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Abstract
3D-printed medical devices and surgical tools are actively used in patients and within our healthcare system. Even as the 
bioprinting industry has seen significant growth in the past decade, bioprinted cellularized constructs still face substantial 
translational challenges. Present throughout the body, cartilage is an avascular tissue with limited regenerative capabilities 
and has been the subject of intensive research in the fields of tissue engineering and 3D bioprinting. In this review, we sum-
marize the different types of cartilage, highlight key injuries or medical conditions within each cartilage type, discuss the use 
of natural and synthetic materials in cartilage repair, and present the most recent developments in translating 3D bioprinted 
cartilage constructs from bench to bedside. Emphasizing novel biomaterials and clinical translation, we highlight the cur-
rent status quo of cartilage treatments, the translational challenges that the industry faces and finally, the opportunities for 
next-generation cartilage treatment options using 3D bioprinting. While challenges still lie ahead of clinical translation, 3D 
bioprinting demonstrates great potential as a fabrication technique for cartilage tissue-engineered constructs used in surgi-
cal implantation.
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1  Introduction

Cartilage is a form of connective tissue that plays multiple 
physiological roles in the body. Of its various roles, it is a 
vital component in our joints, providing the necessary cush-
ioning and support for our daily movements [1]. However, 
due to its avascular nature, cartilage has a limited capac-
ity for self-repair and can become damaged for several rea-
sons, including chronic wear and tear and forceful impacts 
to the joint during physical activity, sports injuries, or a fall. 

Statistically, millions of people worldwide suffer from carti-
lage injuries every year, often resulting from sports injuries, 
accidents, or age-related wear and tear. This poses a signifi-
cant challenge in the medical field, as cartilage injuries are 
not only common but can lead to debilitating conditions such 
as osteoarthritis if left untreated.

Osteoarthritis (OA) is a degenerative joint disease that 
can affect the many tissues of the joint, degrade cartilage, 
and can cause inflammation, resulting in pain, stiffness, and 
loss of mobility. OA is the most common form of arthritis, 
affecting more than 32.5 million adults in the United States, 
according to the Centers for Disease Control and Preven-
tion [1]. The current standard of care focuses on treating 
immediate symptoms through drug or surgical interventions 
[2]; however, they do not pose a long-term solution to treat-
ing osteoarthritis as they are only directed to alleviate the 
symptoms. A 3D bioprinted scaffold is expected to extend 
this long-term management by providing a more regenera-
tive approach to treating the symptoms. While cartilage is 
most often associated with joint health, it is also found in 
other parts of the body, including intervertebral discs, nose, 
outer ear and meniscus. In the United States alone, there 
are over 800,000 meniscus repair surgeries to treat different 
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types of meniscal tears [3]. Cartilage defects in the nose can 
arise for multiple reasons, including congenital malforma-
tion, trauma, and skin cancer removal surgery. One of the 
most common defects is a deviated septum, which affects 
80% of the general population and can greatly impact respi-
ration and aesthetics [4]. Surgeries to repair deviated septum 
often require either an allograft that may elicit unwanted 
foreign body responses or the harvesting of autologous 
tissue, which requires a secondary surgery. For cartilage 
tissue found within the ear, inherited external ear deformi-
ties include anotia (complete absence of the outer ear) and 
microtia (incompletely formed outer ear), and its incidence 
varies from 0.8 to 4.53 per 10,000 births globally [5]. Inher-
ited anotia and microtia in children impact their hearing 
and overall social development and acceptance. Outer ear 
defects can also be acquired due to trauma, burns, or after 
skin cancer excision. These issues can severely impact the 
individual’s quality of life by affecting sound localization 
and hearing, cosmetic appearance, and the overall psycho-
social well-being of the patient.

Tissue engineering emerges as a promising approach 
to address the high prevalence of these cartilage-specific 
injuries. By creating biological substitutes that restore, 
maintain, or improve tissue function, tissue engineering has 
the potential to provide more regenerative and long-term 
solutions compared to current repair strategies. However, 
the success of tissue engineering hinges on the ability to 
construct complex, three-dimensional (3D) structures that 
can mimic the native tissue environment. 3D bioprinting is 
an additive manufacturing technique that enables the precise 
deposition of biomaterials and bioactive components, such 
as cells, to create intricately patterned 3D constructs. This 
technology has shown great promise in the field of cartilage 
repair, offering control over scaffold design, porosity, and 
cellular composition. Within 3D bioprinting, biomaterials 
serve as the “ink”, often termed biomaterial inks (or bioinks 
when mixed with cells), in the context of bioprinting appli-
cations, providing the necessary support for cell attachment, 
proliferation, and differentiation. The choice of biomaterials 
is critical, as it must closely mimic the natural extracellular 
matrix (ECM) of cartilage to ensure optimal cell function 
and provide sufficient physical and mechanical properties 
of native cartilage tissue. The development and selection of 
suitable biomaterials is a key aspect of 3D bioprinting for 
cartilage repair, which will be the focus of this review paper. 
We also refer the readers to previous review papers in this 
field, including but not limited to McGivern et al. (2021) [6] 
providing a thoughtful overview of the translational applica-
tions of 3D bioprinting for cartilage tissue engineering, Szy-
chlinska et al. (2022) [7] focusing on the use of naturally-
derived bioinks from land and marine sources for cartilage 
tissue engineering, Liang et al. (2022) [8] highlighting the 
polymers used in hydrogel bioinks for articular cartilage 

repair, Zhou et al. (2023) [9] describing the key elements 
of 3D bioprinting and bionic strategies, and Turunen et al. 
(2023) [10] investigating the future solutions for osteoarthri-
tis using 3D bioprinting of articular cartilage. While exist-
ing research in 3D bioprinting for cartilage repair is broad, 
the clinical translation of 3D bioprinted products remains 
limited. This review paper aims to provide a comprehensive 
overview of this rapidly evolving field, highlighting the lat-
est advancements, challenges, and future directions, with a 
specific focus on clinical translation, existing products in the 
field, and the exciting frontier of 3D bioprinting and regen-
erative medicine in providing a more effective and long-term 
solution to cartilage-based injuries.

2 � Cartilage tissue architecture 
and physiology

Cartilage is an avascular, flexible connective tissue found 
throughout the human body, providing support and cush-
ion to surrounding cells. Cartilage tissue is found in various 
parts of the human body and is divided into three types: 
hyaline (or articular), elastic and fibrocartilage (Fig. 1).

2.1 � Hyaline/articular cartilage

Hyaline cartilage, often termed articular cartilage, can be 
found in ball-and-socket joints, such as the hip, knee and 
shoulder, and plays a vital role in facilitating smooth limb 
movements [11]. Hyaline cartilage is comprised of special-
ized cells called chondrocytes, which maintain the cartilagi-
nous matrix via the synthesis of collagen II and other ECM 
components consisting of glycosaminoglycans (GAGs), 
proteoglycans and glycoproteins, among other components. 
ECM composition defines each cartilage type with its unique 
physical characteristics, including GAGs that improve water 
retention and thus increase the shock-absorbing properties of 
cartilage tissue [12]. Specific to articular cartilage, there is a 
distinct zonation and architecture to the tissue that includes 
the superficial, middle and deep zones [13]. The outer region 
of the cartilage is a thin superficial layer that comes into 
contact with the synovial fluid and is characterized by the 
presence of a high number of flattened chondrocytes and 
parallel-oriented collagen fibers to the articular surface, 
providing resistance to shear stress and compression. Next, 
we find a transition layer called the middle zone, in which 
there are fewer spherical-shaped chondrocytes and collagen 
fibers obliquely organized that form the first line of resist-
ance to forces of compression. The next layer is referred to 
as the deep zone, which has the lowest water concentration 
and contains thick collagen fibers arranged perpendicular to 
the articular surface and in parallel with columnar chondro-
cytes. Altogether, this zone provides the greatest resistance 
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to compressive forces. After the deep zone, a calcified layer 
with very low cell density attaches the cartilage to the under-
lying bone. Because of this organization, articular cartilage 
is viscoelastic and can resist high, constant and cyclic loads.

2.2 � Fibrocartilage

Fibrocartilage is primarily located within the meniscus tis-
sue, intervertebral discs, and where ligaments and tendons 
attach [14]. The fibrocartilage tissue within the meniscus 
comprises various cell types: fibroblast-like cells in the 
outer meniscal region, chondrocyte-like cells in the inner 
area, and fusiform-like cells arranged parallel to the menis-
cal surface in the superficial zone. The ECM is abundant in 
water, glycosaminoglycans, and collagen [15]. Type I col-
lagen, which makes up over 90% of the collagen content, is 
dispersed throughout the entire meniscus, from the periph-
eral to the inner area, and is organized into circumferential 
fibers. Conversely, Type II collagen is primarily found in the 
inner avascular zone, where it forms an organized network 
of circumferential and radial fibers. This collagen network 
is mainly responsible for the high tensile strength and resist-
ance to daily joint movements. In addition to collagen, the 
matrix proteins include fibronectin, which regulates numer-
ous cellular processes such as tissue repair, blood clotting, 
and cell migration/adhesion, and elastin, which works in 
conjunction with collagen fibers to provide tissue resilience.

2.3 � Elastic cartilage

Elastic cartilage is a unique type of cartilage tissue only 
found in the head and neck area. Auricular cartilage is the 
elastic cartilage found within the ear and epiglottis [16], and 
it is similar to the other types of cartilage in that it is com-
posed of chondrocytes and ECM rich in collagen II. The 
distinguishable flexible properties of elastic cartilage are 
given by the presence of chondrocyte-synthesized elastin 
fibers in the ECM, which intermingle with collagen II fibers 
and create a thread-like network that provides the tissue with 
the ability to bounce back to its original shape, even after a 
strong force is applied [16].

3 � Existing approaches to cartilage repair

Beyond non-surgical pain management, the current treat-
ment methods to repair cartilage lesions or defects are sur-
gery (repair or removal), allografts or xenografts, autolo-
gous tissue grafting, injectable technology (i.e., platelet-rich 
plasma therapy, autologous stem cell therapy, donor stem 
cells) or implant technologies (Fig. 2). In many surgical 
cases, surgeons will either trim or remove the torn or injured 
cartilage tissue or repair it using suturing techniques. Other 
surgical techniques developed in an attempt to repair carti-
lage damage, such as abrasive chondroplasty, microfracture 

Fig. 1   Three different types of cartilage tissue and their microscopic differences. Created with BioRender.com
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and spongialisation, lead to the formation of transient fibro-
cartilaginous tissue [17]. As an example, the meniscectomy 
procedure is currently the gold-standard surgical technique 
which removes damaged meniscus tissue through arthros-
copy. While these routine surgeries can be successful and 
decrease the patient's discomfort, they are not long-term 
solutions. A recent study from 2023 evaluated the long-
term implications of meniscectomies for patients suffering 
from OA compared to the patients choosing not to have the 
surgery, and the number of full knee replacements increased 
for OA patients who underwent arthroscopic meniscectomy 
within a ten-year follow-up period compared to the patients 
who did not have the meniscectomy procedure [18].

Synthetic or donor (allograft) cartilage can lead to infec-
tion and rejection, and the use of same-patient engraftment 
is limited by tissue loss in the donor site. Autologous tissue 
can be directly harvested from the patient and used in place 
of damaged or lost cartilage tissue. For example, in outer ear 
deformities, the current gold-standard treatment to repair 
external ear deformities involves the use of autologous tissue 
grafts, mainly extracted from the costochondral cartilage of 
the ribs [19]. Even though this technique is widely used, it 
comes with several disadvantages. It is a complex procedure 
where the surgeon must harvest sufficient amounts of cos-
tochondral cartilage and then shape it into something that 
resembles the outer ear, which extends the time of the pro-
cedure and leads to highly variable results depending on the 
surgeon's ability and experience. Moreover, the patient can 
experience donor-site morbidity. Other options include the 
use of synthetic implants made from non-absorbable poly-
mers such as porous polyethylene (for example, Medpor); 
however, their use can lead to infection and complications, 

such as protrusion [20]. Another option is the use of xeno-
grafts, given the limited availability of donor tissue and the 
difficulty in matching these grafts to patients within a rea-
sonable time. Osteochondral xenografts have the potential 
for filling hyaline cartilage defects in an experimental study 
that are mechanically strong and viable, however, inherent 
concerns of immunologic xenograft rejections after trans-
plantations are possible [21].

Currently, there are several therapeutic approaches being 
used clinically for OA treatment. In a process called bone 
marrow stimulation (BMS), small holes are drilled into the 
bone underlying the cartilage, which allows mesenchymal 
stem cells from the bone marrow to migrate towards the 
cartilage and differentiate into chondrocytes to fill up the 
defect [22]. In autologous chondrocyte implantation (ACI), 
the patient’s chondrocytes are extracted from another region, 
expanded in the lab, and then re-injected in the defect 
site [23]. Instead of injecting chondrocytes alone, a col-
lagen matrix is added, and the technique becomes known 
as matrix-associated autologous chondrocyte implanta-
tion (MACI) [24]. In severe OA cases, arthroplasty can 
be the only option where the diseased cartilage and bone 
are replaced with metal and polyethylene-based implants. 
Though these techniques are common, none of them have 
been shown to restore the native cartilage and stop the pro-
gression of OA. Additionally, limitations include derivation 
to fibrocartilage instead of hyaline cartilage, donor site mor-
bidity, and damage to adjacent cartilage.

To overcome the limited regenerative capabilities of dam-
aged cartilage, tissue engineers have directed their efforts 
to collect and expand autologous chondrocytes to generate 
cartilage that can be used to implant back into the patient. To 

Fig. 2   Current treatment meas-
ures for cartilage repair
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be able to grow the cells in a three-dimensional manner, they 
use artificial scaffolds that serve as a mold for chondrocytes 
to grow following the specific shape that needs repair [25]. 
The problem with this approach is that commercially avail-
able scaffolds come in a finite range of shapes and sizes and 
are not personalized to the patient. Moreover, it is common 
that the cellular and matrix components of these constructs 
do not reflect the in situ composition of native tissue, thus 
resulting in different structural and functional properties of 
the target cartilage tissue.

Injectable methods, like ACI, are minimally invasive, 
often performed in an outpatient setting, have a quick recov-
ery compared to surgical implantation procedures, and pro-
vide targeted delivery that can be precisely administered to 
the affected area [23]. On the contrary, injectable treatment 
options have limited durability, provide only temporary 
relief, do not promote significant cartilage regeneration, and 
require repeated injections over time, which are both painful 
and costly as a long-term solution. Implantable methods, like 
MACI, can provide more long-lasting relief, stimulate car-
tilage growth and regeneration, and can be tailored to fit the 
patient’s specific needs [24]. However, implantation requires 
surgery, which inherently comes with its own set of risks 
and often requires a longer recovery time for the patient, and 
these surgeries typically are more expensive than injectable 
treatment options.

Despite the advances in orthopedic surgeries and implant 
technology, treatment of cartilage damage remains challeng-
ing. Therapeutic strategies based on cell therapy and tissue 
engineering have emerged as a means to overcome limi-
tations such as graft instability, calcification, and immune 
responses to foreign bodies.

4 � Bioprinting applications in addressing 
clinical demands

The limited ability of cartilage to self-renew, coupled with 
the absence of effective drugs to impede OA progression 
or treat cartilage lesions, has spurred increased research 
efforts to identify more permanent treatments. An emerg-
ing biofabrication approach in cartilage repair involves 3D 
bioprinting of personalized biomimetic cartilage constructs 
to replace damaged tissue. This technique enables the inte-
gration of various cell types and diverse materials into a 
unified construct, a critical aspect for replicating the het-
erogeneous characteristics of cartilage within engineered 
scaffolds [26]. Bioprinting offers great potential for gener-
ating soft scaffolds with mechanics, chemistries, and micro/
nanostructures that better mimic the native ECM because 
biomaterials and bioactive components are deposited into a 
controlled and pre-defined 3D geometry. This process ena-
bles mimicking the complexity found within native human 
tissues. From anatomy to functional tissue regeneration, 
this defined organization leads to a proper environment and 
mechanical support that can guide functional regeneration. 
The mimicry of macroscopic and microscopic anatomy is 
imperative for successfully reproducing tissue-specific and 
physical characteristics.

The process of using 3D bioprinting for cartilage repair 
involves several key steps, integrating various technologies 
and materials (Fig. 3). It begins with the design and genera-
tion of a digital file readable by the 3D printer. Files used 
for constructing medical implants are commonly derived 
from Computer Tomography (CT) or Magnetic Resonance 
Imaging (MRI) scans or may be created from scratch using 

Fig. 3   Workflow for nasal carti-
lage repair through 3D bioprint-
ing. Created with BioRender.
com
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Computer-Aided Design (CAD) software. Once the model is 
crafted, it is converted into a standard 3D printer file format 
(.STL), representing the outer surface of the modelled object 
as interconnected triangles. Then, to guide the 3D printer on 
what to construct within this surface, the object undergoes 
slicing into printable 2-dimensional planes using specialized 
slicing software, ultimately saved as a GCODE file.

During the subsequent stage of the pre-processing pro-
cess, appropriate cell types and encapsulating biomateri-
als are selected. Chondrocytes or mesenchymal stem cells 
(MSC) from the patient are isolated and then cultured 
in vitro, allowing them to proliferate until an adequate cell 
quantity is achieved. The cells are seeded within the bioma-
terial to create a cell-laden bioink for printing [27]. In the 
bioprinting phase, the tissue construct is printed utilizing 
one of the various available printing techniques. Numerous 
3D bioprinting methods have been devised, encompassing 
extrusion, droplet, and laser-based bioprinting. Notably, 
extrusion-based 3D bioprinting has gained popularity due to 
its compatibility with a wide range of hydrogel bioinks. The 
printing parameters, including nozzle size, printing speed, 
pressure, and layer thickness, are optimized for precise and 
accurate deposition [28]. After or during the layer-by-layer 
deposition, the printed structure needs to be instantly solidi-
fied or cross-linked to ensure structural integrity. Methods 
include physical cross-linking through temperature modu-
lation or chemical cross-linking using cross-linking agents 
[29, 30].

Following the printing phase, additional processing is 
typically necessary to prepare the printed construct for use. 
This often involves in vitro cell differentiation, potential 
removal of sacrificial supports, and allowing the tissue con-
struct to mature either in a bioreactor or through specialized 
cell culture techniques like air–liquid interfaces to promote 
cell differentiation, matrix production, and tissue develop-
ment [27]. Before implantation, the constructs' appearance, 
strength, and functionality must be assessed by analyzing 
cell viability, immunohistochemistry, tissue morphology and 
mechanical properties of the matured tissue [31].

5 � Biomaterials used in 3D bioprinting 
and cartilage repair

The selection of bioink material is crucial as it must replicate 
the intricacies of the native ECM while exhibiting appro-
priate physicochemical properties that are conducive to the 
printing process. Printability encompasses various material 
characteristics that contribute to the efficiency and precision 
of the printing procedure. A crucial factor is the tuning of 
the bioink's viscosity, achievable either through tempera-
ture modulation or shear thinning, enabling the bioink to 
be dispensed smoothly from the print head nozzles despite 

higher shear rates within the extrusion process. Conversely, 
the bioink should promptly solidify post-extrusion, achieved 
through either physical or chemical cross-linking, guaran-
teeing the structural integrity of the printed construct [29].

Various natural and synthetic biomaterials have under-
gone assessment as bioinks for repairing cartilage tissue, 
whether in vitro and/or in vivo, or used directly in commer-
cial products (Table 1). These materials encompass carbohy-
drate-based natural polymers like alginate, chitosan, agarose, 
hyaluronic acid, and dextran, as well as protein-based poly-
mers such as gelatin, fibrin, and collagen. Additionally, fully 
synthetic polymers like polyglycolic acid (PGA) and poly-
lactic acid (PLA) have been utilized in printing. While natu-
ral polymers exhibit good hydrophilicity, biocompatibility, 
safety, and biodegradability, their mechanical performance 
is suboptimal for cartilage and bone repair. Efforts have been 
made to enhance the mechanical properties of hydrogel-
based bioinks through physical and chemical cross-linking, 
involving the addition of nanoparticles, composite materials, 
or inorganic ingredients to the ink [32, 33].

Synthetic polymers, on the other hand, offer favorable 
mechanical properties, tunability, and stability, but their 
hydrophilicity and cell compatibility are inferior to those 
of natural hydrogels (Table 2) [34, 35]. The ideal bioink 
material is expected to possess low viscosity, stiffness, and 
cross-linking degree to facilitate efficient cell proliferation, 
differentiation, migration, growth factor permeability, nutri-
ent diffusion, and tissue formation. Simultaneously, the same 
ink should exhibit adequate viscosity, a high cross-linking 
degree, and adequate stiffness to ensure precise dimensional 
printing and support its own weight. However, outstanding 
rheological and mechanical properties may not support cell 
growth and matrix deposition, leading to a trade-off between 
biocompatibility and printability [27]. Constant efforts are 
underway to develop novel bioinks with simultaneous bio-
compatibility and printability by adjusting the physical, 
chemical, and biological properties of polymers.

Cartilage bioprinting introduces specific limitations to 
bioink selection. The chosen bioink must create a suitable 
environment for stem cell differentiation or the maintenance 
of printed chondrocyte phenotypes. It should also facilitate 
the deposition of neo-ECM with a high degree of GAGs and 
collagen type I/II. The bioink should also exhibit mechani-
cal properties that match or closely mimic those of native 
cartilage. This includes factors such as stiffness, elasticity, 
and compressive strength, which are essential for provid-
ing mechanical support and functionality to the regenerated 
cartilage tissue. Depending on the intended application, the 
bioink should have controllable degradability to allow tissue 
remodeling and integration with the host tissue over time. 
Furthermore, bioinks used for cartilage repair must adhere 
to regulatory standards and guidelines to ensure their safety 
and efficacy for clinical applications. However, the ideal 
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formulation for cartilage bioprinting remains somewhat elu-
sive, but it is increasingly evident that bioinks may benefit 
from the addition of biofunctional nanoparticles to enhance 
performance [32]. The addition of nanoscale materials, such 
as nanoparticles, to inks has enabled the modification of 
their rheological, biological, and structural properties during 
and after printing. Furthermore, the selection of bioink is 

constrained by the chosen printing strategy, such as extru-
sion-based, droplet-based, or laser-based bioprinting.

5.1 � Natural polymers

Natural polymers are widely employed as bioinks for cell-
friendly 3D construct printing due to their biocompatibility, 

Table 1   Summary of biomaterials for cartilage repair (not an exhaustive list)

Scaffold Class Scaffold Material Commercial Example(s)

Protein-based polymers Fibrin BioCart™ II (Histogenics)
Collagen CaReS (Arthro Kinetics)

MACI (Vericel Corporation)
NeoCart® (Histogenics)
ChondroGide (Geistlich)
ChondroFiller® (Meidrix
Biomedicals
GmbH)

Carbohydrate-based polymers Hyaluronic acid Synvisc (Genzyme)
Hyalofast® (Anika)
HYAFF® (Fidia Advanced Biopolymers)
Gel-One® (Zimmer Biomet)

Alginate –
Chitosan JOINTREP™ (Oligo Medic Inc)

BST-Cargel (Smith & Nephew)
Cellulose –
Agarose –
Chondroitin sulfate –

Synthetic polymers Polycaprolactone PCL implants (various suppliers)
Polyvinyl alcohol Cartiva® SC (Cartiva)

SaluCartilage™ (Salumedica)
Polyurethane Chondrocushion (Advanced Bio Surfaces, Inc)
Polylactic acid –
Silicone elastomers Silicone implants (various suppliers)
Polyethylene glycol –
Polydioxanone PDS plate (Ethicon)
Polyglycolic acid Chondroveil™ (Swissbiomed Orthopaedics)

Bioceramics Hydroxyapatite –
Lithium calcium silicate –
Calcium carbonate –

Composites and Combinations Polyglycolic acid and
hyaluronic acid

Chondrotissue® (Biotissue)

Polyglycolic/polylactic acid and polydioxanone BioSeed-C (Biotissue)
Polyethylene glycol diacrylate (PEG-DA) and denatured 

fibrinogen
GelrinC (Reagentis Biomaterials)

Aragonite, hyaluronic acid and calcium carbonate AgiliC™ (CartiHeal)
Fibrin and hyaluronic acid Biocart II (Histohenics)
Collagen I and chondroitin sulfate Novocart® 3D (Aesculap Biologics)
Agarose and alginate Cartipatch (Tissue Bank of France)
Collagen, hyaluronic acid, β-tricalcium phosphate Collagraft® (Nuecoll Inc)
Collagen, glycosaminoglycan, calcium phosphates ChondroMimetic™ (TiGenix NV)
Collagen, β-tricalcium phosphate and polylactic acid OsseoFit® (DSM Biomedical)
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biodegradability, and similarity to the ECM of living tissues 
[36, 37]. Some of the commonly used natural polymers in 
bioprinting include collagen, agarose, gelatin, alginate, chi-
tosan, cellulose, fibrinogen, and hyaluronic acid.

5.1.1 � Collagen

Collagen is a fundamental protein found abundantly in the 
ECM of various tissues, making it a vital component for 
tissue engineering and regenerative medicine applications 
[38]. In the context of bioprinting, collagen-based materi-
als have attracted significant attention due to their biocom-
patibility, bioactivity, and ability to mimic the native tissue 
environment [39]. Collagen possesses excellent biodegra-
dability and promotes cell adhesion, proliferation, and dif-
ferentiation, making it an ideal material for bioprinting scaf-
folds [40]. These scaffolds provide structural support to the 
printed cells, allowing them to organize and grow in a 3D 
manner that closely resembles the native tissue architecture 
[41]. Furthermore, collagen-based bioinks can be tailored 
to mimic the mechanical properties of different tissues, 
enhancing their functionality in bioprinting applications, 
but are often limited in the mechanical properties required 
for cartilage-based repair. Researchers have explored various 
techniques to improve the printability and mechanical prop-
erties of collagen-based bioinks. For instance, the addition 
of cross-linking agents such as genipin or glutaraldehyde 
enhances the stability and mechanical strength of printed 
constructs [42]. Moreover, blending collagen with other 
biopolymers, such as alginate or gelatin, can improve the 
structural integrity and control the degradation rate of the 
printed scaffolds [43]. Besides the favorable characteristics 
of collagen, it can be extracted from several sources, mak-
ing it one of the most abundant ECM-derived materials. 

Animal skin is one of the common sources of collagen [44]. 
Marine collagen from fish has gripped the research attention 
because of its excellent absorption properties, low molecular 
weight, biocompatibility, little risk of disease transmission 
from animals to humans, and easy extraction [45]. Several 
companies, like Jellagen, have pushed the boundaries of the 
capabilities of marine-derived collagen for tissue engineer-
ing applications. From a structural perspective, collagen is 
classified into more than 28 types according to the arrange-
ment of their polypeptide chains and variations in their ter-
minal groups, besides variations in the lengths of the helical 
regions and distributions of non-helical segments [46, 47]. 
Of all the extracellular matrix proteins in vertebrates, fibril-
lar collagens are the most plentiful. They impart stability, 
connectivity, and structure to tissues and organs [48, 49]. 
The fibrillar collagen found in greatest abundance in most 
tissues is type I collagen. It is located predominantly on fibril 
surfaces and in the connective tissues of skin and bone [50, 
51]. Biocompatibility, biodegradability, and low antigenicity 
of collagen make it an attractive material for various applica-
tions, including cartilage repair and regeneration.

5.1.2 � Alginate

Alginate is a natural polymer derived from seaweed, spe-
cifically brown algae. It is widely used in bioprinting due 
to its biocompatibility, biodegradability, and ability to form 
hydrogels by simply mixing it with divalent cations such as 
calcium ions to form stable hydrogels that provide structural 
support to printed cells [52]. The gelation process can be 
controlled to achieve desired mechanical properties, such 
as stiffness or elasticity, by adjusting the concentration of 
alginate and the cross-linking parameters [53]. One of the 
key advantages of alginate is its ability to encapsulate cells 

Table 2   Comparison of 
advantages and disadvantages of 
natural and synthetic polymers 
in bioinks

Natural Polymers Synthetic Polymers

Advantages • Inherently bioactive
• Cell-interactive groups on their backbones
• Good cell attachment, growth, proliferation, and 

differentiation
• Biodegradable
• Benign degradation products
• Potential impurities, which can be a source of 

immunogenicity

• Cost-efficient
• Tunable mechanical properties
• High mechanical strength
• Good structural stability
• Controlled gelation time
• Scalability
• Controlled degradation profile
• Reduced allergenicity
• Proven regulatory pathway

Disadvantages • High cost
• Poor mechanical properties
• Slow gelation
• Batch-to-batch variability
• Challenging to scale-up
• Long term stability
• Immunogenicity
• Regulatory hurdles
• Need for cross-linking to improve strength

• Lacks bioactivity/sites for cel-
lular recognition

• Necessary modifications to 
impart bioactivity

• Need for toxic solvents
• Melting point higher than body 

temperature
• Difficulty in encapsulating 

cells
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within the bioink due to its cell-friendly cross-linking/gela-
tion process. This enables the creation of complex 3D struc-
tures with embedded cells, which is crucial for fabricating 
functional tissues [54]. Alginate-based bioinks can support 
cell viability, proliferation, and differentiation, making them 
suitable for a wide range of tissue engineering applications, 
including cartilage, bone, and vascular tissue regeneration 
[52]. For example, O'Connell's group studied the use of aga-
rose-alginate composites as bioinks for the 3D printing of 
cartilage constructs and found that the ink composition with 
the best rheological properties for bioprinting was a 5.0% wt/
vol bioink composed of alginate and agarose in a 2:3 ratio 
[55, 56]. It was reported that the hydrogel nature of algi-
nate provides a biomimetic environment for chondrocytes 
and mimics the proteoglycan-rich extracellular matrix of 
native cartilage [57]. To improve the printability, mechani-
cal properties, and long-term stability of alginate bioinks, 
recent research has formulated composite systems by blend-
ing alginate with other natural biopolymers, i.e., gelatin [58], 
hyaluronic acid [59], and nanocellulose [60]. Chemical mod-
ifications like oxidation of alginate to form aldehyde groups 
have also been done to enable covalent cross-linking with 
gelatin through Schiff base reaction [57]. Composite bioinks 
containing laponite nanoclay [61], graphene oxide [62], or 
hydroxyapatite nanoparticles [63] have been developed to 
increase mechanical strength. Overall, the research dem-
onstrates that the modulus and stability of alginate bioinks 
can be tailored to match the properties of articular cartilage 
or intervertebral discs through careful formulation design. 
Encapsulated chondrocytes and MSCs show viability, pro-
liferation and deposition of cartilage-specific extracellular 
matrix in these optimized alginate-based bioinks [64].

5.1.3 � Cellulose

Cellulose is a biopolymer composed of glucose units and 
is the main structural component of plant cell walls. It has 
gained significant interest in the field of bioprinting due to 
its abundance, biocompatibility, and potential as a sustain-
able biomaterial [65]. Cellulose-based materials offer sev-
eral advantages for bioprinting applications. They possess 
excellent mechanical properties, such as high stiffness and 
tensile strength, which make them suitable for fabricating 
scaffolds with structural integrity [66]. Cellulose can be pro-
cessed into various forms, including hydrogels, nanofibers, 
and microfibers, enabling the creation of bioinks with dif-
ferent viscosities and rheological properties. In bioprinting, 
cellulose-based bioinks can be used to create complex tissue 
structures. Cellulose fibers can act as a structural framework, 
providing support and guiding cell organization and tissue 
formation [67]. The bioink formulation can be optimized 
by incorporating cells, growth factors, or other bioactive 
agents to enhance cellular activities, such as proliferation 

and differentiation [68]. One of the challenges in working 
with cellulose-based bioinks is their limited printability, as 
they often exhibit high viscosity and poor shape fidelity dur-
ing the printing process. Researchers have addressed this by 
modifying cellulose materials or combining them with other 
polymers to improve their printability and shape retention 
[69]. For example, blending cellulose with alginate or gela-
tin can enhance the mechanical properties and printability 
of the bioinks [70].

5.1.4 � Agarose

Agarose is a linear polysaccharide derived from seaweed that 
has been widely used as a biomaterial for tissue engineer-
ing applications. Its ability to form thermally reversible gels 
has made it a popular material for bioprinting techniques 
that employ thermal gelation mechanisms [71]. Agarose 
hydrogels have been used as bioinks in extrusion-based 
bioprinting to fabricate scaffolds containing living cells. 
For example, a recent study by Yu et al. utilized agarose/
alginate bioinks to bioprint tubular constructs containing 
cartilage-derived stem cells [72]. The agarose provided 
structural support for the printed constructs while allow-
ing for cell viability and proliferation. Additionally, agarose 
hydrogels have been used to encapsulate cells during laser-
induced forward transfer techniques [73]. Agarose has also 
been combined with nanocellulose to create bioinks optimal 
for cardiac tissue engineering. The agarose–nanocellulose 
bioink was used to bioprint heart valve conduits containing 
human coronary artery smooth muscle cells [67]. In another 
study, Oliver-Ferrándiz reported the use of agarose in com-
bination with alginate to form alginate-agarose hydrogel 
mixed with human dental pulp stem cells (hDPSCs), suitable 
for cartilage regeneration [74]. Overall, the ability to tailor 
and tune the physical and biological properties of agarose 
hydrogels makes them a versatile bioink choice for extrusion 
and laser-based bioprinting approaches toward engineering 
various tissues.

5.1.5 � Fibrinogen

Fibrinogen is a protein derived from blood plasma that 
has emerged as a promising biomaterial ink for bioprint-
ing approaches [75]. Fibrinogen can form hydrogels when 
mixed with thrombin, which cleaves fibrinogen into self-
assembling fibrin fibers. The ability to tune the structural 
and biofunctional properties of fibrinogen hydrogels makes 
it an interesting bioink material. However, limitations 
remain regarding the long-term stability and late-stage gela-
tion [76]. Further modification of fibrinogen-based bioinks 
could enable more advanced bioprinting of vascularized 
tissue constructs [77]. For example, one study performed 
methacrylation on fibrinogen to design a new biomedical 
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hydrogel for 3D cell culture or as a biodegradable delivery 
matrix for in vivo implantation [76]. The methacrylation 
did not alter important biological attributes of the fibrino-
gen, including the ability to support cell adhesion and 3D 
cell culture, as well as undergo proteolysis. Animal experi-
ments confirmed the biodegradability of the methacrylated 
fibrinogen hydrogel for potential use in tissue engineering, 
3D bioprinting, or as a biodegradable matrix for in vivo sus-
tained delivery. Another recent study prepared degradable, 
tunable, and biocompatible fibrinogen-keratin hydrogels for 
controllable protein delivery [77]. The hydrogels presented 
promising biological performance, indicating suitability as a 
controlled protein delivery carrier. To overcome mechanical 
limitations, researchers have blended fibrinogen with other 
biomaterials to create bioinks with improved mechanical 
properties and shape fidelity [78, 79]. For example, one 
study developed a fibrinogen-alginate bioink for skin bio-
printing [80], while another reported the printability of 
fibrinogen-based bioinks through mixing and in situ cross-
linking [79]. These demonstrate the potential of fibrinogen 
as a suitable biomaterial ink, especially when combined with 
other biomaterials, like alginate.

5.2 � Synthetic polymers

5.2.1 � Polycaprolactone

Polycaprolactone (PCL) is a biodegradable, biocompat-
ible, and printable polymer generated by cationic and ani-
onic ring-opening polymerization of ε-caprolactone and 
in the presence of a suitable catalyst [81]. Because of its 
properties, the Food and Drug Administration (FDA) has 
approved this material for medical devices [82]. It displays 
considerably high but adjustable mechanical strength and 
a long degradation time, making it an appropriate material 
to use as a supporting device, especially for hard tissue, tis-
sue engineering, surgical sutures, and drug delivery vesi-
cles [83]. The degradation time can be tuned by modifying 
its molecular weight, thus expanding its potential for use 
in engineering soft tissues. PCL is semicrystalline at room 
and human body temperatures, with its amorphous chains 
in a random arrangement. This allows the free movement 
of PCL chains, increasing its metabolite permeability once 
implanted into the body. Some disadvantages of this polymer 
are its hydrophobicity, the lack of support for cell adhesion, 
and the inability to directly bioprint due to the high melting 
temperature (> 60 °C) [84].

5.2.2 � Polyurethane

Polyurethanes (PUs) are a group of polymers with a urethane 
moiety as their repeating unit. PUs are created by the reac-
tion of diisocyanate, oligodiol (i.e., macrodiol or polyol), 

and a chain extender (i.e., diol or diamine [85]). PUs are 
widely used in biomedical materials due to their biocompat-
ibility, easily adjustable chemical and mechanical properties, 
and biodegrading ability [86]. They show high load-bear-
ing capacity, tear resistance, and flexibility [87]. They also 
exhibit moderate compatibility with blood. All these features 
can be synthetically tailored to fit specific tissues [88], which 
makes them suitable for a wide range of biomedical applica-
tions. However, one drawback is that PUs are not biostable 
[89], which makes them less appropriate for the long-term 
replacement of cartilage tissues.

5.2.3 � Polylactic acid

Polylactic acid (PLA) is a biopolymer made from fermented 
carbohydrates that is biodegradable, biocompatible, and 
nontoxic [90]. PLA is non-toxic and breaks down slowly 
into non-toxic and non-tissue-reactive compounds that can 
be fully metabolized, paving the way for biomedical uses. 
PLA's properties and bio-functionality can be enhanced by 
copolymerizing PLA with other polymers. For instance, 
scaffolds from composites of PLA and poly(glycolic acid) 
(PGA) were reported to have adjustable degradation rates 
ideal for regenerating musculoskeletal tissues [91]. Also, 
adding inorganic hydroxyapatite makes PLA mimic bone's 
extracellular matrix better, improving bone cell adhesion and 
conductivity to overcome PLA's low cell adhesion potential 
[92, 93]. A study by Moran et al. [94] coated PGA meshes 
with varying PLA content (0–68%) to examine PLA/PGA 
composite scaffold physical characteristics and chondrocyte 
interactions for cartilage engineering. Increasing PLA frac-
tion linearly augmented scaffold compressive modulus (up to 
20 kPa) and degradation time (up to 45 days) while reducing 
cell seeding efficiency from 48 to 27%. Furthermore, a mod-
erate 27% PLA content balanced enhanced mechanical sta-
bility with maintained chondrocyte expansion over 4 weeks.

On the other hand, PLA lacks sufficient cell adhesion 
properties, which can prevent its use for cell growth appli-
cations. However, this shortcoming can be addressed by 
blending PLA with biopolymers, like hyaluronic acid. Hya-
luronic acid enables robust cell attachment and proliferation 
through electrostatic interactions with cell surface proteins 
[95]. The improved cellular properties allow the composite 
to support bone cell proliferation for enhanced healing [92, 
93]. Another example of copolymers is PLA/lignin. Lignin 
is a biopolymer that possesses several favorable properties 
for biomedical uses, including antimicrobial, antioxidant, 
anti-ultraviolet, biocompatible, and non-toxic activities 
[96]. Due to these attributes, lignin has great potential for 
integration with PLA to generate composite biomaterials 
[97]. Specifically, PLA/lignin composite nanofiber scaf-
folds prepared by electrospinning have emerged as prom-
ising candidates for cartilage and bone tissue engineering 
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applications. The lignin component enhances the mechani-
cal strength, thermal stability, UV radiation resistance, and 
oxidative stress resilience of PLA-based materials [98, 99]. 
Beyond electrospun scaffolds, PLA/lignin composite films 
have also been fabricated through physical mixing methods. 
These composites displayed compatibility with stem cells, 
indicating their potential for diverse regenerative medicine 
applications [100].

5.2.4 � Silicone elastomers

Silicone elastomers are versatile polymeric materials made 
by cross-linking silicone polymer chains along with reinforc-
ing agents, catalysts, and curing processes to yield materials 
with differing properties like heat-cured rubber, liquid sili-
cone rubber, and room-temperature vulcanized rubber [101, 
102]. Silicone polymers can form various materials, includ-
ing elastomers, gels, and adhesives, depending on chemi-
cal formulation and processing conditions. Key advantages 
are thermal stability from -40 to 185 °C and retention of 
mechanical properties across this wide temperature range. 
Silicone elastomers exhibit high resistance to UV, heat, and 
chemicals, good flame resistance, electrical properties, and 
steam sterilizability [103].

Silicones are optically transparent, permeable to gases 
and moisture, and simple to fabricate into different config-
urations like tubing and seals. Silicone adhesives demon-
strate strong skin adhesion without irritation along with high 
gas permeability suited for biomedical device applications 
[104]. Silicone has demonstrated utility in wound healing 
and bone defect treatments. Specific concentrations of sili-
con ions increased bone marrow stem cell proliferation and 
mineralized matrix deposition [105]. Other studies found 
silicone compounds stimulated osteoblast proliferation and 
expression of bone-related proteins, highlighting silicone's 
role in bone growth [106]. Additional in vitro and animal 
research has shown silicone works synergistically with cal-
cium for bone health and metabolism [107, 108]. Hybrid 
composites made from biodegradable PCL and silica aerogel 
have promise as optimized bone engineering scaffolds [101, 
102]. Silicone-containing PCL hybrids displayed robust cell 
viability and tissue integration, indicating potential for bone 
regeneration applications [109]. Silica aerogel scaffolds 
were also synthesized using tetraethoxysilane (TEOS) or 
methyltrimethoxysilane (MTMS) precursors prior to PCL 
incorporation. The resulting composites exhibited hydro-
phobicity, minimal swelling and mass loss, and stability 
under physiological conditions [110, 111]. They were able 
to maintain human osteoblast culture viability for a long 
time, confirming excellent cytocompatibility and potential 
for articular cartilage regeneration, especially at the carti-
lage-bone interface [112].

5.2.5 � Polyethylene glycol

Polyethylene glycol (PEG) polymers have gained consider-
able attention for biomedical uses due to their favorable 
properties, including injectability, lack of cell adhesion, 
biocompatibility, and low immunogenicity [113, 114]. 
PEG hydrogels are formed by cross-linking PEG polymer 
chains into fluid-filled 3D networks with excellent swelling 
capacity [115]. One advantage of PEG is its easy modifica-
tion, as it can be functionalized with bioactive molecules 
to enable drug delivery applications. For instance, the 
reactive hydroxyl terminal group readily conjugates with 
drug compounds, yielding PEG-drug conjugates suitable 
for controlled release [116, 117].

Although PEG possesses cell-friendly characteristics 
that encourage its use in tissue engineering, some limita-
tions exist, such as low degradability under physiologi-
cal conditions and susceptibility to rapid aerobic degra-
dation [118, 119]. Researchers have developed several 
modifications to PEG polymers to enhance degradation 
and tailor them for specific biomedical uses. PEG-based 
hydrogels have been shown to exhibit exceptional ability 
to induce bone growth when combined with osteogenic 
materials [120]. Hydroxyapatite, an inorganic component 
of normal bone, has great compatibility with bone tissue 
and outstanding bone conductivity [121]. Incorporating 
HA directly into PEG hydrogels imparted osteoconduc-
tive properties to the composite material. Nejadnik et al. 
demonstrated that incorporating HA nanoparticles sub-
stantially increased the mineralization of PEG gels [122]. 
Similarly, calcium phosphate nanoparticles, composed 
of varying proportions of calcium and phosphate ions, 
were also found to boost the bone growth potential of 
crosslinked PEG hydrogels. An injectable composite gel 
was synthesized by reacting four-arm sulfhydryl-PEG with 
calcium phosphate nanoparticles. This gel increased extra-
cellular matrix mineralization and alkaline phosphatase 
activity in mouse osteoblast precursors. Furthermore, it 
markedly improved the healing of critical skull defects in 
rat models [123].

PEG hydrogels have shown promise for both bone and 
cartilage regeneration. Composite PEG-hydroxyapatite 
or PEG-calcium phosphate hydrogels exhibit osteocon-
ductivity and promote mineralization and bone growth 
[124]. Additionally, swelling and mechanical properties 
of PEG hydrogels can be tuned through molecular weight 
and cross-linking density changes to successfully mimic 
the behavior of cartilage tissue [125]. The introduction 
of biodegradable oligolactic acid segments into PEG net-
works produced hydrogels that slowly degrade to favorably 
provide space for chondrocyte expansion and cartilaginous 
matrix deposition [126, 127].
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5.2.6 � Ceramics

Ceramics, particularly bioglass and lithium calcium silicate, 
are promising materials in the field of cartilage repair. In 
2016, researchers from Imperial College London and the 
University of Milano-Bicocca developed a new bioglass 
material composed of inorganic silica and PCL [128]. This 
new formulation mimics the shock-absorbing and load-
bearing qualities of native cartilage and can be 3D printed 
into the exact size and shape needed. When implanted, the 
structure, stiffness, and chemistry of the bioglass encourage 
cartilage cells to grow through microscopic pores. Similarly, 
lithium calcium silicate (LCS) has been used to prepare scaf-
folds that promote cartilage maturation. While LCS is known 
for its stability and bioactivity, it has been found to promote 
chondrocyte maturation by immunomodulating M2 mac-
rophage polarization [129], shifting to anti-inflammatory 
M2 phenotypes and promoting the proliferation, migration, 
and maturation of chondrocytes. Moreover, LCS can be 3D 
printed for osteochondral regeneration. In a study by Chen 
et al., LCS scaffolds were prepared using a sol–gel method 
and further processed using 3D printing. The compressive 
strength of the 3D printed scaffold could be controlled in 
the range of 15–40 MPa when the pore size was varied from 
170 to 400 µm [130]. These scaffolds showed controllable 
biodegradability and good apatite-mineralization ability.

5.2.7 � Composite materials

Composite materials are a strong focus area in cartilage 
repair due to the complex nature of cartilage itself. Com-
posites, often a combination of synthetic and natural materi-
als, can replicate the structural, mechanical and biological 
properties of cartilage, providing a conducive environment 
for cell attachment and nutrient exchange. While hydrogels 
are advantageous in mimicking the ECM of native cartilage, 
they often suffer from low mechanical properties, which can 
limit their applications in cartilage repair due to the inherent 
high compressive and tensile force requirements. Increasing 
efforts have been made to improve the mechanics of natural 
hydrogel bioinks (Fig. 4), including applying multi-material 
scaffolds, chain entanglements, interpenetrating networks, 
latent cross-linking, printing optimization and nanoparticle 
incorporation. For example, a study published in 2020 dem-
onstrated the first hydrogel with the strength and modulus 
of native cartilage, with cartilage-equivalent tensile fatigue 
strength at 100,000 cyles [131]. This hydrogel is composed 
of a bacterial cellulose (BC) nanofiber network combined 
with a poly(vinyl alcohol) (PVA)-poly(2-acrylamido-2-me-
thyl-1-propanesulfonic acid sodium salt) (PAMPS) double 
network hydrogel. The nanofiber network mimics the native 
collagen fiber network in cartilage, while the double network 
hydrogel provides a fixed negative charge with an osmotic 

restoring force similar to aggrecan in cartilage. Engineering 
hydrogels with similar stiffness becomes essential for carti-
lage stem and progenitor cell differentiation. A recent study 
published in 2023 reports the use of chain entanglements 
to significantly stiffen protein-based hydrogels without 
compromising their mechanical strength [132]. Polyprotein 
(FL)8 consists of eight tandem repeats of a ferredoxin-like 
protein, which is introduced for chain entanglement into an 
otherwise soft protein hydrogel to significantly increase its 
stiffness. The layered architecture of hyaline cartilage can 
be more precisely tuned with multi-material scaffolds (i.e., 
varying ratios of methacrylated gelatin and nanohydroxyapa-
tite [133]), where three compositions reflect the three dis-
tinct layers based on water absorption, biodegradation and 
mechanical properties. Interpenetrating networks of different 
photocrosslinkable inks (i.e., the mixture of polyethylene 
glycol diacrylate, gelatin methacryloyl, and chondroitin sul-
fate methacrylate [134]) can balance the mechanical proper-
ties and suitable 3D microenvironment for cartilage repair. 
Manufacturing plays an important role in shaping the chosen 
biomaterials into porous 3D structures that mimic the carti-
lage’s macro and microarchitecture.

6 � From the bench to the clinic

The clinical translation of 3D bioprinting in cartilage repair 
faces several challenges. The limited spatial complexity of 
tissue-engineering implants in terms of cells, materials, 
and active factors has hindered the success of engineered 

Mechanical
Reinforcement
for 3D Printed

Natural
Hydrogels

Fig. 4   Schematic showcasing different techniques to increase the 
mechanics of 3D-printed natural hydrogels for cartilage repair
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cartilage [135, 136]. Despite numerous breakthroughs and 
the use of cell seeding techniques post-printing of con-
structs, there are still no commercial products using 3D 
bioprinted cartilage tissue where cells or other biologically 
active components are directly co-printed during the manu-
facturing process (Table 3). Regulatory concerns include 
the need for information regarding the use of additives in 
materials or material composition for the intended use, the 
verification of the software for the bioprinting design, the 
method of sterilizing the process or final product, and the 
bioprinting process to provide accurate and high-quality 
products that will not harm the patient [137]. Additionally, 
current process challenges include the difficulty of fabri-
cating customizable implants in situ using 3D bioprinting 
directly onto the defect site (without the need for transplan-
tation or external fabrication), the quality control behind 
ex vivo constructs, and the overall need for optimization 
and standardization of the process for faster translation into 
the clinic. Material considerations involve the determination 
of the optimal bioink composition to maintain the physical 
properties of native cartilage tissue while ensuring improved 
regeneration over time, ultimately providing a more long-
term solution to current treatment options for cartilage-based 
injuries or degeneration due to the regenerative potential. 
By precisely layering cells, growth factors, and biocompat-
ible materials, 3D bioprinting creates functional constructs 
that mimic cartilage anatomy, promoting tissue regeneration 
and durability. The combination of regulatory, process, and 
material considerations is the current roadblock in translat-
ing 3D bioprinting as a manufacturing technique into the 
clinic for cartilage repair [138].

As seen in Table 3, several products are commercially 
used for cartilage repair, but only one company, 3D Bio-
Therapeutics, stands out for using 3D bioprinting as the 

manufacturing technique for fabricating personalized cell-
laden cartilage constructs in clinical trials. The New York-
based company is a clinical-stage biotechnology company 
specializing in using their 3D bioprinting and material tech-
nologies to fabricate safe, functional, and personalized living 
tissues and organs for patients. Their first product, called 
AuriNovo™, is a patient-specific, living tissue implant cre-
ated using 3D bioprinting technology for surgical recon-
struction of the external ear in people born with microtia 
Grades II-IV. The implant is a collagen hydrogel scaffold 
encapsulating the patient’s own auricular cartilage cells 
that are bioprinted in the exact size and shape to match the 
patient’s opposite ear, aiming to provide a viable treatment 
alternative to rib cartilage grafts and traditionally used syn-
thetic materials. The clinical trial for AuriNovo™ started on 
August 9, 2021, however, it was terminated due to a com-
pany decision unrelated to safety [139]. In general, clinical 
trials may need to end early for several reasons. First, if a 
trial demonstrates clear benefit in one arm of the study, it 
may be terminated to avoid exposing participants to an infe-
rior treatment. Second, funding issues, low patient recruit-
ment, and emerging safety or efficacy signals could also 
prompt early termination of a clinical trial [140].

7 � Conclusions and future perspectives

The clinical translation of 3D bioprinting for cartilage repair 
is primarily influenced by the material and regulatory chal-
lenges that present themselves in mimicking the complexity 
of native cartilage tissues. The choice of biomaterials that 
integrate strength and stability with excellent biocompat-
ibility is highly desirable for cartilage tissue engineering. 
Natural polymers, like collagen and chitosan, among others, 

Table 3   Current landscape of companies in the space of cartilage repair and 3D (bio)printing (not an exhaustive list)

Company Name Product 3D Printing / 3D 
Bioprinting

Focus Area Clinical Stage

3D BioTherapeutics AuriNovo™ Y / Y Microtia Clinical trials (terminated, NCT04399239)
Nanochon Chondrograft™ Y / N Articular focal defects Pre-clinical
Brinter Inc NBI™ Y / N Nasal reconstruction Pre-clinical
CartiHeal Agili-C™ N / N Knee lesions In clinical trials (NCT03299959)
NUsurface® Meniscus Implant Active Implants N / N Meniscus repair In clinical trials (NCT02483988)
Osteopore International Osteomesh Y / N Orbital floor fractures Commercial
BioTissue Technologies GmbH BioSeed®-C N / N Knee lesions Commercial
Geistlich Chondro-Gide® N / N Cartilage regeneration Commercial
Anika Hyalofast® N / N Cartilage regeneration Commercial
Histogenics NeoCart® N / N Cartilage regeneration Commercial
Xizia Biotech Cartipatch® N / N Cartilage regeneration Commercial
Arthrokinetics CaReS® N / N Cartilage regeneration Commercial
Medipost CARTISTEM® N / N Cartilage regeneration Commercial
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provide an excellent platform for cells. However, these 
polymers and representative scaffolds lack the mechanical 
strength and durability required for native cartilage tissue. 
On the other hand, synthetic polymers, like polycaprolactone 
or silicone-based materials, have excellent mechanical prop-
erties but limited cellular adhesion and cellular integration 
capabilities. The explorations of composite materials and 
blended biomaterials emerge as a necessity to achieve the 
delicate balance between mechanics and biocompatibility 
required for successful cartilage repair. These biomaterial 
choices are imperative for mimicking the physical and cel-
lular properties of the scaffold, but they do not recapitulate 
the architectural complexities within the native tissue. Addi-
tive manufacturing techniques, like 3D bioprinting, have 
emerged with their precise positional capabilities as a tool 
for fabricating pre-defined macro and micro-architectures. 
3D bioprinting enables not only the layer-by-layer printing 
of both the chosen biomaterials and cells using pre-defined 
outer dimensions, but also provides a means for structuring 
the internal geometries. This manufacturing approach allows 
for more accurate reproducibility and has the opportunity to 
capture the internal dimensional control that is inherent to 
native cartilage tissue. In fact, the three types of cartilage 
tissue have distinct differences in the ECM composition and 
must be taken into account when providing advanced carti-
lage tissue engineering strategies.

Transitioning 3D bioprinting for cartilage repair from pre-
clinical promise to clinical reality involves overcoming mul-
tifaceted challenges. Process and quality control mechanisms 
are important to ensure the reproducibility and reliability of 
bioprinted cartilage constructs. Regulatory hurdles, although 
formidable, underscore the need for standards that guarantee 
both safety and efficacy for both the manufacturing process 
(3D bioprinting) and the chosen bioink formulation. With 
no 3D bioprinted products currently available on the market, 
the regulatory burden presents a significant roadblock in the 
clinical translation. Traditional regulatory frameworks are 
designed for mass-manufactured therapies, not personalized 
solutions that are patient-specific. This presents a challenge 
in classifying these products and establishing standardiza-
tion. The inclusion of living cells in the fabrication process 
adds another layer of complexity, making risk assessments 
more challenging. Emerging bioprinted products fall under 
the Class III (highest risk) category within the FDA and 
require extensive clinical trials to ensure the safety of the 
products over time. With the requirements of the premarket 
approval (PMA), this regulatory route is longer and more 
expensive compared to the Class II, 510(k) pathway, with 
additional hurdles such as patient recruitment. Specific 
frameworks for the regulation and testing of 3D bioprinted 
treatments are still limited, but provide an exciting oppor-
tunity for regulatory bodies to adapt and evolve to accom-
modate the unique aspects of 3D bioprinting in medicine.

In conclusion, the clinical translation of 3D bioprinting 
for cartilage repair holds immense potential, provided we 
navigate the complex landscape with a clear understanding 
of the challenges at hand. The need for collaboration among 
researchers, clinicians, regulatory bodies, and industry part-
ners is necessary to enable these emerging products into the 
clinic. With attention to material intricacies, stability, and 
the demanding clinical pathway, the promise of 3D bioprint-
ing for cartilage repair can transition from hopeful anticipa-
tion to next-generation treatment options.
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