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Organoid Culture Development for Skeletal Systems

Jia Qing, MS,1,{ Qian Guo, MS,1,{ Longwei Lv, PhD,1 Xiao Zhang, PhD,1 Yunsong Liu, PhD,1

Boon Chin Heng, PhD,2 Zheng Li, PhD,1 Ping Zhang, PhD,1 and Yongsheng Zhou, DDS, PhD1

Organoids are widely considered to be ideal in vitro models that have been widely applied in many fields,
including regenerative medicine, disease research and drug screening. It is distinguished from other three-
dimensional in vitro culture model systems by self-organization and sustainability in long-term culture. The
three core components of organoid culture are cells, exogenous factors, and culture matrix. Due to the com-
plexity of bone tissue, and heterogeneity of osteogenic stem/progenitor cells, it is challenging to construct
organoids for modeling skeletal systems. In this study, we examine current progress in the development of
skeletal system organoid culture systems and analyze the current research status of skeletal stem cells, their
microenvironmental factors, and various potential organoid culture matrix candidates to provide cues for future
research trajectory in this field.
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Impact Statement

The emergence of organoids has brought new opportunities for the development of many biomedical fields. The bone
organoid field still has much room for exploration. This review discusses the characteristics distinguishing organoids from
other three-dimensional model systems and examines current progress in the organoid production of skeletal systems. In
addition, based on core elements of organoid cultures, three main problems that need to be solved in bone organoid
generation are further analyzed. These include the heterogeneity of skeletal stem cells, their microenvironmental factors,
and potential organoid culture matrix candidates. This information provides direction for the future research of bone
organoids.

Introduction

Neither animal models nor two-dimensional (2D)
cell cultures can fully recapitulate the unique 3D mi-

croenvironmental niche of human cells, cell-cell interactions
in vivo, organ-level functions, and complex structure of the
human body. Studies have shown that after being cultured
in vitro, cells will quickly lose their in vivo characteristics,
with significant changes to their surface markers and phys-

iological properties.1 Stem cells also tend to lose their
stemness and undergo senescence over prolonged durations
of in vitro 2D culture.2–4 On the other hand, because of vast
discrepancies between animal models and human physi-
ology, it is often difficult to extrapolate the molecular
mechanisms identified in animal models to humans. Bio-
medical researchers have been attempting to recapitulate the
overall niche of normal biology in vitro and emphasize
simplicity of experiments and availability of cell lines. For
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these purposes, organoid culture systems have thus been
developed.5

The advent of human induced pluripotent stem cell
(iPSC) technology and the availability of a variety of human
adult stem cells (ASCs) have created conditions for the
emergence of tissue- and organ-specific in vitro models.6

Organoids are well-organized long-term 3D cultures that are
formed by stem cells (PSCs or ASCs) through self-
organization, which have the capacity to differentiate into
some or all specific cell types of the original tissue and can
recapitulate structures and at least some functions of the
original tissues/organs.7–9 Indeed, natural human tissues
would be attractive substitutes for animal models. Organoids
complement existing model systems and provide insight into
physiological human development and disease pathogenesis.

Compared to soft tissues/organs such as the intestines,
stomach, and brain, the bone has unique characteristics. It
contains both hard mineralized bone and soft bone marrow,
which means that the stiffness requirements of cells are
heterogeneous, and researchers may need to build a complex
environment with at least two varying levels of stiffness at
the same time. In recent years, researchers have developed
some organoid models of skeletal systems, including bone
marrow organoids, cartilage organoids, trabecular bone or-
ganoids, and others. The appearance of these 3D model
systems has provided guiding cues for further development
of skeletal system organoids.

This review will therefore analyze the research status of
skeletal system organoids, and attempt to identify future
research directions in this field by analyzing the current
research status of skeletal stem cells (SSCs), their micro-
environmental factors, and various potential organoid cul-
ture matrix candidates. We emphasize the self-assembly
characteristics of organoids, and the construction of an ap-
propriate in vitro environment to simulate the in vivo stem
cell niche, so as to maintain the self-renewal capacity and
multilineage differentiation potential of stem cells within
organoids.

Organoids Are Good In Vitro Culture Model Systems

The earliest use of the term ‘‘organoid’’ can be traced
back to 1946, when Smith and Cochrane referred to cases of
cystic teratoma as ‘‘cystic organoid teratoma.’’10 In 2008,
3D cerebral cortex tissues were constructed from embryonic
stem cells (ESCs) using a technique involving serum-free
culture of embryoid body-like aggregates (SFEBq cul-
ture).11 The pioneering work of the Clevers research group
in constructing continuously expanding intestinal organoids
is recognized as a major milestone in the organoid research
field.12,13 This study showed that stem cells can maintain
their self-renewal capacity and produce stable and physio-
logically functioning epithelial cells upon treatment with a
specific panel of growth factors.

A variety of different biological materials can be used to
form organoids, including ESCs, iPSCs, ASCs, and tissue
fragments. Organoids can be categorized according to the
initiating cell types that were originally utilized for their
production. One of these are the organoids produced by
PSCs, that is, organoids generated either by ESCs from cell
clusters in blastocysts or iPSCs derived from somatic cells.
The other is organoids produced by ASCs, that is, adult stem

cells or isolated primary tissue fragments that can self-
organize and form 3D cultures in vitro.5 ASC-derived orga-
noids are considered to simulate the process of tissue repair,
while PSC-derived organoids model tissue development.14–16

Initially, constructed organoids were only composed of
epithelium, and the lack of communication between organs
and tissues was considered to be one of the defects of ex-
isting organoid systems. In recent years, scientists have been
capable of integrating mesoderm and even the three germ
layers into PSC-derived organoids.17–20 ASC-derived orga-
noids could also be assembled from endothelial cells and
fibroblasts to form more complex structures21 (Fig. 1). As-
sembly can also occur between organoids, and the culture
was named as assembloids.22

Although the field of organoid cultures still has many
challenges to be addressed, including limited maturity and
size, lack of vascularization, and inability to recapitulate
communication between organs, it is still a good model
system for regenerative medicine research.23,24 Organoid
opens up a new avenue for pathogenesis research and per-
sonalized drug screening for treatment of infectious dis-
eases,25,26 genetic diseases,27,28 and cancer.29,30 In addition
to drug screening and molecular medicine,25,29 the potential
value of organoid systems in basic biological research
should not be understated.31 Studies on optic cup organoids
have revealed the morphogenetic mechanisms of optic cups
and their species specificity.32,33 In addition, organoids have
demonstrated their potential as a minimalist model system
to study the principle of self-organization.34 In silico
mathematical modeling has also been used to explore the
molecular mechanism of organoid self-organization and
predict the impact of various microenvironmental conditions
on culture results.35,36

Organoid Systems Are Distinguished
by Sustainability in Long-Term Culture
and Capacity for Self-Organization

Organoid technology debuted more than 10 years ago,
and since then, various organoid culture systems have been
developed. In addition to extracellular matrix (ECM) scaf-
folds, organoid suspension culture systems, rotating biore-
actor, air-liquid interface (ALI) method, and other methods
can also be used to produce organoids.13 No matter what
method is used, to label any 3D culture as an organoid
system, the following two core characteristics must be
present:

First, stem cells are able to self-renew and mature into
terminally differentiated cells under artificial in vitro culture
conditions. The self-renewal capacity allows organoids to be
cultured for up to more than a year, which contain prolif-
erating cells throughout the entire culture period, while
pluripotency allows stem cells to differentiate and produce
different cell lineages, similar to normal tissues.37 It must,
however, be noted that by definition, the self-renewal
property should not be attributed to organoids, but should
instead be assigned to stem cells. In the organoid passage
process, an organoid is dissociated into multiple fragments.
Some fragments contain stem cells, which then form mul-
tiple organoids, creating the illusion of organoid self-
renewal. Rationally, the ability of organoids to replicate
themselves and their sustainability in long-term culture are
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due to the self-renewal capacity of stem cells existing within
organoid fragments.

Second, the other key distinctive trait is that organoids are
self-organized/self-assembled and highly ordered,9 recapit-
ulating cellular self-organization during the process of organ
formation in vivo.38 This is one of the most important dis-
tinctive characteristics that differentiate organoids from
‘‘spheres’’ and other 3D models. In some other 3D culture
systems such as organs-on-a-chip, cells are induced to dif-
ferentiate before seeding on specific regions, without higher-
level cell sorting or sequencing.39,40

Other 3D model systems, including scaffold-free self-
organizing spheres, scaffold-based tissue engineering
methods, 3D printing products, microfluidics, and organ-on-
a-chip, also strive to accurately simulate the physiological
state of tissues and the physiological behavior of cells.
However, careful evaluation should be conducted before
labeling these as organoids.

Organoid Culture for Skeletal Systems

Over the years, researchers have developed in vitro and
in vivo models of bone formation with varying levels of
complexity, to simulate the physiological conditions of nat-
ural bone,41–43 cartilage,44 or bone marrow45 with complete
functions. The appearance of these 3D models provides cues
for the construction of skeletal system organoids and helps
shape this field. However, as explained above, organoids are
in vitro 3D model systems, but the reverse statement does not
apply. In this review, 3D bone formation models that were

labeled as organoid, including bone organoids, bone marrow
organoids, osteochondral organoids, cartilaginous organoids,
and callus organoid, were carefully evaluated and collec-
tively referred to as skeletal system organoids.

Since 2003, bone marrow stem cell (BMSC) precipitates
obtained by centrifugation were induced to form cartilage
and subsequently undergo mineralization, with the derived
culture being known as ‘‘chondro-osseous organoid.’’46

Pievani et al. used ‘‘heterotopic bone/marrow organoid’’ to
refer to ossicles formed by BMSCs transplanted in vivo.47 In
the past decade, various skeletal system organoids with
varying levels of complexity have been reported.

Abraham et al. harvested cell isolates from bone, cartilage,
and rib tissues and mixed them with endothelial cells to
construct bone, cartilage, and bone-cartilage organoids. The
product could be sustainably cultured in vitro for 4 months.48

Similarly, primary human BMSCs were inoculated on po-
rous 3D silk fibroin scaffolds and cultured in a spinner-flask
bioreactor to obtain woven bone organoids.49 In addition,
Blache et al. co-cultured mesenchymal stem cells (MSCs)
with endothelial cells in round-bottom poly(ethylene glycol)
(PEG) hydrogel microwells to produce bone marrow orga-
noids with in vivo functional characteristics.50 Hematopoietic
stem/progenitor cells could be recruited and localized around
the endothelial network. Although the long-term maintenance
of bone marrow organoids was not verified, the self-renewal
capacity of the mesenchymal compartment was indicated by
its immunophenotype maintenance.

Human periosteum-derived cells (hPDCs) were also re-
ported to follow the early pattern of endochondral ossification

FIG. 1. Schematic illustration of constructing complex organoids with adult stem cells and pluripotent stem cells, taking
the bladder and bone marrow as examples, respectively. Color images are available online.
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and spontaneously assemble in vitro into large-scale bioen-
gineered tissues. This promoted healing of critical sized long
bone defects after transplantation in mice. However, in this
culture, the number of proliferating cells almost disappeared
after 4 weeks of culture.51

Park et al. developed a tissue-engineered bone trabecular
model by combining osteoblasts and demineralized cortical
bone paper. The product was called trabecular bone orga-
noid and simulated the local bone remodeling process within
the trabecular cavity. However, it did not contain osteocytes,
and the number of cells and maturation stage might not
reflect actual bone tissue physiology.52

In addition to using ASCs and osteoblasts, human iPSCs
were also reported to generate callus-like organoids. In two
independent laboratories, murine iPSCs were first differen-
tiated in adherent cultures to acquire chondrogenic potential
and were then cultured as spheres and nodules in suspension
culture to obtain osteochondral organoids and cartilaginous
organoids, respectively.53,54 A recent breakthrough in the
development of bone marrow organoids was made by
Workman et al. They used human iPSCs to produce vas-
cularized human bone marrow organoids.18 These well-
organized organoids simulated key features of human bone
marrow, recapitulated the molecular interactions of stromal,
endothelium and hematopoietic cells, and not only sup-
ported active endogenous hematopoiesis but also the growth
and survival of normal hematopoietic cells and malignant
cells from adult donors. However, whether this could be
sustained in long-term cultures remains unknown.

Table 1 lists various skeletal system organoids fabricated
by various techniques, as reported in the scientific literature.
Among the skeletal system organoid systems, only a few
cultures were constructed by self-assembly of stem cells,
while many others were obtained by combination of osteo-
blasts or stem cells together with processed xenogeneic bone
or 3D printed scaffolds, which were much more similar to
tissue engineered 3D models (Fig. 2). These studies pro-
vided valuable cues and experience for the organoid con-
struction of skeletal systems.

However, the skeletal system organoids reported so far
have not clarified some or all the following aspects: first and
foremost, stem cells should be able to self-organize without
restriction. This is crucial for maintaining their unique
phenotype and response to the external environment.55,56

Second, the plating efficiency and specific cell origin of the
generated organoids need to be validated by the observation
of organoid formation from a single cell.57 Third, the spe-
cific cellular components in organoids should be well de-
fined and clarified. Last but not least, it should be verified
that the generated organoid stem cells can self-renew to
establish a sustainable long-term culture system.37,58

Indeed, there are many challenges in generating skeletal
system organoids. The key to successful organoid cultiva-
tion is creating an appropriate culture environment to match
the natural niche microenvironment of stem cells, so as to
allow them to self-renew and mature into at least some cell
types of the original tissue at the same time.31 However to
date, the heterogeneity of skeletal stem/progenitor cells has
not yet been fully characterized. Microenvironmental fac-
tors that affect these independent heterogeneous groups,
such as mouse skeletal stem cells (mSSCs), have been
sporadically reported in some articles, but there is still no

article that fully summarizes these niche factors. In addition,
some well-developed and fully defined synthetic materials
have been proposed to replace Matrigel as the 3D matrix of
choice for organoid culture. These three aspects are the core
elements of organoid construction,59 and will subsequently
be discussed in detail in the next section.

Core Elements of Skeletal System
Organoid Cultivation

Initiating cell types

When developing organoid systems, especially those de-
rived from ASCs, particular attention must be given to their
lineage origin. Researchers have used Cre recombinase
technology to track the behavior of stem cells during de-
velopment and have observed how a single cell forms an
entire organoid to prove this point.12,58 The interbatch var-
iability, heterogeneity, and ambiguous origin of BMSCs
pose major challenges that hinder the study of skeletal
system organoids.60 Stem cells are specialized self-renewing
and multipotent cell types that contribute to turnover of
tissue ontogeny, growth, and lifelong regeneration. Figure 3
shows the currently widely recognized murine osteogenic
stem cells, including BMSCs and SSCs, and illustrates their
main distribution areas within the bone (Fig. 3).

BMSCs. BMSCs are nonhematopoietic ASCs in bone
marrow and can differentiate into various tissues such as
bone, fat, and cartilage in vivo and in vitro. It is confirmed
that several murine BMSC subtypes have the capacity to
self-renew during in vivo sequential transplantation and
undergo trilineage differentiation.61–64 These cell types in-
clude PaS cells (cells express PDGFRa and Sca-1),61

Nestin-expressing cells,62 and cells expressing leptin re-
ceptor (LepR).64

These are perivascular cells around arterioles or sinuses.
Of note, the cell population isolated by a single marker is
heterogeneous. Both Nestin+ cells and LepR+ cells can be
broadly categorized into two groups, one predominantly
located around arterioles and another subpopulation that is
mainly associated with sinusoids.65–67 Moreover, these
markers are found to be nonspecifically expressed by other
cells, including chondrocytes, endothelial cells, pericytes,
and bone marrow-derived endothelial cells.68–70 Overlap
between PaS cells, leptin receptor-positive (LepR+) cells,
and Nestin+ cells has been reported by a number of previous
studies,63,65,71 which led to some controversy about the
importance and location of these cell types.

The recent application of single-cell RNA sequencing to
investigate bone marrow stroma composition unveils the
bona fide identity of murine MSCs in vivo.66–68,72 Single-
cell analysis of murine whole bone marrow cells conducted
by Baccin et al. placed Ng2- and Nestin-expressing mes-
enchymal cells at the apex of a differentiation level, while
cell populations that had transcriptomic similarities to
LepR+ cells, osteoblasts, chondrocytes, and fibroblasts were
placed downstream.67 However, it is inappropriate to draw
any conclusion based only on the results of single-cell se-
quencing, and the data need to be further verified by further
research.

With regard to human BMSCs, a subendothelial cell
population expressing melanoma-associated cell adhesion
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FIG. 2. Examples of skeletal system organoid fabrication systems. (a) BMSCs self-assemble in hydrogels; (b) osteoblasts
combined with processed xenogeneic bone and (c) iPSCs are induced to differentiate into chondrocytes, followed by
centrifugation to form pellets and finally being cultured in suspension. BMSCs, bone marrow stem cells; iPSCs, induced
pluripotent stem cells. Color images are available online.

FIG. 3. Currently widely recognized osteogenic stem cell lineages in long bone and their main distribution areas. PTHrP+

SSCs and Tie2- alphaV+ Thy- 6C3- CD105- CD200+ SSCs are mainly distributed in the reserve zone of the growth plate.
Nestin+ and LepR+ BMSCs are located around arterioles and sinusoids. PDGFRa+ Sca-1+ (PaS) cells are localized in the
perivascular space near the inner surface of the cortical bone. Perivascular SSCs are localized around blood vessels. CtsK+

and Prx1+ periosteal stem cells and MX1+ aSMA+ SSC are localized predominantly in the periosteum. CtsK, cathepsin K;
LepR, leptin receptor; MX1, MX dynamin like GTPase 1; PTHrP, parathyroid hormone-related protein; aSMA, alpha
smooth muscle Actin; SSCs, skeletal stem cells. Color images are available online.
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molecule (MCAM/CD146) has been identified in human
bone marrow stroma.73 The generation of heterotopic ossi-
cles within bone marrow and establishment of ectopic he-
matopoietic microenvironment were demonstrated in that
study. CD271 has been identified to be a marker of a sub-
population of self-renewing and PSCs in bone marrow.74,75

One subpopulation that was specifically labeled by CD271+

Thy1+ VCAM-1hi+ marker combination could home into the
bone marrow and maintain their proliferation and multi-
potency after transplantation in vivo. Other studies reported
human MSC markers include CD73, CD49a,76 endoglin
(CD105),77 and mesenchymal stem cell antigen-1.78

SSCs. The study of Chan et al. identified various specific
and highly purified pluripotent bone progenitor cell popula-
tions. The CD45- Ter-119- Tie2- alphaV+ Thy- 6C3- CD105-

CD200+ cell subpopulation was identified as multipotent and
self-renewing postnatal mSSCs.79 Further exploration of bona
fide human skeletal stem cells (hSSCs) revealed that the
PDPN+ CD146- CD73+ CD164+ cell subpopulation exhibited
the greatest homology in terms of gene expression to mSSCs,
and their self-renewal capacity and pluripotency were vali-
dated through elegant continuous transplantation experi-
ments.80 Both mSSCs and hSSCs are located in the growth
plate and can generate progenitor cells of bone, cartilage and
stroma, but not fat. In addition, resting chondrocytes that ex-
press parathyroid hormone-related protein were identified as a
subgroup of SSCs and progenitor cells in the growth plate.81

Another group of SSCs were identified around the blood
vessels. These were CD45- CD31- PDGFRa+ Sca1+ CD24+

cells, which were termed as perivascular SSCs. In addition
to differentiating into bone and cartilage, these cells had
adipogenic potential and formed bone marrow adipocytes
after transplantation in vivo.82 These formed a distinct SSC
subpopulation from the primarily identified mSSCs, and did
not overlap with each other.83

The distribution of SSCs was also found in periosteum
and fracture calluses.84–86 Debnath et al. identified perios-
teal stem cells that are present in murine long bone and
skull.84 These were specifically labeled with cathepsin K
(Ctsk) and located at the apex of the differentiation level.
Rigorous continuous transplantation experiments validated
the pluripotency and self-renewal capacity of these cells.

One other periosteum SSC subpopulation with high bone
regenerative potential was characterized by Prx1 expres-
sion.85 These could mature into osteoblasts, adipocytes, and
chondrocyte lineages in vitro, and possessed higher in vivo
regenerative potential than BMSCs. The combination of MX
dynamin like GTPase 1 (MX1) and alpha smooth muscle
Actin (aSMA) expression can be used to selectively label
SSCs. MX1+ aSMA+ cells are present in the periosteum of
adult mice, and had the capacity for colony formation and
trilineage differentiation potential in vitro. These cells re-
tained the expression of CD140a+ and CD105+ after con-
tinuous transplantation into skull defect sites.86

Endogenous and exogenous signals

Successful organoid culture lies in knowledge of the stem
cell microenvironment and their lineage fate regulation
mechanisms. The derivation of organoids depends part-
ly/entirely on endogenous and exogenous signals, which

mimic the niche factors encountered by stem cells. Current
studies have provided some cues to the factors that influence
stem cell lineage fate.

Granulocyte colony-stimulating factor inhibits the pro-
liferation of Nestin+ MSCs and downregulates osteogenic-
specific differentiation genes in cells. By contrast, the
in vivo administration of parathyroid hormone stimulated
bone marrow Nestin+ MSCs to proliferate and differentiate
into the osteogenic lineage.62 Phosphatase and tensin ho-
molog regulate the quiescence, maintenance, and differen-
tiation of LepR+ cells. Specifically, it can promote
differentiation into osteoblasts and inhibit adipogenic dif-
ferentiation.64 Jun-B is a very important factor required by
stromal cells to proliferate and differentiate into the osteo-
genic lineage. It controls BMSC fate during bone develop-
ment. Knockout of Jun-B had been demonstrated to lead to
the decrease of osteoprogenitor cell pools, H-type blood
vessels, and arteries in bone, while increasing adipocytes.72

Decreased proliferation and increased apoptotic activity in
diabetic mice SSCs were reversed upon local delivery of Indian
hedgehog.87 Paracrine factors secreted by Schwann cells are
also considered to have potential effects on mSSCs in the
mandible.88 Vascular endothelial growth factor (VEGF) was
proven to play a role in bone, cartilage, and stromal progenitor
ectopic bone formation by attracting host vascular cell migration
and stimulating resting chondrocytes to re-enter the hypertro-
phic state to restore endochondral ossification.89,90 Co-delivery
of bone morphogenetic protein 2 (BMP2) and VEGF inhibitors
have been shown to induce de novo cartilage formation.79 In
addition, local and temporary application of BMP2 were found
to be able to activate SSCs. Co-delivery of BMP2 and colony-
stimulating factor 1 antagonist inhibited bone resorption and
restored youthful bone regeneration in aged bones.91

It must be noted that the use of scattered information to
construct organoid systems is far from sufficient. Single-cell
sequencing has created conditions for further analyzing the
stem cell microenvironment. Chan et al. have used the Gene
Expression Commons analysis platform to identify cells that
play key roles in the mSSC niche.79 They have listed potential
signaling pathways affecting bone stem/progenitor cell ac-
tivity and found that paracrine and autocrine signaling path-
ways play key roles in the SSC niche, which indicates that
SSCs and their downstream differentiated cells can interact
with each other to promote skeletal development. However,
further exploration of the BMSC/SSC microenvironment and
screening and identification of relevant growth factors are still
needed to construct skeletal system organoids.

3D culture matrix

It is well known that the self-renewal, proliferation, and
differentiation of stem cells are regulated by mechanical
properties and biochemical characteristics of the ECM.92–94

Finding a suitable 3D culture matrix to simulate the stem cell
microenvironment is one of the most important aspects of
organoid culture. Currently, most organoid culture systems
are based on recombinant acellular ECM such as Matrigel.
Other materials used for organoid culture include synthetic
polymer hydrogels, natural biopolymer matrix, various pro-
tein engineering materials, and their combinations.7

Matrigel is a gel-like mixture containing ECM compo-
nents such as laminin, type IV collagen, entactin, and
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heparan sulfate proteoglycan, as well as some growth factors
like transforming growth factor b and fibroblast growth
factor.95 It provides a complex environment for embedded
cells, but there are also uncertainties such as interbatch
variability. In addition, the mechanical properties of Ma-
trigel, such as stiffness and elasticity, are almost non-
adjustable, which seems to limit its application in organoid
culture of skeletal systems, as bone is a calcified hard organ
with its Young’s modulus reaching 1 GPa or even higher.

Synthetic polymer hydrogels are characterized by bio-
logical inertia, defined composition, and adjustable me-
chanical properties to meet the different requirements for
matrix stiffness at different development stages such as
expansion and differentiation.96,97 These make them ad-
vantageous when applied to organoid culture systems. Some
well-developed synthetic polymer hydrogels have been
proposed and worth considering for skeletal system orga-
noid culture. Gelatin methacryloyl-based hydrogels are
biocompatible and reproducible. and are stable photo-cross-
linked hydrogels with adjustable mechanical properties.98

These have been applied in cartilage tissue engineering and
can facilitate chondrocyte survival and differentiation.99,100

Other components such as various minerals and gold
nanoparticles can be hybridized to enhance the mechanical
strength of hydrogel and have been applied in bone tissue
engineering,101,102 indicating its potential application value
in skeletal system organoid cultures. Glorevski et al. con-
structed a fully defined minimal environment for mouse
intestinal organoid culture with PEG hydrogels,96 indicating
the potential application value of synthetic matrix in orga-
noid culture system. Other synthetic hydrogels that have
been used for organoid culture include PEG/hyaluronic acid
(HA) hybrid hydrogels,103 Amikagel,104 PEG with four
thiol-reactive maleimides,105 and cell foam.106

Collagen is the most commonly used single-component
natural biopolymer matrix. It was proposed to be an excel-
lent candidate for bone formation systems as it mimics the
bone composition.107 Utilizing collagen, many organoid
culture systems have been successfully developed, including
ALI system,108 collagen gel ring system,109 bolstering Lgr5
transformational sandwich culture system,110 and culture
systems similar to Matrigel culture.111 However to date,
there has been no report on the application of collagen in the
culture of skeletal system organoid cultures. Other natural
biopolymers that have been employed in organoid culture
systems include alginate,112 HA,113 and fibrin-laminin.114

Protein engineering materials are often composed of re-
combinant proteins carrying specially designed sequences
inspired by natural proteins.115 DiMarco et al. cultured in-
testinal organoids in recombinant engineered ECM, a hy-
drogel whose biomechanical and biochemical characteristics
can be strategically decoupled and independently adjusted.116

Although its storage modulus is far lower compared with
bone, its stiffness is an order of magnitude higher compared
with collagen. The tunability of recombinant protein is basi-
cally unlimited, indicating its unlimited potential application
value in skeletal system organoid construction.

Conclusions and Future Prospects

Organoids have benefited many biomedical fields as ideal
3D model systems. Stem cell identification, isolation, and

obtaining insight into their microenvironmental needs are
the basis of organoid culture. Therefore, further under-
standing of the microenvironmental niche of BMSCs and
SSCs is required for the establishment of skeletal system
organoids. Identification of SSCs and analysis of BMSCs
heterogeneity have brought much improvements to organoid
generation of skeletal systems, but further research is still
needed to enable better understanding of how SSCs and
BMSCs interact with other components within the bone
tissue microenvironment.

Acknowledgments

The authors gratefully acknowledge the National Natural
Science Foundation of China and Research Foundation of
Peking University School and Hospital of Stomatology.

Authors’ Contributions

J.Q. and Q.G. contributed equally to this work. J.Q.:
conceptualization, data curation, writing-original draft
preparation, and software. Q.G.: writing-original draft
preparation. L.L., X.Z., Y.L., Z.L., and B.C.H.: data cura-
tion. P.Z. and Y.Z.: conceptualization, supervision, valida-
tion, writing-review and editing, and funding acquisition.
All authors have read and agreed to the submitted version of
the article.

Disclosure Statement

The authors declare no conflict of interest in this review.

Funding Information

This work was funded by the National Natural Science
Foundation of China (81930026, 81970911) and Research
Foundation of Peking University School and Hospital of
Stomatology (PKUSS20210102).

References

1. Ambrosi TH, Longaker MT, Chan CKF. A revised per-
spective of skeletal stem cell biology. Front Cell Dev Biol
2019;7:189; doi: 10.3389/fcell.2019.00189

2. Montarras D, Morgan J, Collins C, et al. Direct isolation
of satellite cells for skeletal muscle regeneration. Science
2005;309(5743):2064–2067; doi: 10.1126/science
.1114758

3. Alsharidah M, Lazarus NR, George TE, et al. Primary
human muscle precursor cells obtained from young and
old donors produce similar proliferative, differentiation
and senescent profiles in culture. Aging Cell 2013;12(3):
333–344; doi: 10.1111/acel.12051

4. Yin QL, Xu N, Xu DS, et al. Comparison of senescence-
related changes between three- and two-dimensional cul-
tured adipose-derived mesenchymal stem cells. Stem Cell
Res Ther 2020;11(1):226; doi: 10.1186/s13287-020-
01744-1

5. Kaushik G, Ponnusamy MP, Batra SK. Concise review:
Current status of three-dimensional organoids as preclin-
ical models. Stem Cells 2018;36(9):1329–1340; doi: 10
.1002/stem.2852

6. McCauley HA, Wells JM. Pluripotent stem cell-derived
organoids: Using principles of developmental biology to

ORGANOID CULTURE DEVELOPMENT FOR SKELETAL SYSTEMS 553

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

07
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



grow human tissues in a dish. Development 2017;144(6):
958–962; doi: 10.1242/dev.140731

7. Kratochvil MJ, Seymour AJ, Li TL, et al. Engineered
materials for organoid systems. Nat Rev Mater 2019;4(9):
606–622; doi: 10.1038/s41578-019-0129-9

8. Edington CD, Chen WLK, Geishecker E, et al. Inter-
connected microphysiological systems for quantitative
biology and pharmacology studies. Sci Rep 2018;8:4530;
doi: 10.1038/s41598-018-22749-0

9. Li HY, Gao LX, Du JL, et al. To better generate orga-
noids, what can we learn from teratomas? Front Cell Dev
Biol 2021;9:700482; doi: 10.3389/fcell.2021.700482

10. Smith E, Cochrane WJ. CYSTIC ORGANOID TER-
ATOMA: (Report of a Case). Can Med Assoc J 1946;55(2):
151–152.

11. Eiraku M, Watanabe K, Matsuo-Takasaki M, et al. Self-
organized formation of polarized cortical tissues from ESCs
and its active manipulation by extrinsic signals. Cell Stem
Cell 2008;3(5):519–532; doi: 10.1016/j.stem.2008.09.002

12. Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem
cells build crypt-villus structures in vitro without a mes-
enchymal niche. Nature 2009;459(7244):262–265; doi: 10
.1038/nature07935

13. Ashok A, Choudhury D, Fang Y, et al. Towards
manufacturing of human organoids. Biotechnol Adv
2020;39:107460; doi: 10.1016/j.biotechadv.2019.107460

14. Schutgens F, Rookmaaker MB, Margaritis T, et al. Tubu-
loids derived from human adult kidney and urine for per-
sonalized disease modeling. Nat Biotechnol 2019;37(3):
303–313; doi: 10.1038/s41587-019-0048-8

15. Clevers H. Modeling development and disease with or-
ganoids. Cell 2016;165(7):1586–1597; doi: 10.1016/j.cell
.2016.05.082

16. Hu HL, Gehart H, Artegiani B, et al. Long-term expansion
of functional mouse and human hepatocytes as 3D orga-
noids. Cell 2018;175(6):1591–1606; doi: 10.1016/j.cell
.2018.11.013

17. Eicher AK, Kechele DO, Sundaram N, et al. Functional
human gastrointestinal organoids can be engineered from
three primary germ layers derived separately from plu-
ripotent stem cells. Cell Stem Cell 2022;29(1):36–51.e6;
doi: 10.1016/j.stem.2021.10.010

18. Workman MJ, Mahe MM, Trisno S, et al. Engineered
human pluripotent-stem-cell-derived intestinal tissues
with a functional enteric nervous system. Nat Med
2017;23(1):49–59; doi: 10.1038/nm.4233

19. Andersen J, Revah O, Miura Y, et al. Generation of func-
tional human 3D cortico-motor assembloids. Cell 2020;
183(7):1913–1929.e26; doi: 10.1016/j.cell.2020.11.017

20. Khan AO, Rodriguez-Romera A, Reyat JS, et al. Human
bone marrow organoids for disease modelling, discovery
and validation of therapeutic targets in hematological ma-
lignancies. Cancer Discov 2022; doi: 10.1158/2159-8290
.CD-22-0199

21. Kim E, Choi S, Kang B, et al. Creation of bladder assem-
bloids mimicking tissue regeneration and cancer. Nature
2020;588(7839):664–669; doi: 10.1038/s41586-020-3034-x

22. Miura Y, Li MY, Birey F, et al. Generation of human
striatal organoids and cortico-striatal assembloids from
human pluripotent stem cells. Nat Biotechnol 2020;38(12):
1421–1430; doi: 10.1038/s41587-020-00763-w

23. Huch M, Koo BK. Modeling mouse and human develop-
ment using organoid cultures. Development 2015;142(18):
3113–3125; doi: 10.1242/dev.118570

24. Marton RM, Pasca SP. Organoid and assembloid tech-
nologies for investigating cellular crosstalk in human
brain development and disease. Trends Cell Biol
2020;30(2):133–143; doi: 10.1016/j.tcb.2019.11.004

25. Xu M, Lee EM, Wen ZX, et al. Identification of small-
molecule inhibitors of Zika virus infection and induced
neural cell death via a drug repurposing screen. Nat Med
2016;22(10):1101–1107; doi: 10.1038/nm.4184

26. Ettayebi K, Crawford SE, Murakami K, et al. Replication
of human noroviruses in stem cell-derived human en-
teroids. Science 2016;353(6306):1387–1393; doi: 10
.1126/science.aaf5211

27. Dekkers JF, Berkers G, Kruisselbrink E, et al. Char-
acterizing responses to CFTR-modulating drugs using
rectal organoids derived from subjects with cystic fibrosis.
Sci Transl Med 2016;8(344):344ra84; doi: 10.1126/
scitranslmed.aad8278

28. Berkers G, van Mourik P, Vonk AM, et al. Rectal orga-
noids enable personalized treatment of cystic fibrosis. Cell
Rep 2019;26(7):1701–1708.e3; doi: 10.1016/j.celrep.2019
.01.068

29. Boretto M, Maenhoudt N, Luo XL, et al. Patient-derived
organoids from endometrial disease capture clinical het-
erogeneity and are amenable to drug screening. Nat Cell
Biol 2019;21(8):1041–1051; doi: 10.1038/s41556-019-
0360-z

30. Sachs N, de Ligt J, Kopper O, et al. A living biobank of
breast cancer organoids captures disease heterogeneity.
Cell 2018;172(1–2):373–386.e10; doi: 10.1016/j.cell.2017
.11.010

31. Kim J, Koo BK, Knoblich JA. Human organoids: Model
systems for human biology and medicine. Nat Rev Mol
Cell Biol 2020;21(10):571–584; doi: 10.1038/s41580-
020-0259-3

32. Eiraku M, Takata N, Ishibashi H, et al. Self-organizing
optic-cup morphogenesis in three-dimensional culture.
Nature 2011;472(7341):51–56; doi: 10.1038/nature09941

33. Nakano T, Ando S, Takata N, et al. Self-formation of
optic cups and storable stratified neural retina from human
ESCs. Cell Stem Cell 2012;10(6):771–785; doi: 10.1016/j
.stem.2012.05.009

34. Serra D, Mayr U, Boni A, et al. Self-organization and
symmetry breaking in intestinal organoid development.
Nature 2019;569(7754):66–72; doi: 10.1038/s41586-019-
1146-y

35. Etoc F, Metzger J, Ruzo A, et al. A balance between
secreted inhibitors and edge sensing controls gastruloid
self-organization. Dev Cell 2016;39(3):302–315; doi: 10
.1016/j.devcel.2016.09.016

36. Tewary M, Ostblom J, Prochazka L, et al. A stepwise
model of reaction-diffusion and positional information
governs self-organized human peri-gastrulation-like pat-
terning. Development 2017;144(23):4298–4312; doi: 10
.1242/dev.149658

37. Fujii M, Matano M, Toshimitsu K, et al. Human intestinal
organoids maintain self-renewal capacity and cellular di-
versity in niche-inspired culture condition. Cell Stem Cell
2018;23(6):787–793.e6; doi: 10.1016/j.stem.2018.11.016

38. Lancaster MA, Knoblich JA. Organogenesis in a dish:
Modeling development and disease using organoid tech-
nologies. Science 2014;345(6194):1247125; doi: 10.1126/
science.1247125

39. Ahadian S, Civitarese R, Bannerman D, et al. Organ-on-a-
chip platforms: A convergence of advanced materials,

554 QING ET AL.

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

07
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



cells, and microscale technologies. Adv Healthc Mater
2018;7(14):1800734; doi: 10.1002/adhm.201800734

40. Zhang BY, Korolj A, Lai BFL, et al. Advances in organ-
on-a-chip engineering. Nat Rev Mater 2018;3(8):257–278;
doi: 10.1038/s41578-018-0034-7

41. Holzapfel BM, Hutmacher DW, Nowlan B, et al. Tissue
engineered humanized bone supports human hematopoi-
esis in vivo. Biomaterials 2015;61:103–114; doi: 10.1016/
j.biomaterials.2015.04.057

42. Reinisch A, Hernandez DC, Schallmoser K, et al. Gen-
eration and use of a humanized bone-marrow-ossicle
niche for hematopoietic xenotransplantation into mice.
Nat Protoc 2017;12(10):2169–2188; doi: 10.1038/nprot
.2017.088

43. Studle C, Vallmajo-Martin Q, Haumer A, et al. Spatially
confined induction of endochondral ossification by func-
tionalized hydrogels for ectopic engineering of os-
teochondral tissues. Biomaterials 2018;171:219–229; doi:
10.1016/j.biomaterials.2018.04.025

44. Armstrong JPK, Pchelintseva E, Treumuth S, et al. Tissue
engineering cartilage with deep zone cytoarchitecture by
high-resolution acoustic cell patterning. Adv Healthc
Mater 2022;11:2200481; doi: 10.1002/adhm.202200481

45. Torisawa YS, Spina CS, Mammoto T, et al. Bone marrow-
on-a-chip replicates hematopoietic niche physiology
in vitro. Nat Methods 2014;11(6):663–669; doi: 10.1038/
Nmeth.2938

46. Muraglia A, Corsi A, Riminucci M, et al. Formation of a
chondro-osseous rudiment in micromass cultures of hu-
man bone-marrow stromal cells. J Cell Sci 2003;116(14):
2949–2955; doi: 10.1242/jcs.00527

47. Pievani A, Sacchetti B, Corsi A, et al. Human umbilical
cord blood-borne fibroblasts contain marrow niche pre-
cursors that form a bone/marrow organoid in vivo. De-
velopment 2017;144(6):1035–1044; doi: 10.1242/dev
.142836

48. Abraham DM, Herman C, Witek L, et al. Self-assembling
human skeletal organoids for disease modeling and drug
testing. J Biomed Mater Res B Appl Biomater
2022;110(4):871–884; doi: 10.1002/jbm.b.34968

49. Akiva A, Melke J, Ansari S, et al. An organoid for woven
bone. Adv Funct Mater 2021;31(17):2010524; doi: 10
.1002/adfm.202010524

50. Blache U, Metzger S, Vallmajo-Martin Q, et al. Dual role
of mesenchymal stem cells allows for microvascularized
bone tissue-like environments in PEG hydrogels. Adv
Healthc Mater 2016;5(4):489–498; doi: 10.1002/adhm
.201500795

51. Hall GN, Mendes LF, Gklava C, et al. Developmentally
engineered callus organoid bioassemblies exhibit predic-
tive in vivo long bone healing. Adv Sci 2020;7(2):
1902295; doi: 10.1002/advs.201902295

52. Park Y, Cheong E, Kwak JG, et al. Trabecular bone or-
ganoid model for studying the regulation of localized bone
remodeling. Sci Adv 2021;7(4):eabd6495; doi: 10.1126/
sciadv.abd6495

53. O’Connor SK, Katz DB, Oswald SJ, et al. Formation of
osteochondral organoids from murine induced pluripotent
stem cells. Tissue Eng Part A 2021;27(15–16):1099–1109;
doi: 10.1089/ten.tea.2020.0273

54. Tam WL, Mendes LF, Chen XK, et al. Human pluripotent
stem cell-derived cartilaginous organoids promote scaffold-
free healing of critical size long bone defects. Stem Cell Res
Ther 2021;12(1):513; doi: 10.1186/s13287-021-02580-7

55. Li ML, Aggeler J, Farson DA, et al. Influence of a re-
constituted basement membrane and its components on
casein gene expression and secretion in mouse mammary
epithelial cells. Proc Natl Acad Sci U S A 1987;84(1):
136–140; doi: 10.1073/pnas.84.1.136

56. Akkerman N, Defize LHK. Dawn of the organoid era: 3D
tissue and organ cultures revolutionize the study of de-
velopment, disease, and regeneration. Bioessays
2017;39(4):1600244; doi: 10.1002/bies.201600244

57. Stange DE, Koo BK, Huch M, et al. Differentiated troy(+)
chief cells act as reserve stem cells to generate all lineages
of the stomach epithelium. Cell 2013;155(2):357–368;
doi: 10.1016/j.cell.2013.09.008

58. Huch M, Gehart H, van Boxtel R, et al. Long-term culture
of genome-stable bipotent stem cells from adult human
liver. Cell 2015;160(1–2):299–312; doi: 10.1016/j.cell
.2014.11.050

59. Rossi G, Manfrin A, Lutolf MP. Progress and potential in
organoid research. Nat Rev Genet 2018;19(11):671–687;
doi: 10.1038/s41576-018-0051-9

60. Sipp D, Robey PG, Turner L. Clear up this stem-cell mess.
Nature 2018;561(7724):455–457; doi: 10.1038/d41586-
018-06756-9

61. Morikawa S, Mabuchi Y, Kubota Y, et al. Prospective
identification, isolation, and systemic transplantation of
multipotent mesenchymal stem cells in murine bone
marrow. J Exp Med 2009;206(11):2483–2496; doi: 10
.1084/jem.20091046

62. Mendez-Ferrer S, Michurina TV, Ferraro F, et al. Me-
senchymal and haematopoietic stem cells form a unique
bone marrow niche. Nature 2010;466(7308):829–834; doi:
10.1038/nature09262

63. Pinho S, Lacombe J, Hanoun M, et al. PDGFR alpha and
CD51 mark human Nestin(+) sphere-forming mesenchy-
mal stem cells capable of hematopoietic progenitor cell
expansion. J Exp Med 2013;210(7):1351–1367; doi: 10
.1084/jem.20122252

64. Zhou BO, Yue R, Murphy MM, et al. Leptin-receptor-
expressing mesenchymal stromal cells represent the main
source of bone formed by adult bone marrow. Cell Stem
Cell 2014;15(2):154–168; doi: 10.1016/j.stem.2014.06.008

65. Kunisaki Y, Bruns I, Scheiermann C, et al. Arteriolar
niches maintain haematopoietic stem cell quiescence.
Nature 2013;502(7473):637–643; doi: 10.1038/
nature12612

66. Tikhonova AN, Dolgalev I, Hu H, et al. The bone marrow
microenvironment at single-cell resolution. Nature
2019;572(7767):E6; doi: 10.1038/s41586-019-1394-x

67. Baccin C, Al-Sabah J, Velten L, et al. Combined single-
cell and spatial transcriptomics reveal the molecular,
cellular and spatial bone marrow niche organization. Nat
Cell Biol 2020;22(1):38–48; doi: 10.1038/s41556-019-
0439-6

68. Baryawno N, Przybylski D, Kowalczyk MS, et al. A cel-
lular taxonomy of the bone marrow stroma in homeostasis
and leukemia. Cell 2019;177(7):1915–1932; doi: 10.1016/
j.cell.2019.04.040

69. Ono N, Ono W, Mizoguchi T, et al. Vasculature-
associated cells expressing nestin in developing bones
encompass early cells in the osteoblast and endothelial
lineage. Dev Cell 2014;29(3):330–339; doi: 10.1016/j
.devcel.2014.03.014

70. Chan CKF, Lindau P, Jiang W, et al. Clonal precursor of
bone, cartilage, and hematopoietic niche stromal cells.

ORGANOID CULTURE DEVELOPMENT FOR SKELETAL SYSTEMS 555

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

07
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Proc Natl Acad Sci U S A 2013;110(31):12643–12648;
doi: 10.1073/pnas.1310212110

71. Ding L, Saunders TL, Enikolopov G, et al. Endothelial and
perivascular cells maintain haematopoietic stem cells. Nat-
ure 2012;481(7382):457–462; doi: 10.1038/nature10783

72. Sivaraj KK, Jeong HW, Dharmalingam B, et al. Regional
specialization and fate specification of bone stromal cells
in skeletal development. Cell Rep 2021;36(2):109352;
doi: 10.1016/j.celrep.2021.109352

73. Sacchetti B, Funari A, Michienzi S, et al. Self-renewing
osteoprogenitors in bone marrow sinusoids can organize a
hematopoietic microenvironment. Cell 2007;131(2):324–
336; doi: 10.1016/j.cell.2007.08.025

74. Mabuchi Y, Morikawa S, Harada S, et al. LNGFR
(+)THY-1(+)VCAM-1(hi+) cells reveal functionally dis-
tinct subpopulations in mesenchymal stem cells. Stem
Cell Reports 2013;1(2):152–165; doi: 10.1016/j.stemcr
.2013.06.001

75. Buhring HJ, Battula VL, Treml S, et al. Novel markers for
the prospective isolation of human MSC. Ann N Y Acad
Sci 2007;1106:262–271; doi: 10.1196/annals.1392.000

76. Boiret N, Rapatel C, Veyrat-Masson R, et al. Character-
ization of nonexpanded mesenchymal progenitor cells
from normal adult human bone marrow. Exp Hematol
2005;33(2):219–225; doi: 10.1016/j.exphem.2004.11.001

77. Aslan H, Zilberman Y, Kandel L, et al. Osteogenic differ-
entiation of noncultured immunoisolated bone marrow-
derived CD105(+) cells. Stem Cells 2006;24(7):1728–1737;
doi: 10.1634/stemcells.2005-0546

78. Battula VL, Treml S, Bareiss PM, et al. Isolation of
functionally distinct mesenchymal stem cell subsets using
antibodies against CD56, CD271, and mesenchymal stem
cell antigen-1. Haematologia 2009;94(2):173–184; doi: 10
.3324/haematol.13740

79. Chan CKF, Seo EY, Chen JY, et al. Identification and
specification of the mouse skeletal stem cell. Cell
2015;160(1–2):285–298; doi: 10.1016/j.cell.2014.12.002

80. Chan CKF, Gulati GS, Sinha R, et al. Identification of the
human skeletal stem cell. Cell 2018;175(1):43–56.e1; doi:
10.1016/j.cell.2018.07.029

81. Mizuhashi K, Ono W, Matsushita Y, et al. Resting zone of
the growth plate houses a unique class of skeletal stem
cells. Nature 2018;563(7730):254–258; doi: 10.1038/
s41586-018-0662-5

82. Ambrosi TH, Scialdone A, Graja A, et al. Adipocyte ac-
cumulation in the bone marrow during obesity and aging
impairs stem cell-based hematopoietic and bone regener-
ation. Cell Stem Cell 2017;20(6):771–784.e6; doi: 10
.1016/j.stem.2017.02.009

83. Ambrosi TH, Sinha R, Steininger HM, et al. Distinct
skeletal stem cell types orchestrate long bone skeleto-
genesis. Elife 2021;10:e66063; doi: 10.7554/eLife.66063

84. Debnath S, Yallowitz AR, McCormick J, et al. Discovery
of a periosteal stem cell mediating intramembranous bone
formation. Nature 2018;562(7725):133–139; doi: 10
.1038/s41586-018-0554-8

85. Duchamp de Lageneste O, Julien A, Abou-Khalil R, et al.
Periosteum contains skeletal stem cells with high bone
regenerative potential controlled by Periostin. Nat Com-
mun 2018;9(1):773; doi: 10.1038/s41467-018-03124-z

86. Ortinau LC, Wang H, Lei K, et al. Identification of
functionally distinct Mx1+alphaSMA+ periosteal skeletal
stem cells. Cell Stem Cell 2019;25(6):784–796.e5; doi: 10
.1016/j.stem.2019.11.003

87. Tevlin R, Seo EY, Marecic O, et al. Pharmacological
rescue of diabetic skeletal stem cell niches. Sci Transl
Med 2017;9(372):eaag2809; doi: 10.1126/scitranslmed
.aag2809

88. Jones RE, Salhotra A, Robertson KS, et al. Skeletal stem
cell-Schwann cell circuitry in mandibular repair. Cell Rep
2019;28(11):2757–2766.e5; doi: 10.1016/j.celrep.2019.08
.021

89. Chan CKF, Chen CC, Luppen CA, et al. Endochondral
ossification is required for haematopoietic stem-cell niche
formation. Nature 2009;457(7228):490–494; doi: 10
.1038/nature07547

90. Street J, Bao M, deGuzman L, et al. Vascular endothelial
growth factor stimulates bone repair by promoting an-
giogenesis and bone turnover. Proc Natl Acad Sci U S A
2002;99(15):9656–9661; doi: 10.1073/pnas.152324099

91. Ambrosi TH, Marecic O, McArdle A, et al. Aged skeletal
stem cells generate an inflammatory degenerative niche.
Nature 2021;597(7875):256–262; doi: 10.1038/s41586-
021-03795-7

92. Engler AJ, Sen S, Sweeney HL, et al. Matrix elasticity
directs stem cell lineage specification. Cell 2006;126(4):
677–689; doi: 10.1016/j.cell.2006.06.044

93. Huebsch N, Arany PR, Mao AS, et al. Harnessing
traction-mediated manipulation of the cell/matrix inter-
face to control stem-cell fate. Nat Mater 2010;9(6):518–
526; doi: 10.1038/nmat2732

94. Gilbert PM, Havenstrite KL, Magnusson KEG, et al.
Substrate elasticity regulates skeletal muscle stem cell
self-renewal in culture. Science 2010;329(5995):1078–
1081; doi: 10.1126/science.1191035

95. Kleinman HK, Mcgarvey ML, Liotta LA, et al. Isolation
and characterization of type-Iv procollagen, laminin, and
heparan-sulfate proteoglycan from the Ehs sarcoma.
Biochemistry 1982;21(24):6188–6193; doi: 10.1021/
bi00267a025

96. Glorevski N, Sachs N, Manfrin A, et al. Designer matrices
for intestinal stem cell and organoid culture. Nature
2016;539(7630):560–564; doi: 10.1038/nature20168

97. Klotz BJ, Oosterhoff LA, Utomo L, et al. A versatile
biosynthetic hydrogel platform for engineering of tissue
analogues. Adv Healthc Mater 2019;8(19):e1900979; doi:
10.1002/adhm.201900979

98. Loessner D, Meinert C, Kaemmerer E, et al. Functiona-
lization, preparation and use of cell-laden gelatin
methacryloyl-based hydrogels as modular tissue culture
platforms. Nat Protoc 2016;11(4):727–746; doi: 10.1038/
nprot.2016.037

99. Levett PA, Melchels FP, Schrobback K, et al. A biomi-
metic extracellular matrix for cartilage tissue engineering
centered on photocurable gelatin, hyaluronic acid and
chondroitin sulfate. Acta Biomater 2014;10(1):214–223;
doi: 10.1016/j.actbio.2013.10.005

100. Schuurman W, Levett PA, Pot MW, et al. Gelatin-
methacrylamide hydrogels as potential biomaterials for
fabrication of tissue-engineered cartilage constructs.
Macromol Biosci 2013;13(5):551–561; doi: 10.1002/mabi
.201200471

101. Heo DN, Ko WK, Bae MS, et al. Enhanced bone regen-
eration with a gold nanoparticle-hydrogel complex.
J Mater Chem B 2014;2(11):1584–1593; doi: 10.1039/
c3tb21246g

102. Kang HM, Shih YRV, Hwang Y, et al. Mineralized gelatin
methacrylate-based matrices induce osteogenic differen-

556 QING ET AL.

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

07
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



tiation of human induced pluripotent stem cells. Acta
Biomater 2014;10(12):4961–4970; doi: 10.1016/j.actbio
.2014.08.010

103. Vallmajo-Martin Q, Broguiere N, Millan C, et al. PE-
G/HA hybrid hydrogels for biologically and mechanically
tailorable bone marrow organoids. Adv Funct Mater
2020;30(48):1910282; doi: 10.1002/adfm.201910282

104. Candiello J, Grandhi TSP, Goh SK, et al. 3D heteroge-
neous islet organoid generation from human embryonic
stem cells using a novel engineered hydrogel platform.
Biomaterials 2018;177:27–39; doi: 10.1016/j.biomaterials
.2018.05.031

105. Cruz-Acuna R, Quiros M, Farkas AE, et al. Synthetic
hydrogels for human intestinal organoid generation and
colonic wound repair. Nat Cell Biol 2017;19(11):1326–
1335; doi: 10.1038/ncb3632

106. Poznansky MC, Evans RH, Foxall RB, et al. Efficient
generation of human T cells from a tissue-engineered
thymic organoid. Nat Biotechnol 2000;18(7):729–734;
doi: 10.1038/77288

107. Bourgine PE, Martin I, Schroeder T. Engineering human
bone marrow proxies. Cell Stem Cell 2018;22(3):298–
301; doi: 10.1016/j.stem.2018.01.002

108. Ootani A, Li XN, Sangiorgi E, et al. Sustained in vitro
intestinal epithelial culture within a Wnt-dependent stem
cell niche. Nat Med 2009;15(6):701–706; doi: 10.1038/
nm.1951

109. Sachs N, Tsukamoto Y, Kujala P, et al. Intestinal epi-
thelial organoids fuse to form self-organizing tubes in
floating collagen gels. Development 2017;144(6):1107–
1112; doi: 10.1242/dev.143933

110. Tong ZX, Martyn K, Yang A, et al. Towards a defined
ECM and small molecule based monolayer culture system
for the expansion of mouse and human intestinal stem
cells. Biomaterials 2018;154:60–73; doi: 10.1016/j
.biomaterials.2017.10.038

111. Yui SR, Nakamura T, Sato T, et al. Functional engraft-
ment of colon epithelium expanded in vitro from a single
adult Lgr5(+) stem cell. Nat Med 2012;18(4):618–623;
doi: 10.1038/nm.2695

112. Capeling MM, Czerwinski M, Huang S, et al. Non-
adhesive alginate hydrogels support growth of pluripotent
stem cell-derived intestinal organoids. Stem Cell Reports
2019;12(2):381–394; doi: 10.1016/j.stemcr.2018.12.001

113. Astashkina AI, Mann BK, Prestwich GD, et al. A 3-D
organoid kidney culture model engineered for high-
throughput nephrotoxicity assays. Biomaterials
2012;33(18):4700–4711; doi: 10.1016/j.biomaterials.2012
.02.063

114. Broguiere N, Isenmann L, Hirt C, et al. Growth of epi-
thelial organoids in a defined hydrogel. Adv Mater
2018;30(43):e1801621; doi: 10.1002/adma.201801621

115. Sengupta D, Heilshorn SC. Protein-engineered biomate-
rials: Highly tunable tissue engineering scaffolds. Tissue

Eng Part B Rev 2010;16(3):285–293; doi: 10.1089/ten.teb
.2009.0591

116. DiMarco RL, Dewi RE, Bernal G, et al. Protein-
engineered scaffolds for in vitro 3D culture of primary
adult intestinal organoids. Biomater Sci 2015;3(10):1376–
1385; doi: 10.1039/c5bm00108k

117. Iordachescu A, Hughes EAB, Joseph S, et al. Trabecular
bone organoids: A micron-scale ‘‘humanised’’ prototype
designed to study the effects of microgravity and degen-
eration. NPJ Microgravity 2021;7(1):17; doi: 10.1038/
s41526-021-00146-8

118. He T, Hausdorf J, Chevalier Y, et al. Trauma induced
tissue survival in vitro with a muscle-biomaterial based
osteogenic organoid system: A proof of concept study.
BMC Biotechnol 2020;20(1):8; doi: 10.1186/s12896-020-
0602-y

119. Zhang JH, Griesbach J, Ganeyev M, et al. Long-term
mechanical loading is required for the formation of 3D
bioprinted functional osteocyte bone organoids. Biofab-
rication 2022;14(3):035018; doi: 10.1088/1758-5090/
ac73b9

120. Zhang HJ, Qin C, Zhang M, et al. Calcium silicate
nanowires-containing multicellular bioinks for 3D bio-
printing of neural-bone constructs. Nano Today 2022;46:
101584; doi: 10.1016/j.nantod.2022.101584

121. Wang XF, Ma YF, Chen J, et al. A novel decellularized
matrix of Wnt signaling-activated osteocytes accelerates
the repair of critical-sized parietal bone defects with os-
teoclastogenesis, angiogenesis, and neurogenesis. Bioact
Mater 2023;21:110–128; doi: 10.1016/j.bioactmat.2022
.07.017

Address correspondence to:
Yongsheng Zhou, DDS, PhD

School and Hospital of Stomatology of Peking University
22 Zhongguancun Nandajie

Haidian District, Beijing 100081
China

E-mail: kqzhouysh@hsc.pku.edu.cn

Ping Zhang, PhD
School and Hospital of Stomatology of Peking University

22 Zhongguancun Nandajie
Haidian District, Beijing 100081

China

E-mail: zhangping332@bjmu.edu.cn

Received: February 22, 2023
Accepted: April 5, 2023

Online Publication Date: June 26, 2023

ORGANOID CULTURE DEVELOPMENT FOR SKELETAL SYSTEMS 557

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

07
/2

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 


