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Abstract: Chondral lesions caused by stressors, such as injury or inflammation, lead to osteoarthritis (OA). OA is a degenerative 
joint disease that has become a challenge worldwide. As the articular cartilage is incapable of self-regeneration due to the 
absence of vessels and nerves, novel cartilage repair techniques are urgently needed. Three-dimensional (3D) bioprinting, 
which allows the precise control of internal architecture and geometry of printed scaffolds, has stepped up to be a promising 
strategy in cartilage restoration. With regards to 3D bioprinting, bioinks with proper chemical and mechanical properties play 
one of the most critical roles in designing successful cartilage tissue constructs. In particular, hydrogels as 3D hydrophilic 
cross-linked polymer networks are highly recommended as bioinks because of their fine biocompatibility, easy fabrication, 
and tunable mechanical strength. Herein, we highlight the widely used polymers for hydrogel preparation and further provide 
a non-exhaustive overview of various functional modified additives (such as cells, drugs, bioactive factors and ceramic) to 
exploit the unique properties suitable for bioprinted cartilage. Finally, a prospective on future development for 3D-bioprinting 
in cartilage repair is elucidated in this review.
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1. Introduction 
Articular cartilage is an avascular connective tissue 
that works to lubricate the friction between the joint 
surfaces[1]. The only cell constituting this hyaline 
tissue is the chondrocyte. It is usually embedded in the 
extracellular matrix (ECM) mainly consisting of type II 
collagen (COL II) network and aggrecan proteoglycan 
(Table 4)[2]. The damage of cartilage may lead to 
osteoarthritis (OA) (Table 4), which is the most common 
degenerative joint disease that affects over 303 million 
people worldwide[3]. OA is characterized by severe 
joint pain, swelling, and sound or sensation of grating 

in the synovial joints caused by the progressive loss of 
articular cartilage[4]. Briefly, stressors such as cartilage 
injury or inflammation may cause the hypersecretion of 
pro-inflammatory cytokines. It promotes the expression 
of metalloproteinases (MMPs) and a disintegrin and 
an MMPs with thrombospondin motifs (ADAMTS) 
(Table 4). MMP and ADAMTS enzymes then contribute 
to the decomposition of aggrecan proteoglycan, which 
is regarded as a significant early event contributing to 
the deconstruction of cartilage tissue[2]. In addition, 
collagenases of the MMP family, such as MMP-13, 
lead to the degradation of ECM COL. In turn, the defect 
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Figure 1. The general pathological process underlying OA. 
Cartilage damage caused by injury or inflammation promotes 
the hypersecretion of pro-inflammatory cytokines such as IL-1β 
and IL-6, which then enhance the expression of MMPs including 
MMP-13 and ADAMTS such as ADAMTS-4 and ADAMTS-5[6]. 
As a result, aggrecan proteoglycan and ECM COL are degraded, 
leading to further deconstruction of damaged cartilage tissue.
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in cartilage aggravates the inflammation of the joint, 
thereby enhancing proteolytic enzymes hypersecretion 
and promoting the progression of OA (Figure 1)[5].

As fully differentiated joint cartilage is incapable of 
self-regeneration due to its lack of vessels and nerves, there 
is an urgent need for techniques of cartilage repair. Three-
dimensional (3D) bioprinting has now been regarded as 
a promising cartilage tissue engineering technique that 
can replace the battered or lost cartilage with 3D-printed 
biological materials. An ideal 3D printing process mainly 
includes small processing time, high printing resolution, 
and compatibility with cells if the material is cell-laden. 
With topographically and morphologically correct 
structures, the printed scaffold should be able to guide cell 
differentiation and migration, thereby influencing ECM 
deposition and ultimately displaying properties that are 
similar to the native tissue[7]. In addition, the 3D printing 
technique allows the porosity, internal architecture, 
mechanical, and structural properties of the printouts to 
be tuned via controlling their manufacturing process. It 
is also capable of printing materials carrying different 
concentrations of bioactive factors and cells[8].

Bioprinting inks are one of the key elements for 
3D-printing cartilage repair. Hydrogels, composed 
of 3D cross-linked networks made of water-soluble 
polymers, are one of the main sources of developing 
bioinks[9]. Their fine biocompatibility enables hydrogels 
to serve as temporary ECM-like microenvironment, 
which is efficient for the survival, proliferation, and 
differentiation of encapsulated cells[10]. Currently, the 
hydrogel materials applied as inks in the field of 3D 
printing involve natural materials including hyaluronic 

acid (HA), alginate, collagen (COL), silk fibroin (SF), 
and synthetic polymers such as gelatin methacryloyl 
(GelMA) and polyethylene glycol (PEG) (Table 4) [11]. 
This review focus on the properties of the above five 
most commonly used hydrogels. We also discuss the 
development and applications of such hydrogel-based 
bioinks modified with functional additives. Finally, 
challenges and future directions of hydrogels in the field 
of cartilage regeneration are stated.

2. Overview of bioinks for 3D printed 
cartilage engineering
The 3D-bioprinting technique applied in cartilage tissue 
engineering usually contains three important elements, 
i.e., cells, growth factors, and printed scaffolds, which 
are composed of various bioinks. Repair mechanisms of 
bioinks mainly involve two ways: (i) The printouts serve as 
a temporary ECM environment to promote chondrogenesis 
and angiogenesis, leading to the generation of new cartilage 
tissue; (ii) the engineered biomaterials replace the battered 
or lost cartilage to restore the functions of defected joint. 
Three key standards for selecting a suitable bioink involving 
a mechanical strength that is close to the native cartilage, 
superior biocompatibility that avoids cytotoxicity, and 
high degradation speed according to the speed of cartilage 
regeneration for scaffolds working as temporary ECM. 
Inks made from natural resources usually possess good 
biocompatibility, but most of them lack mechanical strength, 
while most bioinks consisting of synthesized polymers are 
the opposite (Figure 2). With the use of the right bioinks, 
printouts should be able to provide sufficient mechanical and 
structural support and adequate nutrition supply[7].

To generate functional and high-quality neocartilage, 
native progenitor cells and stem cells are widely used along 
with cartilage scaffolds to improve the repair of cartilage 
defects. For example, mesenchymal stem cells including 
adipose-derived stem cells and bone marrow-derived 
mesenchymal stem cells (BMSCs) (Table 4), which are 
multipotent stem cells that are capable of rapid proliferation 
and are promising for cartilage regeneration[8]. In addition, 
chondrocytes are also popular cell additives for their 
application in scaffold-based cartilage repair. Cell density 
needs to be carefully designed when developing a cell-
laden bioink, because various studies have shown that it 
may significantly influence the properties of both the bioink 
and the printout[12]. For instance, as the density of primary 
chondrocytes increases, the gelation rate and storage 
modulus of COL bioinks by extrusion printing decrease. 
However, cell densities of up to 100 × 106 cell/mL do not 
impair the resolution and printability of these bioinks[13]. 
The viability of the cell is not affected by either the cell 
density or the printing process. For GelMA bioinks, a cell 
density of up to 40 × 106 cell/mL has been shown to have 
no effect on the resolution under a printing condition with 
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speed ratios from 0.07 to 2.24 mm2 by the Integrated Tissue-
Organ Printer system. In addition, both storage modulus 
and loss modulus increase as the cell density increase, with 
no change in the shear viscosity observed[12]. Nevertheless, 
encapsulated human glioblastoma cells have been 
demonstrated to impair the printing resolution of gelatin 
bioinks using extrusion 3D bioprinting[14]. Furthermore, 
higher cell densities may enhance the steady shear viscosity 
while reducing the threshold of extrusion pressure, which 
contributes to the bioink compressibility and the friction 
between cells and the hydrogel during the printing process.

Common bioinks additives include (i) additives 
that improve biocompatibility and repair efficacy; 
(ii) additives that enhance hydrogel crosslinking and 
mechanical properties; and (iii) additives that refine 
printing resolutions. Growth factors are important 
additives of bioinks. They are important for inducing 
cellular response, thereby stimulating cell differentiation 
and tissue regeneration. In addition, they are essential in 
enhancing chondrogenesis and inhibiting chondrocyte 
hypertrophy[15]. Basically, the most widely applied 
growth factors include transforming growth factor-β 
(TGF-β) (Table 4) which promotes cell proliferation 
and chondrogenesis; bone morphogenetic proteins 
that improve the production of ECM; insulin-like 
growth factors which promote the differentiation of 
mesenchymal stem cells, fibroblast growth factors that 
maintain ECM homeostasis, and platelet-derived growth 
factors which enhance the formation of heterotopic 
cartilage[16]. In addition to the growth factors, additives 
are also used for the crosslinking of hydrogels and 
the enhancement of mechanical properties in bioink 
development. Methacrylate anhydride is one of the 
most popular chemicals for generating methacrylate 

functional groups in the bioink polymers[17]. Compared 
with the natural sources which are usually crosslinked 
physically, the methacrylate functionalized polymers 
are photocrosslinked covalently, thereby improving 
the mechanical strength of the hydrogel. Moreover, 
nanomaterials, including graphene, nanoclay, and 
ceramics nanoparticles, are also applied to reinforce 
hydrogel-based bioinks[18]. In addition, additives to 
improve the printing resolution of printouts are also used. 
For example, the click reaction between thiols and alkene 
groups added to the bioink polymers can solidify the 
material immediately during 3D printing, thereby enabling 
the fabrication of complex yet high-quality constructs[19]. 
Furthermore, photoabsorbers, such as tartrazine, are also 
popular additives for the crosslinking and resolution 
improvement of photocrosslinkable hydrogels[20].

Different bioinks correspond to different 3D printing 
techniques. One of the most commonly used technology is 
extrusion-based printing (EBP) (Table 4), which requires 
the bioink to be loaded into plastic or stainless steel 
cartridges and then extruded through a printing nozzle 
onto a platform (Figure 3A). It supports 3D printing 
with cell-laden bioink and its printouts are of moderate 
resolution[7,21]. Moreover, as mechanical extrusion printing 
allows both bioink deposition and withdrawal, it enables 
a clean cut of the bioink strand and the correction of 
printing errors, thereby achieving an improved shape 
fidelity of the printouts[22]. Nevertheless, the viscosity of 
the bioinks applied must be high enough to avoid shape 
collapse[23]. As for cell-encapsulated bioinks, shear-
thinning characteristics are required for the hydrogels to 
prevent cells from damage caused by shear stress when 
existing the nozzle[21]. Gelation methods, including 
temperature/pH change and photocrosslinking, can be 

Figure 2. (A-C) A basic summary of 3D-bioprinting repair of cartilage tissue.
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applied depending on the materials during deposition[7]. 
Another widely applied printing technique is light-
based 3D printing using digital light processing (DLP) 
technology (Table 4) (Figure 3B). Different from EBP, 
the printout of DLP is generated from a reservoir filling 
with liquid bioink and is attached to the platform above. 
As the platform moving up, the height of the 3D construct 
is then increased[24]. Compared with other 3D-printing 
techniques, DLP has superior vertical structure fidelity and 
high printing resolution[21]. However, it usually requires 
bioinks to be photocrosslinkable. In addition, the viscosity 
of bioinks should be maintained in a specific range so that 
the printout can withstand dissociation from the bottom 
of the build vat while attaching to the build plate or the 
layer above[25]. With the exception of these two methods 
mentioned above, drop-on-demand 3D printing has also 
been applied in cartilage tissue engineering (Table 1).

2.1. HA
HA is a polymeric glycosaminoglycan (GAG) (Table 4) 
consisting of duplicated β−1,4-d-glucuronic acid-
β−1,3-N-acetyl-Dglucosamine residues (Figure 4A). 
As one of the major components in ECM, HA promotes 
chondrogenesis significantly[28]. It was first considered as 

a potential material for tissue engineering in 1997[29] and 
was first applied clinically in 1999[30]. HA can interact with 
cell surface hyaladherins such as Receptor for Hyaluronan 
Mediated Motility, which is important for cell migration 
under the conditions of inflammation and tissue repair[31]. 
Thus, it exhibits superior biocompatibility and the ability 
to promote chondrogenesis. However, implants composed 
of fragments or low-molecular-weight HA lack biological 
interaction with encapsulated cells and surrounding tissue, 
leading to inflammation or degradation of scaffolds. As a 
result, increasing chemical-modified HA derivatives have 
been developed (Table 2)[32].

HA and its derivatives are widely applied in 
3D printing, especially EBP[38]. In 2015, Kesti et al. 
designed a novel bioink by blending polymer poly(N-
isopropylacrylamide) grafted hyaluronan (pNIPAAM) 
with methacrylated hyaluronan (MeHA) (Table 4). The 
high-resolution scaffold generated showed immediate 
termination of flow and rapid gelation, but it required the 
elution of HA-pNIPAAM after printing to prevent high 
death of embedded cells[39]. Later in 2017, the ultraviolet 
(UV)-crosslinkable MeHA hydrogel was applied to print a 
porous and rigid scaffold. The printout showed improved 
storage moduli and elastic moduli. However, precise control 

Figure 3. A brief introduction to three popular 3D-bioprinting techniques with cell-laden bioinks. (A) Schematic diagram of extrusion-
based 3D printing. Cell-laden bioinks contained in the micro-syringe are extruded onto the substrate on the collection plate through the 
print nozzle by pneumatic pressure or piston. The dimensions of a structure are translated into X, Y, and Z coordinates during printing by a 
computer, which controls the nozzle and substrate. (B) Schematic diagram of digital light processing 3D printing. The construct is printed 
with the increased height from the photocrosslinkable liquid bioink in the build vat as the build plate moves up vertically. (C) Schematic 
diagram of the 3D-printing process using cell-laden bioinks by drop-on-demand inkjet.
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of MeHA concentration was needed for this photosensitive 
bioink[40]. Currently, MeHA has been combined with 
GelMA to build a scaffold carrying human mesenchymal 

stem cells (hMSCs) (Table 4)[41]. The GelMA-MeHA 
hydrogel exhibited benign cell viability through 8 weeks of 
culture and it also improved regeneration of both cartilage 

Table 1. Summary of different 3D-printing technologies in cartilage tissue repair and their bioinks.

3D‑printing 
technique

Advantages Disadvantages Bioink requirements Bioink 
examples

Reference

Extrusion-based Support cell-laden bioinks
Moderate-resolution
Improved shape fidelity

Slow printing speed
Inferior cell viability 
(40-80%)
Expensive cost

High viscosity
Shear-thinning 
characteristics for 
cell-laden bioinks

GelMA
HA
Collagen

[21,22,25,26]

Digital-light 
processing

Superior vertical structure 
fidelity
Hight resolution
Fast printing speed
Mild condition for cells 
(viability: 85-95%)

Separating force 
between the platform 
and the printed surface
May need the 
addition of cytotoxic 
photoinitiator

Photocrosslinkable
Viscosity maintained 
within a specific range

GelMA
PEGDA
Silk-fibrin

[21,25,27]

Drop-on-demand 
inkjet

Medium printing speed
High cell viability (>85%)

Poor structure fidelity
Low cell density (<106 
cells mL − 1)

Thermoplastic
Viscosity maintained 
within a specific range

Alginate
PEGDA 
Collagen

[21,25]

Table 2. HA derivatives, their fabrication and gelation methods.

HA derivatives Fabrication Gelation method Reference
Thiol-modified HA Modifying the carboxylate groups of 

GAGs and polypeptides with hydrazide 
reagents

Difunctional electrophiles [33,34]

Haloacetate-modified HA Using excessive bromoacetic anhydride 
to synthesize HA bromoacetic with a 
substitution of 18%

Crosslinker-free when combined with 
thiol-modified HA

[35]

Dihydrazide-modified HA Addition of adipic dihydrazide and 
other hydrazides

Ketones and aldehydes; can also 
acylhydrazide with acylating agents

[36]

Tyramine-modified HA Coupling tyramine to a small 
percentage of HA carboxylates

Addition of horseradish peroxidase and 
hydrogenperoxide

[37]

Figure 4. The structure of (A) hyaluronic acid, (B) type II collagen, (C) gelatin methacryloyl, (D) polyethylene glycol, and (E) alginate.
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and subchondral bone in rabbits with osteochondral 
defects. In addition, instead of using UV light, the GelMA-
MeHA scaffold could gelate via the illumination of visible 
light. On the other hand, acellular HA scaffold has been 
used to deliver growth factors, including human leukocyte-
platelet-rich plasma (PRP) and leukocyte-platelet-rich 
fibrin, to cartilage defects. The following in vivo results 
confirmed that the newly generated cartilage tissue had 
improved biomechanical strength by these growth factor-
loaded HA scaffold[42].

2.2. Alginate
Alginate is a biocompatible, biodegradable gelling 
agent that can be obtained from the cell wall of brown 
seaweed[43]. It is composed of 1,4-β-D-mannuronic acid 
(M) and 1,4-α-L-guluronic acid (G). Longer M or G 
blocks divided by MG alternating regions organized into 
this long anionic linear copolymer, which has suitable 
flexibility and shear-thinning capability required by 3D 
printing (Figure 4E)[44]. Alginate hydrogels are usually 
crosslinked rapidly by dropping an alginate solution into 
a calcium ion liquor, such as calcium chloride (CaCl2) 
solution[45]. The compressive modulus of alginate inks is 
about 30 kPa, which is higher than that of native human 
articular cartilage, which is about 10.60 ± 3.62 MPa[46,47]. 
Owing to fast degradation rates, they are also considered 
to be lacking biological stability, which is important for 
cell viability[48]. Currently, scientists have found that 
oxidation of alginate was able to improve the in vivo 
biodegradability of alginate-based inks by creating more 
reactive sites[49]. Yang et al. also demonstrated that alginate 
bioink combined with COL I or agarose showed improved 
mechanical strength, with the compressive modulus 
increased by over 1.87- and 2.38-fold, respectively[47]. 
Coating 3D-printed alginate scaffold with homogeneous 
nano apatite has also been shown to significantly improve 
Young’s modulus of the construct and the differentiation 
rate of encapsulated rat bone marrow cells[50].

Alginate-based bioinks have been applied widely in 
cartilage tissue engineering during the recent decade. Back 
in 2012, scientists used alginate hydrogel to demonstrate 
that the 3D printing techniques could be applied in 
osteochondral tissue engineering for the 1st time[51]. In 
2014, researchers developed a novel ink using alginate/
acrylamide solution with an epoxy-based UV-curable 
adhesive. It was shown to improve the mechanical strength 
of the printed scaffold compared with that composed of 
pure alginate[52]. In 2015, Kundu et al. built a 3D scaffold 
consisting of alginate hydrogel with chondrocytes and 
layer-by-layer deposition of polycaprolactone (PCL) 
(Table 4)[53]. Cells encapsulated showed up to 85% viability 
immediately after printing, but the long-term effects 
were not examined. In addition, by using nude mouse 
model, the authors demonstrated that mice implanted 

with PCL/alginate/chondrocyte/TGF-β scaffold showed 
significantly more COL fiber and better cartilaginous 
tissue formation. However, the long degradation period of 
PCL could prevent tissue ingrowth[53]. Later, Kosik-Kozioł 
et al. formulated an alginate/short submicron polylactide 
ink in 2017[54]. This material was able to increase Young’s 
modulus of printouts threefold compared with that of 
pure alginate scaffold. Neocartilage ECM deposition was 
also observed during in vitro experiments. More recently, 
Olate-Moya et al. designed a new ink by conjugating 
photocrosslinkable alginate with gelatin, chondroitin 
sulfate, and graphene oxide, which further enhanced the 
printability of this material[55]. The 3D printed scaffold via 
the microextrusion process exhibited optimized resolution 
and increased cell proliferation when carrying human 
adipose tissue-derived mesenchymal stem cells. In the 
same year, Schwarz et al. used an oxidized alginate-gelatin 
hydrogel together with human nasoseptal chondrocytes to 
create 3D printed grid-like scaffolds, which showed high 
shape fidelity and improved resolution[56].

2.3. COL
COL is the most common protein in human and is a 
major component in ECM. It supports the regeneration 
of several connective tissue, including bone, cartilage, 
and skin[57]. In general, polypeptide chains constituting 
COLs are composed of a sequence of different peptides 
(glycine-X-Y)3, in which X and Y are usually proline and 
hydroxyproline (HYP) (Table 4) (Figure 4B)[11]. For many 
years, COL-bioink has been regarded as a biocompatible 
material, as it can provide anchor sites for cell adhesion[58]. 
However, the traditional procedure for the cross-linking 
of COL hydrogel usually includes the addition of toxic 
chemical agents, such as glutaraldehyde and 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide[59]. In addition, the 
degradation rate of the 3D-printed COL scaffold is impacted 
by various factors, including the penetration of cells and 
the presence of non-specific proteinases. It means that the 
extent and rate of degradability of COL-based scaffolds is 
difficult to control[11]. For its printability, it is difficult for 
printouts by COL-bioink to maintain porous structure due 
to its inferior viscosity and weak mechanical strength[60]. 
Thus, applying COL directly as a source for bioink is tough.

The properties of COL can be tuned by blending with 
other materials or tailoring its fibrillogenesis, including the 
enzymatic process. In 2016, Shim et al. built a 3D-printed 
scaffold with hMSCs and hydrogel composed of HA and 
pepsin-treated COL (atelocollagen) [61]. The crosslinking 
process of this bioink did not involve any cytotoxic 
reagent. Results showed that the knee joint defect of 
rabbits with this construct implanted was covered by 
thick neocartilage tissue at the center space at week 8. 
But the expression of COL X, which is usually restricted 
to the lower part of articular cartilage, was observed in 
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the superficial layer of the neo-tissue[61]. Stratesteffen 
et al. developed a GelMA-COL ink via drop-on-demand 
3D printing method in 2017[62]. Using the co-culture 
of human endothelial cells and hMSCs, the addition 
of COL increased cell spreading, storage modulus, 
and viscosity of this material[62]. In 2018, Yang et al. 
assessed the mechanical properties and biocompatibility 
of alginate bioink, alginate/agarose bioink, and alginate/
COL I bioink. Among these three materials, alginate/
COL I hydrogel had higher cell viability and cartilage 
gene marker expression levels than the other two kinds 
of inks, but with more inferior compressive modulus and 
tensile strength compared with alginate/agarose one[47]. 
Simultaneously, another work constructed a 3D-printed 
porous scaffold via COL crosslinked by tannic acid (TA) 
(Table 4), a non-toxic plant polyphenol[63]. This bioink 
could gelate at a temperature around 37 ℃, suggesting 
that it is applicable in the human body. For its printability, 
TA-crosslinked preosteoblast-laden COL bioink was able 
to be printed into a construct with a pore size of 512 ± 
46 μm and strut size of 315 ± 10 μm. The findings from 
in vitro experiments also indicated that this COL -based 
construct with an optimal TA concentration of 0.5 wt% 
could maintain cell viability of 95% throughout the 14-
day preosteoclast culture. A recent work conducted by 
Wang et al. developed a bi-phasic scaffold with gradient 
mechanical strength via cryogenic 3D printing[64]. TGFβ1-
loaded COL I hydrogel was filled in the printed frame to 
form the cartilage zone. At 37℃, the compressive strength 
of the cartilage layer was 0.12 Mpa and the elastic modulus 
was 1.05 Mpa, which are similar to those of natural human 
cartilage tissue. Additionally, the shear strength between 
the cartilage zone and the subchondral zone was 0.4 Mpa. 
The interface also had a peel strength of 470 N/m. These 
two results indicated that the ink was capable for cryogenic 
3D printing of two-layer osteochondral scaffold. It has also 
been demonstrated that the expression of cartilage gene 
markers, such as SOX9 and COL II, was significantly 
upregulated in the cartilage layer with TGF-β1 through in 
vitro experiments using rat BMSCs[64].

2.4. SF
SF, mainly produced by Bombyx mori silkworms, is 
composed of 43% glycine, 30% alanine, and 12% serine[65]. 
Sericin, which is a UV-resistant protein that glues the silk 
fibers, needs to be removed by the degumming process to 
produce soluble SF[66]. The processed SF is then dissolved 
in solvents such as lithium bromide, formic acid, ionic 
liquid, and CaCl2/ethanol/water solvent system[67]. 
Aqueous silk solution can be turned into different forms 
and structures, including films/membrane, powder, 
hydrogel, porous sponges, and nanofibers (Figure 5) [68]. 
SF hydrogel is usually crosslinked by the addition of 
crosslinkers such as glutaraldehyde and genipin[69]. It is 

also characterized by a low adverse immune reaction, 
compatible degradation rates, and superior elasticity[66]. 
B. mori silk without sericin has an initial modulus of 
15 – 17 Gpa, which is stronger than most other resources. 
In addition, it can be incorporated with other biopolymers, 
such as gelatin, to develop particular bioinks, enabling 
scaffolds fabricated with tunable mechanical properties 
and controlled pore sizes[70].

The utilization of SF as a natural source of 
3D-printing bioinks has advanced rapidly in recent 
3 – 4 years. In 2017, Shi et al. developed a BMSC-
laden SF/gelatin bioink for articular cartilage repair[71]. 
Scientists observed a significant increase in HYP and 
GAG accumulation during a 21-day in vitro culture with 
the addition of BMSC affinity peptide E7, indicating a 
superior chondrogenesis ability. However, the mechanical 
properties of this biomaterial are not shown. In 2019, 
bioink consisting of SF and gelatin was further improved 
to be crosslinker-free, as most of the chemical agents 
added for SF polymerization are toxic[69]. In addition, 
a study by Kim et al. developed an advanced SF-based 
bioink (Sil-MA) by methacrylating SF via glycidyl 
methacrylate and built a scaffold for cartilage repair using 
DLP 3D-printing (Table 4)[72]. Their results showed that 
scaffold by bioink composed of 30% Sil-MA exhibited 
a compressive modulus of 910 kPa, which was able to 
hold a kettlebell weighing 7kg and recovered without any 
deformation after removing the bell. As for its printability, 
30% Sil-MA scaffold with interconnected pores of sized 
up to 700 μm was successfully printed and the inner 
structure was visible to the naked eye. Using 3D-printed 
30% Sil-MA cartilaginous trachea, significant cartilage 
matrix formation and the presence of chondrocytes were 
observed after 4 weeks of culture in vitro, suggesting 
superior ability to promote cartilage formation and 
biocompatibility of Sil-MA as a novel bioink[72].

2.5. GelMA
GelMA is a gelatin derivative that mainly contains 
methacrylamide groups with a minority of methacrylate 
groups (Figure 4C). It is usually crosslinked via UV light 
illumination with the addition of a photoinitiators, such 
as Irgacure 2925 and lithium acylphosphinate (LAP) salt 
(Table 4). The photocrosslinking of GelMA can produce 
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mild crosslinked hydrogel with low cytotoxicity[73]. Since 
GelMA was introduced by Van Den Bulcke et al. in 2000, 
several studies have shown that the physical properties 
and cell response parameters of GelMA could be tuned by 
manipulating its synthesis and processing. For example, 
a study in 2012 demonstrated that the compressive 
modulus of GelMA was directly correlated with the 
degree of methacryloyl substitution[74]. Cryogenic 
treatments, including freeze-drying, can also help control 
the pore sizes of the GelMA hydrogel[75]. In addition, the 
stiffness of this material can be modified by the degree of 
crosslinking[76]. As for its biocompatibility, the arginine-
glycine-aspartic acid sequence contained in GelMA is 
significant for promoting cell attachment[77], indicating 
a potential capability for promoting chondrogenesis. 
High cell viability is also observed in cell-laden GelMA 
hydrogel[73]. As for its disadvantages, studies have 
revealed that GelMA-pure hydrogel is poor in mechanical 
strength compared to the initial cartilage tissue. It also 
exhibits a high swelling rate, which increases wound 
pressure and results in the lack of stability required for 
the maintenance of space for cartilage regeneration[78].

The application of GelMA in 3D printing is advancing 
in recent years. In 2019, Chen et al. built a 3D-printed 
cartilage ECM/GelMA/exosome scaffold to deliver 
mesenchymal stem cell exosomes, which is significant for 
the disorder of intercellular mitochondria communication 
in OA[79]. The construct was printed successfully by a 
stereolithography-based 3D printer with a resolution of 
0.05 mm and suitable pore size (100 – 500 μm). By using 
the rabbit model, the authors also showed that the ECM/
GelMA/exosome scaffold was able to restore the functions 
of chondrocyte mitochondrial to enhance chondrocyte 
migration and cartilage regeneration[80]. In the same 
year, Lam et al. also developed a bioink consisting of 

GelMA. The scaffold was then embedded with porcine 
chondrocytes of different concentrations to investigate 
its biocompatibility and repair efficacy[81]. Significant 
chondrogenic differentiation and enhanced cartilage ECM 
formation was observed after 14 days of in vitro culture. 
The shapes and distribution of cells were also maintained 
throughout the 2 weeks. In addition, GelMA scaffold with 
high chondrocyte density promoted cartilage-specific 
COL type II formation compared to the MeHA-based 
constructs[81]. In 2020, Luo et al. developed a BMSCs-
containing bioink with 5% of GelMA[82]. This cell-laden 
GelMA hydrogel was capable for the construction of 
scaffolds with accurate and complex shapes. In addition, 
BMSC differentiation and generation of cartilage fiber 
tissue were observed after 4 weeks since the GelMA 
scaffold was implanted intramuscularly in nude mice. 
In a more recent study by Irmak and Gümüsderelioglu, 
a photocrosslinkable hydrogel consisting of GelMA and 
PRP, which contains various growth factors, was 3D 
printed into tissue-specific structures[83]. The GelMA/PRP 
scaffold could significantly promote the proliferation and 
differentiation of ATDC5 cells as suggested by in vitro 
cell culture study. However, the authors did not provide 
information about the efficacy of cartilage repair in vivo 
by this novel material.

2.6. PEG
PEG hydrogel is composed of synthetic liquid-swollen 
polymer networks (Figure 4D) that have been approved 
by the Food and Drug Administration for medical 
applications in human and have become one of the 
most popular resources to design hydrogels for cartilage 
repair[84]. It can be synthesized by photopolymerizing 
PEG precursors with the addition of photoinitiators[85]. 

Table 3. Conclusion of the gelation methods, biocompatibility, advantages and disadvantages of hydrogels mentioned in this article. The 
score goes from “+” to “+++”, suggesting relatively low, medium and high biocompatibility.

Materials Gelation methods Biocompatibility Highlight Reference
HA 1. Chemical agents

2. Photocrosslinking
3. Electropolymerization

++ Bioactive properties but poor of mechanical 
strength, which can be improved by crosslinking 
with materials such as PEG.

[32,66,97]

Alginate Cation adding +++ Suitable flexibility and shear-thinning capability, 
but poor of biomechanical properties and 
stability.

[44,45,66,97]

Collagen 1. Chemical agents
2.  Physical methods 

(heating, drying, 
irradiation e.g.)

+++ Good biocompatibility with inferior viscosity 
and mechanical properties; crosslinking via 
chemicals may involve toxic agents.

[11,59,66,73]

Silk 
Fibroin

1. Chemical agents
2. Cryogelation

++ Low adverse immune reaction, tunable 
degradation rate and elasticity; crosslinking via 
chemicals may involve toxic agents

[66,69]

GelMA Photocrosslinking +++ Fast gelation and tunable properties; low 
cytotoxicity but lacks mechanical strength.

[73,76,77]
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PEG has been shown to facilitate chondrogenic ECM 
regeneration back in 2002[86]. It is capable for maintaining 
the viability of non-adhesive cells such as chondrocytes, 
while discouraging the adhesion and spreading of adhesive 
cells including osteoblast and fibroblast[87]. Studies have 
found that this biologically inert property of PEG could 
be improved by the inclusion of hydroxyapatite and 
Laponite, a kind of synthetic smectite clay[88,89]. As for its 
mechanical properties, the compressive modulus of PEG 
hydrogel is about 0.75 MPa, which is relatively stronger 
than other hydrogels but still low compared with that of 
native human articular cartilage[90].

Scientists have been working on the development of 
PEG hydrogel in 3D printing for the past decade. In 2014, 
Zhang et al. developed a 3D-printed PEG scaffold with 
β-tricalcium phosphate ceramic, which is a special form 
of tricalcium phosphate used as bone graft substitute[91]. 
The scaffold was of 50%-65% porosity and was fully 
interconnected. Formation of new tissue with smooth but 
raised surface was observed 24 weeks after implantation 
using rabbit model with trochlea defects[90]. Gao and 
other scientists fabricated a PEG-GelMA scaffold 
encapsulating hMSCs by inkjet printing in 2015[92]. The 
contained cells were shown to maintain in their initially 
deposited position during printing and the cell viability 
was over 80%. 63% of embedded hMSCs underwent 
chondrogenic differentiation after 21 days of in vitro 
chondrogenesis, but cell hypertrophy was also observed. 
The compressive modulus of either cell-laden or non-
cell-laden PEG-GelMA scaffold was also lower than that 
of their corresponding PEG scaffold[92]. In 2018, Wang et 
al. developed a UV-crosslinkable ink containing GelMA 
and PEG diacrylate (PEGDA) (Table 4)[78]. Their results 
showed that the compressive stress of hydrogels with 
both GelMA and PEGDA was significantly higher than 
that of GelMA alone, but the novel ink became fragile as 
the concentration of GelMA increased due to enhanced 
crosslinking density. For its cytocompatibility, the 
viability of MC3T3-E1 cells during a 7-day culture was 
maintained above 99%. Recently, Qiao et al. combined 
triblock polymer networks of PCL-b-PEG-b-PCL with 
GelMA, BMSCs and growth factors to construct a native-
like tri-layered 3D scaffold via melt electrowriting, a 
high-resolution additive manufacturing process[93,94]. The 
three layers, superficial cartilage (S), deep cartilage (D), 
and subchondral bone (B), were fabricated with PCL-b-
PEG-b-PCL filaments of different diameters, spacing, and 
orientations based on the native osteochondral COL fiber 
architecture. The compressive moduli of the structure 
were benign (S: 283.6 ± 22.3 kPa, D: 964.2 ± 56.8 kPa, 
B: 55.8 ± 5.4 MPa), but the mechanical strength of 
cartilage parts was still inferior to that of natural tissue. 
Significant accumulation of osteochondral tissue-related 
zonal marker proteins and the presence of spatially Ta

bl
e 

4.
 A

cr
on

ym
s a

pp
lie

d 
in

 th
is

 re
vi

ew
 a

nd
 th

ei
r f

ul
l n

am
e

A
cr

on
ym

s
Fu

ll 
na

m
e

A
cr

on
ym

s
Fu

ll 
na

m
e

A
cr

on
ym

s
Fu

ll 
na

m
e

A
cr

on
ym

s
Fu

ll 
na

m
e

O
A

O
st

eo
ar

th
rit

is
PE

G
Po

ly
et

hy
le

ne
 g

ly
co

l
LA

P
Li

th
iu

m
 a

cy
lp

ho
sp

hi
na

te
 sa

lt
EC

M
Ex

tra
ce

llu
la

r m
at

rix
pN

IP
A

A
M

Po
ly

m
er

 p
ol

y 
(N

-is
op

ro
py

la
cr

yl
am

id
e)

 
gr

af
te

d 
hy

al
ur

on
an

M
M

P
M

et
al

lo
pr

ot
ei

na
se

M
eH

A
M

et
ha

cr
yl

at
ed

 
hy

al
ur

on
ic

 a
ci

d
B

M
SC

B
on

e 
m

ar
ro

w
-d

er
iv

ed
 

m
es

en
ch

ym
al

 st
em

 c
el

ls
EB

P
Ex

tru
si

on
-b

as
ed

 
pr

in
tin

g
A

D
A

M
TS

A
 d

is
in

te
gr

in
 a

nd
 a

 
m

et
al

lo
pr

ot
ei

na
se

 w
ith

 
th

ro
m

bo
sp

on
di

n 
m

ot
ifs

hM
SC

H
um

an
 m

es
en

ch
ym

al
 st

em
 

ce
lls

D
LP

D
ig

ita
l l

ig
ht

 p
ro

ce
ss

in
g

H
A

H
ya

lu
ro

ni
c 

ac
id

PC
L

Po
ly

ca
pr

ol
ac

to
ne

PR
P

Pl
at

el
et

-r
ic

h 
pl

as
m

a
IP

N
In

te
rp

en
et

ra
tin

g 
ne

tw
or

k
C

O
L

C
ol

la
ge

n
Si

l-M
A

M
et

ha
cr

yl
at

ed
 S

F
G

A
G

G
ly

co
sa

m
in

og
ly

ca
n

K
LF

3 
A

nt
is

en
se

 R
N

A
 

1:
 K

LF
3-

A
S1

SF
Si

lk
 fi

br
oi

n
PE

G
D

A
PE

G
 d

ia
cr

yl
at

e
TG

Fβ
Tr

an
sf

or
m

in
g 

gr
ow

th
 fa

ct
or

 β
G

-p
ro

tei
n-

co
up

led
 

re
ce

pt
or

 k
in

as
e i

nt
er

ac
tin

g 
pr

ot
ein

 1
: G

IT
-1

 
G

el
M

A
G

el
at

in
 m

et
ha

cr
yl

oy
l

TA
Ta

nn
ic

 a
ci

d
H

Y
P

H
yd

ro
xy

pr
ol

in
e



 Hydrogel based 3D-printing Bioinks for Cartilage Repair

24 International Journal of Bioprinting (2022)–Volume 8, Issue 3 

orientated cells were also observed, indicating a process 
of chondrogenesis and osteogenesis[93].

3. Current clinical trials based on hydrogel 
scaffold against cartilage damage
Until now, articular cartilage scaffolds for commercial 
use or clinical settings can be divided into three types: 
cell-laden constructs such as BioSeed®-C and CaReS® 
with seeded chondrocytes, cell-free constructs such 
as MaioRegen and TruFit with MSC derivates, and 
scaffold-free constructs with degradability, such 
as Chondrosphere®[95]. In addition, scientists have 
performed a clinical trial comparing patients receiving 
microfracture treatment with those implanted with BST-
CarGel, an acellular scaffold containing polysaccharide 
chitosan. It was shown that BST-CarGel with a debrided 
cartilage lesion could develop a more stable, voluminous, 
and adherent blood clot compared with the traditional 
surgical strategy for full-thickness cartilage defects[96]. 
Moreover, current ongoing clinical trials include a study 
to investigate the efficacy of decalcification bone scaffold 
when combined with microfracture in the clinical 
repairment of articular cartilage defects and another 
project comparing microfracture with COL scaffold laden 
with adipose-derived stem cells.

However, challenges still lie in the way of hydrogel 
scaffolds’ application from bench to bedside. Firstly, none 
of the above products are 3D-bioprinted. The printing 
process of one tissue-based human scale scaffold may take 
several hours, leading to an extremely long fabrication 
process and high costs if 3D-printed scaffolds are put 
into large scale production[23]; Second, even if a rapid and 
automatic printing process is developed, it may still be 
difficult to find a material with biomimetic components 
and structure. In addition, underlying molecular 
mechanisms of cartilage regeneration are still unclear, 
causing difficulties to navigate the regulatory pathways[95]. 
Therefore, the clinical application of 3D-printed cartilage 
scaffolds still has a long way to go unless more advance 
is made in pathological studies, bioink development, and 
customized 3D printing technologies.

4. Conclusion and future direction
As a technology that initially appeared at the end of the 
20th century, 3D printing can manipulate the structure 
of engineered tissue scaffolds with high resolution 
and accuracy[10]. In the recent decade, the 3D printing 
technique has been increasingly applied in the repair 
of articular cartilage, which is usually unable to self-
regenerate as it lacks vessels and nerves. Hydrogels have 
become the most used resources for bioinks due to their 
elastic property and ECM-mimetic crosslinked network 
structure. The mechanical and structural properties of 

printed constructs can be tuned by manipulating their 
printing process or crosslinking with other materials. In 
addition, cells, drugs, and other bioactive factors such 
as cytokines, can also be combined with 3D-printed 
tissue scaffolds to enhance the repair and regeneration of 
cartilage (Table 3)[11].

Generally, hydrogels lack mechanical strength and 
are incapable to bear long-term repetitive loading in vivo[23]. 
Thus, future directions of 3D-bioprinted cartilage tissue 
include developing tougher bioinks that can withstand the 
long-term compression and shear in joint environment[98]. 
For example, interpenetrating network (IPN) hydrogels, 
which are fabricated by combining multiple independent 
but interdigitating polymer networks at molecular level, 
has been shown to be an efficient way to enhance the 
mechanical properties of the biomaterial (Table 4)[99]. 
A recent study by Shojarazavi et al. developed an injectable 
IPN hydrogel composed of ionic crosslinked alginate, 
enzymatically crosslinked phenolized ECM and silk 
fibrin nanofibers[100]. The results show that with optimized 
concentration of alginate and silk fibrin nanofibers, the 
compression modulus and the mechanical stiffness of the 
hydrogels could be both improved.

Developing functional scaffold is a new tendency 
for 3D-printing cartilage repair. A general idea of 
functionalizing cartilage scaffolds is delivering drugs 
which target enzymes or cytokines that hinder cartilage 
regeneration. For example, MMP-13 has been found 
to be significant for the hypertrophy of BMSCs, 
thereby inhibiting the therapeutic effects of BMSCs for 
cartilage repair[101]. Thus, hydrogel carriers of MMP-13 
inhibitors can be developed to reduce the hypertrophy 
of mesenchymal stem cells during chondrogenesis[102]. 
Additionally, functional scaffolds with novel physical 
properties can be fabricated to enhance the efficacy 
of other existing treatments of osteochondral defects 
as well. Pulsed electromagnetic fields, a therapy for 
bone repair of low-risk and low-cost, has been found 
to improve the growth and healing of engineered 
cartilage[103]. Thus, inks that are conductive and able to 
build electro-microenvironment can be developed and 
applied in the field of 3D-printing cartilage tissue repair. 
Functionalizing cartilage scaffolds with cell derivates 
to avoid the side effects of cell-based therapies are also 
catching increasing attention. Previously, hydrogel 
scaffolds encapsulated with chondrocytes developed 
rapidly. However, the limited number of chondrocytes 
from donor sites and undesired effects, such as 
chondrocyte dedifferentiation, hinder their clinical 
efficacy[104]. Thus, MSC-laden scaffolds began to appear. 
Nevertheless, current clinical studies using engineered 
articular cartilage with MSCs demonstrated problems 
such as undesired MSC dedifferentiation, tumorigenicity 
and disease transmission[105]. To overcome these 
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limitations, MSC-derived exosomes can be combined 
with bioinks instead. In 2018, Liu et al. demonstrated 
that the therapeutic ability of MSC-derived exosomes 
specifically relied on lncRNA KLF3 Antisense RNA 1 
(KLF3-AS1). It works by separating miRNA206 from 
its target G-protein-coupled receptor kinase interacting 
protein 1 (GIT-1), which worked to inhibit chondrocytes 
apoptosis and promoted chondrogenesis[106]. Thus, 
developing 3D-printed hydrogel scaffolds carrying 
exosomes from lncRNA KLF3-AS1-overexpressing 
human MSCs can be an interesting direction for cartilage 
regeneration of osteoarthrosis patients. Moreover, single 
functional research about the regulatory role of miRNAs 
is far from sufficient because miRNAs are multitargeting 
and contribute to a complex regulatory network in 
chondrocytes about their proliferation, migration, 
autophagy and apoptosis[107]. As a result, future studies 
also need to comprehensively investigate the roles of 
miRNAs and their targets in the regulation of chondrocyte 
fate.

In all, 3D-bioprinting is an advancing and 
efficient technology for cartilage tissue repair. With the 
development of printing methods, novel bioinks and 
the understanding of molecular mechanisms regulating 
cartilage regeneration, 3D printed scaffold may become a 
promising therapy for clinical use in the near future.

Acknowledgements
This work was supported by Natural Science Foundation 
of China (81902187) and the Zhejiang Medical and 
Health Science and Technology Project (2022493383).

Conflict of interest
The authors declare no conflict of interest

Author contributions
Y.M. and Q.L. conceived the idea. Q.L. drafted the 
manuscript. Y.M. directly contribute to the manuscript by 
adjusting its content and structure, as well as modifying 
the grammar. X.Y. and W.W. further revised the paper by 
giving advice on its structure, content, figures and tables.

Reference
1. Messina OD, Wilman MV, Neira LF, 2019, Nutrition, 

Osteoarthritis and Cartilage Metabolism. Aging Clin Exp Res, 
31:807–13.

 https://doi.org/10.1007/s40520-019-01191-w
2. Lagarto JL, Nickdel MB, Kelly DJ, et al., 2020, 

Autofluorescence Lifetime Reports Cartilage Damage in 
Osteoarthritis. Sci Rep, 10:2154.

 https://doi.org/10.1038/s41598-020-59219-5

3. Gourdine J, 2019, Review of Nonsurgical Treatment 
Guidelines for Lower Extremity Osteoarthritis. Orthop Nurs, 
38:303–8.

 https://doi.org/10.1097/nor.0000000000000591
4. Wei W, Ma Y, Yao X, et al., 2021, Advanced Hydrogels for 

the Repair of Cartilage Defects and Regeneration. Bioact 
Mater, 6:998–1011.

 https://doi.org/10.1016/j.bioactmat.2020.09.030
5. Glyn-Jones S, Palmer AJ, Agricola R, et al., 2015, 

Osteoarthritis. Lancet, 386:376–87.
 https://doi.org/10.1016/s0140-6736(14)60802-3
6. Sacitharan PK, 2019, Ageing and Osteoarthritis. In: 

Harris JR, Korolchuk VI, editors. Biochemistry and Cell 
Biology of Ageing: Part II Clinical Science. Singapore: 
Springer. p123–59.

7. Guo T, Lembong J, Zhang LG, et al., 2017, Three-Dimensional 
Printing Articular Cartilage: Recapitulating the Complexity 
of Native Tissue. Tissue Eng Part B Rev, 23:225–36.

 https://doi.org/10.1089/ten.TEB.2016.0316
8. Xue JX, Gong YY, Zhou GD, et al., 2012, Chondrogenic 

Differentiation of Bone Marrow-derived Mesenchymal Stem 
Cells Induced by Acellular Cartilage Sheets. Biomaterials, 
33:5832–40.

 https://doi.org/10.1016/j.biomaterials.2012.04.054
9. Zhang YS, Khademhosseini A, 2017, Advances in 

Engineering Hydrogels. Science, 356:eaaf3627.
 https://doi.org/10.1126/science.aaf3627
10. Mei Q, Rao J, Bei HP, et al., 2021, 3D Bioprinting Photo-

Crosslinkable Hydrogels for Bone and Cartilage Repair. Int J 
Bioprint, 7:367.

 https://doi.org/10.18063/ijb.v7i3.367
11. Marques CF, Diogo GS, Pina S, et al., 2019, Collagen-

based Bioinks for Hard Tissue Engineering Applications: 
A Comprehensive Review. J Mater Sci Mater Med, 30:32.

 https://doi.org/10.1007/s10856-019-6234-x
12. Gillispie GJ, Han A, Uzun-Per M, et al., 2020, The Influence 

of Printing Parameters and Cell Density on Bioink Printing 
Outcomes. Tissue Eng Part A, 26:1349–58.

 https://doi.org/10.1089/ten.TEA.2020.0210
13. Diamantides N, Dugopolski C, Blahut E, et al., 2019, High 

Density Cell Seeding Affects the Rheology and Printability 
of Collagen Bioinks. Biofabrication, 11:045016.

 https://doi.org/10.1088/1758-5090/ab3524
14. Schwartz R, Malpica M, Thompson GL, et al., 2020, Cell 

Encapsulation in Gelatin Bioink Impairs 3D Bioprinting 
Resolution. J Mech Behav Biomed Mater, 103:103524.

 https://doi.org/10.1016/j.jmbbm.2019.103524

https://doi.org/10.1016/s0140-6736(14)60802-3
https://doi.org/10.1016/j.jmbbm.2019.103524


 Hydrogel based 3D-printing Bioinks for Cartilage Repair

26 International Journal of Bioprinting (2022)–Volume 8, Issue 3 

15. Hsu EL, Stock SR, 2020, Growth Factors, Carrier Materials, 
and Bone Repair. Handb Exp Pharmacol, 262:121–56.

 https://doi.org/10.1007/164_2020_371
16. Chen L, Liu J, Guan M, et al., 2020, Growth Factor and 

Its Polymer Scaffold-Based Delivery System for Cartilage 
Tissue Engineering. Int J Nanomedicine, 15:6097–111.

 https://doi.org/10.2147/ijn.S249829
17. Shirahama H, Lee BH, Tan LP, et al., 2016, Precise Tuning of 

Facile One-Pot Gelatin Methacryloyl (GelMA) Synthesis. Sci 
Rep, 6:31036.

 https://doi.org/10.1038/srep31036
18. Chimene D, Kaunas R, Gaharwar AK, 2020, Hydrogel Bioink 

Reinforcement for Additive Manufacturing: A Focused 
Review of Emerging Strategies. Adv Mater, 32:e1902026.

 https://doi.org/10.1002/adma.201902026
19. Bertlein S, Brown G, Lim KS, et al., 2017, Thiol-Ene 

Clickable Gelatin: A Platform Bioink for Multiple 3D 
Biofabrication Technologies. Adv Mater, 29:44.

 https://doi.org/10.1002/adma.201703404
20. Liao J, Qu Y, Chu B, et al., 2015, Biodegradable CSMA/

PECA/Graphene Porous Hybrid Scaffold for Cartilage Tissue 
Engineering. Sci Rep, 5:9879.

 https://doi.org/10.1038/srep09879
21. Cui X, Li J, Hartanto Y, et al., 2020, Advances in Extrusion 

3D Bioprinting: A Focus on Multicomponent Hydrogel-
Based Bioinks. Adv Healthc Mater, 9:e1901648.

 https://doi.org/10.1002/adhm.201901648
22. Zhang YS, Haghiashtiani G, Hübscher T, et al., 2021, 3D 

Extrusion Bioprinting. Nat Rev Methods Prim, 1:75.
 https://doi.org/10.1038/s43586-021-00073-8
23. Daly AC, Freeman FE, Gonzalez-Fernandez T, et al., 2017, 

3D Bioprinting for Cartilage and Osteochondral Tissue 
Engineering. Adv Healthc Mater, 6:22.

 https://doi.org/10.1002/adhm.201700298
24. Willson K, Atala A, Yoo JJ, 2021, Bioprinting Au Natural: 

The Biologics of Bioinks. Biomolecules, 11:1593.
 https://doi.org/10.3390/biom11111593
25. Zhang J, Hu Q, Wang S, et al., 2020, Digital Light Processing 

Based Three-dimensional Printing for Medical Applications. 
Int J Bioprint, 6:242.

 https://doi.org/10.18063/ijb.v6i1.242
26. Petta D, D’Amora U, Ambrosio L, et al., 2020, Hyaluronic 

Acid as a Bioink for Extrusion-based 3D Printing. 
Biofabrication, 12:032001.

 https://doi.org/10.1088/1758-5090/ab8752
27. Kim SH, Kim DY, Lim TH, et al., 2020, Silk Fibroin Bioinks 

for Digital Light Processing (DLP) 3D Bioprinting. In: 

Chun HJ, Reis RL, Motta A, Khang G. editors. Bioinspired 
Biomaterials: Advances in Tissue Engineering and 
Regenerative Medicine. Singapore: Springer. p53-66.

28. Antich C, de Vicente J, Jiménez G, et al., 2020, Bio-inspired 
Hydrogel Composed of Hyaluronic Acid and Alginate as a 
Potential Bioink for 3D Bioprinting of Articular Cartilage 
Engineering Constructs. Acta Biomater, 106:114–23.

 https://doi.org/10.1016/j.actbio.2020.01.046
29. Fraser JR, Laurent TC, Laurent UB, 1997, Hyaluronan: Its 

Nature, Distribution, Functions and Turnover. J Intern Med, 
242:27–33.

 https://doi.org/10.1046/j.1365-2796.1997.00170.x
30. Evanko SP, Angello JC, Wight TN, 1999, Formation of 

Hyaluronan and Versican-rich Pericellular Matrix is Required 
for Proliferation and Migration of Vascular Smooth Muscle 
Cells. Arterioscler Thromb Vasc Biol, 19:1004–13.

 https://doi.org/10.1161/01.atv.19.4.1004
31. Abatangelo G, Vindigni V, Avruscio G, et al., 2020, 

Hyaluronic Acid: Redefining its Role. Cells, 9:1743.
 https://doi.org/10.3390/cells9071743
32. Burdick JA, Prestwich GD, 2011, Hyaluronic Acid Hydrogels 

for Biomedical Applications. Adv Mater, 23:H41–56.
 https://doi.org/10.1002/adma.201003963
33. Shu XZ, Ahmad S, Liu Y, et al., 2006, Synthesis and 

Evaluation of Injectable, In Situ Crosslinkable Synthetic 
Extracellular Matrices for Tissue Engineering. J Biomed 
Mater Res A, 79:902–12.

 https://doi.org/10.1002/jbm.a.30831
34. Vanderhooft JL, Mann BK, Prestwich GD, 2007, Synthesis 

and Characterization of Novel Thiol-reactive Poly(Ethylene 
Glycol) Cross-linkers for Extracellular-matrix-mimetic 
Biomaterials. Biomacromolecules, 8:2883–9.

 https://doi.org/10.1021/bm0703564
35. Serban MA, Prestwich GD, 2007, Synthesis of Hyaluronan 

Haloacetates and Biology of Novel Cross-linker-free Synthetic 
Extracellular Matrix Hydrogels. Biomacromolecules, 
8:2821–8.

 https://doi.org/10.1021/bm700595s
36. Pouyani T, Prestwich GD, 1994, Functionalized Derivatives 

of Hyaluronic Acid Oligosaccharides: Drug Carriers and 
Novel Biomaterials. Bioconjug Chem, 5:339–47.

 https://doi.org/10.1021/bc00028a010
37. Darr A, Calabro A, 2009, Synthesis and Characterization of 

Tyramine-based Hyaluronan Hydrogels. J Mater Sci Mater 
Med, 20:33–44.

 https://doi.org/10.1007/s10856-008-3540-0
38. Ozbolat IT, Hospodiuk M, 2016, Current Advances and Future 



Liang, et al. 

 International Journal of Bioprinting (2022)–Volume 8, Issue 3 27

Perspectives in Extrusion-based Bioprinting. Biomaterials, 
76:321–43.

 https://doi.org/10.1016/j.biomaterials.2015
39. Kesti M, Müller M, Becher J, et al., 2015, A Versatile Bioink 

for Three-dimensional Printing of Cellular Scaffolds Based 
on Thermally and Photo-triggered Tandem Gelation. Acta 
Biomater, 11:162–72.

 https://doi.org/10.1016/j.actbio.2014.09.033
40. Poldervaart MT, Goversen B, de Ruijter M, et al., 2017, 

3D Bioprinting of Methacrylated Hyaluronic Acid 
(MeHA) Hydrogel with Intrinsic Osteogenicity. PLoS One, 
12:e0177628.

 https://doi.org/10.1371/journal.pone.0177628
41. Lin H, Beck AM, Shimomura K, et al., 2019, Optimization 

of Photocrosslinked Gelatin/hyaluronic Acid Hybrid Scaffold 
for the Repair of Cartilage Defect. J Tissue Eng Regen Med, 
13:1418–29.

 https://doi.org/10.1002/term.2883
42. Titan A, Schär M, Hutchinson I, et al., 2020, Growth 

Factor Delivery to a Cartilage-Cartilage Interface Using 
Platelet-Rich Concentrates on a Hyaluronic Acid Scaffold. 
Arthroscopy, 36:1431–40.

 https://doi.org/10.1016/j.arthro.2019.12.004
43. Qi X, Tong X, Pan W, et al., 2021, Recent Advances in 

Polysaccharide-based Adsorbents for Wastewater Treatment. 
J Cleaner Prod, 315:128221.

 https://doi.org/10.1016/j.jclepro.2021.128221
44. Axpe E, Oyen ML, 2016, Applications of Alginate-Based 

Bioinks in 3D Bioprinting. Int J Mol Sci, 17:1976.
 https://doi.org/10.3390/ijms17121976
45. Hadley DJ, Silva EA, 2019, Thaw-Induced Gelation of 

Alginate Hydrogels for Versatile Delivery of Therapeutics. 
Ann Biomed Eng, 47:1701–10.

 https://doi.org/10.1007/s10439-019-02282-5
46. Kabir W, Di Bella C, Choong PF, et al., 2020, Assessment 

of Native Human Articular Cartilage: A Biomechanical 
Protocol. Cartilage, 13:427S–37.

 https://doi.org/10.1177/1947603520973240
47. Yang X, Lu Z, Wu H, et al., 2018, Collagen-alginate as 

Bioink for Three-dimensional (3D) Cell Printing Based 
Cartilage Tissue Engineering. Mater Sci Eng C Mater Biol 
Appl, 83:195–201.

 https://doi.org/10.1016/j.msec.2017.09.002
48. Rastogi P, Kandasubramanian B, 2019, Review of Alginate-

based Hydrogel Bioprinting for Application in Tissue 
Engineering. Biofabrication, 11:042001.

 https://doi.org/10.1088/1758-5090/ab331e

49. Reakasame S, Boccaccini AR, 2018, Oxidized Alginate-
Based Hydrogels for Tissue Engineering Applications: 
A Review. Biomacromolecules, 19:3–21.

 https://doi.org/10.1021/acs.biomac.7b01331
50. Luo Y, Li Y, Qin X, et al., 2018, 3D Printing of Concentrated 

Alginate/Gelatin Scaffolds with Homogeneous Nano Apatite 
Coating for Bone Tissue Engineering. Mater Des, 146:12–9.

 https://doi.org/10.1016/j.matdes.2018.03.002
51. Fedorovich NE, Schuurman W, Wijnberg HM, et al., 

2012, Biofabrication of Osteochondral Tissue Equivalents 
by Printing Topologically Defined, Cell-laden Hydrogel 
Scaffolds. Tissue Eng Part C Methods, 18:33–44.

 https://doi.org/10.1089/ten.TEC.2011.0060
52. Bakarich SE, Gorkin R 3rd, in het Panhuis M, et al., 2014, 

Three-dimensional Printing Fiber Reinforced Hydrogel 
Composites. ACS Appl Mater Interfaces, 6:15998–6006.

 https://doi.org/10.1021/am503878d
53. Kundu J, Shim JH, Jang J, et al., 2015, An Additive 

Manufacturing-based PCL-alginate-chondrocyte Bioprinted 
Scaffold for Cartilage Tissue Engineering. J Tissue Eng 
Regen Med, 9:1286–97.

 https://doi.org/10.1002/term.1682
54. Kosik-Kozioł A, Costantini M, Bolek T, et al., 2017, PLA Short 

Sub-micron Fiber Reinforcement of 3D Bioprinted Alginate 
Constructs for Cartilage Regeneration. Biofabrication, 
9:044105.

 https://doi.org/10.1088/1758-5090/aa90d7
55. Olate-Moya F, Arens L, Wilhelm M, et al., 2020, 

Chondroinductive Alginate-Based Hydrogels Having 
Graphene Oxide for 3D Printed Scaffold Fabrication. ACS 
Appl Mater Interfaces, 12:4343–57.

 https://doi.org/10.1021/acsami.9b22062
56. Schwarz S, Kuth S, Distler T, et al., 2020, 3D Printing and 

Characterization of Human Nasoseptal Chondrocytes Laden 
Dual Crosslinked Oxidized Alginate-gelatin Hydrogels for 
Cartilage Repair Approaches. Mater Sci Eng C Mater Biol 
Appl, 116:111189.

 https://doi.org/10.1016/j.msec.2020.111189
57. Depalle B, Qin Z, Shefelbine SJ, et al., 2015, Influence of 

Cross-link Structure, Density and Mechanical Properties in 
the Mesoscale Deformation Mechanisms of Collagen Fibrils. 
J Mech Behav Biomed Mater, 52:1–13.

 https://doi.org/10.1016/j.jmbbm.2014.07.008
58. Bellis SL, 2011, Advantages of RGD Peptides for Directing 

Cell Association with Biomaterials. Biomaterials, 
32:4205–42.

 https://doi.org/10.1016/j.biomaterials.2011.02.029

https://doi.org/10.1016/j.biomaterials.2011.02.029


 Hydrogel based 3D-printing Bioinks for Cartilage Repair

28 International Journal of Bioprinting (2022)–Volume 8, Issue 3 

59. Adamiak K, Sionkowska A, 2020, Current Methods of 
Collagen Cross-linking: Review. Int J Biol Macromol, 
161:550–60.

 https://doi.org/10.1016/j.ijbiomac.2020.06.075
60. Lee H, Yang GH, Kim M, et al., 2018, Fabrication of Micro/

Nanoporous Collagen/dECM/Silk-fibroin Biocomposite 
Scaffolds Using a Low Temperature 3D Printing Process for 
Bone Tissue Regeneration. Mater Sci Eng C Mater Biol Appl, 
84:140–7.

 https://doi.org/10.1016/j.msec.2017.11.013
61. Shim JH, Jang KM, Hahn SK, et al., 2016, Three-dimensional 

Bioprinting of Multilayered Constructs Containing Human 
Mesenchymal Stromal Cells for Osteochondral Tissue 
Regeneration in the Rabbit Knee Joint. Biofabrication, 
8:014102.

 https://doi.org/10.1088/1758-5090/8/1/014102
62. Stratesteffen H, Köpf M, Kreimendahl F, et al., 2017, GelMA-

collagen Blends Enable Drop-on-demand 3D Printablility 
and Promote Angiogenesis. Biofabrication, 9:045002.

 https://doi.org/10.1088/1758-5090/aa857c
63. Lee J, Yeo M, Kim W, et al., 2018, Development of a Tannic 

Acid Cross-linking Process for Obtaining 3D Porous Cell-
laden Collagen Structure. Int J Biol Macromol, 110:497–503.

 https://doi.org/10.1016/j.ijbiomac.2017
64. Wang C, Yue H, Huang W, et al., 2020, Cryogenic 3D 

Printing of Heterogeneous Scaffolds with Gradient 
Mechanical Strengths and Spatial Delivery of Osteogenic 
Peptide/TGF-β1 for Osteochondral Tissue Regeneration. 
Biofabrication, 12:025030.

 https://doi.org/10.1088/1758-5090/ab7ab5
65. Tong X, Pan W, Su T, et al., 2020, Recent Advances in Natural 

Polymer-based Drug Delivery Systems. React Funct Polym, 
148:104501.

 https://doi.org/10.1016/j.reactfunctpolym.2020.104501
66. Catoira MC, Fusaro L, Di Francesco D, et al., 2019, 

Overview of Natural Hydrogels for Regenerative Medicine 
Applications. J Mater Sci Mater Med, 30:115.

 https://doi.org/10.1007/s10856-019-6318-7
67. Kim HJ, Kim MK, Lee KH, et al., 2017, Effect of Degumming 

Methods on Structural Characteristics and Properties of 
Regenerated Silk. Int J Biol Macromol, 104:294–302.

 https://doi.org/10.1016/j.ijbiomac.2017.06.019
68. Rasheed T, Bilal M, Zhao Y, et al., 2019, Physiochemical 

Characteristics and Bone/Cartilage Tissue Engineering 
Potentialities of Protein-based Macromolecules a Review. Int 
J Biol Macromol, 121:13–22.

 https://doi.org/10.1016/j.ijbiomac.2018

69. Singh YP, Bandyopadhyay A, Mandal BB, 2019, 3D 
Bioprinting Using Cross-Linker-Free Silk-Gelatin Bioink for 
Cartilage Tissue Engineering. ACS Appl Mater Interfaces, 
11:33684–96.

 https://doi.org/10.1021/acsami.9b11644
70. Vepari C, Kaplan DL, 2007, Silk as a Biomaterial. Prog 

Polym Sci, 32:991–1007.
 https://doi.org/10.1016/j.progpolymsci.2007.05.013
71. Shi W, Sun M, Hu X, et al., 2017, Structurally and 

Functionally Optimized Silk-Fibroin-Gelatin Scaffold Using 
3D Printing to Repair Cartilage Injury In Vitro and In Vivo. 
Adv Mater, 29:1701089. 

 https://doi.org/10.1002/adma.201701089
72. Kim SH, Yeon YK, Lee JM, et al., 2018, Precisely Printable 

and Biocompatible Silk Fibroin Bioink for Digital Light 
Processing 3D Printing. Nat Commun, 9:1620.

 https://doi.org/10.1038/s41467-018-03759-y
73. Yue K, Trujillo-de Santiago G, Alvarez MM, et al., 2015, 

Synthesis, Properties, and Biomedical Applications of 
Gelatin Methacryloyl (GelMA) Hydrogels. Biomaterials, 
73:254–71.

 https://doi.org/10.1016/j.biomaterials.2015.08.045
74. Chen YC, Lin RZ, Qi H, et al., 2012, Functional Human 

Vascular Network Generated in Photocrosslinkable Gelatin 
Methacrylate Hydrogels. Adv Funct Mater, 22:2027–39.

 https://doi.org/10.1002/adfm.201101662
75. Koshy ST, Ferrante TC, Lewin SA, et al., 2014, Injectable, 

Porous, and Cell-responsive Gelatin Cryogels. Biomaterials, 
35:2477–87.

 https://doi.org/10.1016/j.biomaterials.2013.11.044
76. Wei D, Xiao W, Sun J, et al., 2015, A Biocompatible Hydrogel 

with Improved Stiffness and Hydrophilicity for Modular 
Tissue Engineering Assembly. J Mater Chem B, 3:2753–63.

 https://doi.org/10.1039/c5tb00129c
77. Liu Y, Chan-Park MB, 2010, A Biomimetic Hydrogel Based 

on Methacrylated Dextran-graft-lysine and Gelatin for 3D 
Smooth Muscle Cell Culture. Biomaterials, 31:1158–70.

 https://doi.org/10.1016/j.biomaterials.2009
78. Wang Y, Ma M, Wang J, et al., 2018, Development of a Photo-

Crosslinking, Biodegradable GelMA/PEGDA Hydrogel for 
Guided Bone Regeneration Materials. Materials (Basel), 
11:1345.

 https://doi.org/10.3390/ma11081345
79. Mobasheri A, Rayman MP, Gualillo O, et al., 2017, The Role 

of Metabolism in the Pathogenesis of Osteoarthritis. Nat Rev 
Rheumatol, 13:302–11.

 https://doi.org/10.1038/nrrheum.2017.50



Liang, et al. 

 International Journal of Bioprinting (2022)–Volume 8, Issue 3 29

80. Chen P, Zheng L, Wang Y, et al., 2019, Desktop-
stereolithography 3D Printing of a Radially Oriented 
Extracellular Matrix/Mesenchymal Stem Cell Exosome 
Bioink for Osteochondral Defect Regeneration. Theranostics, 
9:2439–59.

 https://doi.org/10.7150/thno.31017
81. Lam T, Dehne T, Krüger JP, et al., 2019, Photopolymerizable 

Gelatin and Hyaluronic Acid for Stereolithographic 3D 
Bioprinting of Tissue-engineered Cartilage. J Biomed Mater 
Res B Appl Biomater, 107:2649–57.

 https://doi.org/10.1002/jbm.b.34354
82. Luo C, Xie R, Zhang J, et al., 2020, Low-Temperature 

Three-Dimensional Printing of Tissue Cartilage Engineered 
with Gelatin Methacrylamide. Tissue Eng Part C Methods, 
26:306–16.

 https://doi.org/10.1089/ten.TEC.2020.0053
83. Irmak G, Gümüşderelioğlu M, 2020, Photo-activated 

Platelet-rich Plasma (PRP)-based Patient-specific Bio-ink for 
Cartilage Tissue Engineering. Biomed Mater, 15:0650.

 https://doi.org/10.1088/1748-605X/ab9e46
84. Chin SY, Poh YC, Kohler AC, et al., 2018, An Additive 

Manufacturing Technique for the Facile and Rapid Fabrication 
of Hydrogel-based Micromachines with Magnetically 
Responsive Components. J Vis Exp, 137:56727.

 https://doi.org/10.3791/56727
85. Arcaute K, Mann B, Wicker R, 2010, Stereolithography of 

Spatially Controlled Multi-material Bioactive Poly(Ethylene 
Glycol) Scaffolds. Acta Biomater, 6:1047–54.

 https://doi.org/10.1016/j.actbio.2009.08.017
86. Bryant SJ, Anseth KS, 2002, Hydrogel Properties Influence 

ECM Production by Chondrocytes Photoencapsulated in 
Poly(Ethylene Glycol) Hydrogels. J Biomed Mater Res, 
59:63–72.

 https://doi.org/10.1002/jbm.1217
87. Sharma B, Fermanian S, Gibson M, et al., 2013, Human 

Cartilage Repair with a Photoreactive Adhesive-hydrogel 
Composite. Sci Transl Med, 5:167ra166.

 https://doi.org/10.1126/scitranslmed.3004838
88. Gaharwar AK, Dammu SA, Canter JM, et al., 2011, 

Highly Extensible, Tough, and Elastomeric Nanocomposite 
Hydrogels from Poly(Ethylene Glycol) and Hydroxyapatite 
Nanoparticles. Biomacromolecules, 12:1641–50.

 https://doi.org/10.1021/bm200027z
89. Gaharwar AK, Kishore V, Rivera C, et al., 2012, Physically 

Crosslinked Nanocomposites from Silicate-crosslinked PEO: 
Mechanical Properties and Osteogenic Differentiation of Human 
Mesenchymal Stem Cells. Macromol Biosci, 12:779–93.

 https://doi.org/10.1002/mabi.201100508
90. Zhang W, Lian Q, Li D, et al., 2014, Cartilage Repair 

and Subchondral Bone Migration Using 3D Printing 
Osteochondral Composites: A One-year-period Study in 
Rabbit Trochlea. Biomed Res Int, 2014:746138.

 https://doi.org/10.1155/2014/746138
91. Treccani L, Klein TY, Meder F, et al., 2013, Functionalized 

Ceramics for Biomedical, Biotechnological and Environmental 
Applications. Acta Biomater, 9:7115–50.

 https://doi.org/10.1016/j.actbio.2013.03.036
92. Gao G, Schilling AF, Hubbell K, et al., 2015, Improved 

Properties of Bone and Cartilage Tissue from 3D Inkjet-
bioprinted Human Mesenchymal Stem Cells by Simultaneous 
Deposition and Photocrosslinking in PEG-GelMA. 
Biotechnol Lett, 37:2349–55.

 https://doi.org/10.1007/s10529-015-1921-2
93. Qiao Z, Lian M, Han Y, et al., 2021, Bioinspired 

Stratified Electrowritten Fiber-reinforced Hydrogel 
Constructs with Layer-specific Induction Capacity for 
Functional Osteochondral Regeneration. Biomaterials, 
266:120385.

 https://doi.org/10.1016/j.biomaterials.2020.120385
94. Kade JC, Dalton PD, 2021, Polymers for Melt Electrowriting. 

Adv Healthc Mater, 10:e2001232.
 https://doi.org/10.1002/adhm.202001232
95. Jiang S, Guo W, Tian G, et al., 2020, Clinical Application 

Status of Articular Cartilage Regeneration Techniques: 
Tissue-Engineered Cartilage Brings New Hope. Stem Cells 
Int, 2020:5690252.

 https://doi.org/10.1155/2020/5690252
96. Shive MS, Hoemann CD, Restrepo A, et al., 2006, BST-

CarGel: In Situ ChondroInduction for Cartilage Repair. Oper 
Techn Orthop, 16:271–8.

 https://doi.org/10.1053/j.oto.2006.08.001
97. Sahana TG, Rekha PD, 2018, Biopolymers: Applications in 

Wound Healing and Skin Tissue Engineering. Mol Biol Rep, 
45:2857–67.

 https://doi.org/10.1007/s11033-018-4296-3
98. Daly AC, Critchley SE, Rencsok EM, et al., 2016, A 

Comparison of Different Bioinks for 3D Bioprinting of 
Fibrocartilage and Hyaline Cartilage. Biofabrication, 
8:045002.

 https://doi.org/10.1088/1758-5090/8/4/045002
99. Dhand AP, Galarraga JH, Burdick JA, 2021, Enhancing 

Biopolymer Hydrogel Functionality through Interpenetrating 
Networks. Trends Biotechnol, 39:519–38.

 https://doi.org/10.1016/j.tibtech.2020.08.007

https://doi.org/10.1016/j.tibtech.2020.08.007


 Hydrogel based 3D-printing Bioinks for Cartilage Repair

30 International Journal of Bioprinting (2022)–Volume 8, Issue 3 

100. Shojarazavi N, Mashayekhan S, Pazooki H, et al., 2021, 
Alginate/Cartilage Extracellular Matrix-based Injectable 
Interpenetrating Polymer Network Hydrogel for Cartilage 
Tissue Engineering. J Biomater Appl, 36:803–17.

 https://doi.org/10.1177/08853282211024020
101. D’Angelo M, Billings PC, Pacifici M, et al., 2001, Authentic 

Matrix Vesicles Contain Active Metalloproteases (MMP). 
A Role for Matrix Vesicle-associated MMP-13 in Activation of 
Transforming Growth Factor-beta. J Biol Chem, 276:11347–53.

 https://doi.org/10.1074/jbc.M009725200
102. Jahangir S, Eglin D, Pötter N, et al., 2020, Inhibition of 

Hypertrophy and Improving Chondrocyte Differentiation by 
MMP-13 Inhibitor Small Molecule Encapsulated in Alginate-
chondroitin Sulfate-platelet Lysate Hydrogel. Stem Cell Res 
Ther, 11:436.

 https://doi.org/10.1186/s13287-020-01930-1
103. Stefani RM, Barbosa S, Tan AR, et al., 2020, Pulsed 

Electromagnetic Fields Promote Repair of Focal Articular 
Cartilage Defects with Engineered Osteochondral Constructs. 
Biotechnol Bioeng, 117:1584–96.

 https://doi.org/10.1002/bit.27287
104. Kino-Oka M, Maeda Y, Sato Y, et al., 2009, Morphological 

Evaluation of Chondrogenic Potency in Passaged Cell 
Populations. J Biosci Bioeng, 107:544–51.

 https://doi.org/10.1016/j.jbiosc.2008.12.018
105. Večerić-Haler Ž, Cerar A, Perše M, 2017, (Mesenchymal) 

Stem Cell-Based Therapy in Cisplatin-Induced Acute 
Kidney Injury Animal Model: Risk of Immunogenicity and 
Tumorigenicity. Stem Cells Int, 2017:7304643.

 https://doi.org/10.1155/2017/7304643
106. Liu Y, Lin L, Zou R, et al., 2018, MSC-derived Exosomes 

Promote Proliferation and Inhibit Apoptosis of Chondrocytes 
via lncRNA-KLF3-AS1/miR-206/GIT1 Axis in Osteoarthritis. 
Cell Cycle, 17:2411–22.

 https://doi.org/10.1080/15384101.2018.1526603
107. Liang Y, Xu X, Li X, et al., 2020, Chondrocyte-Targeted 

MicroRNA Delivery by Engineered Exosomes toward a 
Cell-Free Osteoarthritis Therapy. ACS Appl Mater Interfaces, 
12:36938–47.

 https://doi.org/10.1021/acsami.0c10458

Publisher’s note
Whioce Publishing remains neutral with regard to 
jurisdictional claims in published maps and institutional 
affiliations.


