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The meniscus is a kind of fibrous cartilage structure that serves as a cushion in
the knee joint to alleviate the mechanical load. It is commonly injured, but it
cannot heal spontaneously. Traditional meniscectomy is not currently
recommended as this treatment tends to cause osteoarthritis. Due to their
good biocompatibility and versatile regulation, hydrogels are emerging
biomaterials in tissue engineering. Hydrogels are excellent candidates in
meniscus rehabilitation and regeneration because they are fine-tunable,
easily modified, and capable of delivering exogenous drugs, cells, proteins,
and cytokines. Various hydrogels have been reported to work well in meniscus-
damaged animals, but few hydrogels are effective in the clinic, indicating that
hydrogels possess many overlooked problems. In this review, we summarize
the applications and problems of hydrogels in extrinsic substance delivery,
meniscus rehabilitation, and meniscus regeneration. This study will provide
theoretical guidance for new therapeutic strategies for meniscus repair.
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Introduction

The meniscus is a semilunar fibro-cartilaginous tissue located in the knee joint that
serves as a cushion at the ends of bones. The main component of the meniscus is the
extracellular matrix (ECM), which consists of 72% water, 22% collagen, and 0.8%
(GAGs) (Tan and Cooper-White, 2011). The
components are mostly proteins, glycoproteins, and fibrochondrocytes interspersed in

glycosaminoglycans remaining
the meniscus. These cells contain a large number of collagen fibers arranged in bundles,
which are aligned with the direction of external force to withstand stress, tension,
extrusion, and rotary force (Chen S. et al, 2017). Located between the femoral
condyle and the tibia, the meniscus is prone to tear when subjected to longitudinal
compression force and transverse shear force at the same time. The greater the degree of
knee flexion, the more posterior the tear sites. Meniscus tear is the most common
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meniscus injury, and its severity varies with the location, type,
and shape of the tear. According to the blood supply, the
meniscus can be divided into a red zone (lateral area with
abundant blood supply), a middle zone (central area with less
blood supply), and a white zone (medial area with almost no
blood supply). The difficulty of healing increases dramatically
from the outside to the inside. Meniscus tears come in many
forms: longitudinal, horizontal, and radial. If there is no effective
treatment, these three tears can develop into bucket handle tear
(longitudinal), flap tear (horizontal), or parrot’s beak tear
(radial). Meniscus injury, especially white-on-white meniscus
tear, lacks regeneration capacity and frequently leads to
arthralgia and osteoarthritis. Repair of the meniscus is
important for maintaining knee homeostasis and articular
surface integrity. Currently, the common repair methods for
meniscus injury include meniscectomy, meniscus rehabilitation,
and regeneration. Knee joints are more prone to arthritis because
meniscectomy destroys the articular surface and joint stability.
With the deepening of related research and the increase in quality
of life standards, it has become widely accepted that meniscus
injury should be repaired rather than excised (Banovetz et al.,
2022).

Combining biology and materials science, tissue engineering
offers a new approach to meniscus repair. As prominent
biomaterials, hydrogels have received much attention for their
good biocompatibility, reduction of shear force, and strong
plasticity (Longo et al, 2012). They can be used in
biomedicine under reasonable structural and functional design
(Abazari et al., 2022; Li et al., 2022d). Modification of hydrogels
with different responsive materials is a common technique in
tissue engineering to optimize the physical and chemical
properties of hydrogels (Zhang L. et al., 2022; Zhao P. et al,,
2022; Cao et al,, 2022; Zhang Q. et al., 2022; Liu et al., 2022; Shao
et al,, 2022; Shen et al., 2022; Wu et al., 2022). In the published
literature, hydrogels have been adopted as scaffolds to deliver
exogenous drugs, cells, and factors to promote meniscus
rehabilitation and regeneration (Resmi et al., 2020; An et al,
2021; Li et al., 2022b; Zhao Y. P. et al., 2022; Li et al., 2022c¢).
Meanwhile, hydrogel-based repair materials have been fabricated
with bioprinting technology and computer three-dimensional
(3D) modeling technology to make full use of their good
plasticity and printable features (Shi et al., 2021; Gunes et al,
2022; Janarthanan et al., 2022).

In this review, the applications of hydrogels to extrinsic
substance-delivery, meniscus rehabilitation, and meniscus
regeneration will be illustrated. A comprehensive search of the
English articles was conducted in August 2022 with PubMed,
Medline and Embase. The search keywords of this review are
“hydrogel, mensicus”. No more than 200 articles were found in
each database. These articles conatin a variety of literatures
including original atricles, review papers, chapters and
comments. Duplicate articles are further screened to eliminate
them. After the assessment included,

subjective was
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181 outcomes were identified as relevant to the topic of our
interest. Of these, 149 articles were carefully read and made into
this review. During the subsequent overhaul, four newly
published articles (Baysan G et al., 2022; Herrera Millar et al.,
2022; Kim and Bonassar, 2022; Zihna et al., 2022) were added to
this review. Next, the various functionalized hydrogels for
meniscus repair in the published literature will be overviewed,
and the characteristics and applications of these hydrogels will be
briefly introduced. This review may illuminate a new direction
for the development of hydrogels for meniscus repair in the
clinic.

Extrinsic substance-delivery
hydrogels

Drug-delivery hydrogels

Conventional drug administration methods, including oral
and intravenous infusion, frequently result in large fluctuations
in blood drug concentrations. Once the concentration falls below
the effective concentration, the drug has no effect. On the
contrary, if the concentration exceeds the tolerance value, cells
and tissues may be damaged. Frequent small dose administration
can avoid excessive fluctuation of blood concentration, but it is
unlikely to be accepted due to inconvenience. Because hydrogels
contain numerous voids and exhibit slow degradation, they are
suitable candidates for drug delivery systems (Narayanaswamy
and Torchilin, 2019). Good biocompatibility, easily controlled
administration, and sustained drug release have enabled
hydrogels to play important roles in cancer therapy (Norouzi
et al, 2016; Sonker et al, 2021; Xiao et al., 2021). To date,
hydrogels have been adopted as drug delivery systems in wound
healing (Abazari et al., 2022; Zhao P. et al., 2022; Liu et al., 2022),
arthritis therapy (Zhang M. et al., 2022; Zhao Y. P. et al., 2022),
ophthalmic disease (Lin et al., 2019; Lynch et al.,, 2020; Akulo
et al., 2022; Das et al., 2022), skin disease (Jiang T. et al., 2018;
Yuan et al., 2020), vaginal infections (Perinelli et al., 2018; Dos
Santos et al., 2020), and other applications (Jacob et al., 2019).
Unfortunately, there have been relatively few studies on the effect
of drugs on meniscus repair. Petersen et al. found that the healing
effect on non-traumatic meniscus lesions seemed to be equal
among surgical and non-surgical treatments (Petersen et al.,
2015), but a study by Krych et al. demonstrated that non-
operative treatment of medial meniscus posterior horn root
tears led to worse clinical outcomes (Krych et al, 2017).
Research by Lim et al. revealed that non-operative treatments
including non-steroidal anti-inflammatory drugs provided
symptomatic relief and functional improvements in most
patients with degenerative posterior root tear of the medial
meniscus (Lim et al., 2010), and Heo et al. showed that a

scaffold
and delayed

riboflavin-loaded  hydrogel reduced contraction,

increased mechanical properties, enzyme-
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triggered degradation of collagen scaffolds (Heo et al., 2016).
Zhang et al. reported that simvastatin-conjugated gelatin
hydrogel promotes the regeneration of an avascular meniscus
in the rabbit model of a meniscal defect (Zhang et al.,, 2016).
Tanaka et al., revealed that intra-articular administration of
of
osteoarthritis progression in mice with down-regulation of

simvastatin-conjugated  gelatin  hydrogel attenuates
autophagic marker and inflammatory factors (Tanaka et al,
2019). Tsubosaka et the effect of

eaicosapentanoic acid (EPA) alone and EPA-incorporating

al, compared
gelatin hydrogels on osteoarthritis (OA) progression with
animal investigation in C57BL/6] mice, and found that EPA-
incorporating gelatin hydrogels prevent OA progression in vivo
more effectively than EPA injection alone (Tsubosaka et al.,
2020). Wang et al. Reported that Dexamethasone-loaded
thermo-sensitive hydrogel exhibits pain-relieving effect in
of (DMM)-induced
osteoarthritis of mice models in vivo (Wang et al, 2021).

destabilization medial  meniscus
Based on the above studies, we preliminarily believe that
drugs used in combination with hydrogels can partially
improve joint function and alleviate the discomfort symptoms
of meniscus injury by down-regulating the inflammatory
environment of the joint cavity, but the repair effect of drugs

alone on the organic lesions of the meniscus is relatively weak.

Cell-delivery hydrogels

Hydrogels provide cells with a scaffold that promotes cell
proliferation and differentiation while preventing cell loss. Cells
can be easily loaded onto hydrogels, resulting in numerous
interactions that reproduce the natural interactions of cells
and the ECM in tissues. Research by Vernerey et al. suggested
that at least five mechanisms, namely communication,
mechanosensing, migration, growth, and tissue deposition and
elaboration, are involved in cell-hydrogel interactions (Vernerey
et al., 2021), which indicates that cells and hydrogels influence
each other in tissue engineering applications (Madl and
Heilshorn, 2018; Ma and Huang, 2020; Mills et al, 2020).
Stem cells are often used for treating human disease because
of their multidirectional differentiation potential (Hoang et al.,
2022). Cell-loaded hydrogels have been reported to be widely
used in tissue engineering. Li et al. suggested that a hydrogel
coated with stem cells has a significant effect on the repair of
spinal cord injury (Li et al, 2022d). Cell-loaded hydrogels
fabricated into either lamellar or 3D forms have been used in
treatments for bone and cartilage defects (Liu et al., 2021; Nadine
et al., 2022). Due to their high capacity for moisture and good
moisturizing effect, porous hydrogels coated with stem cells have
been reported to be effective in treating skin wounds (Shafei et al.,
2020), limbal stem cell deficiency (Yazdani et al., 2019), damaged
kidneys (Jansen et al., 2017), injured cardiac tissue (Waters et al.,
2018), and other conditions (Zarrintaj et al., 2021). Meniscal
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fibrochondrocytes are the main cellular components of the
Multiple that
fibrochondrocytes can form meniscus-like tissue in vitro and

meniscus. studies have shown meniscal
promote meniscus regeneration in vivo (Simson et al, 2013;
Chen et al., 2019; Lan et al., 2021). Simson et al. encapsulated
bovine meniscal fibrochondrocytes in chondroitin sulfate (CS)-
bone marrow (BM) hydrogel (CSBM) hydrogels, and found that
meniscal fibrochondrocytes were able to survive, proliferate, and
produce meniscus ECM in vitro, and meniscus explants adhered
by C30B70 fused together after 12 weeks’ implantation in a
subcutaneous model of athymic rats (Simson et al., 2013). Baek
et al. fabricated a biodegradable and biomimetic nanofibrous
scaffold with electrospinning with a biomimetic gel, and
demonstrated that cells from avascular and vascular regions of
human menisci survived, attached, and infiltrated the scaffold,
and secreted the major proteins found in meniscal matrix (Baek
et al,, 2015). Heo et al. encapsulated fibrochondrocytes isolated
from New Zealand white rabbit with Photo-crosslinked collagen-
HA hydrogel, and found that gene expression of collagen II and
aggrecan was obviously up-regulated (Heo et al., 2016). Chen
et al. conducted in vitro study and meniscus defect implantation
fibrochondrocytes (MFCs) and poly (e-

caprolactone) (PCL)-meniscus extracellular matrix (MECM)

with meniscal

hydrogel, and revealed that 2% of meniscus extracellular
(MECM)-based
chondrogenic marker mRNA expression and cell proliferation,

matrix hydrogel  strongly  enhanced
and the regenerated menisci in the PCL-hydrogel-MFCs group
had similar histological structures, biochemical contents and
biomechanical properties as the native menisci in the sham
operation group (Chen et al, 2019). Bahcecioglu et al.
cultured fibrochondrocytes in agorose, methacrylated gelatin
(GelMA), methacrylated hyaluronic acid (MeHA) and
GelMA-MeHA blend hydrogels, and found that these
hydrogels supportive for in wvitro meniscus

are more

regeneration (Bahcecioglu et al, 2019b). Lan et al. mixed

human meniscus fibrochondrocytes (hMFC) with 3D
bioprinted TEMPO  (2,2,6,6-tetramethylpiperidine-1-oxyl)-
oxidized cellulose nanofiber-alginate hydrogel and then

conducted 6 weeks in vitro chondrogenesis’ culture, and found
that COL2A1 was highly expressed and more inner meniscus-
like phenotype expressed in the TCNF/ALG and collagen-based
construct (Lan et al., 2021). Meniscus injury is common, but the
number of meniscus cells (MCs) that can be recycled is limited.
Kremer et al. compared primary equine mesenchymal stem cells
(MSCs) and MCs on three different scaffolds and found that the
phenotype of MSCs and MCs co-cultured on a scaffold
composed of Col I gel on SIS-muc exhibited the greatest
similarity to native meniscus tissue (Kremer et al., 2017).
Hagmeijer determined that 20% MCs and 80% MSCs were
the most appropriate ratio for a type I collagen hydrogel for
meniscus regeneration, and the stimulatory effect of MSCs
cellular
communication through gap junctions (Hagmeijer et al.,

towards meniscus cells was demonstrated by
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2019). Co-culture of stem cells with MCs is beneficial for stem
cells to differentiate into fibrochondrocytes. If MCs could be
replaced with stem cells, it would facilitate the continued
development of meniscus tissue engineering. Koh et al
encapsulated conditioned medium (CM)-expanded human
(T-MSCs) in
riboflavin-induced photocrosslinked collagen-hyaluronic acid
(COL-RF-HA) hydrogels, and cultured in chondrogenic
medium

tonsil-derived mesenchymal stem  cells

containing TGF-f3 in vitro and implanted
subcutaneously in female nude Balb-c mice in vivo, and he
that CM-expanded highest
proliferation, GAG accumulation, and collagen deposition and
CM

implanted into meniscus defect model (Koh et al, 2017).

found cells  support cell

treatment induced complete regeneration when
Yuan et al. firstly buried mECM hydrogel encapsulated with
human mesenchymal stem cells (hMSCs) under the skin and
implanted subcutaneously for an additional 4 weeks, and then
the in situ model of meniscal injury was conducted in orthotopic
model of meniscal injury in nude rat. After these procedures, he
revealed that decellularized meniscus ECM hydrogel retained
tissue-specific proteoglycans and collagens, and significantly
upregulated expression of fibrochondrogenic markers, and the
meniscus ECM hydrogel in turn supported delivery of hMSCs for
integrative repair of a full-thickness defect model in meniscal
explants after in vitro culture and in vivo subcutaneous
implantation (Yuan et al, 2017). A research of Romanazzo
ECM promoted

chondrogenesis of fat pad-derived stem cells with exogenous

et al. suggested that inner meniscus
growth factors, and inner ECM-functionalised hydrogels
supported the highest levels of Sox-9 and type II collagen
gene expression and sulfated glycosaminoglycans (sGAG)
deposition when supplemented with TGEB3. Whereas, outer
meniscus ECM promoted a more elongated cell morphology
and the development of a more fibroblastic phenotype In the
absence of exogenously supplied growth factors, and a more
fibrogenic phenotype was observed in outer ECM-functionalised
growth

factor (Romanazzo et al., 2018). Chen et al. encapsulated bone

hydrogels supplemented with connective tissue
mesenchymal stromal cells into A thermosensitive, injectable, in
situ crosslinked hydrogel, and found that hydrogel was
biocompatible and could stimulate strong fibrochondrogenic
differentiation of BMSCs after the incorporation of TGF-pl,
and local administration of the BMSC-laden, TGF-p1-
incorporated hydrogel could promote the healing of rabbit
meniscal injury (Chen et al., 2020). Zhong et al. investigated
the effect of mECM on encapsulated MSCs and integrative
meniscus repair by in vivo rat subcutaneous implantation
and orthotopic meniscus injury model, and revealed that
BMSCs-laden  mECM

regeneration and improve joint function (Zhong et al., 2020).

hydrogels ~ promote  meniscus
These studies suggest that cell-loaded hydrogels can be a
promising strategy for meniscus repair. Although both MCs

and stem cells have been reported to be useful in meniscus
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repair, more research is needed to compare their repair effects
and underlying mechanisms.

Protein and cytokine-delivery hydrogels

Because of the interactions between a hydrogel and its
loaded cells, the composition and characteristics of the
hydrogel directly affect cell fate (Tsou et al., 2016). Delivery
of
morphogenetic protein (BMP), transforming growth factor-
beta (TGF-p), silk fibroin, and platelet-rich plasma (PRP)—
by loading hydrogels with exosomes is reported to be beneficial

many proteins and  cytokines—including bone

to the treatment of bone, cartilage, skin, and spinal cord injuries
(Qiuetal., 2016; Maisani et al., 2018; Wang L. et al., 2020; Shafei
et al.,, 2020; Cheng et al., 2021; Jiang et al., 2021; Li et al., 2021;
Linetal., 2021; Saygili et al., 2021; Yuan et al., 2021; Zhang et al.,
2021; Yan et al,, 2022). The ECM is the main extracellular
component of the meniscus, and it plays a key role in soft tissue
regeneration, providing cells with a dynamic and complex array
of biochemical and biomechanical signals that regulate cell
adhesion, proliferation, differentiation, and migration (Wu
et al., 2021). ECM-functionalized hydrogels are reported to
be prominent in enabling meniscus repair when combined with
different cells in multiple studies (Baek et al., 2015; Wu et al,,
2015; Yuan et al., 2017; Chen et al., 2019; Zhong et al., 2020).
Shimomura et al. analyzed the expression of meniscus-
associated genes with human bone marrow MSCs (hBMSCs)
seeded on inner and outer meniscus-derived ECMs (mECMs)
and concluded that ECMs derived from different regions had
different effects on the differentiation of stem cells based on the
that mECM the
fibrocartilaginous differentiation of hBMSCs, whereas outer

results inner seeding  enhanced
mECM seeding promoted a more fibroblastic phenotype
2017).

indicate that different regions of the meniscus release

(Shimomura et al., The aforementioned studies
different factors and substances that stimulate cells to
differentiate into cells with different functions, but more
research is needed to reveal the underlying mechanisms.
Okuno et al. reported that KI24RGDS peptide hydrogel
facilitated meniscus repair in a rabbit meniscal defect model
(Okuno et al., 2021). In vitro and in vivo studies by Forriol et al.
and Ozeki et al. demonstrated that bone morphogenetic
protein-7 (BMP-7) is a suitable growth factor to stimulate
meniscus regeneration and delay cartilage degeneration
(Ozeki et 2013; 2014). As
components of the ECM, collagen types I, II, and IIT were all

al., Forriol et al, major
revealed to be key regulators in meniscus repair (Mueller et al.,
1999; Oda et al., 2015; Wang C. et al., 2020). In addition, Chen
etal. and Narita et al. suggested that transforming growth factor
B1 and fibroblast growth factor 2 incorporated with hydrogels
enhance the healing effect on meniscus injury (Narita et al.,

2012; Chen et al, 2020). Pan et al. demonstrated that
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FIGURE 1

Hydrogels can serve as scaffolds to deliver a variety of
substances, including drugs, cells, extracellular matrix (ECM), bone
morphogenetic protein (BMP), collagen, cytokines, platelet-rich
plasma (PRP), and other proteins.

conditional EGFR deletion in mice and intra-articular injection
of a small molecule EGFR inhibitor gefitinib together could
promote ECM production (Pan et al., 2017). Meanwhile, Liang
et al. found that transforming growth factor beta-3 (TGF-{3)
and insulin-like growth factor 1 (IGF-1) are indispensable
growth factors by comparing the effects of these factors on
the cell differentiation of synovial fluid-derived MSCs (SE-
MSCs) toward meniscus fibrochondrocytes (Liang et al,
2018). Ishida et al. proposed that PRP-laden hydrogel may
exert a regenerative effect on the meniscus in vitro and in vivo
(Ishida et al., 2007). Another protein mainly expressed in red
blood cells, erythropoietin, was demonstrated to enhance
meniscus repair and prevent osteoarthritis formation (Fu
et al., 2020). Hao et al. encapsulated chemokines (platelet-
factor-BB, = PDGF-BB)
molecules (kartogenin,

and  small
KGN)

biomimetic polycaprolactone/hydrogel, and found that the

derived  growth

chondroinductive within
dual drug-releasing meniscal scaffold possesses the potential
to act as an off-the-shelf product for the clinical treatment of
meniscal injury and related joint degenerative diseases (Hao
etal, 2021). The changes and mechanisms of related regulatory
factors during meniscus development and following injury have
not been clarified, so more research in this area is required to
reveal the roles of related proteins and cytokines at different
stages. Figure 1 and Table 1 show the representative reseaches
of extrinsic substance-delivery hydrogels in meniscus repair
and their outcomes.
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Meniscus rehabilitation hydrogels
Biological tissue-derived hydrogels

Conservative treatment and meniscus suture are the
traditional meniscus repair methods, but their long-term
results are not ideal (Chambers and Chambers, 2019; Ulku
et al, 2020). Hydrogels may be viable options in meniscus
repair since they are lubricating and injectable. A juvenile
bovine menisci-derived ECM hydrogel was proposed to exert
therapeutic effects on rat meniscus injury (Yuan et al., 2017).
Studies by both Zhong et al. and Ruprecht et al. indicated that
porcine meniscus-derived matrix (MDM) hydrogels promote the
repair of meniscus injury (Ruprecht et al., 2019; Zhong et al.,
2020). Visser et al. processed different kinds of hydrogels with
equine cartilage, meniscus, and tendon tissue, and found that cell
differentiation can be influenced by different hydrogels (Visser
et al.,, 2015). Meanwhile, Scotti et al. demonstrated that cellular
fibrin glue has promising potential in enhancing the meniscus
bonding effect (Scotti et al., 2009). Recent research suggests that
the endostatin in fibrin hydrogel may be the key element to
promoting chondrogenic differentiation of swne neonatal
meniscal cells (Herrera Millar et al., 2022). In addition, PRP,
which contains multiple proteins and growth factors, was
reported to be effective in meniscus healing (Braun et al,
2015). Through a 3-month clinical follow-up trial, Popescu
et al. found that PRP played a positive role in adolescents
with meniscus lesions (Popescu et al., 2020). On the contrary,
studies by Dai et al. and Yang et al. reported that a similar effect
in functional outcome and pain relief was found in the PRP
group and non-PRP group (Dai et al,, 2019; Yang et al,, 2021).
Considering these contradictory results, we speculate that the
complex components in PRP may be the cause. More studies are
needed to isolate PRP components and examine the effects of
various components.

Natural biomaterial-derived hydrogels

Raw materials from biological sources are limited and may
contain yet undetectable adverse immune effects, so it is
necessary to develop hydrogels from natural biomaterials. As
a natural polysaccharide, sodium alginate has been widely used in
tissue engineering research (Rastogi and Kandasubramanian,
2019). fabricated =~ TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl)-oxidized  cellulose nanofiber/
alginate (TCNF/ALG) hydrogel and suggested that human
fibrochondrocytes  (hMFC) the
hydrogel exhibited a more inner meniscus-like phenotype,

Lan et al

meniscus implanted in
whereas cells cultured in a collagen I-based construct
exhibited a more outer meniscus-like phenotype (Lan et al,
2021). As another common hydrogel ingredient, agarose is
widely used to prepare gels for separating macromolecular
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TABLE 1 Summary table of extrinsic substance-delivery hydrogels in meniscus repair and their outcomes.

Classification

Drug-delivery hydrogels

Cell-delivery hydrogels

Substances that delivered

Hydrogel

Delivery method

Outcomes

References

Riboflavin Photo-crosslinked collagen-HA hydrogel Encapsulated with fibrochondrocytes isolated from Reduced scaffold contraction and enhanced gene expression Heo et al. (2016)
New Zealand white rabbit, in vitro cell study levels for the collagen II and aggrecan
Simvastatin Gelatin hydrogel Implantated into the mensicus defect of Japanese White rabbits, =~ Promoted the regeneration of an avascular meniscus in the rabbit | Zhang et al.
in vivo animal experiment model of a meniscal defect (2016)
Simvastatin Gelatin hydrogel Murine primary chondrocytes, in vitro cell study; Intra-articular =~ Down-regulated the expression of inflammatory factors, MMP- | Tanaka et al.

Eicosapentanoic acid

Gelatin hydrogel

injection in C57BL/6] mice, in vivo animal experiment

Intra-articular injection in C57BL/6] mice, in vivo animal
experiment

13, and autophagic marker LC3

Inhibited the expression of macrophages and inflammatory
factors, but not mentioned the effect on the meniscus

(2019)

Tsubosaka et al.
(2020)

Dexamethasone

Bovine meniscal fibrochondrocytes

Thermo-sensitive hydrogel

Chondroitin sulfate (CS)-bone marrow (BM)
hydrogel

Intra-articular injection in C57BL/6] mice, in vivo animal
experiment

Encapsulated meniscal fibrochondrocytes in CSBM hydrogels,
in vitro cell study and subcutaneous implantation in athymic
rats

Reduced the expression of inflammatory factors, relieves pain and
attenuates bone destruction, but not mentions the effect on the
meniscus

Meniscal fibrochondrocytes were able to survive, proliferate, and
produce meniscus ECM when encapsulated in CS-BM hydrogel.
In a subcutaneous model to assess meniscus fusion, meniscus
explants adhered by C30B70 fused together 12 weeks
postimplantation

Wang et al.
(2021)

Simson et al.
(2013)

Human meniscus cells

Rabbit meniscal fibrochondrocytes

Extracellular matrix hydrogel

Photo-crosslinked collagen-HA hydrogel

Combined nanofibrous scaffolds with human meniscus cells in
an ECM hydrogel, in vitro cell study

Encapsulated rabbit meniscal fibrochondrocytes in the hydrogel,
in vitro cell study

Supported meniscus tissue formation with increased COL1A1,
SOX9, COMP

Beneficial to gene expression of collagen II and aggrecan

Baek et al. (2015)

Heo et al. (2016)

Rabbit meniscal fibrochondrocytes (MFCs)

Meniscus extracellular matrix (MECM)-based
hydrogel

A 3D printing wedge-shaped poly (e-caprolactone) (PCL)
scaffold as a backbone, in vitro cell study and scaffolds were
implanted in the meniscus defect and sutured to the residual rim
after the mature New Zealand White rabbits underwent total
medial meniscectomy except 5% of the external rim in vivo

2% of meniscus extracellular matrix (MECM)-based hydrogel
strongly enhanced chondrogenic marker mRNA expression and
cell proliferation; PCL-hydrogel-MFCs group exhibited markedly
better gross appearance and cartilage protection than other
groups and the regenerated menisci in the PCL-hydrogel-MFCs
group had similar histological structures, biochemical contents
and biomechanical properties as the native menisci in the sham
operation group

Chenetal. (2019)

Porcine meniscal fibrochondrocytes

Agorose, methacrylated gelatin (GelMA),
methacrylated hyaluronic acid (MeHA) and GelMA-
MeHA blend hydrogels

Fibrochondrocytes (passage 2) were reconstituted in the
polymer solutions prior to photocuring and then cultured in
fibrochondrogenic medium

Hydrogels have a higher potential for meniscal regeneration than
the 3D printed PCL, and fibrochondrocytes could be directed to
or fibrocartilagi ECM.
Agarose and MeHA could be used for the regeneration of the

proliferate or produce cartil

inner region of meniscus, while GelMA for the outer region

Bahcecioglu et al.
(2019b)

Human meniscus fibrochondrocytes (hMFC)

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-
oxidized cellulose nanofiber-alginate hydrogel

hMFCs were mixed with TCNF/ALG precursors with suitable
formulations and 3D bioprinted into cylindrical disc constructs
and crosslinked with CaCl2 after printing. The bioprinted
constructs then underwent 6 weeks of in vitro chondrogenesis in
hypoxia prior to analysis with biomechanical, biochemical,
molecular, and histological assays

The TCNF/ALG and collagen-based constructs had similar
compression modul and significantly higher expression of
COL2A1. Was significantly higher in TCNF/ALG. The TCNF/
ALG constructs showed more of an inner meniscus-like
phenotype while the collagen I-based construct was consistent
with a more outer meniscus-like phenotype

Lan et al. (2021)

Equine meniscus cells (MCs) and mesenchymal
stem cells (MSCs)

Type I collagen hydrogel

Primary equine mesenchymal stem cells (MSC) and meniscus
cells (MC) seeded on three different scaffolds-a cell-laden
collagen type I hydrogel (Col I gel), a tissue-derived small
intestinal matrix scaffold (SIS-muc) and a combination thereof

The phenotype of MSCs and MCs co-cultured on a scaffold
composed of Col I gel on SIS-muc exhibited the greatest similarity
to native meniscus tissue

Kremer et al.
(2017)

Human meniscus cells (MCs) and mesenchymal
stem cells (MSCs)

Type I collagen hydrogel

Cells were seeded on the implant in fibrin glue by static seeding
or injection

20% MCs and 80% MSCs were the most appropriate ratio for a
type I collagen hydrogel for meniscus regeneration

Hagmeijer et al.
(2019)

(Continued on following page)
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TABLE 1 (Continued) Summary table of extrinsic substance-delivery hydrogels in meniscus repair and their outcomes.

Classification

Substances that delivered

Human tonsil-derived mesenchymal stem cells
(T-MSCs)

Human mesenchymal stem cells (hMSCs)

Porcine infrapatellar fat pad-derived stem cells

Hydrogel

Riboflavin-induced photocrosslinked collagen-
hyaluronic acid (COL-RF-HA) hydrogel

Decellularized juvenile bovine meniscus ECM
hydrogel

Extracellular matrix (ECM)-functionalised hydrogel

Delivery method

Conditioned medium (CM)-expanded T-MSCs were
encapsulated in ribofl induced photocr d collagen-
hyaluronic acid (COL-RF-HA) hydrogels, and cultured in
chondrogenic medium containing TGF-3 in vitro and

subcutaneously implanted in female nude Balb-c mice in vivo

hHMSCs encapsulated in mECM hydrogel and cultured in vitro.
After 42 days in vitro, hMSC-mECM constructs were implanted
subcutaneously for an additional 4 weeks.Then the in situ
model of meniscal injury was conducted in orthotopic model of
meniscal injury in nude rat in vivo

Alginate hydrogels were functionalised with ECM derived from
the inner and outer regions of the meniscus and loaded with
infrapatellar fat pad-derived stem cells. Encapsulation and

in vitro culture of FPSC in alginate-ECM hydrogels

Outcomes

In vitro results indicate that CM-expanded cells followed by TGF-
(3 exposure stimulated the expression of fibrocartil lated
genes (COL2, SOX9, ACAN, COL1) and production of
extracellular matrix components, and CM treatment amplified
the potential of TGF-B3 and induced complete regeneration when
implanted into meniscus defect model

Fibrochondrogenesis of hMSCs was superior in mECM hydrogel
compared to type I collagen alone. HMSCs in mECM hydrogel
enhanced integrative repair of meniscal explants. HMSCs
delivered in mECM into meniscal injury incorporated into host
tissue

In the absence of exogenously supplied growth factors, inner
meniscus ECM promoted chondrogenesis of fat pad-derived stem
cells, whereas outer meniscus ECM promoted a more elongated
cell morphology and the development of a more fibroblastic
phenotype. With exogenous growth factors supplementation, a
more fibrogenic phenotype was observed in outer ECM-

lised hydrogels d with connective tissue
growth factor, whereas inner ECM-functionalised hydrogels
supplemented with TGFB3 supported the highest levels of Sox-9
and type II collagen gene expression and sulfated
glycosaminoglycans (sGAG) deposition

functi

References

Koh et al. (2017)

Yuan etal. (2017)

Romanazzo et al.
(2018)

Rabbit bone marrow stem cells (BMSCs)

A thermosensitive, injectable, in situ crosslinked
hydrogel

BMSCs were isolated and cultured in the hydrogel in vitro. A
critical-sized defect was introduced into the meniscus of

30 rabbits. Each defect was randomly assigned to be implanted
with either phosphate-buffered saline (PBS); BMSC-laden
hydrogel; or BMSC-laden, TGF-B1-incorporated hydrogel in the
in vivo experiment

The hydrogel was biocompatible and could stimulate strong
fibrochondrogenic differentiation of BMSCs after the
incorporation of TGF-B1. The local administration of the BMSC-
laden, TGF-p1-incorporated hydrogel could promote the healing
of rabbit meniscal injury

Chen et al. (2020)

Rat bone marrow stem cells (BMSCs)

Decellularized meniscus extracellular matrix
(mECM) hydrogel

Encapsulation of BMSCs in mECM or hydrogel and in vitro
culture; In vivo subcutaneous implantation model in SD rat;
Orthotopic model of meniscal injury in SD rats, BMSCs
encapsulated in mECM or collagen were injected into the defect
by 25-gauge needle in the in vivo study

Decellularized mECM retained essential proteoglycans and
collagens, and significantly upregulated expression of
fibrochondrogenic markers by BMSCs versus collagen hydrogel
alone in vitro 3D cell culture. When applied to an orthotopic
model of meniscal injury in SD rat, mECM is superior than
collagen T scaffold in reduction of osteophyte formation and
prevention of joint space narrowing and osteoarthritis
development as evidenced by histology and micro-CT analysis

Zhong et al.
(2020)

Protein and cytokine-
delivery hydrogels

Platelet-rich plasma (PRP)

Gelatin hydrogel (GH)

Monolayer meniscal cell cultures were performed to assess
proliferative behavior in the presence of PRP in vitro, and 1.5-
mm-diameter full-thickness defects were created in the
avascular region of rabbit meniscus and implanted with GH
with PRP, GH with platelet-poor plasma, or GH only in vivo

Histological scoring of the defect sites at 12 weeks revealed
significantly better meniscal repair in animals that received PRP
with GH than in the other two groups, which suggested that PRP
enhances the healing of meniscal defects

Ishida et al.
(2007)

Fibroblast growth factor 2 (FGF-2)

Gelatin hydrogel

The purpose of this study was to investigate the in vivo effects of
gelatin hydrogels (GHs) incorporating fibroblast growth factor 2
(FGF-2) on meniscus repair in a rabbit model

GHs incorporating FGF-2 significantly stimulated proliferation
and inhibited the death of meniscal cells until 4 weeks, thereby
increasing meniscal cell density and enhancing meniscal repair in
a rabbit model

Narita et al.
(2012)

Collagen type IT

A hydrogel consisting of collagen type II (3 mg/ml),
chondroitin sulfate (1 mg/ml) and hyaluronan
(1 mg/ml)

Human meniscus cells were embedded in extracellular matrix
(ECM) hydrogel to lead to formation of neotissues that resemble
meniscus-like tissuel, in vitro cell study

Supported neotissue formation with high expression of meniscus-
related genes

Baek et al. (2015)

(Continued on following page)
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TABLE 1 (Continued) Summary table of extrinsic substance-delivery hydrogels in meniscus repair and their outcomes.

Classification

bstances that delivered

Extracellular matrix (ECM)

Meniscus extracellular matrix (MECM)

Hydrogel

An injectable ECM hydrogel material from porcine
meniscus

Meniscus extracellular matrix (MECM)-based
hydrogel

Delivery method

Bovine chondrocytes and mouse 3T3 fibroblasts was
encapsulated in the hydrogel, in vitro study; syringe injection
into mouse subcutaneous tissue, in vivo mouse subcutaneous
implantation

Human bone marrow MSCs (hBMSCs) were seeded on inner
and outer meniscus-derived ECMs (mECMs), in vitro study

comes

The in vitro study demonstrated that the hydrogel have good
cellular compatibility, and the in vivo study revealed that the ECM
hydrogel possessed good tissue compatibility

ECMs derived from different regions had different effects. Inner
mECM seeding enhanced the fibrocartilaginous differentiation of
hBMSCs, whereas outer mECM seeding promoted a more
fibroblastic phenotype

ferences

Wu et al. (2015)

Shimomura et al.
(2017)

Meniscus extracellular matrix (MECM)

Decellularized juvenile bovine meniscus ECM
hydrogel

Human mesenchymal stem cells (hMSCs) encapsulated in
mECM hydrogel and cultured in vitro. After 42 days in vitro,
hMSC-mECM constructs were implanted subcutaneously for an
additional 4 weeks.Then the in situ model of meniscal injury
was conducted in orthotopic model of meniscal injury in nude
rat in vivo

Fibrochondrogenesis of hMSCs was superior in mECM hydrogel
compared to type I collagen alone. HMSCs in mECM hydrogel
enhanced integrative repair of meniscal explants. HMSCs
delivered in mECM into meniscal injury incorporated into host
tissue

Yuan et al. (2017)

Meniscus extracellular matrix (MECM)

Meniscus extracellular matrix (MECM)-based
hydrogel

Rabbit meniscal fibrochondrocytes (MFCs) were seeded in the
hydrogel, in vitro cell study; PCL-hydrogel-MFCs were
implanted in the meniscus defect, in vivo rabbit experiment

Both in vitro and in vivo study revealed that PCL-hydrogel-MFCs
benefit to meniscus regeneration

Chenetal. (2019)

Transforming growth factor p1 (TGF-p1)

A thermosensitive, injectable, in situ crosslinked
hydrogel

BMSCs were isolated and cultured in the hydrogel in vitro, and
TGF-P1-incorporated hydrogel was implanted incritical-sized
defects in vivo

The hydrogel was biocompatible and could stimulate strong
fibrochondrogenic differentiation of BMSCs after the
incorporation of TGF-1. The local administration of the BMSC-
laden, TGF-p1-incorporated hydrogel could promote the healing
of rabbit meniscal injury

Chen et al. (2020)

Meniscus extracellular matrix (MECM)

Decellularized meniscus extracellular matrix
(mECM) hydrogel

Encapsulation of BMSCs in mECM or hydrogel and in vitro
culture; In vivo subcutaneous implantation model in SD rat;
Orthotopic model of meniscal injury in SD rat, BMSCs
encapsulated in mECM or collagen were injected into the defect
by 25-gauge needle in the in vivo study

Decellularized mECM retained essential proteoglycans and
collagens, and significantly upregulated expression of
fibrochondrogenic markers by BMSCs versus collagen hydrogel
alone in vitro 3D cell culture. When applied to an orthotopic
model of meniscal injury in SD rat, mECM is superior than
collagen I scaffold in reduction of osteophyte formation and
prevention of joint space narrowing and osteoarthritis
development as evidenced by histology and micro-CT analysis

Zhong et al.
(2020)

Chemokines (platelet-derived growth factor-BB,
PDGF-BB) and small chondroinductive molecules
(kartogenin, KGN)

Polycaprolactone hydrogel

The scaffold morphology, drug release and the effects of
releasing the drugs in a sequentially controlled manner from the
composite scaffolds on the fate of MSCs were evaluated, and the
healing effect of the hydrogel was assessed in a rabbit model
established with a critical-size medial meniscectomy in vivo

The meniscal scaffolds containing both drugs had combinational
advantages in enhancing cell migration and synergistically
promoted MSC chondrogenic differentiation. The dual drug-
loaded scaffolds also significantly promoted in vivo neomeniscal
regeneration three and 6 months after implantation in terms of
histological and immunological phenotypes

Hao et al. (2021)

Peptide

KI24RGDS peptide hydrogel

Full-thickness (2.0 mm diameter) cylindrical defects were
introduced into the inner avascular zones of the anterior
portions of the medial menisci of rabbit knees in vivo

KI24RGDS remained in the meniscal lesion and facilitated the
repair and regeneration in a rabbit meniscal defect model

Okuno et al.
(2021)
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proteins and DNA. Gunja et al. employed agarose molds to detect
the effects of agarose mold compliance and surface roughness on
self-assembled meniscus-shaped constructs, and they found that
1% agarose exhibited higher potential for preventing construct
buckling (Gunja et al, 2009). Hyaluronic acid, a natural
moisturizing factor, is mainly used in cosmetology,
ophthalmology, and arthrology. Research by Berton et al. and
Kim et al. demonstrated that hyaluronic acid hydrogels have a
restorative effect in meniscus injury (Kim et al., 2018; Berton
et al, 2020). Due to its easy degradation and lack of fixed
molecular weight, gelatin is often mixed with other substances
(e.g., alginate, agarose, hyaluronic acid, and methacrylate) to
fabricate hydrogels (Echave et al., 2017; Salahuddin et al., 2021).
A study by Resmi et al. revealed that the injectable alginate
(15ADA20G)

integration with the host meniscus tissue and relatively long

dialdehyde-gelatin hydrogel shows good
retention in the close region of meniscus tear (Resmi et al., 2020).
Adjusting the PH of gelatin has been reported as a viable method
to improve both biochemical and biomechanical properties of
hydrogels for tissue-engineered meniscus (Kim and Bonassar,
2022). The main type of collagen in the ECM of the meniscus is
type I collagen. An in vitro study by Kremer et al. indicated that
type I collagen hydrogel is beneficial to the high expression of

meniscus-related proteins in stem cells (Kremer et al., 2017).

Artificial hydrogels

Although natural hydrogels have good biodegradability,
better

commonly used material

artificial hydrogels have mechanical properties.

Acrylamide, a for hydrogel
preparation, is often used with other natural hydrogel
materials or synthetic hydrogel materials. A study by
Bahcecioglu et al. stated that gelatin methacrylate (GelMA)-
agarose (Ag) hydrogel was suitable for medial meniscus
preparation, and GelMA was conducive to lateral meniscus
preparation (Bahcecioglu et al., 2019a). Zihna et al. prepared
hybrid meniscal constructs using methacrylate gelatin (GelMA)
hydrogels and acellular matrices and proved it may be used in
meniscus tissue engineering with mechanical tests and in vitro
cell experiments (Zihna et al., 2022). Modified polyvinyl alcohol
(PVA) hydrogel has better load-bearing capacity and lower
cytotoxicity than PVA alone, which is suggested to be
beneficial to meniscus repair either alone or combined with
gelatin (Hayes et al., 2016; Marrella et al., 2018). Zhang et al.
fabricated a biodegradable poly (I-glutamic acid) (PLGA)-g-poly
(e-caprolactone) (PCL) hydrogel and proved that the hydrogel
carrying (ASCs)
regenerated meniscus-like tissue in vivo and preserved the

adipose-derived stem  cells effectively
corresponding articular cartilage from degeneration over a
16 week period (Zhang K. et al, 2018). In addition,
polycaprolactone (PCL) and poly (glycolic acid) (PGA)

hydrogels have been demonstrated to be conducive scaffolds
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for meniscus repair (Aufderheide and Athanasiou, 2015; Chen
et al, 2019). Compared with meniscus repair materials, the
current research is more inclined to manufacture integrated
materials for restoration and regeneration. Recent study of
Baysan et al. revealed that a new type of hydrogel composite
scaffold made of chitosan, loofah mat, and poly (-3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanofibers is
a promising material for engineering meniscus tissue (Baysan
et al, 2022). Figure 2 and Table 2 present the typical
of meniscus rehabilitation

investigations hydrogels in

meniscus repair and their outcomes.

Meniscus regeneration hydrogels

Cell-based meniscus regeneration
hydrogels

For any foreign scaffold, its fusion with native tissue is
essential to its functionality. The key to the fusion of
hydrogels is the ability of cells to migrate from the normal
tissue to the transplanted tissue, and cell-laden hydrogel may
accelerate this fusion process. Autologous cells have been shown
to play a good role in meniscus substitution (Kon et al., 2012), but
their sources are relatively limited. Two papers by Jiang et al.
showed that treated pig xenogeneic meniscus tissue could be
incorporated with native tissue in the knee joint, but detectable
rabbit-anti-pig antibody in the blood serum revealed that the
problem of immune rejection requires further study (Jiang et al.,
2012; Jiang D. et al., 2018). Compared with autologous cells and
xenogenic cells, stem cells may be a more promising cell source in
the field of meniscus regeneration research (Zhou et al.,, 2022).
Multiple studies reported that stem cells are useful in replacing
the injured meniscus and restoring its native function when
combined with tissue engineering (Jacob et al., 2021; Bian et al.,
2022). Basing in vitro and in vivo experiments, Li et al. proved
that Apt/GF-scaffolds increased neomeniscal formation in rabbit
critical-sized meniscectomies through mesenchymal stem cell
(MSC)-specific recruitment (Li H. et al, 2022). Sasaki et al.
isolated stem cells from adipose, and demonstrated that
adipose-derived stem cells (ASCs)-seeded hydrogels preloaded
with TGF-B3 enhanced healing of radial meniscal tears in an
in vitro meniscal repair model (Sasaki et al., 2018). Zhang et al.
suggested that adipose-derived stem cells (ASCs) encapsulated in
a biodegradable poly (I-glutamic acid)/poly (e-caprolactone)
hydrogel effectively regenerated meniscus-like tissue in vivo
and preserved the corresponding articular cartilage from
degeneration over a 16 week period (Zhang K. et al, 2018).
Hagmeijer et al., investigated the feasibility of a one-stage cell-
based treatment for meniscus regeneration by augmenting a
resorbable collagen-based implant with a combination of
recycled meniscus cells and mesenchymal stromal cells

(MSCs), and found that the new one-stage cell-based
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FIGURE 2

Multiple hydrogels used as repair materials for meniscus rehabilitation, including biological tissue-derived hydrogels, natural biomaterial-

derived hydrogels, and artificial hydrogels.

procedure for meniscus regeneration is feasible, and the
stimulatory effect of MSCs towards meniscus cells was
regulated by communication through gap junctions
(Hagmeijer et al., 2019). Baek et al. examined meniscus tissue
generation from different human cell sources including meniscus
cells derived from vascular and avascular regions, human bone
marrow-derived mesenchymal stem cells, synovial cells, and cells
from the infrapatellar fat pad (IPFP), and proved that IPFP cells
have potential for use in cell-based meniscus regeneration
strategies (Back et al, 2018). Zhong et al. revealed that rat
bone marrow stem cells (BMSCs) mixed with decellularized
meniscus extracellular matrix (mECM) hydrogel enabled full-
thickness meniscus repair in an orthotopic rat model with in vitro
3D cell culture, in vivo rat subcutaneous implantation and
orthotopic meniscus injury model (Zhong et al., 2020). Ding
et al. reviewed a large number of research studies about meniscal
repair and regeneration with mesenchymal stem cells from
different sources, including bone marrow, peripheral blood,
fat, and articular cavity synovium, and determined that
current meniscus repair research is still in its infancy, being
mostly confined to in vitro experiments and animal models.
Good healing results may be achieved in animals, but not
necessarily in humans. The repair ability of animals is
different from that of humans, and meniscus injuries in some
animals can be completely healed over a proper period of time
without any treatment (Ding G. et al., 2022). Chew et al. analyzed
four non-duplicate experiments and concluded that it is not
evident that stem cells could repair the meniscus with durable
neotissue which is comparable to the original meniscus (Chew
et al., 2017). Further clinical trials with standard protocols and
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long-term follow-ups are required to reveal the influence of stem
cells on meniscus regeneration.

Scaffold-based meniscus regeneration
hydrogels

While the search for optimal cell sources is ongoing, some
suggested  that  scaffold-based
regeneration hydrogels may be more important than cells in
meniscus regeneration (Chen Y. et al., 2017). Sun et al. found
that 3D-bioprinted TCM meniscus not only restored the

researchers meniscus

anisotropy of native healthy meniscus with PBV infiltration
and better shape retention, but better maintained joint
function and prevented secondary joint degeneration, which
demonstrated that the environment of the joint cavity affects
meniscus phenotype (Sun et al, 2021). In the meniscus
regeneration system, the composition of hydrogels is
undoubtedly an important factor affecting cell phenotype
changes for the interaction between cells and hydrogels is
constant. The ECM scaffold is a native tissue-based strategy
for meniscus repair (Zhang Z. et al., 2018). A variety of ECM
hydrogels have been reported to be effective in meniscus
regeneration (Wu et al., 2015; Yuan et al., 2017; Chen et al,,
2019; Zhong et al., 2020; Guo et al,, 2021). As the main
component of ECM, type I, II and III collagen were all
repported to be associated with cultivation of meniscus cells
(Mueller et al., 1999; Oda et al.,, 2015; Wang C. et al., 2020).
Reaearch of Mueller et al. showed that type II matrix is
beneficial to meniscus regeneration for its resistance to cell-
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TABLE 2 Summary table of meniscus rehabilitation hydrogels in meniscus repair and their outcomes.

Classification

Biological tissue-
derived hydrogels

Hydrogel Procedures Outcomes References
Cellular fibrin glue The bonding capacity of an articular A fibrocartilaginous tissue was found at | Scotti et al.
chondrocytes-fibrin glue hydrogel was  the interface between the meniscal (2009)
tested as a biologic glue to improve the | slices, partially penetrating the native
bonding between two swine meniscal = meniscus tissue
slices in a nude mouse model
Bovine meniscus extracellular matrix =~ Human mesenchymal stem cells The meniscus ECM hydrogel supported | Yuan et al.
(ECM) hydrogel (hMSCs) wew cultured in the meniscus = delivery of hMSCs for integrative repair = (2017)
ECM hydrogel in vitro, and applied to = of a full-thickness defect model in
an orthotopic model of meniscal injury = meniscal explants
in nude rat in vivo
Decellularized meniscus extracellular = Rat bone marrow stem cells (BMSCs)  The hydrogel upregulated expression of | Zhong et al.
matrix (mECM) hydrogel were cultured in the hydrogel in vitro, = fibrochondrogenic markers, reduced the = (2020)

and injected into the meniscus defect in
orthotopic model of meniscal injury in
SD rats in vivo

osteophyte formation, and prevented
joint space narrowing and osteoarthritis
development

Swine neonatal meniscal cells were
cultured in fibrin hydrogel scaffolds,
and endostatin was evaluated to assess
the differentiation of avascular tissues

Fibrin hydrogel

Endostatin in 3D fibrin hydrogel
scaffolds promotes chondrogenic
differentiation in swine neonatal
meniscal cells

Herrera Millar
et al. (2022)

Natural biomaterial-
derived hydrogels

Co-cultures of ACs and MCs (50:

50 ratio) were cultured in smooth or
rough moulds composed of 1% or 2%
agarose for 4 weeks

Agarose

The topology of an agarose surface may
be able to affect the phenotypic
properties of cells that are on that
surface, with smooth surfaces
supporting a more chondrocytic

phenotype

Gunja et al.
(2009)

Type I collagen hydrogel Primary equine mesenchymal stem
cells (MSC) and meniscus cells (MC)
seeded on three different scaffolds-a
cell-laden collagen type I hydrogel (Col
T gel), a tissue-derived small intestinal
matrix scaffold (SIS-muc) and a
combination thereof-for

Enzyme-mediated tissue adhesive
hydrogels

Rabbit meniscus fibrochondrocytes
were cultured in the hydrogel and ECM
synthesis and gene expression were
detected in vitro

Hyaluronic acid (HA) hydrogel Patients were subjected to two HA

Type I collagen hydrogel is beneficial to
the high expression of meniscus-related
proteins in stem cells

Fibrochondrocyte-laden and TYR-
crosslinked hydrogels demonstrated
strong biocompatibility and resulted in
enhancement of cartilage-specific gene
expression and matrix synthesis

This study supports the use of HA in the

Kremer et al.
(2017)

Kim et al.
(2018)

Berton et al.

injections 2 weeks apart. Western conservative management of DML as it | (2020)

Ontario and McMaster Universities is clinically effective and enhances

Osteoarthritis Index (WOMAC) and meniscus healing as demonstrated by

Patient’s Global Assessment (PtGA) T2 measurements. Moreover, it reduces

and Clinical Observer Global the need for APM at 1-year follow-up

Assessment (CoGA) of the disease were

assessed at baseline, 30, and 60 days

after treatment. In vivo human study
A injectable alginate dialdehyde- In vitro study was performed with Adhesion and proliferation of Resmi et al.
gelatin (15ADA20G) hydrogel rabbit menisci fibrochondrocytes fibrochondrocytes on ADAG hydrogel = (2020)

seeded on the hydrogel, and in vivo
study was conducted in pig meniscal
tear model

TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl)-
oxidized cellulose nanofiber/alginate
(TCNF/ALG) hydrogel

Human meniscus fibrochondrocytes
(hMFC) from surgical castoffs of partial
meniscectomies were mixed with
TCNF/ALG precursors and underwent
6 weeks of in vitro chondrogenesis in
hypoxia prior to analysis with

was confirmed through in vitro studies.
Ex vivo culture on pig meniscus showed
integration of hydrogel with meniscal
tissue

The TCNF/ALG constructs showed
more of an inner meniscus-like
phenotype while the collagen I-based
construct was consistent with a more
outer meniscus-like phenotype

Lan et al. (2021)
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TABLE 2 (Continued) Summary table of meniscus rehabilitation hydrogels in meniscus repair and their outcomes.

Classification

Artificial hydrogels

Hydrogel Procedures Outcomes References
biomechanical, biochemical, molecular,
and histological assays
Gelatin hydrogel Mechanical properties were modified Gelation pH is a useful means to Kim and
with changing gelation PH, and in vitro = modulate both biochemical and Bonassar,
study was conducted to reveal its biomechanical properties of the (2022)
influences on biochemical and collagen-based hydrogels and can be
biomechanical properties utilized for diverse types of tissue
engineering due to its simple application
Polyvinyl alcohol (PVA)/ Comparative biomechanical analysis PVA/Na2S804 menisci are mechanically =~ Hayes et al.
Na2S04 hydrogel was conducted between hydrogel comparable to the human meniscus. (2016)

Gelatin/polyvinyl alcohol (PVA)-
based hydrogel

menisci and human donor menisc, and
cytotoxicity was evaluated with
1929 fibroblasts

A mouse fibroblast cell line NTH-3T3
fibroblasts were seeded on the hydrogel,
and the integrative capability of the
hydrogel was assessed in a meniscal
organ-culture model in vitro

Biocompatibility analysis of PVA/
Na2S04 hydrogels revealed no acute

cytotoxicity

The combination of gelatin with a PVA-
based porous hydrogels allowed to
better resemble the mechanical and
damping proprieties of native meniscus
as well as promoting the integration
with the host tissues, as shown by the ex
vivo test

Marrella et al.
(2018)

Poly (l-glutamic acid) (PLGA)-g-poly
(e-caprolactone) (PCL) hydrogel

The compressive strength was assessed,
and the meniscus healing effect was
evaluated in vivo

The degradation of the PLGA-g-PCL
hydrogel was accelerated within

3 months in vivo. A hydrogel carrying
adipose-derived stem cells (ASCs)
effectively regenerated meniscus-like
tissue in vivo and preserved the
corresponding articular cartilage from
degeneration over a 16 week period

Zhang et al.
(2018a)

Gelatin methacrylate (GelMA)-agarose
(Ag) hydrogel

Meniscus extracellular matrix
(MECM)-poly (e-caprolactone) (PCL)
hydrogel

Loofah-chitosan and poly (-3-
hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) based
hydrogel

Methacrylate gelatin (GelMA)
hydrogels

Human fibrochondrocytes were seeded
in agarose (Ag), gelatin methacrylate
(GelMA), and GelMA-Ag hydrogels
and gene expression were assessed

Rabbit meniscal fibrochondrocytes
(MECs) was used for in vitro cell study,
and scaffolds were implanted in the
meniscus defect in vivo

Scaffolds were seeded using
undifferentiated human mesenchymal
stem cells (hMSCs) and incubated for
21 days to investigate the chondrogenic
potential of hydrogel scaffolds

Mechanical properties and cell viability
were examined in the developed
hydrogels in vitro

GelMA-Ag hydrogel was suitable for
medial meniscus preparation, and
GelMA was conducive to lateral
meniscus preparation

PCL-hydrogel-MFCs group exhibited
markedly better gross appearance and
cartilage protection than other groups,
and the regenerated menisusi in the
PCL-hydrogel-MFCs group was similar
with native meniscus in the control

group

The in vitro analysis showed no
cytotoxic effect and enabled cells to
attach, proliferate, and migrate inside
the scaffold

GelMA/PEGDMA/HAMA -Hybrid
(PGH-Hybrid) had the highest cross-
link density, and the developed
biomaterials could be used in meniscus
tissue engineering with their tunable
physicochemical and mechanical
properties

Bahcecioglu
et al. (2019a)

Chen et al.

(2019)

Baysan et al.
(2022)

Zihna et al.
(2022)

mediated contracture (Mueller et al., 1999), and study of Wang

collagen

scaffold promotes

meniscus

regeneration via

et al. revealed that type III collagen deficiency inhibits meniscal
synthesis through mediating the early stage of type II collagen
fibrillogenesis and chondrocyte mechanotransduction (Wang
C. et al, 2020), but in vitro and in vivo experiments of
Hagmeijer et al. and Oda et al. demonstrated that type I

Frontiers in Bioengineering and Biotechnology

12

enhancing cellular communication by gap junctions and
suppressing inflammation (Oda et al, 2015; Hagmeijer
et al., 2019). Tissue-derived scaffolds include ECM scaffolds
and other scaffolds prepared from raw materials extracted
from biological tissues, such as animal meniscus, small
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Various hydrogels adopted for meniscus regeneration, including cell-based, scaffold-based, and agent-stimulated meniscus regeneration

hydrogels.

intestinal submucosa, silk, and PRP (Kwon et al., 2019).
Scaffolds derived from the menisci of cattle, pigs, rats, and
horses were all proven to be effective in meniscus tissue
engineering (Yamasaki et al., 2005; Stapleton et al., 2008;
Yamasaki et al., 2008; Stapleton et al., 2011; Chen et al,
2015; Visser et al., 2015; Wu et al., 2015; Yuan et al., 2017;
Ruprecht et al., 2019; Zhong et al., 2020). As a collagenous
biomaterial, small intestinal submucosa was confirmed by
many studies to be a capable scaffold for meniscus
regeneration (Cook et al., 2001; Gastel et al., 2001; Welch
et al., 2002; Cook et al., 2006; Bradley et al., 2007; Tan et al.,
2010). Studies by Wu et al. and Yan et al. reported that silk
scaffolds coated with platelet-rich gel or collagen can promote
functional meniscus regeneration and prevent osteoarthritis
(Wu et al,, 2019; Yan et al., 2019). PRP is a biological product
with scaffolding properties, and it has been suggested to
support meniscus healing (Kemmochi et al., 2018; Liu et al,,
2019; Kurnaz and Balta, 2020). Natural hydrogel scaffolds
derived from sodium alginate, agarose, hyaluronic acid, and
gelatin may be the most intensively studied medical
biomaterials in the field of tissue engineering. Numerous
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studies demonstrate that such scaffolds have very good
application prospects in the field of meniscus regeneration
(Gunja et al., 2009; Echave et al., 2017; Koh et al., 2017; Kremer
et al.,, 2017; Kim et al., 2018; Rastogi and Kandasubramanian,
2019; Berton et al., 2020; Resmi et al., 2020; Abpeikar et al.,
2021; Lan et al, 2021; Salahuddin et al., 2021). A study of
Bahcecioglu et al. revealed that hydrogels of agarose, and
methacrylated gelatin (GelMA) and hyaluronic acid are
more supportive for in vitro meniscus regeneration than
three dimensional printed polycaprolactone scaffolds, and
agarose and MeHA could be used for the regeneration of
the inner region of meniscus while GelMA for the outer
(Bahcecioglu et al, 2019b). Synthetic hydrogel
scaffolds are formed by physical and chemical crosslinking

region

of polymer materials, such as polyvinyl alcohol (PVA),
polycaprolactone (PCL), poly (glycolic acid) (PGA), poly-L/
DL-lactide (PLDLA), polyethylene glycol (PEG),
polyethylene oxide (PEO) (Burgos-Morales et al, 2021).
With advances in technology, standards for the biological

and

activity, mechanical properties, and ease of modification are
rising for synthetic materials. In the field of meniscus repair,
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TABLE 3 Summary table of meniscus regeneration hydrogels in meniscus repair and their outcomes.

Classification

Cell-based meniscus
regeneration hydrogels

Scaffold-based
meniscus regeneration
hydrogels

Hydrogel

Adipose-derived stem cells (ASCs)-
seeded hydrogels

A hydrogel carrying adipose-derived
stem cells (ASCs)

Human meniscus cells (MCs) and
mesenchymal stromal cells (MSCs)
loaded hydrogel

Procedures

Six combinations of hydrogels-namely,
acellular and ASC-seeded hydrogels
supplemented with preloaded TGF-$3
(2 pg/ml) or soluble TGF-B3 (10 ng/ml)
and without supplement-were injected
into the radial tear and stabilized by
photocrosslinking with visible light. At
4 and 8 weeks of culture, healing was
assessed through histology,
immunofluorescence staining, and
mechanical testing

Poly (I-glutamic acid) (PLGA)-g-poly (e-
caprolactone) (PCL) hydrogel was
prepared and the mechanical properties
were detected. The regenerative effect on
meniscus was assessed in vivo

Human meniscus cells and bone-
marrow-derived MSCs were cultured in
different ratios in cell pellets and type I
collagen hydrogels. In addition, cells
were seeded on the implant in fibrin glue
by static seeding or injection

10.3389/fbioe.2022.1082499

Outcomes

ASC-seeded hydrogels cultured in
medium supplemented with soluble
TGF-B3 showed robust proteoglycan
deposition. ASC-seeded hydrogels
promoted superior healing as
compared with acellular hydrogels,
with preloaded or soluble TGF-3
further improving histological scores
and mechanical properties

The PLGA-g-PCL hydrogel carrying
adipose-derived stem cells (ASCs)
effectively regenerated meniscus-like
tissue in vivo and preserved the
corresponding articular cartilage from
degeneration over a 16 week period

The stimulatory effect of MSCs
towards meniscus cells was
demonstrated by communication
through gap junctions

References

Sasaki et al.
(2018)

Zhang et al.

(2018a)

Hagmeijer
et al. (2019)

Rat bone marrow stem cells (BMSCs)
delivery hydrogel

Poly (vinyl alcohol) (PVA) hydrogel

The effect of decellularized meniscus
extracellular matrix (mECM) on
encapsulated MSCs response and
integrative meniscus repair by in vivo rat
subcutaneous implantation and
orthotopic meniscus injury model

The composite mechanical properties,
the molecular weight between cross-
links, bound water and the
microstructure of the PVA hydrogels
were evaluated

In vitro and in vivo researches
indicated that mECM hydrogel is a
highly promising carrier to deliver
MSCs for long-term repair of
meniscus tissue

The formation of regions with highly
concentrated amounts of PVA
increases the load-bearing ability of
the hydrogels, which may be used as
potential non-degradable meniscal
replacements

Zhong et al.
(2020)

Holloway et al.
(2010)

Porcine meniscus extracellular matrix | Both bovine chondrocytes and mouse The hydrogel showed good cellular Wu et al.
(MECM) hydrogel 3T3 fibroblasts were encapsulated in the = compatibility by promoting the (2015)
injectable hydrogel, and was assessed growth of both bovine chondrocytes
in vitro cell culture and in vivo mouse | and mouse 3T3 fibroblasts
subcutaneous implantation encapsulated in the hydrogel for
2 weeks. It also promoted cell
infiltration as shown in both in vitro
cell culture and in vivo mouse
subcutaneous implantation
A salt-modified polyvinyl alcohol Compressive responses were assessed The PVA/Na2504 menisci are Hayes et al.
hydrogel between the hydrogel and human mechanically comparable to the (2016)
meniscus, and in vitro experiments was = human meniscus. Biocompatibility
conducted with 1929 fibroblasts analysis of PVA/Na2504 hydrogels
revealed no acute cytotoxicity
Decellularized juvenile bovine Human mesenchymal stem cells The hydrogel was beneficial to Yuan et al.
meniscus ECM hydrogel (hMSCs) were cutured in mECM fibrochondrogenesis of hMSCs, and (2017)

3D porous gelatin/polyvinyl alcohol
(PVA) hydrogel

Frontiers in Bioengineering and Biotechnology

hydrogel, and then the hMSC-mECM
constructs were assessed with
subcutaneous implantation and
meniscal injury model in nude rat in vivo

In vitro study was performed with a
mouse fibroblast cell line NIH-3T3
fibroblasts, and the implant integration
with the host tissue was assessed the ex
vivo animal model

14

enhanced integrative repair of
meniscal explantsin orthotopic model

The combined use of a water-insoluble
micro-porogen and gelatin, as a
bioactive agent, allowed the realization
of a porous composite PVA-based

Marrella et al.
(2018)

(Continued on following page)
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TABLE 3 (Continued) Summary table of meniscus regeneration hydrogels in meniscus repair and their outcomes.

Classification

Hydrogel Procedures Outcomes References
hydrogel to be envisaged as a potential
meniscal substitute

Agarose (Ag), gelatin methacrylate The compressive and tensile modulus GelMA and GelMA-Ag hydrogels Bahcecioglu

(GelMA), and GelMA-Ag hydrogels

and differentiation of the human
fibrochondrocytes in these hydrogels
were assessed with in vitro experiments

enhanced the production of COL

1 and COL 2 proteins after a 6-week
culture (p < 0.05). COL 1 expression
increased gradually towards the outer
periphery, while COL 2 expression
decreased

et al. (2019a)

Agorose, methacrylated gelatin
(GelMA), methacrylated hyaluronic
acid (MeHA) and GelMA-MeHA blend
hydrogels

Porcine meniscal fibrochondrocytes
were cultured in fibrochondrogenic
medium, and fibroartilage-related
markers were detected to assess its effect
in vitro

Agarose and MeHA could be used for
the regeneration of the inner region of
meniscus, while GeIlMA for the outer
region

Bahcecioglu
et al. (2019b)

Poly (e-caprolactone) (PCL) -meniscus = The efffect of meniscus extracellular The hybrid scaffold (PCL-hydrogel) Chen et al.
extracellular matrix (MECM)-Based matrix (MECM)-based hydrogel in clearly yielded favorable (2019)
Hydrogel promoting cell proliferation and the biomechanical properties close to
phenotype of meniscal those of the native meniscus. PCL-
fibrochondrocytes (MFCs) and in the hydrogel-MFCs group exhibited
knee joints of New Zealand rabbits that = markedly better gross appearance and
underwent total medial cartilage protection than the PCL
meniscectomywas investigated in vitro | scaffold and PCL-hydrogel groups
and in vivo after 6 months postimplantation
Type I collagen hydrogel Human meniscus cells (MCs) and 20% MCs and 80% MSCs were the Hagmeijer

mesenchymal stem cells (MSCs) were
seeded on the implant in fibrin glue by
static seeding or injection and meniscus-
related assays were performed in vitro

most appropriate ratio for a type I
collagen hydrogel for meniscus
regeneration

et al. (2019)

Decellularized meniscus extracellular Rat bone marrow stem cells (BMSCs) Injectable ECM hydrogel for delivery | Zhong et al.
matrix (mECM) hydrogel was cultured in the hydrogel in vitro,and | of BMSCs enabled full-thickness (2020)
evaluated with subcutaneous meniscus repair in an orthotopic rat
implantation and meniscus injury model
modelsin vivo
Agent-stimulated A thermo-responsive chitosan-graft- A thermo-responsive comb-like polymer = In vitro study demonstrated that the | Chen and

meniscus regeneration
hydrogels

poly (N-isopropylacrylamide)
injectable hydrogel

Platelet-rich plasma (PRP) loaded
gelatin hydrogel

Gelatin hydrogels incorporating
fibroblast growth factor 2

Frontiers in Bioengineering and Biotechnology

with chitosan as the backbone and
pendant poly (N-isopropylacrylamide)
(PNIPAM) groups has been synthesized
by grafting PNIPAM-COOH with a
single carboxy end group onto chitosan
through amide bond linkages, and
assessed with preliminary in vitro cell
culture study

Meniscal cell were cultured in hydrogels,
and alcian blue assay and real-time
polymerase chain reaction were
performed to assess extracellular matrix
(ECM) synthesis and the fibrocartilage-
related messenger ribonucleic acid
(mRNA) expressions. 1.5-mm-diameter
full-thickness defects were created, and
the defects were filled as follows: Group
A, GH with PRP; Group B, GH with
platelet-poor plasma; Group C, GH only
in the in vivo experiments. Each group
was evaluated histologically at 4, 8, and
12 weeks after surgery

The in vivo effects of gelatin hydrogels
(GHs) incorporating fibroblast growth
factor 2 (FGF-2) was investigated on
meniscus repair in a rabbit model

15

hydrogel not only preserves the
viability and phenotypic morphology
of the entrapped cells but also
stimulates the initial cell-cell
interactions, which may be used as an
injectable cell-carrier material for
entrapping chondrocytes and
meniscus cells

Histological scoring of the defect sites
at 12 weeks revealed significantly
better meniscal repair in animals that
received PRP with GH than in the
other two groups. These findings
suggest that PRP enhances the healing
of meniscal defects

GHs incorporating FGF-2
significantly stimulated proliferation
and inhibited the death of meniscal
cells until 4 weeks, thereby increasing

Cheng, (2006)

Ishida et al.
(2007)

Narita et al.
(2012)

(Continued on following page)
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TABLE 3 (Continued) Summary table of meniscus regeneration hydrogels in meniscus repair and their outcomes.

Classification Hydrogel Procedures Outcomes References
meniscal cell density and enhancing
meniscal repair in a rabbit model
Gelatin hydrogel and simvastatin- In 30 Japanese White rabbits, a The qualitative score, mean OR and = Zhang et al.
conjugated gelatin hydrogel cylindrical defect (1.5-mm diameter) SOR, immunohistochemical analysis, = (2016)
was introduced into the avascular zone = and biomechanical analysis all
of the anterior part of the medial demonstrated that simvastatin-
meniscus in bilateral knees. Either a conjugated gelatin hydrogel promotes
gelatin hydrogel (control group) or the regeneration of an avascular
simvastatin-conjugated gelatin hydrogel | meniscus in the rabbit model of a
(simvastatin group) was implanted into = meniscal defect and stimulated
the defect intrinsic healing of an avascular
meniscus
Tyrosinase (TYR)-crosslinked ECM synthesis and gene expression were | Fibrochondrocyte-laden and TYR- Kim et al.
hydrogels assessed with rabbit meniscus crosslinked hydrogels demonstrated (2018)

fibrochondrocytes in vitro

strong biocompatibility and resulted
in enhancement of cartilage-specific
gene expression and matrix synthesis

A TGF-B3-preloaded
photocrosslinkable hydrogel

TGF-p1-incorporated hydrogel

A self-assembling peptide hydrogel
scaffold KI24RGDS

The effect of TGF-B3-whether preloaded
into the hydrogel or added as a soluble
medium supplement-on matrix-sulfated
proteoglycan deposition in the
constructs was evaluated. A meniscal
explant culture model was used to
simulate meniscal repair

Whther the hydrogel could support the
fibrochondrogenic differentiation of
bone mesenchymal stromal cells
(BMSCs) and promote the repair of a
critical-sized defect in rabbit meniscus
was evaluated in vitro and in vivo

Whether the self-assembling peptide
hydrogel scaffold KI24RGDS stays in the
meniscal lesion and facilitates meniscal
repair and regeneration were tested in an
induced rabbit meniscal defect model in
vivo

ASC-seeded hydrogels preloaded with
TGF-B3 enhanced healing of radial
meniscal tears in an in vitro meniscal
repair model

The hydrogel was biocompatible and
could stimulate strong
fibrochondrogenic differentiation of
BMSC:s after the incorporation of
TGF-B1. The local administration of
the BMSC-laden, TGF-p1-
incorporated hydrogel could promote
the healing of rabbit meniscal injury

In vivo study demonstrated that
KI24RGDS remained in the meniscal
lesion and facilitated the repair and
regeneration in a rabbit meniscal
defect model

Sasaki et al.
(2018)

Chen et al.
(2020)

Okuno et al.
(2021)

Wnt5a/platelet-rich plasma (PRP) gel

The effect and inflammation reaction of
Wnt5a/PRP was investigated on
meniscus cells, and the meniscus
regeneration and osteoarthritis (OA)
prevention was evaluated by the
application of Wnt5a/PRP gel in a rabbit
model of massive meniscal defect in vivo

The IL-1p-induced meniscus cells
study showed that PRP and Wnt5a
had the anti-inflammatory actions
through nuclear factor kB (NF-kB)
signaling pathway. PRP and Wnt5a/
PRP significantly inhibited the
increase of the p-p65/p65 and p-IkB-
a/IkB-a ratios. In vivo transplantation
of Wnt5a/PRP gel was demonstrated
to promote meniscus regeneration,
while reducing OA of knee joint.
Wnt5a with PRP had the anti-
inflammatory activity in an IL-1p-
induced inflammatory model

Qi et al. (2021)

synthetic materials show good performance (Esposito et al.,
2013; Aufderheide and Athanasiou, 2015; Hayes et al., 2016;
Marrella et al., 2018; Bahcecioglu et al., 2019a; Cojocaru et al.,

polyethylene (UHMWPE) and PP fibers, and suggested that
the poly (vinyl alcohol)-based fibrous composite was a possible
candidate for meniscal tissue replacement after a series of
2020; Li et al.,, 2020). Holloway et al. reinforced poly (vinyl
alcohol) (PVA) hydrogels with ultrahigh molecular weight

mechanical evaluations (Holloway et al., 2010). Sthijns et al.
reviewed numerous published articles and suggested that
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synthetic materials can regulate ECM secretions by affecting
cellular metabolism and the metabolic state (Sthijns, van
Blitterswijk, and LaPointe, 2021), which is promising for the
field of biomedical materials. However, since most people
assume that synthetic materials may cause unexpected side
effects, there is still a long way to go before synthetic materials
can be used on a large scale in the human body. Besides, among
these four hydrogels (ECM scaffolds, Natrual hydrogel
scaffolds, scaffolds,
scaffolds), suitable for
regeneration needs to be further confirmed by more studies

Tissur-derived Synthetic  hydrogel

which one is more meniscus

focusing on the interaction between cells and hydrogels.
Agent-stimulated meniscus regeneration
hydrogels

The but the
microenvironment of each local area is unique, differing in

human body is an organic whole,
parameters such as water content, ion concentration, and pH.
Self-assembled polypeptide hydrogels are normally stable and
can aggregate spontaneously by forming non-covalent bonds
between polypeptide molecules, such as hydrogen bonds,
electrostatic interactions, and m-m stacking interactions. Okuno
et al. demonstrated that a self-assembling peptide hydrogel
scaffold presented a repair and regeneration effect in the
meniscus defect of a rabbit model (Okuno et al., 2021).

Non-responsive hydrogels can be classified as traditional
hydrogels, and their functions mainly depend on drugs,
proteins, and factors loaded on the hydrogels. Research by
Zhang et al. suggested that local administration of simvastatin
stimulated intrinsic healing of the meniscus (Zhang et al.,
2016). Tanaka et al. reported that simvastatin-conjugated
gelatin hydrogel could restrain arthritis progression caused
by medial meniscectomy (Tanaka et al., 2019). Additionally,
PRP-laden hydrogels were shown to exhibit better healing
effects than PRP or hydrogel alone in meniscus defects
(Ishida et al., 2007; Qi et al., 2021). Other agents loaded on
hydrogels also play an important role in regulating the effects of
hydrogels. Hydrogels incorporated with transforming growth
factor (TGF) were proven to be alternative scaffolds for
meniscus healing (Sasaki et al., 2018; Chen et al,, 2020).
Another growth factor, fibroblast growth factor 2, was
indicated to enhance meniscus regeneration with gelatin
hydrogel in a rabbit model (Narita et al., 2012).

Compared with non-responsive

hydrogels, stimulus-

responsive  hydrogels can respond to changes in

environmental conditions. Sources of stimulation can be
divided into internal stimuli (e.g, pH, redox, enzyme,
electricity, and glucose) and external stimuli (e.g., heat, light,
mechanical force, magnetic field, and ultrasound). Kim et al.
utilized enzyme-based approaches to fabricate tyrosinase (TYR)-

crosslinked tissue adhesive hydrogels for meniscus repair and
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found that these approaches exhibited strong biocompatibility
and tissue adhesion (Kim et al., 2018). External stimulus-
responsive hydrogels, such as photocrosslinking collagen,
photo-curable hydrogel, and thermo-sensitive hydrogel, have
been reported as prominent gels for meniscus regeneration
(Abpeikar et al., 2021; Karami et al., 2021; Wang et al., 2021).
A research by Chen and Cheng found that a thermo-responsive
chitosan-graft-poly (N-isopropylacrylamide) injectable hydrogel
the
chondrocytes and meniscus cells (Chen and Cheng, 2006).

preserves viability and phenotypic morphology of

Due to the lack of knowledge on the changes in internal
injury,
meniscus repair response hydrogels mainly respond to

factors and signaling pathways after meniscus
exogenous stimuli at present. More studies are needed to
clarify the underlying mechanisms and, thus, facilitate the
creation of more efficient meniscus regeneration hydrogels.
Figure 3 and Table 3 exhibit the symbolic experiments of
meniscus regeneration hydrogels in meniscus repair and their

outcomes.

Conclusions and outlook

In this review, we presented a discussion on the application of
hydrogels to the repair of meniscus damage, organized by the
different types and functions of hydrogels, and we described each
functionalized hydrogel in detail based on previous studies. Early
studies focused on hydrogels for meniscus repair, but with the
advancement of material technology and biomedicine,
functionalized hydrogels are being developed to achieve the
goals of being more bionic and promoting regeneration.
Currently, the combination of tissue-derived materials, natural
materials, composite materials, nanoparticles, organic polymer
materials, and hydrogels has opened up a good future for
meniscus repair projects. Meniscus repair will also become
more accurate with the help of 3D printing technology.

However, the microenvironment of the meniscus is not static,
its connection with surrounding tissue cells will change in
different ECM

components to achieve an environment that is optimal for

periods, and cells will also remodel
their existence and function. Intuitively, the repair effect of
cell-seeded scaffolds should be better than that of cell-free
scaffolds. The study of Numpaisal et al. confirmed that fibrin
scaffolds loaded with meniscus cells have better repair effects
than scaffolds without cells in radial meniscus tear in hind limbs
of young cows (Numpaisal et al., 2017). Basic science researchers
are more inclined to reckon that cell-seeded scaffolds are superior
than cell-free scaffolds in tissue engineering (Pereira et al., 2011;
Kon et al, 2012), and unconsciously pay little attention to
convenience and operability of practical application. Two cell-
free meniscal scaffolds, collagen-based CMI (Ivy Sports
Medicine, Lochhamer, Germany) and polyurethane-based
ACTIFIT (Ortheq

Bioengineering, Londong,
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United Kingdom), have been reported to be safe for meniscus
replacement, but the neonatal tissue was proved to be different
from the native meniscus (Pereira et al., 2019). More high-quality
studies are needed to prove the influence of cells on cell-free and
cell-seeded scaffolds. With their
capability for extrinsic substance delivery, and suitability for

good biocompatibility,

functional modification, hydrogels are a good choice for
exogenous agent delivery and repair of tissue defects. The
mechanical property of hydrogel is equally a problem that
should be concerned. In order to further detect the regionally
biochemical differences of hydrogels from different regions, Wu
et al. fabricated regionally decellularized meniscal ECM
hydrogels with different (outer, middle, and inner) zones of
porcine meniscus, and found that the cell-seeded outer
meniscus (OM) hydrogel had a nine-fold increase in peak
compressive strengths (18.3 £ 3.6 vs. 2.1 + 0.1 kPa) and a six-
fold increase in initial modulus (9.9 + 2.6 vs. 1.7 + 0.2 kPa), the
cell-seeded middle meniscus (MM) hydrogel experienced a 21-
fold increase in peak compressive strengths (27.1 + 4.6 vs. 1.3 +
0.1 kPa) and a nine-fold increase in initial modulus (6.7 + 1.6 vs.
0.8 + 0.1kPa), the cell-seeded inner meniscus (IM) hydrogel
achieved a 22-fold increase in peak compressive strengths (26.0 +
3.0 vs. 1.2 + 0.2 kPa) and a nine-fold increase in initial modulus
(9.4 £ 1.8vs. 0.9 £ 0.2 kPa) over the IM hydrogel only (Wu et al.,
2021). Ding et al. compared the scaffold properties of native
(ECM)
decellularized ECM (dmECM) from porcine meniscus, and
found that both dmECM and untreated ECM scaffolds had

lower compressive modulus than native meniscus (181 =+

meniscus, untreated extracellular matris and

63 kPa, p < 0.001) and the native meniscus was relatively very
stiff and showed significantly higher failure compression stresses
(2030 + 250 kPa, p < 0.001) (Ding Y. et al., 2022). From these two
studies, it can be seen that although biological hydrogels can
improve the mechanical strength by adding cells, they are still
difficult to achieve the mechanical strength of normal meniscus.
If the initial hydrogel is to achieve the mechanical level of normal
meniscus, the biohydrogel must be modified. An et al. developed
an injectable hydrogel based on fibrin (Fb) reinforced with
Pluronic F127 (F127) and polymethyl methacrylate (PMMA),
and proved that the gel was beneficial to meniscus repair with the
in vivo segmental defect of the rabbit meniscus model, but the
regenerated tissues of Fb/F127 (3.50 + 0.35 MPa) and Fb/F127/
PMMA (3.59 + 0.89 MPa) was much higher than that of Fb
(0.82 + 0.05 MPa) but inferior to that of healthy tissue (6.63 +
1.12MPa) (An et al, 2021). Kobayashi et al. performed
mechanical tests for compression and stress-relaxation among
human meniscus and polyvinyl alcohol-hydrogel (PVA-H) with
different water content, and detected that the human meniscus
has unique viscoelastic properties and compressive strength
values of approximately 3 MPa by cutting meniscal samples
into small cubes for compression (Kobayashi et al, 2003).
by Beaufils
demonstrated that human meniscus has a compression value

However, another report and Versonk
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of about 0.15 MPa (Beaufils, 2010). From these studies, we found
that the mechanical properties of the meniscus may be different
in different species, which may be an important issue to be
considered in the future animal experimental research. At the
same time, whether the addition of synthetic materials to
biological materials will have negative effects on their
biological-related properties while improving their mechanical
properties, which still needs further study. When considering the
mechanical strength of the graft, the poor adhesion between the
stent and the surrounding tissue also affects the repair effect.
Previous study of Karami et al. prestented a composite double-
network hydrogel with a dissipative interface and robustly
adheres to soft tissues such as cartilage and meniscus (the
adhesion strength is up to 130 kPa) (Karami et al.,, 2018). The
research revealed that chemical properties of hydrogels are easier
to improve, but the mechanical strength of meniscus varies from
region to region and different regions may have different
requirements for adhesive strength of repair materials.
Hydrogels that can smartly change adhension strength in
different regions should be proposed in the future research.

Overall, this review systematically discussed the applications of
different functionalized hydrogels in meniscus repair, focusing on
extrinsic substance-delivery hydrogels, meniscus rehabilitation
hydrogels, and meniscus regeneration hydrogels. Furthermore,
the advantages and disadvantages of different functional
hydrogels in meniscus repair were analyzed, and several
unsolved problems were highlighted to inspire subsequent
research. In summary, hydrogels have good prospects in the
application of meniscus repair. Although a variety of hydrogels
have been shown to exert positive healing effects in meniscus
repair with animal models, there are still few reports of hydrogels
achieving regenerative repair in humans. The mechanisms of
meniscus development and injury need to be further studied,
more multifunctional composite hydrogels that can achieve
accurate regeneration of different parts of the meniscus in situ
and stimulate collagen fibers to grow along the mechanical axis
should be proposed, and more conclusive clinical trials should be
conducted to screen the effects of these hydrogels.
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