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Abstract

The extracellular matrix is a highly complex microenvironment, whose various
components converge to regulate cell fate. Hydrogels, as water-swollen polymer
networks composed by synthetic or natural materials, are ideal candidates to create
biologically active substrates that mimic these matrices and target cell behaviour for a
desired tissue engineering application. Indeed, the ability to tune their mechanical,
structural, and biochemical properties provides a framework to recapitulate native
tissues. This review explores how hydrogels have been engineered to harness the
chondrogenic response of stem cells for the repair of damaged cartilage tissue. The
signalling processes involved in hydrogel-driven chondrogenesis are also discussed,
identifying critical pathways that should be taken into account during hydrogel design.
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1. Introduction

Articular cartilage is found in diarthrodial joints and is responsible for load bearing and
lubrication. These properties are essential for joint function and can be severely
disrupted following damage to the cartilage, via physical trauma or disease, which
results in a loss of protection against joint friction that leads to stiffness and pain in
patients. A major challenge in joint therapy is that cartilage tissue cannot be
regenerated by resident cells, known as chondrocytes, due to a lack of vascularisation
in the tissue (1). Autologous transplantation of healthy cartilage and subchondral
drilling are examples of current treatments that have limited availability and poor
regenerative capacity (2). Thus, there is a significant drive to develop novel treatments
for cartilage repair, particularly using biomaterials and stem cells to engineer healthy
cartilage tissue.

Indeed, stem cells are capable of specialising into different cell types and of forming
whole tissues. While there are many known types of stem cells in the body, embryonic
stem cells (ESCs), induced pluripotent stem cells (iPSCs) and mesenchymal stem
cells (MSCs) are the most utilised in regenerative medicine research (3). MSCs are of
particular interest in musculoskeletal rehabilitation as they can differentiate into
myocytes, chondrocytes, adipocytes and osteoblasts and are utilised to engineer
cartilage, bone, fat and muscle tissues among others (4). In cartilage tissue
engineering, other more specialised cell types, such as human articular chondrocytes
(ACs) and chondroprogenitor cells, have also been utilised. However, cell sourcing
and issues with cell expansion limit their regenerative capacity (5).

In tissue engineering, the fate of the chosen cell type is usually directed by a
biocompatible scaffold that hosts the cells and provides them with an extracellular
matrix (ECM)-mimetic environment. Indeed, besides supporting cell growth,
differentiation, and ECM remodelling (6), scaffolds can provide biochemical and
physical cues, such as elasticity (7), that direct stem cells to differentiate towards
certain lineages (8). Scaffolds that mimic the natural ECM of cartilage in a structural,
mechanical, and biochemical manner can hence provide a suitable niche to promote
cell adhesion, proliferation and chondrogenic differentiation. In the context of stem cell
chondrogenesis, hydrogels represent a highly desirable scaffold candidate, due to
their ability to mimic structural, mechanical and biochemical properties of the native
ECM. These water-swollen polymer networks can be synthesised with desirable
characteristics to promote chondrogenesis (9, 10). Furthermore, they provide a
platform for injectable scaffolds (11), reducing the need for more invasive surgical
treatments. Crucially, hydrogels allow stem cell encapsulation within a three-
dimensional (3D) environment; this is essential to achieve a suitable chondrogenic
niche. Indeed, studies addressing dimensionality in chondrogenesis have shown that
a 3D culture improves chondrogenicity and reduces the hypertrophic and fibrocartilage
phenotype compared to a two-dimensional (2D) environment (12, 13). It is also known
that mesenchymal condensation is a crucial process for cartilage development during
embryogenesis; a highly dense 3D cellular environment can facilitate this process
through enhanced cell-cell contact and communication (14, 15). Hence, most of the



studies that have used hydrogels to harness stem cell chondrogenesis have been
conducted in 3D.

In this review, we present and discuss recent developments in the design of hydrogels
for stem cell chondrogenesis (Figure 1). Specifically, we look at how tuning the
mechanical, structural, and biochemical (including release of chondroinductive
factors) properties of the hydrogels can be used to direct stem cell fate towards a
chondrogenic phenotype. We also consider the role of the cellular component of the
microenvironment and of external cues applied to cell-laden gels. Finally, we examine
the key signalling pathways and events that have been implicated in the chondrogenic
response of stem cells via hydrogel engineering.
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Figure 1. Properties and cues of the hydrogel microenvironment that regulate stem

cell chondrogenesis.

2. Hydrogel composition

A broad variety of materials have been developed and utilised to fabricate hydrogel
scaffolds for studies into stem cell chondrogenesis. These materials are selected to



fulfil specific criteria, including biocompatibility, biodegradability and sufficient
mechanical strength to support tissue formation. Generally, they can be naturally
derived or synthetic, with each type having their advantages and disadvantages
(Table 1). Indeed, many studies have reported the development of hybrid hydrogels,
which combine the advantages of various types of materials (Figure 2).

2.1. Natural materials

Naturally-derived hydrogels are often fabricated from animal- or microbial-derived
polypeptides or polysaccharides. They have the advantage of being native to tissues
and as such they can be good ECM mimics. Moreover, they often provide sufficient
physical and biochemical cues to promote cell adhesion and differentiation (9).

Collagen-based hydrogels are one of the most prominent materials used to promote
chondrogenesis (16-19), particularly using type | over type Il collagen because it can
facilitate chondrogenesis (20, 21) and more effectively represses inflammation and
adverse immune-derived side effects (22, 23). Collagen is the most abundant
component of the ECM, making it a popular choice in the fabrication of hydrogels.
Furthermore, collagen hydrogels can be developed with tuned mechanical and
structural properties to promote chondrogenesis. While these hydrogels may provide
good in vitro environments to promote chondrogenesis, they often promote
inflammation when implanted in vivo, resulting in unwanted side effects and supressed
tissue formation (18). Furthermore, weak mechanical strength often results in
mechanical failure upon implantation, further reducing their efficacy at promoting
chondrogenesis and subsequent cartilage formation.

An alternative material to collagen for developing hydrogels is gelatin, a denatured
derivative of collagen (24, 25). Gelatin is thought to maintain the advantages of
collagen-based hydrogels, such as presentation of adhesion peptides (26), but with
reduced cost and low immunogenic response (24). Gelatin also shows
thermoreversible properties: it is soluble in water above 40°C, when the chains behave
as random coils, while upon cooling a transition occurs causing a hydrogel to form.
Indeed, extended physical cross-links are formed by partial reversion to ordered triple
helical segments, separated by peptide residues still in the random coil configuration
(27, 28). The thermoreversibility of gelatin allows for a precise control of its gelation;
this makes it advantageous for bioprinting applications, for example in cartilage tissue
engineering, allowing for efficient and tailored treatment of unique defect patterns (29).
Gelatin can also be actively remodelled by MSCs; this is fundamental in tissue
engineering, since remodelling facilitates the generation of site-appropriate, functional
tissue following disease or trauma (30). Many studies have reported that gelatin
degradability and susceptibility to remodelling, amongst other features, are ideal
material properties for cartilage tissue engineering (9). It has also been shown that
remodelling of gelatin by MSCs causes dynamic shifts in the matrix environment and
alters their autocrine and paracrine signalling (31). Additionally, the inhibition of MSC
matrix proteases has been found to favour a fibrocartilage phenotype over hyaline
cartilage, highlighting the significance of matrix remodelling in regulating chondrogenic
outcomes (32).



Polysaccharides are also popular materials for developing hydrogels to use in tissue
engineering (33). One of the most used polysaccharides is alginate, which has good
biocompatibility and low immunogenicity (4, 34). It has also been shown that hybrid
polysaccharide gels containing alginate can enhance stem cell chondrogenesis, for
example in combination with collagen (35) or with the sulphated seaweed
polysaccharide fucoidan (36). However, alginate lacks cell adhesion sequences,
meaning that it must be functionalised to promote cell adhesion, proliferation, and
differentiation.

Glycosaminoglycans (GAGs) are another popular material used to manufacture
chondroinductive hydrogels. Hyaluronic acid (HA) is the most widely used of these
due to its highly bioactive nature (26, 37). It is a predominant ECM component of
several tissues, including cartilage (38); this makes it an attractive material for
chondrogenesis. Furthermore, the biophysical properties of HA hydrogels can be fine-
tuned, e.g. by varying crosslinker to HA ratio. Like alginate, HA lacks naturally
occurring cell adhesion sites and must be functionalised to allow cell adhesion.
Furthermore, the crosslinkers used to alter the physical properties of the hydrogels
may result in cell toxicity, limiting the type and concentration of crosslinker that can be
used. Another commonly used GAG in cartilage tissue engineering is chondroitin
sulfate (CS). CS is a naturally abundant structural component of cartilage that plays a
significant role in its resistance to compression (39). It has also been shown to inhibit
cell attachment to adhesive ECM proteins by directly interacting with them and
masking their adhesive sites from cells (40-42). Therefore, caution must be exercised
when using CS for hydrogel development in tissue engineering to ensure that
adequate cell attachment can be achieved. Another popular GAG used in hydrogel
development is heparan sulfate (HS), which has been shown to promote cell spreading
and focal adhesion formation (43). GAGs influence stem cell chondrogenesis in
different ways depending on the type and amount used within hydrogels. For instance,
the addition of HA to form hybrid gels with other materials has been shown to increase
stem cell chondrogenesis (26, 44-46). However, high HA content has been shown to
lead to hypertrophic cartilage formation (47) and to inhibit MSC chondrogenesis (48).
On the other hand, low/moderate amounts of HA were found to be optimal for CD44
binding (48), which is crucial for HA-induced chondrogenesis (49). Additionally, the
chondrogenic effects of the different types of GAGs have been compared: CS was
shown to be more chondroinductive than HS (50), and both HA and CS were found to
support neocartilage formation compared to HS which led to fibrocartilage (51). The
different adhesive and chondroinductive properties of these GAGs should therefore
be carefully considered when developing hydrogels for cartilage engineering.

Animal-derived components and decellularised tissues have also recently been used
to develop chondroinductive hydrogels. Indeed, several studies have shown that these
natural-derived materials can facilitate stem cell chondrogenesis, either by using
scaffolds composed by decellularized ECM alone (52-54), or by adding decellularized
tissue and natural components, such as platelet-rich plasma (PRP), to other gels (as
soluble cues or to form hybrid materials) (55-60). Decellularized tissues can retain the
biochemical and physical cues, including mechanical strength, found in the cartilage
microenvironment, providing a powerful platform for promoting chondrogenesis of



stem cells. However, immunogenic responses and loss of ECM cues following harsh
decellularization processes still hinder their use.

Other less intensely investigated materials for chondroinductive hydrogel fabrication
include fibrin, a material usually used as a natural adhesive in reconstructive surgeries
(61), Y-poly (glutamic acid) (62), and chitosan, a crustacean-derived polysaccharide
that has been widely investigated as a biomaterial (63).

2.2. Synthetic materials

While most publications have focused on naturally derived materials to fabricate
chondroinductive hydrogels, some researchers have chosen to use synthetic
materials. These may have certain advantages over natural hydrogels, such as a more
precise control over the biomechanical properties, reproducible fabrication and lack of
immunogenic response (64). Furthermore, biochemical cues can be incorporated into
synthetic gels and precisely regulated in concentration and localisation (65).

The most common synthetic material used for hydrogel fabrication in tissue
engineering is polyethylene glycol (PEG). While PEG is a bioinert material, it has been
widely used to promote tissue regeneration. This is because the physical and
biochemical properties of PEG hydrogels can be fine-tuned with relative ease via
changing polymer concentration, crosslinker density, or by incorporation of other
materials and biological molecules. Hence, PEG has been used in many publications
to promote chondrogenesis (2, 8, 50, 66, 67). For example, a recent paper reported
the development of a PEG-based composite hydrogel, where the incorporation of poly-
D,L-lactic acid (PDLLA) and graphene oxide improved its bioactivity and stiffness (67).
Other authors instead incorporated pro-chondrogenic factors, such as CS and HS, to
improve the bioactivity of the hydrogels (50). Despite desirable qualities such as
mechanical strength, PEG-based hydrogels often require additional functionalisation
to promote chondrogenesis, which is a disadvantage compared to many hydrogels
derived from natural materials.

Besides PEG, other synthetic materials have been used to develop hydrogels for
studies on stem cell chondrogenesis. Polyacrylamide (PA) is a popular material in
general hydrogel research due to its readily tuneable mechanical properties and
potential for biochemical modification. It has been used extensively in many
fundamental 2D studies, particularly concerning mechanobiology, including how
stiffness regulates MSC differentiation towards specific lineages (7). Lack of
biodegradability and toxicity of precursor components are some of the main limitations
of PA hydrogels that prevent their use in 3D cell culture (68). However, it has been
shown that PA hydrogels can be modified appropriately to support stem cell
chondrogenesis in 2D (69).

Poly(N-isopropylacrylamide) (PNIPAM) is a synthetic temperature-sensitive polymer
that has been used in recent studies developing hydrogels for tissue engineering (70).
A unique property of PNIPAM is its ability to expel its liquid contents at a defined
temperature by undergoing a reversible phase transition from a hydrophilic to
hydrophobic state (70). This transition temperature can be chemically tuned to reach
body temperature (71), which makes it highly desirable as an injectable hydrogel



system with controllable swelling properties. However, despite showing good
biocompatibility, limitations of PNIPAM hydrogels include brittle properties at room
temperature, poor mechanical properties, low swelling ratio, and slow kinetics of the
volume phase transition in response to stimuli (72-74). This means that they are often
used in combination with other materials that can bolster mechanical properties whilst
retaining temperature-sensitivity. Specifically, PNIPAM gels have been shown to
promote stem cell chondrogenesis as composite materials (46, 75-77).

Self-assembling peptide gels have also been used as materials to support stem cell
chondrogenesis (78-83). Peptide gels are biocompatible, biodegradable, and possess
self-healing and shear-thinning properties which are desirable in injectable gels and
for use as bioinks (84). However, bare peptide gels lack cell adhesion motifs and
require functionalisation to permit cell attachment (84). Moreover, they have low
mechanical strength and stability, which needs to be improved using chemical
crosslinking techniques, which can be toxic for cells (85).
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Figure 2. Hybrid gels that promote chondrogenesis. A) Optimised natural hybrid
gels composed of 70% HA and 30% gelatin provide an environment that suitably
balances cell adhesion and chondrogenic differentiation for potential use as an



injectable material for cartilage tissue engineering. Reproduced with permission (26).
B) Hybrid synthetic scaffold harnesses the merits of various materials using the
reverse thermosensitivity of PEG-PNIPAM and the mechanical support of PCL
microfibers to effectively encapsulate cells in a 3D hydrogel with ideal viscoelastic
properties. Reproduced with permission (75).



Material Advantages Disadvantages References
Natural Collagen Major ECM component, presentation of Mechanically weak, immunogenic response, (16-19)

adhesion motifs, biocompatible, expensive
biodegradable

Gelatin Presentation of adhesion motifs, low Mechanically weak (24-28)
immunogenicity, biocompatible,
biodegradable, thermoreversible, cost-
effective

Hyaluronic acid Biocompatible, major component of cartilage No cell adhesion sites, chemical crosslinking toxic to (26, 44-46) (47, 48)

cells, excess inhibits chondrogenesis

Chondroitin sulfate Biocompatible, major component of cartilage Inhibits cell attachment to adhesive ECM proteins (50) (51)

Heparan sulfate Biocompatible, promotes cell-cell and cell- Leads to fibrocartilage (50) (51)
matrix interactions

Alginate Biocompatible, low immunogenicity Lack of cell adhesion sites (4, 34-36)

Decellularized cartilage Can retain mechanical, structural, and Harsh decellularization removes biochemical factors, (52-60)
biochemical properties of native tissue immunogenic response

Synthetic | Polyethylene glycol Tuneable degradability and mechanical Requires functionalisation to promote cell adhesion (2, 8, 50, 66, 67)

properties, low immunogenicity, controlled and differentiation
presentation of biochemical cues

Polyacrylamide Tuneable mechanical properties, controlled Lack of degradability, toxicity of precursor components (69)
presentation of biochemical cues prevents 3D cell culture

Poly(N- Biocompatible, tuneable  temperature- Brittle at room temperature, poor mechanical (46, 75-77)

isopropropylacrylamide) sensitive properties useful for injectable properties, low swelling ratio, slow kinetics of the
applications, controllable swelling properties  volume phase transition in response to stimuli

Peptide gels Biocompatible, biodegradable, self-healing, Requires functionalisation for cell attachment, poor (78-83)
shear-thinning, use as injectable gels and mechanical strength and stability unless chemically
bioinks crosslinked, toxicity of crosslinkers

Table 1. Commonly utilised natural and synthetic materials for hydrogel fabrication in the context of stem cell chondrogenesis.



2.3. Peptide-functionalised hydrogels

As anticipated in the previous sections, many hydrogels are composed of natural or
synthetic polymers endowed with reactive moieties that can be readily modified with
bioactive molecules. Numerous studies have decorated hydrogels with a single type
of peptide, for example to allow cell adhesion to an otherwise non-adhesive polymer,
or with combinations of biomolecules that could influence stem cell chondrogenesis.
Using peptides that mimic the functional properties of full-length proteins often
presents a more simplified and cost-effective alternative to using full-length proteins
themselves, for instance with transforming growth factor-3 (TGF-3) and CD44 (86).
Hence, hydrogels modified with specific peptide cues can harness the chondrogenic
potential of stem cells and hold great potential in cartilage engineering applications
(Table 2).

To this end, functional peptide motifs of proteins with known chondroinductive
properties, such as TGF-33, have been used. For example, the addition of aggrecan
and TGF-33 mimic peptide SPPEPS to HA-based hydrogels was shown to enhance
rat bone marrow-derived mesenchymal stem cells (BMSC) chondrogenesis through
increased collagen Il expression in 2D (87). Functionalisation of HA gels with another
TGF-3 mimic peptide, cytomodulin-2, also enhanced the chondrogenesis of human
periodontal ligament stem cells (PLSCs) in vitro and in vivo in mice (88) .

Modifying hydrogels with combinations of chondroinductive and degradable peptides
has also been shown to collectively enhance chondrogenesis. Indeed, bacterial
collagen-based hydrogels functionalised with matrix metalloprotease MMP7- and
aggrecanase ADAMTS4-cleavable peptides and with chondroinductive heparin- and
HA-binding peptide sequences were found to enhance the chondrogenesis of human
MSCs (16).

The use of acellular gels modified with peptides have also been shown to effectively
promote stem cell chondrogenesis in vivo. Modification of hybrid self-assembling
peptides and decellularized porcine cartilage matrix hydrogels with bone marrow
homing peptide PFS was in fact shown to enhance rabbit BMSC homing and
chondrogenesis in 2D in vitro models and in vivo in rabbit (79). Acellular gel systems
can be advantageous over cell-laden gels as they facilitate in vivo chondrogenesis
solely through the biochemical cues of the hydrogels without the requirement for cell
encapsulation, as further elucidated in section 2.4.2.

As well as using biomolecules with known chondroinductive properties, some of the
most widely used peptides are those involved in fundamental cell processes that, in
turn, can influence differentiation. These peptides are often functional domains/motifs
of proteins, such as fibronectin and N-cadherin, that are involved in cell-matrix and
cell-cell interactions respectively.

2.3.1. Fibronectin peptides

Fibronectin is a high molecular weight glycoprotein that is prevalent in the ECM and
has been implicated in a variety of cellular processes, including growth, migration, and
differentiation (89). The crucial function of fibronectin is cell adhesion, which is
facilitated through binding to cell-presented integrins. Arginylglycylaspartic acid (RGD)



is the main adhesive peptide motif present in fibronectin, amongst other proteins,
identified as the minimal recognition sequence for cell attachment (90). The
functionalisation of hydrogels with RGD enables cells to physically engage with the
microenvironment more effectively; this may improve their sensitivity to mechanical
and biochemical matrix cues that influence differentiation.

Various studies have investigated the influence of RGD-functionalised hydrogels on
stem cell chondrogenesis. Indeed, human posterior-derived progenitor MSC
chondrogenesis was found to be enhanced on PEG-based hydrogels when RGD was
present compared to gels without RGD (91). The combined effects of RGD
functionalisation and other matrix cues have also been shown to collectively facilitate
chondrogenesis. This has been for example investigated using hydrogels made of
bacterial collagen-like protein Scl2. Scl2 has been used in many recent tissue
engineering studies as an alternative to mammalian collagen, and can be
functionalised with bioactive and biodegradable motifs, including GAG-binding
peptides and biodegradable crosslinkers for MSCs chondrogenesis (92-100). In
contrast to mammalian collagens, Scl2 shows minimal adverse immune response, low
cytotoxicity, and can be recombinantly produced in high yields with minimal batch
variation (101). Using Scl2 hydrogels, the role of the synergistic effect of cell adhesion
and matrix remodelling in regulating chondrogenic fate has been investigated: indeed,
MMP-cleavable RGD on Scl2 gels was found to enhance human MSC chondrogenesis
compared to gel with permanently tethered RGD (83). Similarly, the interplay between
adhesiveness and stiffness improved rabbit MSC chondrogenesis in PEG-gelatin-
methacryloyl (GelMA) gels, with stiffer (25 kPa), higher RGD density (0.5%) gels
performing better than 0.05% RGD density or softer (1.6 or 6 kPa) gels (102). The
adhesive cross-talk between integrins and cadherins was also demonstrated to
facilitate human MSC chondrogenesis, when norbornene-HA gels were functionalised
with specific ratios of RGD and N-cadherin motif HAVDI (103). Moreover, the addition
of RGD to HA-based gels further enhanced the chondroinductive effect of aggrecan
and TGF-R3 mimic peptide SPPEPS (87).

Collectively, these studies highlight how controlling cell adhesion to the hydrogels can
improve the sensitivity of stem cells to other cues within the microenvironment,
ultimately regulating chondrogenesis.

2.3.2. N-cadherin peptides

N-cadherin is part of the classic cadherin family of transmembrane glycoproteins that
are important for mediating interactions between adjacent cells through a homophilic
binding mechanism (104). Peptide sequences, such as HAVDI, derived from the
homophilic binding site extracellular domain 1 (ECD1) (105), have been shown to be
highly specific N-cadherin agonists (106). It is thought that using hydrogels modified
with functional domains of N-cadherin can facilitate cell-cell communication,
clustering, and condensation of MSCs, which are important events in chondrogenic
differentiation and endochondral bone formation (107). Indeed, N-cadherin binding
motif low-density lipoprotein receptor-related protein 5 (LRP5) enhanced mouse
BMSC chondrogenesis when functionalised to alginate gels, particularly at low
seeding densities (108).



HAVDI-functionalised hydrogels have been shown in various recent studies to
significantly influence the chondrogenesis of stem cells. Using methacrylated HA gels,
the presentation of HAVDI was demonstrated to enhance human MSC
chondrogenesis in a dose-dependent manner; this was not observed when HAVDI
was presented transiently, suggesting that persistent signalling is crucial for effective
cell-cell-driven  behaviour (38, 109). Studies using HAVDI-functionalised
methacrylated HA gels have also shown that cadherin-mediated chondrogenesis is
associated with 3-catenin signalling. Indeed, increased hMSC chondrogenesis was
found to correlate with higher nuclear 3-catenin, particularly for instances where cell
clustering occurred, highlighting the importance of cell-cell communication in
chondrogenesis (109, 110). HAVDI-mediated B-catenin signalling has also been
implicated in chondrogenesis using hydrogels formed by self-assembling peptide
KLD-12. KLD-12 is composed of repeating alternative sequences of lysine (K), leucine
(L), and aspartic acid (D), which form free-standing hydrogels due to hydrophobic and
electrostatic interactions (111-115). The nanofibers formed by this peptide resemble
fibrous cartilaginous extracellular matrix, providing a 3D microenvironment with
biomimetic nanoscale architecture that supports the chondrogenic differentiation of
hMSCs (116-119). When functionalised with HAVDI, KLD-12 gels were found to
enhance chondrogenesis through inhibition of canonical Wnt/R3-catenin signalling,
leading to more [3-catenin degradation (80). Additionally, rabbit MSC chondrogenesis
was enhanced in a dose-dependent manner when hybrid poly(N-isopropylacrylamide-
co-glycidyl methacrylate) (PNIPAM-co-GMA) gels were crosslinked with poly(glycolic
acid) poly(ethylene glycol) poly(glycolic acid) di(but-2-yne 1,4 dithiol) (PdBT) that had
been click-modified with HAVDI (127). PdBT is a highly versatile crosslinker that can
be conjugated to a range of bioactive motifs, including HAVDI and CS, via simple
mixing in water at room temperature (128); this makes it an attractive hydrogel
crosslinker for tissue engineering applications.

Finally, hydrogels modified with combinations of HAVDI and other molecules have also
been shown to be an effective strategy to enhance stem cell chondrogenesis. Indeed,
as anticipated in section 2.3.1, specific ratios of HAVDI with adhesive peptide motif
RGD in norbornene-HA gels facilitated human MSC chondrogenesis, indicating that
tuned synergistic cell-cell and cell-matrix signalling can effectively modulate
differentiation (Figure 3) (103).
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Figure 3. MSCs photoencapsulated in norbornene-modified HA hydrogels
functionalized with peptide gradients (0-5mM) of RGD and HAVDI that mimic
cell-cell or cell-matrix interactions where optimal ratios of both facilitate
chondrogenesis. i) Multi-step thiol-norbornene UV light-mediated reaction to form
peptide-functionalised NorHA hydrogels. ii) Schematic of fabrication process involving
NorHA hydrogel formation under UV light, incubation with mono-thiolated peptide
solution, and introduction of peptide gradients introduced using an opaque sliding
mask to control the extent of light-mediated reaction between peptides and
norbornenes. iii) Images and quantification of signal intensity from gradients of
fluorescently labelled RGD and HAV peptides. iv) Characterisation of chondrogenesis
from gels with optimal RGD/HAYV ratios by immunohistochemistry for GAGs and Col Il
after 56 days. Reproduced with permission (103).



Peptide Gel type Protein Function Cell type Cell response References
RGD Scl2, Fibronectin  Minimal recognition Human posterior-derived Enhanced chondrogenesis, particularly as (83, 87, 91, 103)
HA, PEG sequence for cell progenitor MSCs, human a cleavable peptide, when functionalised
adhesion MSCs, rabbit MSCs, rat individually and in combination with N-
BMSCs cadherin or TGF-B mimic peptides
HAVDI HA, N-cadherin  Highly specific N- Human MSCs, rabbit Enhanced chondrogenesis individually and (38, 80, 103, 109,
KLD-12 cadherin agonist derived MSCs in combination with RGD or GAG 110, 120)
peptide, from homophilic binding chondroitin sulfate, more effective when
PNIPAM site ECD1 permanently tethered, regulates
-co-GMA chondrogenesis through Wnt/3-catenin
signalling
LRP5 peptide  Alginate  LRP5 Cell-cell interaction motif Mouse BMSCs Facilitates stem cell aggregation to (108)
that binds N-cadherin promote chondrogenesis at low seeding
densities
SPPEPS HA TGF-R33, Acts as a ligand for RatBMSCs Enhances chondrogenesis individually and  (87)
Aggrecan various integrins that to a greater extent when combined with
mediate cell-matrix RGD
signalling
Cytomodulin-2  HA TGF- Interacts with cell surface Human PLSCs Promotes chondrogenesis (88)
TGF-[ receptors
MMP7- Scl2 Recognised by MMP7 for Human MSCs Positive correlation between degradability (16)
cleavable degradability and cartilage matrix deposition
peptide
ADAMTS4- Scl2 Recognised by Human MSCs Positive correlation between degradability (16)
cleavable aggrecanases for and cartilage matrix deposition
peptide degradability
PFS bone Acellular Identified by a phage Rabbit BMSCs Enhanced rabbit BMSC homing and (79)
marrow cartilage display peptide library as chondrogenesis
homing matrix a specific peptide that
peptide homes to bone marrow

and binds to stem cells

Table 2. Peptides used in recent studies for the functionalisation of hydrogels that regulate stem cell chondrogenesis.



2.4. Sustained release and retention of growth factors

Various growth factors are known to stimulate stem cell chondrogenic differentiation;
these biomolecules have great potential for being administered clinically to promote
cartilage tissue regeneration (121). However, without continuous local release of
chondroinductive molecules at sites of interest, their effectiveness is significantly
reduced. While some researcher have opted for the functionalisation of the hydrogels
with growth factor mimicking peptides (as seen in section 2.3), others have developed
growth factor-loaded hydrogels as potential tools to improve the local release and
effectiveness of growth factors in cartilage tissue engineering. Indeed, recent studies
have investigated ways of modifying hydrogel properties to improve the retention and
sustained release of chondroinductive growth factors, namely TGF-R, using either cell-
laden or acellular systems.

2.4.1. Cell-laden hydrogels

A variety of approaches have been explored to improve the growth factor binding
properties of hydrogels to sustain the differentiation of stem cells encapsulated within
the matrix microenvironment, and, in particular their chondrogenesis (122). For
example, Shen and co-authors showed that incorporation of GO nanosheets into
PDLLA-PEG composite gels improved the sustained release of TGF-R3 and
maintained human BMSC chondrogenesis in an in vivo mouse model (123). PEG-
poly(L-alanine)-poly(L-aspartate) triblock copolymer thermogels were also found to
prolong the release of chondroinductive molecule kartogenin (KGN) when modified
with RGD-functionalised hexagonal layered double hydroxides, improving human
tonsil-derived MSC chondrogenesis (82).

TGF-B family proteins are also known binding partners of HA, which makes HA-based
gels a useful tool for studies into TGF-R3 release and stem cell chondrogenesis. Hence,
HA has gained interest not only as a GAG with known chondroinductive properties,
but also as a reservoir for binding a variety of growth factors (124). Indeed, it has been
shown that the inclusion of HA into PDLLA-PEG gel composites improves the
sustained release of TGF-33 and maintenance of BMSC chondrogenesis in vivo (125).
Sulfated HA was also shown to improve retention of TGF-B1 and human MSC
chondrogenesis in vivo in HA gels, compared to non-sulfated HA gels (126). These
studies suggest that the inclusion and modification of HA in hydrogels has the potential
to improve sustained GF release and chondrogenesis of stem cells, which can be
beneficial in cartilage repair applications.

Physically assembled hydrogels are also of significant interest for the presentation of
growth factors. This type of hydrogels more closely mimics the interconnectivity
properties of native ECM, and possesses reversible crosslinking properties that are
desirable in biomedical engineering, such as self-healing and shear-thinning (127-
129). For example, host-guest macromer (HGM)-based crosslinking can generate
physically assembled supramolecular hydrogels, whose GF release properties have
been investigated for the maintenance of stem cell chondrogenesis. In particular,
human MSC-laden HGM-based gels formed by molecular self-assembly between
adamantane-functionalised HA guest polymers and monoacrylated (3-cyclodextrin
host monomers were found to promote sustained TGF-3 release and chondrogenesis



in vivo compared to methacrylated HA gels (130). Similarly, gelatin-acrylated [3-
cyclodextrin HGM-based gels improved the sustained release of KGN and TGF-[3,
compared to GelMA, in turn enhancing hMSC chondrogenesis in an osteochondral
defect mouse model in vivo (Figure 4) (131).

Besides the gel type, the mechanism of GF attachment to the hydrogels has also been
investigated, in relation to how a transient or permanent interaction influences stem
cell chondrogenesis. Indeed, HA/poly(glycidol) gels with covalently attached TGF-31
resulted in better human MSC chondrogenesis than non-covalent attachment (132).

Overall, these studies highlight the effect that the incorporation of growth factors within
hydrogels has on the promotion of stem cell chondrogenesis, and suggest that a
permanent tethering of chondroinductive growth factors, such as TGF-i3, may be more
beneficial to sustain their effects on chondrogenic differentiation.

2.4.2. Acellular hydrogels

The development of acellular gels is advantageous over cell-laden gels as it removes
the requirement for cell acquisition and encapsulation into hydrogels for in vivo
applications. The properties of hydrogels can be modified to enhance the
chondrogenic response of stem cells that are either already in the niche of interest or
are recruited from other sites.

Using GF-loaded alginate/gelatin gels, it was shown that synergistic TGF-R33/KGN
delivery promoted MSC migration to the gels and enhanced chondrogenesis in vivo
(133). Additionally, injectable thermosensitive chitosan gels were found to sustain the
release of KGN over 40 days, enhancing human adipose-derived stem cell (ASC)
chondrogenesis in vitro compared to soluble KGN (134). Alginate nanogels with a size
range of 43-137 nm were also developed for sustained TGF-3 release, revealing that
gels of the smallest size were most effective at GF release and maintenance of human
MSC chondrogenesis in vitro (135). Glycidyl methacrylate hydroxypropy! chitin gels
were shown to be effective at sustained TGF-R1 release; this, activated macrophages
to an M2 phenotype and improved rat MSC homing to an injury site and
chondrogenesis in vivo (136).

Overall, these studies highlight the potential of acellular gels, either as bulk or
nanogels, to improve sustained growth factor release and stem cell homing to support
chondrogenesis at cartilage defect sites.
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Figure 4. Example of cell-laden hydrogels developed to sustain growth factor
release and promote maintenance of chondrogenesis. Schematic of MSC
encapsulation in supramolecular gelatin hydrogels containing chondrogenic small
molecules and growth factors. Reproduced with permission (131).

3. Mechanical properties

Cells are known to respond to a variety of different mechanical stimuli within their
microenvironment; this influences their behaviour through mechanosensitive
signalling. Hydrogel mechanical properties can be modified through a variety of
techniques, such as adjusting polymer molecular weight and crosslinking; hence they
can be tuned to maximise the mechanosensitive chondrogenic behaviour of stem
cells. Additionally, the mechanical stability of hydrogel scaffolds is highly important in
cartilage tissue engineering to withstand mechanical stresses when administered
clinically and to effectively integrate with natural tissue.

3.1. Stiffness

Stiffness is the extent by which an object resists deformation in response to an applied
force and is highly variable across different biological tissues (137). In the context of




stem cell mechanosensing, various studies have shown that hydrogel stiffness has a
marked influence on human MSC differentiation. Perhaps the earliest, most
comprehensive study used 2D PA hydrogels to show that, while soft matrices (0.1-1
kPa) mimicking brain tissue promoted neurogenesis, relatively stiffer gels (8-17 kPa)
modelling muscle mechanical properties induced myogenesis, and the most rigid
surfaces (25-40 kPa), more representative of collagenous bone, promoted
osteogenesis (7).

Various recent works have investigated how modulating hydrogel stiffness influences
stem cell chondrogenesis. Indeed, PLSCs expressed the chondrogenic marker
collagen 1l in a stiffness-dependent manner: using alginate-HA gels at either 9 or 36
kPa resulted in lower expression than at a comparatively intermediate stiffness of 18
kPa (45). Another study showed that poly-L glutamic acid-tyramine hybrid gels at a
stiffness of 4.2 kPa were more effective than stiffer 15.3 kPa gels at enhancing BMSC
chondrogenesis in vitro and in an in vivo mouse model (81). Fibrin gels, prepared at
various stiffnesses, were shown to be most optimal for ASC chondrogenesis at 3.4
kPa (61). Additionally, a study investigating different types of crosslinking for HA gels,
showed that the stiffest formulation at 1.8 kPa, using 4-armed PEG crosslinking, was
most optimal for BMSC chondrogenesis (37). Another study exploring hydrogel
crosslinking options, showed that 9 kPa photo-crosslinked collagen | gels coincided
with enhanced rabbit BMSC chondrogenesis both in vitro and in vivo in a mouse
model, compared to softer, physically crosslinked 2 kPa gels (138). This study also
highlighted the importance of actin-mediated matrix interactions during
chondrogenesis by showing that inhibition of actin polymerisation with cytochalasin D
worsened differentiation (138). Additionally, using PEG-GelMA hybrid gels, it was
shown that a higher stiffness of 25 kPa was more effective than softer 1.6/6 kPa gels
at promoting chondrogenesis of rabbit-isolated MSCs (102). Another study, using
methacrylated HA gels, showed that a higher degree of methacrylation increased the
hydrogel stiffness from 2 to 7 kPa, and this was more favourable for human ASC
chondrogenesis (139).

Stiffness-specific differences between chondrogenic and osteogenic differentiation
have also been shown recently, which are important considerations when designing
biomaterials for osteochondral interface applications. This has been investigated using
hydrogels with tuneable stiffness gradients, where gelatin-PNIPAM hydrogels,
containing both beta-sheet rich and amorphous silk nanofiber solutions, were prepared
by combining crosslinking and electric field alignment (77). This study showed that
BMSC chondrogenesis, both in vitro and in vivo in a rat model, was enhanced in 23-
64 kPa regions, before reducing at higher stiffnesses where osteogenesis was
favoured (Figure 5A) (77).

3.1.1. Synergy with other cues

In general, hydrogels with an intermediate stiffness between soft and rigid gels, that
promote neurogenesis or osteogenesis respectively (7), appear to be most suitable
for supporting stem cell chondrogenesis. However, direct comparisons between
studies are complex, since differences reported in stem cell chondrogenic behaviour
are likely attributable to combinatory effects of stiffness and other factors, such as



seeding conditions (section 5.2.1), hypoxia (section 6.2), or reactive oxygen species
(section 6.3).

The chondroinductive properties of the hydrogel material itself may synergistically
influence chondrogenesis along with the mechanical environment. This is particularly
relevant when using natural polymers, such as GAG-based gels, many of which have
known chondroinductive properties that could play a role, compared to synthetic
polymer-based gels (section 2.1). Indeed, it has been shown that GAG-functionalised
PEG hydrogels, at a controllable stiffness of either 7.5 or 36 kPa, promoted human
MSC chondrogenesis in softer gels better with CS modification, than HS, while stiff
gels were inhibitory regardless of GAG presence (50). Another study showed that
bioprinted alginate-gelatin gel scaffolds functionalised with CS displayed a stiffness of
59.7 kPa and supported BMSC neocartilage formation better than non-functionalised
gels at 48 kPa (47). Interestingly, this study also outlined that the addition of HA, a
known chondroinductive GAG, caused hypertrophic cartilage formation, as well as
significantly increased stiffness to 100.1 kPa, perhaps suggesting that a densely
crosslinked matrix hinders effective macromolecular diffusivity and cartilage
development (47). Moreover, PEG gels functionalised with different GAGs and formed
at different stiffnesses (1-33 kPa) showed that 7-33 kPa gels were required to maintain
ASC chondrogenesis and gel integrity in vivo, highlighting the balance required
between mechanical and biochemical properties for effective material development
(51).

3.1.2. High-strength gels

Other studies have developed hydrogel-based scaffolds for stem cell chondrogenesis
at high stiffness ranges, closer to the values of native cartilage tissue; in this case, the
objective is to manufacture gels with a mechanical strength that would be suitable for
point-of-care cartilage defect treatments in clinical practice (140). The target stiffness
range for developing high-strength gels are those that mimic the compressive moduli
of native human articular cartilage tissue which ranges from 240 to 1000 kPa (141,
142) and is an order of magnitude higher than hydrogels typically produced from
natural materials (143). One approach, using PDLLA-PEG hydrogels, increased the
stiffness from 200 to 250 kPa by incorporating graphene oxide (GO) nanosheets,
which enhanced human MSC chondrogenesis (67). PDLLA-PEG gels were further
shown to achieve a stiffness of 300 kPa at lower polymer concentrations and enhance
BMSC chondrogenesis compared to poly L-lactic acid (PLLA)-PEG gels (2). Other
high stiffness gels that were found to be conducive to stem cell chondrogenesis
include citric acid-crosslinked chitosan gels, with a stiffness of 500 kPa compared to
the 50 kPa of unmodified chitosan (63). Stem cell chondrogenesis was also enhanced
using alginate-PRP gel composites (148 kPa compared to 133 kPa of alginate only
gels) (56) and methacrylated decellularized porcine cartilage gels (250 kPa compared
to 50 kPa of GelMa gels of the same relative composition) (53).

Previous seminal studies have shown that stiff environments are more osteogenic
compared to softer chondroinductive materials (7, 77); this would suggest that it is
unlikely for stem cell chondrogenesis in high-strength gels to be stiffness-driven.
However, recent research has highlighted biphasic relationships between cell



behaviour and substrate stiffness. Indeed, Yes-associated protein (YAP)
mechanosensing shows a biphasic response depending on both substrate stiffness
and RGD ligand spacing (144). Since YAP is a crucial mechanosensitive
transcriptional coactivator involved in regulating cell behaviour, such as differentiation,
this could be associated with how high-strength gels influence chondrogenesis. Other
studies have also shown biphasic relationships between substrate stiffness, ligand
density, and various types of cell behaviour, including migration (145) and proliferation
(146). Whether a biphasic response to rigidity promotes stem cell chondrogenesis in
high-strength gels is however unclear and would be interesting to explore. Ultimately,
the chondrogenic response in these gels is likely to be driven by a combination of
factors alongside the high mechanical strength. These cues may include the
biochemical and microstructural properties of the material components used in the
hydrogel fabrication. In any case, high-strength hydrogels or composites of softer
chondrogenic gels with structural materials can recapitulate the mechanical properties
of native cartilage tissue and are more likely to withstand mechanical stresses during
long-term cartilage repair applications.

3.2. Viscoelasticity

When investigating stem cell differentiation due to mechanical cues, most hydrogel
studies to date have used elastic materials with controllable stiffness or have
disregarded their viscous component. Although these studies provide fundamental
insights into our understanding of how the mechanical microenvironment can influence
chondrogenesis, they do not fully represent the properties of native cell surroundings.
Indeed, most biological tissues are viscoelastic, meaning they exhibit both elastic and
viscous properties. Viscoelastic materials display a time-dependant deformation
following the application of a force, which is recovered with a timescale that depends
on the extent of viscoelasticity. Conversely, elastic substrates store mechanical energy
and respond to an applied stress with time-independent strain, where the material
immediately returns to its original structure upon removal of the stress. Generating
hydrogels with controllable viscoelastic properties has great potential in harnessing
the mechanosensitive response of stem cells, also in the field of chondrogenesis (147,
148).

This is a relatively new area of research, meaning much is yet to be understood about
cell response to such environments. Steric spacing of crosslinking points and
incorporation of viscous, linear polymers are examples of strategies to modulate
hydrogel viscoelasticity, which has a significant influence on key cell behavioural
aspects, such as adhesion and differentiation (149, 150). In the field of cartilage
engineering, a study, using bovine chondrocytes, showed that alginate gels with
variable viscoelasticity, at a controllable stiffness of ~3 kPa, promoted cartilage matrix
deposition on gels with increasing viscoelasticity (Figure 5B) (151).

Stem cell chondrogenesis in viscoelastic environments is relatively unexplored; PEG-
gellan gum hybrid gels with enhanced viscoelastic gel properties compared to an
elastic PEG control were shown to promote BMSC chondrogenesis, both in vitro and
in vivo in a mouse model (152). However, it is worth noting that in this study hydrogel
stiffness, as well as viscoelasticity, increased relative to the elastic control; this makes



it difficult to conclude whether changes in chondrogenesis were a consequence of
stiffness, viscoelasticity, or both. Similarly, in a study using mouse chondrocytes, the
chondroinductive potential of viscoelastic hydrogels was shown using physically
crosslinked composite hyaluronate-alginate hydrogels. Increasing the molecular
weight of hyaluronate whilst maintaining a constant alginate molecular weight
increased the elastic and viscous moduli of the hydrogels. This enhanced
chondrogenesis with significantly higher expression of pro-chondrogenic markers
Sox9 and collagen-ll (153). While both of these studies indicate that viscous
interactions play a role in chondrogenesis, the viscous contribution is accompanied by
a concomitant increase in elastic modulus; this makes it impossible to establish
whether the improved chondrogenesis is a consequence of the viscous component
alone.

Besides viscoelastic hydrogels, recent research has also investigated cell response to
viscosity in viscous fluids. In the case of chondrogenesis, Lee and co-authors recently
developed a 3D culture system where viscous gelatin solutions could be incorporated
into GelMA hydrogels. They found that hydrogels embedded with viscous gelatin
improved spreading and proliferation of hMSCs compared to a stiff gelatin hydrogel.
Furthermore, increasing gelatin solution viscosity significantly enhanced production of
sulphated GAGs, a sign of chondrogenic differentiation. Further investigation into
chondrogenic gene expression demonstrated that, in the presence of chondrogenic
induction factors dexamethasone and TGF-B3, chondrogenic differentiation was
enhanced with increasing gelatin solution viscosity. However, in the absence of
chondroinductive factors, this trend was not seen, suggesting that viscosity alone was
not sufficient to promote chondrogenesis (154). These results point to a synergistic
effect between solution viscosity and biochemical induction on hMSC chondrogenesis.

Although research into the role of viscous interaction in chondrogenic differentiation is
still limited, collectively these studies demonstrate the importance of incorporating
viscoelastic properties into hydrogel design to better mimic ECM biomechanical
properties and subsequently enhance stem cell chondrogenesis.



A "
%o s ;o g
~ Crosslinking-field soft £
O > s
- . 2
ASNF
g
- .
Crosslinking-electric field 2
o
; l
) [0 ]
® .
o~~~ © Electric field ° .
. O A g e
2 Y
BSNF — Siff 8 L
- Mechanical gradient
B(i) B(ii)
Faster stress relaxation | Greater creep | Greater loss tangent
Elastic matrix
& i
/
i p*
et
' Celldeath 4
5 I
i MMPI3 4
50 iAQAMTSAf

Elastic stresses restrict
cell volume expansion
Viscoelastic matrix

Cell expands following
encapsulation in hydrogel

Elastic stresses dissipate over time,
allowing cell volume expansion

Figure 5. Elastic and viscous mechanical properties of hydrogels that regulate
chondrogenesis. A) Preparation of silk nanofiber hydrogels with stiffness gradients
that control the chondrogenic and osteogenic fate of BMSCs. Reproduced with
permission (77). B) Immunohistochemical staining of cartilage matrix markers
following chondrocyte culture in 3 kPa hydrogels with variable viscoelasticity (i). Model
of how viscoelastic matrices dissipate elastic stresses to promote cell volume
expansion, cell proliferation, and interconnected cartilage matrix deposition (ii).
Reproduced with permission (151).

4. Microstructural and spatial properties

The architecture of hydrogels has been shown in various studies to significantly
influence the chondrogenic differentiation of stem cells. Since the naturally occurring
cellular microenvironment is highly complex and diverse in its structure, it is important
to understand the types of structural features that can modulate stem cell
chondrogenesis with the objective of developing effective biomaterials for cartilage
tissue engineering.

4.1. Porosity

Changes in the hydrogel porous structure are generally brought about through altering
composition or types of polymer and crosslinking within hydrogels. It is worth noting
that changes in porosity will likely correlate with changes in the mechanical properties



of the hydrogels as well, which are known to significantly influence chondrogenesis,
and therefore it is likely they collectively modulate the cell response.

It has been shown that stem cells with a more rounded morphology are associated
with higher expression of chondrogenic markers (155, 156). Hence, tuning material
porosity and pore structure to direct cell shape is an interesting strategy to artificially
induce stem cell chondrogenesis and promote matrix secretion and deposition.
Indeed, collagen scaffolds with a more elliptical pore shape were found to promote
BMSC chondrogenesis (157). Pore size is also important, and it has been suggested
that pores between 50-300 pum are within a suitable size range for stimulating cartilage
regeneration. Indeed, BMSC chondrogenesis was enhanced in collagen scaffolds
containing the highest proportion of pores within this size range (157). It has also been
shown using collagen-HA scaffolds that pores of 300 um were optimal for MSC
chondrogenesis compared with smaller 94 and 130 um sizes (Figure 6A) (158).
Additionally, using collagen matrices, a higher pore size of ~80 um vs 20 um improved
chondrocyte maintenance (159). Using poly-L-glutamic acid/tyramine-based gels, 2%
porous gels were shown to have a larger porous structure (92 £ 11 ym), which was
more favourable for BMSC chondrogenesis, both in vitro and in vivo in a mouse model,
compared to 4% gels that had a more compact network structure (54 + 17 pm) (81).

Other features besides pore size and shape, including porosity, pore uniformity, and
pore interconnectivity, have been highlighted as important in the regulation of stem
cell chondrogenesis. Indeed, increasing the porosity of chitosan gels from 80.5% +
0.9% to 89.2% + 1.3% via citric acid crosslinking enhanced chondrogenesis of human
MSCs; this was also correlated with increased pore interconnectivity and pore wall
strength (63). Additionally, alginate gels with a pore size of 200-300 um displayed
higher pore uniformity and pore surface roughness when functionalised with PRP; this
in turn enhanced BMSC chondrogenesis (56). These studies suggest that, as well as
an ideal pore size, uniformity and nanotopographical features of the pores are
important for regulating the chondrogenic fate of stem cells. Additionally, gelatin-based
gels with a microribbon (URB) structure, which confers them a cell-scale
macroporosity, were shown to enhance human MSC chondrogenesis compared to
conventional gels which lack such features. Specifically, MSC-seeded pRB scaffolds
exhibited a 20-fold increase in compressive modulus to 225 kPa after 21 days, a range
that is approaching the level of native cartilage, compared to control gels that only
modestly increased to 65 kPa (160). Unlike conventional microporous hydrogels, the
highly interconnected macroporous structure of PRB scaffolds display shock
absorbing characteristics through a spring-like mechanical property upon compression
(161). High uRB pore interconnectivity combined with its unique mechanical properties
could then be an attractive system to facilitate stem cell chondrogenesis for articular
cartilage repair.

Interestingly, other studies have shown that an increase in porous features might not
be necessarily beneficial for chondrogenesis. Indeed, using HA gels formed using
different crosslinking approaches, BMSC chondrogenesis was enhanced the most
using 4-armed PEG crosslinking, which generated gels with the largest range of pore
sizes from 100-200 um, but also with comparatively lower porosity (37). A reduced
pore size from 971 to 391 um and flatter pore surface were found to promote



chondrogenesis of human ASCs using photopolymerisable methacrylated HA gels
with greater degrees of methacrylation (139). Photo-crosslinked collagen | gels with
reduced porosity compared to their physically crosslinked counterparts (from 52% to
40%) , also showed an increase in rabbit BMSC chondrogenesis, both in vitro and in
vivo (138).

Clearly, there is not a linear relationship between hydrogel porous features and stem
cell chondrogenesis, rather there is an optimal range in which these features must be
tuned to optimise the cell response. Generally, high pore uniformity and
interconnectivity appear to promote chondrogenesis, as well as an optimal pore size
range and porosity.

4.2. Topographical features and ligand patterning

It has been shown in various studies that the presentation of micro and
nanotopographical features can significantly influence MSC mechanosensing and
regulate their spreading and differentiation behaviour (162). However, most of these
works use rigid materials, such as TiO2z, and investigate osteogenesis (163, 164).
Fewer studies have tackled the addition of topographical features on hydrogels, likely
due to the difficulty to fabricate fine nanoscale features on swelling materials with low
mechanical moduli (165).

Cao et al. managed to pattern 30 um and 60 pm microislands onto PEG gels,
demonstrating a greater chondrogenic response of rat BMSCs in the smaller islands,
where cell spreading is limited (Figure 6B) (166). Thermosensitive chitosan/PNIPAM
gels with 50 pm microstripes were also shown to promote a more organised
chondrogenic response from mouse MSCs, which mimicked that of the superficial
zone of cartilage tissue, compared to unpatterned substrates which more closely
resembled the middle cartilage zone (76). This suggests that surface patterning could
be used in anisotropic materials to develop zonal cartilage tissues, where topography
in each zone can be tuned to direct the chondrogenic response. Similarly, Kim and co-
authors introduced spatial features within hydrogels by developing fibrous HA
hydrogels, suggesting that their tuneable mechanics and adhesivity make them a
promising alternative to non-fibrous hydrogels (167). Yang et al. also reported that
collagen gels with a fibrous architecture, compared to porous gels, enhanced BMSC
chondrogenesis both in vitro and in vivo (17).

While the features discussed above are at the microscale, nanotopograhical cues
have also been suggested to regulate chondrogenesis. For example, roughness of the
pore surface of a gel has been implicated in directing the chondrogenic fate: alginate
hydrogels with incorporated PRP displayed increased roughness, which could be a
contributing factor in the enhanced chondrogenic response observed from mice
BMSCs (56). Additionally, nanorods functionalised to HA gels were shown to enhance
BMSC chondrogenesis by generating a highly ordered nanotopographical
environment (168).

Besides using topographical cues, the patterning of adhesive ligands, such as RGD,
has shown potential in directing stem cell chondrogenesis. For example, hexagonal
patterns of RGD on PEG gels elicited differences in MSC behaviour based on ligand



spacing, where chondrogenesis was favoured on gels presenting larger 161 nm RGD
spacing compared to a 63 nm spacing (169). Interestingly, the larger nanospacing
prompted reduced MSC spreading; this is in agreement with previous work that has
shown that a small spreading area, for example via constraining cells in microislands
(166), is beneficial for stem cell chondrogenesis.

4.3. Zonal hydroqgels

Native articular cartilage has a zonal organisation, with depth-dependent ECM
properties. These physiological spatial features have inspired the design of anisotropic
hydrogels, where a gradient of microstructural and mechanical properties results in a
local control of stem cell differentiation. This approach has instructed the development
of hydrogels for osteochondral regeneration, and for the regeneration of zonally
organised cartilage.

For example, Xu et al. developed an osteochondral material based on gelatin-PNIPAM
hydrogels containing both beta-sheet rich and amorphous silk solutions that displayed
a tuneable stiffness gradient. By combining crosslinking and electric field alignment,
the authors recapitulated softer and stiffer region-specific properties that respectively
promoted chondrogenesis or osteogenesis of human MSCs in vitro and stimulated
ectopic osteochondral tissue regeneration in vivo (Figure 5A) (77).

Gegg and Yang showed that anisotropic gels could be used to reproduce the different
zones of native cartilage tissue using spatially patterned pRB-based gelatin-CS gels.
Mechanical and biochemical properties were tuned by varying gelatin/CS ratios, where
human MSCs in the superficial zone showed less GAGs and more collagen relative to
middle/deep zones. pRB samples significantly increased stiffness towards native
tissue properties compared to isotropic gels, suggesting uRB approaches could be
advantageous for anisotropic cartilage tissue interfaces (170). Recapitulating the
different regions of native cartilage tissue has also been shown using a three-layer
PEG-based hydrogel, functionalised with CS, HA and MMP-sensitive regions in
specific combinations to represent different zones. The superficial zone was
composed of PEG, CS, and MMP-sensitive regions, the middle zone contained PEG
and CS, and the deep zone with PEG and HA. This directed BMSC chondrogenesis
to create native-like articular cartilage with spatially distinct mechanical and
biochemical properties (Figure 6C) (171).
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Figure 6. Microstructural and spatial hydrogel cues that regulate stem cell
chondrogenesis. A) Scanning electron micrographs of a collagen-HA scaffold with
varying mean pore sizes: 94 ym (i), 130 pum (ii), and 300 pum (iii) seeded with rat
derived MSCs for 24 h. Cells appear flatly attached on the 94 and 130 um mean pore
size scaffolds, whereas cells on 300 um mean pore size scaffolds attached with a
rounded morphology which favoured chondrogenesis. Scale bar represents 20 um.
Reproduced with permission (158). B) Bright-field micrograph of a micropatterned
PEG gel with squared microislands of side lengths 30 and 60 um (i). Micrographs of
collagen Il staining from individual MSCs after 9 days of chondrogenic induction on
the micropatterned PEG surfaces with different functional group modifications (ii).
Reproduced with permission (166). C) Schematic of articular cartilage anatomy
illustrating the mechanical anisotropy and distribution of GAGs, collagen II, and
collagen X (i). Multi-layered hydrogel fabrication with three distinctive layers, each
corresponding to the superficial, transitional, and deep zones of articular cartilage (ii).
Reproduced with permission (171).



5. Cellular content

Besides the significant influence of hydrogel properties on stem cell behaviour, the
cellular content within the hydrogel plays a crucial role in driving the chondrogenic
response. Cell-cell mediated behaviour can be through physical interactions between
cells, as well as via biochemical signalling following secretion of soluble factors.
Modulating the cellular content of hydrogel systems has great potential in harnessing
stem cell chondrogenic responses through the combinatory effects of cell-matrix
interactions and cell-cell communication.

5.1. Seeding density

Optimisation of stem cell seeding densities has been shown to be a key factor for
controlling chondrogenesis, as specific spatial distribution and organisation of cells in
hydrogels can be conducive to a more chondrogenic phenotype. Indeed, a seeding
density of 20 x 10° cells/mL was found to be optimal for BMSC chondrogenic matrix
secretion within PDLLA-PEG gels (2). Using TGF-33-functionalised PEG gels, another
study tested a range of BMSC seeding densities between 1.6 x 10 and 50 x 10°
cells/mL and found that densities below 12 x 10° cellssmL were suboptimal for
chondrogenesis while that higher densities enhanced chondrogenesis and
endochondral ossification in mice (172). Additionally, 5 x 108 cells/mL was found to be
an optimal seeding density for human BMSC chondrogenesis in collagen/alginate gels
(35).

Ha et al. used an in vivo rabbit model to study how human umbilical cord-derived MSC
seeding density in HA gels influenced cartilage repair over time. While a density of 5
x 108 cells/mL showed the highest cartilage repair at 4- and 16-weeks post-
implantation, compared to the lower seeding density of 1 x 10° cells/mL, the lower
density gave the highest score at 8 weeks post-implantation. This reflects how specific
seeding densities in hydrogels are appropriate for chondrogenesis at certain time
points during cartilage regeneration. Moreover, a higher density of 15 x 10° cells/mL
was found to be not favourable for cartilage repair (173).

While the seeding densities used in these studies are all within the order of magnitude
of 108-107 cells/mL, optimal values vary, showing that it is impractical to determine an
optimal seeding density for all hydrogel systems, due to the influence of the various
hydrogel materials and their properties.

5.2. Cell-cell contacts

Cell-cell contacts are thought to be highly significant events in mesenchymal
condensation and chondrogenic differentiation. Indeed, the gold standard for MSC
chondrogenesis uses pellet culture, and various studies have highlighted instances
where cell-cell contacts between stem cells have coincided with an enhanced
chondrogenic response. Using HA gels, enhanced human MSC chondrogenesis and
nuclear R-catenin localisation was observed in the case of clustering compared to
individual cells (Figure 7A) (110). Similarly, PEG-poly(L-alanine)-poly(L- aspartate)
triblock copolymer thermogels modified with RGD-functionalised hexagonal layered



double hydroxides were found to enhance human tonsil-derived MSC chondrogenesis
through greater cell-cell contacts and aggregate formation (82).

As anticipated in section 2.3.2, using hydrogels functionalised with peptides that
encourage cell-cell communication, such as N-cadherin motifs, is a promising
approach to minimise the numbers of cells required for cartilage regeneration. Indeed,
chondrogenesis of mouse BMSCs was enhanced in alginate gels functionalised with
N-cadherin motif LRP5; this functionalisation was particularly critical for chondrogenic
maintenance when cell density was low (108).

5.2.1. Microspheres

Incorporating stem cells into hydrogels as microspheres, rather than single cells
suspensions, is another approach that could present a more chondrogenic
environment by encouraging cell-cell communication. Indeed, chondrogenesis was
enhanced when 10 x 10° million periosteum-derived stem cells/mL were seeded in
collagen gels as microaggregates compared to single cells (174). Similarly, rabbit
MSC chondrogenesis was increased when they were encapsulated as microspheres
in collagen gels, compared to bulk, single cell encapsulation, or non-encapsulated cell
pellets (175). Zigon-Branc et al. also found that soft 538 Pa GelMA gels enhanced
human ASC microspheroid chondrogenesis, compared to stiffer 3584 or 7263 Pa gels
(25).

Contrary to these studies, Rogan and co-authors found that single cell encapsulation
of human BMSCs was more beneficial than micropellets for chondrogenesis in a
variety of different GAG-functionalised hydrogels (176). This further highlights how
stem cell chondrogenesis is largely driven by a synergy between cellular conditions
and hydrogel-specific properties. It is however evident that, in some systems, stem
cell microspheres are advantageous for chondrogenesis, likely because they provide
a 3D microenvironment that better enables cell-cell communication.

5.3. Co-cultures

Hydrogels have also been used as microenvironments for the co-culture of stem cells
with chondrocytes. The inclusion of chondrocytes, which are an integral component of
cartilage, is thought to promote stem cell chondrogenesis through cell-cell signalling.
Indeed, the addition of ACs to human MSCs in polyvinyl alcohol (PVA)-based
hydrogels under hypoxic conditions enhanced the MSC chondrogenic response (177).
Similarly, the presence of human ACs in co-culture with ASCs in PEG gels catalysed
the production of neocartilage, suggesting that stem cell-chondrocyte co-cultures
could help minimise fibrocartilage formation (178). Optimising the ratio between stem
cells and chondrocytes is also important to optimise cartilage regeneration: Amann et
al. found that a 1.3 ASCs:ACs ratio gave the best chondrogenic response in HA-
collagen gels (Figure 7B) (179).

Overall, these studies suggest that co-cultures of stem cells with chondrocytes can be
beneficial in harnessing the chondrogenic response within hydrogels. However, this
should controlled and optimised, not only in terms of cellular ratios, but also in
combination with suitable mechanical and biochemical hydrogel properties (51).
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Figure 7. Influence of the cellular microenvironment on chondrogenesis in
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hydrogels stained for actin (red) and nuclei (blue) (ii). Average projections of the same
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frequencies in two-cell clusters (solid lines) vs. single MSCs (dashed lines) in N-
cadherin hydrogels (red) (iv) and control hydrogels (blue) (v). (vi) Schematic of cell-
cell and cell-hydrogel interactions in hydrogels containing either Ncad or Ctrl peptides.
Scale bars are 25 pm. Reproduced with permission (110). B) Graphical representation
of hydrogel with optimised cellular and material composition for chondrogenesis using
collagen-HA composite gels containing 1% HA and a ratio of 25% MSCs with 75%
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6. External factors

Alongside hydrogel properties and cellular content, various external factors can act
upon stem cells to direct their chondrogenic fate.

6.1. Mechanical loading

Mechanical stimulation of stem cell-laden hydrogels by physically applying an external
stress has been shown in various studies to influence stem cell chondrogenesis.
Indeed, mechanical compression was found to increase the chondrogenesis of human
MSCs in porous polyurethane-methylcellulose composite hydrogel scaffolds (180).
Similarly, dynamic mechanical loading was shown to enhance chondrogenesis of
rabbit BMSCs in collagen gels (181), and to precondition rat MSC-laden HA gels for
enhanced chondrogenesis in vivo (182). As with other chondrogenic cues, mechanical
loading conditions should be optimised to ensure that the desired chondrogenic
response is achieved; for example, Kowsari-Esfahan et al. investigated the effect of a
range of mechanical strains on cell-laden alginate gels and found that 10% strain was
the optimal condition for chondrogenesis of rabbit ASCs (183).

Recent research has linked mechanical loading to the inhibition of unwanted
hypertrophy during chondrogenesis. Indeed, Aisenbrey and Bryant showed that
dynamic loading under different moderate strains prevented the occurrence of an
hypertrophic phenotype in MSCs cultured within chondrogenic RGD- and CS-
functionalised PEG gels, compared to cells in unloaded gels (184). The authors
uncovered that mechanical loading modulates mechanosensitive signalling to direct
chondrogenic fate through hypertrophic inhibition. Using CS-containing PEG-
norbornene-based gels, it was shown that human iPSC chondrogenic hypertrophy was
regulated through CS-mediated inhibition of Smad1/5/8 signalling and upregulation of
p38 signalling under dynamic loading (Figure 8A) (185, 186), as further elucidated in
section 7.1. Mechanical stimulation was also applied to MSCs within HA gels using
low intensity ultrasounds, showing an increase in collagen Il and CS deposition
compared to non-stimulated cell-laden gels (187). This effect was related to an
increase in extracellular signal-regulated kinases 1/2 (ERK1/2) signalling and a
disruption of the actin cytoskeleton.

Taken together, these studies indicate that mechanical stimulation can be a great tool
to control stem cell chondrogenesis in stem cell-laden gels. Importantly, they confirm
that the regulation of crucial mechanosensitive signalling pathways is key to the
attainment of the stable non-hypertrophic chondrogenic phenotype that is needed in
cartilage tissue engineering.

6.2. Hypoxia

Hypoxia is known to play a key role throughout life in regulating chondrogenesis and
chondrocyte maintenance through hypoxia inducible factor (HIF)-mediated cellular
responses (188, 189). It is thought that hypoxic conditions play a synergistic role, as
an external environmental factor, with other microenvironmental cues to regulate the
stem cell chondrogenic response. This has been modelled using hydrogels in a variety
of studies. For example, human MSCs on soft ~1 kPa PAAM gels in hypoxic conditions



showed enhanced Rho-associated kinase (ROCK)-mediated chondrogenesis
compared to normoxic or stiffer conditions (Figure 8B) (69). This highlights the
importance of the synergy between mechanosensitive and hypoxic cell responses in
regulating chondrogenesis. Further cues have been revealed to act in combination
with hypoxia to enhance chondrogenesis; for example, Huang et al. showed that, while
human MSCs in PVA-based gels underwent enhanced chondrogenesis in hypoxic
conditions, this was further increased when MSCs were co-cultured with
chondrocytes, indicating combinatory hypoxic and cell-cell effects (177). This was
confirmed by Amann et al., who found that oxygen levels were lowest in
chondrogenically-optimised co-cultures of human ASCs and ACs in HA/collagen-
based gels (179). Sathy and co-authors revealed that hypoxic conditions could be
mimicked using HIF-1a inhibitor dimethyloxalylglycine (DMOG): dose-dependent
DMOG loading into pig MSC-laden alginate gels increased chondrogenesis and
inhibited hypertrophy through increased Smad2/3 nuclear localisation. This was
further enhanced in vivo through co-delivery with bone morphogenic protein-2 (BMP-
2) and TGF-33 (190), suggesting that the combination of biochemical manipulation
and hypoxic conditions can be effective in directing MSC chondrogenic fate. Finally,
hypoxic environments were found to inhibit chondrogenic hypertrophy and calcification
of ASCs during bone-tendon interface integration using bioprinted hydroxyapatite-
functionalised HA gels (191).

Controlled hypoxic conditions are therefore an important parameter that can facilitate
stem cell chondrogenesis and osteochondral integration in combination with
mechanosensitive and biochemical processes in hydrogel-based microenvironments.

6.3. Stimuli-responsive particles

The use of small, stimuli-responsive particles has been the subject of various fields of
research into cellular responses mediated by triggered particle activation. Specifically,
upon the application of certain environmental stimuli, particle components can interact
to bring about different phenomena, such as chemical exchanges, energy transfer,
mechanical work, and changes in physical properties (192). Some of these particle
systems have been incorporated into hydrogel-based materials and investigated in the
context of stem cell chondrogenesis.

For example, photosensitive particles can respond to light-based stimuli, and in turn
cause changes in the local environment. Certain types of particles, in response to light,
can generate reactive oxygen species (ROS), which have been shown to influence
BMSC differentiation at appropriate levels (193). Using BMSC-laden collagen gels
conjugated with photosensitive particles, it was shown that photodynamic therapy
(PDT)-induced ROS formation enhanced chondrogenesis through changes in
mammalian target of rapamycin (mTOR)-mediated signalling, both in vitro and in vivo
in a cartilage defect mouse model (18, 194). Additionally, particle conjugation
increased hydrogel stiffness, and this in turn was found to influence chondrogenesis
through TGF-3/Smad-mediated signalling, as further elucidated in section 7.1 (18,
194).

The use of magnetically-responsive nanoparticles has also been explored in few
studies addressing how magnetic manipulation of nanoparticles encapsulated in



hydrogels can influence stem cell chondrogenesis. Mechanical agitation of these
magnetically-responsive nanoparticles can be achieved through the application of an
external electromagnetic field. For example, Popa and co-authors showed that
magnetic nanoparticle-loaded k-carregeenan-based polysaccharide gels could
stimulate human ASC chondrogenesis upon the application of a magnetic field (195).
Additionally, gelatin hydrogels loaded with magnetic particles were shown to promote
rat BMSC chondrogenesis under magnetic field stimulation (196).

Taken together, these studies show that the incorporation of stimuli-responsive
particles within hydrogels for stem cell-based cartilage engineering has an interesting
potential for the development of systems that can be controlled with an external trigger.
While PDT-induced ROS formation showed that ROS could act in synergy with
mechanosensitive  pathways to regulate chondrogenesis in  hydrogel
microenvironments, the underlying mechanisms by which magnetic stimulation elicits
a chondrogenic response from stem cells remain relatively unexplored.
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7. Signalling pathways

Several signalling pathways converge to regulate stem cell chondrogenesis, and their
manipulation can help direct cell fate. Some of the main pathways involved include
fibroblast growth factor (FGF), TGF-B/BMP/Smad, Wnt/3-catenin, Hedgehog, and
Notch signalling, as well as hypoxic and angiogenic-related pathways. For an in-depth
analysis of these signalling regulators in chondrogenesis, the reader can refer to
recent reviews, such as (197). The transcription factor Sox9 is arguably the most
important regulator of chondrogenesis; its high expression is crucial for the
maintenance of chondrocyte phenotype (198). Proteins involved in chondrogenic
development, such as collagen Il and aggrecan, are regulated by Sox9 through its
direct binding and activation of their promotor elements (199-201). Moreover, Sox9
has been shown to converge with many of the pathways involved in regulating
chondrogenesis and is therefore a key downstream regulator. Indeed, FGF2 induces
chondrocyte proliferation through upregulation of Sox9 (202, 203), which then
potentiates the prochondrogenic properties of BMP2 whilst inhibiting BMP2-induced
osteogenesis and endochondral ossification (204). Additionally, various co-activators
of Sox9 expression, such as Smad 2 and 3 (205), have been identified in MSCs; this
further highlights the regulatory role of Sox9 during chondrogenesis downstream of
certain pathways. Sox9 is also involved in Wnt/3-catenin signalling by targeting
promotors for degradation by ubiquitination/proteasomes (206, 207). The main
antagonist of Sox9 is runx-related transcription factor 2 (Runx2), a transcription factor
that is the primary regulator of osteogenesis. High Runx2 expression blunts Sox9
activity (207), while increased Sox9 levels depress Runx2 expression amongst other
pro-osteogenic proteins (204, 208, 209). Another negative regulator of Sox9 is RhoA
(210), which is heavily involved in regulating cytoskeletal dynamics through specific
downstream effectors that control actin organisation, namely ROCK. This highlights
how Sox9 activity is likely sensitive to changes in the mechanical environment that
influence cytoskeletal properties following cell-matrix interactions.

While many studies have used conventional 2D surfaces or pellet culture systems to
investigate chondrogenic signalling, both of these systems fail to present cells with an
appropriate microenvironment. Here, we will review the main stem cell
chondrogenesis pathways that have been targeted via hydrogel cues, which, as we
have elucidated in the previous sections, can more closely mimic the native ECM.

7.1. TGF-R/Smad signalling

TGF- signalling is involved in a variety of cell processes, such as growth, apoptosis,
and differentiation. The pathway functions through regulation of Smad proteins, where
TGF-B family ligand-receptor binding initiates a cascade to facilitate phosphorylation
and subsequent binding/activation of Smad proteins. This regulates gene expression,
for example through Sox9, a key downstream effector of Smad signalling (204, 205).
Using hydrogels as ECM mimics, various studies have highlighted the role of TGF-
3/Smad signalling in stem cell chondrogenesis.

As anticipated in section 6.1, Aisenbrey and Bryant showed that increased
chondrogenesis of iPSCs in CS-containing PEG-norbornene gels under dynamic



mechanical loading was regulated by CS-mediated inhibition of Smadl/5/8 and
upregulation of p38 signalling (186). p38 family molecules are stress responsive
constituents of the mitogen-activated protein kinase (MAPK) signalling pathway: this
suggests a mechanosensitive crosstalk between p38 MAPKs and TGF-R/Smad
signalling in stem cell chondrogenesis. Indeed, previous work has shown that inhibition
of p38 MAPK signalling attenuated expression of TGF-[3 receptors and Smad3 (211).
Further work by the same research group showed that the synergy of mechanical
(dynamic loading) and biochemical (exogenous TGF-33) effects caused Smad-
mediated inhibition of chondrogenic hypertrophy through enhanced signalling of Smad
2/3 over Smadl/5/8 in PEG-norbornene gels, suggesting preferential activation of
specific Smad proteins during chondrogenesis and hypertrophic inhibition (185). The
interplay between biochemical signalling and mechanical changes in the environment
was also observed during physical stimulation of human MSCs using low intensity
ultrasound: physical stimulation increased TGF-B-mediated chondrogenic
differentiation, highlighting the mechanical sensitivity of chondrogenesis (212).

Studies using BMSCs in collagen gels functionalised with PDT-sensitive particles
(section 6.3) suggested that both TGF-R/Smad and mTOR signalling synergistically
activate Sox9-mediated chondrogenesis in response to changes in matrix stiffness
and PDT-induced ROS activity (18, 194). Here, enhanced chondrogenesis was due to
increased Smad2/3 phosphorylation and reduced integrin B1 expression in response
to matrix stiffening from ~2 to 28.7/40 kPa, as well as increased phosphorylation of
mMTOR following PDT-induced ROS formation (18, 194). Smad2/3-mediated signalling
was also involved in the improvement of pig MSC chondrogenesis and suppression of
hypertrophy via inhibition of HIF-1a with DMOG in alginate gels; this was further
enhanced after co-delivery of BMP-2 and TGF-33 in vivo (190). This suggests that
Smad2/3 activation is favourable for chondrogenesis, whereas Smad3 activation
alone leads to HIF-1a-mediated collagen | production (213).

Synergistic TGF-B3/KGN action was shown to be effective at promoting MSC
chondrogenesis in alginate/gelatin gels, where TGF-B3 could increase Smad3
phosphorylation and KGN attenuated Runx1 degradation (133). Indeed, it has been
shown that various Smad proteins interact with Runx1 (214) and that Smad-Runx
interactions are TGF-B-dependent (215). Additionally, Runxl knockdown has
previously been shown to inhibit chondrogenesis (216) and Runx1 is highly expressed
during chondrogenesis compared to Runx2, which is instead more implicated in bone
development (217). These studies highlight Runx1 as a specific Runx family member
that could play a key role in TGF-R/Smad-mediated chondrogenesis. It is also
probable, like in hypoxic environments and during mechanical stress, that Smad2/3
coactivation occurs, rather than just Smad3, in combination with suppression of
Smad1/5/8 activity to promote chondrogenesis and inhibit hypertrophy. Additionally, it
is worth noting that KGN-mediated Runx1 activity is related to its disruption of Runx1
interactions with core-binding factor 1 subunit (CBFR) following KGN binding to
filamin A (FLNA) (218). Since FLNA is involved in binding and crosslinking actin
filaments (219), one can associate KGN-induced chondrogenesis with disruptions in
cytoskeletal organisation and dynamics, which is known to induce BMSC
chondrogenesis through changes in integrin-mediated adhesion to hydrogels (220).



However, the study showed that KGN treatment did not significantly influence actin
organisation (218), which suggests that KGN-FLNA binding regulates Runx1-CRFR-
mediated chondrogenesis via an alternative mechanism.

TGF-3/Smad-mediated stem cell chondrogenesis in hydrogel microenvironments is
evidently sensitive to various cues, including matrix stiffness, ROS, dynamic
mechanical stimulation, and hypoxia. The specific Smads and expression patterns
involved in stem cell chondrogenesis and suppression of hypertrophy are likely to
involve high expression of activated p-Smad2/3, with reduced expression and activity
of Smad1/5/8, as exemplified in Figure 9. There is also evidence to suggest crosstalk
and synergy with other types of signalling, such as p38 MAPKs, mTOR, and Runx1,
which collectively represent interesting targets for cartilage repair therapies.
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Figure 9. TGF-3/Smad signalling events that promote hydrogel-regulated stem cell
chondrogenesis.

7.2. Wnt/B-catenin signalling

Wnt signalling was initially identified as a key pathway in regulating embryonic
development by controlling processes such as cell fate, proliferation, and migration.
Since then, it has also been implicated in tissue regeneration in adult bone marrow,
skin, and intestine (221). The canonical Wnt pathway involves cytoplasmic
accumulation and nuclear translocation of 3-catenin that facilitates the activation of
transcription factor (TCF)/lymphoid enhancer-binding factor (LEF) proteins to activate



target genes. Sox9 is also associated with Wnt/3-catenin signalling by regulating
proliferation and chondrocyte hypertrophy through Sox9 competing with 3-catenin for
binding to TCF/LEF sites and the formation of a Sox9:3-catenin complex which causes
the degradation of both proteins (206). It is believed that a delicate balance between
Sox9 and 3-catenin is important, where specific relative levels of each are required for
controlled chondrocyte differentiation (206). Moreover, Kirton and co-authors found
that the activation of canonical Wnt/R-catenin signalling enhanced pericyte
chondrogenesis (222), and Ryu et al. showed that [3-catenin expression was
significantly higher in prechondrogenic mesenchymal cells than in differentiated
chondrocytes. This suggests that the activation of Wnt signalling is important during
early chondrogenic differentiation (223).

Canonical Wnt/3-catenin-mediated signalling has been implicated in hydrogel-driven
chondrogenesis. Indeed, Li et al. (section 2.3.2) found that inhibition of Wnt/3-catenin
signalling and R-catenin degradation correlated with increased human MSC
chondrogenesis in self-assembling KLD-12 peptide gels functionalised with HAVDI
(80). This study also showed that while inhibition of Wnt/[3-catenin signalling for 3 days
increased chondrogenic gene expression, prolonged inhibition for 14 days inhibited
chondrogenesis (80). In agreement with previous work by Tufan and Tuan et al., this
suggests that the Wnt inhibitory effect must be downregulated at later stages of
chondrogenesis to allow mature chondrogenic differentiation (224). It is also known
that N-cadherin hinders canonical Wnt signalling through intracellular interactions with
Wnt co-receptor LRP5 which facilitates [3-catenin degradation (225, 226). Several
studies have shown that canonical Wnt activation and [3-catenin accumulation
negatively regulates chondrogenesis through decreased Sox9 expression, increased
expression of anti-chondrogenic gene Twist-1, and impaired transcription of
chondrogenic marker genes which limit cartilage regeneration (227-231). The role of
[3-catenin is evidently crucial in regulating chondrogenesis where nullification of 13-
catenin translocation into the nucleus is important for repression of anti-chondrogenic
gene transcription mediated by R-catenin/TCF/LEF interactions (232, 233).
Conversely, Vega et al. (sections 2.3.2 and 5.2) observed that enhanced Wnt/[3-
catenin signalling through higher nuclear R-catenin localisation coincided with
increased chondrogenesis of human MSCs after 3 days of culture within
methacrylated HA gels functionalised with HAVDI (110); this also correlated with
increased Sox9 expression (109). Interestingly, nuclear R-catenin was most
pronounced in cell clusters, compared to single cells, suggesting that cell-cell contacts
are important in regulating Wnt/3-catenin-mediated chondrogenesis (110). Indeed, it
has been shown that regulation of 3-catenin phosphorylation is sensitive to cell-cell
contacts (234). The observed differences in Wnt/l3-catenin signalling in these
hydrogel-based studies could be attributed to the different microenvironment
conditions, such as the hydrogel materials used, which may regulate stem cell
chondrogenesis via alternative mechanisms. Indeed, Vega et al. showed with HA
hydrogels that CD44 inhibition of MSCs decreased chondrogenesis (109), supporting
previous studies highlighting the key role of HA-CD44 interactions in chondrogenesis
(48, 49). Additionally, it has been shown that changes in HA molecular weight
regulates chondrogenesis via the CD44/ERK/Sox9 pathway (235). Collectively, these
studies show that as well as cadherin-mimetic peptides like HAVDI, the bioactive



properties of certain materials can also regulate the chondrogenic fate, and may
operate through alternative pathways to Wnt/3-catenin signalling.

Overall, Wnt/3-catenin signalling is clearly a key regulator of stem cell
chondrogenesis, however more investigations are needed to elucidate its role in
hydrogel microenvironments (Figure 10).
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Figure 10. Wnt/3-catenin signalling mechanisms involved in hydrogel-driven stem cell
chondrogenesis.

7.3. ROCK signalling

ROCK is a kinase belonging to the ACG family of serine-threonine kinases and is a
major downstream effector of small GTPase Rho. ROCK was first discovered as a
Rho effector that induces stress fibre and FA formation through myosin light chain
(MLC) phosphorylation and has since been identified as a key cytoskeletal regulator
that influences cell morphology and migration (236).

ROCK signalling has been shown to influence stem cell chondrogenesis in hydrogels
through changes in cytoskeletal tension. Indeed, while on rigid surfaces ROCK



inhibition via Y-27632 decreased cell spreading and enhanced chondrogenesis (187,
237), on softer hydrogel environments it inhibited chondrogenesis by reducing
cytoskeletal tension and increasing spreading (69, 237). This confirms that ROCK
activity is fundamental in sensing and responding to ECM stiffness, effectively
mediating chondrogenesis in combination with other environmental factors. Moreover,
MSC chondrogenic mechanosensitivity to low intensity ultrasound (section 6.1), which
was found to be dependent on ERK1/2 phosphorylation, was characterised by a
disruption of the actin cytoskeleton similar to the one resulting from ROCK signalling
inhibitor Y-27632 (187). This further outlines the role of ERK and ROCK signalling,
which have been shown previously to functionally interact (238).

Work in this area suggests that appropriate mechanical environments, where stem cell
spreading is restricted, promotes a mesenchymal condensation phenotype that is
conducive to chondrogenesis. Further studies into how mechanosensitive ROCK
signalling influences stem cell chondrogenesis through cytoskeletal regulation and
cell-matrix interactions with hydrogels could highlight its potential as a target for
directing cell fate in cartilage engineering (Figure 11).
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Figure 11. ROCK signalling mechanisms involved in regulating cytoskeletal tension
and stem cell chondrogenesis in hydrogel environments.

8. Conclusions and Outlook

Hydrogels have great potential to overcome many of the challenges that the
engineering of damaged cartilage tissue still encounters. Indeed, their properties are
readily tuneable, and they can be fabricated from a variety of synthetic and natural



materials to facilitate chondrogenesis, effectively harnessing the chondrogenic
potential of stem cells. Hydrogels can be designed to be high-strength, mimicking
native cartilage properties to withstand physiological mechanical stresses, and can be
injectable, allowing for minimally invasive point-of-care treatments and for the
bioprinting of structures tailored to meet specific clinical needs. Most importantly, they
can be efficiently engineered to recapitulate various properties of native ECMs and to
act in synergy with specific external cues, ultimately targeting specific chondrogenic
signalling pathways that promote stem cell differentiation into chondrocytes and the
generation of a functional cartilage tissue.

The studies reviewed here highlight the plethora of alternative approaches that have
been taken to modify the hydrogel properties and to create an environment conducive
to stem cell chondrogenesis. The advantages and disadvantages of using specific
materials have been addressed to outline some of the key considerations to take when
developing chondrogenic hydrogels. It is often ideal to combine different materials and
take advantage of their properties in a hybrid hydrogel system, which many studies
reported here have achieved successfully. As well as the materials themselves, which
may have some bioactive properties, the mechanical and microstructural properties of
the hydrogels are also heavily involved in the regulation of chondrogenic fate. While
there are no universal optimal conditions for each one of the analysed properties, it is
evident that they act collectively in synergy to regulate cell response. Indeed, several
researchers have highlighted the mechanosensitivity of various chondrogenic
pathways and how standard biochemical cues can be reinforced by physical cues,
including hydrogel stiffness or external stimulation. Viscous interactions, whose crucial
role in mechanotransduction has been recently established, are also emerging as a
potential key regulator of stem cell chondrogenic fate. Another crucial aspect not to be
overlooked is the cell population that is encapsulated within the hydrogels: cells’
sensing of their surroundings depends as much from their neighbouring cells as it does
from the physicochemical properties of the environment itself. As such, cell-cell
communication is key in regulating their overall chondrogenic fate. Collectively, all the
hydrogel properties and cues discussed in this review converge to regulate key
chondrogenesis signalling pathways, including TGF-3/Smad, Wnt/3-catenin and
ROCK. This provides scope for directing the chondrogenic fate by manipulation of the
specific signalling events involved, via modification of cues of the hydrogel
microenvironment that control these events in a mechano- and biochemical-sensitive
manner. Strikingly, the role of the mechanosensitive YAP/TAZ pathway in hydrogel-
driven chondrogenesis remains relatively unexplored, considering that it is regarded
as a mechanical rheostat (239) fundamental in cell’'s response to mechanical cues,
and that YAP has been identified as a negative regulator of chondrogenesis in MSCs
(240, 241). Elucidating the role of this signalling pathway might reveal cross-talks with
other established chondrogenic cues that can be targeted via hydrogel engineering.
Critically, the knowledge of the pathways involved in chondrogenic differentiation
should guide hydrogel design, and systematic studies in this sense are needed.

Going forward, some of the major challenges in developing hydrogels for cartilage
engineering lie in the design of scaffolds with collective optimal properties, including
biocompatibility, biodegradability, mechanical stability, and injectability, while reducing



costs. Within this respect, the use of hydrogels functionalised with mimetic peptides
might provide a suitable alternative to the use of full-length growth factors. Another
issue which often hinders cartilage engineering is the requirement of sourcing cells at
densities that are sufficiently high for effective in vivo cartilage formation. In this regard,
the development of efficient acellular hydrogels or of hydrogel systems that facilitate
effective chondrogenesis at lower cell densities is highly desirable. Ultimately,
integrating the merits of biomaterials to develop cost-effective hydrogels that can
facilitate stem cell chondrogenesis and be administered effectively with minimal
invasion and cell content will be critical for their clinical application in cartilage
engineering.
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