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Human cartilage tissue can be categorized into three types: hyaline cartilage, elastic cartilage and fibrocartilage.
Each type of cartilage tissue possesses unique properties and functions, which presents a significant challenge for
the regeneration and repair of damaged tissue. Bionics is a discipline in which humans study and imitate nature.
A bionic strategy based on comprehensive knowledge of the anatomy and histology of human cartilage is ex-
pected to contribute to fundamental study of core elements of tissue repair. Moreover, as a novel tissue-

engineered technology, 3D bioprinting has the distinctive advantage of the rapid and precise construction of
targeted models. Thus, by selecting suitable materials, cells and cytokines, and by leveraging advanced printing
technology and bionic concepts, it becomes possible to simultaneously realize multiple beneficial properties and
achieve improved tissue repair. This article provides an overview of key elements involved in the combination of
3D bioprinting and bionic strategies, with a particular focus on recent advances in mimicking different types of

cartilage tissue.

1. Introduction

The regeneration and repair of defective cartilage tissue has long
been a challenge due to insufficient blood supply. Current therapeutic
methods for cartilage diseases include artificial scaffolds [1,2], micro-
fractures [3,4], autologous cartilage transplantation [5,6], stem cell
therapy [7], and more [8]. While these operations have achieved some
curative effects, they still have some problems, such as donor injury,
long treatment cycles, prosthetic infection, and unsatisfactory curative
efficacy. Advances in tissue engineering present a hopeful resolution to
these problems. Tissue engineering involves applying both life science
and engineering principles to create biological replacements that can
repair damaged tissue. This process requires a comprehensive under-
standing of the specific physiological and pathological conditions of the
targeted tissue. Various traditional techniques, such as lyophilization
[9-11], electrospinning [12-14], injectable hydrogels [15-17], and
microspheres [18,19], have been utilized in tissue engineering. With the
rapid development of tissue-engineered technologies, supporting con-
cepts have been consistently advanced. An optimal tissue-engineered
scaffold must possess exceptional biocompatibility and chondrogenic
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ability, matching biodegradability, necessary porosity, and bionic
shape, composition, histological structure and mechanics to accurately
replicate damaged tissue [20]. Such a scaffold can not only replace
damaged tissue quickly and delay the progression of lesions but also
facilitate repair and regeneration processes.

As a novel tissue-engineered technology, 3D bioprinting offers the
potential to create customized scaffolds with remarkable morphological
precision. This technique provides natural advantages in simulating
biological structures. By selecting suitable materials, cells, and cytokines
and leveraging advanced printing technology and bionic concepts, it
becomes possible to consider multiple properties simultaneously and
achieve a higher level of biomimicry. This article provides an overview
of key elements involved in 3D bioprinted cartilage-mimicking con-
structs (Fig. 1), with a particular focus on recent advances in mimicking
different types of cartilage tissue.

2. Bionic orientations

In theory, tissues or organs can be considered composite structures
made up of cells and extracellular matrix (ECM). These structures have
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evolved over millions of years to possess optimal properties for survival
in nature. This serves as a crucial foundation for the implementation of
biomimetic strategies in tissue engineering. The concept of bionics was
first introduced by Steeles in 1960 [21], and in 1986, Hull [22] invented
the first 3D printing technology known as stereolithography. Since then,
the concept of bionic 3D printing has emerged. This technology is
inspired by the principles of biological structure and function and is
designed to create 3D printed structures with bionic properties. The
concept of bionic 3D printing has evolved over time to satify the re-
quirements of regenerative medicine. Currently, the directions of bi-
onics mainly include morphological bionics, compositional bionics,
mechanical bionics, and histological bionics.

In cartilage engineering, the functions of various cartilage tissues are
diverse and rely on complex composition, unique shape, and reasonable
histological structure. Additionally, their functionality is inseparable
from the surrounding tissue. While 3D printing offers clear advantages
in terms of morphological design, material and cell selection, and dis-
tribution, it still faces several challenges in achieving overall high-level
biomimicry. Therefore, researchers often investigate different ap-
proaches to optimize the properties of printed constructs.

2.1. Composition

Composition is a key factor in distinguishing among different orga-
nizations. In cartilage, collagen and proteoglycans are the primary
organic components, but the types and proportions of collagen can vary
significantly across different types of cartilage. For instance, articular
cartilage is composed of 80-90 % type II collagen, while type I collagen
is virtually absent [23]. In contrast, the meniscus contains several types
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of collagen, with type I collagen being the most prevalent [24,25]. The
composition of tissue not only determines its mechanical properties but
also plays a crucial role in the microenvironment that enables cell sur-
vival. Extensive research has been conducted on the regulatory effect of
tissue composition on cell behavior and tissue repair (Table 1).

Hyaluronic acid (HA) is an important component of cartilage, and its
effect on cellular function was studied by Martiniac et al. [26]. Initially,
they developed a new human chondrocyte Col2al Gaussian luciferase
reporter system (HuCol2gLuc) that could detect the production of type I
collagen noninvasively and with high throughput, enhancing the accu-
racy and convenience of the experiment. They subsequently compared
the methacrylate (GelMA) group with the GelMA/hyaluronic acid
methacrylate (HAMA) group and found that the addition of HAMA
improved cartilage formation by 15 %.

With the most similar composition to native tissue, ECM has long
been a research hotspot in tissue engineering. Some researchers [27]
first explored the effects of different concentrations of ECM on cell
behavior. In that study, five concentration gradients were designed: 0 %,
0.5 %, 1 %, 2 %, and 4 %. Following a 14-day culture in vitro, the 2 %
group exhibited the highest levels of glycosaminoglycan (GAG) and
collagen production. However, it is important to note that changes in
concentration can often lead to variations in other physical properties of
the hydrogel, including porosity, stiffness, swelling ratio, and the in-
ternal molecular network. The comparison of different materials is en-
counters similar problems as well. As a result, it is crucial to consider
how to better control these variables to obtain more accurate results.

While the concept of compositional bionics for tissue repair is well
understood, the natural materials used in this field are not easily printed.
First, these materials essentially lack the necessary properties to be
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Fig. 1. The core elements of bionic bioprinting for cartilage tissue engineering.
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Table 1
Overview of componential bionic materials in different cartilage tissues.

The usual Merits Demerits Ref.

bionic

materials

ECM Closest composition to High cost, unclear 33.
native tissue, excellent composition, unstable 140.
biocompatibility, good cell ~ properties 147.
recruitment 154.

Hyaluronic Similar composition to Low viscosity, lack of 26.

acid native tissue, nontoxicity, gelation ability 157.

good biocompatibility,
optimization of cell
function

Collgen Similar composition to High cost, low 43.
native tissue, low mechanical strength 156.
immunogenicity,
optimization of cell
behavior, good biological
function

Silk Fibroin Excellent mechanical Lack of source and 142.
strength, good gelation ability 184.
biocompatibility, fine 185.
elasticity, low interfacial
shear force

GelMA Low cost, stable properties, Unsatisfied biological 60.
fast crosslinking, excellent function, fluctuated 173.
printability, adjustable properties with varied 175.
biodegradation temperature

Alginate Fast gelation kinetics, good ~ High immunogenicity, 160.
shape fidelity insufficient 188.

biocompatibility

printed as fluids, requiring complex processing or the addition of
auxiliary materials. However, such procedures tend to compromise their
initial physical properties and functionality. Additionally, challenges
encountered during the printing process include inadequate homoge-
neity and unsuitable viscoelasticity. Therefore, it is imperative to
address the issue of developing bionic materials that offer enhanced
printing performance and satisfy the needs of compositional bionics.

2.2. Morphology

Morphology serves as an intuitive representation of organizational
type and is a necessary condition for the realization of organizational
functions. Unique shapes have evolved in various types of cartilage to
fulfill their functional requirements. For instance, the auricle has a
distinct shape that facilitates sound collection, while the trachea is
designed to keep the airway open and facilitate constriction and relax-
ation. The wedge shape of the menisci allows a perfect fit between the
femoral condyles and the tibial plateau for force transmission and load.

Furthermore, precise morphological bionics plays a crucial role in
tissue repair, as depicted in Fig. 2. In particular, to repair articular
cartilage defects, a well-shaped simulation is necessary for accurate
scaffold implantation and subsequent restoration of alignment and sta-
bility. Vahdati et al. [28] conducted a study using the finite element
method to examine the impact of adhesion between cartilage implants
and native tissue. Larger implant sizes were shown to lead to a higher
surface coefficient of friction and to increase the chance of implant
loosening and delamination.

2.3. Histological structure

To meet functional demands, certain tissues display distinct orien-
tations and zonal discrepancies in cell distribution and histological
arrangement. These factors are crucial for optimizing tissue regenera-
tion. The meniscus is a prime example of this relationship, as the inner
and outer regions, posterior and anterior horns, and superficial and deep
layers all exhibit diverse distributions of histological components [29].
Specifically, collagen fibers are arranged radially and circumferentially
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in different zones [30,31]. However, imitating such complex structures
is an enormous challenge for researchers.

Bahcecioglu’s research [32] initially focused on examining the his-
tological differences between the inner and outer regions of the
meniscus. To replicate the structure of the meniscus, a bionic scaffold
made of polycaprolactone (PCL) in a coliseum shape was designed. Inner
layer injection of agarose (Ag), GelMA, and meniscal fibrocartilage cells
(MFCs) was performed, while the outer layer was perfused with GelMA
+ MFCs. Following six weeks of in vitro culture, cartilage-like tissue was
observed in the inner layer and fibrocartilage-like tissue was observed in
the outer layer, realizing the regeneration of differentiated structures.
Guo et al. [33] addressed the anisotropic structure of the meniscus by
simulating collagen assembly through 3D printing circular and radial
PCL strands. They then infused ECM to achieve further componential
mimicry. The resulting protection of articular cartilage and optimized
meniscal regeneration were demonstrated in experimental models using
rabbits and sheep.

A 3D printer may distribute and arrange materials in an organized
fashion, but it falls short of reproducing the intricate details found in
native tissue. Collagen fibers, for instance, are seamlessly connected in
natural tissue, even at the nanoscale level. In contrast, at the macro
level, 3D printed hydrogel strands exhibit a resolution of merely 100 pm
[34,35] and retain numerous large pores, whereas at the micro level, the
internal molecular assembly often lacks structural order. This funda-
mental flaw is responsible for the subpar mechanical properties of
hydrogels, which fail to meet practical demands. Therefore, researchers
often attempt to solve this problem by incorporating alternative mate-
rials. Nevertheless, even with these modifications, the microstructure of
the resulting constructs still varies considerably from that of native tis-
sue. Consequently, there is still a considerable gap to overcome to
achieve fully biomimetic constructs.

2.4. Biomechanics

Cartilage tissue possesses unique mechanical properties, which are
the basis of achieving its primary functions including shape retention,
force transmission and cushioning. In the case of the human meniscus,
its unique position and shape require strong mechanical strength and
complex anisotropy. In detail, the axial compression modulus of the
meniscus is approximately 100-150 kPa, while the shear modulus shows
a similar strength of about 120 kPa. On the other hand, the tensile
modulus far surpasses these values, reaching dozens of MPa in the radial
direction and being 10 times higher in the circumferential direction
[36]. These excellent mechanical properties harness their strengths in
reducing the load on both the tibial platform and the femoral condyle
[37]. Similarly, the articular cartilage also functions as a weight-bearing
structure with an aggregate modulus of 1.8 MPa, contributing to its
ability to withstand mechanical forces [38]. Additionally, the mechan-
ical environment plays a crucial role in the behavior of chondrocytes and
tissue regeneration [39]. Therefore, the development of bionic me-
chanical scaffolds is a highly researched topic in the field of 3D
bioprinting.

A study by Martyniak et al. [26] explored the impact of scaffold
stiffness on cartilage regeneration. By adjusting the ratio of GelMA and
HAMA, researchers were able to create scaffolds with varying moduli of
32 kPa and 57.9 kPa. After 22 days in culture, it was discovered that
rigid biomaterials showed higher expression of type II collagen with low
mobility. A similar study was conducted by Michael et al. [40], who
varied the ratio of alginate to chitosan to manipulate the mechanical
properties of the hydrogel. This led to changes in cell behavior and
further confirmed the significance of mechanics in tissue regeneration.

In addition to the inherent mechanical properties of the scaffold,
external mechanical intervention plays a pivotal role in tissue repair.
Chen et al. [41] developed an auxetic scaffold that incorporates 3D
tensile stimulation to influence chondrocyte-seeded decellularized
extracellular matrix (dECM) mixed with fish gelatin methacrylate
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Fig. 2. Morphological mimicking scaffolds achieved by 3D bioprinting. (A) Pictures of the 3D printed tracheal construct without cells, the dye-stained tracheal
construct, and the cell-laden tracheal construct [184]. (B) 3D bioprinting process of biomimetic meniscal scaffolds [60]. (C) 3D printing process of the biomimetic

auricular scaffold [173].

(FGelMa) scaffold. The findings demonstrated that application of tensile
force promotes the production of chondrogenesis-related markers,
collagen II and glycosaminoglycans. Furthermore, they also confirmed
that this process may be associated with the activation of yes-associated
protein 1 signaling pathway.

2.5. Composite tissue

Because cartilage tissue lacks a blood supply, its survival and func-
tion depend on their bonds with surrounding tissue such as the trachea
and mucous membranes, articular cartilage and subchondral bone,
meniscus and synovial tissue. However, printing composite tissue re-
quires careful consideration of numerous details. In addition to ensuring
the necessary performance of each tissue, the design of composite tissue
must also address various issues, such as interface connection, me-
chanical stability, and degradation coordination of different parts,
which greatly increases the complexity of research. Nevertheless, the
simultaneous construction of interconnected tissue could potentially
serve as a shortcut for tissue or organ regeneration, but further research
is required to validate this theory. At present, several researchers have
conducted relevant studies on the 3D printing of composite tissue.

Zhou and colleagues [42] utilized stereolithography to create a
biomimetic biphasic osteochondral construct (Fig. 3I). The upper layer
consisted of GeIMA and polyethylene glycol diacrylate (PEGDA)/-
translational growth factor-p1 (TGF-p1), while the lower layer was made
of GelMA-PEGDA/HA. The study found that the scaffold facilitated the
differentiation of human mesenchymal stem cells (hMSCs) into osteo-
genic and chondrogenic lineages and upregulated genes associated with

osteogenesis and chondrogenesis.

Bokey et al. [43] utilized the bionic concept in their tracheal bio-
printing research as well. They developed a two-step printing approach
to create a superior bionic tracheal scaffold. The first step involved
printing the PCL bellows frame and enhancing its mechanical properties
through heat and oxygen plasma treatment. In the second step, a single
cartilage ring (3 % ectopic collagen bioink with human nasal chon-
drocytes (hNCCs)) and an epithelial layer (3 % ectopic collagen bioink
with human nasal turbinate stem cells (hNTSCs)) were printed onto the
outer groove and luminal surface of the bellows frame to achieve more
realistic mimicry. Finally, a protective barrier, known as the PCL
sinusoidal-patterned tubular mesh (SPTM), was incorporated into the
outer layer of the scaffold to prevent rapid absorption of the cartilage
ring after implantation (Fig. 3A-G). After 8 weeks of subcutaneous im-
plantation in nude mice, a significant number of infiltrating micro-
vessels were observed surrounding the regenerated cartilage, indicating
successful fusion with the surrounding tissue. Simultaneously, histo-
logical staining revealed the formation of mature chondrocytes and
cartilage-like extracellular matrix. This study successfully constructed a
multilevel bionic trachea by combining 3D printing with various
tissue-engineered techniques, achieving excellent outcomes in animal
experiments through meticulous design.

2.6. Scaffold-free and cell-free strategies
Although the benefits of 3D bioprinted scaffolds are clear, it is

important to acknowledge their drawbacks, including complex fabrica-
tion processes, high cost, the immunogenicity of natural materials and
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Fig. 3. Schematics of the trachea-mimetic scaffold [43] (A-G) and osteochondral scaffold [42] (I). Step 1: (A) The actual size of the construct. (B) The bellows
framework. (C) The preparation of porosity in the bellows framework. (D) Thermal/oxygen plasma treatments. Step 2: (E) The preparation of cartilage rings and
epithelial layer by rotary printing. (F) Preparation of a SPTM. (G) Diagram of the trachea-mimetic scaffold. (H) Image of the trachea-mimetic scaffold. (I) Schematics

of hierarchical biomimetic osteochondral scaffold.

the toxicity of degradation byproducts in polymeric materials [44],
which cannot currently be avoided. Additionally, finding a solution for
the coordination between the degradation of the scaffold and the
regeneration of neotissue is challenging. Moreover, the function of many
3D bioprinted scaffolds mainly depends on implanted or recruited cells,
while the scaffold-free strategy directly taps the potential of cells and
maximizes their value.

Ryusuke et al. [45] developed an elaborate layered, trachea-like,
scaffold-free structure. They achieved this by coculturing chon-
drocytes, MSCs, and umbilical vein endothelial cells (HUVECS) to pro-
duce cartilage spheroids and normal human dermal fibroblasts (NHDFs),
HUVECs, and MSCs to form neofibrous spheroids. Using the "Kenzan"
method of 3D bioprinting, they successfully created a trachea-like
construct. After maturation with the appropriate medium flow, the
construct was implanted into a rat trachea defeat model. After 35 days in
culture, histological staining revealed the development of large luminal
structures, abundant GAGs, and type II collagen. In summary,
scaffold-free strategies offer a wide range of cell options, but the culti-
vation of these cells necessitates a long-term commitment and a sub-
stantial quantity, thereby potentially requiring more stringent ethical
scrutiny and posing clinical risks. Furthermore, the functions of various
cells have not been systematically investigated.

In contrast, a cell-free strategy not only avoids the abovementioned
issues but also allows for a focus on scaffold design and the recruitment
of endogenous cells. Zhang et al. [46] utilized directional freezing
technology to prepare silk fibroin scaffolds with horizontal and vertical
arrangements and random porosity. The results demonstrated that this

particular scaffold provided a more favorable microenvironment for
endogenous bone marrow mesenchymal stem cells (BMSCs) than other
scaffolds, promoting simultaneous regeneration of cartilage and sub-
chondral bone. Additionally, Guo et al. [33] applied this strategy in
systematic animal experiments, implanting 3D printed PCL-ECM scaf-
folds into meniscectomy models of rabbits and sheep. Knee magnetic
resonance imaging (MRI) scanning revealed the presence of neomeniscal
tissue in the experimental group, while Mankin scores indicated that the
PCL-MECM scaffold effectively protected the articular cartilage. How-
ever, it remains to be determined whether the cell-free strategy can
obtain sufficient endogenous cells, particularly in cartilage tissue.

3. Bionic bioprinting techniques

3D printing is a rapid manufacturing technology that builds 3D
structures based on 3D model data. Bioprinting, by contrast, combines
biological ink and the concepts of tissue engineering to construct bio-
mimetic structures for repairing tissue defects. After decades of devel-
opment, 3D bioprinting technology has been widely used in various
medical fields [47-51] and has achieved promising results. Currently,
the main techniques for bionic cartilage tissue include extrusion bio-
printing, stereolithography and inkjet bioprinting (Table 2).

3.1. Extrusion bioprinting

Extrusion printing is a common manufacturing technology that in-
volves extruding liquid ink onto a mobile platform through a syringe
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Table 2
Overview of the characteristics of different bioprinting technologies.
Bioprinting Mterial demands Resolution Applied field Advantages Limitations Ref.
techniques
Extrusion printing High-viscosity liquild Approximately Tissue-engineered scaffold, Suitable for large-scale and Moderate precision and 52.
100 pm drug delivery, organoid complex constructs, wide range of slow fabrication speed 53.
materials, support for multiple
designs
Stereolithography Photocrosslinked liquid =~ Approximately Regenerativemedicine Fast printing, high cell viability Restricted to 64.
10 pm photocrosslinking
materials, high cost
Inkjet printing Low-viscosity liquid Approximately Disease models, drug research ~ High precision, fast printing, low Easily clogged nozzle, low 66.
without impurities 10 pm cost cell density

needle powered by either air pressure or a motor [52]. This method
offers several advantages over other printing techniques, including a
wide range of materials, fast printing speed, and high printing accuracy
[53]. These advantages make extrusion printing particularly suitable for
building large-scale structures in some fields such as cartilage, heart
[54], bladder [55], muscles [56], bone [57,58] and kidney [59].
Bioinks used for extrusion printing require high viscosity to maintain
their shape after printing, but this conflicts with the need for narrow
syringe needles to improve printing resolution. As a result, two major
challenges arise in concrete practice: cell viability and printability. To
overcome these challenges, printing parameters must be adjusted and
the rheological properties of the ink must be optimized. In their study,
Zhou et al. [60] enhanced the printing capabilities of ECM by incorpo-
rating GelMA and utilizing sonication, resulting in improved shape

A]_ ‘ Force / Pressure Az

SFNFs (-)

Construction
platform

C

Piezoelectric
B Region B8

Droplet

Printed
material

accuracy during extrusion. In addition, by carefully adjusting the
printing parameters and environmental conditions based on the rheo-
logical properties of the GelMA/ECM bioink, they were able to achieve a
cell viability rate of over 95 % and produce highly precise scaffolds.
Sakai et al. [61] investigated the impact of silk fibroin nanofibers on
bioink printing properties (Fig. 4A). To obtain the nanofibers, they
ground degummed silk fibers and added them to a polymer solution. The
results showed a significant improvement in the shear-thinning prop-
erties of the ink, resulting in more precise and accurate structure
building. Importantly, the addition of nanofibers did not have any
adverse effects on cell viability or behavior.

SFNFs (+)

Cartilage Layer

Fig. 4. Different types of bioprinting technologies and their applied scenarios. (A;) Schematic diagram of extrusion bioprinting and its application in nose (A) and
auricle (A3) reconstruction [61]. Hydrogel with silk fibroin nanofibers (SFNFs+) and without silk fibroin nanofibers (SFNFs-). Schematic diagram of stereo-
lithography (B,) application in osteochondral composite tissue. Representative SEM images of the 3D printed bilayer. Full structure (B,, scale bar = 2 mm). Close-up
(B3, scale bar = 500 pm) [65]. Schematic diagram of inkjet bioprinting (C;) and its application in meniscus. Regionally distinct architectures constructed by MEW and
inkjet bioprinting. (C,) Schematic diagram and the designed scaffold. (C3) SEM images (scale bar = 500 pm). (C4) Bright field image (scale bar = 800 pm) of the
scaffold after 4 weeks of in vitro culture and polarized light and color map imaging of the collagen fiber distributions (scale bar = 400 pm) [68].
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Fig. 5. Meniscus-mimicking constructs with different emphases. (A). 3D-printed PCL scaffold seeded with mesenchymal stem cells (scale bar represents 10 mm)
[101]. (B). 3D-printed PVA/dECM scaffold [140]. (C). 3D-printed PCL scaffold infused with MECM-based hydrogel [27]. A muitilayer bionic meniscal scaffold was
constructed by dual-nozzle printing (D) with oustanding mechanical properties (E) [147].

3.2. Stereolithography

Stereolithography refers to projecting a light source into photoc-
urable bioink according to a predesigned program and realizing on-
demand curing through the three-dimensional movement of the ink
tank, thereby producing a customized structure [62]. At present, ster-
eolithography appearance (SLA) and digital light processing (DLP) are
commonly used in the field of tissue engineering [63]. In general, these
techniques enable rapid preparation of target structures with high
printing accuracy. However, it also has the disadvantages of high cost,
difficulty integrating multiple materials and cells, and high dependency
on photosensitive materials [64]. Therefore, the application of stereo-
lithography in the field of cartilage-mimicking printing is considerably
limited. Sarah et al. [65] utilized the DLP technique to print a simple
architectural design consisting of a series of rigid columns filled with
hydrogel and MSCs for cartilage repair (Fig. 4B). This study confirmed
that scaffolds can effectively fill focal cartilage defects. However, there
remains a demand for more systematic and comprehensive studies in
this area.

3.3. Inkjet bioprinting

Inkjet bioprinting utilizes droplets as its fundamental unit of mate-
rials. These droplets can be as small as picoliters, and the printer has the
capability of jetting thousands of ink drops per second, resulting in
exceptional precision and high throughput. In addition, bioinks neces-
sitate lower concentrations, as higher concentrations can cause the
nozzles to clog [66], which is a completely different process compared to
extrusion printing.

Due to the limitations of the fabrication principle, inkjet bioprinting
is not ideal for constructing large-scale structures. Therefore, this
method is frequently used in conjunction with other techniques for
preparing cartilage-mimicking scaffolds. Tao et al. [67] first focused on
electrospun polycaprolactone fibers to achieve optimal mechanical and
organizational properties. Subsequently, biological properties were
enhanced by supplementing the fibers with collagen hydrogels con-
taining elastic rabbit chondrocytes through inkjet printing. After a week
of cultivation, the cell survival rate exceeded 80 %. In vitro and in vivo
experiments further confirmed that this design favored the deposition of
type II collagen. Xavier et al. [68] employed a more sophisticated
manufacturing technique that involved a combination of extrusion and
inkjet printing (Fig. 4C). To replicate the collagen alignment of the
meniscus, they started by creating anisotropic meniscus scaffolds with

varying aspect ratios using melt electrowriting (MEW). Next, they uti-
lized inkjet printing to inject cell-laden bioink into the PCL micro-
chambers to enhance the biocompatibility of the scaffold, thereby
completing the construction of a biomimetic multilayered meniscal
scaffold.

3.4. 4D bioprinting

4D bioprinting is not a novel technology but rather builds upon 3D
printing by introducing a time variable [69]. This technique allows
structures created by 3D printing to be reshaped in response to external
conditions such as temperature [70,71], pH [72], enzymes [73,74],
magnetic fields [75], sound waves [76], light [77,78] and electricity
[79,80], which will be fairly favorable for adapting to the dynamic
environment in the human body. The emergence of 4D bioprinting offers
more possibilities and promising prospects for the advancement of bi-
onic bioprinting.

Recently, researchers have applied this technique to cartilage-
mimicking printing. In particular, Pedro et al. [81] cleverly exploited
the difference in swelling rates between tyramide-functionalized hyal-
uronic acid (HAT, high swelling) and alginate acid (AHAT, low swelling)
to create a bilayer construct. This procedure allowed flexible adjust-
ments to the morphology and curvature of the structure while main-
taining high cellular activity. After 28 days of in vitro culture, the
presence of new cartilaginous tissue was confirmed. Following a similar
approach, Kim et al. [82] utilized the DLP technique to produce bilayer
silk fibroin hydrogels and conducted finite element analysis to assess the
shape changes of the intricate structures. The resulting hydrogels were
then implanted into a tracheal defect model in rabbits, where the
regeneration of both epithelial cells and chondrocytes was observed. In
addition, there are some studies utilizing variations in photocrosslinking
density to create intricate structures and verify the formation of 4D
chondroid tissue [83].

4. Bionic materials

The level of biomimicry achieved in bioprinting is heavily influenced
by the materials used in the construction of scaffolds. This relationship
exists because the properties of the scaffolds are largely determined by
the materials chosen. As such, the progress of bioprinting technology
significantly relies on the development of material science. Due to the
varying properties of different materials, researchers aim to consider a
broader range of properties by expanding the selection of materials for
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improved bionics and functional regeneration. Currently, typical mate-
rials used for cartilage-mimicking printing include natural materials,
synthetic polymer materials, cells and cytokines.

4.1. Natural materials

Natural materials are biomaterials that are derived naturally, and
their composition and structure closely resemble those of human tissue.
This similarity makes them ideal materials for creating a microenvi-
ronment that can aid in tissue repair and is an excellent candidate for
biomimetic printing. The commonly used biomaterials in cartilage tissue
engineering include gelatin [84,85], hyaluronic acid [86,87], alginate
[88,89], collagen [90], silk protein [91,92], acellular extracellular ma-
trix [93,94] and others [95-97]. However, these materials usually have
to undergo fixed processing, such as decellularization and enzymatic
hydrolysis, to remove immunogenicity and acquire printability, result-
ing in the destruction of some of their molecular structures and loss of
their original physical properties. Therefore, the lack of mechanical
strength is a major problem for natural materials [98], especially when
applied to cartilage tissue engineering. In addition, printability, shape
fidelity, cell viability and biodegradation are also the focus of bionic
printing.

Sang et al. [99] sought to create a bioink that could mimic the
components of cartilage to a comprehensive degree. Their solution was a
hybrid bioink composed of GelMA, HAMA, and chondroitin methacry-
late sulfate (CSMA). To test the feasibility of the bioink, they conducted
various analyses, including shape fidelity, swelling ratio, degradation,
mechanical and rheological tests, and printability. The results demon-
strated that the bioink maintained its original shape well, exhibited
exceptional mechanical properties, and displayed satisfactory degrada-
tion behavior. They then proceeded to mix the ink with TGF-f1 and
conducted some in vivo experiments. These experiments further
confirmed that the biomimetic ink formulation is indeed advantageous
for the regeneration of cartilage tissue.

4.2. Synthetic polymer materials

When compared to natural materials, polymers are characterized by
a lack of biocompatibility, which can negatively impact their application
in tissue engineering. However, they do offer good printability, adjust-
able degradation and controllable mechanical properties [100], making
them indispensable choices for bionic bioprinting. As a result, polymer
materials can be effectively utilized to optimize the morphological and
mechanical simulation of the scaffold.

Zhang’s research successfully leveraged these advantages. They
printed a morphological bionic meniscal scaffold with PCL [101], opti-
mized the mechanical properties of the scaffold by adjusting the pore
size [102], and finally verified the effect of the scaffold through a series
of animal experiments. The positioning of polymer materials has un-
dergone a significant shift with the development of bionic concepts and
printing technologies. Recent research studies [103-105] have
increasingly utilized polymer materials as frameworks to enhance
morphology and mechanics, while natural materials, cells, and cyto-
kines have assumed critical roles in biological functions. These ap-
proaches have effectively bolstered the repair ability of scaffolds.

4.3. Cells

The limited number of cells in cartilage tissue and the scarcity of
endogenous cells for recruitment pose a challenge for researchers
seeking to improve repair outcomes. To address this issue, many studies
have explored the potential benefits of adding a significant number of
cells to the scaffold. Numerous studies have examined the value of
various cell types in cartilage repair, including hyaline chondrocytes
[106,107], fibrochondrocytes [108-110], elastic chondrocytes [111,
112], and diverse mesenchymal stem cells [113-115].
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Chondrocytes are a well-established source of seed cells due to their
defined chondrogenic capacity and uniform composition. However, the
source of autologous chondrocytes is restricted, and these cells are prone
to aging and dedifferentiation during in vitro culture [116,117]. There-
fore, it is difficult to obtain sufficient and high-quality chondrocytes
from donors for cell expansion. MSCs are a type of adult stem cell that
can be found in various tissues [118-122]. As in vitro targeted induction
differentiation technology has matured, MSCs have become a popular
research topic due to their advantages, including the ability to maintain
their chondrogenic differentiation phenotype after large-scale expan-
sion in vitro, easy sample collection, and reduced harm to donors.
However, extensive research has revealed that the induction program is
expensive and that the efficiency of induction is low. More importantly,
early detection of gene expression related to chondrogenic hypertrophy,
such as MMP13 and COL10, was found to result in significant vascu-
larization and ossification in vivo after heterotopic transplantation
[123]. Therefore, the selection of appropriate cells for biomimetic
printing should be based on a given situation’s specific needs. Further-
more, many studies varied widely [124,125] in their cell density de-
signs, which may also be an important factor affecting the study validity.

4.4. Cytokines

The primary objective of incorporating cytokines into biomimetic
printing is to replicate the endocrine and paracrine functions of the
human body, enhance cell recruitment, and regulate cell behavior.
Although not a mandatory element for biomimetic printing, cytokines
do offer some beneficial effects on tissue repair. Currently, cytokines
such as vascular endothelial growth factor (VEGF) [126], transforming
growth factor (TGF-B) [127-129], fibroblast growth factor (FGF) [130],
bone morphogenetic protein (BMP) [131,132], platelet-derived growth
factor (PDGF) [133], and insulin growth factor (IGF-1) [134-136] are
widely utilized. These cytokines will contribute to tissue repair by being
incorporated into bioinks, added into microspheres, and chemically
bound to biomaterials. However, in general, the use of cytokines in 3D
printing is still in its infancy, and further research is required to fully
understand their capabilities and mechanisms. More efforts are needed
from researchers to fully explore the potential of cytokines in 3D
printing.

5. Bionic progress of 3D bioprinted cartilage tissue

Human cartilage can be categorized into three types: hyaline carti-
lage (found in articular cartilage and the trachea), elastic cartilage
(located in the auricle), and fibrocartilage (present in the intervertebral
disc and meniscus). Each type of cartilage tissue possesses unique
properties and functions, which must be accounted for when designing
scaffolds. This section offers an overview of recent developments in
bioprinting to mimic the various types of cartilage tissue.

5.1. Meniscus

The menisci are wedge-shaped fibrocartilage tissues located between
the femoral condyles and the tibial plateau and are crucial for the
movement of the knee joint. Regional differentiation is evident in the
blood supply, cells, components, tissue structure and even innervation
[137], resulting in a complex anisotropic structure that affects their
morphology, function, and properties. Consequently, various bionic
strategies have been developed for the meniscus Fig. 5, and the assess-
ment of meniscal function recovery has multiple focuses Table 3.

Polymer materials are often a preferred choice for researchers due to
their outstanding printability and mechanical properties. Additionally,
their ability to achieve high printing resolution and shape fidelity makes
them particularly suitable for constructing complex structures such as
menisci. Zhang et al. [101] successfully printed a meniscus-like scaffold
using PCL, which was then seeded with BMSCs and implanted into a
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Table 3
Overview of the applications of bionic 3D bioprinting in meniscal regeneration.
Materials Cell type Biological Characteristics Results Ref.
cues
PCL - - 1. Morphological mimicry @ In vitro, the scaffold with mean pore size of 215 102.
2. The effect of PCL scaffold with pm optimized the cell behavior
different pore size @ Invivo, it promoted the deposition of ECM
PCL BMSCs - 1. Morphological mimicry @ BMSCs-laden PCL scaffold enhanced meniscal 101.
2. The effect of BMSCs regeneration and mechanical strength
PU, GG/HA/GA - - 1. Improvement of PU scaffold with @® The compression modulus, water absorption and 138.
composite materials contact angle were all improved
@ After 7 days of culture in vitro, the expressions of
type II collagen and GAG genes on the coated
scaffolds increased
GG/FB , SF-MA MFCs - 1. Morphological mimicry @ Invitro, the compressive modulus reached 353 139.
2. Improvement of mechanical kPa
properties of the scaffold constructed @ Invivo, the formation of regularly arranged
with natural materials collagen fibers was observed
PVA/ECM endothelial - 1. Componential mimicry @ The hybrid ink had excellent mechanical 140.
cells 2. The mix of synthetic and natural properties and printability
materials followed by specific @ After 3 months in vivo, the scaffold could protect
processing techniques cartilage well and promote meniscal regeneration
PCL, Alg/ECM MFCs - 1. Histological and componential @ The overall appearance and cartilage protection 141.
mimicry of the experimental group were good.
2. Preliminary attempt to take both @ The tissue structure, biochemical content and
histological and component into biomechanical properties were similar to those of
consideration the original meniscus
PCL, ECM - - 1. Histological and componential @ The protection of articular cartilage and 33.
mimicry optimization of meniscus regeneration by the
scaffold were demonstrated in rabbit and sheep
experimental model
PCL, AG, GelMA MFCs - 1. Morphological and histological @ After 6 weeks of in vitro culture, cartilage-like 32.
mimicry tissue and fibrocartilage-like tissue could be seen
2. The immersion of different materials inside and outside separately
in the inner zone and outer zone to
simulate anisotropic structure
PCL, SF SMSCs L7 1. Morphological and mechanical @ The histology, biochemical content, and 142.
mimicry biomechanical properties of the experimental
2. Focusing on retaining stem cells group were very similar to those of a native
meniscus
PCL, GelMA/HAMA/ECM - KGN, PDGF- 1. Morphological and componential @ The cytokines promoted cell migration, as wellas ~ 144.
BB mimicry direct cell differentiation to chondrogenic
2. The function of KGN/PDFG-BB and lineage, and markedly augmented meniscus
dual drug-releasing model regeneration
PCL, 4-arm poly(ethylene glycol) BMSCs Ac2-26, 1. Morphological and histological @ The scaffolds had good heterogeneous structure, 145.
amine-20 K, 4-arm poly(ethylene CTGF, TGF- mimicry biomechanical properties and anti-inflammatory
glycol) succinimidylester-20 K p3 2. Anti-inflammatory and antioxidant and antioxidant effects
microenvironment regulation and @ Ac2-26 peptide was beneficial to zone-specific
partitioned release of growth factors differentiation and expression of chondrocyte
phenotypes
PCL BMSCs CTGF, TGF- 1. Morphological and histological @ The cellular phenotype and matrix deposition of 146.
p3 mimicry the regenerated menisci were similar to those of
2. The construction of the scaffold via native menisci
triple-nozzle printing
PCL, SF - - 1. Mechanical mimicry @ The mechanical properties and biocompatibility 148
2. Dual-nozzle printing were significantly improved
PCL/PU, ECM BMSCs - 1. Mechanical, morphological and @ The scaffold had a compressive modulus similarto ~ 147.
componential mimicry that of the autogenous meniscus
2. The mix of PCL and PU attained @ The new tissue also exhibited good mechanical
excellent mechanical properties properties in the rabbit model
PCL, ECM/GelMA MFCs - 1. Morphological, componential and @ A triple temperature control and dual-nozzle 60.

mechanical mimicry

2. Taking component, morphology,
biomechanics, porosity, biodegradation.
into account simultaneously

printing system for the printing of a multilevel
bionic scaffold was developed

The scaffold had outstanding shape mimicry,
mechanical mimicry and compositional mimicry
and the ability to promote meniscal tissue
regeneration

rabbit meniscus model that had undergone complete resection. After 24
weeks of observation, it was found that the meniscal scaffolds containing
BMSCs were superior to the cell-free scaffolds, confirming that the
scaffolds could improve the regenerative capacity and mechanical
strength of the meniscus. Afterward, they [102] further studied the ef-
fects of PCL scaffolds with different pore sizes on cell function and tissue
regeneration. The results suggested that the scaffolds with a pore size of

215 pm had better cell behavior and ECM deposition.

In their study, Farshad et al. [138] aimed to enhance the biocom-
patibility of polymeric materials by applying a coating of gellan gum
(GG), HA, and glucosamine (GA) on polyurethane (PU) scaffolds. The
findings indicated that the compression modulus, water absorption, and
contact angle of the scaffolds were all enhanced. Moreover, after seven
days of in vitro culture, the coated scaffolds exhibited increased
expression of type II collagen and GAG genes.

Prior work has leveraged the excellent biocompatibility of hydrogels,
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but their application in bionic bioprinting is hindered by mechanical
properties and printing performance. In an effort to refine these prop-
erties, Costad et al. [139] mixed some natural materials to improve the
mechanical properties. They used bioinks made of gellan gum/fibri-
nogen (GG/FB) and silk fibroin methacrylate (SF-MA) to fabricate highly
elastic hybrid structures. After two weeks of in vitro cultivation, the
compressive modulus reached 353 kPa. Following 10 weeks of subcu-
taneous implantation in mice, the formation of regularly arranged
collagen fibers was observed. In contrast to this approach, some re-
searchers [140] opted for a different strategy involving the mixing of
poly(vinyl alcohol) (PVA) and ECM. This was followed by freezing/th-
awing cycles and alkaline treatment. Rheological and mechanical tests
showed that the hybrid ink possessed excellent mechanical properties
and printability. Subsequently, the incorporation of vascular endothelial
cells into the bioink allowed for printing of the meniscal shape and
implantation into a rabbit meniscus defect model. After a period of 3
months, it was observed that the scaffold was effective in protecting the
cartilage and promoting meniscal regeneration.

The combination of printing and perfusion techniques is a practical
and effective approach to integrating various materials. In a study by
Chen et al. [141], a biomimetic meniscal scaffold was created by
printing circular and radial PCL strands. This scaffold was then infused
with an Alg/ECM composite hydrogel containing MFCs to enhance the
bionic components and provide cells with an optimal microenviron-
ment. Mechanical experiments demonstrated that the scaffold possesses
compressive and tensile moduli comparable to those of the native
meniscus. Following a 6-month implantation in vivo, the experimental
group exhibited good overall appearance and cartilage protection, while
the tissue structure, biochemical content, and biomechanical properties
were similar to those of the original meniscus model. Li et al. [142]
selected a combination of PCL and SF to achieve a balanced scaffold with
desirable mechanical properties and degradation performance. The
wedged frame was initially 3D printed using PCL and then filled with SF
solution, which was subsequently crosslinked and lyophilized. To
further enhance stem cell recruitment and retention, synovium-derived
mesenchymal stem cell (SMSC)-specific affinity peptide (LTHPRWP; L7)
was introduced. After 24 weeks of in situ implantation, the experimental
group exhibited histology, biochemical content, and biomechanical
properties similar to those of a native meniscus.

Li et al. [143] conducted a study on the effectiveness of another
cytokine, kartogenin (KGN) in the regeneration of fibrocartilage. They
began by preparing KGN-loaded microspheres using poly(lactic-co-gly-
colic acid) (PLGA), followed by 3D printing a PCL skeleton. They then
injected the ECM gel, which contained the microspheres, into the pores
to create a dual slow-release gel and microbead system. The chondro-
genic ability of this system was ultimately confirmed through testing on
a rabbit meniscus defect model. Following this, researchers [144]
further refined their method by incorporating KGN-loaded PLGA mi-
crospheres and PDGF-BB into a GelMA/HAMA/ECM bioink and
coprinted it with PCL. The results from in vivo experiments indicated that
the scaffold was effective in promoting both cell migration and chon-
drogenic differentiation of MSCs.

In their study, Xu et al. [145] placed emphasis on regulating the
microenvironment through anti-inflammatory and antioxidative means.
To achieve this goal, they utilized a 3D printed porous anisotropic PCL
meniscus scaffold, seeded it with BMSCs, and introduced the Ac2-26
molecule known for its anti-inflammatory and antioxidant properties.
Additionally, they employed a rotation-immersion mold to add two
growth factors (CTGF and TGF-p3) for spatiotemporal partition release.
The outcomes of the study suggested that the Ac2-26 peptide had a
positive impact on differentiation. Their findings revealed that the
scaffolds possessed a heterogeneous structure with desirable biome-
chanical properties and anti-inflammatory and antioxidant effects.
Moreover, the Ac2-26 peptide was observed to promote zone-specific
differentiation, as well as the expression of chondrocyte phenotypes.

While the combination of printing and infusion can integrate a range
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of materials, the rough bionic level and complicated processing ap-
proaches present challenges for improvement. However, the introduc-
tion of multinozzle printing provides a convenient solution to this
problem. In fact, Sun and colleagues [146] successfully constructed a
scaffold using 3D printing alone, allowing the precise distribution of
cytokines at fixed points. First, the physical support structure was
created using fused PCL by extrusion printing. After, the hydrogel,
which was loaded with BMSCs, was combined with microspheres of TGF
or CTGF and printed into microchannels that were situated between the
PCL fibers. This approach resulted in a faster and more convenient
fabrication process. The 3D bioprinted meniscal scaffolds were then
tested both in vitro and in a goat meniscal resection model. The findings
indicated that the regenerated menisci displayed a similar cellular
phenotype and matrix deposition to that of the native menisci.

Zhou et al. [60] dedicated to exploring multilevel bionics of meniscal
constructs. Initially, they thoroughly examined the rheological proper-
ties of GelMA/ECM bioink before designing a personalized meniscal
model that considered composition, appearance, and mechanics.
Moreover, to print a multilevel bionic scaffold, they developed a
customized triple temperature control and dual-nozzle printing system
according to the features of the model and the bioink. Ultimately,
through systematic in vivo and in vitro experiments, it was demonstrated
that the scaffold exhibited exceptional characteristics such as mimicking
the shape, mechanical properties, and composition of the meniscal tis-
sue. Furthermore, it was also observed to effectively promote meniscal
tissue regeneration.

Other researchers [147] utilized a similar technique to achieve better
mechanical optimization. They adopted a PCL-PU blend as the frame-
work and ECM for biocompatibility while using dual-nozzle printing as
an engineered technique to create a biomimetic scaffold. The mechan-
ical tests revealed that the scaffold had a compressive modulus com-
parable to that of the autogenous meniscus, and the new tissue also
displayed favorable mechanical properties in the rabbit model.

5.2. Articular cartilage

Articular cartilage is a type of hyaline cartilage that covers the ends
of joints. Its primary function is to act as a shock absorber and reduce
friction between bones during joint movement. The histological struc-
ture of articular cartilage shows marked heterogeneity. For instance, the
cartilage situated in the medial femoral condyle, a common site of
osteoarthritis and sports injuries, is less than 3 mm thick, yet it com-
prises three distinct layers: the hyaline articular cartilage layer (2.41
mm), the calcified cartilage layer (0.13 mm), and the subchondral bone
plate (0.19 mm). Regional differences in the distribution and arrange-
ment of components and cells are evident in every layer [149,150].
However, due to limitations in the resolution and precision of current 3D
printing techniques, fully bionic structures are difficult to achieve. As a
result, researchers have focused on functional regeneration strategies for
cartilage 3D bioprinting, which have gained increasing interest Fig. 6,
Table 4.

Pores play a vital role in facilitating cellular substance exchange.
However, in the case of cell-laden hydrogels, the nanoscale molecular
network or the distance for substance exchange can often hinder cells
from obtaining adequate nutrients. Li et al. [153] employed SF and
gelatin (GT) to print macroporous hydrogel scaffolds at low tempera-
tures, achieving a porosity of 70 %. They then seeded adipose-derived
stem cells (ADSCs) using a combination of cell suspension and aggre-
gation methods. This approach successfully regenerated cartilage
structures and facilitated the integration of cartilage and osteochondral
interfaces in a rabbit cartilage defect model. Chen and colleagues [154]
utilized a comparable method, employing a low-temperature deposition
technique to print ECM and water-based polyurethane (WPU), which

were subsequently lyophilized to create macroporous scaffolds.
Following implantation into a rabbit cartilage defect model, the histo-
logical structure and mechanical properties of the repaired cartilage
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Table 4
Overview of the applications of bionic 3D bioprinting in articular cartilage regeneration.
Materials Cell type Biological cues Characteristics Results Ref.
SF, GT ADSCs - 1. The exploration of porous structure and @ The porosity of the scaffolds reached 70 % 153.
cell aggregate @ The satisfactory regenerated cartilage structures, integration of
cartilage and osteochondral interfaces in vivo
ECM, WPU ASDCs - 1. Hierarchical macro-microporous @ The histological structure and mechanical properties of the 154.
structure repaired cartilage resembled those of normal tissue
SF, GT BMSCs E7 1. The introduction of E7 @ The addition of E7 made the new cartilage more closely 155.
resemble the autogenous tissue from HE, MRI, SEM
b-TPUe, coll/PBA - - 1. Mechanical mimicry @ The mechanical property of b-TPUe scaffold was considerably ~ 156.
close to native cartilage
@ A greater cell count and increased ECM deposition
PLA, HA ACCs - 1. Investigation of compressibility, @ PLA/HA scaffolds favored the expression of chondrogenic gene ~ 157.
degradation and biocompatibility of HA markers and specific matrix deposition
GelMA, PCL- - IL-4 1. Histological mimicry @ The histological score of bilayer scaffolds containing IL-4 was 158.
hydroxyapatite 2. The introduction of IL-4 twice that of ordinary scaffolds
GelMA, HA - - 1. Histological mimicry @ In vivo experiments showed that the scaffold promoted 159.
2. The value of interfilamentous spacing cartilage regeneration well
@ The interfilamentous spacing played an important role in cell
migration and nutrient osmosis
Alg, GelMA, CS, TCP  BMSCs, 1. High-level gradient histological @ Constructs with gradient differences were conducive to 160.
ACCs mimicry cartilage regeneration and the maintenance of cartilage
2. The introduction of microfluidic print phenotype
PCL, HA - TGF-p1, BMP-7, 1. Histological mimicry @ Differences among the layers led to regional heterogeneity of 161.
and IGF-1 2. The construction of gradient structure chondrocytes and ECM, promoting functional regeneration
3. The introduction of MEW
PLCL, aggrecan - - 1. Aggrecan combined with the PLCL @ Invivo, functionalized scaffold treated with aggrecan doubled 165

scaffolds by covalent bond

the thickness of the regenerated cartilage tissue
@ The number of chondrocytes and type II collagen increased
significantly

were similar to those of normal tissue after six months.

In their study, Shi et al. [155] mainly aimed to address the issue of
natural materials with insufficient mechanical properties. They devel-
oped a bioink with appropriate mechanical properties and degradation
speed for cartilage regeneration by adjusting the ratio of SF and GT. To
further enhance cell recruitment, a BMSC-specific affinity peptide was
incorporated into the scaffold and BMSCs were seeded within it. Finally,
the effectiveness of the bioink was confirmed in a rabbit microfracture
cartilage defect model. Daniel et al. [156] took a different path to print
thermoplastic polyurethane 1,4-butanediol (b-TPUe) that exhibited
mechanical properties similar to those of cartilage. To improve cell
adhesion, they coated collagen type I and 1-pyrenebutyric acid (PBA)
onto the b-TPUe scaffolds, taking into account both the material’s me-
chanical properties and biocompatibility. Cristina et al. [157] conducted
a study on the compressibility, degradation properties, and biocom-
patibility of HA. They then injected HA hydrogel, which contained
articular chondrocytes (ACCs), into the pores of polylactic acid (PLA)
scaffolds and cultured them in vitro for one month. The results showed
that PLA/HA scaffolds were more effective than simple PLA scaffolds in
promoting the expression of chondrogenic gene markers and specific
matrix deposition.

In addition, some researchers focused on the histological structure of
the cartilage layers and performed biomimetic printing. Lin and col-
leagues [158] developed a bilayer scaffold and explored the potential of
interleukin-4 (IL-4) for cartilage regeneration. They used digital light
processing (DLP) to print GelMA mixed with IL-4 on the upper layer,
while fused deposition modeling (FDM) was employed to create porous
PCL and hydroxyapatite on the lower layer. The results of in vivo ex-
periments demonstrated that the histological score of the bilayer scaf-
folds containing IL-4 was twice as high as that of the ordinary scaffolds.
Gao et al. [159] utilized continuous printing of GT and GelMA-HA to
create a double-layered porous scaffold. The researchers also investi-
gated the impact of interfilamentous spacing on scaffold performance.
After observing the scaffold’s effectiveness in promoting cartilage
regeneration over a 12-week period in a rabbit tracheal defect model,
they discovered that interfilamentous spacing played an important role
in cell migration and nutrient osmosis, but various materials and models
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required different parameters for interfilamentous spacing.

Microfluidic printing is a promising method for achieving high shape
fidelity and preserving cell viability. In a study by Joanna et al. [160],
this technique was utilized to create inks (Alg, GelMA, chondroitin
sulfate (CS), HAMA, p-tricalcium phosphate (TCP)) with varying con-
centrations and cell types (BMSCs and ACCs), resulting in bionic carti-
lage and osteochondral layers with gradient structures that
demonstrated excellent shape fidelity and cell viability. Through in vitro
culture and testing on rabbits, it was confirmed that these gradient
differences were conducive to cartilage regeneration and the mainte-
nance of the cartilage phenotype.

Yu et al. [161] utilized the MEW technique, which offers higher
printing resolution than FDM, and combined it with inkjet printing to
deposit various cytokines at different layers. Specifically, TGF-p1 and
BMP-7 were deposited on the surface layer, IGF-1 on the middle layer,
and HA on the deep layer. This approach allowed for more accurate
structures with histological bionics. As a result, the composite scaffold
was able to effectively improve cell behavior. Additionally, the differ-
ences among the layers led to regional heterogeneity of chondrocytes
and ECM, which promoted functional regeneration.

Shim et al. [162] focused more on the potential toxicity and incon-
venience of cross-linking agents. Consequently, they opted for a material
that does not require cross-linking, specifically cucurbit [6]uril (CB [6])
and polyamine (PA). These two molecules are able to interact with each
other in the presence of stem cells, forming noncovalent bonds. To
synthesize CB [6]-HA and DAH-HA, the researchers modified HA with
these two molecules. Next, they coprinted these inks with pepsin-treated
collagen (atelocollagen), PCL, and turbinate-derived mesenchymal
stromal cells (TMSCs) to create a multilayer structure. After 8 weeks of
implantation in a rabbit model, it was found that layered collagen and
HA yielded greater benefits for the regeneration of osteochondral tissue
than Alg.

The osteochondral defect, being a severe joint injury, serves as a
crucial risk factor for the progression of osteoarthritis and thus has been
the primary focus of research on articular cartilage therapies [163].
When it comes to 3D bioprinting, constructing osteochondral scaffold
often encounters multiple challenges such as histological disparities,
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interface stability, and an increase in uncertain variables. These factors
significantly amplify the complexity of conducting research in this field.
Liu et al. [110] developed multilayer scaffolds incorporating BMSCs and
diclofenac sodium (DC) to address the common challenges of endoge-
nous chondrocyte deficiency and inflammatory response in osteochon-
dral defect repair. The subchondral bone layer was composed of PCL,
while the cartilage layer consisted of KGN-loaded PCL and BMSCs-laden
methacrylated hyaluronic acid (MeHA) hydrogel. Additionally, a matrix
metalloproteinase (MMP)-sensitive drug delivery hydrogel coated with
DC applied on top of the scaffold. Results demonstrated that the scaffold
effectively enhanced cartilage regeneration by promoting type II
collagen deposition and suppressing interleukin 1p secretion. Further-
more, in an animal model, the scaffold improved joint function in terms
of ground support force, paw grip force, and walking gait parameters.
Focusing on the clinical translational potential, Li et al. [164] developed
a cell-free exosome-loaded bionic ECM double-layer scaffold. This
scaffold constructed a dual network by crosslinked GelMA and Schiff’s
base bond, enabling controlled and continuous release of exosomes. In
vitro experiments validated the scaffold’s ability to enhance cellular
behavior and facilitate osteogenic differentiation. Subsequently, the
authors implanted this scaffold in a preclinical model, where histologi-
cal staining and imaging demonstrated its capacity to promote regen-
eration of both cartilage and subchondral bone, potentially attributed to
the sustained release of MSC-derived exosomes. The authors propose
that this strategy holds promise as a solution for clinical cartilage injury.
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5.3. Auricle

The auricle, which is the external part of the ear, is composed of
elastic cartilage tissue covered by a layer of skin. Elastin is the primary
component of auricular cartilage, providing it with exceptional flexi-
bility. Additionally, the complex shape of the auricle is necessary for
collecting sounds. Consequently, bionic bioprinting of the auricle fo-
cuses on replicating its appearance and elasticity Table 5.

Some studies initially focused on the shape of the auricle. In a study
by Bok [166], the details of auricular modeling were explored and a
high-level shape-mimicking auricular scaffold was printed using PCL.
However, functional verification was not carried out. Liu et al. [167]
used a bioink blended with albumen/alginate/gelatin (A-Alg-GT) and
HUVECs to print a shape-mimicking scaffold, which was verified to
exhibit biocompatibility and vascular support behavior in vitro. Similar
studies were conducted by other researchers using different materials
and cells [168-171].

Dafydd et al. [172] focused on improving biomimetic composition
and conducted a thorough investigation of the ECM. They synthesized a
practical material called ECMMA, which could be utilized for photo-
crosslinking. Additionally, he took advantage of proteomics techniques
to analyze the differences between ECM and native tissue. While there
were some compositional discrepancies between the two, the ECM still
retained many functional components and demonstrated superior bio-
mimetic composition when compared to other materials. Then, they
printed the auricular scaffolds and cultivated them for 28 days. It was
found that the cartilage components in the ECMMA group were signif-
icantly greater than those in the GelMA group.

Table 5
Overview of the applications of bionic 3D bioprinting in auricle regeneration.
Materials Cell type Biological Characteristics Results Ref.
cues
PCL - - 1. Morphological mimicry @ Achieving the high-level morphological imitation of auricle 166.
2. The exploration of printing model
GelMA, - - 1. Morphological mimicry @ The addition of nanoclay in GelMA improved the porosity, 168.
nanoclay 2. The function of nanoclay mechanical strength and the degradation ratio
ECM, PVA, Gel - - 1. Morphological and componential mimicry @ In vivo results revealed the regeneration of cartilage specific 169.
matrix, including collagen and elastin
cellulose - - 1. Morphological mimicry @ The resolution of auricular scaffold reached 250 pm with cellulose ~ 170.
microfiber 2. High-resolution printing with natural microfiber by DIW
materials
SF, GT ECCs - 1. Morphological mimicry @ The SF-Gel hydrogel optimized shape fidelity, swelling capability,  171.
2. No crosslinking degradability, and compressive strength
@ The increased expression of SOX9, ACAN, Colll was observed in
bioprinted constructs
ECMMA ECCs - 1. Morphological and componential mimicry @ Compared with GelMA group, the ECMMA group achieved more 172.
cartilage ECM components
GelMA ECCs , - 1. Morphological mimicry @ After subcutaneous implantation in mice for 1 month, the scaffold ~ 173.
ADSCs 2. Noninvasive bioprinting by near infrared could maintain its shape and promote the expression of type II
(NIR) photopolymerization (DNP) collagen in cartilage lacuna
PCL, HA, Alg - - 1. Morphological and mechanical mimicry @ The heterogeneous localized surface tension was similar to the 174.
2. Dissolving PCL in organic solvent to improve natural ECM
the mechanical strength and simplify the
procedure
PLA, GelMA ECCs - 1. Morphological and mechanical mimicry @ Invitro, the experimental group exhibited good proliferative 175.
2. The combination of synthetic materials and properties and cellular activity
natural materials. @ In vivo, new chondrocytes and chondrogenic matrix could be
observed
GT, FB, HA, Gly ECCs — 1. Morphological and mechanical mimicry @ In vitro, the histological components resembled the human ear 176.
2. Advanced and comprehensive design of the @ Invivo, the similar elastic character was observed as native tissue
model in 4 weeks
ECMMA, ECCs - 1. Morphological, componential and mechanical ~ @ Using dual-nozzle printing to integrate different materials to 177.
GelMA, PEO, mimicry achieve precise shapes, low immunogenicity, and excellent me-
PCL 2. High-level mimicry at different perspectives chanical strength
@ In vivo, the high morphological fidelity, excellent elasticity,
abundant cartilage lacunae, and cartilage-specific ECM deposition
were attained
A-SA-Gel HUVECs - 1. Morphological mimicry @ A-SA-Gel hydrogel scaffold had good cell compatibility and 167.
2. The study of vascular support behavior vascular supportive behavior
PCL, Alg, PEG ADSCs, - 1. Morphological mimicry @ Successful application of sacrifice materials and separate printing 178
CCs 2. The attempt of multinozzle printing for auricle of different cells
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In their research, Chen et al. [173] implemented a highly sophisti-
cated printing method that significantly streamlined the entire process.
Their approach utilized digital near-infrared (NIR) photopolymerization
(DNP) 3D printing technology to create auricular scaffolds that were
noninvasively printed under the skin of nude mice and then cultured for
a month. The outcome of the experiment was that the scaffold retained
its original shape, and there was a significant secretion of type II
collagen observed in the lacunae of cartilage.

Lei et al. [174] employed a unique method to enhance the me-
chanical properties of their scaffold. To create the scaffold, PCL particles
were initially dissolved in a precursor solvent consisting of mixed
dichloromethane (DCM) and dibutyl phthalate (DBP). This solution was
then used to uniformly encapsulate both the PCL liquid and hydroxy-
apatite nanobioceramics. After adjusting the ratio, Alg was added to
complete the scaffold printing process, which was then cross-linked
using calcium chloride. These researchers also used this bioink to pro-
duce a gyroid scaffold via direct ink writing (DIW) and confirmed that its
uneven local surface tension was comparable to that of natural ECM. In
summary, this study combined the mechanical properties and biocom-
patibility of two materials, eliminating the need for sacrificial materials
or high-temperature melt deposition and simplifying the printing pro-
cess and requirements. In contrast, Tang et al. [175] used a more con-
ventional approach of printing and perfusion to achieve their desired
effect.

A multinozzle printing system has also been utilized in 3D bio-
printing of the auricle. Hyun-Wook et al. [176] developed an integrated
tissue-organ printer (ITOP) that used GT/FB/HA/glycerol and rabbit ear
chondrocytes (ECCs) with a cell density of 40 x 10° cells/ml as the
bioink. PCL was used as the framework to create the bionic pinna
scaffold. The scaffold was also designed to ensure sufficient pore pres-
ervation, allowing for the exchange of oxygen and nutrients. Histolog-
ical staining revealed that the new tissue composition and structure
closely resembled that of the human ear. Additionally, in vivo
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experiments demonstrated comparable elasticity to that of the rabbit
ear. These promising findings are likely due to the meticulous design of
the printed model and the abundance of chondrocytes present.

Jia et al. [177] further improved the design of the scaffold by ac-
counting for factors such as shape, elasticity, and microenvironment.
They combined the benefits of ECMMA, GelMA, poly(ethylene oxide)
(PEO) and PCL to attain a precise appearance, low immunogenicity, and
excellent mechanical properties. After 24 weeks of subcutaneous im-
plantation in nude mice, the experimental group showed noticeable
morphological fidelity, excellent elasticity, plentiful cartilage lacunae,
and cartilage-specific ECM deposition.

5.4. Trachea

While the trachea’s anatomy is fairly complex, it can be simplified
into three layers: the mucosal, submucosal, and adventitial layers. The
adventitia, which is the central component, is supported by 16-20 C-
shaped hyaline cartilage rings that are connected by membranous liga-
ments made of elastic fibers. These cartilage rings have a notch that faces
the trachea’s posterior wall, and there are ligaments and smooth muscle
bundles in the gap between them [179,180]. The mucosal layer serves as
a crucial barrier for the trachea. Without it, granulation tissue may
proliferate in the lumen, which could ultimately lead to death [181].
The submucosa is composed of loose connective tissue that contains
numerous glands. As a result, constructing a bionic tracheal scaffold
involves several factors that can influence its success, and evaluating
functional recovery cannot be based solely on the formation of carti-
laginous tissue Table 6.

Gao et al. [182] created a tracheal scaffold using poly(i-lactic acid)
(PLLA) with biomimetic morphology. Autologous ECCs were then
seeded onto the scaffold. After two weeks of in vitro culture and two
weeks of in vivo paratracheal muscle culture, the engineered tracheal
and pedicled muscle flaps were transplanted into a tracheectomy rabbit

Table 6
Overview of the applications of bionic 3D bioprinting in trachea regeneration.
Materials Cell type Biological cues Characteristics Results Ref.
PLLA ECCs - 1. Morphological mimicry @ Epithelization could be successfully achieved and overgrowth of ~ 182.
granulation tissue seldom occurred in experimental group
PCL, PLA/GT - - 1. Morphological and @ The compressive modulus was close to that of natural tissue 183.
mechanical mimicry @ Cartilage-like tissue gradually formed in mice for 8 weeks
2. The combination of different
TE techniques
SF, GMA FCs, NCCs - 1. Morphological mimicry @ The ink was conducive for the proliferation and differentiation of ~ 184.
chondrocytes in vitro
@ New cartilaginous tissue and cells appeared near the
transplanted scaffold
SFMA ECCs - 1. Morphological and @ Rapidly photocrosslinked silk-MA bioink could flexibly regulate ~ 185.
mechanical mimicry biodegradation, mechanical strength and printability
2. The application of 4D @ Bronchoscopy revealed entire recovery of lumen and mucosa and
bioprinting relatively immature neocartilage tissue
PCL, NCCs, NTSCs - 1. Morphological and @ Invivo, many infiltrating microvessels could be seen around the 43.
atelocollagen histological mimicry regenerated cartilage
2. Delicate design for the @ Histological staining revealed the formation of mature
histological structure of chondrocytes and cartilage-like ECM
tracheal scaffold
PCL, silicon, NTSCs - 1. Morphological and @ After 2 months in vivo, histological staining showed the 186.
Collgen, histological mimicry formation of trachea-like tissue
ECM 2. Multilayer and detailed @ The expression of cell-specific markers in basement membrane
simulation for trachea and angiogenesis were observed in specific stainning
GelMA, ECCs, 8-arm-polyethylene 1. Morphological, @ X-ray and tracheoscopy showed that the trachea returned to a 187.
ECMMA, HUVECs, glycol-succinic acid ester componential and mechanical good recanalization, seamless connection of the defect site of the
DMMA, fibroblasts (8-PEG-NHS) mimicry primary trachea and complete epithelial regeneration
CSMA, 2. Adequate componential and
HAMA cellular design for discrepant
structure
Alg, ECM - - 1. Morphological and @ Mature epithelial cell types in airway lumens were observed in 188

componential mimicry
2. Printing in suspended
hydrogel

vitro
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model. Their histological results showed successful epithelization in the
experimental group, with minimal overgrowth of granulation tissue.

Nilesh et al. [183] utilized a combination of 3D printing and elec-
trospinning to create a porous PCL scaffold. Subsequently, a short
nanofiber dispersion of polylactic acid/gelatin (0.5-1.5 wt%) was
electrospun onto the scaffold surface, after which ECCs were added.
Mechanical property tests indicated that the compressive modulus of the
scaffold was similar to that of natural tissue. When the scaffold was
implanted subcutaneously in mice for 8 weeks, cartilage-like tissue
gradually formed.

Gao et al. [184] more closely considered the cytocompatibility of
materials and developed a bioink called SF-glycidyl-methacrylate
(GMA) that is suitable for DLP 3D printing. In vitro experiments
demonstrated that ink promotes the proliferation and differentiation of
chondrocytes. Subsequently, the printed scaffold was implanted into a
rabbit tracheal defect model, resulting in the appearance of new carti-
laginous tissue and cells near the transplanted scaffold.

Jung-Seob et al. [185] utilized similar materials and further
expanded their applications. Initially, the researchers prepared a
silk-MA bioink that could be rapidly photocrosslinked, allowing for the
regulation of biodegradation speed, mechanical strength, and print-
ability. Using DLP, they printed various tissue structures, such as the
trachea, and performed preliminary experiments to confirm their
chondrogenic ability. Furthermore, the material possessed the unique
ability to change shape even under physiological conditions. As a result,
the researchers utilized it for 4D printing of the trachea, which was then
implanted into a partial defect model. Following a period of 8 weeks in
culture, bronchoscopy revealed complete restoration of the lumen and
mucosa, along with relatively immature neocartilage tissue.

The design developed by Hu et al. [186] represents a significant
advancement in tracheal mimicry, elevating it to a new level of so-
phistication. They incorporated a trachea-mimicking bellows scaffold
that was printed indirectly with PCL. To reinforce the structure, silicone
rings were added. The luminal surface was then coated with collagen
and ECM hydrogels in sequence. Finally, TMSC sheets were added to
achieve a multilayer simulation of the histological structure. This com-
plex design was truly remarkable in its attention to detail and dedication
to mimicking natural structures. After being cultured in vivo for 2
months, histological staining revealed the development of trachea-like
tissue and the expression of cell-specific markers in the basement
membrane and angiogenesis, as observed through specific staining
techniques. In general, this study did not rely heavily on 3D printing
elements, and the preparation process was somewhat complex.

It is widely recognized that cartilage relies on the surrounding tissue
for proper nutrition. Consequently, to further achieve better functional
regeneration, Huo et al. [187] exploited a 3D printing strategy to obtain
a cartilage-vascularized fibrous tissue-integrated trachea (CVFIT). First,
to better simulate tracheal cartilage and surrounding tissue, the re-
searchers prepared various materials separately, including ECMMA,
GelMA, CSMA, ADMMA, HAMA, and 8-arm succinic acid ester
(8-PEG-NHS). These materials were combined in specific ratios to mimic
the components of the primary trachea and connective tissue. The goal
was to achieve satisfactory results in terms of both mechanical proper-
ties and appearance. Afterward, the scaffold was preimplanted and
wrapped by a vascular muscle flap in a rabbit neck for 8 weeks and then
implanted in a tracheal defect model in situ. X-ray and tracheoscopy
showed that the trachea returned to good recanalization, seamless
connection of the defect site of the primary trachea and complete
epithelial regeneration, indicating that the function of the trachea had
been well restored.

5.5. Other cartilage tissue
Certain cartilage tissues have received relatively scarce attention in

previous studies, which is generally attributed to limited knowledge or
few dedicated research effort. Here, we provide a concise summary of
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the prior studies

The nose is a vital aesthetic organ, with breathing and olfaction
being its crucial functions [189]. Therefore, nasal damage or deformity
can significantly impact patients’ physical and mental well-being.
Currently, autologous cartilage transplantation and artificial implant
treatment are commonly used methods; however, they often fail to yield
satisfactory results for reasons such as infection, secondary surgical
injury, donor scarcity, and high resorption rates [190,191]. The utili-
zation of 3D printing enables precise fabrication of customized models,
thereby offering a partial solution to the aforementioned issues,
rendering it highly favored among researchers.

The advantages of 3D printing were fully explored by Hee-Gyeong
et al. [192] to prepare personalized customized models. In this study,
the shapes of preoperative and virtual postoperative noses were
analyzed, and the octahedral interior architecture was designed using
CAD software. Subsequently, a cartilage-derived hydrogel mixed with
ADSCs was injected into the nasal implant. In vitro experiments
confirmed the scaffold’s potential to induce cartilage differentiation of
ADSCs. Additionally, significant chondroid tissue deposition was
observed after subcutaneous implantation of mice, supporting that the
scaffold effectively combined the advantages of autologous cartilage and
artificial nasal scaffold.

Lan et al. [193] conducted further systematic verification of the in
vivo and in vitro cartilage formation ability of 3D bioprinted scaffolds.
Considering the requirements for surgical suturing and skin shrinkage
during clinical application, the researchers investigated the influence of
culture time on the mechanical properties and ECM formation ability of
a 3D bioprinted Type I collagen hydrogel scaffold containing chon-
drocytes. Initially, they successfully prepared the scaffold using the
freeform reversible embedding of suspended hydrogels (FRESH) bio-
printing method (Fig. 7A) and confirmed its high cellular activity (>85
%). To compare with clinically approved type I/1II collagen membrane
scaffolds (Chondro-Gide), which served as the control group, immuno-
fluorescence tests were performed after a certain period of in vitro cul-
ture. The results indicated that both groups secreted a significant
amount of type II collagen, but the secretions were more uniformly
distributed in the bioprinted group (Fig. 7B). The quantitative analysis
of gene expression revealed no significant difference between the two
groups (Fig. 7C). The researchers subsequently conducted a more
comprehensive comparison of in vitro and in vivo grown implants, which
included Safranin-O staining, Masson’s Trichrome staining, and immu-
nofluorescence for type I and II collagen (Fig. 7D). The results demon-
strated that both the bioprinted group and the control group exhibited a
lack of peripheral proteoglycan deposition, whereas this issue was not
observed in the parallel group in vitro. However, both in vivo and in vitro
experiments showed that the bioprinted group produced higher levels of
collagen than the control group, approaching those found in autologous
tissue. Finally, mechanical properties were assessed for both groups
revealing no significant difference in bending modulus; furthermore,
noticeable improvements were observed after implantation.

As a crucial load-bearing joint structure, intervertebral discs (IVDs)
enable flexion, extension, and rotation in the spine. These functions rely
on its intricate organizational structure, encompassing the outer annulus
fibrosus and inner nucleus pulposus, as well as the anterior and posterior
longitudinal ligaments and superior and inferior end plates [194]. IVD
dysfunction is among the most prevalent clinical diseases. While con-
servative treatment falls short of providing a comprehensive solution,
surgical intervention may adversely impact the spinal range of motion or
adjacent vertebral degeneration [195]. Tissue-engineered scaffolds from
3D bioprinting present a promising approach for their management.

Damage to the annulus fibrosus is a significant contributor to IVD
degeneration. Therefore, Liu et al. [196] were dedicated to simulating
the microstructure and mechanical properties of annulus fibrosus. By
employing a newly developed electrohydrodynamic 3D printing tech-
nique, an angle-ply architecture was fabricated to enhance printing
resolution and simulate the arrangement of fiber rings. As a result, the
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Fig. 6. Development of cartilage-mimicking constructs. (A). Single-material scaffold: 3D bioprinted cell-laden alginate/collagen scaffold (Left) with a focus on cell
viability (Middle, Calcein-AM/PI staining) and cytocompatibility (Right, Rhodamine-phalloidin/Hoechst 33,258 staining) [151]. (B). The design of the hybrid
scaffold was achieved by the combination of the support of the PCL frame and the cytocompatibility of chitosan (CS) hydrogel [152]. C-E. Composite biophysic
scaffold with osteochondral bionics constructed by a multihead printing system. Fine bionics for multilayered cartilage tissue with delicate selections of cytokines (C)
[161]. Precise MEW printing with extremely high resolution (D). Image of green (FITC) fluorescent microspheres adhering to the scaffold (E1) and comparison of
SEM images of a simple scaffold (E2), microsphere-attached scaffold (E3) and microsphere-adherent scaffold (E4).

’x’ type scaffold demonstrated higher tensile stress (2.8 + 0.4 MPa),
ultimate strain (65.8 % =+ 6.2 %), and ultimate strength (6.9 &+ 0.4 N)
compared to the *+* scaffolds; however, there was still some disparity
with human disc performance [195]. Subsequently, the researchers
combined the scaffold with GelMA hydrogel that mimics the nucleus
pulposus in order to construct tissue-engineered intervertebral discs
(TE-IVDs). These TE-IVDs were then implanted into a rat model for total
disc replacement, where they observed maintenance of disc height,
reduction in loss of NP water content, and partial restoration of IVD
biomechanical function.

Sun et al. [197] focused on studying the repair effect of bionic
scaffolds by dual-factor strategy. They loaded connective tissue growth
factor (CTGF) and TGF-p3 onto polydopamine nanoparticles and mixed
them with gelatin/sodium alginate/HA hydrogel. The resulting mixture
was then coprinted with PCL to fabricate the structure of the bionic
annulus fibrosus and nucleus pulposus. In vitro experiments confirmed
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that the two factors could be released in a spatially controlled manner,
allowing BMSCs to differentiate into nucleus pulposus-like and annulus
fibrosus-like cells. Subcutaneous transplantation experiments in nude
mice demonstrated that the scaffold exhibited a zone-specific matrix,
with the core area mainly composed of type II collagen and glycosami-
noglycans and the surrounding area mainly composed of type I collagen.

6. Conclusions and future prospects

In conclusion, 3D bioprinting is the most effective technology for
manufacturing and distributing materials, cytokines, and cells. The
concept of bionics is also the most important basis that has inspired
innovation and guided research design in 3D bioprinting [198]. Over
years of development, experts in diverse fields have communicated and
collaborated, leading to remarkable achievements in bionic 3D bio-
printing as an interdisciplinary subject within the medical field. The
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(red) and II (green) collagen and (By) type X collagen (red). The blue color is from DAPI staining (scale bar = 100 pm). (C). Gene expression of in vitro constructs. (D).
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combination, modification and mixing of different materials, the
exploration and selection of a variety of cells, the addition of specific
cytokines and the impressive design concepts together promote the
progress of bionic 3D printing. However, reviewing existing studies re-
veals that most prior research is limited to achieving a specific histo-
logical structure and functional recovery and falls short of the
comprehensive restoration of native tissue. While several studies have
attempted multidimensional mimicries, there is currently no established
standard for the level of biomimetics, and further rigorous evaluation is
needed to determine its value. For instance, the bionic structure of cir-
cular and radial material arrangement as a representation of meniscal
tissue structure raises questions, and its significance in tissue repair re-
quires more scientific evidence due to the nanometer-scale resolution of
meniscal collagen arrangement compared to the typical resolution of
many 3D printing techniques which exceeds 100 pm. Moreover, it is
inaccurate to conclude that cartilage tissue production solely relies on
collagen and GAG synthesis since the functionality also depends on
complex types of collagen and regular fiber alignment.

In fact, one of the most significant goals of 3D bionic bioprinting is to
construct organoids, but the drawbacks of this technique clearly limit
the design of complex macrostructures and fine microstructures, which
is attributed to a fundamental discrepancy between the rapid layer-by-
layer process of 3D bioprinting and the long-term growth and devel-
opment of organs. As a result, researchers often need to cultivate orig-
inal constructs in vitro or in vivo for an extended period before
conducting animal experiments. The author believes that research in the
field of 3D bioprinting should focus not only on the characteristics of the
tissue but also on the growth process of tissue and organs. Cells may play
the most critical role in this process. Additionally, with 3D bioprinting
having reached an advanced phase, and the integration of multiple
tissue-engineered techniques and unique designs could soon make sig-
nificant contributions to effective progress in bionic manufacturing
techniques.

The ultimate objective of biomimetic bioprinting is the treatment of
diseases. Currently, traditional 3D printing without living cells and
bioactive materials has been utilized by certain researchers in some
fields such as anatomical visualization for educational purposes or
preoperative planning [199], as well as prosthetic implantation [200].
However, the clinical translation of bioprinted structures tend to require
a series of in vitro, in vivo and clinical trials. Although certain studies
have demonstrated promising outcomes in both in vivo and in vitro ex-
periments, suggesting their potential for clinical translation, it should be
acknowledged that clinical diseases often exhibit diversity and dy-
namics, which necessitates strict experimental conditions. Moreover,
addressing intricate ethical and biosafety concerns are also imperative
for successful clinical translation. Therefore, a significant challenge
facing 3D bioprinting lies in determining how to achieve improved so-
lutions for these issues. The effective development of animal experi-
ments is a prerequisite for clinical trials. Currently, most studies on 3D
bioprinted cartilage-mimicking constructs are conducted in vivo using
small animal models, such as subcutaneous transplantation in nude mice
and disease models in rats or rabbits. However, it should be noted that
the anatomical structure and mechanical environment of these animals
differ significantly from those of humans, necessitating further valida-
tion of their relevance to clinical research. In contrast, certain large
animals like monkeys and sheep may exhibit greater similarity to the
mechanical environment found in humans. Therefore, there is an urgent
need for the development of large animal disease models and corre-
sponding animal experiments.

The clinical trial research on tissue-engineered grafts, in contrast,
remains significantly deficient, with only one relevant study identified
thus far. Zhou et al. [201] conducted the first clinical trial on auricle
cartilage regeneration for microtia treatment. They performed CT scans
of the patient’s unaffected ear, fabricated a morphologically bionic
auricle scaffold using PCL, and implanted autologous cartilage cells into
the scaffold before executing the transplantation. A 2.5-year follow-up
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ensued, ultimately revealing mature cartilage regeneration and
aesthetically pleasing outcomes. However, the study only examined five
cases and employed three distinct surgical procedures, failing to incor-
porate the intricate biomaterials and allogeneic cells utilized in
numerous aforementioned studies. Consequently, conducting extensive
clinical trials may encounter various challenges, including limited cell
sources, long-term shape and mechanical stability concerns and
biosafety issues. Moreover, many countries lack guidelines for clinical
translation of 3D bioprinting [202]. Therefore, bionic 3D bioprinting
may still have a considerable distance to traverse before achieving
tangible clinical applications.
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Abbreviations

3D Three dimension

ECM Extracellular matrix

HA Hyaluronic acid

GelMA  Gelatin methacrylate

HAMA  Hyaluronic acid methacrylate
PCL Polycaprolactone

Ag Agarose

MEFCs Meniscal fibrocartilage cells
PEGDA Polyethylene glycol diacrylate
TGF-pl  Translational growth factor-pl
hMSCs  Human mesenchymal stem cells
hNCCs Human nasal chondrocytes
hNTSCs Human nasal turbinate stem cells
HUVECs Umbilical vein endothelial cells
NHDF  Normal human dermal fibroblasts
MEW Melt electrowriting

SLA Stereo lithography appearance
DLP Digital light processing

CSMA  Chondroitin methacrylate sulfate
VEGF Vascular endothelial growth factor
FGF Fibroblast growth factor

BMP Bone morphogenetic protein
PDGF Platelet-derived growth factor
IGF-1 Insulin growth factor

BMSCs Bone marrow mesenchyml stem cells
PU Polyurethane

GG Gellan gum

GA Glucosamine

SF-MA  Silk fibroin methacrylate

PVA Poly(vinyl alcohol)

Alg Alginate

SMSCs  Synovium-derived mesenchymal stem cells
KGN Kartogenin

PLGA Poly(lactic-co-glycolic acid
PDGF-BB Platelet-derived growth factor-BB
GT Gelatin

ADSCs  Adipose-derived stem cells
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ACCs Chondrocytes
PLA Polylactic acid
SA Sodium Alginate
CTGF Connective tissue growth factor
IVD Intervertebral disc
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