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ABSTRACT
Osteoarthritis is a prevalent degenerative joint disease characterized by cartilage degradation, 
synovial inflammation, and subchondral bone alterations, leading to chronic pain and joint 
dysfunction. Conventional treatments provide symptomatic relief but fail to halt disease progres
sion. Recent advancements in biomaterials, molecular signaling modulation, and gene-editing 
technologies offer promising therapeutic strategies. This review explores key molecular pathways 
implicated in osteoarthritis, including fibroblast growth factor, phosphoinositide 3-kinase/Akt, and 
bone morphogenetic protein signaling, highlighting their roles in chondrocyte survival, extracel
lular matrix remodeling, and inflammation. Biomaterial-based interventions such as hydrogels, 
nanoparticles, and chitosan-based scaffolds have demonstrated potential in enhancing cartilage 
regeneration and targeted drug delivery. Furthermore, CRISPR/Cas9 gene editing holds promise in 
modifying osteoarthritis-related genes to restore cartilage integrity. The integration of regenera
tive biomaterials with precision medicine and molecular therapies represents a novel approach for 
mitigating osteoarthritis progression. Future research should focus on optimizing biomaterial 
properties, refining gene-editing efficiency, and developing personalized therapeutic strategies. 
The convergence of bioengineering and molecular science offers new hope for improving joint 
function and patient quality of life in osteoarthritis management.
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1. Introduction

Osteoarthritis (OA) refers to a prevalent, age-related, 
diverse set of illnesses described pathologically by 
discrete regions of articular cartilage loss in synovial 
joints, as well as various degrees of osteophyte devel
opment, subchondral bone alteration, and synovitis. 
OA is a commonly occurring condition associated 
with aging, affecting approximately 10–15% of the 
global population over the age of 60 and nearly 
500 million people worldwide. In the United States 
alone, 32.5 million adults are affected, making OA 
one of the leading causes of disability. It encom
passes a range of diseases characterized by the patho
logical loss of articular cartilage in synovial joints, 
along with the development of osteophytes, changes 
in subchondral bone, and inflammation of the syno
vial membrane. Joint damage is caused by 
a combination of systemic characteristics that 

increase an individual’s susceptibility to the disease 
and local mechanical factors that determine the 
extent and progression of the injury [1]. 
Osteoarthritic joint degeneration is linked to clinical 
problems; however, there is a weak relationship 
between the degree of joint disease and the severity 
of clinical symptoms [2]. The progression of OA is 
frequently gradual, but due to the limited regenera
tive capacity of cartilage, it ultimately results in the 
deterioration of joint function. Several risk factors 
have been associated with OA, including aging, 
mechanical stress, obesity, genetic predisposition, 
and traumatic joint injury. Despite extensive 
research, the exact underlying cause of OA remains 
unknown, and an effective cure has yet to be dis
covered [3].

The pathological changes associated with OA 
include articular cartilage fibrillation, thickening 
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of the subchondral bone, production of osteo
phytes, inflammation of the synovium, degenera
tion of the ligaments, and hypertrophy of the joint 
capsule [4]. Severe cases show subchondral sclero
sis and cysts on radiographs, along with micro
fractures and microcracks on microscopic 
examination. Maintaining chondrocyte homeosta
sis is key; disruptions lead to cartilage degradation. 
Understanding these mechanisms is vital for tar
geted therapeutic development and cartilage [5]. 
Presently, there’s no cure for OA, necessitating 
ongoing management. Recent advances in osteo
genesis and bone regeneration have highlighted 
the role of functional biomaterials in promoting 
tissue repair. Biomaterials such as hydrogels, 
nanomaterials, and bioengineered scaffolds have 
demonstrated significant potential in OA treat
ment by enhancing cell proliferation and extracel
lular matrix synthesis [6]. Additionally, 
electrospun fiber-based immune engineering has 
emerged as a promising strategy in regenerative 
medicine, where nanofiber scaffolds facilitate 
immune regulation and support cartilage regen
eration [7]. Beyond OA treatment, biomaterials 
have been extensively explored in reconstructive 
surgery and regenerative medicine, showcasing 
their versatility. For example, Asian facial recon
touring surgery and alveolar cleft reconstruction 
with vomerine bone grafting have demonstrated 
novel applications of biomaterials for tissue engi
neering [8–10]. Moreover, blood-derived bioma
terials, such as platelet-rich plasma (PRP), have 
shown promise in wound healing, cosmetic proce
dures, and fat grafting, though further standar
dized trials are required to validate their efficacy. 
The growing demand for facial rejuvenation treat
ments, including invasive and noninvasive proce
dures, has also fueled advancements in 
biomaterials, with noticeable variations in treat
ment preferences. The CRISPR/Cas system offers 
a promising avenue, allowing precise genome 
manipulation for tackling this condition. In 
healthy cartilage, chondrocytes maintain 
a delicate balance between anabolic and catabolic 
processes, disrupted by aging and joint degenera
tion. Understanding these mechanisms is crucial 
for targeted therapeutic development, aiming at 
biological approaches for cartilage regeneration in 
OA and related joint disorders [11]. These 

advancements reinforce the significance of bioma
terials and regenerative medicine in orthopedic, 
reconstructive, and aesthetic applications, empha
sizing the need for continued interdisciplinary col
laboration among experts in biology, clinical 
medicine, and biomaterial sciences.

The primary focus of this review is on the 
fundamental mechanisms underlying cartilage 
physiopathology. The main signals that can initiate 
cellular and molecular processes in cartilage degra
dation and regeneration will be discussed in detail. 
Understanding these mechanisms is essential for 
developing biological strategies to enhance carti
lage regeneration and identifying important patho
genic factors as specific therapeutic targets.

2. Osteoarthritis and its pathogenesis

Normal bone maintains its structure and density, 
with a smooth surface and healthy cartilage cover
ing the ends of bones at joints. Joint cartilage, or 
articular cartilage, is a specialized connective tissue 
that lines the ends of bones in synovial joints, 
providing a smooth, lubricated surface for move
ment while distributing mechanical loads to mini
mize stress on bones during motion. The 
extracellular matrix (ECM) of cartilage is highly 
resilient, primarily composed of water, collagen 
fibers, and proteoglycans. This unique composi
tion enables cartilage to withstand compressive 
forces and serve as an effective cushion within 
the joint. The cellular component of cartilage con
sists predominantly of chondrocytes, the specia
lized cells responsible for synthesizing and 
maintaining the ECM. These cells are embedded 
within small cavities called lacunae, where they 
produce essential structural components such as 
collagen and proteoglycans to preserve cartilage 
integrity and function [12–14]. Additionally, chon
drocytes regulate cartilage metabolism by respond
ing to mechanical signals and maintaining tissue 
homeostasis, ensuring the joint remains functional 
and resilient under varying load conditions. In 
contrast, OA affects bone by causing the break
down of cartilage, resulting in rough and uneven 
surfaces. The result of this disintegration may be 
the development of osteophytes, or bone spurs, 
around the affected joint shown in Figure 1. 
Additionally, OA can cause changes in bone 
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density, with areas of increased density (sclerosis) 
near the joint surface and cyst formation within 
the bone. Overall, osteoarthritic bone exhibits 
structural changes and alterations in density com
pared to normal bone. Early OA stages involve 
proteoglycan depletion and collagen disarray. As 
degradation progresses, cartilage ulceration 
releases proteoglycans into synovial fluid, reducing 
cartilage water content. Later stages are marked by 
significant loss in collagen, proteoglycan, and 
water content. Furthermore, the collagen network 
experiences major disruption [15]. The knee joint’s 
stability relies on various structures. Articular car
tilage, rich in type II collagen and proteoglycans, 
facilitates smooth joint movement and load distri
bution. The underlying subchondral bone, com
posed of mineralized type I collagen, provides 
mechanical support and absorbs shock. The 
menisci, with their water-rich collagen- 
proteoglycan composition, act as crucial shock 
absorbers, dampening mechanical forces and redu
cing joint stress. The synovial membrane plays 
a key role in joint lubrication by secreting synovial 
fluid, which contains essential components such as 
hyaluronic acid and lubricin. However, in OA, 
these protective mechanisms deteriorate, leading 
to increased mechanical stress and cartilage break
down. The weakening of the menisci, coupled with 
chronic synovial inflammation, contributes to 
meniscal tears and progressive cartilage erosion. 

The loss of cartilage integrity increases friction 
between joint surfaces, further accelerating 
damage. Notably, in the early stages of OA, proin
flammatory cytokines such as interleukin − 1 β 
(IL-1β) and tumor necrosis factor - α (TNF-α) 
drive synovial inflammation and matrix degrada
tion, exacerbating cartilage destruction and joint 
dysfunction [16]. 

2.1. Articular cartilage and the impact of 
mechanical loads

Articular cartilage is a thin, stretchable, load- 
bearing tissue that lines the bone extremities of 
diarthrodial joints. Its primary functions include 
stabilizing and guiding joint motion while distri
buting forces that occur during joint loading [17]. 
Additionally, it plays a crucial role in joint lubrica
tion. When external forces are applied, the carti
lage deforms, expanding joint contact regions and 
reducing contract stresses. This response is highly 
specific due to its unique composition and struc
tural properties [18]. Mechanical loading is essen
tial for maintaining cartilage health and 
functionality. Inadequate loading can lead to car
tilage atrophy, as regular mechanical stimulation is 
necessary to preserve proteoglycan content, a key 
component of the extracellular matrix. Reduced 
loading results in decreased proteoglycan levels, 
weakening the cartilage and increasing 

Figure 1. Cytokine-mediated inflammation and osteophyte formation in OA.
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susceptibility to degeneration. Furthermore, chon
drocytes, responsible for cartilage maintenance, 
rely on mechanical signals for proper function. 
Without adequate stimulation, chondrocyte activ
ity declines, impairing cartilage repair and regen
eration. Conversely, excess mechanical stress 
caused by overweight and obesity accelerates car
tilage wear, particularly in weight-bearing joints 
like the knees and hips. Excess body weight sig
nificantly increases joint loading, with each pound 
of weight exerting approximately four pounds of 
pressure on the knees. This heightened stress con
tributes to faster cartilage breakdown and OA pro
gression. Additionally, obesity is linked to systemic 
inflammation, as adipose tissue releases pro- 
inflammatory cytokines that exacerbate joint 
inflammation and cartilage degradation. Both 
inadequate mechanical loading and excessive 
weight negatively impact cartilage health, high
lighting the importance of maintaining a healthy 
weight and engaging in regular physical activity to 
reduce the risk of OA [19,20].

2.2. Chondrocyte dysfunction

Mitochondria play a crucial role in regulating cel
lular function and viability, significantly influen
cing the onset and progression of age-related 
diseases, including OA. Age-related modifications 
in mitochondrial function have been linked to 
accumulated mutations in mitochondrial DNA 
(mtDNA) and prolonged exposure to oxidative 
stress, both of which contribute to cellular dys
function. Articular cartilage, composed of chon
drocytes embedded in an extracellular matrix, 
relies on mitochondrial activity for energy produc
tion and redox balance. However, in OA, mito
chondrial dysfunction leads to excessive 
production of reactive oxygen species (ROS), caus
ing oxidative damage to cellular components. This 
oxidative stress disrupts chondrocyte homeostasis, 
triggering inflammatory responses and enhancing 
the activity of matrix-degrading enzymes such as 
matrix metalloproteinases (MMPs) and aggreca
nases. Therefore, chondrocytes undergo apoptosis, 
a programmed cell death process that results in 
a progressive decline in cell population. The loss of 
viable chondrocytes impairs extracellular matrix 
maintenance and accelerates cartilage degradation. 

This decline in cartilage integrity further exacer
bates joint dysfunction, contributing to OA pro
gression. Understanding the role of mitochondrial 
dysfunction in chondrocyte apoptosis provides cri
tical insights into potential therapeutic strategies 
aimed at preserving cartilage health and delaying 
OA-related joint deterioration [21–23].

2.3. The function of inflammation in 
osteoarthritis

OA is a joint condition characterized by inflam
mation, which is a key defense mechanism against 
infection. Factors such as genetic susceptibility, 
joint mechanical load, and inflammation can con
tribute to its progression [24,25]. In individuals 
with end-stage OA, synovial fluids contain higher 
levels of proinflammatory cytokines and chemo
kines. Chondrocytes, typically dormant cells, 
release proinflammatory cytokines, causing col
lagenases and aggrecans to break down cartilage 
as illustrated in Figure 1 [26,27]. In addition to 
releasing cytokines like interleukin-6 (IL-6) and 
IL-1β, activated immune cells like neutrophils 
and macrophages can also exacerbate inflamma
tion. OA also increases the infiltration of leuko
cytes in the synovium, particularly in the 
subintimal layer. Treatment targets cytokines 
TNF-α, interleukin-1 (IL-1), and IL-6, which are 
generated by chondrocytes, synoviocytes, macro
phages, and osteoblasts [28–30].

2.4. Osteophyte formation

Osteophytes are a characteristic of OA that are 
osseocartilaginous outgrowths near the margins 
of joints. They are derived from adult knee Gdf5- 
expressing embryonic joint interzone cells, which 
support cartilage regeneration and synovial hyper
plasia. In the early stages of development, human 
osteophytes in OA hip and knee joints express 
osteocalcin and have endochondral bone coated 
in a cartilage cap. In OA, progenitor cell subsets 
that reside in the joint respond to cues and coop
erate to become osteophytes [31,32]. A study by 
Ikufumi Takahashi et.al examined the histological 
effects of knee loading reduction on osteophyte 
development, synovitis, and cartilage degradation 
in early-stage OA. The study found that decreased 
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knee joint stress significantly slowed the course of 
OA [33].

2.5. OA anti-inflammatory drugs

Osteoarthritis management involves non – steroi
dal anti-inflammatory drugs (NSAIDs) like ibu
profen for pain relief, though long-term use 
poses risks. Corticosteroid and hyaluronic acid 
injections offer temporary relief but may impact 
cartilage health. Biologic agents such as TNF-α 
and IL-1 inhibitors target inflammation, while dis
ease-modifying drugs like sprifermin and licofe
lone aim to slow progression. Opioids provide 
severe pain relief but carry dependency risks. 
Nutraceuticals like glucosamine and omega-3s 
have mixed evidence. Emerging therapies, includ
ing monoclonal antibodies, PRP, and stem cells, 
hold promise. A multimodal approach combining 
pharmacological treatments, physical therapy, and 
regenerative medicine is essential for effective OA 
management [34]. In OA patients, IL-1 expression 
has been widely observed in the cartilage, syno
vium, and synovial fluid (SF). Genetic recombina
tion produces drugs that target the IL family, such 
as Anakinra and the monoclonal antibody AMG 
108, which targets the human IL-1 receptor type 1. 
TNF-α, which is generated by chondrocytes and 
synoviocytes in OA, is essential for controlling 
pain and structural damage [35,36]. Not only 
does TNF-α stimulate the production of nitric 
oxide (NO) and MMP, but it also plays a major 
role in increasing the production of proinflamma
tory cytokines including IL-6 and IL-8 [36]. One 
such drug is the fusion protein known as etaner
cept, which is a recombinant human necrosis fac
tor type II antibody. According to studies, 
etanercept injections, a TNF-α inhibitor, have 
been found to effectively reduce pain in OA 
patients compared to high molecular weight hya
luronic acid injections. This suggests that TNF-α 
plays a crucial role in OA-related pain and inflam
mation. In addition to etanercept, other TNF-α 
inhibitors, such as Infliximab and Adalimumab, 
are being evaluated for their potential benefits in 
OA treatment. While clinical studies on 
Infliximab’s efficacy in OA remain limited, its 
role in reducing systemic inflammation warrants 
further investigation. Beyond TNF-α inhibition, 

specialized pro-resolving mediators like resolvin 
D1 (RvD1), derived from omega-3 fatty acids, 
have shown promising anti-inflammatory and 
anti-apoptotic effects in OA. RvD1 helps regulate 
immune responses, reduce synovial inflammation, 
and protect chondrocytes from apoptosis, offering 
an additional therapeutic avenue for managing OA 
symptoms [37–39].

3. Osteoarthritis and its pathways

OA progresses through several stages, including 
pre-osteoarthritis, early, mild, moderate, and 
severe phases. At the molecular level, traumatic 
injury triggers mechanical imbalance and over
load, setting off multiple inflammatory signaling 
pathways, including poly adenosine diphosphate 
(ADP)-ribose (PAR)-synoviocytes, cyclooxygen
ase-2 (COX-2), inducible nitric oxide synthase 
(iNOS), and nuclear factor kappa B (NF-kB), all 
of which contribute to cartilage degeneration. 
Understanding chondrogenesis, the process by 
which cartilage develops and matures, provides 
insight into potential therapeutic interventions. 
Chondrogenesis progresses through four main 
stages: condensation, proliferation and differentia
tion, maturation, and terminal differentiation as 
shown in Figure 2. In the condensation phase, 
mesenchymal stem cells (MSCs) aggregate and 
are primed for differentiation under the influence 
of TGF-β, BMP-2, BMP-4, BMP-7, FGF-2, Sonic 
Hedgehog (Shh), and Wnt-3a, with Sox9 acting as 
a key transcription factor initiating chondrogen
esis. During proliferation and differentiation, 
chondroprogenitors expand and differentiate into 
chondroblasts, driven by IGF-1, FGF-2, BMP-2, 
BMP-4, and BMP-7, while Sox9, Sox5, and Sox6 
coordinate cartilage-specific gene expression. As 
the process advances to differentiation and 
maturation, chondrocytes develop and produce 
extracellular matrix components essential for car
tilage formation, regulated by BMP-2, VEGF, 
FGF-2, Wnt-4, Wnt-8, and β-catenin, with Sox9, 
Sox5, and Sox6 maintaining cartilage integrity. 
Finally, in terminal differentiation, chondrocytes 
undergo hypertrophy, contributing to cartilage cal
cification and bone formation, a transition con
trolled by Runx2, Osterix, and TCF/LEF-1, which 
promote matrix remodeling and mineralization. 
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This intricate interplay of molecular signals gov
erns cartilage formation and highlights potential 
therapeutic targets for osteoarthritis intervention.

3.1. FGF pathway

Cartilage degeneration in OA and degenerative 
disc disease can be targeted for therapy by inves
tigating molecular mechanisms involving FGF-2, 
FGF-18, and FGF-8, as shown in Figure 3, which 
highlights their crucial roles in cartilage health. 
Figure 3 illustrates a signaling pathway involved 
in cartilage repair, emphasizing the role of FGFR3 
(Fibroblast Growth Factor Receptor 3) in regulat
ing cartilage metabolism and inflammation. The 
pathway begins with Indian Hedgehog (IHH), 

a key regulator of cartilage development, whose 
activity is inhibited by GDC0449, an IHH inhibi
tor. This inhibition affects the downstream activa
tion of FGFR3, which plays a crucial role in 
cartilage homeostasis. FGFR3 is activated by high- 
affinity ligands such as FGF9 or FGF18 and is 
further influenced by FGF2, FGF21, and FGF23, 
all of which contribute to cartilage maintenance. 
Once activated, FGFR3 regulates several critical 
processes, including extracellular matrix (ECM) 
production, which is essential for maintaining car
tilage integrity. Additionally, it modulates pro- 
inflammatory mediators, helping control inflam
mation in the joint environment, while also regu
lating matrix metalloproteinases (MMPs), enzymes 
responsible for cartilage degradation. Furthermore, 

Figure 2. Stages of chondrogenesis and key regulatory factors.

Figure 3. Fibroblast growth factors in cartilage homeostasis and OA.
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FGFR3 plays a role in hypertrophic differentiation, 
a process affecting the growth and repair of carti
lage cells. Ultimately, these molecular interactions 
contribute to cartilage repair, highlighting the 
potential of targeting FGFR3-related pathways for 
therapeutic interventions in conditions such as OA 
and cartilage injuries.

These fibroblast growth factors (FGFs) regulate 
OA progression and cartilage homeostasis 
through their respective receptors, fibroblast 
growth factor receptor 1 (FGFR1) and fibroblast 
growth factor 3 (FGFR3). FGF-2 primarily inter
acts with FGFR1, leading to the upregulation of 
MMPs and aggrecanases, which promote cartilage 
degradation. Excessive FGF-2 activity inhibits 
proteoglycan synthesis and contributes to chon
drocyte clustering, a hallmark of OA pathology. 
In contrast, FGF-18 exerts an anabolic effect via 
FGFR3, enhancing ECM production, type II col
lagen synthesis, and chondrocyte proliferation, 
which facilitate cartilage repair. Meanwhile, 
FGF-8, also linked to FGFR1, plays a catabolic 
role in OA progression by stimulating MMP-13, 
an enzyme responsible for cartilage breakdown 
[40]. FGF-2’s impact on cartilage varies across 
species and age, with recent findings suggesting 
it may negatively influence human cartilage and 
intervertebral disc tissue by activating FGFR1 
[41]. Increased production of ECM degradation 
enzymes, inhibited ECM buildup and proteogly
can synthesis, and cell clustering are associated 
with arthritis. In articular cartilage ECM, 
a proteoglycan called perlecan binds FGF-2, 
which is produced in cartilage. Upon cartilage 
damage, released FGF-2 activates the ERK path
way. However, varied species studies yield incon
sistent conclusions regarding FGF-2’s role in 
ECM synthesis and cartilage homeostasis [42]. 
FGF-2 has anti-catabolic effects on cartilage in vi
tro, as it increases TIMP1 expression in mouse 
cartilage and decreases a disintegrin and metallo
proteinase with thrombospondin motifs 4 
(ADAMTS4) and (ADAMTS5) activity in human 
cartilage induced by IL-1. Additionally, FGF-2 
promotes mitogenic effects, aiding articular carti
lage regeneration in vivo in rabbit knee injuries 
[43]. The significance of FGF-2 in maintaining 
mouse articular cartilage is evident, as complete 
isoform ablation accelerates OA development, 

which is reversible with recombinant FGF-2. 
Interestingly, certain studies show that low mole
cular weight (LMW) FGF-2 isoform ablation 
offers protection against OA [44].

FGF-1 also plays a role in OA pathogenesis. 
Serum FGF-1 levels correlate positively with early- 
stage knee OA radiographic features, while its 
increased production in the synovial membrane 
is associated with late-stage OA development 
[41]. In a rat OA model, FGF-1 is induced in 
articular cartilage, and FGF-1 therapy in human 
chondrocytes increases MMP13 expression while 
suppressing aggrecan and type II collagen expres
sion. Additionally, FGF-1 inhibits cellular commu
nication network factor 2, suggesting catabolic 
effects on chondrocytes [45,46]. FGF-18, acting 
via FGFR3c, exhibits protective roles in OA. It is 
significantly expressed in the superficial zone of 
mouse cartilage, which is home to stem/progenitor 
cells. FGF-18 is an anabolic factor that preserves 
glycosaminoglycan in cartilage, essential for syno
vial joint formation, by upregulating TIMP1 
expression [47]. It enhances type II collagen and 
proteoglycan accumulation in porcine and human 
chondrocytes, promotes chondrogenesis, and aids 
cartilage repair in OA rat models. Furthermore, 
FGF-18 acts as a protective factor, safeguarding 
articular cartilage from degeneration [40]. In con
trast, FGF-8 has been associated with cartilage 
degeneration in some animal studies, though its 
exact effects on adult human cartilage and inter
vertebral disc (IVD) tissue remain unclear. 
Current evidence suggests targeting FGF-8 with 
antagonists, such as anti-FGF-8 antibodies, as 
a potential therapeutic strategy for cartilage degen
eration. Additionally, FGF-2/FGFR1 inhibition has 
been proposed as another promising therapeutic 
approach [43]. Other FGFs may also contribute to 
cartilage homeostasis. Reduced FGF-9 expression 
in human OA cartilage suggests a potential pro
tective role similar to FGF-18. Exogenous FGF-9 
treatment in mouse post-traumatic OA models 
reduces cartilage degradation and enhances osteo
phyte development, though further human studies 
are needed to confirm its role in clinical OA man
agement [48]. Meanwhile, FGF-7 and FGF-10, 
possibly acting via FGFR1b and FGFR2b, have 
been implicated in OA pathogenesis. Exogenous 
FGF-10 application leads to fusion of cartilaginous 
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phalanges in chick limb buds, suggesting its invol
vement in joint development and repair [42].

3.2. Akt Pathway

The Akt pathway, vital for cell survival, prolifera
tion, and differentiation, is crucial in OA patho
physiology. Phosphatidylinositol 3-kinase (PI3K), 
activated at the cell membrane, converts PIP2 to 
PIP3, initiating Akt signaling, pivotal in OA’s 
inflammatory and cartilage degradation processes. 
PIP3 is phosphorylated by mammalian target of 
rapamycin complex 2 (mTORC2) and the phos
phoinositide-dependent kinase 1 (PDK1). This 
process recruits and activates Akt, which is some
times referred to as protein kinase B (PKB) [49]. 
In OA, pro-inflammatory cytokines and enzymes 
that break down cartilage are induced by the 
nuclear factor-kappa B (NF-κB), which is regu
lated by Akt pathway. It promotes cell survival, 
inhibiting apoptosis that contributes to cartilage 
breakdown. Akt also modulates MMP activity, 
aiding cartilage matrix formation, and reduces 
inflammation by inhibiting inflammatory mole
cule production [50]. The diverse roles of the Akt 
pathway in OA highlight its significance as 
a research and treatment target. Further investiga
tion is vital to understand its therapeutic potential 
fully, considering its context-dependent functions 
across different cellular environments and disease 
stages [52].

The activation of receptors is a crucial compo
nent of the Akt pathway, which governs several 
downstream signaling pathways involved in OA 
progression, as illustrated in Figure 4, where pro- 
inflammatory molecules and catabolic enzymes 
(e.g. MMPs, cytokines) are highlighted in red, 
signifying their destructive effects on cartilage. 
Signaling molecules (e.g. PI3K, Akt, PIP3) are 
shown in blue, emphasizing their role in cellular 
communication and metabolic regulation. 
Meanwhile, protective or anti-apoptotic compo
nents (e.g. survival-promoting factors) appear in 
green, highlighting their function in chondrocyte 
survival and ECM maintenance. The phosphoi
nositide 3-kinase (PI3K)/Akt/mammalian target 
of rapamycin (mTOR) pathway plays a key role 
in chondrocyte survival, cartilage metabolism, 
and inflammation in OA [51]. Upon activation, 

PI3K converts phosphatidylinositol-4,5-bispho
sphate (PIP2) into phosphatidylinositol-3,4,5-tri
phosphate (PIP3), triggering Akt 
phosphorylation. Activated Akt regulates matrix 
metalloproteinases (MMPs), apoptosis inhibition, 
and inflammatory cytokine production, all of 
which influence cartilage degradation and joint 
inflammation.

Growth factor receptors, including cytokine 
receptors and insulin-like growth factor-1 (IGF-1), 
are linked to Akt activation. PIP3 recruits PI3K, 
a crucial regulator of protein synthesis and cell 
proliferation, to the cell membrane as a second 
messenger. There, it is phosphorylated by 
mTORC2 and phosphoinositide-dependent kinase 
1 (PDK1) [52]. Akt signaling inhibits chondrocyte 
apoptosis, crucial in OA pathogenesis, and pro
motes cartilage matrix synthesis via anabolic path
ways, aiding in collagen and proteoglycan 
production. Akt also helps maintain cartilage 
homeostasis in response to mechanical stress, 
while dysregulated MMP activity contributes to 
OA cartilage degeneration [53]. In addition to hav
ing anti-inflammatory properties, Akt activation 
can help manage OA by lowering the production 
of pro-inflammatory mediators. The Akt pathway’s 
significance in OA arises mostly from its function 
in controlling the activity of chondrocytes, or car
tilage cells and maintaining the homeostasis of car
tilage [54]. The Akt pathway, vital for cartilage 
integrity, shields chondrocytes from apoptosis in 
OA. It inhibits pro-inflammatory substances and 
promotes anabolism. However, dysregulated Akt 
activation can degrade cartilage via excessive cata
bolic enzyme synthesis exacerbated by mechanical 
stress. Factors such as obesity and joint injury can 
contribute to this. Aging also affects the Akt path
way’s activity, affecting osteoarthritis development 
and progression.

3.3. BMP pathway

The bone morphogenetic protein (BMP) path
way plays a crucial role in regulating bone and 
cartilage homeostasis, with its dysregulation 
being strongly associated with OA. BMPs, 
a group of growth factors within the transform
ing growth factor-beta (TGF-β) superfamily, are 
essential for bone development, repair, and 
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remodeling. This pathway contributes to both 
joint tissue maintenance and pathological 
changes, as illustrated in Figure 5. In healthy 
cartilage, BMP-2 and BMP-7 activate the Smad 
2/3 complex, which binds to Smad4 and translo
cates to the nucleus, upregulating the expression 
of type II collagen (Col2a1) and aggrecan 
(ACAN) – two key components that maintain 
ECM integrity and ensure cartilage health. 
However, excessive BMP signaling can contri
bute to OA progression by upregulating Indian 
hedgehog (Ihh) and runt-related transcription 
factor 2 (Runx2), which drive chondrocyte 
hypertrophy, osteophyte formation, and sub
chondral bone sclerosis – hallmarks of OA 
pathology. Additionally, BMP signaling interacts 
with Wnt/β-catenin and PI3K/Akt pathways, 
further influencing chondrocyte survival, 
inflammation, and cartilage degradation.

A study led by Liu and colleagues aimed to inves
tigate the function of bone morphogenetic protein 9 
(BMP9) in the chondrogenic development of 
mesenchymal stem cells generated from adipose tis
sue (ADMSCs). They evaluated Type II collagen and 
aggrecan expressions using RT-qPCR, western blot
ting, and BMP9 mRNA expression. For the experi
ment, mice with osteoarthritis were employed. An 
intra-articular injection of ADMSCs overexpressing 
BMP9 was administered to the OA-affected knee 
joint [55]. Using western blot analysis and RT- 
qPCR, the researchers then investigated the intra- 
articular expression of Type II collagen and aggre
can. They also measured the expression levels of 
Notch1 and Jagged1, two proteins linked to the 
Notch signaling pathway [55,56]). The overexpres
sion of BMP9 enhances the expression of Type II 
collagen and aggrecan and is essential for the differ
entiation of ADMSCs into chondrogenic tissue. 

Figure 4. PI3K/Akt/mTOR pathway in OA.
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Moreover, BMPs activate SMAD proteins, which are 
intracellular mediators crucial for gene regulation in 
chondrogenesis and osteogenesis [57]. The healing 
of cartilage in knee joints damaged by OA was 
reduced when Notch signaling was inhibited in 
ADMSCs (Hosaka et al., 2013). This shows that 
chondrogenic development in ADMSCs can be 
improved by upregulating BMP9 protein expression. 
BMP signaling also interacts with Indian Hedgehog 
(Ihh) pathways, influencing the differentiation of 
mesenchymal cells into chondrocytes [58]. In knee 
joints damaged by OA, intraarticular injection of 
ADMSCs via the Notch1/Jagged1 signaling pathway 
facilitates cartilage healing. BMP signaling upregu
lates Runx2, essential for osteoblast differentiation, 
promoting the differentiation of mesenchymal stem 
cells into osteoblasts [59]. An inhibitor of the Notch 
signaling system, LY411575, dramatically reduced 
the development of cartilage in ADMSCs [55]. 
Furthermore, BMP signaling enhances the expres
sion of collagen, particularly Type II collagen in 
chondrocytes and Type I collagen in osteoblasts, 
important for maintaining the extracellular matrix 
in cartilage and bone [60]. Liao et al. sought to 
determine if osteogenesis and angiogenesis coupling 
in MSCs was improved by concurrent stimulation of 
the BMP9 and Notch pathways [61]. In their 

investigation, MSCs were derived from immor
talized mouse adipose-derived progenitor cells 
(MADS). Adenoviral vectors introduced trans
genes dnNotch1, NICD, and BMP9. 
Immunohistochemistry and qPCR quantified 
gene expression. BMP9 increased Notch receptor 
and ligand expression in iMADs [62]. In vitro 
and in vivo BMP9-induced osteogenic differen
tiation was markedly amplified by the constitu
tively active expression of Notch1, NSD1. 
Addition of dominant-negative Notch1, 
dnNotch1, effectively inhibited this increase 
[63]. MSCs transduced with BMP9 and NICD1 
generated fully mature bone tissue with notable 
blood vascular development when implanted 
with a biocompatible scaffold [64]. Significantly 
elevated by NICD1, while dnNotch1 was inhib
ited, important angiogenic regulators produced 
by BMP9 in iMADS and VEGFA in the ectopic 
bone [61]. BMPs like BMP-2 and BMP-7 are 
potential disease-modifying agents for OA due 
to their roles in cartilage homeostasis and repair. 
They enhance collagen and proteoglycan pro
duction, stimulate anabolic responses in chon
drocytes, facilitate chondroprogenitor 
recruitment, and demonstrate chondroprotective 
effects in OA animal models [65,66].

Figure 5. Bone morphogenetic protein signaling in cartilage maintenance and OA progression.
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4. Biomaterial-based cartilage repair

4.1. Biomaterials and their molecular pathways 
in osteoarthritis treatment

Certain polymers used in fabricating adhesive 
hydrogels exhibit inherent biological functions, 
contributing significantly to OA therapy. Key 
functional components include hyaluronic acid 
(HA), gelatin, alginate, and chondroitin sulfate 
(CS), as outlined in Table 1, which summarizes 
their respective molecular pathways. The concen
tration of hyaluronic acid in the synovial fluid of 
osteoarthritic joints is typically lower compared to 
that in healthy joints. As a result, the FDA has 
approved intra-articular HA injections as 
a treatment for OA due to their ability to enhance 
joint lubrication and reduce inflammation [70]. 
HA plays a key role in suppressing the production 
of inflammatory mediators such as IL-1β, IL-6, 
and TNF-α, while also inhibiting matrix metallo
proteinases (MMPs) and prostaglandin E2 (PGE2) 
synthesis via CD44 receptor interactions. 
Additionally, HA downregulates p65 NF-κB and 
IκBα phosphorylation, which are activated by lipo
polysaccharides (LPS) through the intercellular 
adhesion molecule-1 (ICAM-1) receptor [67]. 
Studies using pig models have demonstrated that 
HA not only preserves the chondrogenic pheno
type but also modifies the trabecular structure of 
subchondral bone, reducing cartilage stress caused 
by mechanical impact [85]. Furthermore, HA 

facilitates cell migration and angiogenesis, contri
buting to tissue regeneration in a dose-dependent 
manner [70,86]. Incorporating HA into adhesive 
hydrogels enhances its biological benefits, making 
it a promising component for OA treatment [87]. 
Gelatin, a structural protein derived from collagen 
hydrolysis, is widely used in regenerative medicine 
due to its low immunogenicity and bioactive prop
erties. It contains the arginine-glycine-aspartic 
acid (RGD) sequence, which promotes cell adhe
sion, proliferation, and differentiation [88]. Recent 
findings indicate that gelatin-based substrates pro
mote chondrogenesis in bone marrow mesenchy
mal stem cells (MSCs), as evidenced by increased 
staining of chondrogenic markers [89]. Similarly, 
alginate, a naturally occurring polymer, plays 
a role in extracellular matrix (ECM) mineraliza
tion in vitro [90]. Research on animal models has 
shown that alginate-gelatin scaffolds exhibit excel
lent mechanical and relaxation properties, provid
ing a suitable microenvironment for ECM 
remodeling and stimulating cartilage differentia
tion [74,91–93].

Another crucial ECM component, chondroitin 
sulfate (CS), is essential for maintaining the micro
structure and mechanical integrity of the meniscus. 
A decline in glycosaminoglycan (GAG) content and 
collagen fiber organization compromises impact 
absorption and cartilage stability, accelerating OA 
progression [94]. Furthermore, metabolic altera
tions in osteoarthritic chondrocytes result in 

Table 1. Biomaterials and their molecular pathways in hydrogel-based OA treatment.
Biomaterials Biological function Molecular pathways Reference

HA Anti-inflammation; Pain relief. Interacts with TLR-2 and TLR-4, leading to a decrease in TNF,  
IL-1β, IL-17, MMP-13, and iNOS

[67–69]

Chondrogenesis; Inhibition of degradation; 
Adaptation to mechanical stress

Binds to ICAM-1, suppressing NF-κB and IL-1β; Interacts with 
CD44, reducing PGE2 while increasing HSP70

[68]

Promotion of angiogenesis Through CD44 binding, it downregulates IL-1β, which in turn 
reduces MMP-1, 2, 3, 9, and 13

[70,71]

Improvement of cell proliferation N/A [71,72]
Gelatin Cell proliferation N/A [73]
Alginate Aids in adapting to mechanical stress N/A [74]

Stimulates cell proliferation N/A [74,75]
Chondroitin 

Sulphate
Reduces inflammation, relieves pain, and 

enhances cell growth
Suppresses p38 MAPK and ERK1/2 signaling pathways [76–79]

Collagen Supports cartilage formation and reduces 
inflammation

Encourages T regulatory cell migration and anti-inflammatory 
cytokine production

[80]

Chitosan Exhibits tissue adhesion, antioxidant activity, 
and antibacterial properties

N/A [81]

Mussel adhesive 
proteins (MAP)

Tissue adhesion; Cell adhesion Facilitates DOPA-mediated interfacial bonding [82,83]

Fibrin glue Tissue adhesion; Cell delivery Relies on fibrinogen-thrombin interactions [84]
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a shift from oxidative phosphorylation to anaerobic 
glycolysis, triggered by nutrient stress. This transi
tion leads to the inhibition of 5’-AMP-activated 
protein kinase (AMPK) signaling, intensifying pro- 
catabolic responses to IL-1β and TNF-α, ultimately 
promoting cartilage degradation [22]. Additionally, 
chronic hyperglycemia is linked to the excessive 
accumulation of advanced glycation end products 
(AGEs) in joint tissues, which contributes to joint 
contracture development [95]. Notably, highly pur
ified CS has demonstrated the ability to suppress 
p38 mitogen-activated protein kinase (MAPK) and 
extracellular signal-regulated kinase 1/2 (ERK1/2) 
phosphorylation following stimulation by IL-1β, 
NF-κB, TNF-α, cyclooxygenase-2 (COX-2), and 
inducible nitric oxide synthase (iNOS) [76,95]. 
This inhibition helps alleviate inflammation caused 
by metabolic and mechanical imbalances, ultimately 
decelerating OA progression. Research on pig mod
els further confirms that CS incorporation into 3D 
fibrin-alginate hydrogels enhances cartilage matrix 
synthesis and chondrocyte proliferation, reinforcing 
its therapeutic potential in OA management 
[77,96].

4.2. Approaches to cartilage regeneration

Bioengineering integrates engineering and biologi
cal principles to create biological replacements for 
regenerating damaged tissues. Utilizing nanotech
nology, biomaterials, stem cells, and signaling bio
molecules, advances in biomedical engineering, 
particularly in 3D bioprinting, have significantly 
improved cartilage repair. 3D bioprinting is an 
advanced fabrication technology that enables the 
precise spatial arrangement of cells, biomaterials, 
and bioactive molecules to construct functional 
tissue structures. Unlike traditional scaffold-based 
methods, 3D bioprinting allows for controlled 
deposition of bioinks, facilitating the development 
of biomimetic tissue constructs with improved 
structural and biological fidelity. This technique 
enhances the potential for bioidentical tissue engi
neering by enabling the recreation of complex 
cartilage architectures essential for OA treatment 
[97]. Approaches to cartilage regeneration using 
static and dynamic culture systems and 3D bio
printing technologies are at the forefront of regen
erative medicine, offering solutions for cartilage 

repair and OA. Cartilage regeneration relies on 
the creation of an environment that can mimic 
natural cartilage tissue. Both static and dynamic 
culture systems as shown in Figure 6, which pro
vides the platform for growing cells in a way that 
supports tissue engineering. The major difference 
lies in how the environmental stimuli are provided 
to the cells. 3D bioprinting technology allows pre
cise deposition of cells and biomaterials in three 
dimensions to create constructs that mimic the 
structure and function of native cartilage. 3D bio
printing, utilizing techniques like extrusion, inkjet, 
laser-assisted, and stereolithography as shown in 
Figure 7, is revolutionizing the creation of com
plex cartilage structures. The combination of 
advanced bioprinting techniques with appropriate 
bioinks offers promising avenues for producing 
functional, durable cartilage tissues for clinical 
applications.

5. Biomaterials based cartilage regeneration 
and osteoarthritis treatment

Biomaterials serve as essential carriers for deliver
ing gene therapies to OA-affected tissues, facilitat
ing targeted and efficient treatment. The choice of 
suitable biomaterials is influenced by critical fac
tors such as biocompatibility, biodegradability, and 
mechanical properties, all of which play a pivotal 
role in ensuring the effectiveness and accuracy of 
gene therapy delivery to the intended site. Various 
biomaterials, including metallic implants, hydro
gels, nanoparticles, liposomes, micelles, and den
drimers, have shown significant potential in OA 
treatment. Their ability to enhance drug stability, 
facilitate controlled release, and improve cellular 
uptake makes them valuable tools in regenerative 
medicine. The importance of these biomaterials in 
OA therapy is highlighted in Table 2.

5.1. Metallic implant

Metallic implants are primarily used in orthope
dic applications for structural support, such as 
joint replacements or fracture fixation as shown 
in Figure 8. Metal elements are an essential com
ponent of our human bodies and present in an 
adequate amount such as Na, Ca, Mg, Zn, Co, Si 
etc [98]. The two types of biomaterials that are 
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typically used in attempts to decrease osteoporo
tic fractures are metallic implants and cements. 
Metallic materials like stainless steels, titanium 
alloys, and cobalt alloys are used in orthopedic 
treatments for surgical implants like plates, fixa
tion screws, and artificial joints. These materials 

have exceptional mechanical properties, making 
them ideal for load-bearing implants [117]. 
Cements are used to strengthen the hardware, 
while titanium implants have a high success rate 
[118]. The choice of implant composition made 
with the intention of enhancing osseointegration 

Figure 6. Conventional approaches for cartilage regeneration.

Figure 7. 3D bioprinting approaches for cartilage regeneration.
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is a key sign of the clinical success of the device 
[119]. Ti-based alloy (Ti–6Al–4 V), and many 
other metals (such as dental amalgam, tantalum, 
and gold combined with other ‘specialty’ metals) 
are currently the metal biomaterials that are ben
eficial in the biomedical area [120].

Osteosynthesis screws can be increased in dia
meter and locked osteosynthesis plates can be 
used for vertebral height restoration. New tro
chanteric and displaced intracapsular fractures 
can be created using implants like cannulated 
screws or expandable spacers [121]. Controlled 

Table 2. Comparison of biomaterials for OA treatment.
Biomaterials Roles in OA Mechanism Advantages Disadvantages Reference

Metallic 
implants

Provide durable and strong 
support for joint 
function; Often used in 
joint replacement 
surgeries

Offer long-term support for 
joint function; Potential 
for metal ion release into 
the bloodstream, causing 
inflammation and tissue 
damage; Risk of implant 
loosening or failure over 
time

Durable and strong, 
providing long-term 
support for joint 
function. Can be custom 
designed for individual 
patients. Often used in 
joint replacement 
surgeries

Potential for metal ion 
release into the 
bloodstream, causing 
inflammation and tissue 
damage. Risk of implant 
loosening or failure over 
time

[98]

Hydrogels Simulate the gel-like ECM 
of joint tissue; ensure 
sustained and controlled 
release of therapeutic 
agents.

Prevent cartilage 
degradation, stimulate 
cartilage repair, and 
inhibit synovial 
hyperplasia.

Possess a highly hydrated 
polymeric structure that 
mimics the ECM

Hydrogels derived from 
natural polymers have 
limited mechanical 
strength and are 
susceptible to enzymatic 
degradation; mechanical 
properties can be 
improved using synthetic 
polymers.

[99–102]

Nanoparticles Enable controlled and site- 
specific delivery of 
therapeutic agents; 
allow deeper 
penetration into 
complex joint structures.

Facilitate cartilage 
regeneration, alleviate 
inflammation, and 
provide pain relief.

Ability to pass through 
cartilage mesh (pore size 
of 60–200 nm), ensuring 
sustained drug release 
within the ECM; can be 
absorbed by 
chondrocytes and 
synoviocytes.

Rapid clearance by the 
synovial microvascular 
system; can be enhanced 
using targeted binding 
strategies; concerns 
regarding potential 
toxicity.

[103,104]

Microparticles Provide an optimal 
microenvironment for 
cell adhesion and 
proliferation; allow for 
controlled and 
prolonged release of 
therapeutic molecules.

Stimulate cartilage 
regeneration, reduce 
inflammation, alleviate 
synovial hyperplasia, and 
promote pain relief.

Microparticles smaller than 
10 µm are internalized by 
synovial macrophages 
and chondrocytes; larger 
particles (>10 µm) 
exhibit a slower 
clearance rate, remaining 
in the joint longer.

Unable to penetrate the 
ECM; prolonged 
retention may increase 
the risk of toxicity and 
adverse effects.

[105–108]

Liposomes Deliver bioactive molecules 
over an extended period 
while ensuring localized 
and targeted drug 
release.

Encourage tissue repair, 
modulate chronic 
inflammation, and 
support cartilage 
regeneration.

Capable of encapsulating 
both hydrophilic and 
hydrophobic drugs; 
exhibit excellent 
biocompatibility as lipids 
are naturally found in cell 
membranes; available in 
a variety of nano- and 
micro-sizes; function as 
both a drug delivery 
system (DDS) and a joint 
lubricant.

Susceptible to physical 
instability, which may 
lead to drug leakage.

[109–112]

Dendrimers 
and 
micelles

Ensure sustained and 
stable release of 
therapeutic agents; 
enhance drug solubility 
and stability.

Inhibit synovial hyperplasia, 
reduce inflammation, 
and accelerate cartilage 
repair.

Nanoscale size allows easy 
penetration into the 
ECM; well-controlled 
physicochemical 
characteristics (high 
monodispersity, defined 
functional groups, and 
strong cationic charges 
for cartilage targeting).

Cellular toxicity (hemolytic 
activity) due to excessive 
positive primary amine 
groups; biocompatibility 
can be improved through 
polyethylene glycol (PEG) 
modification.

[113–116]
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medication distribution is enabled by metallic 
and oxide nanoparticles as referred in Table 3, 
affixed to orthopedic implants and scaffolds, 
which can respond to stimuli. These nanoparti
cles can be coated or encapsulated in biodegrad
able or nonbiodegradable forms, such as poly- 
lactic acid (PLA), to facilitate targeted therapy 
and faster bone regeneration. Metal implants 
can release targeted metal elements into tissues 
at modest corrosion rates, providing specific 
biofunctions [142]. A new type of stainless 
steel, 316 L-Cu, has been developed to replace 
316 L used for stents. Copper ions can facilitate 
intraosseous vascular repair and collagen deposi
tion, benefiting osteogenesis. 317 L-Cu steel pro
moted osteogenesis, accelerating bone fusion 
and implant-bone bonding. It also has anti- 
bacterial properties, making it a suitable choice 
for developing a novel stainless steel [143]. 

5.2. Hydrogel

Hydrogels can be engineered with varied three- 
dimensional architectures, porosities, elastic prop
erties, and mechanical strengths by selecting spe
cific molecular monomer reagents and 
crosslinking them in aqueous environments using 

physical or chemical techniques, resulting in inso
luble network structures [144]. As biocompatible 
materials, hydrogels maintain high water retention 
due to their crosslinked networks, which exhibit 
complex physical and chemical characteristics. 
This unique structure allows hydrogels to replicate 
the extracellular matrix (ECM), fostering 
a supportive microenvironment for cell viability 
and tissue regeneration.

Hyaluronic acid is a linear polysaccharide and 
a fundamental component of cartilage ECM, 
extensively explored for its role in cartilage regen
eration and OA treatment [145]. It serves as 
a lubricant and plays a role in modulating inflam
matory responses, cell adhesion, migration, prolif
eration, differentiation, angiogenesis, and tissue 
regeneration [146–150]. In clinical practice, HA 
is commonly administered weekly as a visco sup
plement to alleviate pain [151]. Non-crosslinked 
hyaluronic acid (HA) solutions often lack struc
tural stability, resulting in short retention times 
and limited ability to deliver bioactive agents. To 
address this issue, HA is chemically modified to 
form hydrogels, improving its therapeutic poten
tial [152]. While HA-based hydrogels possess 
mucoadhesive properties, they typically exhibit 
weak tissue adhesion [153,154]. To enhance 

Figure 8. Clinical applications of metallic implants.
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Table 3. Metallic and metallic oxide nanoparticles in studies pertaining to bones.
S. No Type of nanoparticle Role Cells/animal models Used Outcome Reference

1 NPs Silver 75 nm Antibacterial action Rat model Reduced bacterial infection, 
promoting a healthier 
environment for cartilage 
healing

[122]

2 NPs of silver, 20–40 nm Antibacterial activity Mouse model Effective in reducing bacterial 
colonies, aiding in infection 
control

[123]

3 Silver nanoparticles 
and tannic acid

More prone to NPs, antibiofilm  
activity

In vitro biofilm model Significantly diminished 
biofilm formation, aiding in 
better joint health

[124]

4 Gold NPs Improve micro-CT visibility; strong  
osteogenic and cytocompatibility 
properties

Mouse model Enhanced visibility in imaging; 
Promoted bone 
regeneration and better 
biocompatibility

[125]

5 Gold NPs Targeted delivery to injured bone 
tissue

Rat model Focused treatment leading to 
better healing outcomes in 
damaged bone tissues

[126]

6 Gold Elevated ROS production In vitro cell culture model Improved oxidative stress 
response, promoting an 
environment conducive to 
cartilage repair

[127,128]

7 Gold Antimicrobial properties Mouse model Reduced microbial infection, 
helping maintain joint 
health

[129]

8 NPs of copper Antibacterial and antifungal 
properties; ROS production

Rat model, fungal culture 
model

Effective in reducing bacterial 
and fungal presence, 
fostering a supportive 
environment for cartilage 
regeneration

[130– 
132]

9 Cerium-oxide 
nanoparticles, 
Titanium oxide NPs, 
and Zinc oxide NPs

Antibacterial action In vitro bacterial culture 
model

Improved infection control, 
aiding in better joint and 
cartilage health

[133]

10 Tantalum Biocompatibility, low toxicity, and 
photoacoustic effect

Mouse model of tumors Enhanced imaging of tumors; 
Potential for targeted 
therapy in osteoarthritic 
conditions

[134]

11 Ta2O5 High affinity for articular cartilage due 
to coulombic attraction

In vitro cartilage affinity 
model

Better integration and repair in 
cartilage applications

[135]

12 SPIONs Osteogenic, chondrogenic, and 
adipogenic differentiation; MRI 
detection

Bone marrow-derived stem 
cells (BMSCs) and 
adipose-derived stem 
cells (ADSCs)

Improved visualization and 
tracking of stem cells in 
joint tissues; Promoted 
cartilage and bone 
formation

[136]

13 SPIONs Reduced adipogenic and osteogenic 
differentiation with increased 
concentrations; easier detection of 
stem cells

hADSCs and BMSCs Easier detection of stem cells, 
reduced differentiation and 
survival with higher SPION 
concentrations

[137]

14 Zinc-oxide 
Nanoparticles

Damage to membrane integrity and 
ROS generation

Bacterial culture model Improved oxidative stress 
response and microbial 
control

[138]

15 Zinc-oxide 
Nanoparticles

Antimicrobial mechanism via 
hydrogen peroxide

Bacterial culture model Enhanced control over 
microbial presence, 
promoting a healthier joint 
environment

[139]

16 Composite of Ag-ZnO ROS generation and release of Ag+ 

and Zn
In vitro cell culture model Enhanced microbial control 

and oxidative stress 
response, aiding in cartilage 
repair

[140]

17 Zinc-oxide nanocatalyst Production of OH−, H2O2, and 
additional ROS

In vitro cell culture model Improved oxidative stress 
response, supporting 
cartilage health

[141]

16 S. P. HIRUTHYASWAMY ET AL.



retention and effectiveness, various functional 
adhesive groups such as catechol, methacrylate, 
aldehyde, tyramine, and o-nitrobenzyl alcohol 
have been incorporated into HA [155–159]. This 
modification significantly strengthens HA-based 
hydrogel adhesion, improving integration between 
newly formed cartilage and host tissue, thereby 
enhancing therapeutic outcomes. Chen et al. 
[160] chemically modified HA by incorporating 
aldehyde groups and employed photo- 
crosslinking techniques to create an adhesive 
hydrogel with stronger adhesion than fibrin glue. 
In vivo studies confirmed that these HA-based 
adhesive hydrogels facilitated superior cartilage 
regeneration and better integration with host tis
sue than non-adhesive alternatives.

Alginate, derived from brown algae or bacteria, 
is widely used in biomedical applications due to its 
biocompatibility and easy gelation [147]. However, 
alginate hydrogels tend to have poor tissue adhe
sion, requiring chemical modifications to improve 
their bonding ability [90]. One of the most com
mon modifications involves oxidizing alginate 
polymer chains to introduce aldehyde groups, 
enabling crosslinking with amino-containing 
molecules to form adhesive hydrogels. Since algi
nate-based hydrogels have great potential for cell 
and gene delivery [74,147], they are also employed 
in cartilage regeneration and OA treatment. 
Kreller et al. [148] developed a 3D-printed hydro
gel using oxidized alginate and gelatin (ADA-GEL) 
for cartilage tissue engineering. ADA-GEL exhib
ited high structural stability, allowing it to be 
printed into complex scaffolds that encapsulate 
cells while mimicking the hierarchical structure 
of native cartilage, making it a promising approach 
for OA therapy. Besides natural crosslinking with 
amino-containing biomolecules, synthetic poly
mers with amino groups can also be linked to 
aldehyde-modified alginate. Yan et al. [161] 
designed injectable adhesive hydrogels by cross
linking aldehyde-modified alginate with hydra
zide-modified poly (L-glutamic acid). By 
modifying solid content and oxidation levels, 
these hydrogels displayed adjustable mechanical 
properties and degradation rates. Compared to 
direct chondrocyte injections, chondrocyte-loaded 
adhesive hydrogels facilitated the formation of 

cartilage-like tissue, better maintaining its shape 
and structural integrity.

Chitosan, obtained through the partial deacety
lation of chitin [162], is widely recognized for its 
versatility, biocompatibility, biodegradability, and 
antimicrobial properties, making it a key material 
in tissue engineering and regenerative medicine. 
As illustrated in Figure 9, chitosan scaffolds play 
a crucial role in cartilage regeneration, supporting 
tissue repair and structural integrity. Additionally, 
chitosan exhibits unique biological properties, 
including tissue adhesion, antioxidant activity, 
antibacterial effects, and anticancer potential, 
making it the only naturally occurring polysac
charide with a positive charge [81]. Beyond these 
intrinsic properties, chitosan can be chemically 
modified to expand its applications, resulting in 
derivatives such as thiolated chitosan and hydro
xyalkyl chitosan. Scognamiglio et al. [163] synthe
sized a lactose-modified chitosan hydrogel (CTL- 
hydrogel) using boric acid crosslinking. This chit
osan-based adhesive hydrogel exhibited greater 
stability than traditional HA solutions, offering 
longer-lasting visco-supplementation for OA treat
ment. Additionally, lactose-modified chitosan dis
played antioxidant properties, making CTL- 
hydrogel an effective reactive oxygen species 
(ROS) scavenger, further enhancing its therapeutic 
potential for OA therapy.

Chondroitin sulfate is a sulfated glycosamino
glycan (GAG) consisting of N-acetylgalactosamine 
and glucuronic acid, playing a crucial role in the 
cartilage ECM. It is known for its anti- 
inflammatory, antioxidative, and anti-apoptotic 
properties, while also stimulating the production 
of hyaluronan, collagen, and glucosamine. 
Additionally, CS helps prevent ECM degradation 
and has long been used as a dietary supplement for 
OA to reduce pain and promote cartilage regen
eration. Despite having some tissue adhesion cap
abilities due to hydroxyl, carboxyl, and amide 
groups, its adhesion strength is relatively low 
[164]. To improve its tissue-binding properties, 
CS is chemically modified with functional adhesive 
groups such as thiol and aldehyde.

Gelatin, a water-soluble natural polymer, is 
derived from collagen hydrolysis. Collagen plays 
an important role in joint protection by mobilizing 
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T regulatory cells and encouraging the production 
of anti-inflammatory cytokines [165,166]. 
Collagen-based hydrogels have been investigated 
for their potential in repairing OA-related cartilage 
defects due to their ability to stimulate the expres
sion of essential ECM molecules such as Agc1, 
Col2α1-IIa, and SOX9, which contribute to carti
lage formation [167]. However, these hydrogels 
lack mechanical strength and degrade quickly 
[168]. Furthermore, due to collagen’s low water 
solubility and thermostability, the complex chemi
cal modification process has restricted its use in 
developing adhesive hydrogels for OA treatment 
[169]. Gelatin, in contrast, has gained attention in 
tissue regeneration due to its excellent biocompat
ibility, biodegradability, low immunogenicity, high 
water solubility, and ease of modification [170]. 
Gelatin-based materials also adhere to tissues 
through electrostatic interactions, mediated by 
amino and carboxyl groups. Zhang et al. [171] 
designed gelatin microcryogels to deliver 
mesenchymal stem cells (MSCs), significantly 
improving MSC retention in the knee joints of 
mice when compared to direct MSC injections. 
However, non-covalently crosslinked gelatin 
alone has insufficient mechanical strength. To 

overcome this, gelatin is often combined with 
aldehyde-containing materials to create adhesive 
hydrogels for OA therapy [161,172]. Moreover, 
gelatin’s amino and carboxyl groups can be che
mically modified to further enhance its adhesive 
properties. Lim et al. [173] modified gelatin using 
tyramine and methacryloyl to develop a highly 
adhesive hydrogel through photo-crosslinking, 
which improved adhesion strength by 15-fold 
compared to methacrylated gelatin (GelMA). The 
hydrogel encapsulating articular chondroprogeni
tor cells demonstrated an increased collagen type- 
II/I ratio, indicative of chondrogenic 
differentiation.

Mussel adhesive proteins (MAPs), secreted by 
marine mussels, enable strong adhesion to various 
surfaces in turbulent aquatic environments 
through DOPA-mediated interfacial bonding. 
These proteins have been widely studied for their 
applications in wound healing and cell adhesion 
[174,175]. Stem cell therapy has been explored for 
cartilage regeneration in OA treatment for over 
two decades, but challenges such as low cell viabi
lity and unintended cell dispersion remain. Studies 
have shown that adipose-derived stem cells (ASCs) 
immobilized using MAPs exhibit improved 

Figure 9. Development of chitosan based bioproducts in the treatment of OA.
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retention on chondral defects compared to fibrin 
glue-secured ASCs. Ko et al. [176] used MAP- 
based adhesives to firmly attach human ASCs 
with enhanced chondrogenic potential to damaged 
cartilage sites, extending their survival and pro
moting differentiation into chondrocytes. This 
prolonged stem cell retention may enhance ther
apeutic effectiveness by ensuring sustained para
crine signaling and improved engraftment.

Fibrin glue is a two-component topical hemo
static agent and tissue adhesive, consisting of fibri
nogen and thrombin. Commercially available since 
the late 1970s, it is FDA-approved for multiple 
applications, including hemostasis, securing burn 
wound grafts, and sealing colon defects. Fibrin 
networks resemble natural ECM, providing excel
lent biocompatibility, biodegradability, and cell- 
binding properties [84]. Clinical research suggests 
that implanting MSCs using fibrin glue enhances 
OA treatment efficacy compared to MSC implan
tation alone, as determined by the International 
Cartilage Repair Society grading system [177]. 
However, since fibrin glue components are derived 
from human or animal blood, there is a potential 
risk of serological disease transmission.

5.3. Nano scale particles

Nanoparticles have emerged as a versatile and 
efficient strategy for delivering small molecules in 
OA therapy. These nanocarriers enable precise 
encapsulation and controlled release of therapeutic 
agents, improving treatment accuracy and efficacy 
[178]. Their unique physicochemical properties, 
including size, surface charge, and hydrophobicity, 
can be tailored to enhance their performance and 
maximize therapeutic benefits. Among various 
polymeric materials used for fabricating nanopar
ticles, poly(lactic-co-glycolic acid) (PLGA) is one 
of the most extensively studied due to its biocom
patibility and biodegradability, making it well- 
suited for biomedical applications [179]. PLGA 
nanoparticles have demonstrated great potential 
in targeted drug delivery for OA management. 
For instance, Kim et al. [180] designed rebami
pide-loaded nanoparticles using methoxy poly 
(ethylene glycol)-b-poly(D, L-lactide) (mPEG- 
PDLLA) and PLGA polymers to achieve sustained 
drug release. In in vitro studies, these 

nanoparticles effectively downregulated mRNA 
levels of pro-inflammatory mediators, including 
IL-1β, IL-6, TNF-α, MMP-3, MMP-13, and 
cyclooxygenase-2, in a dose-dependent manner. 
Additionally, in vivo experiments demonstrated 
that intra-articular administration of rebamipide- 
loaded nanoparticles resulted in the greatest 
reduction in inflammatory mediator mRNA levels 
compared to other treatment methods. 
Macroscopic, radiographic, and histological assess
ments further confirmed that these nanoparticles 
effectively inhibited cartilage degeneration, outper
forming both oral rebamipide administration and 
rebamipide solution injections. These findings 
highlight that delivering rebamipide through intra- 
articular injections, particularly when encapsulated 
in PLGA nanoparticles, helps reduce inflamma
tion, prevent cartilage breakdown, and slow OA 
progression.

Beyond delivering anti-inflammatory drugs, 
PLGA nanoparticles have been engineered to 
enhance chondrogenesis and cartilage repair. 
One notable example is p66shc, a protein highly 
expressed in OA cartilage, which plays a key role 
in disease progression. The use of p66shc small 
interfering RNA (siRNA)-loaded PLGA nanopar
ticles allows for sustained release, prolonging its 
presence within the joint microenvironment. In 
vivo studies revealed that p66shc inhibition via 
siRNA-loaded PLGA nanoparticles significantly 
reduced pain behavior, minimized cartilage 
degradation, and suppressed inflammatory cyto
kine production in OA rat knee joints. These 
findings suggest that p66shc siRNA-loaded 
PLGA nanoparticles may be an effective thera
peutic strategy for OA management [181]. In 
addition to their ability to deliver targeted thera
pies, polymeric nanoparticles offer several key 
advantages for OA treatment. Their nanoscale 
size allows for efficient penetration into dense 
joint spaces, ensuring precise delivery to affected 
tissues. Additionally, their controlled-release cap
abilities enable a sustained therapeutic effect, 
reducing dosing frequency while optimizing 
drug bioavailability. Furthermore, modifications 
to nanoparticle surface properties can enhance 
their stability, cellular uptake, and interaction 
with joint tissues, further improving overall treat
ment efficacy.
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5.4. Liposomes

Liposomes, which can be designed in tunable 
micro- or nano-sized structures, offer the ability 
to encapsulate both hydrophilic and hydrophobic 
drugs within their aqueous core and phospholipid 
bilayer, respectively. Additionally, due to the 
lubricating properties of phospholipids (PLs), 
liposomes can serve a dual function by enhancing 
joint lubrication while delivering therapeutic 
agents. For instance, distearoylphosphatidylcho
line (DSPC) liposomes enabled the controlled 
release of glucosamine (GAS) for a duration of 
up to 14 days, effectively reducing the coefficient 
of friction (CoF) to 0.03, which is significantly 
lower compared to water (0.3).This dual effect 
improved both drug retention and lubrication. 
Although DSPC-GAS liposomes demonstrated 
only slightly better results than free GAS, they 
effectively reduced inflammatory and catabolic 
markers in TNF-α-stimulated chondrocytes, 
including IL-1β, IL-6, and MMP1 mRNA. At the 
same time, they enhanced mRNA expression of 
aggrecan and type II collagen (COL II) within 
24 hours due to the controlled release of GAS 
from the delivery system. These findings high
light the chondroprotective properties of liposo
mal formulations [182]. Yeh et al. demonstrated 
that incorporating specific therapeutic agents into 
liposomes enhanced drug uptake in bone tissue 
[183]. Frisbie et al. investigated the effectiveness 
of diclofenac liposomal cream (DLC) in horses 
with OA and found that treatment led to 
a notable decrease in radial wrist sclerosis and 
cartilage degradation. The study also revealed 
a notable increase in glycosaminoglycan content 
within the articular cartilage while simultaneously 
lowering prostaglandin E2 (PGE2) levels. 
Furthermore, no treatment-related side effects 
were reported, confirming the safety and thera
peutic potential of liposomal formulations for OA 
management [184]. Furthermore, Sivan et al. 
explored the effectiveness of liposomes formu
lated with various phosphatidylcholines (PCs) as 
high-performance cartilage biolubricants. One of 
the key advantages of liposomes is their ability to 
protect encapsulated drugs from metabolic degra
dation, thereby extending their half-life. By 

modifying their size or surface properties, often 
through polyethylene glycol (PEG) conjugation, 
liposomes can achieve prolonged circulation 
times. Moreover, specifically engineered lipo
somes can be designed to target particular cells 
or anatomical locations such as the cartilage sur
face, synovial membrane, or articular space [185]. 
Compared to free drugs, liposomal formulations 
have been shown to significantly reduce cytotoxi
city and adverse effects, further underscoring 
their potential in OA therapy.

5.5. Micelles and dendrimers

Micelles, characterized by their core – shell struc
ture, have emerged as highly promising carriers 
due to their excellent biocompatibility and con
trolled drug release properties. Matsuzaki et al. 
examined the potential of rapamycin-loaded 
micelles for OA therapy through intra-articular 
(IA) injection [186]. Compared to gelatin hydro
gels alone, rapamycin-micelles exhibited long- 
lasting therapeutic effects, maintaining signifi
cantly lower OA scores over time. Similarly, 
Zhang et al. developed amphiphilic micelles to 
encapsulate indomethacin, a commonly used non
steroidal anti-inflammatory drug (NSAID). 
Polymeric micelles have emerged as a versatile 
and effective platform for delivering small mole
cules in OA treatment [114]. These self-assembling 
nanostructures, composed of amphiphilic poly
mers, enhance the solubility, stability, and con
trolled release of hydrophobic drugs, making 
them highly suitable for OA therapy. 
A distinctive feature of polymeric micelles is their 
ability to encapsulate hydrophobic drugs within 
their core structure. When dispersed in an aqu
eous medium, the hydrophobic segments of 
amphiphilic polymers cluster together to form 
a central core, while the hydrophilic segments 
create a protective outer shell, stabilizing the 
micelle structure. This unique configuration 
enhances drug solubility, while also protecting 
the encapsulated drugs from enzymatic degrada
tion and premature release.

Among various polymeric micelles, polyethylene 
glycol (PEG)-based micelles have attracted signifi
cant interest for their applications in OA drug 
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delivery [187]. PEG-poly(lactic acid) (PEG-PLA) 
micelles combine PEG’s hydrophilic properties 
with PLA’s biodegradability, providing an efficient 
drug delivery platform. The PEG shell extends 
micelle stability and circulation time, while the 
PLA core serves as a carrier for small molecules. 
Dexamethasone, a potent anti-inflammatory drug, 
has been successfully encapsulated in PEG-PLA 
micelles, offering localized and sustained release to 
reduce inflammation and pain in OA patients. 
Similarly, PEG-poly(caprolactone) (PEG-PCL) 
micelles have demonstrated strong potential for 
OA therapy [115]. These micelles combine the bio
compatibility and stability of PEG with the high 
drug-loading capacity and biodegradability of poly
(caprolactone) (PCL), forming an effective drug 
delivery system. Key anti-inflammatory molecules 
such as 9-aminoacridine (9AA) and caffeic acid 
(CA), which contribute to cartilage regeneration, 
have been successfully incorporated into PEG-PCL 
nanomicelles [116]. These nanomicelles shield 9AA 
and CA from enzymatic degradation, enabling 
a controlled and sustained release, ensuring pro
longed therapeutic action within the joint 
environment.

Dendrimers, derived from the Greek word den
dron, meaning ‘tree,’ feature a highly branched 
three-dimensional (3D) architecture comprising 
a core, an interior, and a shell. These nanocarriers 
are designed to encapsulate and dissolve hydro
phobic drugs within their interior structure. Due 
to their water solubility, polyvalent nature, and 
uniform nanoscale structure, dendrimers can effi
ciently penetrate biological barriers and enable 
controlled drug delivery. Their therapeutic poten
tial in OA treatment has been widely explored. 
Research has demonstrated that polyamidoamine 
(PAMAM) dendrimers loaded with indomethacin 
can selectively target inflammatory sites in 
arthritic rat models [185]. Hu et al. [188] investi
gated the use of PEGylated PAMAM dendrimers 
as carriers for kartogenin (KGN), a small molecule 
known to stimulate chondrogenesis. Two types of 
KGN-loaded dendrimers were developed: one 
where KGN was conjugated to the PAMAM sur
face (PPK) and another where KGN was linked to 
the PEG end group (KPP). Both formulations had 
a diameter of less than 40 nm. After intra-articular 
(IA) injection into healthy and OA-affected knee 

joints, cyanine 7-PEG-PAMAM signals were 
detectable for up to 21 days in rats, whereas free 
Cy7 signals disappeared within 24 hours. 
Importantly, cells treated with KPP displayed the 
highest expression of chondrogenic markers, sug
gesting that the enhanced therapeutic effects of 
KGN were attributed to the prolonged retention 
of dendrimers within the joint cavity.

6. CRISPR/Cas9 in osteoarthritis and their 
limitations

The CRISPR/Cas system offers an advanced tool 
for genome editing for the treatment of OA and 
other degenerative joint conditions. The term 
‘clustered regularly interspaced short palindromic 
repeats,’ which was first identified during research 
on prokaryotes’ adaptive immune system, is abbre
viated as CRISPR [187]. Its mechanism, which is 
similar to the memory cells found in the human 
immune system, is regarded to be a helpful way 
used by bacteria and archaea to remember knowl
edge about phage viruses and then destroy them 
on repeated contacts. The CRISPR system enables 
precise modifications to be made at specific geno
mic sites in both prokaryotes and eukaryotes, 
including deletions, insertions, substitutions, and 
other alterations, when combined with other pro
teins, particularly endogenously produced 
enzymes like Cas in prokaryotic cells.

A synthetic guide RNA was created to enhance 
CRISPR-mediated genome editing efficiency. This 
RNA facilitates Cas9 endonuclease cleavage by 
hybridizing with target DNA [189]. The protospa
cer adjacent motif (PAM) is needed for Cas9 pro
tein binding. By using endogenous promoter 
sequences, like CRISPR, in anti-inflammatory 
therapies like rheumatoid arthritis, genome editing 
technologies have the potential to transform cell- 
based anti-cytokine therapy. In a recent study, 
using the CRISPR-Cas9 genome editing technique, 
a stem cell system that targets cytokines and is self- 
regulating in mouse induced pluripotent stem cells 
(iPSCs) was developed [190]. The potential for 
induced pluripotent stem cells (iPSCs) to differ
entiate into various cell types in the future. The 
primary goal of these modified cells was to tran
scribe soluble receptors for TNF - α (sTNFR1), 
interleukin-1 receptor antagonist (IL1Ra), or 
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luciferase (used as a control) using the built-in 
promoter for macrophage chemoattractant pro
tein-1 (Ccl2). This was carried out under feedback 
control. Considering the significance of the Ccl2 
and NF-kB signaling pathways in the development 
and progression of pain and structural degenera
tion in OA, using this could be a viable therapeutic 
approach [191].

Researchers Seidl et al. used CRISPR gene edit
ing techniques to increase collagen type 2 expres
sion in human articular chondrocytes, a key 
component in OA treatment. They transfected 
the MMP13 gene into HACs, reducing MMP13 
protein levels and enzymatic activity. The study 
found that genetic changes at the MMP13 locus 
resulted in a 50% efficiency rate. The cells geneti
cally engineered to express MMP13 produced 
more collagen type 2, crucial for maintaining car
tilage structural integrity and joint functionality. 
The findings suggest that CRISPR gene editing 
could be a viable treatment option for OA [192].

Mutations in mitochondrial genes are linked to 
OA, and genome editing techniques can be used to 
fix these mutations and restore healthy mitochon
drial DNA (mtDNA). This approach aims to pro
mote mitochondrial function while reducing OA 
symptoms. Researchers have used CRISPR/Cas9 to 
target Cox1 and Cox3 in mtDNA, suppressing cell 
growth and modifying the potential of the mito
chondrial membrane. However, modifying 
mtDNA using CRISPR/Cas9 is challenging due to 
the double-layered mitochondrial membrane. 
Researchers hope to repair the damage caused by 
the MT-TK mutation in mt-tRNALys, potentially 
helping cure mitochondrial diseases caused by 
anomalies in mtDNA [193].

6.1. The molecular targets of CRISPR/Cas9 in the 
context of therapeutic intervention for 
osteoarthritis

The potential of cell therapy in the treatment of 
OA is considerable; nevertheless, the efficacy of 
repairing articular cartilage by stem cell-based 
approaches might be impeded by the presence of 
inflammation. To proficiently administer OA, it is 
necessary to evaluate and focus on inflammation 
and its correlated components. Several research 
institutions are actively exploring the potential of 

CRISPR/Cas9 technology for osteoarthritis (OA) 
treatment. This gene-editing tool is extensively 
utilized in the field of genetic engineering [190]. 
IL-1β, a pro-inflammatory cytokine, is predomi
nantly produced by neutrophils and plays a crucial 
role in inflammatory processes. The overexpres
sion of IL-1β results in the upregulation of many 
genes that are related with OA as well as other 
cytokines, such as TNF-α. Presently, the therapy of 
OA mostly centers on the inhibition of TNF-α. 
Nevertheless, the efficacy of these therapies is con
strained because of the involvement of TNF-α in 
several physiological processes. It is noteworthy 
that the exposure to TNF-α results in heightened 
production of IL-1β in human articular cartilage 
(hAC) [194,195]. The IL-1β cytokine receptor 
(IL1-R1) was successfully inhibited in human 
articular chondrocytes (hACs) by Karlsen et al. 
(2016) to investigate its impact on inflammation 
and hACs’ ability to redifferentiate after being 
exposed to IL-1β [196].

A puromycin-resistance gene was simulta
neously introduced, and the IL1-R1 receptor gene 
was specifically disrupted using the CRISPR/Cas9 
system on human articular chondrocytes (HACs) 
isolated from cartilage tissue. Spotting and isolat
ing cells that have the necessary knockout pheno
type has been made easier with the help of genetic 
editing techniques. Subsequently, the knockout 
cell colonies were subjected to exposure with 
recombinant IL-1β and TNF-α in order to evaluate 
their respective reactions [194]. Certain findings 
demonstrated that the introduction of recombi
nant IL-1β resulted in a notable escalation of 
inflammation within the control group, aligning 
with the anticipated outcome. Nevertheless, within 
the experimental group in which the IL1-R1 gene 
was eliminated, the administration of recombinant 
IL-1β failed to elicit any observable indications of 
inflammation. This suggests that blocking IL1-R1 
in vitro in articular cartilage cells before reintrodu
cing them into the body could potentially enhance 
the outcomes of cell therapy [190].

In contemporary scientific pursuits, there has 
been a notable focus on the manipulation of cel
lular senescence using gene-editing techniques. 
The study conducted by Ren et al. provided evi
dence of the significant influence of altering CBX4 
in mitigating cellular senescence, hence providing 
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beneficial outcomes in the context of OA [197]. 
The transcriptional co-activator known as YAP 
has the capability to modulate the activity of the 
FOXD1 transcription factor. Based on contempor
ary study findings, the activation of YAP can 
increase the expression of FOXD1, therefore pre
senting a viable approach to mitigate OA through 
the reduction of cellular senescence. Subsequent 
investigations pertaining to the modification of 
connexin 43 have shown that the attenuation of 
cellular senescence has promise in augmenting the 
regeneration capacities of cells and enhancing the 
quality of tissues within the framework of OA 
[190,198]. The use of CRISPR/Cas9 technology 
has enabled the discovery of additional targets 
that can be potentially targeted for therapeutic 
treatments. Using CRISPR/Cas9 technology to dis
rupt the hyaluronan synthase 2 (HAS2) gene in rat 
chondrocytes demonstrated how important the 
glycosaminoglycan hyaluronan is for the preserva
tion of aggrecan, a proteoglycan that is essential 
for preserving the articular cartilage’s ability to 
function properly. Consequently, the CRISPR/ 
Cas9 system can offer important insights into the 
molecular processes necessary for preserving the 
health of joint tissue which showed a promising 
therapeutic intervention [199,200].

6.2. CRISPR/Cas9 system and biomaterial 
based gene delivery

Hydrogels have gained recognition as a versatile 
platform for gene delivery in OA, allowing for 
multiple administration methods, including direct 
intra-articular injection or implantable hydrogel 
scaffolds that provide sustained release of gene 
therapy. The success of hydrogel-based gene deliv
ery is influenced by several critical factors, such as 
biocompatibility, biodegradability, mechanical 
strength, and the ability to encapsulate and effi
ciently release therapeutic genes [201–205]. 
Among the different hydrogel systems investigated 
for gene therapy in OA, chitosan-based hydrogels 
have demonstrated significant therapeutic poten
tial. Chitosan, a biodegradable polysaccharide 
derived from chitin found in crustacean exoskele
tons, is widely recognized for its excellent biocom
patibility and ability to deliver nucleic acids 
effectively [206]. These hydrogels can undergo 

chemical modifications to improve their ability to 
target specific tissues. Man et al. designed a hybrid 
scaffold consisting of chitosan hydrogel and demi
neralized bone matrix (DBM) to promote cartilage 
regeneration in a rabbit model [207,208]. Both 
in vitro and in vivo studies demonstrated that 
allogenic chondrocyte transplantation using the 
chitosan – DBM scaffold effectively repaired carti
lage damage in a single-step procedure. Another 
study demonstrated the potential of hyaluronic 
acid hydrogels for gene therapy by successfully 
delivering the CRISPR/Cas9 system into mesench
ymal stem cells in vitro. This approach enabled 
precise gene editing, promoting cartilage regenera
tion. Additionally, other hydrogel-based gene 
delivery platforms, such as hyaluronic acid, algi
nate, and fibrin-based hydrogels, have been 
explored for OA treatment [74,209]. Preclinical 
studies have shown promising outcomes for these 
gene delivery systems, demonstrating their ability 
to effectively encapsulate and transport therapeutic 
genes. However, additional research is necessary to 
thoroughly assess their safety, efficacy, and long- 
term clinical viability.

A recent breakthrough involved the use of PAsp 
(MTAS-NLS-co-DMH), a cationic polymer com
plex, to create nanoparticles by binding them with 
plasmids encoding the CRISPR activation 
(CRISPRa) system, which were subsequently trans
fected into MC3T3-E1 cells. Once inside the cells, 
the pH-sensitive dimethyl-histidine (DMH) moi
ety triggered lysosomal rupture, allowing the 
nanoparticles to escape into the cytoplasm through 
the proton sponge effect. Following this, the 
nuclear-localizing peptide NLS-MTAS directed 
the plasmid into the nucleus, enabling the expres
sion of mRNAs encoding the dCas9 protein and 
sgRNA. To create an injectable format for the 
CRISPRa-engineered MC3T3-E1 cells, researchers 
synthesized a dual cross-linked hyaluronic acid 
hydrogel using Schiff-base and azide – alkyne 
cycloaddition reactions. This innovative system 
utilized a slow-reacting aldehyde-oxyamine conju
gation combined with a rapid N3-DBCO (diben
zocyclooctyne-succinimide ester) conjugation, 
ensuring high cellular uptake efficiency and con
trolled cell release. As anticipated, the scaffold 
significantly improved calvarial bone healing by 
enhancing both angiogenesis and osteogenesis 
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in vivo. The simultaneous activation of TGF-β1 
and VEGF-A genes resulted in greater bone for
mation compared to the activation of a single gene 
[210]. These findings underscore the tremendous 
potential of hydrogel-based gene therapy in advan
cing OA treatment.

6.3. PAM recognition of CRISPR

The requirement of a protospacer adjacent motif 
(PAM) sequence poses a significant limitation 
when utilizing SpCas9-based systems for OA ther
apy, as SpCas9 specifically recognizes the PAM 
sequence 5’-NGG-3“ [211]. To overcome this con
straint and expand the targeting range, researchers 
have explored various Cas9 orthologs that recog
nize different PAM sequences. Several alternative 
Cas9 variants have been explored, including 
SaCas9 (5”-NNGRRT-3“), StCas9 (Streptococcus 
thermophilus Cas9, 5”-NAG-3“), SauriCas9 
(Staphylococcus auricularis Cas9, 5”-NNGG-3“), 
CjCas9 (5”-NNNNRYAC-3“), and NmeCas9 
(Neisseria meningitidis Cas9, 5”-NNNNGATT-3’), 
each recognizing distinct protospacer adjacent 
motifs (PAMs) [212–215]. In addition to exploring 
orthologous Cas9 variants, researchers have engi
neered SpCas9 through directed evolution and 
site-specific mutations to reduce its strict PAM 
dependency.

Phage-assisted continuous evolution (PACE) to 
modify SpCas9, leading to the discovery of 
mutants capable of recognizing the NRNH PAM 
sequence. Meanwhile, through high-throughput 
analysis and rational design, researchers have 
developed SpG (5’-NG-3“) and SpRY (5”-NRN 
-3“ > 5”-NYN-3’) variants, which exhibit expanded 
PAM recognition capabilities [216]. These variants 
have already been effectively utilized in genome 
editing in rice, demonstrating high efficiency in 
modifying multiple genomic sites. Additionally, 
base editors and prime editors (PEs) derived 
from SpRY have been developed, enabling precise 
DNA modifications without introducing double- 
strand breaks (DSBs) while maintaining broad 
compatibility [217–220].

Recently, PESpRY was utilized to correct muta
tions associated with retinitis pigmentosa (RP). In 
this study, RP mice carrying PDE6B gene muta
tions were treated with a dual adeno-associated 

virus (AAV) vector system delivering the PE- 
SpRY tool. The treatment successfully restored 
functional PDE6B protein expression, rescued 
neural photoreceptor cells, and significantly 
improved the visual function of the affected mice 
[221]. These advancements have significantly 
broadened the scope of CRISPR/Cas technology, 
enabling greater flexibility in genome targeting. 
Notably, SpRY has shown the capability to edit 
nearly all genomic regions without being restricted 
by PAM sequences. However, its efficiency in 
recognizing 5’-NYN-3’ PAM sites remains subop
timal, emphasizing the need for further refinement 
or the development of new Cas9 orthologs to 
completely eliminate PAM limitations. 
Overcoming this challenge would pave the way 
for more adaptable and precise genome-editing 
approaches in OA therapy [222].

6.4. Off-target effects

A major challenge in genome editing technologies 
is the occurrence of genome-wide off-target 
effects, which result in unintended modifications 
in non-targeted genomic regions. To improve the 
specificity of SpCas9, researchers have engineered 
several high-fidelity variants, such as eSpCas9, 
SpCas9-HF1, and HypaCas9, using rational pro
tein design to effectively minimize off-target activ
ity. However, these modifications have also 
resulted in decreased cleavage kinetics and 
reduced editing efficiency [223,224]. To maintain 
on-target activity while minimizing off-target 
effects, further improvements can be achieved 
through targeted evolution or advanced rational 
design. Furthermore, discovering and analyzing 
new CRISPR/Cas systems from natural sources 
could lead to the development of advanced gen
ome-editing tools with enhanced precision for tar
geting OA-associated genes.

Base editors also exhibit off-target effects, which 
can be categorized as Cas-dependent and Cas- 
independent. Cas-dependent off-target effects 
arise from the nonspecific binding of Cas proteins, 
where high-fidelity Cas9 variants such as eSpCas9, 
SpCas9-HF1, and HypaCas9 improve specificity by 
reducing mismatch tolerance in single-guide RNA 
(sgRNA). Alternative approaches, such as sgRNA 
truncation and circularly permuted Cas9 
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architectures, have shown promising results in 
reducing Cas9-dependent off-target effects [225]. 
On the other hand, Cas-independent off-target 
effects result from the random binding of deami
nases to either DNA (as seen in cytidine base 
editors, CBEs) or RNA (affecting both CBEs and 
adenosine base editors, ABEs). Several cytidine 
deaminase variants have been engineered to 
reduce Cas-independent DNA off-target activity, 
including AALN-BE4, YE1 rAPOBEC1-BE, cA3A- 
BE3, PpAPOBEC1, RrA3F, AmAPOBEC1, 
SsAPOBEC3B, A3Bctd-VHM-BE3, and A3Bctd- 
KKR-BE3 [226–231]. Likewise, specific variants 
have been designed to minimize Cas-independent 
RNA off-target activity, such as SECURE-BE3, 
YE1 rAPOBEC1, cA3A-BE3, PpAPOBEC1, 
RrA3F, AmAPOBEC1, and SsAPOBEC3B 
[227,228,230,232]. In adenosine base editors, engi
neered variants like ABE7.10 (F148W), 
ABEmaxAW/QW, SECURE-ABE, and ABE8e 
(V106W) have demonstrated improvements in 
reducing Cas-independent RNA off-target activity 
[233,234]. Further modifications to ABE8e led to 
the development of ABE9, which narrows the edit
ing window while significantly reducing off-target 
activity in both RNA and Cas9-independent DNA 
editing [235].

Recent studies have also highlighted potential 
concerns with RNA-editing tools. Expressing 
LwaCas13a or PspCas13b in zebrafish embryos 
has been linked to toxic effects, raising safety con
siderations for their broader application [236]. As 
interest in RNA editing continues to grow, newly 
discovered Cas13 variants, such as Cas13X (775 
amino acids) and Cas13Y (790 amino acids), 
have emerged from the class 2 type VI CRISPR 
system. These newly identified enzymes are nota
bly smaller than existing Cas13 proteins (~1100 
amino acids) and have demonstrated efficient 
functionality in mammalian cells [237]. However, 
their off-target collateral activity has not yet been 
fully assessed. To mitigate concerns related to col
lateral cleavage by Cas13 enzymes, researchers 
have developed engineered variants, including 
hfCas13d and hfCas13×. These modified enzymes 
preserve on-target RNA degradation while signifi
cantly minimizing collateral effects, enhancing the 
safety of RNA editing and expanding its potential 
applications [238]. Overall, advancements in 

genome and RNA editing technologies are con
tinuously refining precision while minimizing 
unintended modifications. Continued research 
and optimization of these tools will be essential 
for ensuring their safe and effective application in 
OA therapy and other genetic disorders.

7. Challenges and future direction

7.1. Challenges in biomaterial-based OA therapy

Despite the promising advancements in hydrogel- 
based and nanotechnology-boosted biomaterials 
for OA treatment, several challenges hinder their 
widespread clinical application. These challenges 
primarily revolve around drug delivery, biocom
patibility, mechanical properties, targeted penetra
tion, and regulatory hurdles. One of the significant 
obstacles is optimizing drug concentration and 
retention time within hydrogels. While hydrogels 
offer sustained drug release at the OA site, rapid 
drug loss due to synovial fluid turnover and joint 
movement limits their therapeutic efficacy. This 
necessitates repeated intra-articular injections, 
which are not only invasive but may also induce 
joint inflammation, reducing patient compliance. 
Achieving an ideal hydrogel system that maxi
mizes drug retention while minimizing injection 
frequency remains an ongoing challenge in bioma
terials research.

Another major issue is the mechanical property 
limitations of hydrogels. Although these biomater
ials mimic the ECM of cartilage, traditional hydro
gels often lack the required mechanical strength to 
endure continuous joint loading and compression 
forces. The mismatch between hydrogel properties 
and native cartilage restricts their durability and 
overall functionality in vivo. Thus, enhancing 
hydrogel strength while maintaining their biocom
patibility is a crucial aspect of research. Alongside 
mechanical considerations, biocompatibility and 
immune response risks also pose significant chal
lenges. Exogenous stem cells incorporated into 
hydrogels show promise for cartilage regeneration; 
however, immune rejection remains a concern. 
While strategies inducing endogenous stem cell 
proliferation appear safer, the scarcity of these 
cells makes achieving adequate regeneration diffi
cult. Additionally, nanoparticles used in drug 
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delivery must ensure safety, avoiding toxicity or 
unintended accumulation in non-target tissues, 
which could lead to adverse systemic effects.

Efficiently directing nanoparticles and hydrogels 
to the affected cartilage while minimizing impact 
on surrounding tissues is another key challenge. 
Given that cartilage is avascular, targeted drug 
delivery remains complex. Furthermore, the extra
cellular matrix structure of cartilage acts as 
a natural barrier, hindering the penetration of 
therapeutic agents. The multifaceted nature of 
OA, which involves synovial inflammation, sub
chondral bone changes, and progressive cartilage 
degradation, further complicates effective target
ing. Overcoming these hurdles requires the devel
opment of advanced targeting mechanisms, 
including bioactive surface modifications and 
smart delivery systems capable of responding to 
OA-specific microenvironments.

Beyond these biological and mechanical chal
lenges, regulatory and clinical translation barriers 
also limit the adoption of hydrogel and nanotech
nology-based treatments. While many of these 
therapies have demonstrated success in preclinical 
studies, only a few have progressed to clinical 
trials. The regulatory approval process for bioma
terials, particularly nanotechnology-enhanced 
therapeutics, is highly stringent, requiring exten
sive biocompatibility and efficacy evaluations. 
Issues such as potential toxicity, immunogenicity, 
and long-term stability must be rigorously 
addressed before these therapies can be widely 
adopted in clinical settings. Establishing standar
dized testing protocols and frameworks specific to 
these innovative materials is critical to facilitating 
their clinical translation. Overcoming these chal
lenges through interdisciplinary collaborations and 
continued research will be key to realizing the full 
potential of hydrogels and nanotechnology in 
revolutionizing OA treatment.

7.2. Future directions in OA treatment with 
biomaterials

To enhance hydrogel-based drug delivery, 
researchers are exploring advanced modifications, 
including novel cross-linking techniques, bioadhe
sive materials, and stimuli-responsive elements. 
Smart hydrogels capable of responding to pH, 

temperature, or enzymatic activity can release 
drugs in a more controlled manner, aligning with 
the progression of OA. Additionally, hybrid 
hydrogels that integrate natural and synthetic 
polymers may improve mechanical properties 
while maintaining biocompatibility, ensuring 
both durability and therapeutic efficacy. In paral
lel, nanotechnology is being integrated into hydro
gel systems to improve drug retention and targeted 
delivery. Functionalizing nanoparticles with sur
face ligands that bind to specific cartilage biomar
kers enhances precision in drug targeting. The use 
of nanocarriers, such as lipid-based or polymeric 
nanoparticles, further enhances drug solubility, 
bioavailability, and controlled release. 
Additionally, microneedle technology offers 
a promising alternative to traditional intra- 
articular injections, allowing for minimally inva
sive and more efficient drug delivery to the joint.

Advancements in 3D bioprinting technology are 
revolutionizing OA treatment by enabling the cus
tomization of hydrogel structures tailored to indi
vidual patient needs. By incorporating patient- 
specific stem cells and growth factors, 3D-printed 
hydrogels offer a personalized approach to carti
lage regeneration. Furthermore, microfluidic tech
nology is being explored to engineer hydrogel 
particles with precise size and structure, optimiz
ing their integration within the cartilage matrix. 
Beyond standalone hydrogel therapies, combina
tion treatments are emerging as a powerful strat
egy to enhance therapeutic outcomes. By 
integrating hydrogel-based approaches with other 
cutting-edge therapies, such as gene editing 
(CRISPR/Cas9) and regenerative medicine, long- 
term solutions for OA may be achieved. For 
instance, hydrogels loaded with chondrogenic 
growth factors and genetically modified stem 
cells could significantly enhance cartilage repair 
while mitigating inflammation. Moreover, bioac
tive coatings on implants combined with hydrogel- 
based drug delivery systems may further improve 
post-surgical outcomes in OA patients.

Addressing the biomechanical limitations of tra
ditional hydrogels is another critical area of 
research. The development of hydrogels reinforced 
with nanofibers, self-healing polymers, and nano
particles like graphene oxide or silica can enhance 
mechanical strength and resilience. Injectable 
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hydrogels with immediate gelation capabilities 
may improve integration into the joint environ
ment, while bioinspired superlubricating hydrogels 
that mimic natural synovial lubrication could 
reduce friction between cartilage surfaces, thereby 
improving joint function. Despite these promising 
advancements, clinical translation remains a major 
hurdle. Establishing standardized testing protocols 
and regulatory frameworks tailored to hydrogel 
and nanotechnology-based OA treatments is 
essential for accelerating their adoption. 
Collaboration between material scientists, clini
cians, and regulatory authorities will be crucial in 
streamlining the approval process. Additionally, 
conducting long-term safety studies and large- 
scale clinical trials is necessary to validate the 
efficacy and safety of these innovative therapies, 
ultimately paving the way for their widespread 
clinical implementation.

8. Conclusion

OA formation is believed to have a significant 
hereditary component, with studies indicating 
that at least 30% of the risk of developing the 
condition is genetically determined. Gaining 
insights into these genetic factors could lead to 
the development of more precise and effective 
treatments. In this regard, future adhesive 
hydrogel-based therapies should be engineered 
to provide strong integration for mechanical 
stability and optimized additive distribution, 
while also enabling adjustable adhesion between 
implants and cartilage tissue under diverse con
ditions. Additionally, these hydrogels should 
support biological activities through functional 
components or additives, enhancing their ther
apeutic impact. Advancements in hydrogel and 
nanotechnology-based therapies present 
a promising frontier in OA treatment by offer
ing improved drug delivery, enhanced tissue 
regeneration, and minimally invasive applica
tion. These innovations address the limitations 
of conventional treatments; however, challenges 
such as limited drug retention, mechanical defi
ciencies, immune response risks, and regulatory 
barriers must be overcome for successful clinical 
implementation. Future research must focus on 
developing smart, biocompatible hydrogels with 

enhanced mechanical properties, integrating 
nanotechnology for targeted drug delivery, and 
leveraging 3D bioprinting for personalized OA 
treatment. Furthermore, combining hydrogel- 
based therapies with regenerative medicine, 
gene editing, and bioactive coatings on implants 
could provide comprehensive solutions for car
tilage repair. While clinical translation remains 
a significant hurdle, ongoing advancements in 
biomaterials science, bioengineering, and inter
disciplinary collaborations will drive the devel
opment of more effective, long-term OA 
therapies. Addressing these challenges and 
exploring innovative treatment strategies will 
enable hydrogel and nanotechnology-based 
approaches to revolutionize OA management, 
significantly improving patient outcomes and 
offering a new standard in joint health and 
repair.

Acknowledgments

This review was supported by the Vellore Institute of 
Technology, Vellore, through technical and financial assis
tance. We gratefully acknowledge their funding and our 
institution’s resources, which made this work possible.

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

This review work was supported by the Vellore Institute of 
Technology, Vellore under a seed grant [SG20230131] 
awarded to Kanagavel Deepankumar.

Author Contribution

Kanagavel Deepankumar: conceptualization, methodology, 
supervision, writing – review & editing. Pragasam 
Viswanathan: conceptualization, methodology, supervision, 
writing – review & editing. Samson Prince Hiruthyaswamy: 
data curation, formal analysis, investigation, writing – 
review original draft preparation. Arohi Bose: writing – 
original draft preparation, writing – review and editing, 
data duration. Ayushi Upadhyay: writing – original draft 
preparation, writing – review and editing, data duration. 
Tiasa Raha: writing – original draft preparation, writing – 
review and editing, data duration. Shangomitra 

BIOENGINEERED 27



Bhattacharjee: writing – original draft preparation, writing – 
review and editing, formal analysis. Isheeta Singha: writing – 
original draft preparation, writing – review and editing, 
formal analysis. Swati Ray: writing – original draft prepara
tion, data curation formal analysis. Nazarene Marylene 
Nicky Macarius: data curation, writing – review & editing.

Data availability statement

Data sharing is not applicable to this article as no new data 
were created or analyzed in this study.

Ethical statement

No ethics approval was required for this study as it involved 
no human participants or animals.

ORCID

Kanagavel Deepankumar http://orcid.org/0009-0006-8904- 
3497

References

[1] Allen KD, Thoma LM, Golightly YM. Epidemiology of 
osteoarthritis. Osteoarthritis Cartilage. 2021;30 
(2):184–195. doi: 10.1016/j.joca.2021.04.020

[2] Dieppe PA, Lohmander LS. Pathogenesis and manage
ment of pain in osteoarthritis. Lancet. 2005;365 
(9463):965–973. doi: 10.1016/s0140-6736(05)71086-2

[3] Chow YY, Chin K-Y. The role of inflammation in the 
pathogenesis of osteoarthritis. Mediators Inflamm. 
2020;2020:1–19. doi: 10.1155/2020/8293921

[4] Robinson WH, Lepus CM, Wang Q, et al. Low-grade 
inflammation as a key mediator of the pathogenesis of 
osteoarthritis. Nat Rev Rheumatol. 2016;12 
(10):580–592. doi: 10.1038/nrrheum.2016.136

[5] Mariani E, Pulsatelli L, Facchini A. Signaling pathways 
in cartilage repair. Int J Mol Sci. 2014;15(5):8667–8698. 
doi: 10.3390/ijms15058667

[6] Yang L, Zhang Q, Kuang G, et al. Functional bioma
terials for osteoarthritis treatment: from research to 
application. Smart Med. 2022;1(1). doi: 10.1002/ 
smmd.20220014

[7] Xu Y, Saiding Q, Zhou X, et al. Electrospun fiber-based 
immune engineering in regenerative medicine. Smart 
Med. 2024;3(1). doi: 10.1002/smmd.20230034

[8] Zhuang J, Chen Y, Zheng X, et al. The application of 
blood products in plastic surgery: a systematic review. 
Plast Reconstruct Surg Global Open. 2024;12(7):e6005. 
doi: 10.1097/gox.0000000000006005

[9] Choi J-W, Kim Y-C. Asian facial recontouring surgery. 
Plast Aesthetic Res. 2023. doi: 10.20517/2347-9264. 
2023.30

[10] Liu Y, Mao R, Xiao M, et al. Facial rejuvenation: 
a global trend of dermatological procedures in the 
Last Decade. Plast Reconstructive Surg – Global 
Open. 2024;12(6):e5801. doi: 10.1097/GOX. 
0000000000005801

[11] Grässel S, Muschter D. Recent advances in the treat
ment of osteoarthritis. F1000Res, 9(1). 2020;9:325. doi:  
10.12688/f1000research.22115.1

[12] Raikov B, Lipina M, Azarkin K, et al. Methods for 
determining the molecular composition of knee joint 
structures in osteoarthritis: collagen, proteoglycans and 
water content: a systematic review. Collagen Leather. 
2024;6(1). doi: 10.1186/s42825-024-00173-7

[13] Focsa MA, Florescu S, Gogulescu A. Emerging strategies 
in cartilage repair and joint preservation. Medicina (B 
Aires). 2024;61(1):24. doi: 10.3390/medicina61010024

[14] Evenbratt H, Andreasson L, Bicknell V, et al. Insights 
into the present and future of cartilage regeneration 
and joint repair. Cell Regen (Lond). 2022;11(1):3. doi:  
10.1186/s13619-021-00104-5

[15] Aaron RK, Racine J, Dyke JP. Contribution of circula
tory disturbances in subchondral bone to the patho
physiology of osteoarthritis. Curr Rheumatol Rep. 
2017;19(8). doi: 10.1007/s11926-017-0660-x

[16] Szponder T, Latalski M, Danielewicz A, et al. 
Osteoarthritis: pathogenesis, animal models, and new 
regenerative therapies. J Clin Med. 2022;12(1):5. doi:  
10.3390/jcm12010005

[17] Athanasiou KA, Shah AR, Hernandez RJ, et al. Basic 
science of articular cartilage repair. Clin Sports Med. 
2001;20(2):223–247. doi: 10.1016/s0278-5919(05) 
70304-5

[18] Bhosale AM, Richardson JB. Articular cartilage: struc
ture, injuries and review of management. Br Med Bull. 
2008;87(1):77–95. doi: 10.1093/bmb/ldn025

[19] Davis S, Roldo M, Blunn G, et al. Influence of the 
mechanical environment on the regeneration of osteo
chondral defects. Front Bioeng Biotechnol. 2021;9:9. 
doi: 10.3389/fbioe.2021.603408

[20] Jørgensen AEM, Kjær M, Heinemeier KM. The effect 
of aging and mechanical loading on the metabolism of 
articular cartilage. J Rheumatol. 2017;44(4):410–417. 
doi: 10.3899/jrheum.160226

[21] Guilak F, Nims RJ, Dicks A, et al. Osteoarthritis as 
a disease of the cartilage pericellular matrix. Matrix 
Biol. 2018;71–72:40–50. doi: 10.1016/j.matbio.2018. 
05.008

[22] Zheng L, Zhang Z, Sheng P, et al. The role of metabo
lism in chondrocyte dysfunction and the progression of 
osteoarthritis. Ageing Res Rev. 2021;66:101249. doi: 10. 
1016/j.arr.2020.101249

[23] Blanco FJ, López-Armada MJ, Maneiro E. 
Mitochondrial dysfunction in osteoarthritis. 
Mitochondrion. 2004;4(5–6):715–728. doi: 10.1016/j. 
mito.2004.07.022

[24] Shen J, Abu-Amer Y, O’Keefe RJ, et al. Inflammation 
and epigenetic regulation in osteoarthritis. Connect 

28 S. P. HIRUTHYASWAMY ET AL.

https://doi.org/10.1016/j.joca.2021.04.020
https://doi.org/10.1016/s0140-6736(05)71086-2
https://doi.org/10.1155/2020/8293921
https://doi.org/10.1038/nrrheum.2016.136
https://doi.org/10.3390/ijms15058667
https://doi.org/10.1002/smmd.20220014
https://doi.org/10.1002/smmd.20220014
https://doi.org/10.1002/smmd.20230034
https://doi.org/10.1097/gox.0000000000006005
https://doi.org/10.20517/2347-9264.2023.30
https://doi.org/10.20517/2347-9264.2023.30
https://doi.org/10.1097/GOX.0000000000005801
https://doi.org/10.1097/GOX.0000000000005801
https://doi.org/10.12688/f1000research.22115.1
https://doi.org/10.12688/f1000research.22115.1
https://doi.org/10.1186/s42825-024-00173-7
https://doi.org/10.3390/medicina61010024
https://doi.org/10.1186/s13619-021-00104-5
https://doi.org/10.1186/s13619-021-00104-5
https://doi.org/10.1007/s11926-017-0660-x
https://doi.org/10.3390/jcm12010005
https://doi.org/10.3390/jcm12010005
https://doi.org/10.1016/s0278-5919(05)70304-5
https://doi.org/10.1016/s0278-5919(05)70304-5
https://doi.org/10.1093/bmb/ldn025
https://doi.org/10.3389/fbioe.2021.603408
https://doi.org/10.3899/jrheum.160226
https://doi.org/10.1016/j.matbio.2018.05.008
https://doi.org/10.1016/j.matbio.2018.05.008
https://doi.org/10.1016/j.arr.2020.101249
https://doi.org/10.1016/j.arr.2020.101249
https://doi.org/10.1016/j.mito.2004.07.022
https://doi.org/10.1016/j.mito.2004.07.022


Tissue Res. 2016;58(1):49–63. doi: 10.1080/03008207. 
2016.1208655

[25] Griffin TM, Scanzello CR. Innate inflammation and 
synovial macrophages in osteoarthritis 
pathophysiology. Clin Exp Rheumatol. 2019;37(Suppl 
120):57. Available from: https://pmc.ncbi.nlm.nih.gov/ 
articles/PMC6842324/

[26] Khan NM, Ansari MY, Haqqi TM. Sucrose, but not 
glucose, blocks IL1-β-induced inflammatory response 
in human chondrocytes by inducing autophagy via 
AKT/mTOR pathway. J Cell Biochem. 2016;118 
(3):629–639. doi: 10.1002/jcb.25750

[27] Lubberts E, Leo De V, Den V, et al. Reduction of 
interleukin-17–induced inhibition of chondrocyte pro
teoglycan synthesis in intact murine articular cartilage 
by interleukin-4. Arthritis Rheumatism. 2000;43 
(6):1300–1306. doi: 10.1002/1529-0131(200006)43:6% 
3C1300:aid-anr12%3E3.0.co;2-d

[28] Khan NM, Haseeb A, Ansari MY, et al. Wogonin, 
a plant derived small molecule, exerts potent 
anti-inflammatory and chondroprotective effects 
through the activation of ROS/ERK/Nrf2 signaling 
pathways in human osteoarthritis chondrocytes. Free 
Radical Biol Med. 2017;106:288–301. doi: 10.1016/j.free 
radbiomed.2017.02.041

[29] Wojdasiewicz P, Poniatowski ŁA, Szukiewicz D. The 
role of inflammatory and anti-inflammatory cytokines 
in the pathogenesis of osteoarthritis. Mediators 
Inflamm. 2014;2014:1–19. doi: 10.1155/2014/561459

[30] Thomas D, King B, Stephens TA, et al. In vivo studies 
of cartilage regeneration after damage induced by 
catabolin/interleukin-1. Ann Rheum Dis. 1991;50 
(2):75–80. doi: 10.1136/ard.50.2.75

[31] Gelse K, Söder S, Eger W, et al. Osteophyte develop
ment—molecular characterization of differentiation 
stages. Osteoarthritis Cartilage. 2003;11(2):141–148. 
doi: 10.1053/joca.2002.0873

[32] Roelofs AJ, Zupan J, Riemen AHK, et al. Joint mor
phogenetic cells in the adult mammalian synovium. 
Nat Commun. 2017;8(1). doi: 10.1038/ncomms15040

[33] Takahashi I, Takeda K, Matsuzaki T, et al. Reduction of 
knee joint load suppresses cartilage degeneration, 
osteophyte formation, and synovitis in early-stage 
osteoarthritis using a post-traumatic rat model. PLOS 
ONE. 2021;16(7):e0254383. doi: 10.1371/journal.pone. 
0254383

[34] Richard MJ, Driban JB, McAlindon TE. Pharmaceutical 
treatment of osteoarthritis. Osteoarthritis Cartilage. 
2022;31(4):458–466. doi: 10.1016/j.joca.2022.11.005

[35] Sohn D, Sokolove J, Sharpe O, et al. Plasma proteins 
present in osteoarthritic synovial fluid can stimulate 
cytokine production via Toll-like receptor 4. Arthritis 
Res Ther. 2012;14(1):R7. doi: 10.1186/ar3555

[36] Chevalier X, Goupille P, Beaulieu AD, et al. 
Intraarticular injection of anakinra in osteoarthritis of 
the knee: a multicenter, randomized, double-blind, 

placebo-controlled study. Arthritis Rheumatism. 
2009;61(3):344–352. doi: 10.1002/art.24096

[37] Orita S, Koshi T, Mitsuka T, et al. Associations 
between proinflammatory cytokines in the synovial 
fluid and radiographic grading and pain-related scores 
in 47 consecutive patients with osteoarthritis of the 
knee. BMC Musculoskelet Disord. 2011;12(1). doi: 10. 
1186/1471-2474-12-144

[38] Ohtori S, Orita S, Yamauchi K, et al. Efficacy of direct 
injection of etanercept into knee joints for pain in 
moderate and severe knee osteoarthritis. Yonsei Med 
J. 2015;56(5):1379. doi: 10.3349/ymj.2015.56.5.1379

[39] Cai X, Yuan S, Zeng Y, et al. New trends in pharma
cological treatments for osteoarthritis. Front 
Pharmacol. 2021;12:12. doi: 10.3389/fphar.2021.645842

[40] Itoh N, Ornitz DM. Fibroblast growth factors: from 
molecular evolution to roles in development, metabo
lism and disease. J Biochem. 2010;149(2):121–130. doi:  
10.1093/jb/mvq121

[41] Jacob AL, Smith C, Partanen J, et al. Fibroblast growth 
factor receptor 1 signaling in the osteo-chondrogenic 
cell lineage regulates sequential steps of osteoblast 
maturation. Dev Biol. 2006;296(2):315–328. doi: 10. 
1016/j.ydbio.2006.05.031

[42] Chuma H, Mizuta H, Kudo S, et al. One day exposure 
to FGF-2 was sufficient for the regenerative repair of 
full-thickness defects of articular cartilage in rabbits. 
Osteoarthritis Cartilage. 2004;12(10):834–842. doi: 10. 
1016/j.joca.2004.07.003

[43] Xie Y, Zinkle A, Chen L, et al. Fibroblast growth factor 
signalling in osteoarthritis and cartilage repair. Nat Rev 
Rheumatol. 2020;16(10):547–564. doi: 10.1038/s41584- 
020-0469-2

[44] Henson FMD, Bowe EA, Davies ME. Promotion of the 
intrinsic damage–repair response in articular cartilage 
by fibroblastic growth factor-2. Osteoarthritis 
Cartilage. 2005;13(6):537–544. doi: 10.1016/j.joca. 
2005.02.007

[45] Lazarus JE, Hegde A, Andrade AC, et al. Fibroblast 
growth factor expression in the postnatal growth 
plate. Bone. 2007;40(3):577–586. doi: 10.1016/j.bone. 
2006.10.013

[46] Muenke M, Schell U, Hehr A, et al. A common muta
tion in the fibroblast growth factor receptor 1 gene in 
Pfeiffer syndrome. Nat Genet. 1994;8(3):269–274. doi:  
10.1038/ng1194-269

[47] Davidson D, Blanc A, Filion D, et al. Fibroblast growth 
factor (FGF) 18 signals through FGF receptor 3 to 
promote chondrogenesis. J Biol Chem. 2005;280 
(21):20509–20515. doi: 10.1074/jbc.m410148200

[48] Ellman MB, Yan D, Ahmadinia K, et al. Fibroblast 
growth factor control of cartilage homeostasis. J Cell 
Biochem. 2013;114(4):735–742. doi: 10.1002/jcb.24418

[49] De Santis MC, Gulluni F, Campa CC, et al. Targeting 
PI3K signaling in cancer: challenges and advances. 
Biochim et Biophys Acta (BBA) - Rev Cancer. 
2019;1871(2):361–366. doi: 10.1016/j.bbcan.2019.03.003

BIOENGINEERED 29

https://doi.org/10.1080/03008207.2016.1208655
https://doi.org/10.1080/03008207.2016.1208655
https://pmc.ncbi.nlm.nih.gov/articles/PMC6842324/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6842324/
https://doi.org/10.1002/jcb.25750
https://doi.org/10.1002/1529-0131(200006)43:6%3C1300:aid-anr12%3E3.0.co;2-d
https://doi.org/10.1002/1529-0131(200006)43:6%3C1300:aid-anr12%3E3.0.co;2-d
https://doi.org/10.1016/j.freeradbiomed.2017.02.041
https://doi.org/10.1016/j.freeradbiomed.2017.02.041
https://doi.org/10.1155/2014/561459
https://doi.org/10.1136/ard.50.2.75
https://doi.org/10.1053/joca.2002.0873
https://doi.org/10.1038/ncomms15040
https://doi.org/10.1371/journal.pone.0254383
https://doi.org/10.1371/journal.pone.0254383
https://doi.org/10.1016/j.joca.2022.11.005
https://doi.org/10.1186/ar3555
https://doi.org/10.1002/art.24096
https://doi.org/10.1186/1471-2474-12-144
https://doi.org/10.1186/1471-2474-12-144
https://doi.org/10.3349/ymj.2015.56.5.1379
https://doi.org/10.3389/fphar.2021.645842
https://doi.org/10.1093/jb/mvq121
https://doi.org/10.1093/jb/mvq121
https://doi.org/10.1016/j.ydbio.2006.05.031
https://doi.org/10.1016/j.ydbio.2006.05.031
https://doi.org/10.1016/j.joca.2004.07.003
https://doi.org/10.1016/j.joca.2004.07.003
https://doi.org/10.1038/s41584-020-0469-2
https://doi.org/10.1038/s41584-020-0469-2
https://doi.org/10.1016/j.joca.2005.02.007
https://doi.org/10.1016/j.joca.2005.02.007
https://doi.org/10.1016/j.bone.2006.10.013
https://doi.org/10.1016/j.bone.2006.10.013
https://doi.org/10.1038/ng1194-269
https://doi.org/10.1038/ng1194-269
https://doi.org/10.1074/jbc.m410148200
https://doi.org/10.1002/jcb.24418
https://doi.org/10.1016/j.bbcan.2019.03.003


[50] Lee Y-R, Chen M, Pandolfi PP. The functions and 
regulation of the PTEN tumour suppressor: new 
modes and prospects. Nat Rev Mol Cell Biol. 2018;19 
(9):547–562. doi: 10.1038/s41580-018-0015-0

[51] Park J-M, Jung CH, Seo M, et al. The ULK1 complex 
mediates MTORC1 signaling to the autophagy initia
tion machinery via binding and phosphorylating 
ATG14. Autophagy. 2016;12(3):547–564. doi: 10.1080/ 
15548627.2016.1140293

[52] Ganley IG, Lam DH, Wang J, et al. 
ULK1·ATG13·FIP200 complex mediates mTOR signal
ing and is essential for autophagy. J Biol Chem. 
2009;284(18):12297–12305. doi: 10.1074/jbc. 
m900573200

[53] Fisch KM, Gamini R, Alvarez-Garcia O, et al. 
Identification of transcription factors responsible for 
dysregulated networks in human osteoarthritis carti
lage by global gene expression analysis. Osteoarthritis 
Cartilage. 2018;26(11):1531–1538. doi: 10.1016/j.joca. 
2018.07.012

[54] Hu Z, Gong L, Li X, et al. Inhibition of PI3K/Akt/NF- 
κB signaling with leonurine for ameliorating the pro
gression of osteoarthritis: in vitro and in vivo studies. 
J Cell Physiol. 2018;234(5):6940–6950. doi: 10.1002/jcp. 
27437

[55] Liu X, Du M, Wang Y, et al. BMP9 overexpressing 
adipose-derived mesenchymal stem cells promote car
tilage repair in osteoarthritis-affected knee joint via the 
Notch1/Jagged1 signaling pathway. Exp Ther Med. 
2018. doi: 10.3892/etm.2018.6754

[56] Wang Y, Yuan M, Guo Q, et al. Mesenchymal stem 
cells for treating articular cartilage defects and 
osteoarthritis. Cell Transplant. 2015;24(9):1661–1678. 
doi: 10.3727/096368914X683485

[57] Massagué J. TGF-β Signal transduction. Annu Rev 
Biochem. 1998;67(1):753–791. doi: 10.1146/annurev. 
biochem.67.1.753

[58] Zheng Q, Zhou G, Morello R, et al. Type X collagen gene 
regulation by Runx2 contributes directly to its hyper
trophic chondrocyte–specific expression in vivo. J Cell 
Biol. 2003;162(5):833–842. doi: 10.1083/jcb.200211089

[59] Komori T. Regulation of osteoblast and odontoblast 
differentiation by RUNX2. J Oral Biosci. 2010;52 
(1):22–25. doi: 10.1016/s1349-0079(10)80004-0

[60] Chen D, Zhao M, Mundy GR. Bone morphogenetic 
proteins. Growth Factors. 2004;22(4):233–241. doi: 10. 
1080/08977190412331279890

[61] Liao J, Wei Q, Zou Y, et al. Notch signaling augments 
BMP9-induced bone formation by promoting the 
osteogenesis-angiogenesis coupling process in 
mesenchymal stem cells (MSCs). Cellular Physiol 
Biochem. 2017 June 16;41(5):1905–1923. doi: 10.1159/ 
000471945

[62] Teven CM, Rossi MT, Shenaq DS, et al. Bone morpho
genetic protein-9 effectively induces osteogenic differ
entiation of reversibly immortalized calvarial 

mesenchymal progenitor cells. Genes Dis. 2015;2 
(3):268–275. doi: 10.1016/j.gendis.2015.06.003

[63] Yavropoulou MP, Yovos JG. The role of notch signal
ing in bone development and disease. Hormones. 
2014;13(1):24–37. doi: 10.1007/bf03401318

[64] Luther G, Wagner ER, Zhu G, et al. BMP-9 induced 
osteogenic differentiation of mesenchymal stem cells: 
molecular mechanism and therapeutic potential. Curr 
Gene Ther. 2011;11(3):229–240. doi: 10.2174/ 
156652311795684777

[65] Hayashi M, Muneta T, Takahashi T, et al. Intra-articu
lar injections of bone morphogenetic protein-7 retard 
progression of existing cartilage degeneration. 
J Orthopaedic Res®. 2010;28(11):1502–1506. doi: 10. 
1002/jor.21165

[66] Whitty C, Pernstich C, Marris C, et al. Sustained deliv
ery of the bone morphogenetic proteins BMP-2 and 
BMP-7 for cartilage repair and regeneration in 
osteoarthritis. Osteoarthr Cartil Open. 2022;4 
(1):100240. doi: 10.1016/j.ocarto.2022.100240

[67] Altman R, Bedi A, Manjoo A, et al. Anti-inflammatory 
effects of intra-articular hyaluronic acid: a systematic 
review. Cartilage. 2018;10(1):43–52. doi: 10.1177/ 
1947603517749919

[68] Altman R, Manjoo A, Fierlinger A, et al. The mechan
ism of action for hyaluronic acid treatment in the 
osteoarthritic knee: a systematic review. BMC 
Musculoskelet Disord. 2015;16(1). doi: 10.1186/ 
s12891-015-0775-z

[69] De Lucia O, Murgo A, Pregnolato F, et al. Hyaluronic 
acid injections in the treatment of osteoarthritis sec
ondary to primary inflammatory rheumatic diseases: 
a systematic review and qualitative synthesis. Adv 
Ther. 2020;37(4):1347–1359. doi: 10.1007/s12325-020- 
01256-7

[70] Gambaro FM, Ummarino A, Torres Andón F, et al. 
Drug delivery systems for the treatment of knee 
osteoarthritis: a systematic review of in vivo studies. 
Int J Mol Sci. 2021;22(17):9137. doi: 10.3390/ 
ijms22179137

[71] Teng B, Zhang S, Pan J, et al. A chondrogenesis induc
tion system based on a functionalized hyaluronic acid 
hydrogel sequentially promoting hMSC proliferation, 
condensation, differentiation, and matrix deposition. 
Acta Biomater. 2021;122:145–159. doi: 10.1016/j.act 
bio.2020.12.054

[72] Shi W, Fang F, Kong Y, et al. Dynamic hyaluronic acid 
hydrogel with covalent linked gelatin as an 
anti-oxidative bioink for cartilage tissue engineering. 
Biofabrication. 2021;14(1):014107. doi: 10.1088/1758- 
5090/ac42de

[73] Tanaka T, Matsushita T, Nishida K, et al. Attenuation 
of osteoarthritis progression in mice following intra- 
articular administration of simvastatin-conjugated 
gelatin hydrogel. J Tissue Eng Regen Med. 2019;13 
(3):423–432. doi: 10.1002/term.2804

30 S. P. HIRUTHYASWAMY ET AL.

https://doi.org/10.1038/s41580-018-0015-0
https://doi.org/10.1080/15548627.2016.1140293
https://doi.org/10.1080/15548627.2016.1140293
https://doi.org/10.1074/jbc.m900573200
https://doi.org/10.1074/jbc.m900573200
https://doi.org/10.1016/j.joca.2018.07.012
https://doi.org/10.1016/j.joca.2018.07.012
https://doi.org/10.1002/jcp.27437
https://doi.org/10.1002/jcp.27437
https://doi.org/10.3892/etm.2018.6754
https://doi.org/10.3727/096368914X683485
https://doi.org/10.1146/annurev.biochem.67.1.753
https://doi.org/10.1146/annurev.biochem.67.1.753
https://doi.org/10.1083/jcb.200211089
https://doi.org/10.1016/s1349-0079(10)80004-0
https://doi.org/10.1080/08977190412331279890
https://doi.org/10.1080/08977190412331279890
https://doi.org/10.1159/000471945
https://doi.org/10.1159/000471945
https://doi.org/10.1016/j.gendis.2015.06.003
https://doi.org/10.1007/bf03401318
https://doi.org/10.2174/156652311795684777
https://doi.org/10.2174/156652311795684777
https://doi.org/10.1002/jor.21165
https://doi.org/10.1002/jor.21165
https://doi.org/10.1016/j.ocarto.2022.100240
https://doi.org/10.1177/1947603517749919
https://doi.org/10.1177/1947603517749919
https://doi.org/10.1186/s12891-015-0775-z
https://doi.org/10.1186/s12891-015-0775-z
https://doi.org/10.1007/s12325-020-01256-7
https://doi.org/10.1007/s12325-020-01256-7
https://doi.org/10.3390/ijms22179137
https://doi.org/10.3390/ijms22179137
https://doi.org/10.1016/j.actbio.2020.12.054
https://doi.org/10.1016/j.actbio.2020.12.054
https://doi.org/10.1088/1758-5090/ac42de
https://doi.org/10.1088/1758-5090/ac42de
https://doi.org/10.1002/term.2804


[74] Li W, Wu D, Hu D, et al. Stress-relaxing 
double-network hydrogel for chondrogenic differentia
tion of stem cells. Mater Sci Eng C. 2020;107:110333. 
doi: 10.1016/j.msec.2019.110333

[75] Santos VHD, Pfeifer JPH, Souza JBD, et al. Evaluation 
of alginate hydrogel encapsulated mesenchymal stem 
cell migration in horses. Res Vet Sci. 2019;124:38–45. 
doi: 10.1016/j.rvsc.2019.02.005

[76] Reginster J-Y, Veronese N. Highly purified chondroitin 
sulfate: a literature review on clinical efficacy and phar
macoeconomic aspects in osteoarthritis treatment. 
Aging Clin Exp Res. 2020;33(1):37–47. doi: 10.1007/ 
s40520-020-01643-8

[77] Mishra S, Ganguli M. Functions of, and replenishment 
strategies for, chondroitin sulfate in the human body. 
Drug Discov Today. 2021;26(5):1185–1199. doi: 10. 
1016/j.drudis.2021.01.029

[78] Xu J, Qian F, Lin S, et al. Injectable stem cell-laden 
supramolecular hydrogels enhance in situ osteochon
dral regeneration via the sustained co-delivery of 
hydrophilic and hydrophobic chondrogenic 
molecules. Biomaterials. 2019;210:51–61. doi: 10.1016/ 
j.biomaterials.2019.04.031

[79] Radhakrishnan J, Manigandan A, Chinnaswamy P, 
et al. Gradient nano-engineered in situ forming com
posite hydrogel for osteochondral regeneration. 
Biomaterials. 2018;162:82–98. doi: 10.1016/j.biomater 
ials.2018.01.056

[80] García-Coronado JM, Martínez-Olvera L, Elizondo- 
Omaña RE, et al. Effect of collagen supplementation 
on osteoarthritis symptoms: a meta-analysis of rando
mized placebo-controlled trials. Int Orthop. 2018;43 
(3):531–538. doi: 10.1007/s00264-018-4211-5

[81] Rahimi M, Mir SM, Baghban R, et al. Chitosan-based 
biomaterials for the treatment of bone disorders. 
Int J Biol Macromol. 2022;215:346–367. doi: 10.1016/ 
j.ijbiomac.2022.06.079

[82] Kord Forooshani P, Lee BP. Recent approaches in 
designing bioadhesive materials inspired by mussel 
adhesive protein. J Polym Sci Part A Polym Chem. 
2016;55(1):9–33. doi: 10.1002/pola.28368

[83] Hwang DS, Sim SB, Cha HJ. Cell adhesion biomaterial 
based on mussel adhesive protein fused with RGD 
peptide. Biomaterials. 2007;28(28):4039–4046. doi: 10. 
1016/j.biomaterials.2007.05.028

[84] Khodakaram-Tafti A, Mehrabani D, Shaterzadeh- 
Yazdi H. An overview on autologous fibrin glue in 
bone tissue engineering of maxillofacial surgery. Dent 
Res J (Isfahan). 2017;14(2):79–86. Available from: 
h t t p s : / / w w w . n c b i . n l m . n i h . g o v / p m c / a r t i c l e s /  
PMC5443013/

[85] Richardson BJ, Wilcox DG, Randolph M, et al. 
Hydrazone covalent adaptable networks modulate 
extracellular matrix deposition for cartilage tissue 
engineering. Acta Biomater. 2019;83:71–82. doi: 10. 
1016/j.actbio.2018.11.014

[86] Zhou D, Li S, Minjie P, et al. Dopamine-modified 
hyaluronic acid hydrogel adhesives with fast-forming 
and high tissue adhesion. ACS Appl Mater Interface. 
2020;12(16):18225–18234. doi: 10.1021/acsami.9b22120

[87] Behrendt P, Ladner Y, Stoddart MJ, et al. Articular 
joint-simulating mechanical load activates endogenous 
TGF-β in a highly cellularized bioadhesive hydrogel for 
cartilage repair. Am J Sports Med. 2019;48(1):210–221. 
doi: 10.1177/0363546519887909

[88] Aldana AA, Abraham GA. Current advances in elec
trospun gelatin-based scaffolds for tissue engineering 
applications. Int J Pharm. 2017;523(2):441–453. doi: 10. 
1016/j.ijpharm.2016.09.044

[89] Sulaiman S, Chowdhury SR, Fauzi MB, et al. 3D cul
ture of MSCs on a gelatin microsphere in a dynamic 
culture system enhances chondrogenesis. Int J Mol Sci. 
2020;21(8):2688. doi: 10.3390/ijms21082688

[90] Kong X, Chen L, Li B, et al. Applications of oxidized 
alginate in regenerative medicine. J Mater Chem B. 
2021;9(12):2785–2801. doi: 10.1039/d0tb02691c

[91] Zhang F-X, Liu P, Ding W, et al. Injectable mussel- 
inspired highly adhesive hydrogel with exosomes for 
endogenous cell recruitment and cartilage defect regen
eration. Biomaterials. 2021;278:121169. doi: 10.1016/j. 
biomaterials.2021.121169

[92] Ghanbari M, Salavati-Niasari M, Mohandes F, et al. 
Modified silicon carbide NPs reinforced nanocompo
site hydrogels based on alginate-gelatin by with high 
mechanical properties for tissue engineering. Arabian 
J Chem. 2021;15(1):103520. doi: 10.1016/j.arabjc.2021. 
103520

[93] Wong C-C, Lu C-X, Cho E-C, et al. Calcium peroxide 
aids tyramine-alginate gel to crosslink with tyrosinase 
for efficient cartilage repair. Int J Biol Macromol. 
2022;208:299–313. doi: 10.1016/j.ijbiomac.2022.03.044

[94] Levillain A, Magoariec H, Boulocher C, et al. Effects of 
a viscosupplementation therapy on rabbit menisci in 
an anterior cruciate ligament transection model of 
osteoarthritis. J Biomech. 2017;58:147–154. doi: 10. 
1016/j.jbiomech.2017.04.034

[95] Veronese N, Cooper C, Reginster J-Y, et al. Type 2 
diabetes mellitus and osteoarthritis. Semin Arthritis 
Rheum. 2019;49(1):9–19. doi: 10.1016/j.semarthrit. 
2019.01.005

[96] Little CJ, Kulyk WM, Chen X. The effect of chondroi
tin sulphate and hyaluronic acid on chondrocytes cul
tured within a fibrin-alginate hydrogel. J Funct 
Biomater. 2014;5(3):197–210. doi: 10.3390/jfb5030197

[97] Ansari M, Eshghanmalek M. Biomaterials for repair 
and regeneration of the cartilage tissue. Bio-Des 
Manuf. 2018;2(1):41–49. doi: 10.1007/s42242-018- 
0031-0

[98] Ren L, Yang K. Bio-functional design for metal 
implants, a new concept for development of metallic 
biomaterials. J Mater Sci Technol. 2013;29 
(11):1005–1010. doi: 10.1016/j.jmst.2013.09.008

BIOENGINEERED 31

https://doi.org/10.1016/j.msec.2019.110333
https://doi.org/10.1016/j.rvsc.2019.02.005
https://doi.org/10.1007/s40520-020-01643-8
https://doi.org/10.1007/s40520-020-01643-8
https://doi.org/10.1016/j.drudis.2021.01.029
https://doi.org/10.1016/j.drudis.2021.01.029
https://doi.org/10.1016/j.biomaterials.2019.04.031
https://doi.org/10.1016/j.biomaterials.2019.04.031
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1007/s00264-018-4211-5
https://doi.org/10.1016/j.ijbiomac.2022.06.079
https://doi.org/10.1016/j.ijbiomac.2022.06.079
https://doi.org/10.1002/pola.28368
https://doi.org/10.1016/j.biomaterials.2007.05.028
https://doi.org/10.1016/j.biomaterials.2007.05.028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5443013/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5443013/
https://doi.org/10.1016/j.actbio.2018.11.014
https://doi.org/10.1016/j.actbio.2018.11.014
https://doi.org/10.1021/acsami.9b22120
https://doi.org/10.1177/0363546519887909
https://doi.org/10.1016/j.ijpharm.2016.09.044
https://doi.org/10.1016/j.ijpharm.2016.09.044
https://doi.org/10.3390/ijms21082688
https://doi.org/10.1039/d0tb02691c
https://doi.org/10.1016/j.biomaterials.2021.121169
https://doi.org/10.1016/j.biomaterials.2021.121169
https://doi.org/10.1016/j.arabjc.2021.103520
https://doi.org/10.1016/j.arabjc.2021.103520
https://doi.org/10.1016/j.ijbiomac.2022.03.044
https://doi.org/10.1016/j.jbiomech.2017.04.034
https://doi.org/10.1016/j.jbiomech.2017.04.034
https://doi.org/10.1016/j.semarthrit.2019.01.005
https://doi.org/10.1016/j.semarthrit.2019.01.005
https://doi.org/10.3390/jfb5030197
https://doi.org/10.1007/s42242-018-0031-0
https://doi.org/10.1007/s42242-018-0031-0
https://doi.org/10.1016/j.jmst.2013.09.008


[99] Lin X, Tsao CT, Kyomoto M, et al. Injectable natural 
polymer hydrogels for treatment of knee osteoarthritis. 
Adv Healthc Mater. 2021;11(9):2101479. doi: 10.1002/ 
adhm.202101479

[100] Li X, Li X, Yang J, et al. Living and injectable porous 
hydrogel microsphere with paracrine activity for carti
lage regeneration. Small. 2023;19(17). doi: 10.1002/ 
smll.202207211

[101] Zhou T, Ran J, Xu P, et al. A hyaluronic acid/platele
t-rich plasma hydrogel containing MnO2 nanozymes 
efficiently alleviates osteoarthritis in vivo. Carbohydr 
Polym. 2022;292:119667. doi: 10.1016/j.carbpol.2022. 
119667

[102] Demoor M, Ollitrault D, Gomez-Leduc T, et al. 
Cartilage tissue engineering: molecular control of 
chondrocyte differentiation for proper cartilage matrix 
reconstruction. Biochim et Biophys Acta (BBA) - 
Gener Subj. 2014;1840(8):2414–2440. doi: 10.1016/j. 
bbagen.2014.02.030

[103] Liang H, Yan Y, Sun W, et al. Preparation of 
melatonin-loaded Nanoparticles with targeting and 
sustained release function and their application in 
osteoarthritis. Int J Mol Sci. 2023;24(10):8740. doi: 10. 
3390/ijms24108740

[104] Chen S, Chen X, Geng Z, et al. The horizon of bone 
organoid: a perspective on construction and 
application. Bioact Mater. 2022;18:15–25. doi: 10. 
1016/j.bioactmat.2022.01.048

[105] Qiu M, Li C, Cai Z, et al. 3D biomimetic calcified 
cartilaginous callus that induces type H vessels forma
tion and Osteoclastogenesis. Adv Sci. 2023;10(16). doi:  
10.1002/advs.202207089

[106] Najafi R, Chahsetareh H, Pezeshki-Modaress M, et al. 
Alginate sulfate/ECM composite hydrogel containing 
electrospun nanofiber with encapsulated human 
adipose-derived stem cells for cartilage tissue 
engineering. Int J Biol Macromol. 2023;238:124098. 
doi: 10.1016/j.ijbiomac.2023.124098

[107] Theodoridis K, Aggelidou E, Manthou M-E, et al. 
Hypoxia promotes cartilage regeneration in 
cell-seeded 3D-Printed bioscaffolds cultured with 
a bespoke 3D culture device. Int J Mol Sci. 2023;24 
(7):6040. doi: 10.3390/ijms24076040

[108] An H, Lee JW, Lee HJ, et al. Hyaluronate-alginate 
hybrid hydrogels modified with biomimetic peptides 
for controlling the chondrocyte phenotype. 
Carbohydr Polym. 2018;197:422–430. doi: 10.1016/j. 
carbpol.2018.06.016

[109] Campos Y, Fuentes G, Almirall A, et al. The incorpora
tion of etanercept into a porous tri-layer scaffold for 
restoring and repairing cartilage tissue. Pharmaceutics. 
2022;14(2):282. doi: 10.3390/pharmaceutics14020282

[110] Wang J, Zhang L, Zhu J, et al. Hyaluronic acid mod
ified curcumin-loaded chitosan nanoparticles inhibit 
chondrocyte apoptosis to attenuate osteoarthritis via 
upregulation of activator protein 1 and RUNX family 

transcription factor 2. J Biomed Nanotechnol. 2022;18 
(1):144–157. doi: 10.1166/jbn.2022.3193

[111] Wang X, Xu X, Zhang Y, et al. Duo Cadherin- 
Functionalized microparticles synergistically induce 
chondrogenesis and cartilage repair of stem cell aggre
gates. Adv Healthc Mater. 2022;11(13). doi: 10.1002/ 
adhm.202270081

[112] Kavanaugh TE, Werfel TA, Cho H, et al. Particle-based 
technologies for osteoarthritis detection and therapy. 
Drug Deliv Transl Res. 2015;6(2):132–147. doi: 10. 
1007/s13346-015-0234-2

[113] Kahraman E, Ribeiro R, Lamghari M, et al. Cutting- 
edge technologies for inflamed joints on chip: how 
close are we? Front Immunol. 2022;13:13. doi: 10. 
3389/fimmu.2022.802440

[114] Zhu C, Zhang Z, Wen Y, et al. Cationic micelles as 
nanocarriers for enhancing intra-cartilage drug pene
tration and retention. J Mater Chem B. 2022;11 
(8):1670–1683. doi: 10.1039/d2tb02050e

[115] Su W-T, Huang C-C, Liu H, et al. Evaluation and 
preparation of a designed kartogenin drug delivery 
system (DDS) of hydrazone-linkage-based pH respon
sive mPEG-hz-b-PCL nanomicelles for treatment of 
osteoarthritis. Front Bioeng Biotechnol. 2022;10. doi:  
10.3389/fbioe.2022.816664

[116] Vyawahare A, Prakash R, Jori C, et al. Caffeic acid 
modified nanomicelles inhibit articular cartilage dete
rioration and reduce disease severity in experimental 
inflammatory arthritis. ACS Nano. 2022;16 
(11):18579–18591. doi: 10.1021/acsnano.2c07027

[117] Jin W, Chu PK. Orthopedic implants. Encycl Biomed Eng. 
2019:425–439. doi: 10.1016/b978-0-12-801238-3.10999-7

[118] Mayer AS, Erb S, Kim RH, et al. Sensitization to 
implant components is associated with joint replace
ment failure: identification and revision to nonaller
genic hardware improves outcomes. J Allergy Clin 
Immunol Pract. 2021;9(8):3109–3117.e1. doi: 10.1016/ 
j.jaip.2020.12.068

[119] Chen X, Huang Y-F, Tan W. Using aptamer–nanopar
ticle conjugates for cancer cells detection. J Biomed 
Nanotechnol. 2008;4(4):400–409. doi: 10.1166/jbn. 
2008.002

[120] Domingo JL. Vanadium and tungsten derivatives as 
antidiabetic agents. Biol Trace Elem Res. 2002;88 
(2):97–112. doi: 10.1385/bter:88:2:097

[121] Könneker S, Krockenberger K, Pieh C, et al. 
Comparison of SCAphoid fracture osteosynthesis by 
MAGnesium-based headless Herbert screws with tita
nium Herbert screws: protocol for the randomized 
controlled SCAMAG clinical trial. BMC 
Musculoskelet Disord. 2019;20(1). doi: 10.1186/ 
s12891-019-2723-9

[122] Baker C, Pradhan A, Pakstis L, et al. Synthesis and 
antibacterial properties of silver nanoparticles. 
J Nanosci Nanotechnol. 2005;5(2):244–249. doi: 10. 
1166/jnn.2005.034

32 S. P. HIRUTHYASWAMY ET AL.

https://doi.org/10.1002/adhm.202101479
https://doi.org/10.1002/adhm.202101479
https://doi.org/10.1002/smll.202207211
https://doi.org/10.1002/smll.202207211
https://doi.org/10.1016/j.carbpol.2022.119667
https://doi.org/10.1016/j.carbpol.2022.119667
https://doi.org/10.1016/j.bbagen.2014.02.030
https://doi.org/10.1016/j.bbagen.2014.02.030
https://doi.org/10.3390/ijms24108740
https://doi.org/10.3390/ijms24108740
https://doi.org/10.1016/j.bioactmat.2022.01.048
https://doi.org/10.1016/j.bioactmat.2022.01.048
https://doi.org/10.1002/advs.202207089
https://doi.org/10.1002/advs.202207089
https://doi.org/10.1016/j.ijbiomac.2023.124098
https://doi.org/10.3390/ijms24076040
https://doi.org/10.1016/j.carbpol.2018.06.016
https://doi.org/10.1016/j.carbpol.2018.06.016
https://doi.org/10.3390/pharmaceutics14020282
https://doi.org/10.1166/jbn.2022.3193
https://doi.org/10.1002/adhm.202270081
https://doi.org/10.1002/adhm.202270081
https://doi.org/10.1007/s13346-015-0234-2
https://doi.org/10.1007/s13346-015-0234-2
https://doi.org/10.3389/fimmu.2022.802440
https://doi.org/10.3389/fimmu.2022.802440
https://doi.org/10.1039/d2tb02050e
https://doi.org/10.3389/fbioe.2022.816664
https://doi.org/10.3389/fbioe.2022.816664
https://doi.org/10.1021/acsnano.2c07027
https://doi.org/10.1016/b978-0-12-801238-3.10999-7
https://doi.org/10.1016/j.jaip.2020.12.068
https://doi.org/10.1016/j.jaip.2020.12.068
https://doi.org/10.1166/jbn.2008.002
https://doi.org/10.1166/jbn.2008.002
https://doi.org/10.1385/bter:88:2:097
https://doi.org/10.1186/s12891-019-2723-9
https://doi.org/10.1186/s12891-019-2723-9
https://doi.org/10.1166/jnn.2005.034
https://doi.org/10.1166/jnn.2005.034


[123] Mohanty S, Mishra S, Jena P, et al. An investigation on 
the antibacterial, cytotoxic, and antibiofilm efficacy of 
starch-stabilized silver nanoparticles. Nanomed 
Nanotechnol Biol Med. 2012;8(6):916–924. doi: 10. 
1016/j.nano.2011.11.007

[124] Niska K, Knap N, Kędzia A, et al. Capping 
agent-dependent toxicity and antimicrobial activity of 
silver nanoparticles: an in vitro study. Concerns about 
potential application in dental practice. Int J Med Sci. 
2016;13(10):772–782. doi: 10.7150/ijms.16011

[125] Ross RD, Cole LE, Roeder RK. Relative binding affinity 
of carboxylate-, phosphonate-, and 
bisphosphonate-functionalized gold nanoparticles tar
geted to damaged bone tissue. J Nanopart Res. 2012;14 
(10). doi: 10.1007/s11051-012-1175-z

[126] Celikkin N, Mastrogiacomo S, Walboomers X, et al. 
Enhancing X-ray attenuation of 3D printed gelatin 
methacrylate (GelMA) hydrogels utilizing gold nano
particles for bone tissue engineering applications. 
Polymers. 2019;11(2):367. doi: 10.3390/polym11020367

[127] Cui Y, Zhao Y, Tian Y, et al. The molecular mechanism of 
action of bactericidal gold nanoparticles on Escherichia 
coli. Biomaterials. 2012;33(7):2327–2333. doi: 10.1016/j. 
biomaterials.2011.11.057

[128] Gold K, Slay B, Knackstedt M, et al. Antimicrobial activity 
of metal and metal-Oxide based nanoparticles. Adv Ther. 
2018;1(3):1700033. doi: 10.1002/adtp.201700033

[129] Bindhu MR, Umadevi M. Antibacterial activities of 
green synthesized gold nanoparticles. Mater Lett. 
2014;120:122–125. doi: 10.1016/j.matlet.2014.01.108

[130] Chatterjee AK, Chakraborty R, Basu T. Mechanism of 
antibacterial activity of copper nanoparticles. 
Nanotechnology. 2014;25(13):135101. doi: 10.1088/ 
0957-4484/25/13/135101

[131] Ramyadevi J, Jeyasubramanian K, Marikani A, et al. 
Synthesis and antimicrobial activity of copper 
nanoparticles. Mater Lett. 2012;71:114–116. doi: 10. 
1016/j.matlet.2011.12.055

[132] Raffi M, Mehrwan S, Bhatti TM, et al. Investigations 
into the antibacterial behavior of copper nanoparticles 
against Escherichia coli. Ann Microbiol. 2010;60 
(1):75–80. doi: 10.1007/s13213-010-0015-6

[133] Li Y, Zhang W, Niu J, et al. Mechanism of photogen
erated reactive oxygen species and correlation with the 
antibacterial properties of engineered metal-oxide 
nanoparticles. ACS Nano. 2012;6(6):5164–5173. doi:  
10.1021/nn300934k

[134] Miao Z, Liu P, Wang Y, et al. Pegylated tantalum 
nanoparticles: a metallic photoacoustic contrast agent 
for multiwavelength imaging of tumors. Small. 2019;15 
(41). doi: 10.1002/smll.201903596

[135] Freedman JD, Lusic H, Snyder BD, et al. Tantalum 
oxide nanoparticles for the imaging of articular carti
lage using X-Ray computed tomography: visualization 
of Ex Vivo/In Vivo murine tibia and Ex Vivo human 
index finger cartilage. Angew Chem Int Ed. 2014;53 
(32):8406–8410. doi: 10.1002/anie.201404519

[136] Jasmin R, Henrique A, Passipieri JA, et al. Optimized 
labeling of bone marrow mesenchymal cells with 
superparamagnetic iron oxide nanoparticles and 
in vivo visualization by magnetic resonance imaging. 
J Nanobiotechnology. 2011;9(1):12–14. doi: 10.1186/ 
1477-3155-9-12

[137] Fan J, Tan Y, Jie L, et al. Biological activity and mag
netic resonance imaging of superparamagnetic iron 
oxide nanoparticles-labeled adipose-derived stem cells. 
STEM Cell Res Ther. 2013;4(2). doi: 10.1186/scrt191

[138] Jiang Y, Zhang L, Wen D, et al. Role of physical and 
chemical interactions in the antibacterial behavior of 
ZnO nanoparticles against E. coli. Mater Sci Eng C. 
2016;69:1361–1366. doi: 10.1016/j.msec.2016.08.044

[139] Ghule K, Ghule AV, Chen B-J, et al. Preparation and 
characterization of ZnO nanoparticles coated paper 
and its antibacterial activity study. Green Chem. 
2006;8(12):1034. doi: 10.1039/b605623g

[140] Matai I, Sachdev A, Dubey P, et al. Antibacterial activ
ity and mechanism of Ag–ZnO nanocomposite on 
S. aureus and GFP-expressing antibiotic resistant 
E. coli. Colloids Surfaces B Biointerfaces. 
2014;115:359–367. doi: 10.1016/j.colsurfb.2013.12.005

[141] Shaban M, Mohamed F, Abdallah S. Production and 
characterization of superhydrophobic and antibacterial 
coated fabrics utilizing ZnO nanocatalyst. Sci Rep. 
2018;8(1). doi: 10.1038/s41598-018-22324-7

[142] Morsada Z, Hossain MM, Islam MT, et al. Recent 
progress in biodegradable and bioresorbable materials: 
from passive implants to active electronics. Appl Mater 
Today. 2021;25:101257. doi: 10.1016/j.apmt.2021. 
101257

[143] Zhao G, Rui K, Dou SX, et al. Heterostructures for 
electrochemical hydrogen evolution reaction: a review. 
Adv Funct Mater. 2018;28(43):1803291. doi: 10.1002/ 
adfm.201803291

[144] Xue X, Hu Y, Wang S, et al. Fabrication of physical and 
chemical crosslinked hydrogels for bone tissue 
engineering. Bioact Mater. 2022;12:327–339. doi: 10. 
1016/j.bioactmat.2021.10.029

[145] Zhu D, Wang H, Trinh P, et al. Elastin-like 
protein-hyaluronic acid (ELP-HA) hydrogels with 
decoupled mechanical and biochemical cues for carti
lage regeneration. Biomaterials. 2017;127:132–140. doi:  
10.1016/j.biomaterials.2017.02.010

[146] Burdick JA, Prestwich GD. Hyaluronic acid hydrogels 
for biomedical applications. Adv Mater. 2011;23(12): 
H41–H56. doi: 10.1002/adma.201003963

[147] Kim B-S, Park I-K, Hoshiba T, et al. Design of artificial 
extracellular matrices for tissue engineering. Prog 
Polym Sci. 2011;36(2):238–268. doi: 10.1016/j.progpo 
lymsci.2010.10.001

[148] Kreller T, Distler T, Heid S, et al. Physico-chemical 
modification of gelatine for the improvement of 3D 
printability of oxidized alginate-gelatine hydrogels 
towards cartilage tissue engineering. Mater Des. 
2021;208:109877. doi: 10.1016/j.matdes.2021.109877

BIOENGINEERED 33

https://doi.org/10.1016/j.nano.2011.11.007
https://doi.org/10.1016/j.nano.2011.11.007
https://doi.org/10.7150/ijms.16011
https://doi.org/10.1007/s11051-012-1175-z
https://doi.org/10.3390/polym11020367
https://doi.org/10.1016/j.biomaterials.2011.11.057
https://doi.org/10.1016/j.biomaterials.2011.11.057
https://doi.org/10.1002/adtp.201700033
https://doi.org/10.1016/j.matlet.2014.01.108
https://doi.org/10.1088/0957-4484/25/13/135101
https://doi.org/10.1088/0957-4484/25/13/135101
https://doi.org/10.1016/j.matlet.2011.12.055
https://doi.org/10.1016/j.matlet.2011.12.055
https://doi.org/10.1007/s13213-010-0015-6
https://doi.org/10.1021/nn300934k
https://doi.org/10.1021/nn300934k
https://doi.org/10.1002/smll.201903596
https://doi.org/10.1002/anie.201404519
https://doi.org/10.1186/1477-3155-9-12
https://doi.org/10.1186/1477-3155-9-12
https://doi.org/10.1186/scrt191
https://doi.org/10.1016/j.msec.2016.08.044
https://doi.org/10.1039/b605623g
https://doi.org/10.1016/j.colsurfb.2013.12.005
https://doi.org/10.1038/s41598-018-22324-7
https://doi.org/10.1016/j.apmt.2021.101257
https://doi.org/10.1016/j.apmt.2021.101257
https://doi.org/10.1002/adfm.201803291
https://doi.org/10.1002/adfm.201803291
https://doi.org/10.1016/j.bioactmat.2021.10.029
https://doi.org/10.1016/j.bioactmat.2021.10.029
https://doi.org/10.1016/j.biomaterials.2017.02.010
https://doi.org/10.1016/j.biomaterials.2017.02.010
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1016/j.progpolymsci.2010.10.001
https://doi.org/10.1016/j.progpolymsci.2010.10.001
https://doi.org/10.1016/j.matdes.2021.109877


[149] Vaca-González JJ, José J, Marcela L, et al. Anatomy, 
molecular structures, and hyaluronic acid – gelatin 
injectable hydrogels as a therapeutic alternative for 
hyaline cartilage recovery: a review. J Biomed Mater 
Res. 2023;111(9):1705–1722. doi: 10.1002/jbm.b.35261

[150] Wang M, Deng Z, Guo Y, et al. Designing functional 
hyaluronic acid-based hydrogels for cartilage tissue 
engineering. Mater Today Bio. 2022;17:100495. doi:  
10.1016/j.mtbio.2022.100495

[151] Hunter DJ. Viscosupplementation for osteoarthritis of 
the knee. N Engl J Med. 2015;372(11):1040–1047. doi:  
10.1056/NEJMct1215534

[152] Graça MFP, Miguel SP, Cabral CSD, et al. Hyaluronic 
acid—based wound dressings: a review. Carbohydr 
Polym. 2020;241:116364. doi: 10.1016/j.carbpol.2020. 
116364

[153] Tiwari S, Bahadur P. Modified hyaluronic acid based 
materials for biomedical applications. Int J Biol 
Macromol. 2019;121:556–571. doi: 10.1016/j.ijbiomac. 
2018.10.049

[154] Chiang C-W, Chen C-H, Manga YB, et al. Facilitated 
and controlled strontium ranelate delivery using 
GCS-HA nanocarriers embedded into PEGDA coupled 
with decortication driven spinal regeneration. 
Int J Nanomedicine. 2021;16:4209–4224. doi: 10.2147/ 
ijn.s274461

[155] Wang D, Xu P, Wang S, et al. Rapidly curable hyaluro
nic acid-catechol hydrogels inspired by scallops as tis
sue adhesives for hemostasis and wound healing. Eur 
Polym J. 2020;134:109763. doi: 10.1016/j.eurpolymj. 
2020.109763

[156] Zhu Y, Wang Y, Sun Y, et al. In situ self 
imine-crosslinked nanocomplexes loaded with small 
noncoding RNA for efficient osteoarthritis 
attenuation. Chem Eng J. 2020;420:127631. doi: 10. 
1016/j.cej.2020.127631

[157] Loebel C, Szczesny SE, Cosgrove BD, et al. Cross- 
linking chemistry of tyramine-modified hyaluronan 
hydrogels alters mesenchymal stem cell early attach
ment and behavior. Biomacromolecules. 2017;18 
(3):855–864. doi: 10.1021/acs.biomac.6b01740

[158] Kim J, Lee C, Ryu JH. Adhesive catechol-conjugated 
hyaluronic acid for biomedical applications: a mini 
review. Appl Sci. 2020;11(1):21. doi: 10.3390/ 
app11010021

[159] Gilpin A, Zeng Y, Hoque J, et al. Self-healing of hya
luronic acid to improve in vivo retention and function. 
Adv Healthc Mater. 2021;10(23). doi: 10.1002/adhm. 
202100777

[160] Chen J, Yang J, Wang L, et al. Modified hyaluronic acid 
hydrogels with chemical groups that facilitate adhesion 
to host tissues enhance cartilage regeneration. Bioact 
Mater. 2021;6(6):1689–1698. doi: 10.1016/j.bioactmat. 
2020.11.020

[161] Yan S, Wang T, Feng L, et al. Injectable in situ 
self-cross-linking hydrogels based on Poly(l-glutamic 
acid) and alginate for cartilage tissue engineering. 

Biomacromolecules. 2014;15(12):4495–4508. doi: 10. 
1021/bm501313t

[162] Islam M, Biswas S, Rashid TU. Chitosan based bioac
tive materials in tissue engineering applications-A 
review. Bioact Mater. 2020;5(1):164–183. doi: 10.1016/ 
j.bioactmat.2020.01.012

[163] Scognamiglio F, Travan A, Donati I, et al. A hydrogel 
system based on a lactose-modified chitosan for visco
supplementation in osteoarthritis. Carbohydr Polym. 
2020;248:116787. doi: 10.1016/j.carbpol.2020.116787

[164] Duan W, Zhang L, Bohara RA, et al. Adhesive hydro
gels in osteoarthritis: from design to application. Mil 
Med Res. 2023;10(1). doi: 10.1186/s40779-022-00439-3

[165] Wei W, Ma Y, Yao X, et al. Advanced hydrogels for the 
repair of cartilage defects and regeneration. Bioact 
Mater. 2020;6(4):998–1011. doi: 10.1016/j.bioactmat. 
2020.09.030

[166] Koh RH, Jin Y, Kim J, et al. Inflammation-modulating 
hydrogels for osteoarthritis cartilage tissue engineering. 
Cells, 9(2). 2020;9(2):419. doi: 10.3390/cells9020419

[167] Zhang M, Ye Q, Zhu Z, et al. Hyaluronic acid-based 
dynamic hydrogels for cartilage repair and 
regeneration. Gels. 2024;10(11):703. doi: 10.3390/ 
gels10110703

[168] Yang J, Ding C, Tang L, et al. Novel modification of 
collagen: realizing desired water solubility and thermo
stability in a conflict-free way. ACS Omega. 2020;5 
(11):5772–5780. doi: 10.1021/acsomega.9b03846

[169] Wang S, Lei J, Yi X, et al. Fabrication of polypyrrole 
grafted gelatin-based hydrogel with conductive, 
self-healing, an injectable properties. ACS Appl Polym 
Mater. 2020;2(7):3016–3023. doi: 10.1021/acsapm. 
0c00468

[170] Satapathy MK, Manga YB, Ostrikov KK, et al. 
Microplasma cross-linked graphene oxide-gelatin 
hydrogel for cartilage reconstructive surgery. ACS 
Appl Polym Mater Int. 2020;12(1):86–95. doi: 10. 
1021/acsami.9b14073

[171] Zhang X, Liu S, Wang Z, et al. Implanted 3D gelatin 
microcryogel enables low-dose cell therapy for osteoar
thritis by pre serving the viability and function of 
umbilical cord MSCs. Chem Eng J. 2021;416:129140. 
doi: 10.1016/j.cej.2021.129140

[172] Thangprasert A, Tansakul C, Thuaksubun N, et al. 
Mimicked hybrid hydrogel based on gelatin/PVA for 
tissue engineering in subchondral bone interface for 
osteoarthritis surgery. Mater Des. 2019;183:108113. 
doi: 10.1016/j.matdes.2019.108113

[173] Lim KS, Abinzano F, Bernal PN, et al. One-step photo
activation of a dual-functionalized bioink a cell carrier 
and cartilage-binding glue for chondral regeneration. 
Adv Healthc Mater. 2020;9(15):e1901792. doi: 10.1002/ 
adhm.201901792

[174] Zhang L, Liu M, Zhang Y, et al. Recent progress of 
highly adhesive hydrogels as wound dressings. 
Biomacromolecules. 2020;21(10):3966–3983. doi: 10. 
1021/acs.biomac.0c01069

34 S. P. HIRUTHYASWAMY ET AL.

https://doi.org/10.1002/jbm.b.35261
https://doi.org/10.1016/j.mtbio.2022.100495
https://doi.org/10.1016/j.mtbio.2022.100495
https://doi.org/10.1056/NEJMct1215534
https://doi.org/10.1056/NEJMct1215534
https://doi.org/10.1016/j.carbpol.2020.116364
https://doi.org/10.1016/j.carbpol.2020.116364
https://doi.org/10.1016/j.ijbiomac.2018.10.049
https://doi.org/10.1016/j.ijbiomac.2018.10.049
https://doi.org/10.2147/ijn.s274461
https://doi.org/10.2147/ijn.s274461
https://doi.org/10.1016/j.eurpolymj.2020.109763
https://doi.org/10.1016/j.eurpolymj.2020.109763
https://doi.org/10.1016/j.cej.2020.127631
https://doi.org/10.1016/j.cej.2020.127631
https://doi.org/10.1021/acs.biomac.6b01740
https://doi.org/10.3390/app11010021
https://doi.org/10.3390/app11010021
https://doi.org/10.1002/adhm.202100777
https://doi.org/10.1002/adhm.202100777
https://doi.org/10.1016/j.bioactmat.2020.11.020
https://doi.org/10.1016/j.bioactmat.2020.11.020
https://doi.org/10.1021/bm501313t
https://doi.org/10.1021/bm501313t
https://doi.org/10.1016/j.bioactmat.2020.01.012
https://doi.org/10.1016/j.bioactmat.2020.01.012
https://doi.org/10.1016/j.carbpol.2020.116787
https://doi.org/10.1186/s40779-022-00439-3
https://doi.org/10.1016/j.bioactmat.2020.09.030
https://doi.org/10.1016/j.bioactmat.2020.09.030
https://doi.org/10.3390/cells9020419
https://doi.org/10.3390/gels10110703
https://doi.org/10.3390/gels10110703
https://doi.org/10.1021/acsomega.9b03846
https://doi.org/10.1021/acsapm.0c00468
https://doi.org/10.1021/acsapm.0c00468
https://doi.org/10.1021/acsami.9b14073
https://doi.org/10.1021/acsami.9b14073
https://doi.org/10.1016/j.cej.2021.129140
https://doi.org/10.1016/j.matdes.2019.108113
https://doi.org/10.1002/adhm.201901792
https://doi.org/10.1002/adhm.201901792
https://doi.org/10.1021/acs.biomac.0c01069
https://doi.org/10.1021/acs.biomac.0c01069


[175] Im G-I, Kim T-K. Regenerative therapy for osteoarthri
tis: a perspective. Int J Stem Cells. 2020;13(2):177–181. 
doi: 10.15283/ijsc20069

[176] Ko JY, Cha HJ, Im GI. Pos0227 mussel adhesive 
protein-based adhesive to retain stem cells for cartilage 
regeneration. Ann Rheum Dis. 2022;81(Suppl 1):350. 
doi: 10.1136/annrheumdis-2022-eular.2541

[177] Kim YS, Choi YJ, Suh DS, et al. Mesenchymal stem cell 
implantation in osteoarthritic knees: is fibrin glue 
effective as a scaffold? Am J Sports Med. 2015;43 
(1):176–185. doi: 10.1177/0363546514554190

[178] Mei X, Villamagna IJ, Nguyen T, et al. Polymer parti
cles for the intra-articular delivery of drugs to treat 
osteoarthritis. Biomed Mater. 2021;16(4):042006. doi:  
10.1088/1748-605x/abee62

[179] Liu L, Tang H, Wang Y. Polymeric biomaterials: 
advanced drug delivery systems in osteoarthritis 
treatment. Heliyon. 2023;9(11):e21544. doi: 10.1016/j. 
heliyon.2023.e21544

[180] Kim SE, Choi SJ, Park K, et al. Intra-articular injection 
of rebamipide-loaded nanoparticles attenuate disease 
progression and joint destruction in osteoarthritis rat 
model: a pilot study. Cartilage. 2022;13 
(1):194760352110692–194760352110692. doi: 10.1177/ 
19476035211069250

[181] Shin HJ, Park H, Shin N, et al. p66shc siRNA nano
particles ameliorate chondrocytic mitochondrial dys
function in osteoarthritis. Int J Nanomedicine. 
2020;15:2379–2390. doi: 10.2147/ijn.s234198

[182] Ji X, Yan Y, Sun T, et al. Glucosamine sulphate-loaded 
distearoyl phosphocholine liposomes for osteoarthritis 
treatment: combination of sustained drug release and 
improved lubrication. Biomater Sci. 2019;7 
(7):2716–2728. doi: 10.1039/c9bm00201d

[183] Chang H-I, Su Y-H, Lin Y-J, et al. Evaluation of the 
protective effects of curcumin (curcumin and 
bisdemethoxycurcumin)-loaded liposomes against 
bone turnover in a cell-based model of osteoarthritis. 
Drug Des Devel Ther. 2015:2285. doi: 10.2147/dddt. 
s78277

[184] Kou L, Xiao S, Sun R, et al. Biomaterial-engineered 
intra-articular drug delivery systems for osteoarthritis 
therapy. Drug Deliv. 2019;26(1):870–885. doi: 10.1080/ 
10717544.2019.1660434

[185] Daraee H, Etemadi A, Kouhi M, et al. Application of 
liposomes in medicine and drug delivery. Artif Cells 
Nanomed Biotechnol. 2016;44(1):381–391. doi: 10. 
3109/21691401.2014.953633

[186] Matsuzaki T, Matsushita T, Tabata Y, et al. Intra- 
articular administration of gelatin hydrogels incorpor
ating rapamycin–micelles reduces the development of 
experimental osteoarthritis in a murine model. 
Biomaterials. 2014;35(37):9904–9911. doi: 10.1016/j.bio 
materials.2014.08.041

[187] Vlashi R, Zhang X, Li H, et al. Potential therapeutic 
strategies for osteoarthritis via CRISPR/Cas9 mediated 

gene editing. Rev Endocr Metabolic Disord. 2023;25 
(2):339–367. doi: 10.1007/s11154-023-09860-y

[188] Hu Q, Ding B, Yan X, et al. Polyethylene glycol mod
ified PAMAM dendrimer delivery of kartogenin to 
induce chondrogenic differentiation of mesenchymal 
stem cells. Nanomed Nanotechnol Biol Med. 2017;13 
(7):2189–2198. doi: 10.1016/j.nano.2017.05.011

[189] Allen D, Rosenberg M, Hendel A. Using synthetically 
engineered guide RNAs to enhance CRISPR genome 
editing systems in mammalian cells. Front Genome 
Editing. 2021;2:2. doi: 10.3389/fgeed.2020.617910

[190] Tanikella AS, Hardy MJ, Frahs SM, et al. Emerging 
gene-editing modalities for osteoarthritis. Int J Mol 
Sci. 2020;21(17):6046. doi: 10.3390/ijms21176046

[191] Zhang J, Liu G-H, Qu J, et al. Treating osteoarthritis 
via gene therapy with rejuvenation factors. Gene Ther. 
2020;27(7–8):309–311. doi: 10.1038/s41434-020-0149-5

[192] Seidl CI, Fulga TA, Murphy CL. CRISPR-Cas9 target
ing of MMP13 in human chondrocytes leads to signif
icantly reduced levels of the metalloproteinase and 
enhanced type II collagen accumulation. 
Osteoarthritis Cartilage. 2019;27(1):140–147. doi: 10. 
1016/j.joca.2018.09.001

[193] Mao X, Fu P, Wang L-L, et al. Mitochondria: potential 
targets for osteoarthritis. 2020. doi: 10.3389/fmed.2020. 
581402

[194] Cigan AD, Roach BL, Nims RJ, et al. High seeding 
density of human chondrocytes in agarose produces 
tissue-engineered cartilage approaching native 
mechanical and biochemical properties. J Biomech. 
2016;49(9):1909–1917. doi: 10.1016/j.jbiomech.2016. 
04.039

[195] Matsukawa A, Yoshinaga M. Sequential generation of 
cytokines during the initiative phase of inflammation, 
with reference to neutrophils. Inflammation Res. 
1998;47:137–144. doi: 10.1007/s000110050304

[196] Karlsen TA, Pernas PF, Staerk J, et al. Generation of 
IL1β-resistant chondrocytes using CRISPR-CAS gen
ome editing. Osteoarthritis Cartilage. 2016;24:S325. 
doi: 10.1016/j.joca.2016.01.581

[197] Ren X, Hu B, Song M, et al. Maintenance of nucleolar 
homeostasis by CBX4 alleviates senescence and 
osteoarthritis. Cell Rep. 2019;26(13):3643–3656.e7. 
doi: 10.1016/j.celrep.2019.02.088

[198] Fu L, Hu Y, Song M, et al. Up-regulation of FOXD1 by 
YAP alleviates senescence and osteoarthritis. PLOS 
Biol. 2019;17(4):e3000201. doi: 10.1371/journal.pbio. 
3000201

[199] Huang Y, Askew EB, Knudson CB, et al. CRISPR/Cas9 
knockout of HAS2 in rat chondrosarcoma chondro
cytes demonstrates the requirement of hyaluronan for 
aggrecan retention. Matrix Biol. 2016;56:74–94. doi: 10. 
1016/j.matbio.2016.04.002

[200] Lambert LJ, Challa AK, Niu A, et al. Increased trabe
cular bone and improved biomechanics in an 
osteocalcin-null rat model created by CRISPR/Cas9 

BIOENGINEERED 35

https://doi.org/10.15283/ijsc20069
https://doi.org/10.1136/annrheumdis-2022-eular.2541
https://doi.org/10.1177/0363546514554190
https://doi.org/10.1088/1748-605x/abee62
https://doi.org/10.1088/1748-605x/abee62
https://doi.org/10.1016/j.heliyon.2023.e21544
https://doi.org/10.1016/j.heliyon.2023.e21544
https://doi.org/10.1177/19476035211069250
https://doi.org/10.1177/19476035211069250
https://doi.org/10.2147/ijn.s234198
https://doi.org/10.1039/c9bm00201d
https://doi.org/10.2147/dddt.s78277
https://doi.org/10.2147/dddt.s78277
https://doi.org/10.1080/10717544.2019.1660434
https://doi.org/10.1080/10717544.2019.1660434
https://doi.org/10.3109/21691401.2014.953633
https://doi.org/10.3109/21691401.2014.953633
https://doi.org/10.1016/j.biomaterials.2014.08.041
https://doi.org/10.1016/j.biomaterials.2014.08.041
https://doi.org/10.1007/s11154-023-09860-y
https://doi.org/10.1016/j.nano.2017.05.011
https://doi.org/10.3389/fgeed.2020.617910
https://doi.org/10.3390/ijms21176046
https://doi.org/10.1038/s41434-020-0149-5
https://doi.org/10.1016/j.joca.2018.09.001
https://doi.org/10.1016/j.joca.2018.09.001
https://doi.org/10.3389/fmed.2020.581402
https://doi.org/10.3389/fmed.2020.581402
https://doi.org/10.1016/j.jbiomech.2016.04.039
https://doi.org/10.1016/j.jbiomech.2016.04.039
https://doi.org/10.1007/s000110050304
https://doi.org/10.1016/j.joca.2016.01.581
https://doi.org/10.1016/j.celrep.2019.02.088
https://doi.org/10.1371/journal.pbio.3000201
https://doi.org/10.1371/journal.pbio.3000201
https://doi.org/10.1016/j.matbio.2016.04.002
https://doi.org/10.1016/j.matbio.2016.04.002


technology. Dis Model Mech. 2016 Oct 1;9 
(10):1169–1179. doi: 10.1242/dmm.025247

[201] Xiong Y, Mi B-B, Lin Z, et al. The role of the immune 
microenvironment in bone, cartilage, and soft tissue 
regeneration: from mechanism to therapeutic 
opportunity. Mil Med Res. 2022;9(1). doi: 10.1186/ 
s40779-022-00426-8

[202] Oryan A, Sahvieh S. Effectiveness of chitosan scaffold 
in skin, bone and cartilage healing. Int J Biol 
Macromol. 2017;104(Pt A):1003–1011. doi: 10.1016/j. 
ijbiomac.2017.06.124

[203] Chen H, Li Z, Li X, et al. Biomaterial-based gene 
delivery: advanced tools for enhanced cartilage 
regeneration. Drug Des Devel Ther. 
2023;17:3605–3624. doi: 10.2147/dddt.s432056

[204] Iqbal Z, Rehman K, Xia J, et al. Biomaterial-assisted 
targeted and controlled delivery of CRISPR/Cas9 for 
precise gene editing. Biomater Sci. 2023;11 
(11):3762–3783. doi: 10.1039/d2bm01636b

[205] Kumar Dubey A, Mostafavi E. Biomaterials-mediated 
CRISPR/Cas9 delivery: recent challenges and opportu
nities in gene therapy. Front Chem. 2023;11:11. doi: 10. 
3389/fchem.2023.1259435

[206] Zheng D, Chen T, Han L, et al. Synergetic integrations 
of bone marrow stem cells and transforming growth 
factor-beta1 loaded chitosan nanoparticles blended silk 
fibroin injectable hydrogel to enhance repair and 
regeneration potential in articular cartilage tissue. 
Int Wound J. 2022;19(5):1023–1038. doi: 10.1111/iwj. 
13699

[207] Man Z, Hu X, Liu Z, et al. Transplantation of allogenic 
chondrocytes with chitosan hydrogel-demineralized 
bone matrix hybrid scaffold to repair rabbit cartilage 
injury. Biomaterials. 2016;108:157–167. doi: 10.1016/j. 
biomaterials.2016.09.002

[208] Jiang X, Liu J, Liu Q, et al. Therapy for cartilage 
defects: functional ectopic cartilage constructed by 
cartilage-simulating collagen, chondroitin sulfate and 
hyaluronic acid (CCH) hybrid hydrogel with allogeneic 
chondrocytes. Biomater Sci. 2018;6(6):1616–1626. doi:  
10.1039/C8BM00354H

[209] Chen G, Deng S, Zuo M, et al. Non-viral CRISPR 
activation system targeting VEGF-A and TGF-β1 for 
enhanced osteogenesis of pre-osteoblasts implanted 
with dual-crosslinked hydrogel. Mater Today Bio. 
2022;16:100356. doi: 10.1016/j.mtbio.2022.100356

[210] Ran FA, Cong L, Yan WX, et al. In vivo genome 
editing using staphylococcus aureus Cas9. Nature. 
2015;520(7546):186–191. doi: 10.1038/nature14299

[211] Amrani N, Gao XD, Liu P, et al. NmeCas9 is an 
intrinsically high-fidelity genome-editing platform. 
Genome Biol. 2018;19(1):214. doi: 10.1186/s13059- 
018-1591-1

[212] Kim HK, Yu G, Park J, et al. Predicting the efficiency of 
prime editing guide RNAs in human cells. Nat Biotechnol. 
2021;39(2):198–206. doi: 10.1038/s41587-020-0677-y

[213] Pausch P, Al-Shayeb B, Bisom-Rapp E, et al. CRISPR- 
CasΦ from huge phages is a hypercompact genome 
editor. Science. 2020;369(6501):333–337. doi: 10.1126/ 
science.abb1400

[214] Wu Z, Zhang Y, Yu H, et al. Programmed genome 
editing by a miniature CRISPR-Cas12f nuclease. Nat 
Chem Biol. 2021;17(11):1132–1138. doi: 10.1038/ 
s41589-021-00868-6

[215] Walton RT, Christie KA, Whittaker MN, et al. 
Unconstrained genome targeting with near-PAMless 
engineered CRISPR-Cas9 variants. Science. 2020;368 
(6488):290–296. doi: 10.1126/science.aba8853

[216] Li J, Xu R, Qin R, et al. Genome editing mediated by 
SpCas9 variants with broad non-canonical PAM com
patibility in plants. Mol Plant. 2021;14(2):352–360. doi:  
10.1016/j.molp.2020.12.017

[217] Ren J, Meng X, Hu F, et al. Expanding the scope of 
genome editing with SpG and SpRY variants in rice. Sci 
China Life Sci. 2021;64(10):1784–1787. doi: 10.1007/ 
s11427-020-1883-5

[218] Xu Z, Kuang Y, Ren B, et al. SpRY greatly expands the 
genome editing scope in rice with highly flexible PAM 
recognition. Genome Biol. 2021;22(1). doi: 10.1186/ 
s13059-020-02231-9

[219] Sangree AK, Griffith AL, Szegletes ZM, et al. 
Benchmarking of SpCas9 variants enables deeper base 
editor screens of BRCA1 and BCL2. Nat Commun. 
2022;13(1). doi: 10.1038/s41467-022-28884-7

[220] Qin H, Zhang W, Zhang S, et al. Vision rescue via 
unconstrained in vivo prime editing in degenerating 
neural retinas. J Exp Med. 2023;220(5). doi: 10.1084/ 
jem.20220776

[221] Miller SM, Wang T, Randolph PB, et al. Continuous 
evolution of SpCas9 variants compatible with non-G 
PAMs. Nat Biotechnol. 2020;38(4):471–481. doi: 10. 
1038/s41587-020-0412-8

[222] Chen JS, Dagdas YS, Kleinstiver BP, et al. Enhanced 
proofreading governs CRISPR–Cas9 targeting accu
racy. Nature. 2017;550(7676):407–410. doi: 10.1038/ 
nature24268

[223] Zhang D, Zhang H, Li T, et al. Perfectly matched 
20-nucleotide guide RNA sequences enable robust genome 
editing using high-fidelity SpCas9 nucleases. Genome Biol. 
2017;18(1). doi: 10.1186/s13059-017-1325-9

[224] Jun Huang T, Zhao KT, Miller SC, et al. Circularly 
permuted and PAM-modified Cas9 variants broaden 
the targeting scope of base editors. Nat Biotechnol. 
2019;37(6):626–631. doi: 10.1038/s41587-019-0134-y

[225] Zhou C, Sun Y, Yan R, et al. Off-target RNA mutation 
induced by DNA base editing and its elimination by 
mutagenesis. Nature. 2019;571(7764):275–278. doi: 10. 
1038/s41586-019-1314-0

[226] Doman JL, Raguram A, Newby GA, et al. Evaluation 
and minimization of Cas9-independent off-target DNA 
editing by cytosine base editors. Nat Biotechnol. 
2020;38(5):620–628. doi: 10.1038/s41587-020-0414-6

36 S. P. HIRUTHYASWAMY ET AL.

https://doi.org/10.1242/dmm.025247
https://doi.org/10.1186/s40779-022-00426-8
https://doi.org/10.1186/s40779-022-00426-8
https://doi.org/10.1016/j.ijbiomac.2017.06.124
https://doi.org/10.1016/j.ijbiomac.2017.06.124
https://doi.org/10.2147/dddt.s432056
https://doi.org/10.1039/d2bm01636b
https://doi.org/10.3389/fchem.2023.1259435
https://doi.org/10.3389/fchem.2023.1259435
https://doi.org/10.1111/iwj.13699
https://doi.org/10.1111/iwj.13699
https://doi.org/10.1016/j.biomaterials.2016.09.002
https://doi.org/10.1016/j.biomaterials.2016.09.002
https://doi.org/10.1039/C8BM00354H
https://doi.org/10.1039/C8BM00354H
https://doi.org/10.1016/j.mtbio.2022.100356
https://doi.org/10.1038/nature14299
https://doi.org/10.1186/s13059-018-1591-1
https://doi.org/10.1186/s13059-018-1591-1
https://doi.org/10.1038/s41587-020-0677-y
https://doi.org/10.1126/science.abb1400
https://doi.org/10.1126/science.abb1400
https://doi.org/10.1038/s41589-021-00868-6
https://doi.org/10.1038/s41589-021-00868-6
https://doi.org/10.1126/science.aba8853
https://doi.org/10.1016/j.molp.2020.12.017
https://doi.org/10.1016/j.molp.2020.12.017
https://doi.org/10.1007/s11427-020-1883-5
https://doi.org/10.1007/s11427-020-1883-5
https://doi.org/10.1186/s13059-020-02231-9
https://doi.org/10.1186/s13059-020-02231-9
https://doi.org/10.1038/s41467-022-28884-7
https://doi.org/10.1084/jem.20220776
https://doi.org/10.1084/jem.20220776
https://doi.org/10.1038/s41587-020-0412-8
https://doi.org/10.1038/s41587-020-0412-8
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/nature24268
https://doi.org/10.1186/s13059-017-1325-9
https://doi.org/10.1038/s41587-019-0134-y
https://doi.org/10.1038/s41586-019-1314-0
https://doi.org/10.1038/s41586-019-1314-0
https://doi.org/10.1038/s41587-020-0414-6


[227] Zuo E, Sun Y, Yuan T, et al. A rationally engineered 
cytosine base editor retains high on-target activity 
while reducing both DNA and RNA off-target effects. 
Nat Methods. 2020;17(6):600–604. doi: 10.1038/ 
s41592-020-0832-x

[228] Gehrke JM, Cervantes O, Clement MK, et al. An 
APOBEC3A-Cas9 base editor with minimized bystan
der and off-target activities. Nat Biotechnol. 2018;36 
(10):977–982. doi: 10.1038/nbt.4199

[229] Yu Y, Leete TC, Born DA, et al. Cytosine base editors 
with minimized unguided DNA and RNA off-target 
events and high on-target activity. Nat Commun. 
2020;11(1):2052. doi: 10.1038/s41467-020-15887-5

[230] Jin S, Fei H, Zhu Z, et al. Rationally designed 
APOBEC3B cytosine base editors with improved 
specificity. Mol Cell. 2020;79(5):728–740.e6. doi: 10. 
1016/j.molcel.2020.07.005

[231] Grünewald J, Zhou R, Garcia SP, et al. Transcriptome- 
wide off-target RNA editing induced by 
CRISPR-guided DNA base editors. Nature. 2019;569 
(7756):433–437. doi: 10.1038/s41586-019-1161-z

[232] Grünewald J, Zhou R, Iyer S, et al. CRISPR DNA base 
editors with reduced RNA off-target and self-editing 
activities. Nat Biotechnol. 2019;37(9):1041–1048. doi:  
10.1038/s41587-019-0236-6

[233] Richter MF, Zhao KT, Eton E, et al. Phage-assisted 
evolution of an adenine base editor with improved 
cas domain compatibility and activity. Nat Biotechnol. 
2020;38(7):883–891. doi: 10.1038/s41587-020-0453-z

[234] Chen L, Zhang S, Xue N, et al. Engineering a precise 
adenine base editor with minimal bystander editing. 
Nat Chem Biol. 2023;19(1):101–110. doi: 10.1038/ 
s41589-022-01163-8

[235] Kushawah G, Hernandez-Huertas L, Abugattas-Nuñez 
Del Prado J, et al. CRISPR-Cas13d induces efficient 
mRNA knockdown in animal embryos. Dev Cell. 
2020;54(6):805–817.e7. doi: 10.1016/j.devcel.2020.07.013

[236] Xu X, Chemparathy A, Zeng L, et al. Engineered min
iature CRISPR-Cas system for mammalian genome 
regulation and editing. Mol Cell. 2021;81(20):4333– 
4345.e4. doi: 10.1016/j.molcel.2021.08.008

[237] Tong H, Huang J, Xiao Q, et al. High-fidelity Cas13 
variants for targeted RNA degradation with minimal 
collateral effects. Nat Biotechnol. 2022;41(1):108–119. 
doi: 10.1038/s41587-022-01419-7

[238] Chen Y, Luo X, Kang R, et al. Current therapies for 
osteoarthritis and prospects of CRISPR-based genome, 
epigenome, and RNA editing in osteoarthritis 
treatment. J Genet Genomics (Online). 2023;51 
(2):159–183. doi: 10.1016/j.jgg.2023.07.007

BIOENGINEERED 37

https://doi.org/10.1038/s41592-020-0832-x
https://doi.org/10.1038/s41592-020-0832-x
https://doi.org/10.1038/nbt.4199
https://doi.org/10.1038/s41467-020-15887-5
https://doi.org/10.1016/j.molcel.2020.07.005
https://doi.org/10.1016/j.molcel.2020.07.005
https://doi.org/10.1038/s41586-019-1161-z
https://doi.org/10.1038/s41587-019-0236-6
https://doi.org/10.1038/s41587-019-0236-6
https://doi.org/10.1038/s41587-020-0453-z
https://doi.org/10.1038/s41589-022-01163-8
https://doi.org/10.1038/s41589-022-01163-8
https://doi.org/10.1016/j.devcel.2020.07.013
https://doi.org/10.1016/j.molcel.2021.08.008
https://doi.org/10.1038/s41587-022-01419-7
https://doi.org/10.1016/j.jgg.2023.07.007

	Abstract
	1.  Introduction
	2.  Osteoarthritis and its pathogenesis
	2.1.  Articular cartilage and the impact of mechanical loads
	2.2.  Chondrocyte dysfunction
	2.3.  The function of inflammation in osteoarthritis
	2.4.  Osteophyte formation
	2.5.  OA anti-inflammatory drugs

	3.  Osteoarthritis and its pathways
	3.1.  FGF pathway
	3.2.  Akt Pathway
	3.3.  BMP pathway

	4.  Biomaterial-based cartilage repair
	4.1.  Biomaterials and their molecular pathways in osteoarthritis treatment
	4.2.  Approaches to cartilage regeneration

	5.  Biomaterials based cartilage regeneration and osteoarthritis treatment
	5.1.  Metallic implant
	5.2.  Hydrogel
	5.3.  Nano scale particles
	5.4.  Liposomes
	5.5.  Micelles and dendrimers

	6.  CRISPR/Cas9 in osteoarthritis and their limitations
	6.1.  The molecular targets of CRISPR/Cas9 in the context of therapeutic intervention for osteoarthritis

	6.2.  CRISPR/Cas9 system and biomaterial based gene delivery
	6.3.  PAM recognition of CRISPR
	6.4.  Off-target effects

	7.  Challenges and future direction
	7.1.  Challenges in biomaterial-based OA therapy
	7.2.  Future directions in OA treatment with biomaterials

	8.  Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	Author Contribution
	Data availability statement
	Ethical statement
	References

