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Abstract 

While cartilage tissue engineering has significantly improved the speed and quality of cartilage regeneration, 
the underlying metabolic mechanisms are complex, making research in this area lengthy and challenging. In 
the past decade, organoids have evolved rapidly as valuable research tools. Methods to create these advanced 
human cell models range from simple tissue culture techniques to complex bioengineering approaches. Cartilagi‑
nous organoids in part mimic the microphysiology of human cartilage and fill a gap in high‑fidelity cartilage disease 
models to a certain extent. They hold great promise to elucidate the pathogenic mechanism of a diversity of cartilage 
diseases and prove crucial in the development of new drugs. This review will focus on the research progress of car‑
tilaginous organoids and propose strategies for cartilaginous organoid construction, study directions, and future 
perspectives.
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Introduction
Organoids are intricate three-dimensional (3D) struc-
tures that replicate the functionality and complexity of 
organs in an in vitro setting. These structures are derived 
from adult stem cells (ASCs) or pluripotent stem cells 
(PSCs), cultured in a 3D environment that facilitates the 
formation of intricate cell‒cell and cell–matrix interac-
tions [1, 2]. Over the past decade, the field of organoids 
has emerged as a powerful tool for investigating various 
aspects of organ development, disease modelling, drug 
discovery, and regenerative medicine.

The concept of organoids has a long history, dating 
back to the early twentieth century when researchers first 
attempted to culture tissue explants in  vitro [3]. How-
ever, the limitations of these cultures in terms of their 

ability to self-organize and form complex structures led 
to their abandonment in favor of two-dimensional (2D) 
cell culture models. It was not until 2009 that Clevers and 
colleagues developed the first organoid system, demon-
strating that a single intestinal stem cell could give rise 
to a self-organizing, 3D structure that replicated the 
architecture and function of the intestinal epithelium 
[4]. Since then, organoids have been generated for a wide 
range of organs, including the liver, pancreas, lung, kid-
ney, brain, and retina [5–15] (Fig.  1). However, several 
significant challenges persist in their development and 
utilization. One pressing issue is the lack of standardized 
protocols for generating and characterizing organoids 
[16]. Additionally, the limited availability of specific cell 
types and the high cost associated with organoid culture 
present further barriers to the widespread adoption of 
this technology [17, 18]. As a result, the field of organoid 
research is still in its early stages, with substantial work 
remaining to optimize organoid culture systems, enhance 
their functionality and broaden their applications.

In recent years, the study of organoids has expanded to 
encompass the realm of cartilage (Fig. 1), providing novel 
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insights into the underlying biology of cartilage and the 
potential development of therapeutic interventions.

As a novel model of organoids, cartilaginous orga-
noids represent 3D cell clusters that are formed through 
the differentiation of diverse stem cells possessing self-
renewal and self-organization capabilities, utilizing either 
bioactive materials or not [19]. These organoids have the 
capacity to mimic the morphology and certain functions 
of cartilage tissue and can be substantially expanded 
in vitro.

This review aims to provide an overview of carti-
laginous organoids, discussing their recent advances, 
potential applications, and the challenges that cur-
rent methodologies must overcome. Furthermore, we 
will explore future directions for the field and potential 
advancements that could further enhance the utility of 
cartilaginous organoids in research, drug development, 
and personalized medicine.

Basic structure and pathophysiology of cartilage
Cartilage, a specialized form of connective tissue, is 
characterized by its low cell density and high matrix 
composition. The extracellular matrix (ECM) of 

cartilage consists of a complex arrangement of collagen 
fibres and proteoglycan molecules, providing the tissue 
with a unique ability to withstand compression. Chon-
drocytes, the primary cell population in cartilage, play a 
crucial role in synthesizing and maintaining the matrix 
in response to various genetic and environmental cues, 
including growth factors and physiological loading 
[20]. However, under pathological or injurious condi-
tions, chondrocytes may transition to a degradative and 
inflammatory phenotype [21].

As a vital component of the musculoskeletal sys-
tem, cartilage possesses distinctive features such as the 
absence of blood vessels and nerves. It serves as a struc-
tural support system and enables smooth joint move-
ment by cushioning bones and reducing friction between 
them [22]. Articular cartilage, specifically, is anatomically 
and functionally divided into four distinct zones, char-
acterized by distinct morphological, chemical, and col-
lagen density properties [23] (Fig. 2). Despite its critical 
role, cartilage has limited self-repair capacity, rendering 
it vulnerable to various pathological changes and diseases 
such as osteoarthritis (OA), chondromalacia patellae, and 
chondral injuries [24].

Fig. 1 Timeline of milestones for the generation of organoids and the sudden rise of cartilaginous organoids
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OA, a degenerative joint disease, is characterized by 
the progressive loss of articular cartilage. With a growing 
prevalence affecting more than 30 million Americans, the 
incidence of OA is escalating due to the aging population 
and increasing obesity rates [25]. While the exact mecha-
nisms underlying OA remain incompletely understood, 
it is considered a complex interplay of mechanical, bio-
chemical, and cellular factors [26, 27].

Existing cartilaginous preclinical models
Preclinical models play a crucial role in the advancement 
of treatments for cartilage diseases by enabling the inves-
tigation of underlying mechanisms, testing the effective-
ness and safety of new therapies, and predicting their 
clinical potential (Fig. 3).

In vitro models
In vitro models are cell-based systems that provide a con-
trolled environment for studying the biological behavior 
of chondrocytes. Primary cell cultures, immortalized cell 
lines, and engineered cartilage constructs are commonly 
used in vitro models for cartilage research.

Primary cell cultures involve the use of fresh cartilage 
tissue to study chondrocyte behavior. However, their use 
is limited by the availability of fresh tissue, the short lifes-
pan of chondrocytes in vitro, and challenges in maintain-
ing their phenotype [28].

Immortalized cell lines like ATDC5 and C28/I2, 
derived from chondrocytes, offer a continuous source 
of cells for research purposes. However, these cell lines 
exhibit distinct biological properties compared to pri-
mary chondrocytes, limiting their ability to accurately 
model normal cartilage behavior [29, 30]. However, these 
cell lines have shown different biological properties com-
pared to primary chondrocytes, which limits their useful-
ness in modeling the behavior of normal cartilage cells.

To overcome the limitations of 2D cell expansion, 
researchers have explored various 3D culture systems 
such as pellets, spheroids, and microtissues. These sys-
tems enhance chondrocyte viability and chondrogenic 
potential. The resulting constructs can be encapsulated in 
hydrogels or scaffolds to generate cartilage with improved 
quantity and quality compared to 2D systems [31–35]. 
The transition from 2 to 3D cultures holds promise for 
developing more physiologically relevant in  vitro mod-
els of human development and disease. However, cur-
rent technology still faces challenges in replicating the 
mechanical and biological complexity of native cartilage 
and achieving high cell numbers.

Ex vivo models
Ex vivo models involve the study of isolated cartilage 
explants or organ cultures, providing a more physiologi-
cally relevant environment compared to in  vitro mod-
els. Explant cultures [36], where small pieces of cartilage 

Fig. 2 Schematic diagram describing the zones within articular cartilage. Articular cartilage can be divided into four different zones (superficial, 
mid, deep and calcified), each of which has a characteristic composition and structure and there are changes in oxygen tension and hydrostatic 
pressure gradient from the superficial zone to the calcified zone
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tissue are cultivated in vitro, offer a closer representation 
of the joint environment. However, these models face 
constraints due to the limited availability of fresh tissue, 
the complex and variable nature of the joint environ-
ment, and the challenges in maintaining cell phenotype.

In vivo models
In vivo models involve studying cartilage and joint func-
tion in living animals. These models provide insights into 
the behavior of cartilage in a physiological environment 
and are valuable for studying interactions between car-
tilage and other joint tissues. The most commonly used 
in vivo models for cartilage research are animal models.

Animal models, such as mice and rabbits [37], have 
been extensively used to study the mechanisms under-
lying cartilage degeneration and test the efficacy of new 
therapeutic strategies. However, these models have 
limited translational potential due to anatomical and 

biological differences between animals and humans, 
which can compromise result validity.

The pharmaceutical industry is currently examining 
the reliability of in  vitro assays conducted during the 
preclinical phase of drug discovery, particularly those 
utilizing 2D cell cultures and animal models. Criticisms 
have been raised regarding the limited physiological 
similarity of these models to healthy or diseased human 
tissues [38], while animal models are also criticized for 
their prolonged testing period, high expenses, and ethical 
concerns.

The prevailing consensus within the scientific literature 
is that advanced 3D cell culture models, derived from 
human cells, have significant potential for enhancing 
drug development predictions [39]. The advent of human 
adult stem cells, including mesenchymal cells, and 
human induced pluripotent stem cells (iPSCs) has made 
it possible to create intricate 3D models. These cells can 

Fig. 3 Comparison of cartilaginous organoids with other preclinical models. Cartilaginous organoids can be generated from stem cells in adult 
tissue or from pluripotent stem cells. In serving as a bridge between conventional two‑dimensional culture and animal models, cartilaginous 
organoids retain the merit of both and put right their deficiency to some extent
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accurately mimic the morphogenetic events of tissue and 
organ development, and their intrinsic differentiation 
capacity is maximized in 3D cell culture models utiliz-
ing non-adherent surfaces or matrigel. These models are 
commonly referred to as organoids [40].

Progress in cartilaginous organoids
Starting cell type of cartilaginous organoids
Over the past two decades, stem cell research has signifi-
cantly expanded our understanding of critical aspects of 
cartilage organogenesis by harnessing the self-organiz-
ing properties of PSCs and ASCs. These self-organizing 
properties refer to the ability of cells within an organoid 
to arrange themselves into a structure that closely resem-
bles the original tissue, facilitated by specific signaling 
pathways. In this context, spheroids derived from ASCs 
can be considered organoids because they effectively rep-
licate tissue morphogenesis and mimic at least one tis-
sue/organ function [41].

PSCs
PSCs, including embryonic stem cells (ESCs) and induced 
pluripotent stem cells (iPSCs), possess the remarkable 
capability to differentiate into virtually any cell type. 
In recent years, iPSCs have garnered significant atten-
tion due to their potential applications in regenerative 

medicine and disease modelling. Of particular interest is 
their use in generating cartilaginous organoids [42].

Insights from developmental biology have revealed 
the sequence of inductive and repressive signaling path-
ways necessary for PSC lineage specification to different 
cell fates [43, 44]. Robust and stepwise differentiation 
protocols have been reported to drive iPSCs towards a 
chondrogenic lineage via the paraxial mesoderm [45, 46] 
(Fig. 4a), positioning iPSCs as a promising cell source for 
cartilage tissue engineering [47].

In recent years, iPSCs have emerged as a versatile 
tool for investigating cartilaginous organoid formation 
[48–50]. The development of iPSC-based cartilage regen-
eration therapies is a rapidly evolving field with exciting 
potential applications. iPSCs have shown particular effec-
tiveness in modelling monogenic cartilage diseases, and 
recent studies have produced positive results in the mod-
elling of skeletal dysplasia [51].

iPSCs share many similarities with ESCs, including 
unlimited self-renewal and pluripotency, surface marker 
expression, and telomerase activity [52–54]. Although 
patient-specific ESCs can be generated through somatic 
cell nuclear transfer (SCNT), the widespread application 
of SCNT to human cells is limited by the ethical concerns 
surrounding the use of human embryos in research. In 
contrast, iPSCs offer a promising alternative cell source 

Fig. 4 Current understanding and progress of cartilaginous organoids. a Overview schematic of the protocol of chondrogenic differentiation 
from iPSCs and MSCs; b The use of ill‑defined and heterogeneous medium components for organoid cultures, including conditioned medium 
and animal‑derived serum, which unpredictably alter organoid phenotype; c Various methods and scaffolds have been used for the construction 
of cartilaginous organoids. These scaffolds have a complex and ill‑defined composition as well as overall poor tunability, which limits the studies 
of cartilaginous organoids. In summary, protocols used throughout cartilaginous organoid derivation and culture are nonstandardized, which 
is detrimental to the reproducibility of cartilaginous organoids
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for cartilaginous organoids as they do not require the 
destruction of human embryos, thereby bypassing ethical 
and political issues associated with the use of ESCs [53].

Despite their advantages, challenges persist in gen-
erating functional cartilaginous organoids from iPSCs, 
such as producing them in large quantities and main-
taining their functionality over time. The potential for 
cells derived from iPSCs to dedifferentiate or become 
tumorigenic also poses a significant hurdle for clinical 
applications [55, 56]. Furthermore, iPSC heterogeneity 
is influenced by donor mutations, epigenetic memory 
of reprogrammed cells, and the iPSC production system 
employed [17, 57].

Therefore, further research is needed to address these 
challenges and improve the reproducible differentiation 
of iPSCs into chondroprogenitors (CPs) for cartilage tis-
sue engineering and modelling of arthritis.

MSCs
Mesenchymal stem cells (MSCs) have emerged as prom-
ising candidates for regenerative medicine due to their 
capacity to differentiate into various cell types, including 
chondrocytes. In the clinical setting, subchondral drill-
ing, a marrow stimulation technique, is widely employed 
for articular cartilage repair and relies on the chondro-
genic differentiation potential of MSCs [58].

The chondrogenic differentiation of undifferentiated 
MSCs encompasses several processes, including prolif-
eration, maturation, and terminal differentiation [59]. 
Notably, it is possible to produce cartilaginous organoids 
by culturing MSCs in vitro using specific growth factors 
and extracellular matrix molecules [60]. The advantages 
of utilizing MSCs for the development of cartilaginous 
organoids lie in their accessibility, rapid expansion capa-
bility, and ability to differentiate into cells from various 
mesenchyme-derived tissues [61, 62]. Among these, cells 
derived from bone marrow, synovium, and periosteum 
have shown the highest potential for chondrogenesis [63, 
64] (Fig. 4a).

Adipose stem cells and bone marrow MSCs have been 
extensively studied in cartilage tissue engineering due 
to their similar biological characteristics [65, 66]. How-
ever, it has been reported that bone marrow MSCs dem-
onstrate a higher capacity for osteogenic differentiation 
than adipogenic stem cells [67].

Although the utilization of MSCs in cell-based tissue 
engineering and regenerative medicine holds promise, 
there are challenges to address. These include the vari-
ability in MSC properties across different sources and 
the difficulty in creating organoids that closely resem-
ble native cartilage [68]. These inconsistencies may arise 
from the inherent heterogeneity associated with MSC 
populations in terms of cell proliferation capacity and 

differentiation potential, which can pose significant chal-
lenges for their application in tissue engineering [69, 70].

Several studies provide further evidence supporting 
the long-term chondrogenic potential of iPSCs com-
pared to MSCs. iPSCs tend to exhibit higher expression 
levels of collagen types I and X and undergo hypertrophy 
relatively quickly [48, 71]. However, it is premature to 
conclude that iPSCs are superior to MSCs for the forma-
tion of cartilaginous organoids. Nevertheless, iPSCs can 
address several issues, such as cell number, fibrocartilage 
formation, or phenotype loss with passages [72].

Moreover, human periosteum-derived cells (PDCs) 
share similar characteristics with MSCs and can be used 
to produce chondrocyte microspheres that differenti-
ate into callus organoids [73]. Additionally, Lin et  al. 
suggested that LGR5-GFP-expressing embryonic joint 
progenitor cells hold promise for generating cartilage 
organoids through the gel embedding method [74].

Construction of cartilaginous organoids
During various developmental processes, the gradients 
of morphogens and physical cues play a critical role in 
determining the polarity and diversity of structures that 
form in vivo. Similarly, self-organizing organoid systems 
have the ability to establish complex cellular patterns 
through successive modifications of the local microenvi-
ronment, driving organoid morphogenesis in vitro.

Physical characteristics of the cultural environment
Currently, numerous tissue engineering techniques 
are being developed to form cartilaginous organoids. 
One significant distinction among these approaches is 
whether they are scaffold-based or scaffold-free [75, 76] 
(Fig. 4c).

The scaffold-free culture method offers several advan-
tages over its counterpart, particularly in therapeutic and 
high-throughput drug screening applications, due to its 
simplicity and reproducibility [77]. Several studies have 
utilized human pluripotent stem cell (hPSC) mesoderm 
to induce chondrocyte differentiation, which then self-
assembles into cartilaginous organoids that have dem-
onstrated efficacy in repairing critical-sized bone defects 
in mice [49, 78]. Scaffold-free tissue engineering primar-
ily relies on multicellular spheroids as the fundamental 
building block owing to their ease of handling.

While the scaffold-free approach holds theoretical ben-
efits for mimicking natural tissue morphology, combin-
ing cartilaginous organoids with suitable biomaterials 
can further enhance organoid generation and improve 
their performance. The scaffold can take various forms, 
such as a classic 3D construct with interconnected pores, 
a Matrigel or hydrogel with embedded cells, or a combi-
nation of both [79].
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Solid ECMs are commonly used to promote the 3D 
characteristics of organoids, providing structural sup-
port to maintain cell identity and function [80]. In terms 
of chondrogenic differentiation of MSCs, Allen et  al. 
found that the appropriate stiffness of the ECM had a 
synergistic effect on exogenous growth factor stimula-
tion, promoting chondrogenesis [81]. Matrigel, a natural 
ECM purified from Engelbreth-Holm-Swarm mouse sar-
coma [82], is the most widely used matrix for 3D orga-
noid derivation. Its complex mix of ECM components 
and growth factors makes cell growth and differentia-
tion highly efficient. However, the heterogeneous com-
position of Matrigel makes it difficult to manipulate the 
matrix to facilitate various morphogenetic processes 
[83]. To address this issue, chemically defined hydrogels 
have been introduced as substitutes for natural matrices 
to support cartilaginous organoid culture. The impact of 
hydrogel properties, such as elasticity, swelling, and fixed 
charge, on chondrogenic behavior has also been reported 
[84, 85].

For instance, Crispim et  al. [86] found that elastic 
hydrogels constrained the growth and fusion of orga-
noids, inhibiting tissue formation, whereas viscoelastic 
hydrogels allowed for the growth and fusion of organoids 
into homogeneous tissue rich in collagen type II and gly-
cosaminoglycans. Xiahou et  al. developed a smart and 
responsive hydrogel that utilizes disulfide bonds as a 
cellular response switch to create cartilage microtissues 
in vitro. This hydrogel allows for cell attachment, detach-
ment, and the automatic formation of stem cell aggre-
gates without the need for artificial stimuli, resulting in 
the formation of cartilage microtissues [87].

Similarly, solid scaffolds can also be derived from 
natural and synthetic materials, and they must recreate 
an extracellular matrix in which cells in spheroids can 
adhere, proliferate, and differentiate [88]. Many studies 
have investigated innovative approaches for integrating 
chondrocytes into scaffolds, such as the use of culture in 
alginate beads or scaffolds, which induce chondrogenic 
differentiation of MSCs in vitro [89].

In the context of chondrogenesis, the utilization of 
spatial cues through scaffold design has been extensively 
studied [90]. Previous investigations have demonstrated 
that modifications in scaffold density reduction, as well as 
gradients in pore size, can promote chondrogenic induc-
tion in scaffolds, influencing the differentiation of MSCs 
into chondrocytes [91].

More recently, Yang et  al. employed a microfluidic 
technique to fabricate spatially controlled scaffolds with 
a highly ordered and uniform porous structure [92]. Rab-
bit ADSCs were seeded onto these scaffolds to assess 
the regulation of spatial cues on chondrogenesis. These 
investigations suggested that the geometry of the scaffold 

significantly impacted the chondrogenic differentiation 
of ADSCs, highlighting the critical importance of scaffold 
dimensionality and geometry in modulating the chon-
drogenic differentiation of stem cells.

Natural solid scaffolds, such as collagen scaffolds and 
decellularized cartilage, have been widely utilized in tis-
sue engineering. Decellularization is particularly signifi-
cant because it preserves the bioactive signals present 
in native cartilage, which guide cellular events such as 
adhesion, proliferation, and differentiation. Utomo et al. 
demonstrated the potential of decellularized ear cartilage 
scaffolds in vitro, while Kang et al. reported full-thickness 
repair in a rabbit femur model using adipose stem cell-
loaded decellularized cartilage extracellular matrix scaf-
folds [93, 94]. However, an important drawback of using 
autologous or allogeneic decellularized cartilage is the 
potential for donor site morbidity [95].

Traditional tissue engineering scaffolds typically allow 
for cell attachment only on the surface, with limited con-
trol over cell distribution and migration within the scaf-
fold, potentially leading to suboptimal clinical outcomes 
[83, 96].

Nevertheless, the field of bioprinting has made signifi-
cant strides toward the generation of complex and fine 
bionic tissue constructs [97–99]. During bioprinting, 
bioinks, mostly hydrogels-carrying cells, are continuously 
extruded from a bioprinter to model functional tissue 
systems according to a ’bottom-up’ strategy. In one study, 
an ’ALL-IN-ONE’ bioink based on granular hydrogel was 
fabricated, possessing multiple functions such as effec-
tively producing ASC spheroids, volume shrinkage and 
swelling to combine chondrocytes, and direct extrusion 
3D printing for further coculturing ASC spheroids and 
chondrocytes to incubate chondroids, ultimately show-
ing similar histological characteristics to cartilage tissue 
[100].

Scaffold-based tissue engineering represents a promis-
ing alternative approach to joint repair. It is worth not-
ing that a study demonstrated the successful fabrication 
of completely scaffold-free, self-sustainable cartilage 
constructs by collecting MSCs using a well-defined dif-
ferentiation protocol and combining bio3D printers with 
Kenzan needle array technology. This approach may 
facilitate the resurfacing of larger chondral defects and 
the creation of a new generation of cartilaginous orga-
noids [101].

Signalling factors required for cartilaginous organoid 
formation
Organoids are commonly generated by exposing cells to 
specific morphogens at precise time points, leading to 
the activation of desired developmental pathways and 
subsequent self-organization [2].
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Several protocols for chondrogenic differentiation 
exist, each utilizing different growth factors, intermedi-
ate steps, culture times, and systems. However, a con-
sensus has not yet been reached on the most effective 
approach for chondrocyte generation. Therefore, sys-
tematic comparisons of different methods are necessary 
(Fig. 4b).

Chondrogenic differentiation is regulated by multiple 
signal transduction pathways that control the conden-
sation of mesenchymal progenitor cells, nodule forma-
tion, and subsequent chondrogenic differentiation [99]. 
The basal chondrogenic medium is supplemented with 
critical signaling molecules such as BMPs, FGFs, TGFb, 
Wnt, and cell adhesion molecules (N-CAM, N-cadherin, 
β-catenin), which have been shown to induce chondro-
genic differentiation of PSCs and MSCs [102–104]. These 
factors activate essential targets that initiate and main-
tain the chondrocyte phenotype. Furthermore, Sox9, 
a cartilage-specific transcription factor, is required for 
mesenchymal progenitor cell condensation and the main-
tenance of the chondroprogenitor phenotype [99]. Addi-
tionally, macromolecules of the cartilage extracellular 
matrix, such as type II collagen, hyaluronan, aggrecan, or 
fibronectin, may also serve as signaling molecules [103].

The protocol established by Oldershaw et  al. [105] 
has had a significant impact on stem cell and cartilage 
research. However, its application to iPSCs has been hin-
dered by low cell viability. Umeda et al. [43] successfully 
optimized this directed differentiation method by mod-
ulating Wnt and TGFb signaling, resulting in improved 
cell viability and the generation of high-quality hyaline 
cartilage-like tissue. The identification of key molecules 
triggering iPSC chondrogenesis in this protocol has made 
it one of the most impactful approaches in the field.

The protocol by Yamashita et al. [78] involves the ini-
tial differentiation of hiPSCs into mesendodermal cells, 
followed by culturing in a chondrogenic medium sup-
plemented with ascorbic acid, BMP2, TGFb1, and GDF5. 
The chondrogenically committed cells are then sorted 
based on collagen type II expression and cultured in 3D, 
resulting in cartilaginous particles containing rounded 
cells embedded in an extracellular matrix rich in collagen 
type II.

Borestrom et al. [106] achieved high-quality chondro-
genesis using a protocol that includes a 3D pellet predif-
ferentiation stage, followed by monolayer expansion of 
chondrogenic progenitors. These progenitors are then 
cultured in a second chondrogenic 3D pellet and dif-
ferentiated into chondrocytes using a chondrogenic 
medium supplemented with growth factors. The gene 
expression levels of Sox9, type II collagen, aggrecan, and 
type X collagen are similar to those of human articular 
chondrocytes.

Chia-Lung Wu and colleagues [107]employed a mul-
tiomics approach, integrating bulk RNA sequencing, 
single-cell RNA sequencing, and weighted gene coex-
pression analysis (WGCNA) to study the gene regulatory 
networks that govern hiPSC differentiation into chondro-
cytes. They identified key hub genes, including WNTs 
and MITF, and demonstrated that off-target WNT sign-
aling induces chondrocyte hypertrophy in a heterocellu-
lar signaling model. Building on this knowledge, Amanda 
R Dicks and colleagues used small molecules to inhibit 
Wnt and MITF signaling during chondrogenic pellet cul-
ture, significantly improving the efficiency and homoge-
neity of hiPSC chondrogenesis [45].

By advancing our understanding of the molecular 
mechanisms underlying organoid formation and func-
tion using state-of-the-art technologies and addressing 
remaining challenges, significant progress in this field is 
expected in the near future.

Current application of cartilaginous organoids
Currently, the utilization of cartilaginous organoids 
remains somewhat restricted. However, as research 
progresses, it is foreseeable that the utilization of carti-
laginous organoids will flourish in the upcoming decade 
(Fig. 5).

One of the paramount applications of cartilaginous 
organoids resides in the realm of disease modelling. 
These organoids can be derived from patients afflicted 
with joint ailments such as OA and rheumatoid arthri-
tis, thereby providing researchers with a more physi-
ologically relevant system to investigate the disease. In 
a recent study, Cullier et al. [108] constructed an equine 
organoid model for OA by inducing it with IL-1β. The 
researchers discovered that a combination of BQ-
123-CHI and R-954-HA (BR5) yielded the most notable 
reduction in inflammatory and catabolic markers. This 
finding underscores the potential of organoids as a potent 
tool for studying the pathophysiology of joint diseases 
and developing innovative therapies to combat them.

Another potential application of cartilaginous orga-
noids lies in drug screening. In comparison to conven-
tional animal models, organoids provide a more precise 
and cost-effective means of assessing the efficacy and 
toxicity of new drug candidates. This capability not only 
accelerates the drug development process but also dimin-
ishes the necessity for animal testing.

Within the realm of tissue engineering, cartilagi-
nous organoids can be harnessed to pioneer innovative 
approaches for repairing damaged cartilage tissue. Pres-
ently, the existing methods rely on synthetic scaffolds 
that are seeded with or without chondrocytes or stem 
cells [109–112]. However, these approaches frequently 
yield tissue that lacks the functional and mechanical 
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properties of native cartilage. In contrast, cartilaginous 
organoids present a more intricate and dynamic sys-
tem for advancing tissue engineering endeavors. Recent 
studies have underscored the potential of cartilaginous 
organoids in the realm of tissue repair. For instance, 
Kengo Abe et  al. [113] demonstrated that allogeneic 
iPSC-derived cartilaginous organoids exhibit remarkable 
survival and integration capacities, as well as the ability 
to remodel articular cartilage, when tested in a primate 
model with chondral defects in the knee joints. Further-
more, Hall et al. [50] ingeniously incorporated genetically 
distinct populations of cartilaginous tissue intermediates 
into a single implant, creating an osteochondral tissue 
unit. By combining human iPSC-derived cartilage micro-
tissues with callus organoids derived from human PDCs, 

they successfully formed a dual structure of cartilage 
and bone after implantation. These studies demonstrate 
the immense potential of cartilaginous organoids as a 
promising alternative for the repair of damaged cartilage 
tissue.

Furthermore, cartilaginous organoids present a valu-
able platform for investigating the long-term behavior of 
cells and tissues in vitro, which is essential for the devel-
opment of effective and safe clinical therapies. In pursuit 
of this objective, Thorup et  al. [114] devised an ectopic 
cartilage formation assay utilizing organoids derived 
from articular chondrocytes of human donors, which 
were injected into nude mice to evaluate the potential of 
bioactive molecules in promoting in vivo cartilage forma-
tion. Such test systems based on organoids offer a potent 

Fig. 5 Schematic depiction of applications of cartilaginous organoids. Organoid technology has provided a potential tool for high‑throughput 
drug discovery and enables accurate toxicity testing and preclinical studies in cartilage. By using gene editing techniques such as CRISPR/Cas9, 
researchers could mimick human cartilage genetic diseases with the help of cartilaginous organoids and further investigate the underlying 
mechanism. Recent advances in cancer research within cartilaginous organoids are paving the way for promising organoid transplantation therapy 
in the future
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tool for screening molecules with regenerative potential 
for cartilage.

Moreover, cartilaginous organoids hold significant 
promise in the advancement of individualized treatments 
for cartilage-related ailments. By generating organoids 
from a patient’s own cells, therapies can be tailored to 
the specific biology of each patient, thereby enhancing 
the likelihood of successful outcomes while mitigating 
the risk of adverse events. Notably, recent breakthroughs 
have led to the development of "mini-joint" models that 
incorporate multicellular components and extracellular 
matrices of joint cartilage. These models present a novel 
approach for devising strategies to modify diseases and 
crafting personalized therapeutics for conditions associ-
ated with cartilage [115, 116].

Limitations and perspectives
Organoids have emerged as potent instruments in funda-
mental research and have made significant contributions 
to advancements in the biomedical domain. Nonethe-
less, the utilization of cartilaginous organoids in trans-
lational studies remains restricted due to the intricate 
and demanding process involved in their translation into 
practical applications, and achieving maturation and 
functionality in cartilaginous organoids, remains a sig-
nificant challenge. This challenge stems from the limited 
understanding of the molecular mechanisms governing 
organ development.

Make progress together with scRNA‑seq
Recent studies have demonstrated the remarkable capa-
bility of single-cell sequencing (scRNA-seq) in elucidat-
ing the cellular heterogeneity and lineage specification 
of chondrocytes derived from hiPSCs [107], identifying 
rare cell populations within osteoarthritic cartilage [117], 
and unveiling the molecular signatures of ferroptotic 
chondrocyte clusters in human OA cartilage [118]. These 
investigations underscore the emerging role of single-cell 
"omics" approaches in chondrocyte research, offering 
potential insights into innovative therapeutic strategies 
for OA and other cartilage-related disorders.

The combination of organoid technology and scRNA-
seq holds immense potential in addressing the limitations 
associated with each approach. Significant advancements 
in stem cell biology have facilitated the precise regula-
tion of differentiation pathways within organoids [119, 
120]. Through the integration of cutting-edge technolo-
gies for organoid culture and scRNA-seq, researchers 
have acquired a powerful tool for exploring organ devel-
opment and diseases [121]. Although the application of 
these techniques to cartilaginous organoids is still in its 
early stages, the future appears promising for unlocking 
their complete potential.

Discovery of rare/novel cell types and gene markers
The integration of organoid technology, scRNA-seq, and 
the increasing availability of organ-specific datasets and 
machine learning algorithms has facilitated the accurate 
prediction of cell type identity in organoids. Despite the 
seemingly simplistic composition of cartilage tissue, pri-
marily consisting of chondrocytes within the extracellu-
lar matrix, the tissue exhibits a zonal organization that 
distinguishes distinct cellular identities. Previous stud-
ies have examined the presence of adult cartilage stem 
and progenitor-like cells; however, their precise identity 
and characteristics remain subject to debate. By utilizing 
putative markers for cartilage progenitor cells (CPCs), 
such as Sox9 and CD44, in addition to CD105/CD90/
Notch/Stro/CD151, distinct subsets of CPCs have been 
identified [117], thereby highlighting the existence of 
multiple CPC populations. Future investigations should 
aim to isolate and investigate the specific functions of 
each of these subsets, particularly their roles in cartilage 
regeneration and repair.

Recapitulation of chondrocyte heterogeneity
A comprehensive understanding of cellular hetero-
geneity is essential for unravelling the developmental 
processes and disease pathogenesis of organs. The identi-
fication and functional characterization of stem cells and 
their diverse lineages pose significant challenges in the 
field of developmental biology [122]. Conventional 2D 
in vitro models lack the capacity to replicate organ-level 
cell interactions, underscoring the necessity of 3D orga-
noids for exploring cellular heterogeneity [123]. Progress 
in organoid and scRNA-seq technologies has facilitated 
the investigation of chondrocyte heterogeneity in organs. 
Importantly, the distinct proportions of chondrocyte 
subtypes may reflect varying degrees of degeneration and 
immune/metabolic profiles in patients with OA. There-
fore, obtaining a single-cell understanding of cartilage 
can offer higher resolution and innovative insights into 
the onset and progression of OA pathology.

Reveals cell development trajectories during chondrogenic 
differentiation
The scRNA-seq technique empowers the identification of 
distinct cell types within an organ at a single-cell resolu-
tion, enabling the inference of intermediate cell types and 
differentiation pathways. In a study conducted by Adkar 
et al., human iPSCs underwent a chondrogenic differen-
tiation protocol, and scRNA-seq was performed at mul-
tiple time points to elucidate the dynamics of molecular 
signaling pathways and tissue-specific transcription fac-
tors during the differentiation process [44]. Notably, 
Czerniecki et  al. discovered that the addition of vascu-
lar endothelial growth factor (VEGF) increased CD31 
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expression in endothelial cells and cadherin expression in 
vascular endothelial cells within kidney organoids [124]. 
Hence, the combination of organoid technology and 
scRNA-seq presents significant potential for identifying 
chemical compounds that can guide organoid differentia-
tion pathways and facilitate the generation of more com-
plex organoids with enhanced functionality [124].

Identification of gene expression variability at the single‑cell 
level
Single-cell gene expression analysis is a powerful tool 
for elucidating tissue heterogeneity and developmental 
processes [123]. In a groundbreaking study, Kengo Abe 
et  al. [113] employed a unique approach by combining 
cartilaginous organoids with scRNA-seq. The research-
ers induced the differentiation of cynomolgus monkey 
induced pluripotent stem cells (cyiPSCs) into chondro-
cytes, resulting in the generation of cyiPSC-derived car-
tilaginous organoids (cyiPS-Cart). Subsequently, these 
organoids were allogeneically transplanted into chondral 
defects on the knee joint surface of cynomolgus mon-
keys. By utilizing scRNA-seq and conducting molecu-
lar analysis of the cyiPS-Cart graft, the study identified 
molecular pathways associated with cell differentiation, 
thus revealing gene expression variability. These investi-
gations exemplify how the integration of scRNA-seq and 
cartilaginous organoids represents a novel approach for 
understanding the variabilities in gene expression at the 
single-cell level, thereby enhancing our comprehension 
of organ development and disease states.

Modelling diseases to map cellular heterogeneity in healthy 
and diseased cartilage tissues
The identification of distinct cell subpopulations and 
their specific roles in disease states is crucial for precision 
medicine. In addition to organoids derived from healthy 
adult stem cells or pluripotent stem cells, those derived 
from patient-specific stem cells accurately reflect the 
underlying biology of specific diseases. Moreover, single-
cell proteomic analysis allowed the stratification of OA 
patients into three groups based on the relative propor-
tions of inflammatory and regenerative cells: increased in 
OA, unchanged between OA and normal, and decreased 
in OA [117].

The integration of scRNA-seq and cartilaginous orga-
noids presents immense potential for advancing our 
understanding of cartilage development and the patho-
genesis of diseases. However, to fully utilize its capabili-
ties, certain challenges such as incomplete differentiation 
and limited sensitivity need to be addressed [124]. As 
datasets are consolidated and new therapeutic targets are 
identified, the future appears promising. However, the 

subsequent challenge lies in the development of effective 
treatments once these targets are recognized.

Make the most of the epoch‑making scissors——gene 
editing
Among the various gene-editing techniques available, 
CRISPR/Cas9 stands out due to its precise targeting and 
shearing capabilities, cost-effectiveness, and user-friend-
liness, making it indispensable in biological research 
[125, 126].

CRISPR/Cas9 screens provide an unbiased approach to 
establish the causal relationship between genotype and 
phenotype. By enabling genome-wide knockout of gene 
expression and subsequent analysis of resulting pheno-
typic changes, these screens have proven valuable [127, 
128]. Additionally, the CRISPR system has been utilized 
for gene knockout and genetic mutation repair to facili-
tate in  vitro disease modelling, offering significant time 
and labor savings compared to constructing animal mod-
els [129].

In recent years, CRISPR/Cas9 has emerged as a robust 
tool for investigating cartilage diseases. More recently, 
Chaudhry et  al. [130] developed an efficient CRISPR/
Cas9-mediated strategy for gene editing in primary 
human chondrocytes, enabling the investigation of miR-
140-dependent mechanosensitive gene regulation. How-
ever, conventional 2D culture conditions still limit the 
assessment of intricate cellular functions and physiologi-
cal characteristics of cartilage.

The integration of gene editing techniques with orga-
noids has provided researchers with a powerful tool to 
investigate intrinsic developmental mechanisms through 
loss-of-function and gain-of-function studies conducted 
in  vitro. Recently, CRISPR/Cas9 technology has been 
successfully applied to iPSC-based organoids, including 
neuronal, brain, intestinal, and colonic organoids. These 
advancements have significantly contributed to our 
improved understanding of human organogenesis, nor-
mal physiology, and disease pathology [131–134].

In a pioneering study by Ruiz et  al. [135], CRISPR/
Cas9 technique was employed on cartilaginous organoids 
to conduct functional characterization of the effects of 
OPG-XL in joint tissues. The researchers utilized hiPSCs 
derived from individuals within the affected CCAL1 fam-
ily and employed CRISPR/Cas9 to repair hiPSCs, creat-
ing isogenic controls. These isogenic control cells were 
then utilized to establish in  vitro organoid models of 
cartilage and bone, providing valuable insights into the 
effects of OPG-XL.

The combination of CRISPR/Cas9 and organoid tech-
nologies exhibits significant potential for advancing the 
study and treatment of genetic cartilaginous diseases, 
including Achondroplasia (ACH). ACH results from 
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a mutation in the FGFR3 gene located on chromosome 
4p16.31 [136]. Moreover, integrating CRISPR/Cas9 
and organoid technologies can bridge the gap between 
potential therapeutic molecular mechanisms and their 
translation into treatments for human patients with OA 
and other cartilaginous diseases. Organoids, especially 
those derived from hiPSCs, serve as highly representative 
models of human diseases. By applying CRISPR-based 
mutagenesis to hiPSC-derived cartilaginous organoids, 
personalized therapy or precision medicine for cartilagi-
nous diseases can be facilitated [137, 138].

Recent advancements in scRNA-seq technology, com-
bined with CRISPR/Cas9 gene editing, have provided an 
unbiased approach to uncovering genotype–phenotype 
relationships at the single-cell level. For example, Dicks 
et  al. [139] employed a CRISPR/Cas9-edited COL2A1-
GFP knock-in reporter hiPSC line to identify a unique 
subpopulation of CPs with high chondrogenic potential. 
Subsequent analysis using scRNA-seq revealed distinct 
clusters within this population.

As highlighted earlier, the utilization of CRISPR/Cas9 
gene editing technology in cartilaginous organoids has 
proven effective in elucidating human organogenesis, 
normal physiology, and disease pathology. Furthermore, 
implementing more sophisticated cartilaginous orga-
noid culture systems can contribute to the evaluation 
of genome editing technology in terms of safety and 
efficiency.

However, CRISPR/Cas9 screening in organoids still 
faces certain limitations, primarily due to challenges 
associated with the manual handling of 3D organoids on 
a large scale. Improvements in sgRNA design, specifically 
tailored for organoids, can enhance phenotypic induc-
tion and penetrance, ultimately improving the CRISPR/
Cas9 organoid screening platform to target patient-
specific mutations or vulnerabilities. In due course, 
the emergence of microfluidic technology is expected 
to provide favorable conditions and timing for further 
advancements.

Nourish every piece of land——microfluidic technology
Despite the significant progress achieved in the develop-
ment of physiologically relevant cartilaginous organoids, 
several challenges persist. These challenges include het-
erogeneity, higher costs, and the need for high through-
put in practical applications [140]. Addressing the 
limitations related to reproducibility and automation 
is crucial for the widespread utilization of cartilaginous 
organoids in clinical research. The integration of carti-
laginous organoids with microfluidic systems, based on 
microphysiological technology, offers a promising avenue 
to overcome these technological challenges.

Microfluidic technology presents a powerful approach 
to establish complex biomolecule gradients that bet-
ter mimic physiological conditions compared to con-
ventional cell culture models. By replicating perfusion, 
mechanical forces, and other essential parameters for 
tissue and organ physiology, microfluidic systems enable 
a more comprehensive understanding of specific cellu-
lar responses and the fluidic and mechanical aspects of 
the cellular microenvironment [141]. Organ-on-a-chip 
devices, also known as organ chips, are microfluidic cell 
culture systems maintained under constant fluid flow. 
They serve as a means to bridge the gap between in vitro 
models and in vivo physiology [142].

The combination of organoid culture with microfluidic 
technologies offers several advantages [143]. First, micro-
fluidic devices provide enhanced control over spontane-
ous morphogenesis, thus reducing variability. Second, 
automated operation reduces labor costs and minimizes 
human error. Third, miniaturized culture systems result 
in reduced reagent usage. Finally, microfluidic systems 
can expedite the maturation of organoids. Given the 
avascular, aneural state, and fibrillar composition of car-
tilage, microfluidic systems are particularly well suited 
for cartilaginous organoid studies. They enhance mass 
transfer, regulate cellular interactions, and allow for the 
adjustment of porosity.

A recent breakthrough by Rothbauer et  al. [144] suc-
cessfully established a microfluidic joint-on-a-chip orga-
noid system. This system allows for the investigation of 
reciprocal cross-talk between individual synovial and 
cartilaginous organoids at the tissue level, providing a 
valuable model for studying arthritic diseases.

Microfluidic hydrogel-based scaffolds, fabricated using 
microfluidic devices, offer promising alternatives to tra-
ditional hydrogels used in cartilage tissue engineering 
[145]. The incorporation of microchannels enhances 
mass transfer, allowing for precise control over the distri-
bution of chemical substances. This feature facilitates the 
creation of 3D structures that more accurately replicate 
native tissue, enabling the estimation of a particular tis-
sue’s functional performance [146, 147].

In the preceding discussion, we emphasize the capacity 
of cartilaginous organoids to simulate both physiological 
and pathological states of cartilage, including molecular 
mechanisms and signal transduction. However, despite 
the prevalent focus on chondrocyte pathobiology in 
most microphysiological models of OA, it is important 
to acknowledge that this disease affects the entire joint, 
including the influence of intra-articular pressure (IAP) 
and synovial fluid. Imbalanced mechanical stresses are 
identified as contributing factors to the pathogenesis of 
OA. Thus, mechanosensory activation during the onset 
and progression of OA represents a crucial yet often 
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overlooked aspect of microsystems, demanding careful 
examination [148].

Moreover, systemic factors like age and sex, recognized 
as risk factors for OA, prove challenging to investigate 
using current joint-on-a-chip organoids.

Organ-on-a-chip platforms confront numerous 
practical considerations contingent on their intended 
application. Specifically, Joint-on-a-chip organoids are 
influenced by factors including device material selection, 
and the capacity for functional integration.

In the long term, the discovery of novel materials 
promises to foster technological advancements, poten-
tially facilitating the large-scale fabrication of cartilagi-
nous organoids integrated with microfluidic systems.

To enhance current disease models based on cartilagi-
nous organoids, we propose the integration of anatomical 
and biomechanical considerations into next-generation 
microfluidic systems used in this context. The struc-
ture‒function relationship of an articular joint is highly 
intricate and multifaceted, involving diverse cellular, 
biochemical, and critical biophysical factors. Therefore, 
future models of OA that utilize cartilaginous organoids 
must enhance the control and precision of fluid-mechan-
ical cues at the microscale.

To establish organoids as a reliable evaluation platform, 
it is essential to define specific technical standards and 
ensure the generation of functional units within a prede-
termined size range while maintaining consistent func-
tionality. 3D bioprinting represents a novel approach that 
enables the creation of highly organized constructs.

3D bioprinting: set up the bed where organoids lay
3D bioprinting is an advanced technology that provides 
precise control over biophysical properties, such as orga-
noid size, cell number, and structure, enabling the crea-
tion of tissue-like structures that closely resemble natural 
tissues [98].

While extensive discussions on the principles, classifi-
cations, characteristics, and applications of 3D bioprint-
ing can be found in the literature, they surpass the scope 
of this paper [149, 150].

The application of 3D bioprinting to cartilaginous orga-
noids is still in its early stages. However, recent advance-
ments in fabrication techniques have made it feasible 
to utilize these methodologies for cartilaginous orga-
noids using ADSCs and chondrocytes. Although hiPSCs 
hold immense potential for cartilaginous organoids and 
regenerative medicine, there are limited reports on bio-
printing human 3D constructs based on hiPSCs. This is 
primarily due to the unique characteristics of hiPSCs, 
which present challenges for bioprinting. First, hiPSCs 
have low survival rates as single cells in culture, and dis-
sociation into single cells is often a necessary step in 

most bioprinting procedures. Second, hiPSCs exhibit 
high responsiveness to environmental cues due to their 
embryonic-like nature and ability to respond to devel-
opmental signals. Last, hiPSCs tend to form clusters or 
colonies because of their epithelial character, which must 
be taken into account when employing nozzle-based bio-
printing methods [151].

Cartilage tissue exhibits cellular heterogeneity and 
hierarchical organization across different zones of vary-
ing depth. However, accurately replicating zone-depend-
ent characteristics in cartilaginous organoids, including 
size, ECM composition, and expression of anabolic and 
catabolic molecules, remains a challenge [152]. Tradition-
ally, specific culture conditions are required to expand 
chondrocytes derived from different regions of the car-
tilage or stem cells undergoing distinct in vitro cartilage 
differentiation processes. Jonathan A [153] introduced 
a novel bioprinting-assisted tissue emergence (BATE) 
printing technology that utilizes stem cells and organoids 
as self-organizing building blocks. These blocks can be 
spatially arranged to form interconnected and evolving 
cellular structures. Through 3D bioprinting, individual 
cells or cellular aggregates that typically develop into 
randomly shaped small organoids can be induced to fuse 
and reorganize according to the imposed geometry and 
constraints. BATE printing technology holds promise for 
generating large-scale cartilaginous organoids with bio-
logical complexity.

Furthermore, Ludovicserex et  al. [154] introduced a 
microfluidic-based print head that enables real-time 
adjustment of the print unit concentration, allowing for 
fibroblast bioprinting at concentrations of up to 10 mil-
lion cells/mL. As the cell inoculation concentration plays 
a crucial role in 3D organoid culture, this method can 
yield more reliable and repeatable results.

Nonetheless, the technology remains in its experimen-
tal phase, signifying that various technical challenges 
must be addressed.

The generation of realistic cartilage incorporates 
diverse cell types of disparate shapes, thereby presenting 
a difficulty in determining the optimal printing param-
eters. Characteristically, 3D bioprinting exhibits slow 
printing speed and the attributes of the bio-ink, which 
include viscosity and cell density, are prone to alterations 
over time. This can notably influence the printing quality 
of cartilaginous organoids. Consequently, it is crucial to 
implement appropriate strategies to prevent ink desicca-
tion during the printing process.

The hurdles that exist between laboratory research 
discoveries and commercial production are substantial. 
As it stands, 3D bioprinting within a laboratory context 
remains nascent and large-scale production of bio-prod-
ucts with high efficiency is currently unattainable. Hence, 
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optimization of experimental apparatus and methodolo-
gies is a requisite for achieving rapid, and efficient large-
scale biomanufacturing.

Although 3D bioprinting of cartilaginous organoids is 
still in its early stages, it offers immense potential. Future 
efforts should focus on improving cell viability postprint-
ing, addressing limitations such as poor cytocompatibil-
ity and degradation-associated toxicity, and enhancing 
printing accuracy using existing technology. The integra-
tion of 3D bioprinting and microfluidic technologies may 
open new avenues for the development of cartilaginous 
organoids.

Conclusion
Cartilaginous organoids serve as an ideal platform for 
large-scale mechanistic biology. They enable the estab-
lishment of a cartilaginous organoid cell atlas through 
high-throughput drug screening with molecular and 
phenotypic readouts, as well as single-cell multiomics 
analysis. The ongoing advancements in microfluidics, 3D 
bioprinting, and emerging nanomaterials offer a syner-
gistic strategy to overcome limitations and leverage the 
advantages provided by cartilaginous organoids (Fig.  6). 
This approach allows for the construction of highly 

biocompatible microtissues at the centimeter scale and 
facilitates translation to the industry.

Collaborations among bioengineers, pharmacologists, 
clinicians, and developmental biologists, supported by 
cutting-edge technologies and multidisciplinary plat-
forms, can accelerate the pace of discovery and enhance 
the precision of future clinical translations based on pre-
clinical models of cartilaginous organoids.

Abbreviations
3D  Three‑dimensional
ASCs  Adult stem cells
PSCs  Pluripotent stem cells
2D  Two‑dimensional
OA  Osteoarthritis
ESCs  Embryonic stem cells
iPSCs  Induced pluripotent stem cells
SCNT  Somatic cell nuclear transfer
CPs  Chondroprogenitors
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PDCs  Periosteum‑derived cells
hPSC  Human pluripotent stem cell
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ADSCs  Adipose‑derived stem cells
scRNA‑seq  Single‑cell sequencing
CPCs  Cartilage progenitor cells
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Fig. 6 Perspectives of cartilaginous organoid technologies. Recent advances in scRNA‑seq and CRISPR/Cas9 technologies could elucidate 
gene function on an unprecedented scale, which furthers the power for understanding human organogenesis, normal physiology, and disease 
pathology. Additionally, advancements in microfluidics and 3D bioprinting have enabled environmental control of nutrient mass transport 
and overall standardization of cartilaginous organoid size and spatial organization
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