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Abstract
Cartilage and osteochondral tissues are vital tissues in the human body for normal 
activities. Cartilage and osteochondral defects represent prevalent clinical entities 
due to the limited regenerative capacity of the corresponding tissues. This growing 
disease burden underscores the urgent need for advanced therapeutic strategies 
facilitating both cartilage and osteochondral regeneration. With advancements in 
bioprinting technology, cartilage and osteochondral tissue engineering offers new 
hope for treatment. However, bioprinting of cartilage and osteochondral tissue still 
faces significant challenges, including replicating the mechanical properties and 
lubrication function of cartilage and osteochondral tissue, as well as mimicking the 
structural complexity of bone–cartilage tissues. In recent years, the development 
of innovative bioinks and novel bioprinting technologies has provided new 
solutions for the biomanufacturing of cartilage and osteochondral tissue. This 
article systematically reviews the latest developments in the field of bioprinting for 
cartilage and osteochondral tissue engineering, addressing potential directions, 
challenges, and covering topics, such as bioprinting techniques, bioinks, and recent 
advancements in cartilage and osteochondral regeneration. Through this article, 
future potential directions and existing challenges in the bioprinting of cartilage and 
osteochondral tissue can be further clarified.

Keywords: 3D bioprinting; Biofabrication; Cartilage; Composite ink;  
Extrusion-based printing; Hydrogel

1. Introduction
The field of regenerative medicine has made significant progress in recent years with 
the development of three-dimensional (3D) bioprinting technology1,2—an innovative 
approach that allows for the fabrication of complex biological structures with high 

https://doi.org/10.36922/IJB025120098
mailto:panhui@wchscu.edu.cn
mailto:zhouzongke@scu.edu.cn
mailto:luozy@wchscu.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5214-9809
https://orcid.org/0009-0001-2753-9861
https://orcid.org/0000-0001-5500-7806
https://orcid.org/0000-0002-9037-4756
https://orcid.org/0009-0003-3890-0784


Bioprinting for cartilage and osteochondral repair

155Volume 11 Issue 3 (2025) doi: 10.36922/IJB025120098

International Journal of Bioprinting

precision and accuracy.3,4 One of the promising applications 
of 3D bioprinting is in the regeneration of cartilage and 
osteochondral tissue.5,6 

Cartilage and osteochondral tissue are essential for 
the proper functioning of joints, but they have limited 
self-repair capabilities, making it challenging to treat 
injuries and diseases that affect these tissues.7 Traditional 
treatments for cartilage and osteochondral damage 
include joint replacement surgeries, which have several 
limitations, including long recovery times and potential 
complications.8–10 

3D bioprinting offers a novel approach for the 
regeneration of cartilage and osteochondral tissue by 

providing a platform for the fabrication of custom-made 
scaffolds that mimic the native tissue’s structure and 
function.11 These scaffolds can be seeded with cells and 
growth factors to promote tissue regeneration, allowing 
for the creation of living tissues that can integrate with the 
surrounding tissue.3 

In this article, we explore the current state of 3D 
bioprinting technology for cartilage and osteochondral 
regeneration, including the various bioinks and techniques 
used in the fabrication of scaffolds and the challenges that 
must be addressed to translate this technology into clinical 
practice (Figure 1). 

Figure 1. Overview of 3D bioprinting for cartilage and osteochondral regeneration. Abbreviations: ECM: Extracellular matrix; HA: Hyaluronic acid;  
PCL: Polycaprolactone; PEG: Polyethylene glycol; PLA: Polylactic acid; PLGA: Poly lactic-co-glycolic acid.
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2. 3D bioprinting strategies
2.1. Inkjet bioprinting
Inkjet printing technology is a printing technology in 
which ink is sprayed onto a substrate in a non-contact 
manner, capable of depositing any printable ink on any 
desired substrate while causing negligible damage to the 
substrate. Inkjet technology has revolutionized the way 
we print text and pictures and is widely used in electronic 
device manufacturing.12 Later, researchers realized that 
the contactless and on-demand drip properties of inkjet 
printing may facilitate accurate patterning of biomaterials 
without contamination and waste of ink. Inkjet printing 
can deliver a wide variety of different materials and cells 
to specific locations with precision in both a non-contact 
and on-demand manner, thus, having the possibility 
of constructing complex heterogeneous biomimetic 
structures required by researchers.12 In 3D bioprinting, the 
ink of inkjet printing is replaced by a cell containing bioink, 
and the paper of inkjet printing is switched to the x–y–z 
controllable platform in 3D bioprinting, which allows for 
the 3D fabrication of biologically relevant objects. Bioink 
deposition is based on the temporal deformation of the 
internal space inside the nozzle through which the bioink 
flows, due to piezoelectric excitation or digitized thermal 
excitation. This deformation allows the dispensing of liquid 
drop-by-drop onto the collection platform, and the main 
advantages of hierarchical structure inkjet bioprinting 
in the z-axis are the simplicity of the system and the 
relatively low cost.13 In the case of inkjet bioprinting, 
the bioink is dispensed using piezoelectric or thermal 
actuation, allowing for precise deposition of droplets 
of the bioink.14 Researchers have recognized that inkjet 
printing has the potential to precisely pattern biomaterials 
without contamination or ink waste.15 Inkjet bioprinting 
enables the simultaneous and accurate delivery of multiple 
different materials and cells to specific locations in a 
non-contact, on-demand manner, making it possible to 
construct complex heterogeneous biomimetic structures 
required by researchers.14 Additionally, the droplet size 
produced by inkjet printing is in the picoliter range, 
allowing for high-precision positioning of microscopic 
biological components in digital graphics.12 The nozzle 
diameter of inkjet devices is typically around 50 μm, which 
is similar in size to cells, making cell printing or even 
single-cell printing a possibility.12 Biomaterials for inkjet 
bioprinting need to have a lower viscosity compared to 
extrusion-based bioprinting. In addition, the fluid density 
and surface tension of these biomaterials also need to 
meet high requirements, which can hinder their flow 
and droplet formation. The viscosity of biomaterials used 
in inkjet printers ranges from 3 to 30 mPa·s, the surface 
tension ranges from 20 to 70 mJ·m− 2, and the proposed 

density is 1000 kg·m−3.12 When printing cell-containing 
bioinks, the characteristics and endurance of cells need to 
be considered. For example, when using an MJ-ABL piezo 
inkjet nozzle (MicroFab) with a diameter of 120 μm to 
print biological solutions, the droplet frequency is 20–60 
Hz. The self-built pneumatic valve-type microdroplet on-
demand injection system can spray human peripheral 
blood lymphocytes and culture medium at a frequency of 
20 Hz, which can ensure the survival rate of cells after the 
injection process is close to 100%. In other studies, when 
printing mammalian cells, the emission frequency is set to 
50–200 Hz, and there are also settings of 5 Hz to obtain 
high-quality images.16

However, inkjet bioprinting does have some 
limitations, including the limited range of cell densities 
that can be used for bioprinting and the viscosity range of 
bioinks.17 During inkjet printing, cell viability is regarded 
as a function of pressure, inkjet-substrate distance, liquid 
viscosity, and percentage of substrate gelling. Hendriks  
et al.18 presented a comprehensive study of the key factors 
associated with cell viability during drop-based printing, 
which could provide a reference for optimizing cell viability 
in this field. Despite these limitations, inkjet technology 
has become a practical tool in modern medicine,19 drug 
discovery,20 and tissue engineering.5 Inkjet bioprinting has 
been successfully used to create various tissue-engineered 
structures, including bone and cartilage structures.21 In 
conclusion, inkjet bioprinting shows promise in the field 
of 3D bioprinting and will continue to be an area of active 
research and development.

2.2. Extrusion bioprinting
Extrusion-based 3D printing has become a popular 
technique for tissue engineering applications since its 
introduction in 2002 by Heinrich et al.3 Extrusion-based 
bioprinting can be seen as a step up from inkjet bioprinting, 
using pneumatic or mechanical transmission as the driving 
force, which continuously extrudes bioink from the nozzle 
and deposits bioink on the platform substrate to construct 
the 3D structure.22 

Extrusion-based bioprinting possesses several 
advantages, including the capacity to deposit high-
viscosity bioinks and large cell densities.8 Moreover, 
extrusion-based bioprinting systems can continuously 
extrude bioinks without interruptions, which is preferable 
in most applications, considering the requirement for the 
integrity of bioprinted tissue constructs.23 Compared to the 
single-droplet deposition of inkjet bioprinting, extrusion 
bioprinting with continuous deposition can construct 
more complete 3D tissue structures. By providing sufficient 
thrust through actuation methods, extrusion bioprinting is 
compatible with multiple types of biomaterials, supporting 
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a wide viscosity range of bioinks (30 to >6 × 107 mPa·s) and 
high cell density (>108 cells/mL or cell pellets).3 To allow 
the material to be extruded, three solutions are currently 
employed in most extrusion-based bioprinting systems 
to deliver the necessary pressure force: (i) pneumatic 
system, (ii) screen-based system, and (iii) piston-based 
system.24 Pressure control in extrusion bioprinting can 
affect material extrusion, cell viability, as well as structural 
accuracy and quality. The relevant parameters of pressure 
control include: (i) Nozzle diameter: The smaller the nozzle 
diameter, the greater the pressure required to extruder the 
material. (ii) Material properties: The viscosity, elasticity, 
and other characteristics of the material affect the pressure 
control. High-viscosity materials require more pressure 
extrusion and are more sensitive to pressure changes. 
The pressure required for low-viscosity materials is small, 
but improper pressure control can easily lead to unstable 
extrusion volume. (iii) Printing speed: Printing speed 
and pressure are interrelated. To improve the printing 
speed, it is necessary to increase the pressure to ensure the 
timely extrusion of the material. Reducing the printing 
speed can reduce the pressure appropriately. Often, a 
compromise must be made between applying sufficient 
pressure to ensure extrusion and avoiding excessive 
pressure to prevent damage to living cells. Applying more 
pressure than required may lead to unstable material 
flow, while too low pressure may lead to discontinuities 
in the deposited material. The percentage of cell viability 
changed significantly due to the change in pressure, with a 
change in viability of up to 38.75% measured.25 However, 
the bioprinting speed is relatively slow to build up a 3D 
structure, and the resolution is strongly dependent on 
different components, such as the nozzle size. The resolution 
of extrusion bioprinting can be controlled through nozzle 
size, which limits the manufacturing accuracy of the 
constructed tissue. A smaller nozzle is linked to greater 
shear stress on the cells in the bioink during the printing 
process, which ultimately affects cell activity and leads to 
cell death.26 

Although extrusion bioprinting has the drawbacks of 
low resolution and poor cell activity, it is still the most 
widely used bioprinting method in tissue engineering, 
which is attributed to its high throughput, low cost, 
compatibility, and versatility.2 

2.3. Stereolithography and digital light 
processing-based printing
Stereolithography for additive manufacturing was first 
demonstrated in 1986 by Charles W. Hull.3 He described the 
process of creating 3D objects by selectively transforming 
the physical state of a fluid to a solid through layer-by-layer 
photocrosslinking.3 Stereolithography bioprinting, a light-

based printing technology, patterns the photosensitive 
bioink onto a substrate through optical projection and 
solidifies it layer by layer to achieve 3D construction with 
complex structures. This method is effective in fabricating 
intricate constructs and has faster printing, higher 
resolution, and production speed compared to extrusion-
based bioprinting methods.27,28 Stereolithography has 
higher accuracy and better repeatability compared to 
other printing methods because it has no nozzle structure, 
and no shear forces are applied to the material and cells 
during bioprinting. Tissue structures printed using this 
technique are able to maintain high cell viability (>85%), 
so stereolithography is commonly used to construct 
functional organs.3 Stereolithography results in no shear 
stress to cells, allowing for high cell viability.3 It enables 
rapid bioprinting of structures without applying shear 
forces to the cells and with high resolution (± 1 μm).29 It 
is worth noting that in this printing technology, we need 
to control the light source parameters, printing material 
parameters, printing layer thickness, printing speed, and 
platform motion accuracy to ensure its advantage of high 
precision. To control the light source, various relevant 
parameters need to be investigated further: (i) Wavelength: 
The common wavelengths are 365, 405, and 780 nm. 365 
and 405 nm belong to the ultraviolet (UV) and blue light 
range and can effectively excite most photopolymerization 
reactions. (ii) Intensity: The intensity of the light source 
is generally about 10–30 mW/cm². At this strength, the 
entire layer can be cured at one time by photographic 
means, allowing the structure to be crosslinked 50 times 
faster than other printing methods while maintaining cell 
viability. Too high a strength may damage cells, but too low 
a strength may result in incomplete curing. (iii) Exposure 
time: The exposure time is usually between 1 and 10 s. For 
specific bioinks and cell types, experiments are needed to 
determine the optimal exposure time. A short exposure 
time may not provide enough energy to fully cure the resin, 
affecting the structural strength. Longer exposure times 
may have adverse effects on the cells, such as decreased 
cell activity. Cartilage and meniscus have been successfully 
designed and developed using this technology.30 A 
major drawback of this system is that the liquid must be 
transparent with limited scattering; otherwise, light will not 
be able to pass through the material uniformly, resulting 
in non-uniform crosslinking. Because of this requirement, 
the cell density in the bioink was limited to ~108 cells/mL.13

3. Inks for 3D bioprinting of cartilage
3.1. Natural polymer-based bioinks
Bioinks used in 3D bioprinting for cartilage and 
osteochondral regeneration are generally divided 
into natural polymers, synthetic polymers, and 
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composites. Natural bioinks generally refers to natural 
biomacromolecules extracted from natural sources 
(animals, plants, and microbes). 

Natural bioinks can be classified by the major 
component, such as carbohydrate (agarose [Ag], alginate, 
chitosan, hyaluronic acid [HA]) or protein (gelatin, fibrin, 
silk)31 (Table 1).

3.1.1. Collagen
The bioinspired scaffolds printed with collagen-based 
bioink mimic the natural cartilage structure and perform 
well in cartilage tissue repair and regeneration.32 Collagen 
is the major structural protein in the mammalian 
extracellular matrix (ECM). Collagen organizes itself into 
highly ordered 3D networks to support cell behavior and 
tissue functions. To date, a comprehensive understanding 
of human tissues and organs has yielded 28 different types 
of collagen, of which types I, II, III, and V constitute the 
major ECM components of various structures including 
cartilage, skin, tendon, bone, muscle, and cartilage.32,33 The 
hyaline cartilage in the joint is mainly composed of type II 
collagen. In native cartilage, the fiber network formed by 
collagen constructs the structural framework of the ECM 
of articular cartilage, and the distribution and orientation 
of collagen fibers provide the unique mechanical properties 
of articular cartilage.34 It is noteworthy that collagen is 
most stable at pH 7–7.2 and retains its native structure, 
supporting biological activity and cellular interactions in 
this pH range. Some 3D printing processes dissolve collagen 
under acidic conditions (pH 3–4) to maintain it in solution 
and neutralize it to physiological levels after printing to 
promote gelation and biocompatibility. Therefore, the pH 
and temperature must be carefully regulated during printing 
and ink preparation before using collagen as a bioink.35 
In bioprinting, collagen can participate in cell activities 
and has superior biological characteristics. Collagen-
based cartilage scaffolds can enhance the expression of 
cartilage growth factors, promote cartilage regeneration, 
and effectively reduce the risk of immune rejection of 
engineered cartilage.34,36 Bosnakovski et al.37 demonstrated 
that type II collagen, even without the use of growth 
factors to induce seed cell differentiation, has the potential 
to induce and maintain bone marrow mesenchymal stem 
cell chondrogenesis and interact with transforming growth 
factor beta (TGF-β)1 to enhance differentiation. However, 
the rapid degradation rate and poor mechanical properties 
of collagen limit its application in bone and cartilage tissue 
engineering. The main challenge in printing collagen is 
the inability to form structurally stable collagen structures 
under original conditions.38 Diamantides et al.39 used a 
blue-light-activated mixture of riboflavin with collagen 
to improve the mechanical properties of printed collagen 

while employing various printing strategies to form 
collagen-based structures with printing fidelity. Beketov  
et al.40 used a bioink with a high concentration of collagen (4 
wt%) and chondrocytes for extrusion-based bioprinting for 
biomanufacturing. Ultimately, the resulting cartilage tissue 
has a unique structure with a syngeneic cell population and 
a high content of glycosaminoglycans (GAGs) and type II 
collagen. By integrating inkjet printing and electrospinning 
techniques, Jiang et al.41 created hybrid structures 
characterized by alternating layers of chondrocyte-loaded 
collagen-fibrin hydrogel and polycaprolactone (PCL) 
nanofibers. The compressive modulus and ultimate tensile 
strength of the hybrid scaffold were observed to be 1.76 
and 1.1 MPa, respectively, which are much higher than 
the collagen-fibrin scaffold. Rhee et al.42 investigated the 
effect of different collagen concentrations in hydrogels 
on 3D bioprinting of cartilage tissue scaffolds. Alginate 
and temperature regulation were used during bioprinting 
to improve the gelling ability and printability of the 
collagen bioink. They noted that bioinks with collagen 
concentrations in the range of 12.5–17.5 mg/mL 
maintained a strong similarity to their original structures; 
however, the concentration of collagen had no apparent 
effect on cell survival, and the compressive strength was 
linearly related to the collagen concentration. This study 
highlights the potential of using high concentrations of 
collagen. High-density collagen is used to create scaffolds 
with excellent shape accuracy and mechanical properties 
for cartilage tissue repair purposes. Shim et al.43 used 
HA and atelocollagen to fabricate a multilayer scaffold. 
In osteochondral defects produced in the rabbit knee 
joint, the scaffold demonstrated the generation of new 
cartilage tissue. In addition, the newly produced cartilage 
is surprisingly intertwined with the cartilaginous tissue of 
the host. In addition, the marker proteins of cartilage, type 
I and II collagen, were expressed in the tissue, confirming 
cartilage formation in the resulting defects.43 

3.1.2. Gelatin 
Gelatin is a natural polymer produced by the hydrolysis 
of collagen. The advantages of gelatin are to provide good 
biocompatibility, solubility, and degradability. It can make 
the viscosity of bioink suitable for extrusion-based 3D 
bioprinting by changing the temperature or concentration 
of gelatin and thus, changing the viscosity of gelatin-based 
bioink.44 The thermal sensitivity of gelatin allows it to form 
hydrogels upon cooling at 20–30 °C, an indication that 
its bonds are easily broken by heat, enabling printing and 
stacking on itself in a controlled manner.45 For bioprinting 
applications, gelatin with a wide range of concentrations 
has been used as a bioink material or as a composite with 
other polymers. In addition, the rapid gelation property of 
gelatin, when it is bioprinted in 3D, can lead to its strong 
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initial stability.46 Unmodified gelatin requires chemical 
reactions or the addition of other components (alginate, 
chitosan, fibrinogen, HA) to stimulate crosslinking. 
Gelatin is usually limited in bioprinting due to its poor 
mechanical properties. However, once gelatin is added 
with alginate, silk fibroin, chitosan, or other natural 
polymers, interactions, such as covalent bonds, hydrogen 
bonds, and van der Waals forces are enhanced, resulting in 
superior mechanical, functional, and biocompatibility over 
the same gelatin hydrogel.47,48 Sathish et al.47 reported the 
optimization of a composite, bioactive, and biocompatible 
trimeric hydrogel bioink with gelatin, carboxymethyl 
cellulose, and alginate as materials with optimized printing 
properties, structural properties, biomechanical properties, 
and biological functional properties for direct and indirect 
printing of customizable scaffolds for cartilage tissue 
engineering applications. Wang et al.49 used a (biological) 
ink pre-polymer consisting of sodium alginate (SA) and 
gelatin crosslinked by calcium chloride and microbial 
transglutaminase, respectively, to generate a double-
network hydrogel with excellent mechanical properties 
and good biocompatibility. He et al.50 achieved enhanced 
printability and higher fidelity in extrusion bioprinting by 
sequential chemical modification of gelatin with reversible 
quadruple-hydrogen-bonded ureido-pyrimidinone 
(UPy) and enzyme-responsive tyramine moieties (Tyr) 
to provide temperature-programmable viscosity and 
enzyme-controlled solidification. Using modified gelatin 
to construct a variety of cell-loaded scaffolds, they 
demonstrated that Gel-UPy-TyR-based constructs could 
not only maintain high fidelity but also support the growth 
and function of loaded cells at physiological temperatures. 
Promising results were obtained when arginine–glycine–
aspartic acid (RGD) was conjugated with natural polymers, 
such as gelatin. Researchers have shown that functionalized 
gelatin–RGD enhances the homing of mesenchymal 
stem cells (MSCs) cells into gelatin–RGD hydrogels and 
promotes faster tissue regeneration with new bone tissue 
and blood vessel formation in vivo compared to gelatin 
hydrogels.51 The binding of RGD to integrin receptors plays 
a major role in the cell adhesion mechanism. Souza et al.52 
demonstrated increased cell growth and more extensive 
matrix colonization in alginate–gelatin–RGD hydrogels 
compared to alginate–gelatin hydrogels. During 3D 
printing, RGD molecules were added to a pre-determined 
portion of the alginate–gelatin matrix using a liquid-phase 
approach to promote cellular compartmentalization. In 
addition to being a printable bioink, gelatin viscoelastic can 
also serve as a support bath to allow gel-in-gel bioprinting 
of soft and low-viscosity bioinks while providing an 
environment that maintains cell viability.53 Gelatin is 
ideal for supporting the bath because the syringe needle 
can be easily inserted and passed through to extrude the 

bioink. As the needle moves forward, the gelatin solidifies 
in its wake and keeps the extruded material in place. In 
addition, the heat-gelatin responsiveness makes it easy to 
wash off the bath and recover the bioprinting structure.44 
Kupfer et al.54 used gelatin microspheres to support the 
bioprinting of cardiac chambers utilizing a low-viscosity 
gelatin methacryloyl (GelMA). They printed a human-
induced pluripotent stem cell-loaded construct with two 
compartments and a vascular inlet and outlet. After human 
induced pluripotent stem cells proliferated to a sufficient 
density, cells within the structure were differentiated, and 
the function of the resulting human compartment muscle 
pump was demonstrated. The human compartment muscle 
pump exhibits macroscopic beating and continuous action 
potential propagation that responds to drugs and pacing. 
The connected chambers allow perfusion and are able to 
replicate the pressure/volume relationship.

3.1.3. Silk
Silk has been widely used in tissue engineering because of 
its mechanical properties, biocompatibility, and controlled 
degradability. Its shear dilution properties make it an ideal 
material for extrusion bioprinting. Moreover, it can be 
physically crosslinked.55 Thus, eliminating the need for the 
use of harsh crosslinking chemicals. However, it has low 
viscosity, leading to the possibility of clogging on printing.56 
Schacht et al.57 found that cell-loaded spider silk structures 
could be printed by robotic dispensing without the need 
for crosslinking additives or thickeners for mechanical 
stabilization. The cells could adhere and proliferate on the 
spider silk scaffold for at least 1 week. The introduction of 
cell-binding motifs into spider silk proteins further enables 
fine control of cell–material interactions. 

3.1.4. Hyaluronic acid
HA is a non-sulfonated GAG that is widely distributed 
in human connective tissues.58 As one of the main 
components of natural cartilage like collagen, HA is 
often used as a material for cartilage defect repair. The 
advantages of HA are biocompatibility, biodegradability, 
high porosity, and easy maintenance of hydration.59 HA 
can affect the morphological changes of chondrocytes and 
promote the formation of new cartilage. However, HA 
itself is easily degraded in the biological environment and 
cannot maintain the stability of the scaffold structure for a 
long time. In addition, its low viscosity and poor molding 
properties limit its application in bioprinting.60 Hauptstein 
et al.60 developed an HA-based bioink composition. 
Thiolated HA and allyl-modified poly(glycinol) were 
crosslinked. Unmodified high-molecular-weight HA 
at the concentration of 1 wt%, was added. Improved 
ECM distribution in these structures was associated 
with increased structural stiffness after chondrogenic 
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differentiation compared to structures with high 
concentrations (10 wt%) showing only pericellular matrix 
deposition. Wang et al.28 used digital light processing-
based bioprinting simultaneously with structural fidelity, 
bioactivity, and high mechanical properties by using 
both photoactive bioinks, hyaluronic acid methacrylate 
(HAMA), and GelMA hybrid bioinks. In addition, they 
used hyaluronidase for post-enzymatic digestion of HAMA 
molecules, which required mechanical properties over a 
wide range (above 1 kPa to ~100 kPa), while the mechanical 
properties could be precisely regulated by the enzymatic 
digestion process. A library of mechanical properties 
related to biochain formulation and digestion parameters 
was further established by mathematical modeling. Gong 
et al.61 improved the resolution without the need to change 
any printer hardware or most of the bioink composition 
by post-shrinking the 3D-bioprinted structure. They chose 
HAMA as an anionic ink immersed in a polycationic 
chitosan solution for bioprinting. These printed structures 
were found to reduce their linear size to varying degrees 
by charge complexation and subsequent expulsion of 
water from the gel. Finally, they performed proof-of-
concept studies using several 3D printing techniques, 
including direct extrusion printing, sacrifice printing, and 
microfluidic hollow fiber printing, and observed successful 
shrinkage in all cases. Antich et al.62 developed HA as a 
raw material, which conferred photocrosslinking ability 
through the methacrylic anhydride reaction to improve the 
printing fidelity and mechanical strength of HA scaffolds. 
HA-based bioinks were found to improve the functional 
chondrogenic gene marker expression and specific matrix 
deposition of the cells.62

3.1.5. Alginate
Alginate, a biocompatible anionic polymer extracted from 
brown algae, has been applied in tissue engineering due 
to its biocompatibility and relatively low cost.63 Alginate’s 
greatest advantage is that it can be used as a bioink by 
forming a hydrogel similar to the ECM.63 However, its 
low biological activity results in the inability to promote 
cell proliferation.64 Yang et al.65 used type I collagen 
or Ag mixed with SA, as a 3D bioprinting bioink and 
incorporated chondrocytes in vitro to construct 3D-printed 
cartilage tissue. The results showed that 3D-bioprinted SA/
collagen had good mechanical strength and biological 
function, which was expected to be used in cartilage 
tissue engineering.

3.1.6. Chitosan
Chitosan is a natural polysaccharide made by the 
deacetylation of chitin. The advantages of chitosan are 
low toxicity, antibacterial properties, biodegradability, and 
biocompatibility.66 Lu et al.67 found that after the intra-

articular injection of chitosan solution into the knee joint 
of rats, the chondrocytes were highly active and produced 
a large amount of ECM, and the density of newborn 
chondrocytes was also significantly increased. However, 
in bone and cartilage tissue engineering, its application 
is limited due to the relatively weak mechanical strength 
of chitosan.66 Huang et al.68 constructed a solid-supported 
thermogel consisting of a chitosan hydrogel system and 
a decalcified bone matrix. Composite biomaterials have 
better porosity, balanced swelling rate, and degradation 
rate compared to hydrogels or decalcified matrices alone. 

3.1.7. Decellularized extracellular 
matrix-based bioinks
Decellularized extracellular matrix (dECM) can be 
obtained from decellularized tissue using a variety of 
physical and chemical methods, including freeze–thaw 
cycles, detergents, or enzymatic agents.69 It is ideal to 
provide cells with a natural microenvironment like their 
parent tissues. dECM is the best choice for doing so because 
no natural or man-made material can recapitulate all the 
features of natural ECM.70 Cartilage dECM is expected to 
stimulate chondrocytes to produce new cartilage dECM or 
chondrogenesis and has the potential to be incorporated 
into scaffolds with trizone structures for long-term weight 
bearing.71 The overall mechanical properties of cartilage 
dECM biomaterials were designed to achieve those of 
natural menisci, with Young’s modulus ranging from 
72 to 132 MPa, compression modulus ranging from 100 
to 400 kPa, and yield stress ranging from 12 to 21 MPa, 
with different local mechanical properties in different 
regions.72   Liu et al.73  prepared annulus fibrosus matrix 
(DAFM)/chitosan hybrid hydrogels. Annulus fibrosus 
(AF) stem cells were cultured on hydrogel scaffolds with 
or without basic fibroblast growth factor (bFGF). The 
results support the application of DAFM/chitosan hybrid 
hydrogels as suitable candidates for AF tissue engineering. 

The umbilical cord consists of one vein, two arteries, 
and the surrounding myxomatous substance, which is 
called Wharton’s gum. Its ECM components contain a 
large amount of collagen, HA, and sulfated proteoglycans.74 
Wharton jelly ECM is similar to cartilage ECM. It is also 
rich in peptide growth factors, including epidermal growth 
factor, platelet-derived growth factor, fibroblast growth 
factor (FGF), bFGF, insulin-like growth factor I (IGF-I), 
and TGF-β.75 These peptide growth factors contribute to 
the cellular biosynthesis of collagen and GAGs in cartilage 
formation, particularly IGF-I and TGF-β. Therefore, 
Wharton’s jelly ECM may be a good alternative biomaterial 
to tissue-engineered cartilage. Xiao et al.76 prepared 
Wharton’s jelly ECM scaffolds using waterproof crushing 
differential centrifugation combined with the freeze-
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drying method. The scaffolds have good biological activity 
and biocompatibility and have good application value in 
cartilage tissue engineering.

Natural bioinks have shown their ability to provide 
bioprinting structures with cellular structures and 
functional tissues. They have essential properties, 
such as biocompatibility, biodegradability, and high 
hydrophilicity.77 Natural biomaterials provide a favorable 
environment for cell growth by mimicking the natural ECM 
of tissues, self-assembling, and exhibiting biocompatible 
and biodegradable properties.78 However, natural bioinks 
form a non-covalent bond stable structure that cannot 
reach cartilage strength, and modification of the natural 
material is required to prepare bioinks. The composites 
prepared with 3D bioprinting technology can be widely 
used for cartilage tissue repair.62,79 Natural materials can be 
processed by physical, chemical, and protein self-assembly 
methods to achieve cartilage strength. The most used 
method at present is UV crosslinking based on methacrylic 
acid derivatives (GelMA, HAMA). Currently, the most 
used printing modality is still extrusion bioprinting, but 
a single bioink usually lacks sufficient biocompatibility 
and mechanical properties. Therefore, a mixture of two or 
more biomaterials is usually required.80 

3.1.8. Fibrin
Fibrin is one of the natural biopolymers formed during 
blood coagulation, and it is a reticulated fibrous structure 
composed of a large number of random fibers.81,82 The 
internal regulation of fibrin by various means (Ca2+, pH, 
thrombin, etc.), such as fibril length, porosity, and density, 
allows for the control of the overall structural properties 
and enables the regulation of cell proliferation and 
differentiation.83 For example, Chiu et al.84 noted that an 
increase in fibrinogen concentration significantly reduces 
the pore size of fibrin gels and significantly decreases 
their permeability to nutrients, ultimately leading to 
insufficient nutrients being received by the cells inside the 
gel. As an ink for bioprinting, fibrin has unique mechanical 
properties; it is considered one of the softest polymeric 
fibers in nature, and the mechanics of fibrin can be tuned 
to a wide range, allowing a span of Young’s modulus from 
0.1 to 5.5 kPa by adjusting the ratio of fibrinogen and 
thrombin concentrations.85 Fibrin can also be regulated by 
adding other biomaterials to fibrin, such as HA and gelatin. 
Snyder et al.86 increased the compressive modulus from 3.5 
to 6.5 kPa with HAMA mixed with fibrin. Some groups 
also mixed fibrin and gelatin,87 and the mechanical elastic 
modulus of the composite hydrogels showed different 
performance at different mixing ratios, demonstrating the 
flexible mechanical property tuning ability of fibrin. Fibrin 
can also be used in the construction of stiffer tissues, and by 

combining fibrin with stiffer biomaterials, such as keratin88 
and SA,89 a wide range of Young’s modulus changes  
(330–1700 kPa) can be achieved.88 Bioink composed of 
fibrin can be adapted to a variety of printing technologies, 
such as extrusion printing and injected printing.90 It should 
be noted that extrusion printing with fibrinogen alone as a 
bioink is difficult, and the printed scaffold has difficulty in 
maintaining the desired structure91 (Figure 2A).

Due to its excellent mechanical properties 
and biocompatibility, fibrin has been used for the 
biomanufacturing of tissues, such as brain,92 cardiovascular 
tissue,93 skin,94 muscle tissue,95 nerve tissue,96 vessels,97 etc. 
In cartilage tissue biomanufacturing, Melo et al.91 used 
fibrin-wrapped bone marrow mesenchymal stem cell 
(BMSC) spheres as bioink and printed in an interpenetrated 
network support bath composed of polyethylene glycol 
(PEG) and alginate. The results showed that MSCs could 
grow and differentiate in a soft environment and remain 
in a rigid support bath into cartilage differentiation due to 
the presence of fibrin.91 Kang et al.97 used PCL as a scaffold 
to provide mechanical properties and printed outer 
ear structures of the same size as the human ear using a 
hydrogel composed of gelatin/glycerol/fibronectin/HA 
loaded with chondrocytes (Figure 2B). The results showed 
that the cells survived well in the outer ear structure after 
printing, and new cartilage tissue could be observed inside 
the structure after 5 weeks of culture. The printed material 
was transplanted into subcutaneous cultures of mice and 
showed significantly elevated GAGs after 2 months, and 
no internal vascularity was generated as in native cartilage 
tissue. Moreover, the implanted tissue exhibited elasticity 
similar to that of the native rabbit ear.97 Because of its soft 
mechanical properties, fibrin is rarely used as a building 
block for hard tissues like bone. However, fibrin can act 
as a carrier for cells, and together with high-strength 
compositions (PCL and poly lactic-co-glycolic acid 
[PLGA]), it forms a scaffold for bone repair, ensuring cell 
viability while achieving mechanical strength.98

3.2. Synthetic polymer-based bioinks
The most significant advantage of synthetic bioink is 
controllable and can possess photocrosslinking ability. 
Meanwhile, its physical, chemical, and biological 
properties can be tuned.99 The strong mechanical 
properties of synthetic bioinks are attributed to their 
strong covalent bonds, aiding the bioprinting process and 
the shape retention of deposited structures. Compared 
with natural bioink, synthetic polymers exhibit more 
suitable mechanical properties and thus, are more capable 
of withstanding external pressure. Furthermore, they 
can support the development of porous structures and 
microchannels that help recapitulate the vasculature of 
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native tissue.100 However, they are less biodegradable and 
biocompatible than natural bioink. In addition, synthetic 
polymers lack the bioactivity necessary to promote cell 
growth and proliferation and thus, are mainly used to 
provide structural support to the bioink101 (Table 1).

3.2.1. Polyethylene glycol 
PEG is a synthetic polymer synthesized by ethylene oxide 
polymerization and has been widely used in 3D bioprinting 
for bone and osteochondral regeneration due to its strong 
mechanical properties and because it is not cytotoxic and 
immunogenic.102 It has been shown that the addition of PEG 
to the polylactic acid (PLA) solution not only promoted 
the scaffold printing process through its plasticizing effect 
but also led to structural and physicochemical changes in 
the resulting scaffolds.103 However, it is a bioinert material 
and cells cannot easily attach, so it needs to be combined 
with other bioactive hydrogels. Rutz et al.104 fabricated 
soft, printable gels from a variety of amine-containing 
polymers and polymer mixtures, both synthetic and 
natural, confirming that composites of PEG and natural 
biomaterials have been shown to improve the degradation 
properties of PEG-based structures.

3.2.2. Polycaprolactone 
In the process of bioprinting, PCL microfibers were used to 
improve the mechanical properties of bioink. Mukherjee  
et al.105 used porous 3D-printed PCL and composite 
scaffolds to present similar and uniform degradation 
characteristics in vitro. Good tissue ingrowth was observed 
when GelMA-HAMA was combined with PCL. In a 
different study,106 using an extrusion-based bioprinting 
system in which PCL microfibers were incorporated into 
the bioink, the elastic modulus of alginate and GelMA 
bioink increased 544-fold and 45-fold, respectively; these 
values were in the range of articular cartilage. Cell viability 
studies showed that all the bioinks had a high level of MSC 
viability (about 80%) after bioprinting.

3.2.3. Polylactic acid 
PLA has emerged as an important polymeric material for 
3D bioprinting due to its biocompatibility, biodegradability, 
mechanical strength, and processing capability. It can be 
blended with different polymers to modify tissue-specific 
scaffolds.107 Ritz et al.108 confirmed the biocompatibility of 
PLA as well as endotoxin contamination levels below the 
U.S. Food and Drug Administration (FDA) limits. PLA-
based 3D bioprint supports the growth, spreading, and 
proliferation of different cell types, such as osteoblasts, 
osteoblast-like cells, and human umbilical vein endothelial 
cells. Matrix-derived factor 1 (SDF-1) is released from the 
PLA cage, which supports the growth of endothelial cells 
and induces the formation of new blood vessels. These 

results demonstrated the potential of 3D-printed PLA 
scaffolds for bone tissue regeneration.

3.2.4. Poly lactic-co-glycolic acid
PLGA is usually synthesized by ring-opening 
copolymerization of lactic and glycolic acids, and its 
degradation products are non-toxic.109 Because PLGA 
has good biocompatibility, tunable degradability, and 
mechanical properties, PLGA-based 3D-printed scaffolds 
hold an important position in bone regeneration and 
repair. Human bone tissue is mainly composed of inorganic 
minerals and collagen fibers, which are usually modified 
using PGLA to accurately mimic the composition and 
structure of natural bone tissue.110

3.2.5. Pluronic-F127
Pluronic is a gel with good printing suitability and 
temperature sensitivity, ideal for use with bioink. Thus, 
Pluronic can be easily washed off after printing because 
it liquefies at 4°C or below.111 But due to insufficient 
biocompatibility to support long-term cell survival, it is 
not directly equivalent to bioprinting but rather requires 
conjugation with other polymers, such as acrylic acid.112 
Madry et al.113 recently used  Pluronic-F127 to guide 
the transfer of a recombinant adeno-associated virus 
gene vector into a miniature pig cartilage defect in vivo, 
promoting higher repair within 4 weeks than when 
transferred using a control group. Regarding the treatment 
of osteoarthritis lesions, Gun-Il Im 126 delivered 
the cartilage-protective molecule kartogenin using 
Pluronic-F127 nanospheres in a rat osteoarthritis model, 
which inhibited disease progression for at least 8 weeks 
relative to untreated animals.

3.3. Nanoparticles-based bioinks

3.3.1. Carbon nanotubes
Carbon nanotubes (CNTs) are graphene-based 
nanomaterials, which are formed by curling graphene 
sheets into cylinders, whereas CNTs formed by single-
walled graphene sheets are single-walled carbon nanotubes 
(SWCNTs) with a diameter of about 0.5–2 nm, while those 
composed of multilayer graphene sheets are multiwalled 
carbon nanotubes (MWCNTs) with a diameter of up 
to 10–150 µm.114 The current methods for synthesizing 
CNTs are arc discharge, laser ablation, and chemical vapor 
deposition (CVD), and CNTs for biological applications 
are mainly prepared by the CVD method.115 Due to their 
excellent tissue compatibility and mechanical properties, 
CNTs have many applications in tissue regeneration and 
biofabrication. In bone tissue engineering, MWCNTs have 
shown excellent histocompatibility and tissue regeneration 
properties.116 When MWCNTs were implanted into the 
tibial defect of rats, the defect was completely restored 
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after 4 weeks, and MWCNTs were incorporated into the 
bone marrow and bone matrix and tightly connected to 
the surrounding tissues.117 Additionally, MWCNTs showed 
unique cytokine delivery capability.118 For example, 
MWCNTs improved the ectopic ossification ability of the 
BMP-2/type I collagen composites, and the addition of 
MWCNTs resulted in a greater extent of ectopic ossification 
and more mineral content in the formed bone compared 
to the BMP-2/type I collagen composites alone group.117 
Another advantage of MWCNTs is the mechanical 
properties, while its Young’s modulus can reach 1 TPa,119–

121 the elastic modulus of cortical bone is 12–18 GPa, 
while the elastic modulus of cancellous bone is only 2–12 
MPa.122 Therefore, MWCNTs can match the mechanical 
properties of normal bone tissue and achieve mechanical 
support in the area of bone defects. Du et al.123 examined 
the differences in osteogenic capacity between MWCNTs 
and nano-hydroxyapatite (nHA) (Figure 2B), which is 
the main inorganic component of bone tissue, and after 
inoculating human adipose-derived stem cells (HASCs) 
on CNT and nHA and culturing them for a period of time, 
there was no significant difference in the amount of cell 
adhesion on both, while the CNT group was significantly 
better than nHA in terms of adhesion effect. After 3 weeks 
of implantation of the two nanomaterials, abundant type 
I collagen tissue appeared around the CNT, while fibrous 
tissue appeared in the nHA group, and no significant 
enhancement of type I collagen immunostaining was seen, 
suggesting no bone tissue generation.123 In summary, CNTs 
show advantages in both cell adhesion and osteogenesis 
induction, and the strong mechanical properties of CNTs 
ensure that they can be used as bone defect repair materials 
matching the mechanical properties of bone tissue. 

CNT can be added to bioink as an additive to confer 
its ability to promote osteogenic differentiation and 
chondrogenic differentiation. Wang et al.124  compared the 
differences between plain PCL scaffolds and PCL scaffolds 
with the addition of CNTs for biological applications. 
In terms of mechanical properties, the compressive 
modulus and compressive strength of PCL scaffolds were 
greatly improved with the addition of CNTs. In terms of 
protein adhesion and cell activity, the PCL scaffolds with 
the addition of CNTs were higher than the normal PCL 
scaffolds. When HASCs were seeded into PCL scaffolds 
incorporating CNTs and cultured for 21 days, calcium 
deposition was observed, showing potential in bone 
tissue repair124 (Figure 2C). Gonçalves et al.125 printed 
osteogenic scaffolds using HA, CNTs, and PCL as raw 
materials. The best combination of mechanical properties 
and electrical conductivity was exhibited at 2 wt% CNTs, 
and osteoblasts could perform normal cellular functions 
in the pores formed by the scaffold. Chahine et al.126 used 

modified CNTs for chondrocyte culture, and after grafting 
–COOH on SWCNTs, the secretion of cartilage ECM was 
significantly promoted. However, the mechanical strength 
of the scaffold differed from normal human cartilage tissue. 
CNTs also affect the proliferation and differentiation of 
stem cells. It has been shown that CNTs can promote 
the differentiation of BMSCs toward osteogenesis and 
the rate of differentiation is accelerated. However, in 
the presence of CNTs, the proliferation rate of BMSCs 
was decreased. Meanwhile, BMSCs attach to the CNT’s 
surface in a flat polygonal shape, which is considered 
one of the manifestations of BMSC differentiation 
toward osteogenesis and may be related to the surface 
microstructure of CNTs.127 

An issue that should not be neglected regarding 
the application of CNTs is the toxicity. Impurities are 
inevitably produced during the production of CNTs, and 
due to the specificity of their structure, CNTs may produce 
effects similar to those of asbestos. The role of CNTs in 
pulmonary fibrosis has been pointed out,128 and CNTs may 
stimulate reactive oxygen species (ROS) production by 
macrophages, possibly due to intracellular degradation of 
CNTs.129 Therefore, how to circumvent the toxic effects of 
the use of CNTs is an issue that needs to be considered in 
the use of CNTs for biomanufacturing.

3.3.2. Cellulose nanocrystals
Cellulose nanocrystals (CNCs) are highly crystalline 
needle-like cellulose nanostructures of 10–20 nm in 
width and several hundred nanometers in length, flexible 
cellulose fibers with a high aspect ratio, and consist of 
both crystalline and amorphous regions.130 The degree 
of crystallinity and their morphology depend on the 
cellulosic material used for their production (usually wood, 
cotton, wheat and rice straw, tunicin, bacteria, and algae), 
as well as on the preparation conditions and techniques 
used. Besides being good for strength, reinforcement, 
and rheology modification, CNCs are also good for 
the enhancement of optical, electrical, and chemical 
properties.131 CNC has good biocompatibility and can be 
stably dispersed into nanoparticles in aqueous media. More 
importantly, the introduction of CNC can enhance the 
mechanical strength of hydrogels.132 Cui et al.133 found that 
the addition of CNC significantly improved the thermal 
stability and mechanical properties of the hydrogel. Within 
a certain range, the enhancement effect was proportional 
to the concentration of CNC. More importantly, through 
temperature adjustment, the CNC-enhanced hydrogel 
could be extruded and printed. The printed objects 
had high resolution and fidelity, and the structure was 
effectively maintained. Moreover, hydrogels have good 
biocompatibility and high cell viability. This simple yet 
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effective strategy enables the addition of hydrophilic rigid 
nanoparticles, such as CNC, to improve the mechanical 
properties of the soft hydrogel, which makes it capable of 
meeting the requirements of 3D bioprinting. A liquid bio-
resin containing GelMA and polyethylene glycol diacrylate 
(GPCD) was prepared using T-CNC@CDs (‘CDs’ stands 
for carbon dots) for digital light processing-based 
bioprinting. The shear-thinning performance of GPCD 
bioprinting was further improved by adding T-CNC@CDs, 
allowing for high-resolution 3D printing and bioprinting 
of human cells with higher cytocompatibility (survival 
rate ~95%). The elastic modulus of the printed GPCD 
hydrogel is ~13±4.2 kPa, making it an ideal material for 
tissue engineering. Due to the addition of T-CNC@CDs, 

the prepared hydrogel scaffolds have adjustable structural 
color properties.

3.3.3. Halloysite nanotubes
Halloysite nanotubes (HNTs) are novel natural one-
dimensional particles with a unique tubular microstructure 
and an aspect ratio of ~20. HNTs have wide applications in 
catalysis, ceramics, nano-reactors, cosmetics, and polymer 
nanofillers.134 As reinforcement for polymers used in tissue 
engineering scaffolds, the tubes have advantages over other 
nanoparticles, such as hydrophilicity, good dispersion 
ability, biocompatibility, entrapment of drugs, and low 
cost.135 Huang et al.136 investigated SA/HNTs composites 
and reported that HNTs could improve the mechanical 
properties of the composite hydrogels. Their results also 

Figure 2. Composite ink for cartilage 3D bioprinting. (A) Schematic diagram of fibrin ink printed in a PEG-alginate support bath. Reprinted with 
permission from ref.91 Copyright © 2019, Wiley-VCH. (B) Comparison of the effects of nano-hydroxyapatite and carbon nanotubes in promoting 
osteogenic differentiation of HASCs. Reprinted with permission from ref.123 Copyright © 2020, Elsevier Ltd. (C) Comparison of the differentiation 
effect of human ADSCs under PCL, graphene, and CNT (cells cultured for 21 days). Reprinted with permission from ref.124 Copyright © 2019, Elsevier 
Ltd. Abbreviations: ADSCs: Adipose-derived stem cells; HASCs: Human adipose-derived stem cells; PCL: Polycaprolactone; PEG: Polyethylene glycol; 
PEGDMA: Poly(ethylene glycol) dimethacrylate.
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Table 1. Overview of the characteristics and advantages of different bioinks

Inks Material category Structure Diameter of the 
ink raw material 
particles

Young’s modulus Key advantage Ref.

Gelatin Natural protein Thermoresponsive 
hydrogel

30–300 nm 10–100 kPa Excellent cell adhesion 44,45

Collagen Natural protein Fibrous ECM-mimetic 
network

50–200 nm 5-–5 kPa Native ECM 
composition

34,36

Silk Natural protein β-sheet crystalline 
network

10–30 μm 1–5 MPa High tensile strength 55,138

HA Natural 
glycosaminoglycan

Viscoelastic hydrogel 50–200 nm 2–20 kPa Chondrocyte 
differentiation promoter

58,139

Alginate Natural 
polysaccharide

Ionically crosslinked 
microbeads

200–800 μm 20–100 kPa Ionic crosslinking 
control

63,140

Chitosan Natural 
polysaccharide

pH-sensitive porous 
scaffold

50–300 μm 50–500 kPa Antimicrobial properties 66,141

dECM-based Natural composite Native ECM-derived 
fibrillar scaffold

100–500 μm 5–50 kPa Preserved bioactive 
factors

70,142

Fibrin Natural polymer 3D fibrin clot matrix 40–250 nm 15–50 kPa Rapid polymerization 81,82

PEG Synthetic polymer Photocrosslinked 
hydrogel network

10–50 nm 50–1000 kPa Tunable mechanical 
properties

102,143

PCL Synthetic polyester Melt-electrospun 
microfiber

10–100 μm 2–20 MPa Slow degradation rate 106,144

PLA Synthetic polyester 3D-printed lattice 
structure

100–300 μm 1–3 GPa High stiffness 107,145

PLGA Synthetic 
copolymer

Nanoparticle-
embedded matrix

0.1–10 μm 50–200 MPa Controlled degradation 109,146

Pluronic F-127 Thermoresponsive 
polymer

Thermoreversible 
micellar assembly

20–50 nm 1–10 kPa Temporary sacrificial 
material

111,147

Carbon 
nanotubes

Nanomaterial 
additive

Nanofiber-reinforced 
composite

5–20 nm 1–10 GPa Electrical conductivity 
enhancement

114,148

Cellulose 
nanocrystals

Nanomaterial 
additive

Usually rod composed 
of cellulose molecular 
chains 

0.1–10 nm Prepared 
nanocellulose film 
can reach 57.8 
GPa

High strength, 
high modulus, high 
crystallinity, and also 
have good optical, 
rheological, and 
biological activities

132

Halloysite 
nanotubes

Nanomaterial 
additive

Hollow tubular 
structure, composed of 
alternating silicon

20–100 nm 20–30 GPa Large specific surface 
area, strong adsorption 
performance, easy to 
modify the surface, and 
can be functionalized 
to meet different 
application requirements

134

Abbreviations: dECM: Decellularized extracellular matrix; ECM: Extracellular matrix; HA: Hyaluronic acid; PLA: Polylactic acid; PLGA: Poly lactic-co-
glycolic acid; PCL: Polycaprolactone; PEG: Polyethylene glycol.
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show that the compressive stress of SA/HNTs biomaterials 
containing 80% HNTs at 80% strain is 2.99 MPa, while the 
compressive stress of pure SA hydrogel is 0.8 MPa. Zineh 
et al.137 used Russian olive (RO) powder for bioprinting 
alginate/HNT/methylcellulose. Mechanical and biological 
characterizations indicated that the composition containing 
20 mg/mL alginate, 20 mg/mL methylcellulose, and 10 mg/
mL HNT solution when mixed with 10 mg/mL RO fruit 
and seed powder, increased chondrocyte viability by 11%. 
Considering the increase in chondrocyte viability and the 
enhancement of mechanical properties, this also confirms 
that the application of HNT in cartilage and osteochondral 
tissue engineering has considerable prospects.

4. Bioprinting for different kinds of 
cartilage engineering
4.1. Three-dimensional bioprinting for  
articular cartilage
Articular cartilage is the cartilage tissue attached to the 
joint surface, which is a connective tissue composed 
of ECM of collagen, proteoglycans, and water. In the 
mature cartilage matrix, about half of the dry weight 
consists of type II collagen fibers.149,150 The only cell types 
in articular cartilage are chondrocytes, and depending 
on the structure and ratio of extracellular tissues to cells, 
articular cartilage can be divided into four main regions: 
superficial (10–20%), middle (40–60%), lower (30%), 
and calcified layers. The superficial layer consists of the 
thinnest collagen fibers of the highest density, forming 
oriented lamina splendens that cover the joint. It resists 
shear, monitors fluid permeability, and contributes to 
tensile strength. The transition zone contains the highest 
proteoglycan content, and the collagen orientation varies 
from tangential to random in the underlying area. Collagen 
fibers are positioned vertically in the deeper zones and are 
circled at tidal points, thus separating the deep zone from 
the calcified zone151,152 (Figure 3A). This arrangement of 
collagen promotes the fusion of hard and soft tissues at the 
cartilage–bone interface. In contrast, the calcified zone is 
composed of collagen X, which is used for mineralization 
and to maintain structural integrity.7 Due to its unique 
composition, articular cartilage has excellent mechanical 
properties, as it transmits loads from the joint to the 
underlying subchondral bone, absorbing impact forces and 
promoting smooth, low-friction, and gliding movements 
of the joint. However, under prolonged mechanical 
loading, the cartilage layer gradually becomes thinner, and 
the lack of vascular tissue in cartilage tissue and the low 
activity of chondrocytes make the cartilage tissue limited 
in its ability to repair.153 As an emerging technology, 3D 
bioprinting can mimic the original tissue in terms of 
structure and function. For the repair of articular cartilage, 

the main points are to mimic the mechanical properties of 
cartilage tissue, to be able to maintain long-term viability 
after the print is implanted in the body, and to stimulate 
the regeneration of the original tissue in the body.

The fabrication of structures with mechanical properties 
comparable to those of cartilage tissue is one of the goals 
of 3D bioprinting for cartilage tissue repair. There are 
several approaches to simulate the mechanical properties 
of cartilage tissue, such as adding secondary scaffolds,154 
creating interpenetrated networks,155 or incorporating solid 
particles.156 Antich et al.63 deposited a combination of HA 
and alginate inks in pre-designed PLA scaffolds to assemble 
cartilage-like tissue scaffolds with mechanical properties 
similar to those of normal human cartilage tissue for 
cartilage tissue repair. They mixed chondrocytes with HA/
alginate ink and crosslinked them into a gel after injection 
into the PLA scaffold gap, resulting in a hybrid scaffold. 
This scaffold was cultured and showed that chondrocytes 
could remain active and had normal cellular functions63 
(Figure 3B). Schipani et al.157 composed a scaffold structure 
with comparable mechanical properties to cartilage tissue 
by depositing an interpenetrating network of alginate 
and GelMA in PCL scaffolds. Their results showed that 
the mechanical properties of the composite scaffold 
were higher than those of the scaffold alone, cell cultures 
showed stable cell growth with collagen secretion, and 
calcium deposition was observed after longer incubation. 
Boere et al.158 combined poly(hydroxymethylglycolide-co-
e-caprolactone)/poly(e-caprolactone) functionalized with 
the ability to photocrosslink, and then the hybrid scaffold 
was photocrosslinked with chondrocyte-loaded GelMA 
solution to form a composite structure. The results showed 
that the chondrocytes in the composite structure could 
survive normally and secrete GAG with type II collagen after 
6 weeks of in vitro culture. The addition of microparticles 
to the hydrogel ink can carry cells for bioprinting while 
enhancing the strength of the hydrogel,159 and the addition 
of nHA to bioink is one of the common methods.160 With 
the addition of nHA, the scaffolds printed by composite 
inks are conferred a tougher mechanical property than 
those printed by ink alone. Meanwhile, nHA stimulates the 
differentiation of BMSCs, accelerating tissue repair and 
mimicking the mechanical properties of tissues.161

In addition to achieving bionic scaffold mechanical 
properties, another important factor is to achieve 
functional scaffolds. Currently, there are two main ways 
to make printed structures functional: (i) by loading 
cytokines or drugs in the ink to maintain cellular function 
and (ii) by guiding cell differentiation. A common strategy 
is to mix cytokines with hydrogel ink, but this approach is 
less efficient because of the leakage of drugs or cytokines.162 
A more long-lasting approach is to combine cytokines with 
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ink to anchor them in the scaffold structure. Hauptstein 
et al.163 generated functionalized bioink by modifying 
HA so that TGF-β1 was covalently linked to HA, and 
experimentally demonstrated that the modified bioink did 
not differ significantly from HA ink in printability, while it 
was significantly more effective at promoting differentiation 
of MSCs than the scaffold containing TGF-β1 and the 
scaffold printed with HA, which may be explained by 
the fact that cells may endocytose TGF-β1 after mixing 
alone, while TGF-β1 can be slow-released to promote 
cell differentiation after covalent linkage.163 Similarly, 
Shi et al.164 covalently crosslinked antioxidants on HA to 
eliminate ROS in the pathogenesis of osteoarthritis. Also, 
HA-based hydrogels promote stem cell differentiation to 
cartilage and ECM deposition.164 By combining cytokines 
with the substrate hydrogel, it is possible to slow down the 
action of cytokines in the post-printed structures, allowing 
them to act long-lastingly on the cellular and extracellular 
environment. 

The other way to build up a functional scaffold is to 
inoculate cells in the ink and follow the ink to build the 
intended structure,165 where, for the repair of articular 
cartilage tissue, the most applied cells are chondrocytes 
and stem cells. Loaded chondrocytes for printing require 
a post-printed structure that maintains the activity of the 
cells and maintains the cartilage phenotype.166 In contrast, 
loaded BMSCs for printing need to maintain cell activity 
while guiding cell differentiation toward cartilage and 
forming cartilage-like tissues. Olate-Moya et al.167 used 
photocrosslinked alginate as a base, added gelatin and 
chondroitin sulfate to mimic the ECM of chondrocytes, 
and then added graphene oxide to provide guidance for cell 
proliferation and differentiation. Their results showed that 
MSCs in composite hydrogels survived longer, had higher 
cell viability, and showed chondrogenic differentiation 
in the absence of external factors compared to alginate 
hydrogels alone. Ni et al.168 used a double network 
structure of silk proteins for bioprinting of loaded BMSCs, 
and the printed structures could reach normal mechanical 
strength of the cartilage, and BMSCs can maintain high 
activity, further proliferate, and differentiate after printing. 
In addition to BMSCs, other types of stem cells have been 
used for cartilage tissue repair, such as adipose-derived 
mesenchymal stem cells (AD-MSCs)169 and articular 
cartilage-resident chondroprogenitor cells (ACPCs). 
Levato et al.170 compared the regenerative and constructive 
abilities of chondrocytes, BMSCs, and ACPCs in GelMA 
solution and used GelMA as the basis for the construction 
of ACPCs. Their results showed that collagen and GAG 
showed a layered distribution in different regions, and 
ACPCs were less capable of forming calcified cartilage 
and more suitable for in vitro cartilage tissue construction 

because of their enhanced lubrication ability compared 
to BMSCs.

Inevitably, cell activity decreases during cell-laden 
printing, where shear forces during extrusion or ejection 
by the nozzle, changes in pH during crosslinking, or 
UV light exposure can reduce cell viability. Therefore, 
maintaining high cellular activity during printing is also 
an issue to be considered for 3D bioprinting. An emerging 
approach is to encapsulate stem cells (BMSCs) in hydrogel 
microspheres for 3D bioprinting, which can protect the 
cells inside and reduce the effect of shear forces on the 
cells to keep them highly active after printing. Xu et al.171 
prepared alginate/gelatin microspheres encapsulated with 
BMSCs using electrospray and printed the microspheres 
into PCL scaffolds for cartilage tissue repair. While 
providing protection, the microsphere hydrogels provided 
a cartilage–ECM-like environment for stem cells, aiding 
chondrogenic differentiation of stem cells.171 A more 
relevant approach for clinical applications is to print out 
3D scaffolds in situ for in situ cartilage repair. Duchi et al.172  
designed handheld 3D printers that can print out scaffolds 
in a coaxial fashion. The authors designed a composite 
bioink using 10 wt% GelMA with 2 wt% HAMA, added 
AD-MSCs to the core for shell/core bioprinting, and 
performed in situ photocrosslinking after printing. After 
cross-linking, the structure yielded a compliant modulus, 
and the cells still had the ability to proliferate and 
differentiate after printing, with the potential for in situ 
cartilage repair172 (Figure 3C and D).

4.2. Three-dimensional bioprinting for 
osteochondral complex
Osteochondral tissue is the transitional structure connecting 
articular cartilage to bone tissue, specifically when cartilage 
tissue reaches the very bottom of the subchondral bone173 
(Figure 4A). In osteoarthritic disease, the destruction 
of cartilage tissue often also invades the underlying 
osteochondral areas. The overall repair of osteochondral 
tissue is one of the means of treating osteoarthritis and is also 
important for cartilage regeneration and the connection 
of cartilage to the underlying bone.174 For the anisotropic 
structure of osteochondral bone, 3D bioprinting has the 
unique advantage that it can print a layered structure of 
osteochondral tissue according to the design to achieve 
structural biomimetics. The goal of osteochondral tissue 
repair is to establish a smooth transition of soft and hard 
tissue layering and to achieve high activity and normal 
function when different cells coexist.

Critchley et al.175 reported a method to construct 
osteochondral tissue repair. They used PCL to build a 
network to enhance mechanical strength, injecting alginate 
with BMSCs at the bottom of the network gap and alginate 
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containing fat pad-derived stem cells and chondrocytes 
at the top of the network gap, together forming a 
bidirectional tissue repair element with mechanical 
properties comparable to those of human cartilage 
tissue. After 5 weeks of in vitro culture, chondrocytes in 
the cartilage fraction had higher cell viability compared 
to the unidirectional hydrogel. The repair element was 
transplanted subcutaneously into nude mice, and after 
6 weeks a clear interface between the cartilage and bone 
fractions could be seen, with abundant vascularization 

in the bone tissue fraction and no vascularization in the 
cartilage fraction. In contrast to unidirectional hydrogels, 
endochondral osteogenesis was negligible in bidirectional 
elements.175 Shim et al.43 used multiple inks deposited 
alternately to form an osteochondral repair scaffold. They 
used PCL as a base scaffold, building PCL layer by layer 
and extruding bioinks layer by layer, extruding pepsin-
treated collagen containing bone morphogenetic protein 2 
(BMP-2) and human turbinate mesenchymal stromal cells 
(hTMSCs) as the osteogenic portion at the bottom and 

Figure 3. Histologic characteristics of articular cartilage and 3D printing for the construction of cartilaginous tissues. (A) Schematics of the 
histological structure of articular cartilage. Reprinted with permission from ref.151 Copyright © 2017, Elsevier Ltd. (B) The composite scaffold of PLA 
scaffold and hydrogel scaffold provides mechanical and biological properties for cartilage tissue repair similar to those of natural cartilage tissue. Reprinted 
with permission from ref.156 Copyright © 2020, Elsevier Ltd. (C) Schematic diagram of the structure of the handheld printing device. (D) Cell proliferation 
viability of structures after printing on days 1 and 15. Reprinted with permission from ref.172 Copyright © 2017, Nature Publishing Group. Abbreviations: 
HA: Hyaluronic acid; PLA: Polylactic acid; STZ: Superficial tangential zone. 
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mono-functionalized cucurbit uril-conjugated HA, which 
contains hTMSCs and TGF-β as the chondrogenic fraction, 
to form an osteochondral repair scaffold. The modified HA 
hydrogels showed significant cartilage tissue regeneration 
after 8 weeks of in vitro culture without the toxic effects 
of conventional HA hydrogels, while in the osteogenic 
fraction, new bone tissue was deposited in large quantities 
around the PCL scaffold, showing good osteochondral 
repair potential43 (Figure 4B). HA is one of the components 
of the cartilage ECM and has some advantages over other 
inks in cartilage repair, while the use of chondrocyte dECM 
as a bioink allows the introduction of multiple components 
into chondrocyte culture that more closely resembles 
the growth of native cartilage tissue.176 The mechanical 
strength of the overall structure can be increased by a 
dual scaffold approach, such as the use of PCL scaffolds. 
However, it also increases the complexity of the processing, 
and the adhesion between the mechanical scaffold and the 
bioink may affect the stability of the overall structure. A 
more biomimetic approach relies on bioink to achieve 
the desired mechanical properties of the scaffold. Chen 
et al.177 developed novel hydrogels using SA and gellan 
gum hybridized with inorganic thixotropic magnesium 
phosphate-based gels in a pre-crosslinking of Mg2+. By 
adjusting the ratio of the components, it is possible to 
achieve a modulation for the mechanical properties of 
the printed scaffold to achieve the desired strength, and 
osteoblasts can proliferate and synthesize ECM in the 
hydrogel ink. Importantly, when BMSCs are cultured in 
this hydrogel, a differentiation of BMSCs toward both 
osteogenic and chondrogenic directions can be observed, 
and although the exact mechanism is not known, they 
show potential for osteochondral repair.177

In addition to viewing the osteochondral structure 
as a two-part structure, more elaborate bioengineering 
can build osteochondral repair scaffolds through 
multilayered structures. One study was conducted by 
designing chondrocyte-loaded methylcellulose alginate 
as a surface chondrogenic structure, chondrocyte-loaded 
methylcellulose alginate, and calcium phosphate cement 
as a calcified cartilage structure, and calcium phosphate 
cement as the lowermost layer. After deposition as a 
composite structure, chondrocytes can maintain a high 
viability within the scaffold178 (Figure 4C). A more precise 
way is to establish a gradient structure179 to achieve a 
smooth transition between the interfaces. Du et al.123  
used hydroxyapatite with PCL microspheres to establish a 
hydroxyapatite gradient scaffold under the selective laser 
sintering technique. The particle size of HA was 80–100 
nm, and the content of HA in the scaffold ranged from 
30 to 0 wt% from the bottom to the top layer, forming 
a vertically continuous HA gradient in the pure PCL 

microsphere layer as a chondrogenic layer, in the middle 
low HA content is the transition layer, and in the bottom is 
the subchondral bone formation layer. A large number of 
pores were formed inside the stent to facilitate cell growth 
into it. After inoculation of BMSCs, the cell proliferation 
rate was significantly higher compared to the normal PCL 
scaffold and showed significant osteogenic differentiation, 
while 12 weeks after implantation of the scaffold into 
the rabbit osteochondral defect model, new cartilage 
tissue and bone tissue growth could be observed, and the 
newly formed cartilage tissue was similar in thickness to 
the surrounding native tissue, and the interface between 
cartilage and subchondral bone was well integrated, 
and no bone to bone overgrowth was observed180  
(Figure 4D). Hinton et al.181 invented a printing technique 
called FRESH, which simply means that the ink is deposited 
into a support bath composed of microspherical hydrogels, 
allowing for free printing and more diverse modulation. 
Based on this, Jalandhra et al.182  added adipose-derived 
stem cells (ADSCs) in a support bath composed of gelatin 
microspheres and then printed in the support bath with 
α-tricalcium phosphate as ink, and bioink was deposited 
onto the surface of the microspheres, causing ADSCs close 
to the ink trajectory to differentiate toward osteogenesis 
and cells far from the ink trajectory to differentiate 
toward chondrogenesis, achieving the establishment of 
an osteochondral interface, which is expected to be a new 
method for osteochondral repair (Figure 4E). In future 
studies, gradient repair scaffolds may be the most favorable 
means of osteochondral repair.

4.3. Three-dimensional bioprinting for meniscus
The meniscus, similar to other articular cartilages, is highly 
anisotropic and a complex tissue along its depth with 
different cellular composition, biochemical composition, 
and macromolecular orientation.183 However, cartilage 
is an avascular tissue with poor regenerative capacity, 
especially on the medial side of the meniscus, and injury 
is characterized by low healing potential. The anatomy of 
the knee (including the meniscus) is shown in Figure 5A. 
The meniscus, once damaged, has a greater likelihood of 
eventually developing osteoarthritis, particularly when 
treated with meniscectomy modalities.184,185 

In recent years, surgical techniques, allogeneic 
transplantation, autologous chondrocyte implantation, 
bone marrow stimulation, and mosaicplasty have been 
used in attempts to repair the meniscus, but all have their 
own limitations.187–189 There are increasing studies on the 
application of 3D bioprinting for meniscal repair. To be as 
similar as possible to the native meniscus, the mechanical 
properties, mechanical stability, tribological properties, 
biocompatibility, porosity, cell colonization requirements, 
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and adequate degradation profile need to be maintained.190 
Insufficient resolution, structural inhomogeneity, and 
anisotropy of the meniscus are issues to be addressed 
with 3D bioprinting. Bahcecioglu et al.191 designed a 
PCL/hydrogel structure that can mimic the structural 
organization, biochemistry, and anatomical structure 
of the meniscus. Cell-loaded GelMA was impregnated 
around an anatomical scaffold with a PCL loop strand, 
and cell-loaded GelMA-Ag was internally impregnated. 

GelMA and GelMA-Ag hydrogels increased the yield of 
type I collagen and type II collagen proteins after 6 weeks 
of culture. They believe that the Young’s modulus, porosity, 
and ultrastructure of the scaffolds may affect meniscus 
regeneration. 3D bioprinting can mimic the structural 
inhomogeneity and anisotropy of fabricated menisci. 

However, there are still several problems with 3D 
bioprinting for meniscus repair.190 The first is the technical 
aspect, in which material viscosity, shear force, crosslinking 

Figure 4. Histological characteristics of osteochondral tissues and 3D bioprinting for the construction of osteochondral tissues. (A) The detailed 
structure of osteochondral tissue. Reprinted with permission from ref.173 Copyright © 2018, Springer. (B) After 6 weeks of osteochondral bidirectional 
scaffold implantation in nude mice, white hyaline-like tissue appeared in the cartilage region, while vascular-like tissue and mineral deposits appeared in 
the bone region. Reprinted with permission from ref.43 Copyright © 2020, Elsevier Ltd. (C) Construction of a mimic osteochondral repair scaffold based 
on the detailed structure of osteochondral tissue (articular cartilage, calcified cartilage, and subchondral bone). Reprinted with permission from ref.178 
Copyright © 2020, Nature Publishing Group. (D) Construction of a gradient composite scaffold using PCL and hydroxyapatite microspheres, where 
the pure PCL layer serves as the cartilage portion, the middle is the transition portion, and at the bottom is the bone formation portion. Reprinted with 
permission from ref.180 Copyright © 2017, Elsevier Ltd. (E) Schematic diagram of the structure of osteochondral tissue constructed by a technique based 
on microgel suspension printing. Reprinted with permission from ref.182 Copyright © 2023, Elsevier Ltd. Abbreviations: BMP-2: Bone morphogenetic 
protein 2; DAH: Diaminohexane; HA: Hyaluronic acid; hTMSCs: Human turbinate mesenchymal stromal cells; PCL: Polycaprolactone; SLS: Selective laser 
sintering; TGF-β: Transforming growth factor beta.
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method, and maintenance of 3D shape all affect cell 
viability, material resolution, and porosity. The second 
issue is the scaffold. No biomaterial that is mechanically 
strong, biocompatible, and can promote cell viability has 
yet been identified. In addition, one material cannot be 
used simultaneously to support a specific cell phenotype 
and to have the desired printing properties. The third 
problem is the cells. Since meniscal fibrochondrocytes 
(MFCs) have sufficient fibrocartilaginous differentiation 
potential and can form collagen fibers similar to those 
of the native meniscus. Furthermore, MFCs have less 
tendency to form bone precursors leading to calcification 
than MSCs. However, MFCs have been isolated in lower 
numbers from surgical specimens.

4.4. Three-dimensional bioprinting for 
intervertebral disc
The intervertebral disc (IVD) mainly includes the nucleus 
pulposus, AF, and cartilage endplate. The IVD is mainly 
composed of the nucleus pulposus, AF, and cartilaginous 
endplates (Figure 5B). Three components have their own 
characteristics. The main components of the nucleus 
pulposus are proteoglycans, water, and type II collagen. The 
AF is characterized by a high density of type I collagen and 
less water and proteoglycans. The cartilaginous endplates 
were hyaline avascular cartilaginous tissue. 

Discectomy, disc replacement, and spinal fusion 
are currently commonly used in the clinic to treat disc 
pathologies. However, none of these treatment modalities 
can restore tissue function to the disc, leading to changes in 

Figure 5. Anatomical composition of the human knee including menisci (A) and human intervertebral disc (B). Reprinted from ref.186 
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spine biomechanics.192,193 As the functions and structures 
of each zone of the disc are different, 3D bioprinting, 
which enables precise control over each zone, has unique 
advantages. Loss of hydration is one of the theoretical bases 
leading to degenerative disc degeneration. 3D bioprinting 
has been widely used to create highly hydrated nucleus 
pulposus in recent years.194 But the greatest technical 
difficulty remains in the disc’s structural and functional 
complexity. One point to be noted for the application of 3D 
bioprinting to repair IVDs is that the high mechanical loads 
that the discs bear can negatively affect the function of these 
hydrogels compared to other cartilages. Thus, there is a 
need to develop bioink at high resolution that reconstitutes 
complex tissue networks, supports cell function, and 
handles large loads in the spine.195 More studies are needed 
in the future to design biomimetic discs with optimal 
structural, biomechanical, and biological properties to 
achieve the repair of disc tissue. Since the spine would bear 
high-strength pressure loads, it is more demanding for 
the mechanical strength of 3D bioprinting to repair disc 
tissue, and high mechanical loads can negatively affect the 
function of these hydrogels. Therefore, the main challenge 
is to develop high-resolution extrusion-type bioink that 
reconstitutes complex tissue networks that support cell 
function while being required to bear the large load in the 
spine.195 To address the above difficulties, 3D bioprinting 
using synthetic bioink has been commonly performed in 
recent years. Combining mechanically tough polymers with 
printable polymers to improve, resulting in double network 
hydrogels that can be rapidly and efficiently printed while 
promoting spinal integration with sufficient mechanical 
strength.196 Moxon et al.197 3D-printed biphasic hydrogel 
structures composed of gellan gum and type I collagen, 
simulating nucleus pulposus and AF regions, respectively. 
Not only did it summarize the microstructural features of 
these regions, but it also promoted the incorporation of 
nucleus pulposus and AF cell lines. In addition, they found 
that the same effect can be triggered when IVD cells are 
replaced by human MSCs, demonstrating the potential of 
using suspended layer additive manufacture bioprinting to 
control stem cell phenotype and morphology by regulating 
the structure of the extracellular environment. IVD-based 
analogs are not only expected to be used to study the 
mechanism of IVD-like tissue formation but also to expand 
their application scope from IVD biology to a wider range 
of tissue engineering and regenerative medicine fields. Sun 
et al.198 3D-printed a material consisting of biomaterials, 
cells, connective tissue growth factor, and TGF-β3 loaded 
onto polydopamine nanoparticles, mixed with BMSCs for 
regeneration and simulation of the structure and function 
of the nucleus pulposus and AF. In vitro experiments have 
shown that printed BSMCs can maintain high activity and 
differentiate into myeloid cells and fibrous ring-like cells. 

The prepared scaffold was implanted subcutaneously into 
the back of nude mice, and the IVD was reconstructed 
in a band shape, displaying the specific matrix of the 
corresponding histological and immunological phenotype.

4.5. 3D bioprinting for other cartilage
Auricular cartilage provides shape, structural support, 
and shock absorption.199 Loss of auricular cartilage leads 
to microtia. Autologous costal cartilage is commonly 
used in patients with microtia to create an auricular 
framework. However, this treatment modality is usually 
associated with high requirements for surgeon skills, 
donor site morbidity, pain intensity, and the risk of causing 
pneumothorax after surgery.200 In addition, silicone 
frameworks used as surgical material suffer from graft 
rejection, frameshift, time-consuming production, and 
other disadvantages.201 The advent of 3D bioprinting has 
been a boon in solving these problems. 3D bioprinting of 
ear tissue allows for the replication of auricular anatomy, 
mimicry or embedding of elements of the ECM, and 
adhesion and lineage commitment of cells before and after 
implantation in vivo.201 However, as the external auricle 
primarily relies on cartilage for structural support, the 
adequacy of biodegradable materials’ mechanical strength 
remains a subject of debate.202 3D bioprinting technology, 
compared with traditional autologous rib grafting surgery 
methods, can reduce many surgical risks, alleviate pain in 
patients, eliminate the need for surgeons to remove the 
ribs and then perform manual trimming based on the 
contralateral ear (surgical outcomes are influenced by the 
operating surgeon) and other advantages. However, there 
are still some obstacles in the application of 3D bioprinting 
technology to repair ear cartilage tissue for pre-clinical 
use.203 First, the scalability of bioprinting materials needs 
to be addressed urgently. Second, currently available 3D 
bioprinting technologies are still too complex for large-
scale production. In addition, the cellularized scaffolds 
suffer from a shrinkage phenomenon due to the high 
degree of interaction between cells within the remodeled 
hydrogels, causing deformation of the implanted structures. 
In addition, adequate reepithelialization of the construct 
after implantation remains a challenge, along with the high 
costs associated with cell collection and expansion prior 
to construction manufacturing under good manufacturing 
practice conditions.204,205

In addition, nasal septal cartilage is a promising field 
for cartilage tissue engineering. Septal cartilage is a key 
supporting structure in the framework of the human nasal 
cavity. Nasal scaffold deformity and nasal obstruction due 
to collapse or absence of septal cartilage may be caused by 
trauma, tumor, aging, or previous surgery. Current typical 
options for nasal stent reconstruction include autologous, 
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allogeneic, or synthetic sources.206 Nasal septal cartilage 
tissue engineering has the potential to provide surgical 
options for patients with complex reconstruction needs, 
mitigate other risks caused by existing tissue sources, and 
reduce the risk of immune exclusion, disease transmission, 
and resorption from allogeneic sources.207 At the same 
time, similar to ear cartilage tissue engineering, it reduces 
the pain and risk of autologous bone grafting, such as costal 
cartilage, for patients.208 Shokri et al.209 used 3D-printed 
elastomin–gelatin–HA scaffolds and chondrocytes for 
in vivo regeneration of nasal septal cartilage defects and 
successfully reduced the average residual defect area. Lan  
et al.210,211 conducted a series of studies. In the first step, they 
successfully generated engineered nasal septal cartilage by 
employing a free-form reversible embedding (FRESH) 
bioprinting method with type I collagen hydrogel, in which 
in vitro biochemical results were highly similar to those of 
native tissue.210 The clinical application and potential to 
form patient-specific surgical-ready shapes, mechanical 
characterization, and in vivo stability of the engineered 
nasal cartilage substitute were further validated.211 With 
the ability to 3D-bioprint patient-specific inferior lateral 
cartilage, Lan et al.210 subsequently investigated the effect 
of chondrogenic cultures on biochemical and mechanical 
properties of bioprinted constructs of human nasal 
chondrocytes in vitro and in vivo using nude mice.

5. From laboratory to clinical practice
The regeneration of cartilage and osteochondral tissue is 
known to be a time-consuming process. Unfortunately, 
the ever-increasing incidence of injuries or diseases that 
cause cartilage and osteochondral damage further adds to 
the disease burden every year.212 Therefore, new effective 
strategies are needed to treat and replace cartilage and 
osteochondral tissue. To this end, 3D bioprinting provides 
a promising platform for the rapid production of cartilage 
and osteochondral tissue aimed at replacing diseased 
cartilage and osteochondral tissue. Over the past few 
years, 3D bioprinting has undergone an evolution from the 
proof-of-concept printing model to another that enables 
the fabrication of complex multicomponent tissue-like 
constructs similar to their in vivo counterparts. Complete 
translation of tissue bioprinting presents huge challenges 
in a clinical context, in particular, achieving 3D-bioprinted 
tissue fully embodying the reconstruction of damaged 
tissues, such as cartilage or osteochondral tissues, would 
take a long time. However, to date, only a few studies have 
successfully evaluated the performance of bioprinting 
constructs in an in vivo setting. More investigations are 
warranted to attempt to construct implantation in real-
world environments to demonstrate the possible translation 
from research to the clinic. Thus, given the long-term 

process involved in the full clinical translation of bioprinted 
constructs, robust and systematic evaluations are needed 
to demonstrate the in vivo applicability of bioprinted 
constructs.3 In addition, 3D-bioprinted scaffolds may elicit 
immune responses in vivo, a facet of this technology that 
requires in-depth exploration in specific cases.

The first aspect that we should consider in the translation 
of bioprinting from laboratory to clinic is the compatibility 
of biomaterials with cells. Biomaterials should not only 
provide physical support for cells but also have good 
biocompatibility to ensure cell survival, proliferation, 
and differentiation. How to optimize the formulation of 
biomaterials to better match the needs of cell growth is 
one of the key issues in clinical translation. In addition, cell 
source and quality are critical factors. Although immune 
rejection cases are minimal in the usage of autologous cells, 
the amount of obtained cells is limited, and there is a risk of 
donor site damage. Although allogeneic or stem cell-derived 
cells can address the quantity issues, they may elevate the 
risks of immune reactions. Thus, the last few years have 
been devoted to the development of more biocompatible 
bioinks to allow replication of organ-specific ECM while 
maintaining high cell viability and activity as well as 
induction of organ-specific ECM. However, the organ-
specific ECM affords a rather “synthetic” environment, 
which may induce organ-like behavior of cells but hardly 
mimics the full composition of the native ECM in human 
tissues. In recent years, the dECM—typically derived from 
animals’ organs—has been discovered as an excellent 
candidate bioink, by virtue of the reduced severe immune 
rejection and provision of a specific environment for tissue 
repair or tissue regeneration.213 Furthermore, Faramarzi  
et al.214 developed bioinks that include patient’s autologous 
material obtained from platelet-rich plasma for patient 
realization—their approach shows that patient-specific 
tissues can be obtained by bioprinting and that the use 
of autologous materials is a key factor in ensuring tissue 
performance and transplantability, especially in the clinic.

Another challenge facing the clinical translation of 
bioprinting is striking a balance between printing accuracy 
and structural complexity. Achieving accurate 3D-printed 
structures is essential to simulate the complex structures 
of natural cartilage and osteochondral tissues. However, 
challenges remain in achieving micron-scale printing 
accuracy at the current state, posing difficulty in fully 
reproducing the fine structure of natural tissues, such as the 
layered structure of cartilage and the complex connection 
of osteochondral interfaces. Parameter fluctuations during 
the printing process, such as temperature and pressure 
changes, also affect the printing accuracy. Improving the 
accuracy and stability of printing, as well as being able to 
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print tissue constructs with complex internal structures, 
are prerequisites for effective clinical application.

In addition, the speed of printing is also a noteworthy 
factor in order to achieve translation from laboratory to 
clinic.3 The common drawback of current bioprinting 
systems is the fabrication of complex biomimetic tissues 
based on low printing speed. This is a significant limitation 
for the clinical application of bioprinting, as bioprinting 
larger tissues may outspend the time for on-demand tissue 
creation. Several studies have focused on reducing the 
time required by using a single nozzle to store multiple 
materials in extrusion-based bioprinting.215 However, 
stereolithography has so far not been able to achieve the 
versatility of extrusion-based bioprinting, and only a few 
studies have successfully integrated multiple materials 
into stereolithography-based systems.216 Increasing the 
speed of bioprinting is an important step toward the 
clinical translation of bioprinting and the on-demand 
manufacturing of biologically relevant tissue structures.

Finally, although many studies have been conducted 
to promote the translation of 3D bioprinting from the 
laboratory to the clinic in the past few years, some studies 
have only remained at the cellular level. Demonstrating 
scaffold function in real-world environments is a key 
step to achieving clinical translation. In vivo experiments 
should be an important part of all bioprinting studies that 
focus on the fabrication of biomimetic tissues suitable for 
clinical applications. In addition, the long-term efficacy 
and safety of 3D-printed cartilage and osteochondral 
regeneration products need to be fully evaluated 
before clinical application. The long-term efficacy is a 
multifaceted parameter encompassing the durability 
of tissue repair, the recovery of mechanical properties, 
and whether it can effectively relieve the symptoms of 
patients. In terms of safety, in addition to the risks related 
to biological materials and cells, potential contaminants 
or impurities introduced during the printing process 
should also be considered. At present, how to establish a 
perfect long-term efficacy and safety evaluation system is 
an urgent problem to be solved in the process of clinical 
translation. However, there are still some obstacles in 
applying 3D bioprinting technology to repair nasal septal 
cartilage tissue for pre-clinical applications.206 The first is to 
tackle the need for an adequate source of autologous cells. 
Typically, fewer cells would be needed from the harvested 
cartilage at the time of surgery if a higher cell density 
can be achieved within a shorter culture period. Using 
appropriate media and bioreactors can help achieve this. 
In addition, while chondroprogenitor cells can provide 
a more abundant source of cells, it is also necessary to 
control their growth. The second obstacle is to establish 
effective scaffolds and bioinks. Ideally, the scaffold would 

appropriately interact with the selected cell type in terms 
of cell adhesion, proliferation, and redifferentiation. In 
addition, the scaffold will provide appropriate mechanical 
properties for reconstruction. Hybrid stents appear to be 
particularly promising.

6. Conclusion and perspectives
3D bioprinting is a promising technology for cartilage and 
osteochondral regeneration. Cartilage and osteochondral 
defects are common injuries that can lead to severe 
pain, impaired joint function, and decreased quality of 
life. Traditional treatment methods for cartilage and 
osteochondral injuries have limitations, and many patients 
require joint replacement surgery. By allowing for the 
creation of patient-specific, biocompatible constructs 
that can regenerate damaged tissue, 3D bioprinting offers 
a potential solution to this problem, essentially leading 
to reduced pain, improved joint function, and a higher 
quality of life for patients suffering from cartilage and 
osteochondral injuries. 

In conclusion, 3D bioprinting has the potential to 
revolutionize the field of cartilage and osteochondral 
regeneration. The technology allows for the precise 
placement of cells and biomaterials in a 3D environment, 
creating constructs that mimic the native tissue structure 
and function. Although the technology is still in its infancy, 
numerous studies have demonstrated its effectiveness 
in pre-clinical models, and clinical trials are underway. 
Ultimately, 3D bioprinting has the potential to become a 
mainstream treatment option for these conditions, offering 
a personalized, effective, and long-lasting solution to 
patients worldwide. 

Looking ahead, the development of 3D bioprinting 
technology for cartilage and osteochondral regeneration 
is likely to progress at a rapid pace. We anticipate that 
advances in biomaterials, cell sourcing, and printing 
techniques could overcome many of the existing 
challenges. Nevertheless, challenges, such as the scalability 
of the technology, the need for suitable biomaterials, and 
regulatory hurdles, remain to be surmounted.
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