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Abstract

Articular cartilage is the avascular and aneural tissue which is the primary connective tissue covering the surface of articulat-
ing bone. Traumatic damage or degenerative diseases can cause articular cartilage injuries that are common in the population.
As aresult, the demand for new therapeutic options is continually increasing for older people and traumatic young patients.
Many attempts have been made to address these clinical needs to treat articular cartilage injuries, including osteoarthritis
(OA); however, regenerating highly qualified cartilage tissue remains a significant obstacle. 3D bioprinting technology
combined with tissue engineering principles has been developed to create biological tissue constructs that recapitulate the
anatomical, structural, and functional properties of native tissues. In addition, this cutting-edge technology can precisely
place multiple cell types in a 3D tissue architecture. Thus, 3D bioprinting has rapidly become the most innovative tool for
manufacturing clinically applicable bioengineered tissue constructs. This has led to increased interest in 3D bioprinting in
articular cartilage tissue engineering applications. Here, we reviewed current advances in bioprinting for articular cartilage
tissue engineering.
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Introduction conventional fabrication methods need to be improved in

their abilities to create clinically applicable tissue constructs

Tissue engineering aims to develop biological substitutes
to overcome the high shortage of autologous tissues and
organs for transplantation. Over the past two decades, tissue
engineering applications have progressed rapidly; however,
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with well-interconnected pores, patient-specific tissue archi-
tectures, and heterogeneous material distributions. 3D print-
ing or rapid prototyping was developed in the 1980s, and it
included various approaches to create objects from a com-
puter-generated imaging file [1]. This technology quickly
became a powerful tool in tissue engineering and biomedi-
cal research [2-5]. Therefore, 3D bioprinting strategy has
been applied to address the limitations described above [2,
6-8]. It allows for the fabrication of tissue constructs with
unique spatial control over the deposition of cells, biomateri-
als, and bioactive molecules, resulting in higher regenerative
capability after implantation [9, 10]. Various types of 3D
bioprinting methodologies are now available to meet specific
requirements in tissue engineering applications.

Articular cartilage is imperative to reducing friction and
absorbing compressive forces in load-bearing joints with
little to no capacity for self-regeneration. Current cartilage
tissue engineering strategies are insufficient for reproduc-
ing tissue equivalent to healthy cartilage [11]. However,
recently greater interest has been placed on the zonal differ-
ences found in the cartilage matrix and cellular composition
[12]. Bioprinting presents an appealing tool for constructing
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stratified scaffolds, especially in patient-specific size and
shape of individual lesions [13]. The next challenge for bio-
printing as a means of cartilage regeneration is conduct-
ing translational studies. The long-term in vivo stability of
bioprinted cartilage constructs has yet to be demonstrated,
and no studies have compared these strategies with prac-
tices currently used clinically. Here, we review the structural
considerations of the normal articular cartilage and current
and future directions in cartilage bioprinting for successful
clinical translation.

Clinical Needs for Bioengineered Articular
Cartilage Constructs

Impact of Cartilage Defects and Osteoarthritis

Cartilage defect injuries cause pain, swelling, and mechani-
cal symptoms in the affected joint, severely hindering the
patient’s quality of life. The clinical need for cartilage
regenerative therapy is tremendous due to the vast number
of patients affected by articular cartilage damage, together
with the currently limited therapeutic options. Osteoarthritis
(OA) is a prevalent chronic disease within the musculoskele-
tal system that leads to degeneration and progression, result-
ing in disability. Globally, this condition affects approxi-
mately 250 million people, with over 27 million patients in
the USA alone. [14]. A significant factor contributing to the
progression of OA is defects in the articular cartilage [15,
16], which are present in 5 to 10% of individuals over the age
of 40 [17, 18]. Therefore, OA is a major global healthcare
problem, and associated healthcare costs reach up to 2.5%
of the gross national product (GNP) in developed nations
[19, 20]. The number of patients and related socioeconomic
impact will only increase due to aging and obesity.

Problems in Current Therapeutic Approaches

Over the last 60 years, much effort has been made to treat
articular cartilage defects and OA. Currently established
surgical methods for articular cartilage defects include
bone marrow stimulation (BMS), autologous chondrocyte
implantation (ACI), matrix-associated autologous chondro-
cyte implantation (MACI), and autologous osteochondral
transplantation (AOTS) [21]. BMS involves the creation
of small channels through the subchondral bone, allowing
mesenchymal stem cells (MSCs) within the bone marrow
to migrate and differentiate within the cartilage defect. ACI
involves the use of in vitro-expanded chondrocytes that are
derived from the patient’s own cells. The chondrocytes are
injected into the defect and covered by a membrane, such
as a periosteal patch [22]. MACI is a two-step process that
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builds upon the ACI method, where healthy cartilage cell-
seeded collagen matrix is implanted into the defects [23, 24].

In AOTS, ‘normal’ osteochondral bone plugs are
removed from non-weight-bearing areas of articular carti-
lage and transferred to the defect site. In advanced OA cases,
arthroplasty is the treatment of choice, which involves the
removal of diseased cartilage and bone and replacing them
with metal and polyethylene (PE)-based implants.

While the above-mentioned surgical procedures offer,
in part, symptomatic and functional improvement, none of
these surgeries have been able to restore native cartilage and
halt the natural progression of OA. Specific limitations of
current cartilage repair therapies include fibrocartilage for-
mation rather than hyaline cartilage, donor site morbidity
resulting from cartilage tissue harvest, and damage to adja-
cent host cartilage during tailoring of the defect area. While
advances in surgical techniques, along with the utilization of
stem cell and biomaterial-related technology, have provided
some improvements in current surgery, reliable cartilage
repair still remains to be achieved [21].

Bioprinting, which allows the production of tissues in
desired shapes and micro-architectures, is an attractive future
strategy with the potential to overcome existing limitations
in current therapeutics. The proposed treatment scheme is
to bioengineer a patient-specific cartilage graft using the
bioprinting strategy, based on preoperative medical imaging
of the cartilage defect, such as computed tomography (CT)
or magnetic resonance imaging (MRI). Bioprinting would
reproduce specific shapes and dimensions of the graft to fit
irregular defects and the microarchitecture of the hyaline
cartilage [21]. Figure 1 illustrates the treatment methods for
cartilage defects and OA.

Structural Considerations of Articular
Cartilage

In cartilage bioprinting, it is essential to accurately repli-
cate the biochemical composition of cartilage-specific extra-
cellular matrix (ECM) proteins, structural characteristics,
and biomechanical parameters found in native cartilage to
achieve successful bioengineering of a cartilage construct
[25, 26].

Structure of Articular Cartilage

Articular cartilage, a connective tissue covering the surface
of articulating bone, is avascular and aneural, with a thick-
ness ranging from 1 to 3 mm depending on the articular joint
type and location. It is characterized by separating zones
based on calcification level, oxygen tension, and load force,
with the superficial zone (10-20% thickness), middle zone
(40-60%), and deep zone (30—40%) each distinguished by
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Fig. 1 Illustration of current
therapeutic treatments for
cartilage repair. a Bone marrow
stimulation using microfrac-
ture, b autologous chondrocyte
implantation, and ¢ autologous
osteochondral transplantation.
d Cartilage bioprinting can be a
promising alternative option for
cartilage repair

Normal

morphological criteria, such as cell shape, size, and arrange-
ment [27, 28]. The superficial zone contains flat-shaped
chondrocytes surrounding parallel microenvironments,
the middle zone has a disorganized collagen network with
spherical-shaped chondrocytes, and the deep zone contains
vertically aligned chondrocytes and collagen matrix [29].
Each zone has a different composition of collagen, pro-
teoglycans expression, and biochemical cues, ultimately
affecting the function of each zone [30, 31]. The superfi-
cial zone is responsible for lubrication and low frictional
properties of the cartilage, while the middle and deep zones
offer load-bearing properties and maintenance of the ECM
components.

Articular Cartilage Composition

Adult articular cartilage is composed of 65 to 85% water, 20
to 35% organic matter, and 2% chondrocytes. The organic
component comprises 60% collagen and 30% proteoglycans
[32, 33]. Type 2 collagen is the most common type found in
articular cartilage, providing tensile strength to the cartilage
surface. Proteoglycans consist of a core protein with numer-
ous glycosaminoglycan (GAG) attachments arranged brush
likely. Articular cartilage contains various types of proteo-
glycans, including aggrecan, biglycan, decorin, and cartilage
oligomeric matrix protein (COMP), each with different GAG
compositions [34-36]. For instance, aggrecan is made up
of chondroitin sulfate and keratin sulfate. Proteoglycans are
responsible for retaining water within the cartilage matrix,
providing compressive strength to the cartilage [37]. GAG
composition is known to change in aging and diseased states,
such as OA, thereby decreasing the ability to hold water in
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place [21]. Moreover, articular cartilage tissue has shown a
reverse tendency of content between collagen and proteogly-
cans according to tissue depth; understanding these gradi-
ent compositions is necessary for mimicking the cartilage
environment [38].

Biomechanical Demands

Articular cartilage is a thin layer of specialized connec-
tive tissue with a unique ability to withstand high cyclic
loads. The biomechanical demands of articular cartilage
are reported to be, on average, a compressive modulus of
0.79 MPa, shear modulus of 0.69 MPa, and tensile modulus
of 0.3-10 MPa [39]. As collagen and proteoglycans form
a sponge-like structure that traps water, articular cartilage
has viscoelastic behavior. The biomechanical demands differ
from joint type, even with the location of cartilage within a
joint. For instance, in the knee joint, the medial and lateral
femoral condylar and tibial cartilages are designed to meet
high load-bearing requirements, while the patellofemoral
joint cartilage is designed to resist shear forces more effec-
tively [40].

3D Bioprinting Strategies for Articular
Cartilage

Bioprinting Techniques

A variety of 3D printing techniques have been developed

and tested to bioengineer 3D human tissue/organ constructs
for tissue engineering applications [41]. The effectiveness of

@ Springer



D.Y. Park et al.

each printing technique relies heavily on biomaterials choice
and targeted applications. In general, bioprinters consist of
three main components: the 3-axis stage, printing cartridges,
and the dispenser [6]. Stage controllers move the printer
head in the X-, Y-, and Z-directions. Printing cartridges, usu-
ally in the form of a syringe, store either the polymeric com-
ponents of the scaffold or the cell-laden hydrogel compo-
nents. They include a nozzle that determines the amount of
material dispensed at set printing parameters. The dispenser
system is the final component that causes the deposition of
materials, and it varies between the printing techniques.
Among the 3D printing techniques, microextrusion, jetting,
and stereolithography have been mainly utilized for bioprint-
ing applications (Fig. 2) [42-44].

Extrusion-based bioprinting is the most common method
for bioprinting applications. Unlike jetting-based printing,
extrusion-based printing uses an additive manufacturing
machine that relies on fused deposition modeling (FDM).
The biomaterial is dispensed directly on the stage in a con-
tinuous string form rather than liquid droplets. The pneu-
matic dispensing system allows accurate control over the
air pressure to enable the dispensing of the material with
increased pressure needed for more viscous materials [45].
The ultimate force of pneumatic systems is only limited
by the air pressure capabilities of the system. On the other
hand, mechanical dispensing systems use motor-derived
piston or screw to provide more spatial control at the cost
of reduced maximum force capabilities. The jetting-based
bioprinter dispenses a controlled volume of liquid to a pre-
defined location through non-contact deposition. Selected
hydrogel acts as an “ink” in this case, where it can be dis-
pensed in volumes between 10 and 150 pL depending on the
dispensing modules used [46]. The two common dispensing
methods to generate droplets in inkjet printers are thermal
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and piezoelectric actuators. The stereolithography-based
bioprinting has the ability to fabricate a complex 3D model
with high resolution (~ 1.2 pm) [47, 48]. Another advantage
of this printing process is precisely controlling the average
energy dose to minimize the adverse effect on cells [49].
However, the major downside of stereolithography print-
ing techniques is that there are limited biomaterials for the
bioink that can be photo-cured [48].

Cell Sources for Cartilage Bioprinting

As articular cartilage consists of only chondrocytes, it is
only logical to utilize them in cartilage bioprinting. Con-
sequently, they are the most extensively studied cell source
for cartilage tissue engineering and consistently result in
higher expression of cartilage ECM components of GAG
and collagen type II compared to chondrogenic-induced
MSCs [50-52]. The main drawback of utilizing autologous
adult knee chondrocytes is the limited number of cells, as the
cartilage tissue engineering technique usually requires high
cell density compared to other tissue types. Additionally,
in vitro expansion of hyaline chondrocytes results in dedif-
ferentiation and loss of chondrogenic phenotype.
Emerging cell sources for articular cartilage tissue engi-
neering include embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs). ESCs can propagate infinitely
while retaining the differentiation potential toward all line-
age cell types. iPSCs are obtained by adult somatic cells by
manipulating certain transcription factors associated with
pluripotency, differentiation, and proliferation. Like ESCs,
they possess infinite self-renewal capacity and differentia-
tion potential toward all three germ layers. Both ESCs and
iPSCs are attractive cell sources for cartilage bioprinting due
to the possibility of obtaining a vast number of homogenous

C. Stereolithography

_-/ — Build plate
1
Output Y Cell-laden
; bioink

Build vat

Piezo or thermal
transducer

—Light source

Substrate Projector —

Fig.2 Schematic illustration of major 3D bioprinting techniques: a microextrusion, b jetting, and ¢ stereolithography
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cells, as well as the theoretical differentiation ability toward
chondrogenic cells, including hyaline chondrocytes. While
a few studies have investigated the potential of ESCs and
iPSCs in cartilage tissue engineering and bioprinting, it is
still early to decide the clinical value of these cells [53, 54].
ESCs carry ethical concerns in the process of obtaining the
cells from embryos, as well as the risk of tumorigenicity and
immune rejection. iPSCs, while relatively free from ethical
concerns, still carry the risk of tumorigenicity due to the
genetic and epigenetic changes the cells experience during
cellular reprogramming. Tissue engineering wise, another
big hurdle facing these cells is the need for more differentia-
tion protocols toward cartilage tissue. Up to now, protocols
for chondrogenic differentiation of iPSCs differ substantially
among institutions, ranging from utilization of fluorescence-
activated cell sorting (FACS) to co-culturing iPSCs with
chondrocytes mitotically inactivated by irradiation [54, 55].
Overall, collagen type I laden fibrocartilage rather than hya-
line cartilage is often observed during the differentiation of
ESCs and iPSCs [56, 57].

Autologous MSCs are usually harvested from adult tis-
sue and show high self-renewal capacity, as well as multi-
potency, especially toward the chondrogenic differentiation
[58, 59]. The advantages over primary chondrocytes include
ease of harvest, high proliferation capacity, and potential uti-
lization as an allogeneic cell source. In addition, the trophic
effects of MSCs, which include immunomodulatory and che-
moattractant functions, make MSCs an attractive cell source
for cartilage tissue engineering applications [31, 60]. When
utilizing MSCs, several issues should be considered. First,
the differentiation potential of MSCs differs, in part, by the
donor tissue from which they are harvested. MSCs can be
isolated from various tissues, including bone marrow, fat,
synovium, and umbilical cord matrix [61-63]. Bone mar-
row and adipose tissue-derived MSCs are extensively used,
primarily because of their widespread availability and mini-
mal donor site morbidity [64]. Unlike bone marrow-derived
MSCs, synovium-derived MSCs show the highest chondro-
genic differentiation capacity, which is not affected by donor
age [65]. Secondly, the mode of action of MSCs is not yet
fully understood. The regeneration mechanism involving
stem cell-based approaches is still elusive [66]. Numerous
in vivo studies reported that the transplanted MSCs could
secrete trophic factors that accelerate the regeneration pro-
cess [67]. Thirdly, ‘cartilage-like tissue’ derived from chon-
drogenically differentiated MSCs differ from mature hyaline
cartilage tissue in many aspects, including biochemical com-
position, biomechanical properties, and microarchitecture.
The resulting cartilage tissue is usually hypertrophic carti-
lage, often expressing hypertrophic markers of type X col-
lagen, MMP13, and alkaline phosphatase [68].

Interestingly, nasal chondrocytes have been studied as a
potential cell source for articular cartilage regeneration due

to their availability and ability to form functional hyaline
cartilage tissue. Several studies have investigated using nasal
chondrocytes in tissue engineering approaches for cartilage
repair, and some have shown promising outcomes [69, 70].
A clinical trial investigated the safety and effectiveness of
using nasal chondrocytes to repair articular cartilage defects
in humans [71]. The study enrolled 10 patients with knee
cartilage defects who underwent a procedure to implant the
engineered autologous cartilage tissue from their own nasal
chondrocytes. The results showed that the nasal chondro-
cyte-based engineered cartilage tissue was safe and effec-
tive, with significant improvements in pain, function, and
imaging outcomes indicating successful cartilage repair. The
study suggests that nasal chondrocytes can be a viable cell
source for repairing human articular cartilage defects.

Bioinks for Cartilage Bioprinting

Bioprinting requires a printing medium, often termed
‘bioink’ that allows printing the desired biomaterials or
cells. An optimal bioink should possess rheological proper-
ties, such as shear thinning, suitable for the printing process,
along with tissue-specific biological properties that promote
cell support in the printed constructs as synthetic ECMs [72,
73]. In cell-based cartilage bioprinting, hydrogels have been
commonly used as bioinks to deliver chondrocytes, due to
the structural similarities with cartilage ECMs, together with
features of good biological properties and high water content
capability. Common hydrogels used for cartilage bioprinting
include collagen, silk fibroin, hyaluronic acid (HA), aga-
rose, chitosan, alginate, gelatin methacryloyl (GelMA), and
poly(ethylene glycol)-diacrylate (PEGDA)-based hydrogels
(Fig. 3) [74-78].

The hydrogel-based bioinks are essential for the cell-
based printing process; however, they often lack the proper
biomechanical properties compared with those of the native
cartilage. To improve the mechanical properties, hydrogel
bioinks have been reinforced by co-printing with solid poly-
mers [e.g., poly(e-caprolactone) (PCL)]. In such hybrid con-
structs, the polymeric framework provides the structural and
biomechanical properties necessary for load bearing, while
cell-laden hydrogel structures provide the biological micro-
environment suitable for the chondrogenesis [78]. A com-
bination of hydrogels, such as alginate and GelMA printed
together with a PCL backbone, has significantly enhanced
the structural integrity of the printed cell-laded constructs
[79-81]. Another strategy is to utilize nanofibril cellulose
in combination with hydrogels. This nanocellulose could
improve the printability of hydrogel-based bioinks. For
example, an alginate-based bioink combined with nanocel-
lulose improved shape fidelity and printing resolution when
printing cartilaginous tissue structures [54, 82]. While
various synthetic and natural materials have been used to
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Fig.3 Illustration of major biomaterials for cartilage bioprinting. A
hydrogel can encapsulate and deliver chondrocytes or stem cells with
bioactive molecules through the printing mechanisms referred to as
bioink

reinforce the biomechanical properties of the printed hydro-
gel-based constructs to match those with native cartilage
closely, such strategies should consider the effects of these
materials on the remodeling process after transplantation.
Since PCL and nanocellulose hardly biodegrade, how the
by-products during the degradation process will affect the
host responses remain unknown.

The microenvironment generated by bioinks directly
affects the chondrogenic differentiation of the printed stem
cells by providing biochemical and biomechanical cues [83].
Recent work demonstrated that different bioinks could influ-
ence chondrogenic cell types after stem cell differentiation
[84]. For example, alginate- and agarose-based hydrogels
are more likely to induce hyaline chondrogenic differentia-
tion, whereas GelMA- and PEGDA-based hydrogels result
in more fibrocartilaginous differentiation [78]. In addition,
cartilage-derived decellularized ECM hydrogels may pro-
mote constructive remodeling at the implantation site and
encourage cartilage tissue formation rather than scar tissue
[85, 86]. All in all, bioinks for cartilage bioprinting are cur-
rently being developed to enhance shape fidelity with high
printing resolution and the biochemical and biomechanical
characteristics like native cartilage.

Tissue-derived ECM components could provide tissue-
specific structural and biochemical signals to promote cel-
lular activities and function, as well as tissue maturation
and formation [87-89]. Hence, the cartilage-derived decel-
lularized ECM is a promising option for articular cartilage
bioprinting applications due to the preserved collagens,
GAGs, and growth factors that could mimic the cartilage-
specific microenvironment. For example, a study showed
a hybrid bioink combined with a cartilage-derived ECM
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powder and a high concentration collagen solution (ECM-
c) for printing irregular cartilage defects [90]. This approach
utilizing the cartilage ECM powder enhanced the stability
of the 3D-printed tissue construct and accelerated chondro-
genesis overall of the printed ECM-c constructs. Similarly,
the ECM powder was combined with a silk fibroin (SF)
solution for the cartilage bioprinting [91]. Interestingly,
one study developed a hybrid bioink using SF powder and
decellularized cartilage-derived ECM (SF-dECM) [92]. The
SF-dECM bioink-based construct showed improved print-
ability and mechanical strength compared with only SF used
to construct and accelerated chondrogenesis-related gene
expression.

Cartilage-Specific Stimulating Factors

Biochemical stimulating factors have been commonly used
to accelerate articular cartilage differentiation and matu-
ration, especially in stem cell-based approaches. Growth
factors, including transforming growth factor-g (TGF-f)
1 and 3, bone morphogenetic protein (BMP) family, and
basic fibroblast growth factor (bFGF), are known to regulate
chondrogenesis [93-95]. Therefore, the printed cell-laden
construct is often cultured in chondrogenic media containing
these factors to induce chondrogenic differentiation. Even
though this strategy often results in increased cartilage ECM
synthesis, heterogeneous chondrogenic differentiation within
the construct has often occurred. To overcome this limita-
tion, these factors have been incorporated into the bioink
system either by direct mixing or polymeric microencapsu-
lation [79, 96, 97].

To accelerate chondrogenesis, biomechanical stimulation
has been utilized. For instance, cyclic loading mechanical
stress could improve cell migration, chondrogenic differ-
entiation, and zonal stratification in engineered cartilage
[98—100]. Biomechanical stress in the form of shear, com-
pression, tension, and pressure, all of which are present in
the typical joint biomechanical environment, can be given
in vitro using various types of bioreactor-based precondi-
tioning processes [101, 102]. This biomechanical stimu-
lation also enhances the nutrient exchange within the 3D
constructs [61]. It is valuable as cartilage tissue is avascular.

Clinical Bioprinting Workflow for Articular
Cartilage Reconstruction

Medical Imaging and 3D CAD Modeling

3D bioprinting strategy aims to achieve reproducible, com-
plex tissue structures that are well vascularized and suitable
for future clinical use. Since human tissues and organs have
arbitrary 3D shapes composed of multiple cell types and
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ECMs with functional organization, this strategy can be the
most effective way to achieve this goal [6]. The CAD/CAM
processes are critical technologies needed for the future
clinical applications of 3D bioprinting because these pro-
cesses provide an automated way to replicate a 3D shape of
a targeted tissue structure [103]. The process generally starts
by scanning the patient to produce 3D volumetric informa-
tion of a target object using medical imaging modalities.
These imaging tools acquire information from cross-sec-
tional slices of the body. The data are stored in the Digital
Imaging and Communications in Medicine (DICOM) for-
mat, a standard format for digital imaging in medicine. This
information is transformed into a CAD model by the reverse
engineering process.

The process starts with interpolating points within and
between image slices to improve resolution and generate
voxels from the measured data. Next, a CAD model is cre-
ated by extracting localized volumetric data from a targeted
tissue structure to develop a surface model. In this step, the
sophisticated reconstruction of the CAD model is required
for the bioprinting process due to the complexity of the tis-
sue or organ. Finally, a motion program, instructional com-
puter code for the printer to follow designed paths, is gen-
erated with a CAM system. This CAM process is divided
into three steps: slicing, tool path, and motion program
generation. Slicing is to obtain information on sliced 2D
shapes of an object for the layer-by-layer process. Then, tool
path generation creates a path for the tool to follow to fill
the cross-sectional space of each layer. The printed tissue-
specific architecture has the proper inner functional structure
constructed with multiple cellular components for efficient
tissue regeneration. Therefore, a well-organized strategy for
tool path generation is required.

Bioprinting Process and Operation

Based on a 3D CAD model, a patient-specific cartilage tis-
sue construct can be fabricated by the clinical bioprinting

3D CAD model

Visualized motion
program

Medical imaging
(CT, MR, etc.)

b

3D printing
process

workflow in good manufacturing practice (GMP) facility or
operating room. Figure 4 shows the 3D bioprinting work-
flow strategy from the medical image to the printed tissue
constructs developed by the CAD/CAM process and auto-
mated printing of 3D shapes imitating target cartilage tissue
[6, 103]. After product validation, the printed construct is
moved to the operating room for reconstructive surgery.

Future Directions and Challenges

Over the last decade, significant advancements have been
made in the field of articular cartilage bioprinting. Increased
knowledge in biomaterials has allowed the development of
cartilage-specific bioink systems that recapitulate the bio-
chemical and biomechanical properties of native cartilage
ECMs. Hybrid printing and incorporating nanomaterials
have increased the printing outcomes and structural integ-
rity of the printed cell-laden constructs. Articular cartilage
defects are present in diverse shapes and sizes from partial
defects to large-sized, full-thickness defects. Current chon-
dral or osteochondral reconstruction requests destroying
significant amounts of host cartilage tissue. 3D bioprint-
ing could be an innovative tool to overcome this limitation.
An in situ printing method over cartilage defects has been
developed to minimize cartilage damage during surgery
(Fig. 5) [104-106]. To translate this strategy into the clinic,
the complex equipment and multiple steps need to be sim-
plified [107].

Various novel bioink systems have been tested for
improving printing outcomes with high-resolution capability
and structural integrity. Advanced cartilage-specific bioink
systems, including hydrogels and polymers, that can serve as
cell-laden bioinks and supporting structures but also provide
biological properties and biomechanical support, are neces-
sitated for 3D bioprinting process. In addition, advances in
bioinks depending on 3D bioprinting methods are essential
for long-term success in clinical cartilage tissue engineering

Product
validation

@

3D bioprinted
cartilage product

Operation for
cartilage repair

DICOM format STL format

‘ \

Text-based command list

Fig.4 Schematic illustration of clinical bioprinting workflow. 3D bioprinting workflow includes medical imaging, 3D CAD/CAM modeling, 3D

printing process, product validation, and surgical operation
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Fig.5 In situ cartilage printing: a Direct printing of human chon-
drocyte-laden bioink. a Schematic illustration of in situ printing
using photo-curable PEGDA-based hydrogel. b Osteochondral plug,
¢ printed cell-laden hydrogel in the defect of the osteochondral plug.
d, e printed cells in the constructs. b Robotic-assisted in situ print-

applications. Several research groups attempted to develop
photo-curing bioinks using acrylated decellularized carti-
lage ECMs [108, 109], showing cartilage-specific biological
properties that accelerated cartilage tissue formation.

Strategies to control post-transplantation maturation need
to be developed. Articular cartilage is a dynamic tissue and
various factors after transplantation, including the degree
of injury, inflammation, and subchondral bone manipula-
tion, affect the maturation and outcome of the neo-tissue
formation. There is limited information regarding the in vivo
outcomes after bioprinted cartilage tissue transplantation.
The addition of immune-modulating cells and factors, zonal
stratification, and controlling the degradation rate of bioinks
may affect the remodeling process and improve long-term
preclinical and clinical results after transplantation.

Here, we overviewed bioprinting strategies for articular
cartilage tissue reconstruction. 3D bioprinting technologies
offer the opportunity for the reconstruction of the struc-
tural and functional complexity of human articular carti-
lage that incorporates cells, biomaterials, and bioactive
molecules, resulting in sophisticated tissue constructs that
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repair cartilage defects or OA injuries. Although there is
much work to be accomplished to advance these technolo-
gies toward successful clinical translation, our efforts will
constantly contribute to producing clinically applicable tis-
sue constructs. We envision that the bioprinted articular car-
tilage constructs have great potential to be translated into
clinical applications within a short period of time.
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