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Osteoarthritis (OA) is a kind of degenerative joint disease usually found in older
adults and those who have receivedmeniscal surgery, bringing great suffering to a
number of patients worldwide. One of the major pathological features of OA is
retrograde changes in the articular cartilage. Mesenchymal stromal cells (MSCs)
can differentiate into chondrocytes and promote cartilage regeneration, thus
having great potential for the treatment of osteoarthritis. However, improving the
therapeutic effect of MSCs in the joint cavity is still an open problem. Hydrogel
made of different biomaterials has been recognized as an ideal carrier for MSCs in
recent years. This review focuses on the influence of the mechanical properties of
hydrogels on the efficacy of MSCs in OA treatment and compares artificial
materials with articular cartilage, hoping to provide a reference for further
development of modified hydrogels to improve the therapeutic effect of MSCs.
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1 Introduction

Osteoarthritis (OA) is a chronic, intractable joint disease that afflicts approximately
300 million patients worldwide (Abramoff and Caldera, 2020). Aging, traumatic joint injury,
mechanical overload, and metabolic derangement are associated with an increased risk of
OA. After years of basic and clinical research, OA treatment has progressed. However, the
pathogenesis of OA is still unclear, and there is no cure for the degenerative disease at
present. The clinical treatment methods mainly include pharmacologic therapy and surgery
therapy (total joint arthroplasty), which can relieve joint pain and stiffness.

Articular cartilage degeneration is one of the most significant characteristics of OA.
From the view of regenerative medicine, stem cell-induced chondrogenesis may be a
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promising therapeutic option. Mesenchymal stromal cells (MSCs)
are a kind of pluripotent stem cells with great potential in tissue
engineering. Aside from differentiating into chondrocytes, MSCs
can also promote cartilage regeneration in a paracrine way.
Therefore, researchers attempted to utilize MSCs and their
derivative exosomes or extracellular vesicles to treat OA (Han
et al., 2020; Tan et al., 2021; Jeyaraman et al., 2022; Song and
Jorgensen, 2022). In recent years, clinical research strategies that
combine biomaterials with MSCs to improve the efficacy of OA
treatment have attracted widespread attention. A variety of
hydrogels stand out due to their excellent controlled-release
capability and biocompatibility. Notably, the actual effect of
hydrogels is related to their mechanical properties when
administered with MSCs. The mechanical properties mainly
include compressive, tensile, and shear properties, which are
usually examined by measuring compressive modulus, tensile
modulus, and shear modulus, respectively. Optimizing the
mechanical properties of hydrogels to sustain the loads in the
joints is a critical issue that needs to be solved urgently.

In this review, we focus on how the mechanical properties of
hydrogels influence the therapeutic efficacy of MSC-hydrogel
combinations in the treatment of OA and discuss the prospects
for future synthetic strategies of hydrogels.

2 Composition and mechanical
properties of articular cartilage

Chondrocytes are the only cell type found in the articular
cartilage, and they secrete large quantities of cartilaginous
components at relatively early stages of cartilage development.
After chondrocyte maturation, the ECM-encased cells were less
dense and unevenly distributed, accounting for less than 5% of the
total cartilage volume (Camarero-Espinosa et al., 2016). These
mature cells have almost lost their ability to proliferate, but they
can maintain compositional homeostasis in the joints through the
secretome.

The body has three major categories of cartilage: fibrocartilage,
elastic cartilage, and hyaline cartilage. Articular cartilage is a kind of
hyaline cartilage covering the surface of joints. Cartilage tissues
consist of extracellular matrix (ECM), whose main components are
proteoglycans, collagen, and water (Sophia Fox et al., 2009). The
synovial fluid within the articular cavity is rich in hyaluronan and
proteins. Besides, it also plays a role in load support by changing its
viscosity in response to external stress (Camarero-Espinosa et al.,
2016).

Interestingly, the mechanical properties of cartilage depend on
its anatomical position, and cartilage is regional heterogeneity. ECM
tissues’ biochemical components and structure can also significantly
affect intraarticular biomechanics (Fischenich et al., 2020). Due to
the orthotropic material properties of articular cartilage, the
measurement reported by different groups varied in methods and
results. Moreover, the tested animal model should be considered
because articular cartilage’s mechanical properties vary among
species (Athanasiou et al., 1991). A confined compression test on
bovine articular cartilage shows that the compressive aggregate
modulus is between 0.08 and 2.10 MPa (Schinagl et al., 1997;
Demott and Grunlan, 2022). Yet there are inconsistent values of

compressive modulus measurement in joints obtained in different
laboratories. For example, Bas et al. demonstrated that the
compressive modulus of human knee articular cartilage is 1.63 ±
0.26 MPa (Bas et al., 2017). However, another unconfined
compression test using similar experimental methods reported
that the average compressive modulus of femoral cartilage is
10.60 ± 3.62 MPa at baseline (Kabir et al., 2021). It is generally
agreed that the compressive modulus of the standard articular
cartilage layer increases along the depth from the cartilage
surface, regardless of measurements (Schinagl et al., 1997).

On the contrary, some researchers discovered that the tensile
modulus and the collagen/proteoglycan ratio of the deeper articular
cartilage region are lower than the superficial tissue zone (Akizuki
et al., 1986). This conclusion is still debatable, as results from an
indentation test suggest that the tensile modulus values of articular
cartilage rise with depth, and the mean tensile modulus is 2.33 times
higher than the compressive modulus (Fischenich et al., 2020).
Akizuki et al. reported that most zone tensile moduli of articular
cartilage ranged from 1 to 10 MPa, less than 25 MPa (Akizuki et al.,
1986). The shear modulus increased with the depth of cartilage
increasing, just like the compressive modulus. The surface and
overall shear modulus of femoral cartilage are considerably
higher than the corresponding values of tibial cartilage: the
surface shear modulus of compressed femoral cartilage is 0.22 ±
0.11 MPa, and its overall shear modulus is 0.38 ± 0.06 MPa. In
comparison, the value is 0.03 ± 0.003 MPa near the surface and
0.13 ± 0.01 MPa for overall cartilage obtained from the region of the
lateral tibial plateau (Wong and Sah, 2010). The collagen and
proteoglycan within the tissues play an important role in
resisting shear stress. As people get older or OA progresses, the
tensile and compressive strength of the cartilage of patients
decreases. Accumulating advanced glycation end products
(AGEs) and oxidative stress in joints leads to loss of articular
cartilage and chondrocytes during aging, resulting in increased
cartilage brittleness (Chen et al., 2002; Li et al., 2013). Accurate
measurements of the aforementioned physical quantities require
more feasible standard methods.

3 Influence of mechanical properties of
hydrogels on MSC therapy for OA

Evidence suggests that material stiffness modulates MSC shape,
proliferation, migration, and lineage differentiation (Selig et al.,
2020). For instance, Engler et al. first reported that MSCs on
stiffer substrates with elastic moduli of 25–40 kPa are committed
to osteogenic lineages (Engler et al., 2006). The expression of
chondrogenic marker collagen-Ⅱ on MSCs cultured on a soft
matrix whose elastic modulus is about 1 kPa is significantly
higher than those MSCs on a stiff substrate (Park et al., 2011).
The stiffness-regulating signaling molecules involved in MSCs
include RhoA/ROCK/myosin II, YAP/TAZ, TGF-β, and Wnt/β-
catenin (Selig et al., 2020). Yes-associated protein (YAP) is a negative
regulator of the chondrogenic differentiation of MSCs (Karystinou
et al., 2015). It was demonstrated that a relatively stiff substrate
induces nuclear flattening of cells seeded on it, leading to the bigger
size of nuclear pores in those cells and growing YAP import into
nuclei (Elosegui-Artola et al., 2017). Thus, MSCs on softer matrices
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tend to differentiate into chondrocytes and express less hypertrophic
marker (like collagen type X) levels in 2D and 3D studies (Murphy
et al., 2012; Bian et al., 2013). Hence, it is necessary to optimize the
mechanical properties of hydrogels to improve therapeutic
effectiveness when treated with MSCs. The mechanical properties
of hydrogels are quite different because those biomaterials are based
on varied macromolecular substances. Generally, hydrogels can be
divided into natural materials and synthetic polymers. Natural
hydrogels are broadly made from polysaccharide, protein or
decellularized tissue (Catoira et al., 2019). Besides, synthetic
polymers are also regarded as candidate materials for hydrogel
preparation, like Polyethylene glycol (PEG), as their mechanical
properties are easier to control as well as biodegradability, stability
and so on. Overall, it is certain that natural articular cartilage is
mechanically much stronger than most hydrogels, especially natural
gels. This point of view is mainly reflected in the fact that natural
articular cartilage has a higher compressive modulus or tensile
modulus. Supplementary Table S1 shows some representative
hydrogels and their corresponding mechanical performances.

3.1 Natural hydrogel

Polysaccharides, such as hyaluronic acids (HA) and chondroitin
sulfate (CS), has been used clinically for their lubricating ability. A
variety of hydrogels made of polysaccharides have been developed
and are expected to be combined with MSCs for the treatment of
OA. HA is a non-sulfated glycosaminoglycan (GAG) existing in
ECM ubiquitously. HA hydrogels loaded with MSCs have been
applied in treating different animal OA models (Wagenbrenner
et al., 2021). 4% (v/v) HA (initial concentration is 20 mg/2 mL)
hydrogels are demonstrated to promote MSC proliferation and
chondrogenic gene expression of the MSC-derived chondrocytes
(Wu et al., 2019). Transplantation of MSCs with HA hydrogels
significantly enhanced cartilage regeneration in a porcine OAmodel
(Wu et al., 2019). Despite HA’s relatively good mechanical
properties, this type of hydrogel lacks cell adhesion motifs, so
their concentration and crosslink density can limit cell spreading
and proliferation. Methacrylated hyaluronic acid (HAMA)
reinforces the mechanical of fibrin hydrogels slightly, and the
compressive moduli of the hybrid hydrogels with 6 mg/mL fibrin
varied between 3.39 ± 0.9 kPa and 6.76 ± 0.52 kPa. In contrast, the
pure fibrin hydrogel has a compressive modulus of about 3.3 kPa
(Snyder et al., 2014). When MSCs were cultured in fibrin/HAMA
(6 mg/mL:1 mg/mL) hydrogel, it was found that the expression of
Aggrecan, Col2A1, and Sox9 was significantly upregulated, and
Col1A1 mRNA was downregulated, which show the better latent
capacity of chondrogenesis and cartilage of this construct (Snyder
et al., 2014).

In addition to HA, alginate, chitosan, cellulose, and many other
polysaccharide-based hydrogels are widely applied in hydrogel
design (Comblain et al., 2017; Bhaladhare and Das, 2022; Liu
et al., 2022). Alginate incorporation into constructs enhances
chondrogenesis of MSCs and tensile load bearing ability (Ma
et al., 2012). The tensile modulus of pure alginate hydrogel is
nearly 80 kPa, which is higher than any other alginate/fibrin
blended gels (20–45 kPa) and pure fibrin hydrogel (~30 kPa);
conversely, the critical tensile strain of hybrid gels ascend on the

whole as their fibrin: alginate ratios increase (Ma et al., 2012). It is
also reported that the tensile moduli, the entrapped sulfated-
glycosaminoglycans (GAG) and collagen content are associated
with the cell density in alginate constructs containing cells
increased following incubation (Williams et al., 2005).
Methacrylated chitosan (MeGC) containing type II collagen (Col
Ⅱ) and transforming growth factor-β1 (TGF-β1) was proved to
enhance the chondrogenic ability of MSCs in vivo, and the
incorporation of Col Ⅱ raise the compressive modulus of the
construct (Choi et al., 2015). VitroGel (VG) is a kind of
polysaccharide hydrogel commercially available. RGD peptide-
modified VitroGel (VG-RGD) with the Dilution Solution Type
1 at the ratio of 1:1 exhibited a compressive modulus of 1.10 ±
0.13 kPa (Manferdini et al., 2022b). The value is remarkably higher
than the elastic moduli of VG-3D at dilutions of 1:1 and 1:2 and VG-
RGD (dilution of 1:2), which are 0.51 ± 0.10 kPa, 0.41 ± 0.09 kPa,
and 0.72 ± 0.08 kPa respectively (Manferdini et al., 2022b). More
interestingly, VG-RGD (1:2) favors human adipose mesenchymal
stromal cell (hAMSC) differentiation into chondrocytes rather than
expansion; however, no significant regulation was discovered in
other VG hydrogels mentioned above (Manferdini et al., 2022b).

Protein-based scaffolds are often made of type Ⅰ collagen, which
has been utilized as cartilage tissue engineering products owing to its
promotion of chondrocyte proliferation, MSC chondrogenic
differentiation, and adequate clinical safety (Irawan et al., 2018).
Gelatin is the hydrolysate of natural collagen, and its major
component is type Ⅰ collagen (Levett et al., 2014b). Gelatin and
its derivatives are widely applied in regenerative medicine due to
their low antigenicity and biodegradability. Gelatin methacryloyl
(GelMA), a kind of chemical-modified gelatin hydrogel, is
synthesized by introducing methacryloyl substitution groups onto
the amine and hydroxyl groups in the gelatin chains (Van Den
Bulcke et al., 2000). The photo-crosslinking induced by
photoinitiator and UV irradiation leads to the formation of the
GelMA network. Research groups have tested the mechanical
properties of GelMA and found that its compressive modulus is
positively correlated to the degree of methacrylation (Nichol et al.,
2010; Chen et al., 2012). More specifically, the values of the
compressive modulus of 5% (w/v) GelMA with the degree of
methacryloyl substitution of 49.8%, 63.8%, and 73.2% are 2.0 ±
0.18 kPa, 3.2 ± 0.18 kPa, and 4.5 ± 0.33 kPa, respectively (Chen et al.,
2012). Besides, the compressive modulus of GelMA increases with
its mass/volume fraction. It was determined that the compressive
moduli of 5, 10, and 15% (w/v) GelMA with a degree of
methacrylation of 81.4% are about 3.3, 16.0, and 30.0 kPa. In
contrast, the corresponding compressive moduli are 2.0, 10.0,
and 22.0 kPa for 5, 10, and 15% (w/v) GelMA with a lower
degree of methacryloyl substitution (53.8%) (Nichol et al., 2010;
Yue et al., 2015). Chen et al. also observed that MSCs encapsulated
and cultured in GelMA with a higher degree of methacrylation have
a lower proliferative rate; however, these cells could spread and form
cellular networks (Chen et al., 2012). An increase in cell density
within GelMA can also lead to a decrease in the tensile modulus of
the entire hydrogel, specifically, the tensile moduli of 5% (w/v)
GelMA without or with cells at a concentration of 5 × 106 cells/mL
are 14.7 kPa and 13.3 kPa, respectively, after 96 h incubation
(Krishnamoorthy et al., 2019). Because GelMA is too soft
compared with articular cartilage, some research groups have
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developed new hybrid scaffolds or hydrogels based on GelMA and
other polysaccharides to improve their mechanical properties for
better application of these materials in tissue engineering.

Lin et al. developed an injectable 10% (w/v) GelMA which can
crosslink fast via visible light (VL). Its stiffness and the VL exposure
time present a positive correlation (Lin et al., 2014). The
compressive modulus of this hydrogel with 4 min of VL exposure
is 19.8 kPa. MSCs in this kind of GelMA were proved to have higher
cell viability than agarose and former UV-crosslinked GelMA (Lin
et al., 2014). Levett et al. found that HAMA could strengthen the
mechanical properties of GelMA concentration-dependently when
HAMA concentration is below 1% (w/v) (Levett et al., 2014a). The
addition of 0.5% (w/v) HAMA into 9.5% (w/v) GelMA increases the
compressive modulus of the cell-free hydrogel by 10–15 kPa
approximately on day 1 and chondrocyte-laden hydrogel up to
about 130 kPa after 8 weeks culture; besides, GelMA/HAMA has
higher production and retainment of collagen type Ⅱ, GAG, and
aggrecan as well as the expression of chondrogenesis-related genes
compared with GelMA alone (Levett et al., 2014b). It is striking that
all cell-laden GelMA/HAMA gels and cell-free GelMA/2% HAMA
become stiffer after 28 and 56 days culture while the stiffness of cell-
free GelMA with 0%–0.5% HAMA drops, and the amplification of
compressive modulus of cell-laden hydrogels increases as the
ascending of HAMA concentration (Levett et al., 2014a). In
addition, Gulden et al. found that degradation of GelMA/HAMA
hydrogels whose compressive moduli range from 1.5 ± 0.4 to 73.0 ±
11.1 kPa and cellular spreading in 3D constructs enhances as
stiffness decreases, and HAMA could not mediate cell adhesion
unless GelMA incorporation (Camci-Unal et al., 2013). Thus, if
MSCs are expected to proliferate and differentiate into chondrocytes
and generate sufficient cartilage matrix, the hydrogel structures must
possess MSC attachment sites, and their stiffness and HA ratio
should not be very high. Following this train of thought, Lin et al.
synthesized a visible light-activated crosslinking hybrid scaffold
composed of GelMA and HAMA at a 9%:1% (w/v) ratio; the
in vitro experiments show its great potential for inhibiting MSC
hypertrophy and promoting GAG production compared to
composite hydrogels at other ratios; and researchers implanted
the scaffold into a rabbit model and proved that it is capable of
repairing the osteochondral defect (Lin et al., 2019). After being
cultured with MSCs in a chondrogenic medium for 8 weeks, the
mechanical properties of GelMA/HAMA could become stronger,
and the compressive modulus of 9%:1% GelMA/HAMA is lower
than GelMA with a less HA ratio (Lin et al., 2019).

Methacrylated chondroitin sulfate (CSMA) is another
polysaccharide used for improving the mechanical properties of
GelMA. By contrast, after cultivating with chondrocytes for the same
time, the compressive modulus of GelMA/CSMA/HAMA (9%:0.5%:
0.5%, w/v) hiked up from ~35 kPa to nearly 150 kPa and increased
far faster than 10% (w/v) GelMA or GelMA/CSMA (9.5%:0.5%, w/v)
(Levett et al., 2014b).

Some supramolecular polymers have been used to enhance
the mechanical properties of hydrogels. For instance,
the combination of poly (N-acryloyl 2-glycine) (PACG) and
GelMA possesses significantly higher Young’s modulus (up to
320 kPa) and sturdier tensile strength (up to 1.1 MPa) in
comparison to GelMA alone (Gao et al., 2019). It has been
demonstrated that the addition of bioactive glass (BG) and Mn2+

ions into PACG-GelMA hybrid hydrogels can benefit repair of
damaged osteochondral tissues in vivo (Gao et al., 2019).

Gellan gum has also been incorporated into GelMA to augment
the stiffness of the construct. According to the measurements
attained in unconfined compression, 1% gellan gum supplement
into the scaffold could elevate its Young’s modulus for about
30–40 kPa. Still, adding gellan gum reduces the cartilage matrix
production by encapsulating chondrocytes with their concentration
increasing (Mouser et al., 2016).

3.2 Synthetic hydrogel

PEG is a common material for hydrogel fabrication, but its
low bioactivity and unsatisfying mechanical performance limit its
application. Thus some scientists modified PEG with ECM
components. For example, N-acryloyl-glucosamine (AGA) is
attempted to be added into poly (ethylene glycol) diacrylate
(PEGDA) to improve and synthesize glucosamine-modified
PEG-based (PEG-g-GA) hydrogel finally (Yao et al., 2017). It
was shown that hBMSCs within PEG-g-GA hydrogels whose
AGA concentrations are 5 mM and 10 mM secrete more
matrices. Their compressive modulus is mildly elevated to
39–40 kPa, surpassing other groups of different amounts of
AGA supplement (Yao et al., 2017). Polyvinyl alcohol (PVA)
hydrogel attracts interest for its non-toxicity, biocompatibility,
and good mechanical strength. A class of hybrid hydrogels was
prepared with PVA and Salecan, an extracellular-glucan. PVA/
Salecan hydrogels are instrumental in contained cell adhesion.
Their fracture strain ascends from 71% (pure PVA) to 84% (PVA:
Salecan = 1:1, v/v) while their compressive strength and moduli
descend with the increasing volume ratio of Salecan and PVA (Qi
et al., 2015). Zhao et al. prepared an injectable PVA/4-
carboxyphenylboronic acid (CPBA)/CaCl2 hydrogel which can
achieve a tensile modulus of over 1 MPa and a compressive
modulus of up to 5.6 MPa (Zhao et al., 2018). In vivo
experiments confirmed that the cell-compatible construct was
able to favor the formation of cartilage matrix (Zhao et al., 2018).
Yan et al. also utilized DNA supramolecular hydrogel as an MSC
carrier to treat severe OA rabbit models. The hydrogel/MSCs
combined strategy improved efficacy in inhibiting osteophyte
formation and producing regenerated cartilage similar to the
normal, natural one (Yan et al., 2021). The shear-thinning
behavior of this hydrogel plays a vital part in mechanical
protection for MSCs encapsulated inside against shear forces
(Yan et al., 2021). The shear moduli of 3D polyacrylamide (PA)
hydrogel scaffolds are ranged from 1 to 12 kPa and 2D gels made
of the same material have the performance of 1–121 kPa shear
modulus (Hsieh et al., 2016). Harder hydrogels are proven to
favor the osteogenesis of MSCs (Hsieh et al., 2016). Indeed, there
are many other types of hydrogels that are mechanically
comparable to natural cartilage, such as electrospun ordered
fibrous membrane reinforced PVA/Polyacrylic acid (PAA)/
Graphene oxide (GO) hydrogel, whose tensile and compressive
modulus can reach 27.5 ± 3.2 MPa and 12.32 ± 1.35 Mpa,
respectively (Chen et al., 2023). But the lack of experimental
evidence keeps these hydrogels far from the criteria for
clinical use.
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In summary, synthetic hydrogels can provide more rigid support
when hydrogels are regarded as a kind of substitute for cartilage. On
the other hand, relatively softer hydrogels are more favorable for
chondrogenesis by the combined use of hydrogels and MSCs. It is
difficult to choose ideal hydrogels to maintain the balance between
load-bearing capability and MSC affinity.

4 Discussion

Numerous studies have demonstrated that combining hydrogels
and MSCs have great application potential in improving OA-
induced cartilage defects and related joint pain. Nevertheless, the
properties of hydrogels remain to be improved. Previous studies on
hydrogel design and combined MSC-hydrogel therapy for OA often
paid less attention to the relationship between their mechanical
properties and recovery effects. In addition, data on the stiffness or
viscosity of the hydrogels were lacking in some studies (Manferdini
et al., 2022a). It is critical to choose hydrogels with suitable
mechanical properties during the treatment of OA with different
joints, varying degrees, and diverse causes. The physical variables
reflecting newly developed hydrogels’ mechanical properties should
be described quantitively. Here are three prospective thoughts on
hydrogel design:

• Keep the balance among hydrogels’ mechanical properties,
cellular affinity, and biocompatibility. Natural hydrogels are
thought to be too soft to hold weight and should be modified
or used with other biomaterials. Actually, hydrogels with high
stiffness are not suitable for MSC proliferation and
differentiation. To enhance the chondrogenesis of MSCs,
the compressive moduli of hydrogels are supposed to be
lower, but the optimum range remains to be further
studied. Furthermore, the efficiency of MSC chondrogenesis
and cartilage tissue regeneration was not satisfactory when the
combination of existing hydrogels and MSCs were used for
OA treatment. Balancing mechanical properties, degree of
hydration of the hydrogel surface, and lubricating effect
should also be considered (Zhao et al., 2018). Therefore,
how to choose suitable materials to make combined
therapy stents is still a research hotspot. It is known that
there are three kinds of cartilage defects: osteochondral
defects, full-thickness defects, and partial-thickness defects
(Wei et al., 2021). The most common cartilage defect in
OA joints is the last one (Guermazi et al., 2017; Wei et al.,
2021). Different categories of cartilage defects vary widely in
biomechanical changes. Thus, hydrogel design strategies
should be devised for clinical application. The scaffold can
be a composite of multiple kinds of hydrogels to imitate the
anisotropy of articular cartilage, which leads to a complex
mechanical process.

• Implantation of hydrogels containing MSCs may not be a
panacea for OA treatment due to the complex pathology and
heterogeneous symptoms of the disease. Articular cartilage
repair is still the main indicator of the efficacy of osteoarthritis
treatment. There are mainly two ways to treat cartilage
degeneration with hydrogel: one is the transplantation of
hydrogels whose mechanical properties are enough to

replace damaged cartilage in OA joints, and the other is to
develop hydrogels to induce cartilage regeneration and self-
healing or differentiate implanted MSCs towards
chondrocytes. Suppose a hydrogel is designed in the latter
way of thought and degrades too quickly; in that case, its load-
bearing capacity may not be a priority in scaffold design for
cartilage regeneration. Coordinated application of two
strategies and multiple materials may be more promising.
The softer part of a hybrid hydrogel can assist MSC
chondrogenic differentiation, maintenance of chondrocyte
phenotype, and cartilage matrix reserve. It seems feasible to
wrap the soft constructs with a more rigid synthetic polymer
shell or 3D woven composite scaffolds, which play a role in
bearing load (Moutos et al., 2007). The optimal hydrogel
combinations with MSCs are expected to be an essential
solution to OA.

Author contributions

XL and YC proposed idea. HY, CS, and RP prepared the draft.
All authors participated in the revision and finalization of the
manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding

This work was supported by the project from the Natural
Science Foundation of Zhejiang Province (LZ23C070001),
special funding from affiliated Huzhou Hospital, Zhejiang
University School of Medicine (YYJJ202208), and funding
from Huzhou basic and clinical translation of Orthopaedics
key laboratory.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1152612/
full#supplementary-material

Frontiers in Pharmacology frontiersin.org05

Ying et al. 10.3389/fphar.2023.1152612

https://www.frontiersin.org/articles/10.3389/fphar.2023.1152612/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1152612/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1152612


References

Abramoff, B., and Caldera, F. E. (2020). Osteoarthritis: Pathology, diagnosis, and
treatment options.Med. Clin. North Am. 104, 293–311. doi:10.1016/j.mcna.2019.10.007

Akizuki, S., Mow, V. C., Muller, F., Pita, J. C., Howell, D. S., and Manicourt, D. H.
(1986). Tensile properties of human knee joint cartilage: I. Influence of ionic conditions,
weight bearing, and fibrillation on the tensile modulus. J. Orthop. Res. 4, 379–392.
doi:10.1002/jor.1100040401

Athanasiou, K. A., Rosenwasser, M. P., Buckwalter, J. A., Malinin, T. I., and Mow, V.
C. (1991). Interspecies comparisons of in situ intrinsic mechanical properties of distal
femoral cartilage. J. Orthop. Res. 9, 330–340. doi:10.1002/jor.1100090304

Bas, O., De-Juan-Pardo, E. M., Meinert, C., D’Angella, D., Baldwin, J. G., Bray, L. J.,
et al. (2017). Biofabricated soft network composites for cartilage tissue engineering.
Biofabrication 9, 025014. doi:10.1088/1758-5090/aa6b15

Bhaladhare, S., and Das, D. (2022). Cellulose: A fascinating biopolymer for hydrogel
synthesis. J. Mater Chem. B 10, 1923–1945. doi:10.1039/d1tb02848k

Bian, L., Hou, C., Tous, E., Rai, R., Mauck, R. L., and Burdick, J. A. (2013). The
influence of hyaluronic acid hydrogel crosslinking density and macromolecular
diffusivity on human MSC chondrogenesis and hypertrophy. Biomaterials 34,
413–421. doi:10.1016/j.biomaterials.2012.09.052

Camarero-Espinosa, S., Rothen-Rutishauser, B., Foster, E. J., and Weder, C. (2016).
Articular cartilage: From formation to tissue engineering. Biomater. Sci. 4, 734–767.
doi:10.1039/c6bm00068a

Camci-Unal, G., Cuttica, D., Annabi, N., Demarchi, D., and Khademhosseini, A.
(2013). Synthesis and characterization of hybrid hyaluronic acid-gelatin hydrogels.
Biomacromolecules 14, 1085–1092. doi:10.1021/bm3019856

Catoira, M. C., Fusaro, L., Di Francesco, D., Ramella, M., and Boccafoschi, F. (2019).
Overview of natural hydrogels for regenerative medicine applications. J. Mater Sci.
Mater Med. 30, 115. doi:10.1007/s10856-019-6318-7

Chen, A. C., Temple, M. M., Ng, D. M., Verzijl, N., DeGroot, J., TeKoppele, J. M., et al.
(2002). Induction of advanced glycation end products and alterations of the tensile
properties of articular cartilage. Arthritis Rheum. 46, 3212–3217. doi:10.1002/art.10627

Chen, Q., Yan, X., Chen, K., Feng, C., Wang, D., Li, X., et al. (2023). Electrospun
fibrous membrane reinforced hydrogels with preferable mechanical and tribological
performance as cartilage substitutes. J. Mater Chem. B 11, 1713–1724. doi:10.1039/
d2tb02511f

Chen, Y. C., Lin, R. Z., Qi, H., Yang, Y., Bae, H., Melero-Martin, J. M., et al. (2012).
Functional human vascular network generated in photocrosslinkable gelatin
methacrylate hydrogels. Adv. Funct. Mater 22, 2027–2039. doi:10.1002/adfm.
201101662

Choi, B., Kim, S., Lin, B., Li, K., Bezouglaia, O., Kim, J., et al. (2015). Visible-light-
initiated hydrogels preserving cartilage extracellular signaling for inducing
chondrogenesis of mesenchymal stem cells. Acta Biomater. 12, 30–41. doi:10.1016/j.
actbio.2014.10.013

Comblain, F., Rocasalbas, G., Gauthier, S., and Henrotin, Y. (2017). Chitosan: A
promising polymer for cartilage repair and viscosupplementation. Biomed. Mater Eng.
28, S209-S215–S215. doi:10.3233/BME-171643

Demott, C. J., and Grunlan, M. A. (2022). Emerging polymeric material strategies for
cartilage repair. J. Mater Chem. B 10, 9578–9589. doi:10.1039/d2tb02005j

Elosegui-Artola, A., Andreu, I., Beedle, A. E. M., Lezamiz, A., Uroz, M., Kosmalska, A.
J., et al. (2017). Force triggers YAP nuclear entry by regulating transport across nuclear
pores. Cell 171, 1397–1410. doi:10.1016/j.cell.2017.10.008

Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix elasticity directs
stem cell lineage specification. Cell 126, 677–689. doi:10.1016/j.cell.2006.06.044

Fischenich, K. M., Wahlquist, J. A., Wilmoth, R. L., Cai, L., Neu, C. P., and Ferguson,
V. L. (2020). Human articular cartilage is orthotropic where microstructure,
micromechanics, and chemistry vary with depth and split-line orientation.
Osteoarthr. Cartil. 28, 1362–1372. doi:10.1016/j.joca.2020.06.007

Gao, F., Xu, Z., Liang, Q., Li, H., Peng, L., Wu, M., et al. (2019). Osteochondral
regeneration with 3D-printed biodegradable high-strength supramolecular polymer
reinforced-gelatin hydrogel scaffolds. Adv. Sci. (Weinh) 6, 1900867. doi:10.1002/advs.
201900867

Guermazi, A., Hayashi, D., Roemer, F. W., Niu, J., Quinn, E. K., Crema, M. D., et al.
(2017). Brief report: Partial- and full-thickness focal cartilage defects contribute equally
to development of new cartilage damage in knee osteoarthritis: The multicenter
osteoarthritis study. Arthritis Rheumatol. 69, 560–564. doi:10.1002/art.39970

Han, X. X., Yang, B., Zou, F. G., and Sun, J. B. (2020). Clinical therapeutic efficacy of
mesenchymal stem cells derived from adipose or bone marrow for knee osteoarthritis: A
meta-analysis of randomized controlled trials. J. Comp. Eff. Res. 9, 361–374. doi:10.
2217/cer-2019-0187

Hsieh, W. T., Liu, Y. S., Lee, Y. H., Rimando, M. G., Lin, K. H., and Lee, O. K.
(2016). Matrix dimensionality and stiffness cooperatively regulate osteogenesis
of mesenchymal stromal cells. Acta Biomater. 32, 210–222. doi:10.1016/j.actbio.
2016.01.010

Irawan, V., Sung, T. C., Higuchi, A., and Ikoma, T. (2018). Collagen scaffolds in
cartilage tissue engineering and relevant approaches for future development. Tissue Eng.
Regen. Med. 15, 673–697. doi:10.1007/s13770-018-0135-9

Jeyaraman, M., Muthu, S., Shehabaz, S., Jeyaraman, N., Rajendran, R. L., Hong, C. M.,
et al. (2022). Current understanding of MSC-derived exosomes in the management of
knee osteoarthritis. Exp. Cell Res. 418, 113274. doi:10.1016/j.yexcr.2022.113274

Kabir, W., Di Bella, C., Choong, P. F. M., and O’Connell, C. D. (2021). Assessment of
native human articular cartilage: A biomechanical protocol. Cartilage 13, 427S–437S.
doi:10.1177/1947603520973240

Karystinou, A., Roelofs, A. J., Neve, A., Cantatore, F. P., Wackerhage, H., and De Bari,
C. (2015). Yes-associated protein (YAP) is a negative regulator of chondrogenesis in
mesenchymal stem cells. Arthritis Res. Ther. 17, 147. doi:10.1186/s13075-015-0639-9

Krishnamoorthy, S., Noorani, B., and Xu, C. (2019). Effects of encapsulated cells on
the physical-mechanical properties and microstructure of gelatin methacrylate
hydrogels. Int. J. Mol. Sci. 20, 5061. doi:10.3390/ijms20205061

Levett, P. A., Hutmacher, D. W., Malda, J., and Klein, T. J. (2014a). Hyaluronic acid
enhances the mechanical properties of tissue-engineered cartilage constructs. PLoS One
9, e113216. doi:10.1371/journal.pone.0113216

Levett, P. A., Melchels, F. P., Schrobback, K., Hutmacher, D. W., Malda, J., and Klein,
T. J. (2014b). A biomimetic extracellular matrix for cartilage tissue engineering centered
on photocurable gelatin, hyaluronic acid and chondroitin sulfate. Acta Biomater. 10,
214–223. doi:10.1016/j.actbio.2013.10.005

Li, Y., Wei, X., Zhou, J., and Wei, L. (2013). The age-related changes in cartilage and
osteoarthritis. Biomed. Res. Int. 2013, 916530. doi:10.1155/2013/916530

Lin, H., Beck, A. M., Shimomura, K., Sohn, J., Fritch, M. R., Deng, Y., et al. (2019).
Optimization of photocrosslinked gelatin/hyaluronic acid hybrid scaffold for the repair
of cartilage defect. J. Tissue Eng. Regen. Med. 13, 1418–1429. doi:10.1002/term.2883

Lin, H., Cheng, A. W. M., Alexander, P. G., Beck, A. M., and Tuan, R. S. (2014).
Cartilage tissue engineering application of injectable gelatin hydrogel with in situ
visible-light-activated gelation capability in both air and aqueous solution. Tissue Eng.
Part A 20, 2402–2411. doi:10.1089/ten.TEA.2013.0642

Liu, W., Madry, H., and Cucchiarini, M. (2022). Application of alginate hydrogels for
next-generation articular cartilage regeneration. Int. J. Mol. Sci. 23, 1147. doi:10.3390/
ijms23031147

Ma, K., Titan, A. L., Stafford, M., Zheng, C., and Levenston, M. E. (2012). Variations
in chondrogenesis of human bone marrow-derived mesenchymal stem cells in fibrin/
alginate blended hydrogels. Acta Biomater. 8, 3754–3764. doi:10.1016/j.actbio.2012.
06.028

Manferdini, C., Gabusi, E., Saleh, Y., Lenzi, E., D’Atri, G., Ricotti, L., et al. (2022a)., 11.
Cells, 3969. doi:10.3390/cells11243969Mesenchymal stromal cells laden in hydrogels for
osteoarthritis cartilage regeneration: A systematic review from in vitro studies to clinical
applications

Manferdini, C., Trucco, D., Saleh, Y., Gabusi, E., Dolzani, P., Lenzi, E., et al. (2022b).
RGD-functionalized hydrogel supports the chondrogenic commitment of adipose
mesenchymal stromal cells. Gels 8, 382. doi:10.3390/gels8060382

Mouser, V. H., Melchels, F. P., Visser, J., Dhert, W. J., Gawlitta, D., and Malda, J.
(2016). Yield stress determines bioprintability of hydrogels based on gelatin-
methacryloyl and gellan gum for cartilage bioprinting. Biofabrication 8, 035003.
doi:10.1088/1758-5090/8/3/035003

Moutos, F. T., Freed, L. E., and Guilak, F. (2007). A biomimetic three-dimensional
woven composite scaffold for functional tissue engineering of cartilage. Nat. Mater 6,
162–167. doi:10.1038/nmat1822

Murphy, C. M., Matsiko, A., Haugh, M. G., Gleeson, J. P., and O’Brien, F. J. (2012).
Mesenchymal stem cell fate is regulated by the composition and mechanical properties
of collagen-glycosaminoglycan scaffolds. J. Mech. Behav. Biomed. Mater 11, 53–62.
doi:10.1016/j.jmbbm.2011.11.009

Nichol, J. W., Koshy, S. T., Bae, H., Hwang, C. M., Yamanlar, S., and Khademhosseini,
A. (2010). Cell-laden microengineered gelatin methacrylate hydrogels. Biomaterials 31,
5536–5544. doi:10.1016/j.biomaterials.2010.03.064

Park, J. S., Chu, J. S., Tsou, A. D., Diop, R., Tang, Z., Wang, A., et al. (2011). The effect
of matrix stiffness on the differentiation of mesenchymal stem cells in response to TGF-
β. Biomaterials 32, 3921–3930. doi:10.1016/j.biomaterials.2011.02.019

Qi, X., Hu, X., Wei, W., Yu, H., Li, J., Zhang, J., et al. (2015). Investigation of Salecan/
poly(vinyl alcohol) hydrogels prepared by freeze/thaw method. Carbohydr. Polym. 118,
60–69. doi:10.1016/j.carbpol.2014.11.021

Schinagl, R. M., Gurskis, D., Chen, A. C., and Sah, R. L. (1997). Depth-dependent
confined compression modulus of full-thickness bovine articular cartilage.
J. Orthop. Res. 15, 499–506. doi:10.1002/jor.1100150404

Selig, M., Lauer, J. C., Hart, M. L., and Rolauffs, B. 2020. Mechanotransduction and
stiffness-sensing: Mechanisms and opportunities to control multiple molecular aspects
of cell phenotype as a design cornerstone of cell-instructive biomaterials for articular
cartilage repair. Int. J. Mol. Sci., 21, 5399, doi:10.3390/ijms21155399

Frontiers in Pharmacology frontiersin.org06

Ying et al. 10.3389/fphar.2023.1152612

https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1002/jor.1100040401
https://doi.org/10.1002/jor.1100090304
https://doi.org/10.1088/1758-5090/aa6b15
https://doi.org/10.1039/d1tb02848k
https://doi.org/10.1016/j.biomaterials.2012.09.052
https://doi.org/10.1039/c6bm00068a
https://doi.org/10.1021/bm3019856
https://doi.org/10.1007/s10856-019-6318-7
https://doi.org/10.1002/art.10627
https://doi.org/10.1039/d2tb02511f
https://doi.org/10.1039/d2tb02511f
https://doi.org/10.1002/adfm.201101662
https://doi.org/10.1002/adfm.201101662
https://doi.org/10.1016/j.actbio.2014.10.013
https://doi.org/10.1016/j.actbio.2014.10.013
https://doi.org/10.3233/BME-171643
https://doi.org/10.1039/d2tb02005j
https://doi.org/10.1016/j.cell.2017.10.008
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.joca.2020.06.007
https://doi.org/10.1002/advs.201900867
https://doi.org/10.1002/advs.201900867
https://doi.org/10.1002/art.39970
https://doi.org/10.2217/cer-2019-0187
https://doi.org/10.2217/cer-2019-0187
https://doi.org/10.1016/j.actbio.2016.01.010
https://doi.org/10.1016/j.actbio.2016.01.010
https://doi.org/10.1007/s13770-018-0135-9
https://doi.org/10.1016/j.yexcr.2022.113274
https://doi.org/10.1177/1947603520973240
https://doi.org/10.1186/s13075-015-0639-9
https://doi.org/10.3390/ijms20205061
https://doi.org/10.1371/journal.pone.0113216
https://doi.org/10.1016/j.actbio.2013.10.005
https://doi.org/10.1155/2013/916530
https://doi.org/10.1002/term.2883
https://doi.org/10.1089/ten.TEA.2013.0642
https://doi.org/10.3390/ijms23031147
https://doi.org/10.3390/ijms23031147
https://doi.org/10.1016/j.actbio.2012.06.028
https://doi.org/10.1016/j.actbio.2012.06.028
https://doi.org/10.3390/cells11243969
https://doi.org/10.3390/gels8060382
https://doi.org/10.1088/1758-5090/8/3/035003
https://doi.org/10.1038/nmat1822
https://doi.org/10.1016/j.jmbbm.2011.11.009
https://doi.org/10.1016/j.biomaterials.2010.03.064
https://doi.org/10.1016/j.biomaterials.2011.02.019
https://doi.org/10.1016/j.carbpol.2014.11.021
https://doi.org/10.1002/jor.1100150404
https://doi.org/10.3390/ijms21155399
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1152612


Snyder, T. N., Madhavan, K., Intrator, M., Dregalla, R. C., and Park, D. (2014). A
fibrin/hyaluronic acid hydrogel for the delivery of mesenchymal stem cells and potential
for articular cartilage repair. J. Biol. Eng. 8, 10. doi:10.1186/1754-1611-8-10

Song, Y., and Jorgensen, C. 2022. Mesenchymal stromal cells in osteoarthritis:
Evidence for structural benefit and cartilage repair. Biomedicines, 10, 1278, doi:10.
3390/biomedicines10061278

Sophia Fox, A. J., Bedi, A., and Rodeo, S. A. (2009). The basic science of articular
cartilage: Structure, composition, and function. Sports Health 1, 461–468. doi:10.1177/
1941738109350438

Tan, S. H. S., Kwan, Y. T., Neo, W. J., Chong, J. Y., Kuek, T. Y. J., See, J. Z. F., et al.
(2021). Intra-articular injections of mesenchymal stem cells without adjuvant therapies
for knee osteoarthritis: A systematic review and meta-analysis. Am. J. Sports Med. 49,
3113–3124. doi:10.1177/0363546520981704

Van Den Bulcke, A. I., Bogdanov, B., De Rooze, N., Schacht, E. H., Cornelissen,
M., and Berghmans, H. (2000). Structural and rheological properties of
methacrylamide modified gelatin hydrogels. Biomacromolecules 1, 31–38.
doi:10.1021/bm990017d

Wagenbrenner, M., Mayer-Wagner, S., Rudert, M., Holzapfel, B. M., and
Weissenberger, M. 2021. Combinations of hydrogels and mesenchymal stromal cells
(MSCs) for cartilage tissue engineering-A review of the literature. Gels, 7, 217, doi:10.
3390/gels7040217

Wei, W., Ma, Y., Yao, X., Zhou,W., Wang, X., Li, C., et al. (2021). Advanced hydrogels
for the repair of cartilage defects and regeneration. Bioact. Mater 6, 998–1011. doi:10.
1016/j.bioactmat.2020.09.030

Williams, G. M., Klein, T. J., and Sah, R. L. (2005). Cell density alters matrix
accumulation in two distinct fractions and the mechanical integrity of alginate-
chondrocyte constructs. Acta Biomater. 1, 625–633. doi:10.1016/j.actbio.2005.07.009

Wong, B. L., and Sah, R. L. (2010). Mechanical asymmetry during articulation of tibial
and femoral cartilages: Local and overall compressive and shear deformation and
properties. J. Biomechanics 43, 1689–1695. doi:10.1016/j.jbiomech.2010.02.035

Wu, K. C., Chang, Y. H., Liu, H. W., and Ding, D. C. (2019). Transplanting human
umbilical cord mesenchymal stem cells and hyaluronate hydrogel repairs cartilage of
osteoarthritis in the minipig model. Ci Ji Yi Xue Za Zhi 31, 11–19. doi:10.4103/tcmj.
tcmj_87_18

Yan, X., Yang, B., Chen, Y., Song, Y., Ye, J., Pan, Y., et al. 2021. Anti-friction MSCs
delivery system improves the therapy for severe osteoarthritis.Adv. Mater, 33, e2104758,
doi:10.1002/adma.202104758

Yao, H., Xue, J., Wang, Q., Xie, R., Li, W., Liu, S., et al. (2017). Glucosamine-modified
polyethylene glycol hydrogel-mediated chondrogenic differentiation of human
mesenchymal stem cells. Mater Sci. Eng. C Mater Biol. Appl. 79, 661–670. doi:10.
1016/j.msec.2017.05.043

Yue, K., Trujillo-de Santiago, G., Alvarez, M. M., Tamayol, A., Annabi, N., and
Khademhosseini, A. (2015). Synthesis, properties, and biomedical applications of
gelatin methacryloyl (GelMA) hydrogels. Biomaterials 73, 254–271. doi:10.1016/j.
biomaterials.2015.08.045

Zhao, Y., Li, M., Liu, B., Xiang, J., Cui, Z., Qu, X., et al. (2018). Ultra-tough injectable
cytocompatible hydrogel for 3D cell culture and cartilage repair. J. Mater Chem. B 6,
1351–1358. doi:10.1039/c7tb03177g

Frontiers in Pharmacology frontiersin.org07

Ying et al. 10.3389/fphar.2023.1152612

https://doi.org/10.1186/1754-1611-8-10
https://doi.org/10.3390/biomedicines10061278
https://doi.org/10.3390/biomedicines10061278
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1177/0363546520981704
https://doi.org/10.1021/bm990017d
https://doi.org/10.3390/gels7040217
https://doi.org/10.3390/gels7040217
https://doi.org/10.1016/j.bioactmat.2020.09.030
https://doi.org/10.1016/j.bioactmat.2020.09.030
https://doi.org/10.1016/j.actbio.2005.07.009
https://doi.org/10.1016/j.jbiomech.2010.02.035
https://doi.org/10.4103/tcmj.tcmj_87_18
https://doi.org/10.4103/tcmj.tcmj_87_18
https://doi.org/10.1002/adma.202104758
https://doi.org/10.1016/j.msec.2017.05.043
https://doi.org/10.1016/j.msec.2017.05.043
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1039/c7tb03177g
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1152612

	Strategy insight: Mechanical properties of biomaterials’ influence on hydrogel-mesenchymal stromal cell combination for ost ...
	1 Introduction
	2 Composition and mechanical properties of articular cartilage
	3 Influence of mechanical properties of hydrogels on MSC therapy for OA
	3.1 Natural hydrogel
	3.2 Synthetic hydrogel

	4 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


