contrast, chemical crosslinking involves the formation of co-
valent bonds using strategies such as click chemistry, Micheal
addition, Schiff base reaction, enzyme-mediated reaction, or
photopolymerization.>®! Unlike physical crosslinking, these hy-
drogels offer stability to the hydrogel against degradation. They
exhibit robust mechanical strength and flexibility in terms of
physicochemical properties like gelation time, pore size, chemi-
cal functionalization, and degradation characteristics.’>°! How-
ever, some by-products or chemical crosslinkers may affect the
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biocompatibility, stability, or functionality of the hydrogels, ne-
cessitating additional purification steps. In recent years, dual
crosslinking of hydrogels has shown great promise to improve
the efficacy of injectable hydrogels. Dual crosslinking utilizes a
combination of physical and chemical crosslinking yielding hy-
drogels with improved mechanical strength, better control over
swelling properties, enhanced stability, and tunable degradation
rates compared to hydrogels formed via a single crosslinking
method.[*%]

Consequently, each approach carries distinct advantages and
challenges, requiring careful consideration when selecting an ap-
propriate method for developing the desired injectable hydrogel
formulation. In the following section, physical, chemical, and
dual crosslinked hydrogels are investigated for intra-articular de-
livery of the therapeutic.

3.1. Physically Crosslinked Injectable Hydrogels

Electrostatic interaction is a physical crosslinking method of
fabricating an injectable hydrogel. The electrostatic interaction
between an anionic and a cationic polymer chain can be uti-
lized to form the physically crosslinked hydrogels. Anionic
polymers include alginate, hyaluronate, pectin, heparin, chon-
droitin sulfate, dextran sulfate, poly-r-glutamates, polyacrylic
acids, and poly(methyl vinyl ether-co-maleic anhydride), while
cationic polymer includes chitosan, poly(r-lysine), poly(ethylene
amine), poly(allylamine), polyvinyl amine hydrochloride, and
poly(diallyldimethylammonium chloride). In some instances,
oppositely charged ions can also be used for crosslinking. For
instance, alginate can undergo crosslinking upon mixing with
calcium chloride and other divalent ions.l’!l These physically
crosslinked hydrogels can entrap therapeutic and release it as
they dissolve over time under in vivo conditions.

A hybrid injectable hydrogel made from alginate has been
synthesized, featuring microspheres of poly(e-caprolactone)-b-
poly(ethylene glycol)-b-poly(e-caprolactone) (Figure 4A).[°?] This
hydrogel incorporated calcium gluconate crystals as crosslinking
agents for the alginate matrix, achieving crosslinking within 3
min postinjection. By varying the concentration of porous mi-
crospheres, the mechanical strength and degradation rate of the
hydrogel was controlled. A three-day study confirmed that the
scaffold facilitated chondrocyte proliferation. The hydrogel was
then injected into rabbits with full-thickness cartilage defects in
their left knees. After 18 weeks, the microspheres/alginate + cells
group demonstrated a 96.7% improvement in osteochondral
cell regeneration compared to control groups (blank, alginate,
microsphere, and cells-only). The scaffold was fully degraded
by the end of study, making way for new cartilage formation.
One limitation observed was the migration of microspheres into
adjoining tissues, which could be attributed to slower gelation
times of alginate.

Another mechanism for physical crosslinking is host-guest
chemistry, which relies on the formation of complexes between
molecules or ions through noncovalent interactions, such as
ionic/hydrogen bonding, hydrophobic interactions, and van der
Waals forces. These interactions are pivotal in stabilizing and
maintaining the 3D structure of large protein molecules. Using
a host—guest macromer approach, a supramolecular gelatin hy-
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drogel was developed that exhibited resilience, self-healing, and
injectability (Figure 4B).I*] This hydrogel was engineered to carry
multiple types of cargo: the small molecule drug kartogenin, the
protein TGF-$1, and human bone marrow-derived mesenchymal
stem cells (BMSCs) encapsulated within the matrix. This hydro-
gel was injected into the knee of a rat osteochondral defect model,
and its performance in cartilage repair was evaluated. This hy-
drogel provided sustained therapeutic delivery for up to 28 days
and permitted cell infiltration, as well as shape adaptation for the
delivered mesenchymal stem cells (MSCs) in both in vitro and in
vivo environments. These features are key for enabling long-term
chondrogenesis of MSCs, essential for cartilage repair. Despite
these advantages, the study identified limitations, including the
hydrogel’s suboptimal mechanical properties, the challenges as-
sociated with controlling therapeutic dose release, and questions
about the material’s suitability for the regeneration of other tissue
types.

Thermoresponsive physical crosslinking is another widely-
used method for hydrogel synthesis, relying on temperature-
dependent reversible reactions for the crosslinking process.
Hydrogels synthesized through this technique are designed
to transition from liquid to solid or solid to liquid after in-
jection. One study synthesized an organic hydrogel using
triblock polymers and isopropyl myristate with thermorespon-
sive crosslinking.[*yl The resulting nanoemulsion maintained
relative stability and successfully transitioned from a solid to
a liquid state. In another study, a thermoresponsive injectable
hydrogel was created using PGA, hyaluronic acid, and a mon-
oclonal antibody therapeutic (Figure 4C).%! This hydrogel
exhibited a reduction in proinflammatory cytokines such as
TNFa, IL-14, and IL-6. These cytokines are key players in the
inflammatory immune response. Additionally, the hydrogel
caused minimal tissue damage upon injection, demonstrated
high levels of biocompatibility, and effectively prevented further
cartilage deterioration.[®] Both studies highlight the potential of
thermoresponsive injectable hydrogels as immunosuppressive
agents. These hydrogels also demonstrated stability and other
beneficial properties, particularly in the context of rheumatoid
arthritis models. These findings suggest the need for further
research to explore their applicability in OA therapy. Additional
examples of physically crosslinked injectable hydrogels that are
evaluated for OA treatment are shown in Table 1.1°0-78]

3.2. Covalently Crosslinked Injectable Hydrogels
3.2.1. Click Chemistry

Introduced by Sharpless and colleagues in 2001, “Click” chem-
istry has garnered significant attention for its role in synthesizing
hydrogels and microgels, particularly for applications in tissue
engineering and drug delivery.”! Characterized by high selectiv-
ity, efficiency, and compatibility with a diverse array of functional
groups, “Click” chemistry has become a preferred method for
crafting injectable hydrogels. This approach encompasses a
range of reactions including azide and alkyne cycloaddition,
thiol-ene, and Diels-Alder (DA). In recent years, injectable
hydrogels produced through “Click” chemistry have been suc-
cessfully engineered to carry various therapeutic agents. These
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Figure 4. Physical crosslinking hydrogels. A) Formation of hybrid injectable alginate hydrogel with poly(e-caprolactone)-b-poly(ethylene glycol)-b-poly(e-
caprolactone) (PCEC) microsphere containing calcium gluconate crystals crosslinked using the electrostatic interaction between alginate and calcium
ions. The fully degradable hydrogel scaffold provided a suitable environment for proliferation and osteochondral cell regeneration of chondrocytes for
repairing damaged cartilage. B) Injectable hydrogel formed by crosslinking GelMa and acrylate f-cyclodextrin using the host-guest supramolecular
interaction. The self-healing hydrogel mediated a sustained release of kartogenin and TGF-p1 for enhanced chondrogenesis of bone marrow-derived
mesenchymal stem cells (BMSCs) in vitro and in vivo. C) The thermoresponsive hydrogel formed by mixing PF127, HA, and PGA gelled under body
temperature (37 °C). The injectabale hydrogel loaded with infliximab downregulated the expression of inflammatory cytokines, such as tumor necrosis
factor @ (TNFa), interleukin-14 (IL-1p), interleukin-6 (IL-6), and interleukin-17 (IL-17) in the synovial fluid and cartilage.

range from small molecule drugs and growth factors to cells and
proteins/peptides. Such hydrogels have shown promise in en-
hancing cartilage regeneration and alleviating pain, specifically
in the treatment of OA.

Researchers have employed cartilage-mimetic hydrogels to de-
liver small molecules like extracellular matrix analogs (e.g., chon-
droitin sulfate and RGD peptides), aiming to induce mechanical
stimulations that enhance chondrogenesis.®! These mechani-
cal cues have been found to decrease the expression of hyper-

Adv. Healthcare Mater. 2024, 13, 2303794 2303794 (7 Of22)

trophic markers such as collagen X and MMPs, while also re-
ducing calcium deposition in MSCs. For instance, one study uti-
lized a photo-clickable thiol: norbornene reaction to crosslink thi-
olated chondroitin sulfate, 2-arm PEG dithiol, 8-arm PEG nor-
bornene, and RGD peptide into a cartilage-mimetic hydrogel.
Human MSCs encapsulated in these hydrogels received phys-
iochemical cues native to the cartilage environment. This led to
the inhibition of MSC hypertrophy and the maintenance of a sta-
ble chondrogenic population, achieved by upregulating the p38
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Table 1. Injectable hydrogels via physical crosslinking.
Cargo Polymeric material Gelation mechanism Properties Refs.
Small drug molecules
Kartogenin and TGF-$1 Methacrylated gelatin with acrylated ~ Host—guest Natural compound delivery to enhance the activities of the ~ [63]
p-cyclodextrins interactions critical protein for cell survival proliferation and MSCs
for improving the regeneration of articular cartilage
Kartogenin Silk—fibroin—chitosan Lyophilization Self-healing, biocompatibility [66]
Dexamethasone Drug conjugated to multiarm Avidin  Electrostatic Promotion of chondrogenesis and cartilage regeneration [67]
interactions in rabbit knees
Crystal violet Heparin-based hydrogel Electrostatic Sustained drug release of water-soluble steroid [68]
interactions
Icaritin Gelatin hydrogels Host—guest Self-assembling, tunable shear-thinning properties of gels [69]
interactions to maintain shape and viscoelastic properties under
stress
Ginsenoside Rb1 with TGF-41 Silk fibroin-coated gelatin scaffold Lyophilization Porous microstructure, proper mechanical strength, [70]
degradation rate, and sustained release of Rb1 and
TGF-p1; scaffolds promoted the chondrogenic
differentiation of rBMSCs and suppression of
inflammation genes expression; implanted scaffolds in
rats with osteochondral defects promoted hyaline
cartilage regeneration
Cells
Bone marrow-derived mesenchymal  Sodium alginate Electrostatic In vitro degradation of the alginate gel was accelerated by [71]
stem cells (BMSCs), interactions the addition of PRP, excellent cytocompatibility,
platelet-rich-plasma (PRP) chondrogenesis of BMSCs with upregulation of
chondrogenic marker genes SOX9 and Aggrecan
(TGF)-p3, IFP-derived stem cells Fibrin with cartilage microparticles Lyophilization Chondrogenesis of freshly isolated fat pad-derived stromal ~ [72]
cells in vivo, included higher levels of sulphated
glycosaminoglycan (sGAG), collagen accumulation, and
cartilage formation
Autologous nasal chondrocytes Alginate Electrostatic Superior and more hyaline-like repaired tissue both at 3 [73]
(NCs) interactions and 6 months after surgery in rabbits with knee
osteochondral defects, repaired tissue possessed
similar mechanical properties to the native cartilage
Bone marrow-derived mesenchymal  Sodium alginate, strontium-doped Electrostatic Dual role in cartilage repair, by activating both [74]
stem cells (BMSCs), bioglass interactions differentiation of stem cells and macrophage
platelet-rich-plasma (PRP) polarization to the M2 phenotype for cartilage
regeneration in mice
Mesenchymal stem cells (MSCs) p-cyclodextrin (8-CD)-modified HA Host—guest Shear-thinning and self-healing, high cell viability of [75]
(HA-CD), and adamantane interactions encapsulated MSCs, notable cartilage tissue
(Ad)-modified HA (HA-Ad) regeneration in cartilage defect model rats in 28 days
Immunotherapy
Insulin-like growth factor 1 Gelatin/PEGDA hydrogel Host—guest Biocompatible, sustained release, encourages MSC [76]
interactions differentiation, promotes chondrogenesis.
Chitosan Silver-doped nanoparticles and Electrostatic Reduction in inflammation and activity of p38 protein, [77]
chitosan hydrogel interactions preservation of cartilage, and bone integrity
Chitosan and citric acid Subchondral lamellar bone hydrogel  Lyophilization Improvement in the strength of mechanical structure, [78]

proper flexibility, and cytokine free reaction, which would
be less likely to induce an inflammatory response

MAPK pathway and downregulating the SMAD 1/5/8 signaling
pathways (Figure 5A).15%] However, the study had its limitations.
It primarily focused on two well-known pathways responsible
for chondrogenesis, ignoring the likelihood of other signaling
mechanisms being involved. Additionally, the use of nondegrad-
able, stable hydrogel matrices minimized variability in hydrogel
chemistry and mechanical properties but also constrained extra-
cellular matrix deposition to paracellular spaces. Given these con-

Adv. Healthcare Mater. 2024, 13, 2303794 2303794 (8 of 22)

straints, future comprehensive research employing a degradable
and biomimetic hydrogel that investigates additional signaling
pathways would be beneficial.

Another research team took a similar approach, encapsulating
cartilage-derived progenitor cells (CPCs) from rat articular car-
tilage into an injectable hydrogel. This hydrogel was fabricated
using hyperbranched poly(ethylene glycol) (HB-PEG) and thiol-
functionalized hyaluronic acid (HA-SH) via an in situ thiol-ene
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Figure 5. Click chemistry-mediated crosslinked hydrogel. A) Formation of cartilage-mimetic injectable hydrogel utilizing the photo-clickable thiol-ene
reaction between multiarm PEG norbornene monomer and crosslinker PEG dithiol, along with the incorporation of extracellular matrix mimetics of
chondroitin sulfate, RGD, and HMSCs. Hydrogel with chondroitin sulfate when combined with dynamic compressive loading acted as a potent phys-
iochemical cue to the cartilage environment upregulating p38 MAPK and downregulating SMAD 1/5/8 signaling pathways maintaining stable HMSCs
chondrogenesis for cartilage repair. B) Encapsulation of chondrocytes progenitor cells in HA-SH and HB-PEG injectable hydrogel crosslinked via thiol—
ene click chemistry for cartilage regeneration. The porous hydrogel promoted the extracellular matrix synthesis function of the encapsulated cells and
downregulated gene expression related to inflammation for treating osteoarthritis. C) In situ crosslinking of chondroitin sulfate with PEG monomers
using Diels—Alder reaction. Hydrogels containing ChS decreased the expression of TNFa and IL-18, and favored chondrogenesis of encapsulated cells.

Michael reaction, aimed at cartilage regeneration (Figure 5B).18!]
Remarkably, the gelation time for this HB-PEG and HA-SH mix-
ture was less than 2 min. This is considerably shorter than
the gelation times observed for dithiol peptides and PEGDA
(=13 min), and for HA-SH and PEGDA (x5-30 min). This
rapid gelation was advantageous for ensuring an orderly dis-
tribution of both the hydrogel precursor and the encapsulated
cells, crucial for optimal in vivo gel formation. Moreover, the
chemical crosslinking between the vinyl groups of HB-PEG and
HA-SH led to the formation of a porous network with pore
sizes ranging from 5 to 30 pm. This porosity enhanced nutri-
ent exchange and facilitated cell migration within the hydrogel.
While PEGDA-based hydrogels have previously been employed
for similar applications, their photopolymerization crosslinking
method—utilizing UV irradiation—poses a risk of tissue damage
due to DNA fragmentation and cell injury.®2! In terms of biocom-
patibility, this thiol-ene-based hydrogel demonstrated high cell
compatibility for the encapsulated CPCs, with an impressive 85%
cell viability after seven days in culture.®!] Gene expression anal-
yses further showed increased expression of anabolic genes like
SOXO9, collagen type II, and aggrecan, suggesting enhanced ex-
tracellular matrix synthesis favorable for cartilage regeneration.

Adv. Healthcare Mater. 2024, 13, 2303794 2303794 (9 0f22)

Click chemistry offers versatile applications for formulating
various drug types, including those aimed at inhibiting TNFa.
One recent study explored the therapeutic potential of a hydro-
gel made from chondroitin sulfate and glucosamine for inhibit-
ing TNFa.[®®] Being a native component of the extracellular ma-
trix, chondroitin sulfate is highly biocompatible.®* The study
found a positive correlation between the administration of this
hydrogel and decreased levels of TNFa in the synovial fluid,
which corresponded to reduced inflammation and joint pain in
affected subjects.®3] Another investigation utilized click chem-
istry to create a hydrogel comprising chondroitin sulfate and 11-
azido-3,6,9-trioxaundecan-1-amine.!®?] This formulation success-
fully promoted chondrocyte production, further inhibiting TNFa.
In addition, chondroitin sulfate hydrogels can also inhibit inter-
leukins, specifically IL-14. The hydrogel achieves this by down-
regulating the release of MMPs, which play a role in cartilage
degradation and consequently cause inflammation.!®! The DA
reaction offers another avenue for creating biocompatible hydro-
gels, particularly those containing chondroitin sulfate, to coun-
teract the effects of TNFa and IL-1f. One innovative study em-
ployed this reaction to synthesize a dienophile and thermosen-
sitive copolymer, which was then used as a component in a
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Figure 6. Click chemistry-mediated crosslinked microgels. A) BMSC-laden gelatin/hyaluronic acid hybrid (Gel-HA) microgels generated by droplet-based
microfluidic technology and crosslinked at 37 °C and pH 7.4 via thiol-Michael addition reaction. The proliferation of BMSC encapsulated within the
microgels causes bottom-up self-assembly. This self-assembly enhances the BMSC viability in microgels, which enables formation of cartilage tissues
with smooth surfaces in vivo. B) Growth-factor loaded methacrylated hyaluronic acid and heparin blend (HAMA@HepMA) “cell island” microgels
generated using microfluidic technology and photopolymerization process. These microgels recruit endogenous stem cells and promote chondrogenic

differentiation by releasing growth factors and aid in cartilage formation.

hydrogel aimed at bone repair applications (Figure 5C).[] The
study demonstrated that this chemical approach produced a sta-
ble, biocompatible scaffold while preserving the chondrogenic
activity of the incorporated materials.®®! In a rat model, this DA-
reaction-based hydrogel was employed as a scaffold to carry bone
morphogenetic protein 4 (BMP-4) for craniofacial defect repair.
The results were promising, showing a substantial increase in
osteoid tissues within an 8-week period and the development of
denser bone tissues rich in blood vessels by the 12-week mark.(%¢]

3.2.2. Injectable Microgels (Granular Hydrogels)

Microscopic particles of hydrogels (microgels) are a special class
of injectable hydrogels that are highly investigated for cartilage
repair.*’! Click chemistry strategies and microfluidic technology
play a major role in the generation of these microgels.[®®! Re-
searchers have developed injectable stem cell-laden microgels to
promote cartilage repair.[®”] They generated the microgels by mix-
ing thiolated gelatin (Gel-SH) and vinyl sulfonated hyaluronic
acid (HA-VS) with BMSCs via the droplet-based microfluidic
approach.®®l These materials were crosslinked into hydrogels via

Adv. Healthcare Mater. 2024, 13, 2303794 2303794 (10 of 22)

the thiol-Micheal addition reaction under ambient temperature
and neutral pH (Figure 6A).%%] Since Gel-SH is a protein deriva-
tive and HA-VS is a polysaccharide derivative, it mimics the ex-
tracellular matrix and provides an excellent microenvironment
for cell proliferation. Moreover, this cell proliferation induces
self-assembly of microgels into macroporous scaffolds, which en-
hances nutrient transport and thereby promotes stem cell chon-
drogenesis. These microgels were hypodermically implanted in
a mouse model to observe ectopic cartilage formation. Immedi-
ately after the implantation, the implant size in the control group
(pure BMSCs) was slightly larger than the microgel group. How-
ever, it reduced dramatically within 3 days, whereas the micro-
gel group retained a stable implant size. This is due to the in-
creased BMSC viability in the microgels. Moreover, removing the
implants after 8 weeks showed that the formation of cartilage tis-
sues with smooth surfaces in the microgel group whereas smaller
morphologies with rough and irregular surfaces in the control
group.[®! This shows that the BMSC-laden microgels can facil-
itate cartilage repair and aid in the reconstruction of chondral
defects.

To further improve the microgel injectability and BMSC via-
bility, the same research group has developed microgels using
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dynamic covalent bonds.®!l To generate these microgels, KGN-
loaded cyclodextrin nanoparticles (KGN@CD NPs) were in-
cluded with phenylboronic acid-grafted methacrylate hyaluronic
acid (HAMA-PBA), methacrylate gelatin (GelMA), and BMSCs
via droplet-based microfluidic approach and photocrosslinked.
These microgels were then assembled via dynamic crosslinking
between phenyl-boronic acid and dopamine-modified hyaluronic
acid (HA-DA). Furthermore, these microgels were injected into
articular cartilage defects of a rabbit model, and their repair per-
formances were observed. After 8 weeks of implantation, the
newly formed cartilages were thicker, abundant, and transparent
compared to the control group (normal saline).[®!! Comparing the
properties of the newly formed cartilages between the BMSC-
laden HA-Gel group and KGN@CD-HA-Gel group shows that
the KGN@CD-HA-Gel group had significantly higher O’Driscoll
scores than the BMSC-laden HA-Gel group, demonstrating the
importance of sustained KGN release in cartilage repair.

Another research group has developed a new approach in
which injectable microgels can recruit endogenous stem cells for
repairing OA (Figure 6B).®?) This approach where the microgels
act as a “cell island” was inspired by a biological phenomenon
where islands recruit plenty of seabirds for nesting and breed-
ing. The microgels were generated by blending methacrylated
hyaluronic acid and heparin (HAMA@HepMA) via a microflu-
idic device followed by photocrosslinking.[°? Furthermore, trans-
forming growth factor-3 (TGF-#3) and platelet-derived growth
factor-BB (PDGF-BB) were noncovalently included in the micro-
gels. Moreover, these microgels were injected into the intraknee
joints of the osteoarthritic rat model to evaluate repair perfor-
mance. After 8 weeks, radiological examination showed reduced
cartilage degradation in the microgel group compared to the con-
trol groups, and histological results showed the formation of a
smooth cartilage surface without irregularities in the microgel
group compared to the control groups.[*?! This could be due to the
enhanced recruitment and differentiation of endogenous stem
cells. This suggests that “cell island” microgels might provide a
new approach to treat cartilage damage.

3.2.3. Enzyme-Mediated Crosslinking

Enzyme-mediated crosslinking offers a compelling avenue for
developing injectable hydrogels, particularly due to its rapid gela-
tion capabilities and mild reaction conditions.!®* Such methods
enable polymer crosslinking at neutral pH and moderate tem-
peratures, all while avoiding the production of cytotoxic byprod-
ucts. A variety of enzymes have been employed for this pur-
pose in the realm of cartilage tissue engineering, including but
not limited to tyrosinase, transglutaminase, phosphopanteth-
einyl transferase, lysyl oxidase, thermolysin, f-lactamase, phos-
phatase/kinase, and horseradish peroxidase.[?*! Of these, tyrosi-
nase and horseradish poeroxidase are most frequently used due
to their ability to catalyze the oxidation of phenolic compounds,
such as tyramine, to facilitate crosslinking.[**l This adds another
dimension to the array of methodologies available for creating
functional, biocompatible hydrogels suited for cartilage regener-
ation applications.[**]

Injectable hydrogels synthesized through enzyme-mediated
chemical crosslinking have shown promise in the treatment of
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OA. These hydrogels can be rapidly formed, crucially preserv-
ing the bioactive properties of their constituent materials. This
unique combination of rapid synthesis and bioactivity retention
enhances their therapeutic potential for OA interventions. One
study utilized tyrosinase, a common chemical crosslinking agent,
to modify polyphenolic compounds that inhibit natural inflam-
matory agents.[®] This work demonstrated that the activity of
TNFa could be inhibited as the conjugation of the polypheno-
lic components into their respective polymers could form a sta-
ble, bioactive hydrogel.®®! The importance of these findings lies
in the hydrogels’ demonstrated ability to reduce monocyte and
macrophage activity, which are both modulated by TNFa and IL-
1 cytokines.[¥”] This suggests that enzyme-mediated hydrogels
could be an effective tool in mitigating inflammation and enhanc-
ing tissue repair in OA treatments.[*>]

In another study, an injectable hydrogel that incorporated lipo-
some anchored teriparatide (PTH(1-34)) into gallic acid-grafted
gelatin lipo@PTH(1-34)GGA) was obtained by crosslinking us-
ing transglutaminase (Figure 7A).°° The hydrogel exhibited a
porous structure and sustainably released PTH(1-34) over a 20-
day period, while fully degrading in phosphate-buffered saline
(PBS) within 28 days. This formulation promoted the prolifer-
ation of ATDCS cells, as evidenced by the upregulation of key
proteins such as Ki-67, c-Fos, and PTH1R. Furthermore, the hy-
drogel had protective effects against apoptosis in IL-18-induced
ATDCS cells. Specifically, the apoptosis rate decreased from 11%
to 9.05% upon the introduction of the hydrogel. This protec-
tive mechanism is attributed to the upregulation of key anabolic
genes like SOX9, Bcl-2, Col2al, and Acan, as well as the downreg-
ulation of catabolic genes such as BAX, ADAMTSS5, iNOS, COX-
2, IL-6, and TNFa. These genetic changes are thought to modu-
late the PI3K/AKT signaling pathway. Additionally, in a 10-week
OA mouse model, the injection of this hydrogel led to a decrease
in cartilage degradation, promotion of extracellular matrix syn-
thesis, and significant improvement in GAC content.

In a related study, an injectable hydrogel system was developed
using tyramine-conjugated hyaluronic acid and gelatin, which
were enzymatically crosslinked via tyrosinase (Figure 7B).’]
This hybrid hydrogel was enhanced by the incorporation of
epigallocatechin-3 gallate (EGCG) molecules, recognized for
their anti-inflammatory properties and radical-scavenging ca-
pabilities. Remarkably, integrating EGCG into this tyramine-
tethered hydrogel system reduced cytotoxicity compared to its
freestanding form, while preserving its anti-inflammatory ef-
fects. In addition to these attributes, the enzyme-mediated hy-
drogel system demonstrated several in vivo advantages in mouse
OA model, including robust crosslinking, ease of injection,
high cytocompatibility, and a significant reduction in cartilage
degradation.”’] Moreover, when chondrocytes were encapsulated
within these hydrogels, they promoted GAG and collagen IT ac-
cumulation in vivo and showed progression in the OA treatment
for the mouse model.

The mild conditions of enzymatic reactions offer the advantage
of crosslinking natural polymers without compromising their
bioactivity.®?! For example, collagen, a natural polymer, has been
shown to support the attachment, proliferation, and differenti-
ation of MSCs in cartilage regeneration applications.[*®! How-
ever, collagen-based biomaterials have limitations such as poor
water solubility, rapid degradation, extended gelation time, and
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laden hydrogel demonstrated synergetic anti-inflammatory and chondroprotective effects for OA therapy. C) Encapsulation of BMSCs in hyaluronic acid
and collagen functionalized with tyramine- crosslinked via enzyme horseradish peroxidase and hydrogen peroxide. The gelation time and stiffness varied
depending on the concentration of HRP and H,O,. In cartilage-defective mice, the hydrogel provided an ideal microenvironment for differentiation of

BMSC promoting repair of
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weak mechanical strength.[®] To overcome these challenges, an
injectable hydrogel consisting of collagen-type I-tyramine (Col-
TA) and hyaluronic acid-tyramine (HA-TA) alongside BMSCs
and transforming growth factor-f1 (TGF-p1) was synthesized
(Figure 7C).'%1 This hydrogel was enzymatically crosslinked
using horseradish peroxidase (HRP) and hydrogen peroxide
(H,0,). Importantly, the gelation time could be adjusted from
seconds to minutes by varying the concentrations of HRP and
H,0,. The resulting hydrogel exhibited a favorable swelling ratio,
enabling uniform BMSC proliferation throughout the material
and a significant increase in cell viability by the seventh day of in
vitro culture. Additionally, the hydrogel’s high swelling ratio cre-
ated an optimal microenvironment for BMSC survival, differenti-
ation, and proliferation, while facilitating nutrient and metabolite
exchange.[1 In vitro assays under chondrogenic differentiation
conditions for 28 days revealed upregulated expression of key ex-
tracellular matrix proteins such as Col II, GAGs, and SOX9. This
suggests that the hydrogel successfully provided a structured mi-
croenvironment for BMSC differentiation into chondrocyte cells.
In vivo studies further supported these findings. When the hy-
drogel was injected into rat cartilage defects and allowed to set
for eight weeks, it facilitated the formation of hyaline cartilage-
like tissue and glycosaminoglycan content comparable to that of
normal cartilage. Overall, both in vitro and in vivo results indicate
that this enzymatically crosslinked hydrogel offers an optimal set-
ting for BMSC differentiation into chondrocyte cells, thereby pro-
moting the repair of damaged cartilage.

3.2.4. Schiff Base Crosslinking

Schiff base crosslinking involves the formation of a covalent
imine bond between a primary amine and a carbonyl compound,
which can be either an aldehyde or a ketone. This reaction is par-
ticularly advantageous because it can occur under physiological
conditions in an aqueous solution, offering fast gelation times
and excellent biocompatibility.'%?! Polysaccharides serve as ideal
candidates for the development of injectable hydrogels through
Schiff base crosslinking. This is largely due to the abundance of
functional groups present in their molecular backbone, which
can readily participate in Schiff base reactions. Some polysaccha-
rides, like chitosan, contain primary amine groups that can di-
rectly engage in these reactions. Alternatively, functional groups
in polysaccharides can be chemically modified into aldehydes
and amines to facilitate Schiff base crosslinking. Overall, the
presence of multiple reactive sites makes polysaccharides versa-
tile building blocks for injectable hydrogels optimized through
Schiff base chemistry.[8102]

Chitosan has traditionally been crosslinked using small
molecule dialdehydes such as glyoxal and glutaraldehyde, sub-
stances known for their toxic and mutagenic properties.l'®] How-
ever, recent advancements have demonstrated the feasibility of
crosslinking chitosan through Schiff base reactions without the
use of toxic catalysts. For instance, an injectable hydrogel com-
prising multi-benzaldehyde functionalized poly(ethylene oxide-
co-glycidol) (poly(EO-co-Gly)-CHO) and glycol chitosan have been
developed (Figure 8A).'%] This hydrogel was formulated using
a Schiff base reaction under physiological conditions. One of its
notable features was the tunability of its physical properties, such
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as gelation time, water absorption, stiffness, and rate of degra-
dation, which could be adjusted by varying the concentration of
poly(EO-co-Gly)-CHO. Although these hydrogels were not tested
in animal models for cartilage repair, several in vitro findings sug-
gest their ability to achieve cartilage regeneration. Encapsulated
chondrocytes within this hydrogel matrix showed excellent viabil-
ity, exceeding 90% even after two weeks. The hydrogel supported
oxygen and nutrient transport, offering an ideal microenviron-
ment for cell survival and proliferation. This also increased the
capability of the encapsulated chondrocytes to preserve their phe-
notype, which is a prerequisite for hyaline cartilage regeneration.

Similarly, in another study injectable hydrogels are de-
signed by crosslinking adipic dihydrazide-modified poly(z-
glutamic acid) (PLGA-ADH) with benzaldehyde-terminated
poly(ethylene glycol) (PEG-CHO) through a Schiff base mech-
anism (Figure 8B).'] The degradation rate of these hydrogels
could be fine-tuned by adjusting the molar ratios of —CHO to
—NH, groups. Importantly, BMSCs also showed favorable sur-
vival and proliferation within these hydrogels. In an in vivo study
using a rat model with cartilage defects, the injectable hydrogels
facilitated cartilage regeneration over an eight-week period. The
new cartilage-like tissue integrated well with the surrounding tis-
sue, and the resulting extracellular matrix showed high levels of
collagen II expression, which is indicative of successful cartilage
repair.

Others explored the potential for small molecule delivery in
rats by creating an injectable, self-healing hydrogel.l'%! This was
achieved by crosslinking chondroitin sulfate with multiple alde-
hydes and N-succinyl-chitosan through a Schiff base reaction. By
manipulating monomer ratios, the team could fine-tune gel stiff-
ness, gelation kinetics, and water content. A standout feature of
this approach was the hydrogel’s robust gelation under physio-
logical conditions. Additionally, the dynamic equilibrium facili-
tated by the Schiff base linkages endowed the hydrogel with a
self-healing capability. While the hydrogels evoked minimal in-
flammatory responses and demonstrated in vivo biodegradabil-
ity, it is worth noting that these hydrogels were only administered
subcutaneously in rats.

In a related study, Naghizadeh et al. developed an injectable in
situ-forming hydrogel /microparticle system (Figure 8C).['%”] Ini-
tially, chitosan microparticles were loaded with two drugs, mela-
tonin and methylprednisolone. These microparticles were then
integrated into a hydrogel composed of oxidized alginate, car-
boxymethyl chitosan, and polyethylene glycol, using Schiff base
crosslinking. Upon implantation into rabbit knees with cartilagi-
nous defects, these drug-laden hydrogel/microparticle systems
showed promising therapeutic potential. Within 14 days, the ex-
pression of key marker genes increased, leading to elevated pro-
duction of chondrocytes within the damaged cartilage. Histolog-
ical analyses after 14 and 21 days showed a significant increase
in the amount of glycosaminoglycans. Six months postimplan-
tation, the repaired lesion closely resembled the surrounding
healthy tissue, indicating successful cartilage repair and hyaline
cartilage formation.

Hydrogels synthesized through Schiff base crosslinking
present promising avenues for immunotherapy, primarily due to
their anti-inflammatory and antimicrobial properties.l'®] For ex-
ample, a recent study formulated a hydrogel consisting of lipid
nanoparticles and a copper (II) Schiff base 8-hydroxyquinoline
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complex (Figure 8D).11%! Notably, this formulation led to a sig-
nificant reduction in TNFa activity in treated areas. This sug-
gests that the copper complex is effective in modulating key im-
mune cell activities while concurrently supporting collagen syn-
thesis. Furthermore, the hydrogel underwent tests for homo-
geneity, stiffness, and stability, all of which indicated no irritabil-
ity or toxicity on human cell lines. Additional findings from this
study revealed that the copper Schift base complex also signifi-
cantly reduced the expression of TNF-a and MMPs.l'%! In a par-
allel study, a hydrogel comprising tilapia gelatin, trivalent iron,
and 2,3,4-trihydroxy benzaldehyde was synthesized, also utiliz-
ing Schiff base reactions for crosslinking.[''] Their investigation
found that the hydrogel effectively lowered the levels of various
cytokines, including TNFa, IL-6, IL-10, and IL-1f, showcasing its
anti-inflammatory capabilities. Collectively, these studies under-
score the utility of Schiff base crosslinking in the development
of injectable hydrogels designed to modulate the inflammatory
response of immune cells. Although in the rat models, only the
wound healing ability of these hydrogels were studied, these hy-
drogels reduced the levels of proinflammatory cytokines includ-
ing TNFa, IL-6, IL-10, and IL-18. Several studies show the in-
fluence of reduced proinflammatory levels in cartilage repair.!'!]
Hence, further in vivo testing of these hydrogels for cartilage re-
pair would help in understanding their ability in OA treatment.
Additional examples of chemically crosslinked injectable hydro-
gels for OA treatment are listed in Table 2.1112713]

3.3. Dual Crosslinked Injectable Hydrogels

Dual crosslinking hydrogels can include structures with
physical-physical, physical-chemical, and chemical-chemical
networks.[¥l Due to the combination of the different crosslink-
ing methods dual crosslinked hydrogels provide a synergetic
effect resulting in enhanced mechanical strength, controlled
degradation properties, enhanced stability, and self-healing prop-
erties. These properties have made dual crosslinked hydrogel
a promising candidate for injectable hydrogel for biomedical
applications.

Yu et al. recently developed a dual crosslinked hydrogel
to overcome the poor mechanical properties and fast enzy-
matic degradation of HA for cartilage regeneration (Figure
9A).1%1 The injectable dual-crosslinking HA hydrogel was syn-
thesized by integrating Diels—Alder click chemistry and phenyl-
boronate ester bond. The Diels—Alder reaction provides me-
chanical strength and the phenyl boronate bonds impart in-
jectability, adhesion, and antidegradation properties to the hy-
drogel. In brief, an equimolar mixture of HA—furfurylamine—
3-aminophenylboronic acid (HA-Furan-PBA) and 4-arm-PEG—
maleimide (MAL) was mixed with HA-furan-dopamine hy-
drochloride (HA-furan-DA), creating ester bond between the
PBA and DA groups at pH 7.4 in few seconds.'*"] This was
followed by a Diels—Alder click chemistry between the furan
and MAL in the subsequent 1.5 h. The DC gel exhibited pH-
responsive behavior with regard to the pore size and swelling ra-
tio. Compared to the single crosslinked hydrogels, DC gels also
demonstrated excellent mechanical properties. Additionally, the
gels demonstrated self-healing ability, shear thinning behavior
for injectability, tissue adhesion, shape recovery, fatigue resis-
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tance, and controlled degradation. This hydrogel matrix also sup-
ported the survival, proliferation, and morphology of the encap-
sulated ATDC-5 cells.

Similarly, in a separate study dual dynamic covalent crosslink-
ing was employed to develop an injectable and self-healing hy-
drogel for treating OA (Figure 9B)."*!l These bonds were estab-
lished between 3-aminophenyl boronic acid-modified hyaluronic
acid (oHA-PBA) and PVA. The Schiff base bonds were formed
between amino groups of PBA and residual aldehyde groups of
oHA. Subsequently, the phenylboronic ester bonds are formed
between boronic groups of oHA-PBA and hydroxyl groups of
PVA. The dual crosslinked gel exhibited excellent injectability,
seal-healing, swelling, and stress relaxation properties along with
high compressive yield strength, oscillatory shear strengthening
properties, and low friction coefficient resulting in an excellent
lubrication effect. This effect could potentially alleviate the wear
and pain during friction of the joint surfaces. The in vitro experi-
ments conducted on gel incubated with ATDC5 mouse chondro-
cytes showed low toxicity and good biocompatibility by reducing
the oxidative stress and expression of proinflammatory cytokines.
An in vivo study conducted on mice with OA also revealed im-
proved mobility, and a lower level of inflammatory cytokine ex-
pression (TNFa and IL-1f) promoting ECM decomposition in the
joints within 4 weeks.

In a related study, Fan et al. developed a dual-crosslinked
hydrogel for cartilage defect repair using aldehyde methylene
sodium alginate (AMSA) and amino gelatin (AG) using Irgacure
2959 as photoinitiator (Figure 9C).['*?] The aldehyde group of
ASMA was crosslinked with an amino group of AG via the Schiff
base reaction within 120 s. Subsequently, a second crosslink was
formed when the gel was exposed to UV light at 365 nm. The dual
crosslinked hydrogel exhibited higher compressive modulus, and
slower degradation in PBS and collagenase solution compared
to the single crosslinked hydrogel. Loaded with KGN-conjugated
polyurethane nanoparticles (PN-KGN) and TGF-$3, it facilitated
the controlled release of biomolecules, promoting the MSC mi-
gration and cartilage regeneration. Upon injection into rabbits
with osteochondral cartilage defects, the hydrogel promoted the
migration of endogenous MSCs and the regeneration of hyaline-
like cartilage tissue within 12 weeks.

4, Conclusions

Osteoarthritis and cartilage repair are intricate processes orches-
trated by a complex interplay of biomechanical forces, inflam-
matory responses, and cell signaling pathways. A comprehen-
sive understanding of these multifactorial interactions and the
specific factors contributing to individual variations in disease
progression remains elusive, hindering the development of tar-
geted therapies. While hydrogel-based approaches have laid the
groundwork for drug delivery systems in OA treatment, tradi-
tional hydrogels suffer from limitations such as inadequate me-
chanical strength, poor tissue integration, and regeneration, re-
stricted sustained drug release, and scalability issues. However,
the advent of advanced injectable hydrogels offers a promis-
ing avenue for overcoming these limitations. Characterized by
biomimetic, self-healing, and tunable properties, these materials
address many shortcomings inherent in traditional hydrogel sys-
tems. By incorporating multicompartment drug delivery systems
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Table 2. Injectable hydrogels via chemical crosslinking.
Cargo Polymeric material Gelation mechanism Properties Refs.

Small drug molecules

Resveratrol Gelatin NHS-EDC chemistry Natural compound delivery to enhance the [112]
critical proteins activities for cell survival
proliferation and MSCs for improving the
regeneration of articular cartilage
Melatonin with kartogenin HA methacryloyl (HAMA), gelatin Radical photoinitiated Self-healing, biocompatibility [113]
methacryloyl (GelMA) crosslinking/host—
guest
interaction
Melatonin with Oxidized alginate, carboxymethyl Schiff base chemistry Promotion of chondrogenesis and cartilage [107]
methylprednisolone chitosan, and PEG microparticles regeneration in rabbit knees
Betamethasone Poly (lactic-co-glycolic acid) (PLGA) Emulsion-solvent Sustained drug release of water-soluble steroid [114]
nanospheres (300-490 nm) evaporation
Chondroitin sulfate Chondroitin sulfate multiple aldehyde Schiff base chemistry Self-healing, biodegradable, minimal [106]
(CSMA) and N-succinyl-chitosan inflammatory response in rats
(S9)
Celecoxib PCLA Ring-opening Biodegradable, biocompatible, slow release of [115]
(poly(-caprolactone-co-lactide))-PEG polymerization drug over time, thermo-responsive gel
(polyethylene glycol)—PCLA triblock
copolymer hydrogel
Rhein PLGA microparticles Emulsion-solvent Controlled release profile of drug, [116]
evaporation cytocompatibility of drug-loaded microspheres
Diflunisal and etodolac Multidomain peptide (MDP) hydrogel Self-assembly of In situ delivery of poorly water-soluble drugs, [117]
hydrophobic and prolonged drug release profiles due to
hydrophilic domains intrafibrillar drug encapsulation
Kartogenin N-(B-maleimidopropyloxy) succinimide NHS-EDC chemistry Thermosensitive, tunable, sustained release of [118]
ester- modified chitosan drug, cytocompatibility
Kartogenin with curcumin PLGA microparticles Oil-in-water Use of drug- and morphogen-loaded [119]
emulsion-solvent microparticles with stem cells for repair and
evaporation regeneration
Kartogenin with PLGA microspheres in methacrylated Radical photoinitiated Promoted cell proliferation, adhesion, and [120]
histidine—alanine-valine HA crosslinking differentiation using biomimetic peptides
and RGD
Diclofenac sodium GelMA microspheres coated with Water-in-oil emulsion Enhanced lubricating hydrogel microspheres, (127
N,N-dimethylacrylamide (DMA) and polymerization then controllable drug release in in vivo rat-knee
methacryloyloxyethyl photo crosslinking, dip model
phosphorylcholine (MPC) polymer coating
Diclofenac sodium Albumin microspheres Water-in-oil emulsion Biodegradability, lack of toxicity, and antigenicity [122]
polymerization of drug-loaded microspheres
Diclofenac sodium Gelatin microspheres Water-in-oil emulsion Slow drug release using microspheres [123]
polymerization
Diclofenac sodium and IPN hydrogels based of poly(ethylene Redox initiator system Temperature and pH-responsive hydrogel, good [124]
bovine serum albumin glycol) methacrylate, (APS/TEMED) mechanical strength, and stability under
N-isopropylacrylamide, and physiological conditions, cytocompatibility
methacrylated alginate
Paclitaxel PLGA microspheres (50 um diameter) Emulsion-solvent No significant effect on hemodynamic, increased [125]
evaporation trans synovial fluid forces and permeability to
fluid transport; minimal early joint
inflammatory reaction, and no gross or
histological abnormalities in the synovium or
cartilage.
Methotrexate Poly(L-lactic acid) (PLLA) microspheres Emulsion-solvent Biocompatibility, controlled release/delivery [126]
(62-83 pum diameter) evaporation
(Continued)
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Cargo Polymeric material Gelation mechanism Properties Refs.
Small drug molecules
Indomethacin Polymeric micelles of polyphosphazene Thermal ring-opening Sustained therapeutic efficacy and prolonged [127]
substituted with polymerization and drug concentration maintained in rats
poly(N-isopropylacrylamide) and dialysis method for
ethyl glycinate copolymers micelles
Naproxen or dexamethasone Oxidized dextran (Dex-ox), gelatin, and Reactive carbonyl Drug-dependent degradation/release profile, [128]
hyaluronic acid chemistry effective against the progression of
osteoarthritis and cartilage degeneration,
promoted cartilage regeneration in a rabbit
model
Cells
Mesenchymal stem cells Poly(ethylene glycol) diacrylate Michael addition No UV illumination for crosslinking, efficient [129]
(MSCs) (PEGDA), thiolated hyaluronic acid chondrogenesis in vitro, repair of
(HA) full-thickness cartilage defects in a rat model
after 8 weeks, hyaline cartilage formation
Adipose-derived stem cells Thiolated chondroitin sulfate (CS-SH), Thiol-ene Reduced stem cell inflammatory response, [130]
(ADSCs) hyperbranched PEG prolonged degradation properties, improved
cell viability, and chondrogenesis
Chondrocytes Thiolated hyaluronic acid (HA-SH) and Thiol-ene Promoted chondrocytes adhesion, spreading, [1371]
maleimided hyaluronic acid and proliferation, improved hyaline cartilage
(HA-Mal) formation, and proteoglycan secretion in vitro
and in vivo (nude mice)
Chondrocytes Dibenzocyclooctyl (DBCO)-modified NHS-EDC chemistry Flexible elastic modulus properties, development [132]
HA, HA-PEG4-DBCO of cartilage lacunae in mice after 5 weeks of
implantation without any signs of
inflammation
Chondrocytes Poly(ethylene oxide-co-glycidol)-CHO Schiff base Lifetime in vivo was greater than 3 months, no [104]
(poly(EO-co-Gly)-CHO), glycol dedifferentiation of chondrocytes was
chitosan observed after 2 weeks of in vitro culture,
maintenance of the chondrocyte phenotype
Bone marrow-derived Adipic dihydrazide (ADH)-modified Schiff base Effectively supported BMSC proliferation and [105]
mesenchymal stem cells poly(L-glutamic acid) (PLGA-ADH) deposition of glycosaminoglycans,
(BMSCs) and benzaldehyde-terminated upregulated the expression of
poly(ethylene glycol) (PEG-CHO) cartilage-specific genes, and repair of cartilage
defect in mice after 8 weeks
Fibrochondrocyte Tyramine (TA)-conjugated hyaluronic Enzyme-mediated Enhancement of cartilage-specific gene [81b]
acid (TA-HA) and gelatin expression
Chondrocytes Tyrosine-conjugated alginate sulfate Enzyme-mediated Redifferentiation of chondrocytes, adhesive to [133]
cartilage tissue
Mesenchymal stem cells Phenol-functionalized chitosan Enzyme mediated Expression of cartilage tissue markers, higher [134]
(MSCs) (CHPH) and hyaluronic acid (HAPH) propensity of MSCs differentiation into
cartilage-like cells
Immunotherapy
Betamethasone Sodium alginate-g-(QCL-co-HEMA) Free radical Biocompatible, sustained, and controlled release [135]
hydrogels polymerization
Anti-RANKL antibodies HA/PEG-based hydrogel Michael addition Reduction in activities of inflammatory cytokines [136]
and proteins, induce MSC maturation
Dexamethasone Nitric oxide responsive hydrogel Click cyclo-addition Sustained drug release, self-healing properties, [137]
reduction in nitric oxide levels
Chitosan Hydroxypropyl chitin hydrogel Amide linkage Efficient mechanical stability encourages MSC [138]
differentiation, encourages cell recruitment for
tissue regeneration
Anti-TNFa antibodies Tyramine-gellan gum hydrogel Amide bond formation Resistant to degradation, high levels of [139]

biocompatibility, successful inhibition of TNFa
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Figure 9. Dual crosslinked hydrogel. A) Hyaluronic acid (HA) modified dual crosslinked hydrogel formed using Diels—Alder click chemistry and phenyl
boronate ester bond. Dual crosslinking enhanced mechanical strength and imparted injectability, adhesion, and antidegradation properties to the hydro-
gel. The hydrogel matrix supported the survival, proliferation, and morphology maintenance of the ATDC-5 cells. B) Dual crosslinked hydrogel utilizing
the dynamic covalent bonds; Schiff base, and phenylboronic ester bond to develop an injectable self-healing hydrogel for OA therapy. In vivo study in
mice with OA showed improved mobility, lower level of inflammatory cytokine expression TNFa and IL-14, promoting ECM decomposition in the joints.
C) Aldehyde methylene sodium alginate (AMSA) and amino gelatin (AG) based dual crosslinked hydrogel utilizing Schiff base and photopolymerization
for cartilage regeneration. The hydrogel loaded with KGN-conjugated polyurethane nanoparticles (PN-KGN) and TGF-#3 promoted the regeneration of
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into these advanced polymeric materials, researchers are striving
to achieve sustained and targeted therapeutic release, a crucial
step toward effective OA treatment.

Furthermore, the dynamic and tunable mechanical proper-
ties of some shear-thinning biomaterials and synthetic hydrogels
hold promise for facilitating easier integration with surrounding
cartilage tissue, thereby promoting tissue regeneration. Never-
theless, overcoming hurdles related to fine-tuning the degrada-
tion kinetics of these hydrogels remains crucial for their success-
ful clinical translation. Researchers are actively exploring strate-
gies to achieve the optimal balance between on-demand degrada-
tion of hydrogel matrices for payload delivery of effective thera-
peutic dosages, tailoring the degradation profile to the in situ gen-
erated inflammatory responses. Additionally, ensuring the timely
replacement of injected materials with regenerative extracellu-
lar matrix is crucial for long-term therapeutic success. Some re-
searchers have taken this approach one step further by codeliv-
ering stem cells, differentiation factors, or recruitment factors
alongside therapeutic agents within the hydrogel matrix. This ap-
proach holds promise for achieving the next generation of OA
therapies, where degraded hydrogel materials are replaced by
newly formed cartilage tissue, orchestrating a regenerative heal-
ing process.

In conclusion, while challenges remain in optimizing
hydrogel-based approaches for OA treatment and cartilage
repair, significant progress has been made in recent years.
Advanced hydrogels with biomimetic, self-healing, and tunable
properties, coupled with innovative drug delivery systems and
codelivery strategies, offer promising avenues for overcoming
limitations inherent in traditional therapies. As research contin-
ues to unravel the complexities of OA and cartilage repair, these
advanced materials hold immense potential for paving the way
toward personalized and effective treatments.
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