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Despite considerable progress for the regenerative medicine, repair of full-thickness
articular cartilage defects and osteochondral interface remains challenging. This low
efficiency is largely due to the difficulties in recapitulating the stratified zonal architecture
of articular cartilage and engineering complex gradients for bone-soft tissue interface.
This has led to increased interest in three-dimensional (3D) printing technologies in
the field of musculoskeletal tissue engineering. Printable and biocompatible hydrogels
are attractive materials for 3D printing applications because they not only own high
tunability and complexity, but also offer favorable biomimetic environments for live cells,
such as porous structure, high water content, and bioactive molecule incorporation.
However, conventional hydrogels are usually mechanically weak and brittle, which
cannot reach the mechanical requirements for repair of articular cartilage defects
and osteochondral interface. Therefore, the development of elastic and high-strength
hydrogels for 3D printing in the repairment of cartilage defects and osteochondral
interface is crucial. In this review, we summarized the recent progress in elastic and
high-strength hydrogels for 3D printing and categorized them into six groups, namely
ion bonds interactions, nanocomposites integrated in hydrogels, supramolecular guest–
host interactions, hydrogen bonds interactions, dynamic covalent bonds interactions,
and hydrophobic interactions. These 3D printed elastic and high-strength hydrogels may
provide new insights for the treatment of osteochondral and cartilage diseases.

Keywords: 3D printing, hydrogel, elasticity, high strength, cartilage diseases osteochondral diseases

INTRODUCTION

Damage of cartilage and osteochondral tissue is one of the most common health problems
worldwide, which occurred due to various reasons such as disease, injuries, and trauma. Traumatic
injuries to the joint, osteochondritis dissecans, and osteoarthritis are the most common reasons for
osteochondral and cartilage diseases. Investigations by arthroscopy have reported the prevalence
of cartilage and osteochondral damage was 60% in the general population (Liu et al., 2017c). As
life expectancy is expected to longer in the next few coming decades, age-related musculoskeletal
disorders such as osteoarthritis will become a major health concern in our societies, which
constitutes one of the most relevant causes of incapacity in the elderly (Fellows et al., 2016;
Richardson et al., 2016). Moreover, although osteoarthritis was previously believed to be a disease
of the elderly, it develops much earlier than originally thought, and ranks among the top 20 in the
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40–45 age group (Roos and Arden, 2016). It is foreseeable that it
will cause a large economic burden for health systems around the
world (Bijlsma et al., 2011; Rausch Osthoff et al., 2018).

Unlike the majority of other tissues, cartilage is low in
cellularity and basically avascular in nature (Figure 1A; Huey
et al., 2012). Therefore, cartilage lacks the ability of self-
healing due to the lack of proper progenitor cells and adequate
nutrients. If the defect of cartilage is left untreated, it can cause
irreversible and progressive deterioration of joints, leading to
osteoarthritis, and eventually, disabilities (Chen et al., 2009).
Current clinical treatment strategies for full-thickness cartilage
defects (Figure 1B) and osteochondral interface (Figure 1C)
include microfracture (Figure 1D; MacDonald et al., 2016; Polat
et al., 2016), osteochondral autografts (Figure 1E) and allografts
(Figure 1F; Benazzo et al., 2008; Haene et al., 2012), as well as
autologous chondrocyte implantation (Figure 1G; Selmi et al.,
2008; Harris et al., 2010; Gou et al., 2020).

Although they are often used clinically, significant drawbacks
and limitations still exist. The microfractures drills small holes
through the subchondral bone to allow the bone marrow to
flow into the defect area. By introducing biomolecules and
stem cells into the defect, it is expected to promote cartilage
and osteochondral regeneration. However, it usually causes the
fibrocartilage formation that has inferior properties compared
with the hyaline cartilage (Galperin et al., 2013; Bert, 2015;
Redondo et al., 2018). Autologous cartilage graft has been
used clinically for decades to regenerate articular cartilage and
has achieved satisfactory surgical results. However, it still has
several limitations such as shortage of chondrocyte source, long
chondrocyte harvesting time, difficulty of chondrocyte solution
fixation (Tuan, 2007), as well as lack of effectiveness for aged
patients (Giannoni et al., 2005). In addition, it is known that
autologous cartilage graft is unable to repair full-thickness
cartilage and osteochondral interface, which need to repair the
subchondral bone at the same time. Allografts suffer from low
cell viability due to graft storage, immunorejection, limited tissue
supply, insufficient integration, as well as possibility of disease
spread. Compared with allografts, autologous transplantation
not only lacks tissue source and integration, but also requires
additional surgery, which can cause morbidity in the donor site
(Huey et al., 2012; Galperin et al., 2013).

To solve these problems, cartilage and osteochondral tissue
engineering have been recommended to promote more effective
treatments. One of the promise methods is to make artificial
constructs to imitate the mechanical properties, biological
functions, and architectural features of native cartilage and
osteochondral tissue. Via combining advanced three-dimensional
(3D) printing technology and specially designed biopolymers, it
becomes possible to develop materials with sufficient mechanical
properties to articular cartilage (Galperin et al., 2013). The
printable materials used for cartilage and osteochondral tissue
repair should have sufficient mechanical strength, strong
interfacial strength, desirable biocompatibility, and adequate
printability. The ideal inks are usually flowable fluids, which
can be easily extruded and quickly solidified to maintain their
shape using physical or chemical stimulations. They can also
supply favorable environments that simulate extracellular matrix

for different cells, such as porous structure, tunable mechanical
properties, and high water content. Moreover, these inks can
directly load bioactive molecules and cells (Tibbitt and Anseth,
2009; Ozbolat and Hospodiuk, 2016). Most inks are based on
natural or synthetic polymers, such as gelatin (Van Hoorick
et al., 2019), hyaluronic acid (Vega et al., 2017), alginate
(Rastogi and Kandasubramanian, 2019), silk fibroin (Ribeiro
et al., 2018), and poly(ethylene glycol) (Arcaute et al., 2006).
However, traditional hydrogels are usually weak and brittle,
making it difficult to mimic the mechanical properties of cartilage
tissue, which has high strength, and is elastic and shock-absorbent
(Pascual-Garrido et al., 2018). Therefore, it is promising to
construct high-strength, elastic, and biomimetic hydrogels to
mimic the mechanical properties of native articular cartilage
osteochondral tissues.

Unlike the traditional hydrogels formed by covalent networks,
which is hard to cause huge changes for the properties of
hydrogels due to an unchanging covalent framework, hydrogels
formed by non-covalent networks exhibit reversible crosslinking
with a kinetic rate that can change with the environment.
Non-covalent bonds can be broken to dissipate energy under
stress, and self-healed to reform the hydrogels. The hydrogels
can also significantly change over time without permanent
changes to the hydrogel network (Sun et al., 2012). Due
to these attractive properties, recently, non-covalently formed
hydrogels have emerged as a neoteric class of scaffolds that
integrate hydrogels with reversible crosslinking to develop
advanced features including high-strength, elastic, and self-
healing properties, which provide great advantages for cartilage
and osteochondral tissue engineering.

In this review, we focus on recent progress in the
development of high-strength and elastic hydrogels for cartilage
and osteochondral tissue engineering. We review various
classes of high-strength and elastic hydrogel systems including:
(1) physical associations to assemble hydrogels (hydrogen
bonds interactions, hydrophobic interactions, supramolecular
guest–host interactions, and ionic bonds interactions), (2)
physical associations to assemble particle-based hydrogels
(nanocomposites integrated in hydrogels), and (3) dynamic
covalent chemistry to form hydrogels (dynamic covalent
bonds interactions). The various mechanisms of hydrogel
formation, mechanical properties, and applications in cartilage
and osteochondral regeneration are summarized for each
subgroup. Additionally, recent advances in 3D bioprinting for
cartilage and osteochondral tissue engineering are also discussed.

ELASTIC AND HIGH-STRENGTH
HYDROGELS

Physical Associations to Assemble
Hydrogels
Hydrogen Bonds Interactions
The hydrogen bonds are usually used to strengthen hydrogels
due to its relative stability in aqueous condition. In addition,
the dissociation energy of hydrogen bonds is relatively low.
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FIGURE 1 | The structure of articular cartilage and clinical treatment strategies. (A) Articular cartilage consists of chondrocytes embedded in a defined structure of
glycosaminoglycans and collagen fibers. (B,C) Two main types of defects can occur; chondral defects (B), which only penetrate the cartilage and osteochondral
defects (C), which penetrate the subchondral bone. (D–G) Current clinical treatment strategies for full-thickness cartilage defects and osteochondral interface
include microfracture (D), osteochondral autografts (E) and allografts (F), as well as autologous chondrocyte implantation (G).

Moreover, the strength of multiple hydrogen bonds could be
equivalent to a covalent bond (Wang W. et al., 2017). The
hydrogen bonds occur in competition with water molecules
in aqueous condition, whose contributions can be reduced by
using multiple hydrogen bonding motifs with high dimerization
affinity. These motifs can be used to make reversible physical
network of a copolymer of a methacroyl monomer bearing a
Ad-functionalized 2-ureido-4[1H]pyrimidinone (UPy) unit and
N,N′-dimethylacrylamide (DMA) (Chirila et al., 2014) or a PEG
chain bearing UPy moieties shielded from water by alkyl spacers
(Dankers et al., 2012; Kieltyka et al., 2013) or apolar isophorone
(Gemert et al., 2012). These hydrogels showed a reversible change
from viscous fluids to stiff gels when cooling. Furthermore, the
mechanical properties could be tuned by the addition of UPy-
PEGs (Kieltyka et al., 2013). Notably, the hydrogels demonstrated
a strong elastic property G′ of 18 kPa in angular frequency of
10 rad/s at 20◦C.

The use of polymer chains with a series of hydrogen bonding
sites can also generate strong hydrogen bond interactions in the
hydrogel. Compared with simple amide hydrogen bond, dual

amide hydrogen bonds are relatively more stable. Thus, study has
designed a hydrogel based on N-acryloyl glycinamide (NAGA), a
glycinamide-conjugated polymerizable monomer that consists of
two amides (Dai et al., 2015). By photopolymerization of NAGA
above 10 wt% concentration, this hydrogel could have excellent
mechanical strength and a good fatigue resistance (Dai et al.,
2015). These enhanced mechanical properties were attributed to
the stable multiple hydrogen bonding domains acting as physical
cross-links in the hydrogel. NAGA hydrogel also has self-healing
property, remoldability, and thermoplasticity.

The strength of hydrogen bonds can also be significantly
influenced by incorporating hydrophobic groups, which can
further affect the mechanical properties of the hydrogels contain
donor comonomer units and hydrogen bond acceptor. Study has
reported introduction of methyl motif to acrylic acid (MAAc)
can obviously increase the mechanical property of hydrogen-
bonded hydrogels (Hu et al., 2015). The hydrogel based on
1-vinylimidazole and MAAc has a Young’s modulus up to
170 MPa (Ding et al., 2017; Zhang et al., 2018). By free-
radical copolymerization of MAAc and N,N-dimethylacrylamide
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(DMAA) in an aqueous environment, study has prepared a
hydrogel with a high Young’s modulus (28 MPa), fatigue
resistance, stretch at break (800%), and tensile strength (2 MPa)
(Hu et al., 2015). Study has also shown that the hydrogen
bond donor carboxylic group of MAAc and strong hydrogen
bond acceptor carbonyl group of DMAA could form multiple
hydrogen bonds. By hydrophobic interactions of the α-methyl
groups of MAAc units, it could further causing polymer-rich
aggregates stabilized. These aggregates could act as sacrificial
links to ensure energy dissipation in the hydrogels.

By adding hydrogen bonds interactions to the networks of
hydrogels, studies have developed hydrogels with high strength
for cartilage regeneration. In the study by Liu S. et al. (2020), a
hydrogel scaffold was developed by thiol-ene Michael addition
between DL-1,4-Dithiothreitol (DTT) and glycidyl methacrylate-
modified poly (γ-glutamic acid) (γ-PGA-GMA) for cartilage
regeneration. Sodium tetraborate decahydrate was introduced
into the system to connect with DTT through hydrogen bond
interaction and acted as catalyst for thiol-ene Michael addition
to enhance the intensity of the hydrogel. The hydrogels could
be compressed to 90% strain, with 0.95 MPa compression
stresses. Moreover, cells cultured in the hydrogels showed
good adhesion and proliferation abilities, and the hydrogels
scaffolds with mesenchymal stem cells (MSCs) significantly
enhanced the regeneration of cartilage in a rabbit model (Liu
S. et al., 2020). In the study by Gao et al. (2019), a high-
strength hydrogel composed of GelMA and cleavable poly(N-
acryloyl 2-glycine) (PACG) is developed by photo-initiated
polymerization. Introducing hydrogen bond-strengthened PACG
causes a significant enhancement in the strengths of the hydrogel
with a high compressive strength (12.4 MPa), outstanding tensile
strength (1.1 MPa), large compression modulus (837 kPa), and
high Young’s modulus (320 kPa) (Gao et al., 2019). Furthermore,
the hydrogel not only supports cell adhesion and proliferation
but also promotes gene expression of osteogenic-related and
chondrogenic-related differentiation of MSCs. After 12 weeks
of implantation, the hydrogel significantly promotes concurrent
regeneration of cartilage and subchondral bone in a rat model
(Gao et al., 2019).

Hydrophobic Interactions
Different from other non-covalent interactions that rely on direct
intermolecular attraction, hydrophobic interactions are driven
by the tendency of water molecules to maintain their hydrogen-
bonded network intact around non-polar solutes. It can be
altered by the presence of cosolutes, increased temperature, as
well as size of species (Otto and Engberts, 2003). Polymer-
based materials cross-linked by hydrophobic interactions can be
prepared through bringing hydrophobic sequences inside or at
the ends of hydrophilic chains (Winnik and Yekta, 1997). Due
to the dynamic nature of the interactions, such non-covalent
hydrogels is able to display exhibit self-healing and elastic
capacity (Gulyuz and Okay, 2014).

Elastic and self-healing networks of hydrophobically cross-
linked materials can be developed by micellar copolymerization
of (1) hydrophilic comonomers, such as N-alkylacrylamides
(N,N-dimethylacrylamide, N-isopropylacrylamide), acrylamide

(AAm) or acrylic acid (AAc); with (2) large hydrophobic
monomers, such as dococyl acrylate (C22) (Tuncaboylu
et al., 2011), stearyl methacrylate (C18) (Tuncaboylu et al.,
2011; Akay et al., 2013; Algi and Okay, 2014; Gulyuz and
Okay, 2014); octylphenyl polyethoxyether acrylate (Jiang
et al., 2010) in the presence of (3) a surfactant (cetyltrimethyl
ammonium bromide CTAB, sodium dodecyl sulfate SDS);
(4) salt (NaBr, NaCl). Micellar radical copolymerization is
usually used to synthesize associative copolymers in an aqueous
environment. However, long-chain alkyl(meth)acrylates have
very low water-solubility, which was different from smaller
hydrophobic N-alkyl(meth)acrylates or N-alkylacrylamides.
Adding a sufficient amount of salt or co-surfactant will induce
the morphological transformation of surfactant micelles. Larger
micelles are able to compose of a large number of hydrophobes,
and then they can grow further or adopt a different form to
achieve thermodynamic feasibility (Tuncaboylu et al., 2011;
Akay et al., 2013).

C22- and C18-acrylamide copolymer hydrogels with a SDS-
NaCl system could reach an elastic modulus at 1 kPa. Study has
demonstrated that after copolymerization, the hydrogel becomes
mechanically stronger after the surfactant micelles are swollen
and extracted, as the hydrophobic interaction is enhanced in the
absence of surfactant (Tuncaboylu et al., 2011). After removing
SDS micelles by equilibrium swelling in water, the tensile strength
of a C18-acrylamide copolymer hydrogels could increase from
12 ± 1 to 78 ± 6 kPa, whereas the elongation at break change
from 2,200% ± 350% to 650% ± 80% at the same time. At the
same time, the hydrogels lost the self-heal ability due to longer
times of hydrophobic associations. Additionally, the strength of
hydrogels could also be increased via increasing the hydrophobic
interactions or adding other covalent or physical crosslinking
(Tuncaboylu et al., 2013), and balancing these two characteristics
is crucial to optimize the mechanical properties of hydrogels.

By introducing hydrophobic interactions into the networks
of hydrogels, studies have attempted to replicate the unique
characteristics of cartilage in hydrogels. In the study by
Means et al. (2019), a double network hydrogel, composed
of poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS)
and poly(N-isopropylacrylamide-co-acrylamide) [P(NIPAAm-
co-AAm)], was developed for cartilage replacement. In this
hydrogel, PNIPAAm is used to achieve superior mechanical
properties with its thermal transition temperature tuned above
the physiological range. Compared with native cartilage, this
hydrogel was confirmed to not only parallel the strength,
modulus, and hydration of cartilage but also exhibit a 50%
lower coefficient of friction (Means et al., 2019). The exceptional
cartilage-like properties of the PAMPS/P(NIPAAm-co-AAm)
hydrogels makes them candidates for synthetic cartilage grafts.

Supramolecular Guest–Host Interactions
In a supramolecular guest–host interaction, a guest moiety is
physically inserted into another host moiety, and is held together
by non-covalent bonds. Harada’s pioneering research proved
that polyethylene oxide (PEO) can insert multiple α-cyclodextrin
(CD) groups, which is the driving force for the research and
development of supramolecular guest–host assembly hydrogels
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(Harada et al., 1992). Since then, various polymer structures with
host–guest interactions were designed to develop supramolecular
materials. Traditional covalent bonds cross-linked materials
needed invasive surgical procedure to implant and promote drug
delivery. To deal with this problem, supramolecular networks
have been developed to make hydrogels injectable. Because of
the non-covalent bonds in the network, studies have shown that
the hydrogels had notably shear-thinning behavior to enable flow
through an injector, and could reassemble at the injection site
(Mann et al., 2017; Sahoo et al., 2018).

Self-healing and shear-thinning properties of supramolecular
hydrogels have been demonstrated in different types of polymeric
entities (Abdul Karim and Loh, 2015; Kai et al., 2015; Xue
et al., 2018). Studies have found that the complexation with
non-covalent interaction made the hydrogels reversible under
shear cycles (Xue et al., 2018). Studies have also reported the
sustained release properties for these materials (Ye et al., 2015;
Abdul Karim et al., 2016). For example, study have revealed
that PEO conjugated to tetraphenylethene (TPE) could cause
aggregation-induced emission, and addition of α-CD could cause
a 4–12-fold enhancement of fluorescence (Liow et al., 2017),
study have also designed stimuli-responsive hydrogels with sol–
gel phase based on the host–guest interactions (Yamaguchi
et al., 2012; Qu et al., 2015). Azobenzene-based hydrogels were
one of the most investigated materials because the trans-cis
isomerization reaction based on visible light could cause the
hydrogels being a sol–gel reversible phase (Zhao and Stoddart,
2009). Jiang et al. (2010) developed a polypseudorotaxane (PPR)
material based on α-CDs and PEG. In this hydrogel, azobenzene
derivative could act as competitive guest that cause trans-cis
isomerization (Liao et al., 2010). Study has also constructed a
photo-responsive supramolecular network including α-CD and
dimethylamino-substituted azobenzene entity. In this hydrogel,
trans-cis azobenzene transition occurred by the host–guest
interaction between α-CD and azobenzene, which could lead to
sol–gel phase (Wang J. et al., 2017).

Via combining supramolecular and covalent crosslinking,
hydrogels could be developed with extra strength. The pair
of Adamantane guest and β-CD host has an equilibrium
binding affinity of 3.2 × 104 M−1. Hydrogel cross-linked
only by the above host–guest interaction is relatively weak
and deforms under stress (Chen and Jiang, 2011). Burdick
et al. developed a tough and stretchable hydrogel by mixing
the covalent crosslinking and host–guest pair of methacrylated
hyaluronic acid (Figures 2A,B; Rodell et al., 2016). This
hybrid supramolecular-covalent hydrogel has tunable mechanical
properties, shear-thinning characteristic, as well as self-healing
behavior, and can be used as bioink for 3D-printing (Figures 2C–
F; Highley et al., 2015; Loebel et al., 2017). Cucurbitacin
(CB) binded to cationic hydrophobic compounds has a strong
equilibrium binding affinity. It can also accommodate two guest
molecules and have a cross-linking effect (Barrow et al., 2015).
When the guest is binded with CB and cross-linked by a part
of covalent bonds, an interpenetrating network (IPN) hydrogel
could be formed (Liu et al., 2017b). The hydrogel has high
toughness and stretchability, and can extended up to 100 times
its original length (Liu et al., 2017a).

Recently, a novel hydrogel was constructed with
supramolecular guest–host interaction with three arms
covalently crosslinked with GelMA (Figure 3A; Wang Z.
et al., 2019). This unique structure enabled the hydrogel
to exhibit increased mechanical strength and show both
3D printing and self-healing properties. The three-armed
supramolecular guest–host interaction was prepared through
non-covalent host–guest interactions between isocyanatoethyl
acrylate modified β-cyclodextrin (β-CD-AOI2) and acryloylated
tetra-ethylene glycol-modified adamantane (A-TEG-Ad). Then,
a host–guest supramolecular hydrogel (HGGelMA) was obtained
via copolymerization between the arms of the guest–host
interaction and GelMA to form a covalently crosslinked network
(Figure 3B). The HGGelMA was robust, fatigue resistant,
reproducible, and rapidly self-healing (Figure 3C). In the
HGGelMA, the reversible non-covalent interactions could be
re-established upon breaking, so as to heal the hydrogel and
dissipate energy to prevent catastrophic fracture propagation
(Figure 3D). Furthermore, the precursors of the HGGelMA were
sufficiently viscous and could be rapidly photo crosslinked to
produce a robust scaffold with an exquisite internal structure
through 3D printing (Figures 3E,F; Wang Z. et al., 2019).

Enhanced osteochondral tissue regeneration could also be
observed by using high-strength supramolecular hydrogels.
In the study by Feng et al. (2016), supramolecular gelatin
macromer was developed by host–guest interactions between
photo-crosslinkable acrylated β-CD monomers and the aromatic
residues of gelatin. The hydrogels are capable of sustaining
excessive compressive and tensile strain. Moreover, by sustained
release of kartogenin and TGF-β1, enhanced chondrogenesis of
the encapsulated MSCs could be obtained in vitro and in vivo
(Feng et al., 2016; Xu J. et al., 2019). Similarly, in the study by Wei
et al. (2016), host–guest macromers are developed by molecular
self-assembly between monoacrylated β-CD host monomers and
adamantane-functionalized hyaluronic acid guest polymers. The
hydrogels are capable of withstanding a compressive strain
up to 80% and rapidly relaxing over 80% of the peak stress.
Moreover, the hydrogels could not only sustain extended release
of encapsulated TGF-β1 but also support chondrogenesis of
the MSCs and promote cartilage regeneration in a rat model
(Wei et al., 2016).

Ionic Bonds Interactions
As electrostatic interactions, the strength of ionic bonds
interactions can change from a few carboxyl groups to the
multidentate higher affinity metal ion coordination bonds.
Although ionic bonds interactions are strong, charge shielding
effects usually exists under physiological conditions. As a result,
the metal ion coordination bonds with multidentate higher
affinity and repeating charge unit are usually used to develop
ionic hydrogel systems (McConnell et al., 2015; Winter and
Schubert, 2016).

Hydrogel based on metal ion coordination bonds can be
highly tunable. Hydrogel composing of imidazole can be
crosslinked by various metal ions, such as Zn2+, Cu2+, or Co2+.
Moreover, the number of metal ions and imidazole ligand can
be tuned to convert the material from viscous liquids to tough
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FIGURE 2 | A tough and stretchable hydrogel by mixing the covalent crosslinking and host–guest pair of methacrylated hyaluronic acid. (A) Schematic of Ad and
β-CD modified HA crosslinked through GH complexation. (B) Schematic of Michael addition crosslinking of MeHA by DTT. (C) Network architectures and local stress
examined in a GH hydrogel, MeHA, GH DN, and MethGH DN. (D) Differing modes of compressive failure were observed between the hydrogels following
compression to 90% strain. (E) Tensile testing of identically composed samples demonstrated a high degree of elasticity. (F) The printing of channels by writing an
ink into a support gel that is modified for secondary crosslinking. Adapted with permission from Highley et al. (2015) and Rodell et al. (2016).
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FIGURE 3 | A novel hydrogel constructed with supramolecular guest–host interaction with three arms covalently crosslinked with GelMA. (A) Photographs showing
the HGSM preparation process. (B) The design structure of the HGGelMA before and after crosslinking. (C) Digital images of the GelMA hydrogels that suffered the
pressure of a 500 g weight and HGGelMA hydrogel that supported the pressure of a 1 kg weight. (D) Schematic of the mechanism involved in the robust and
fatigue-resistant mechanical behavior of the HGGelMA. (E) 3D bioprinting of HGGelMA into scaffolds using HGGelMA precursors as a printing ink. (F,G) 3D rotational
microscopy images showing the swelling equilibrium scaffolds under the swelling equilibrium when the scaffolds were constructed through layer-by-layer deposition
with an alternating angle of 45◦ (F) or 90◦ (G) between adjacent layers and the resultant scaffolds. Adapted with permission from Wang Z. et al. (2019).
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gels. The strength of this hydrogel can be significantly enhanced
by increasing the unbound imidazole. If the ratio of ligand/zinc
is increased from 4.0 to 4.5, the tensile strength would decrease
by 540%, whereas the extensibility would also increase by 600%.
The crosslink exchange rate would increase via introducing a
small part of unbound ligand, which would bring in the self-
healing properties for the hydrogels. Therefore, in ionic bonds
interactions, the unbound ligands have a critical impact in chain
relaxation and stress distribution (Mozhdehi et al., 2016). Instead
of using new metal ion-ligand pairs to adjust mechanical strength,
two metal-ligand crosslinks can also exist in the same material,
and the mechanical properties can be changed by adjusting the
ratio of each metal ion-ligand pair (Grindy et al., 2015).

Ionic bonds can also be used as sacrificial bonds to achieve
dissipation. Studies have made high-strength hydrogels by
using ionically formed alginate-calcium and covalently formed
polyacrylamide (Sun et al., 2012; Menyo et al., 2015). These
materials have a fracture energy of around 9,000 Jm−2, and
can extend to 20 times their original length (Sun et al., 2012;
Menyo et al., 2015). They can also be modified with adhesive
surfaces to develop super strong adhesives (Li J. et al., 2017).
The poly(dimethylsiloxane) polymer chains can develop both
weak and strong ligand binding interactions to Fe(III) through
attaching the ligand 2,6-pyridinedicarboxamide. This can yield
a highly stretchable hydrogel which has a fracture energy of
2,571 Jm, and can be stretched up to 45 times of the original
length. In this material, the weaker carboxamide-iron bond can
be ruptured under stress, and the polymer chain will gradually
extend, whereas the pyridyl-iron bond ensures that the material
can be still connected to iron under stress (Li C.H. et al., 2016).

Similarly, highly stretchable and tough hydrogels can be also
developed by combining ionic bonds interactions and covalent
crosslinking. By mixing ionically crosslinked sodium alginate and
covalently crosslinked poly (ethylene glycol) (PEG) to constitute
an IPN (Figure 4; Hong et al., 2015a), study has reported a
hydrogel with high fracture toughness and stretchability. In
this hydrogel, incorporating reversible Ca2+ crosslinking into
the hydrogels significantly increases their fracture energies. The
increase in fracture energy is also accompanied by significant
increase in stress–strain hysteresis, which suggests mechanical
dissipation in the hydrogels under deformation. Additionally,
because the longer polymer chains of PEG allow for higher
stretchability of the hydrogel, the fracture energy of calcium-
containing hydrogels increases significantly with the molecular
weight of PEG. Moreover, by introducing the biocompatible
nanoclay into the alginate-PEG hydrogel to control the viscosity
of the pre-gel solution, shear-thinning properties of the hydrogel
could be significantly enhanced, and it could be printed into
diverse shapes such as twisted bundle, pyramid, hemisphere, as
well as physiologically relevant shapes such as human ear models
(Hong et al., 2015a).

The tunable stress relaxation properties of these ionic
hydrogels made them applicable to tissue engineering. Study
has revealed that compared with the hydrogel with the same
gel modulus, cells are more widely distributed on the stress-
relaxed soft viscoelastic hydrogels (Chaudhuri et al., 2015). This
phenomenon was further explored by using alginate-calcium

hydrogels with stress relaxation properties adjusted by different
alginate molecular weights. As the stress relaxation rate increases,
the cell proliferation and spreading increase, and the osteogenic
differentiation of MSCs can also be enhanced (Chaudhuri et al.,
2016). Hydrogels crosslinked by ionic bonds interactions could
also be sufficiently robust for cartilage regeneration, which
was examined on rabbit model bearing articular osteochondral
defect. Through the generation of ionic interaction and borate
bonding, poly(vinyl alcohol) (PVA) was crosslinked by 4-
carboxyphenylboronic acid (CPBA) to bridge the polymer chains
with the presence of calcium ions (Zhao et al., 2018). The
dynamic gathering of CPBA could lead to a self-reinforcing effect
inside the hydrogel matrix, resulting in high compressive and
tensile moduli of the hydrogel over 1.0 MPa, including the highest
compressive modulus up to 5.6 MPa. Moreover, after 3 months
of implantation of this hydrogel into osteochondral defect in a
rabbit model, smooth and complete cartilage layer was obtained,
and the enrichment of glycosaminoglycan (GAG) and type-II
collagen were observed in the cartilage layer (Zhao et al., 2018).

Physical Associations to Assemble
Particle-Based Hydrogels
Nanocomposites Integrated in Hydrogels
Hydrogels integrated with nanocomposite are defined as
hydrated networks which are chemically or physically cross-
linked by nanoparticles (Gaharwar et al., 2014). Different types
of nanoparticles, including inorganic/ceramic nanoparticles,
carbon-based nanomaterials, metal/metal oxide nanoparticles,
and polymeric nanoparticles, can be mixed into the polymeric
network to construct nanocomposite hydrogels (Gaharwar et al.,
2014). Theoretically, the nanoscale composites have the greater
surface area to volume ratios, which can not only increase the
surface reactivity, but also improve the mechanical properties
and bioavailability of the hydrogels. Additionally, since they
can easily penetrate into focal tissues through narrow capillaries
or epithelial inner layers, the efficacy of loaded therapeutic or
bioactive agents can be improved (Pelgrift and Friedman, 2013;
Jayaraman et al., 2015; Chen et al., 2018).

Some nanoparticles-reinforced hydrogels can be also used
for 3D printing (Skardal et al., 2010; Xavier et al., 2015;
Leppiniemi et al., 2017). Compared with the methacrylated
gelatin (GelMA) hydrogel alone, a hydrogel mixed GelMA
with nanosilicate showed a fourfold increase in compressive
modulus (Figure 5A; Xavier et al., 2015). Moreover, a tenfold
enhancement in compressive modulus could be obtained if the
levels of nanosilicate increased to 2% (Figures 5B,C; Xavier et al.,
2015). This hydrogel can be 3D printed to a precisely designed
scaffold, and support the viability of encapsulated cells in 4 days
of culture (Figures 5D–F). Castro et al. (2015) synthesized a
nanomaterial consisting of osteoconductive nanocrystalline
hydroxyapatite (nHA) and core-shell poly(lactic-co-glycolic)
acid (PLGA) nanoparticles encapsulated with chondrogenic
transforming growth-factor β1 (TGF-β1) for sustained delivery.
As the primary inorganic component of bone, the hydroxyapatite
nanocrystals could provide osteoconductivity, nanotexturization,
and mechanical reinforcement (Castro et al., 2015). In this 3D
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FIGURE 4 | A highly stretchable and tough hydrogels developed by mixing sodium alginate and PEG to constitute an IPN. (A) Schematic diagrams of the
biocompatible and tough hydrogel. (B) A printed bilayer mesh is uniaxially stretched to three times of its initial length. (C) A printed pyramid undergoes a
compressive strain of 95% while returning to its original shape after relaxation. (D) Various 3D constructs printed with the hydrogel. (E) A mesh printed with the tough
and biocompatible hydrogel. The mesh was used to host HEK cells. (F) Live-dead assay of HEK cells in a collagen hydrogel infused into the 3D printed mesh of the
PEG–alginate–nanoclay hydrogel. (G) Viability of cells through 7 days. Adapted with permission from Hong et al. (2015a).
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FIGURE 5 | A bioactive nanoengineered hydrogels for tissue engineering. (A) Schematic representation of fabrication of nanocomposite hydrogels. (B) Optical
images showing mechanical toughness of the Gel and nanocomposite hydrogels after deformation. (C) Nanocomposite hydrogels were subjected to unconfined
compression up to 0.90 strain. (D) Schematic representation of fabrication of nanosilicate-loaded microgels. (E) In the 3D encapsulation of cells in nanocomposite
hydrogels, all scaffolds supported cellular viability. (F) The addition of nanosilicate to GelMA results in a shear-thinning characteristic and can be printed to design
complex structures. Adapted with permission from Xavier et al. (2015).
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printed osteochondral hydrogel, MSCs adhesion, proliferation,
and osteochondral differentiation could be considerably
increased in vitro. In the study by Palaganas et al. (2017),
cellulose nanocrystal (CNC) from abaca plant is incorporated
with Poly(ethylene glycol) diacrylate (PEGDA) to provide
desirable strength for 3D printable biopolymer. Compared with
the PEG hydrogel alone, the addition of 0.3 wt% CNC to the
material would cause a twofold enhancement of tensile strength
and a fourfold enhancement of fracture energy.

Several nanocomposite hydrogels have been developed to
regenerate the extracellular matrix of cartilage. For example,
Laponite-incorporated hydrogels are currently being investigated
for their use as promising growth-factor-free solutions for
osteochondral and cartilage regeneration. Study has reported that
PEG incorporated with Laponite not only promoted cytoskeletal
alignment of F-actin proteins and adhesion of cells, but also
enhanced the proliferation and osteogenic differentiation of
preosteoblast cells (Gaharwar et al., 2011; Xavier et al., 2015).
Moreover, study has also observed the up-regulation of type-
II collagen and proteoglycan in MSCs encapsulated within
Laponite-based microcylinders (Dawson et al., 2011). This
discovery further strengthens the notion that Laponite can
stimulate both bone and cartilage differentiation of MSCs. This is
a promising function that can be used to develop graded scaffolds
for osteochondral regeneration. Study has also investigated a
hybrid IPN mixed with silated hydroxylpropylmethyl cellulose
and Laponite, which enhanced the mechanical properties
of hydrogel without compromising the cytocompatibility,
oxygen diffusion capability, generation of extracellular matrix
components, and self-organization of chondrogenic cells (Boyer
et al., 2018). Radhakrishnan et al. (2018) synthesized a
semiinterpenetrating network hydrogel scaffold formed by
nanohydroxyapatite and chondroitin sulfate nanoparticles, and
used in subchondral and chondral hydrogel layers, respectively.
By using this hybrid hydrogel, the regeneration of cartilage
and subchondral bone was enhanced (Radhakrishnan et al.,
2018). Zhang et al. (2015) designed a hybrid hydrogel,
including magnetic nanoparticles, hyaluronic acid, type-II
collagen, and PEG for regeneration of cartilage. The hydrogel
displayed similar microstructure and chemical properties to
that of hyaline cartilage, and has cell compatibility with
MSCs in vitro. Notably, an external magnet could be used
to direct this hydrogel remotely to the cartilage defect site
(Zhang et al., 2015).

Dynamic Covalent Chemistry to Form
Hydrogels
Dynamic Covalent Bonds Interactions
In traditional hydrogels, the polymer network cross-linked by
covalent bonds is irreversible, and is often too brittle that could
easily fatigue. Reversible dynamical covalent interactions, such
as imine bonds (Ying et al., 2014; Haldar et al., 2015; Xu Y.
et al., 2018), disulfide bonds (Canadell et al., 2011; Deng et al.,
2012; Li S. et al., 2016), phenylboronate complexations (Appel
et al., 2015; Yesilyurt et al., 2016), acrylhydrazone bonds (Yu
et al., 2015; Guo et al., 2017), Diels-Alder reactions (Liu and

Chuo, 2013; Baker et al., 2017), and reversible radical reactions
(Amamoto et al., 2012; Thi et al., 2020), are attractive strategies
to develop elastic and high-strength hydrogels.

Combination of phenylboronic acid (PBA) and diols can
develop a reversible boronate ester in aqueous environment,
and can be brought into polymer network to form elastic
materials. For instance, study has reported an elastic material
using the reversible boronate ester complexation between
salicylhydroxamic acid (SHA) and PBA. This material is able
to exhibit various mechanical properties in a wide range of
pH (Roberts et al., 2010). Study has also constructed elastic
and self-healing hydrogels by combination of a catechol derived
tetra-arm PEG (cPEG) with 1,3-benzenediboronic acid (BDBA)
in phosphate buffer saline under alkaline pH at 20◦C (He
et al., 2011). Using PBA to replace benzoxaborole group
would cause polymer network constructed at neutral pH
(Dowlut and Hall, 2006).

Another major approach for developing dynamic covalent
elastic and self-healing hydrogels is through imine bonds
interactions, sometimes also called Schiff bases. For example,
a self-healing hydrogel was made at room temperature by
synthesizing telechelic dibenzaldehyde-terminated PEG and
mixing it with an amine-containing biomacromolecule solution,
such as peptides, chitosan, and gelatin (Zhang et al., 2011).
Compared with the aliphatic Schiff base, the aromatic Schiff
base is usually preferred because of its higher stability and
can maintain the mechanical properties of the hydrogel
(Engel et al., 1985).

Study has also reported a shear-thinning and self-healing
hydrogel crosslinked through dynamic covalent chemistry for
3D printing (Wang L.L. et al., 2018). Specifically, hyaluronic
acid was modified with either hydrazide or aldehyde groups and
mixed to form hydrogels containing a dynamic hydrazone bond
(Figures 6A–D). Due to their shear-thinning and self-healing
properties, the hydrogels could be extruded for 3D printing
of structures with high shape fidelity, stability to relaxation,
and cytocompatibility with encapsulated fibroblasts (> 80%
viability) (Figures 6E–H). To increase the hydrogel strength, a
second photocrosslinkable IPN was included that was used for
orthogonal photostiffening and photopatterning through a thiol-
ene reaction. Photostiffening increased the scaffold’s modulus
(∼300%) while significantly decreasing erosion (∼70%), whereas
photopatterning allowed for spatial modification of scaffolds with
dyes (Wang L.L. et al., 2018).

Hydrogels crosslinked by dynamic covalent interactions have
also used to enhance osteochondral tissue regeneration. In
the study by Zhang et al. (2016), a phototriggered-imine-
crosslinked hydrogel composed of hyaluronic acid, gelatin, and
hydroxyapatite nanoparticles was prepared. In this hydrogel,
o-nitrobenzyl alcohol moieties-modified hyaluronic acids (HA-
NB) generate aldehyde groups under UV irradiation and then
react with primary amino-bearing macromolecules on tissue
surfaces, which is in favor of seamless tissue attachment and
integration. Moreover, by integrating stem cell-derived exosomes
(Liu et al., 2017d) or platelet-rich plasma (Liu et al., 2017e) into
the hydrogel, it could enhance the proliferation and migration
of MSCs and chondrocytes. After 12 weeks of implantation into
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FIGURE 6 | A tough and self-healing hydrogel by the dynamic covalent bonds interactions. (A) Synthesis schematic of HA-HYD and HA-ALD. (B,C) Time sweeps
(1 Hz, 0.5% strain) and quantification of storage modulus (G′), loss modulus (G′′), and tan(δ) of 1.5, 3, and 5 wt% hydrogels on shear-oscillatory rheometry. *p < 0.05
compared to 1.5 wt%, #p < 0.05 compared to 3 wt%. (D) Schematic of the mechanism involved in the robust and fatigue-resistant mechanical behavior of the
HGGelMA. (E) Self-healing of two dyed hydrogel discs in air and PBS, and manual stretching of healed hydrogel discs after 10 min. (F) Schematic of shear-thinning
and self-healing of hydrogels during printing. (G) Photos of 4-layer lattices in air and in PBS. (H) Images of lattices in air and in PBS. Adapted with permission from
Wang L.L. et al. (2018).
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a full-thickness cartilage defect in a rabbit model, the hydrogel
could achieve integrative hyaline cartilage regeneration.

3D BIOPRINTING FOR CARTILAGE AND
OSTEOCHONDRAL TISSUE
ENGINEERING

Since bio-inks are usually based on hydrogels, they are usually
weak and therefore cannot mimic the mechanical properties of
cartilage tissue, which has high strength, and is elastic and shock-
absorbent. By co-printing with artificial thermoplastic polymers,
significant enhancement of mechanical property can be obtained
(Visser et al., 2015; Daly et al., 2016). However, study has
reported that the reinforced hydrogels was unable to integrate
at the boundary under physiological loading (Boere et al., 2014).
Another method to develop mechanically reinforced hydrogels
is to include IPN in hydrogels. By meticulously designing the
primary and secondary networks, and combining them with
appropriate proportion, the entanglement and energy dissipation
of the IPN can be achieved, and it is possible to develop
extremely high-strength and elastic materials comparable to
native cartilage (Gong, 2010; Chen et al., 2015; Hong et al.,
2015a). These methods may find utility for cartilage tissue
bioprinting in the future.

Despite the significant progress in 3D printing technology,
there are still many challenges for 3D bioprinting with living
cells. One of the challenges is to maintain the viability of
cells in the bio-inks during and after 3D bioprinting (Hölzl
et al., 2016). Therefore, the cytocompatibility and bioactivity
are two crucial features for bio-inks (Gopinathan and Noh,
2018). With regard to cytocompatibility, the bio-inks as well
as the degradation molecules need to be non-toxic for cells
in vitro, and not lead to the immune response in vivo. Several
elastic and high-strength hydrogels have been reported with
good cytocompatibility (Shin et al., 2013; Hong et al., 2015b;
Paul et al., 2016). During the 3D bioprinting, shear stress,
which can also cause cell damage, is thought as another risk
factor for the reduction of the cells viability (Ning and Chen,
2017). Several factors can lead to an increase in shear stress,
including decreasing the printing nozzle diameter, increasing
extrusion speed, and increasing ink viscosity, which would
result in cell damage during 3D bioprinting. However, inks
with a higher viscosity are usually associated with better
printing fidelity, and a smaller nozzle diameter can improve
printing resolution. Both of the factors can help improve the
printing quality. Therefore, there is a balance between the
printability of bio-inks and viability of cells. By optimizing
the properties of inks, and adjusting the printing parameters,
studies have achieved both good cell viability and printability
(Chang et al., 2008; Nair et al., 2009; Chung et al., 2013; Zhao
et al., 2015; Ouyang et al., 2016). These studies further verified
the relationship between the cell viability and the viscosity
of the bio-inks. Therefore, the shear-thinning behavior is an
important property for inks during bioprinting. As discussed
above, the non-covalent interactions not only enhance the
mechanical properties of the hydrogels, but also increase shear

fluidization, which leads to the improvement of printability.
The methods for crosslinking can also affect cell survival
during 3D bioprinting. For example, light irradiation and
photo-initiators can cause cell damage during 3D bioprinting.
Therefore, choosing safe light wavelengths and biocompatible
chemicals, as well as shortening the irradiation time would
increase the cell viability. Moreover, incorporating bioactive
molecules into the bio-inks is also a good way to increase cell
viability for 3D bioprinting (Castro et al., 2015; Lin et al., 2016;
Leppiniemi et al., 2017).

Although several elastic and high-strength inks have been
developed for 3D printing and can culture with cells (Castro
et al., 2015; Hong et al., 2015a), only a few inks were printed
directly with living cells (Li H. et al., 2017; Xu C. et al., 2018).
In the study by Li H. et al. (2017), an alginate/methylcellulose
ink was printed directly with living cells and showed a high
cell survival after 5 days of culture. Similarly, in the study by
Xu C. et al. (2018), a PEG-PCL-DA hydrogel was developed
to directly print with different living cells, and exhibited high
cell viability with more than 80% cell survival after 7 days of
culture. Several 3D printed elastic and high-strength hydrogels,
such as collagen/hydroxyapatite and NAGA/nanoclay have been
developed for bone tissue regeneration in animal models (Lin
et al., 2016; Zhai et al., 2017). However, the application of 3D
bioprinting of high-strength and elastic hydrogels with living cells
is rarely reported for cartilage regeneration in animal models.
Although the non-covalently formed hydrogels are promising
inks for 3D bioprinting due to their shear-thinning property,
these elastic hydrogels need to be further evaluated for 3D
bioprinting and cartilage regeneration.

It is well known that cartilage is an anisotropic tissue, and the
organization and composition varies in depth. However, there
is a lack of studies that investigate the possibility of printing
biological factor gradients to reconstruct the characteristics of
cartilage and subchondral bone. During cartilage development,
homeostasis, and repair, chondrocytes will experience gradients
of physical and chemical cues, which can in turn affect cellular
behaviors, such as proliferation, differentiation, and migration.
During cartilage tissue engineering, biochemical and physical
gradients can be added into the hydrogel. Study has demonstrated
that an graded presentation of insulin-like growth factor (IGF)
and recombinant human bone morphogenic protein 2 (BMP) can
lead to localized chondrogenic and osteogenic differentiation of
MSCs in hydrogels (Wang X. et al., 2009). Moreover, study has
also reported that an graded presentation of TGF-β can cause the
formation of highly heterogeneous cartilage tissues in hydrogels
(Albro et al., 2016).

Increasing studies have highlighted the advantages of adding
physical and biochemical gradients in osteochondral and
cartilage tissue engineering. With combinations of biochemical
and physical gradients, it could be possible to develop more native
like cartilage and osteochondral tissues. In the study by Jeon et al.
(2013), a combination of biochemical and physical gradients,
including growth factor concentration, substrate stiffness, and
RGD ligand presentation, was formed by using a dual syringe
system to conduct the differentiation of MSCs toward osteogenic
and chondrogenic lineages. Additionally, another study has
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TABLE 1 | Representative examples of elastic and high-strength hydrogels and applications for osteochondral and cartilage regeneration.

Interactions Materials Advantages Application Effect References

Hydrogen bonds
interactions

γ-PGA-GMA, DTT, and Sodium
tetraborate decahydrate

The hydrogels can be compressed to nearly a
90% strain, with 0.95 MPa compression stresses

Cartilage defects in
rabbit

Cells cultured in hydrogels exhibit good
proliferation and adhesion abilities and the
hydrogels scaffolds contained MSC enhance
the regeneration of cartilage

Liu S. et al., 2020

PACG and GelMA The hydrogels have a high tensile strength
(1.1 MPa), outstanding compressive strength
(12.4 MPa), large Young’s modulus (320 kPa),
and high compression modulus (837 kPa)

Osteochondral defects
in rat

The hydrogel significantly facilitates concurrent
regeneration of cartilage and subchondral bone

Gao et al., 2019

Hydrophobic
interactions

PAMPS and
P(NIPAAm-co-AAm)

The hydrogels demonstrate a high compressive
strength (25 MPa), cartilage-like modulus (1 MPa),
hydration (80%), and exhibit a 50% lower
coefficient of friction than that of native articular
cartilage

– – Means et al., 2019

Supramolecular
guest–host
interactions

Acrylated β-CD and gelatin The hydrogels have a good extensibility (400%),
and are fatigue resistant under repeated tensile
loading–unloading cycles

Osteochondral defects
in rat

The hydrogel can promote the regeneration of
both hyaline cartilage and subchondral bone

Xu J. et al., 2019

Acrylated β-CD and
Ad-functionalized hyaluronic
acid

The hydrogels are capable of withstanding a
compressive strain up to at least 80% and rapidly
relaxing over 80% of the peak stress

Cartilage defects in rat The hydrogels not only sustain extended
release of encapsulated TGF-β1 but also
support chondrogenesis of the human MSCs
and promote cartilage regeneration

Wei et al., 2016

Ionic bonds
interactions

PVA and CPBA The hydrogels are ultra-tough, showing maximum
tensile strain, tensile and compressive fracture
energies up to 1,600%, 600 and 25 kJ m−2,
respectively

Osteochondral defects
in rabbit

The hydrogels can promote smooth and
complete cartilage regeneration

Zhao et al., 2018

Nanocomposites
integrated in
hydrogels

Silated hydroxypropylmethyl
cellulose with Laponites

The increase of Laponites amount in hydrogel
allows the modulus to reach a fourfold increase
for 5% Laponites

Subcutaneous pockets
of nude mice

Formation of a cartilage-like tissue with an ECM
containing GAG and collagens is observed at
6 weeks implantation

Boyer et al., 2018

Collagen and alginate with
hydroxyapatite nanocrystals

Hydrogels with hydroxyapatite nanocrystals
exhibit the highest modulus among all of the
collagen-based hydrogels

– The hydrogels can promote cell proliferation
and upregulated hyaline cartilage markers
in vitro

Zheng et al., 2014

PEG-1000 and Pluronic F-127
copolymer with calcium
phosphate nanocrystals

The hydrogels exhibit a good combination of
compressive modulus (0.64 MPa) and tensile
modulus (0.9 MPa). They can also bond well to
native cartilage

– – Schlichting et al., 2011

Dynamic covalent
bonds interactions

Hydrazine-modified elastin-like
protein and aldehyde-modified
hyaluronic acid

By tuning the ratio of aldehyde groups to
hydrazine groups, hydrogels with variable
hyaluronic acid concentration can be fabricated
with comparable stiffness

– The hydrogels can promote cartilage-marker
gene expression and enhanced GAG
deposition while minimize undesirable
fibrocartilage phenotype in in vitro

Zhu et al., 2017
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also demonstrated how combinations of nanofiber alignments,
substrate stiffness values, and growth factors could be used to
develop the zone specific differentiation of MSCs (Moeinzadeh
et al., 2016). Future development of bioprinting technology may
make it possible to present a variety of gradual changes in
chemical and physical cues over multiple length scales.

An alternative approach to construct stratified cartilage and
osteochondral tissues is to bioprint gradients of different cells.
The cell sources most widely used for cartilage and osteochondral
tissue engineering are chondrocytes and MSCs (Leijten et al.,
2013). Co-culture systems containing different cell sources
could be combined in graded ratios to develop more stratified
cartilage and osteochondral tissues (Hendriks et al., 2007; Bian
et al., 2011; Leijten et al., 2013). Alternatively, zone-specific
chondrocytes can be separated and bioprinted in layers to mimic
the depth-dependent feature of osteochondral and cartilage tissue
(Schuurman et al., 2016).

CONCLUSION AND PERSPECTIVES

Osteochondral damage is a very common clinical disease.
Although there are several clinical treatment strategies for this
disease, such as microfracture, osteochondral autografts and
allografts, as well as autologous chondrocyte implantation,
significant drawbacks and limitations still exist. As current
surgical techniques for cartilage pathologies are insufficient
to cure the cartilage injuries, and halt the development
and progression of osteoarthritis, which has accelerated
the development of alternative tissue engineering strategies.
However, although cartilage is perceived as a simple tissue,
developing biomaterials that can reach the mechanical properties
of native cartilage remains a challenge.

Traditionally, the covalently bonded hydrogels are stiff and
brittle, and cannot simulate mechanical properties of natural
cartilage and osteochondral tissue, which has high strength, and
is elastic and shock-absorbent (Pascual-Garrido et al., 2018).
Unlike the covalently bonded hydrogels, non-covalently formed
hydrogels have several remarkable properties. These hydrogels
have self-healing property after remove of stress. They also have
stress relaxation property that can promote cell proliferation

and spreading. Moreover, they have tunable mechanical strength
and shear-thinning property, which can convert from a viscous
liquid to a stiff gel. By elaborately adjusting the non-covalent
and covalent interactions in the networks, these tough and
elastic hydrogels should have great potential for cartilage and
osteochondral tissue regeneration (Table 1).

Despite the obvious advantages and significant progress, the
ultimate aim of cartilage and osteochondral tissue engineering
is to translate a promising therapeutic strategy to the clinics
to regenerate and restore the articular cartilage for patients.
Non-covalently formed hydrogels have a promising place
among the biomaterials evaluated for clinical regeneration of
cartilage and osteochondral tissues for patients with osteoarthritis
due to their tunable mechanical strength and self-healing
property. Moreover, because of their shear-thinning property,
these hydrogels are promising inks for 3D bioprinting, which
could potentially contribute to the next generation personalized
strategy that addresses each patients’ requirement as it is a
automated, computerized, and rapid technology to develop
constructs that mimic native cartilage and osteochondral tissues.
However, before translating to clinics, meticulous choice of
these hydrogels with robust features such as regenerative
potential, biocompatibility, and degradability assessed in pre-
clinical trials is required.
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