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Several cartilage and bone organoids have been developed in vitro and in vivo using adult mesenchymal stromal/stem cells (MSCs) or pluripotent stem cells (PSCs) to mimic different phases of endochondral ossification (ECO), as one of the main processes driving skeletal development and growth. While cellular and molecular features of growth plate-like structures have been observed through the generation and in vivo implantation of hypertrophic cartilage tissues, no functional analogue or model of the growth plate has yet been engineered. Herein, after a brief introduction about the growth plate architecture and function, we summarize the recent progress in dissecting the biology of the growth plate and indicate the knowledge gaps to better understand the mechanisms of its development and maintenance. We then discuss how this knowledge could be integrated with state-of-art bioengineering approaches to generate a functional in vitro growth plate model.
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1 INTRODUCTION
The growth plate (GP) is a highly organized hyaline cartilage tissue located at the metaphysis of growing bones, playing a critical role in bone development and growth through the process of endochondral ossification (ECO) (Mackie et al., 2011). During embryogenesis, ECO begins with the condensation of embryonic mesenchymal stromal/stem cells (MSCs), which subsequently undergo chondrogenic differentiation to form a cartilage template. As the cartilage mold expands, the chondrocytes at the center cease proliferating and become hypertrophic, releasing catabolic cytokines and angiogenic factors for the recruitment of endothelial cells, osteoblasts and osteoclasts. In turn, these cells invade the cartilaginous structure, lay down bone-like matrix and form the primary ossification center (POC) (Mackie et al., 2008). Cell proliferation, combined to an increase of cell volume due to hypertrophic enlargement and the neo synthesis and secretion of extracellular matrix (ECM), leads to the elongation of long bones, contributing to the increase in body length during the gestation (Cooper, 2019). Shortly after birth, the secondary ossification center (SOC) forms at the epiphysis, dividing the pre-existing cartilage to form the GP which continues to drive postnatal bone growth via ECO. Injuries or disorders affecting the GP, such as epiphyseal bone fractures, achondroplasia, and cancer, will cause limb length discrepancies (Cass and Peterson, 1983; Rousseau et al., 1994; Shiang et al., 1994; Jesus-Garcia et al., 2000). Since the regeneration ability of the GP is limited due to its avascular nature and complex architecture, immediate attention is necessary to prevent growth disorders following injuries. However, to date, the treatment of growth defects is hindered by the limited knowledge regarding the molecular and cellular mechanisms governing human bone growth, which also restricts the application of tissue engineering (TE) and regenerative strategies. Developing an in vitro GP model derived from human cells would provide a valuable platform to study the physiology and pathology of the GP and significantly advance both drug discovery efforts and the development of tissue engineering solutions for growth disorders. Moreover, developing a new paradigm of engineering a cartilage tissue capable of growing in concert with the body and adapting to its changing needs, could inspire innovative tissue engineering strategies rooted in developmental biology and their application in paediatric settings. While several studies have successfully generated cartilage organoids in vitro and bone organoids in vivo by recapitulating the path of ECO, engineering a functional GP in vitro remains an open challenge. In this review, we will summarize some recent findings in the molecular and cellular understanding of the GP and discuss how the development of new fundamental biological knowledge, combined with the adoption of advanced bioengineering tools, could inspire new strategies to engineer a functional GP.
2 ORGANIZATION OF THE GROWTH PLATE
Three distinct layers of chondrocytes can be identified in the GP based on their location, morphology and function: resting chondrocytes, proliferating chondrocytes, and hypertrophic chondrocytes (Figure 1A) (Hallett et al., 2019). Resting chondrocytes have long been considered to possess stem cell properties. In the early 2000s, a ground breaking study using a surgical transplantation model revealed that stem-like cells in the resting zone of the rabbit growth plate can generate clones of proliferating chondrocytes that gradually regenerate the entire growth plate (Abad et al., 2002). These findings highlight the essential role of resting chondrocytes in the formation and structural organization of the GP. In the proliferating zone, chondrocytes become highly proliferative and align into columns parallel to the axis of bone elongation to facilitate the demands of bone growth (Mackie et al., 2011). Subsequently, the chondrocytes exit the cell cycle and undergo hypertrophic differentiation, expressing Collagen Type X and Indian Hedgehog (IHH). The hypertrophic zone interacts with the resting zone via a Parathyroid hormone-related protein (PTHrP)-IHH negative feedback loop, which orchestrates the organization, proliferation and differentiation of GP chondrocytes (Kronenberg, 2003). Briefly, the resting chondrocytes secrete PTHrP which acts on proliferative chondrocytes to keep them proliferating and delays their hypertrophic differentiation. When chondrocytes are distant from the resting zone, they stop proliferating and produce IHH which in turn stimulates the production of PTHrP in the resting zone of the epiphyseal GP (Kronenberg, 2003). The interactions of chondrocytes from different zones of the GP play a critical role in the maintenance of the GP and the regulation of long bone growth. Several cell-signaling pathways like the fibroblast growth factor (FGF) family (Naski et al., 1998; Zhou et al., 2015), insulin-like growth factor (IGF) (Wang et al., 2011), G-protein alpha subunit (Gsα)-mediated signaling (Sakamoto et al., 2005; Regard et al., 2013; Bastepe et al., 2004), Wnt signaling (Guo et al., 2009; Später et al., 2006; Hu et al., 2005) and Transforming growth factor β (TGF-β)/Bone morphogenetic protein (BMP) signaling (Hojo et al., 2013; Minina et al., 2001; Kameda et al., 1999; Wu et al., 2016) have been demonstrated to potentially interact with the PTHrP-IHH negative feedback loop to orchestrate the proper function of diverse cell types within the GP [for review see ref (Samsa et al., 2017)].
[image: Figure 1]FIGURE 1 | (A) Growth plate (GP) architecture. The graphics highlights the key molecular pathways and feedback loops involved in the different zones of the GP, as well as the regulatory molecules involved in the establishment and maintenance of an epiphyseal stem cell niche. The different cell morphologies represent cell populations (i.e., mesenchymal stromal cells, endothelial cells and haematopoietic cells) within the secondary ossification center (SOC). Red arrows indicate the lineage of the skeletal stem cells (SSCs) within the resting zone of GP. (B) Engineering the epiphyseal stem cell niche. The graphics highlights that the recapitulation of the functional features of the GP requires the formation of a specific niche. Self-renewing stem cells and accessory cell populations (i.e., mesenchymal stromal cells, endothelial cells and haematopoietic cells) are in charge of an orchestrated integration of biochemical and biophysical signals (e.g., extracellular matrix (ECM) molecules and stiffness, cytokine gradients). (C) Generation of biological knowledge for GP modelling. Deeper understanding of molecular and cellular mechanisms underlying GP development by utilizing traditional and innovative tools (e.g., genetic mutants, lineage tracing, gene-editing, organoid systems, and transcriptomic/proteomic) will be key to recapitulate the epiphyseal stem cell niche and thus to engineer models of a functional GP. (D) Adoption of bioengineering strategies for GP modelling. Bioengineering tools, such as biomimetic materials, controlled-release systems, 3D printing, and Organ-on-chip, hold the potential to control stem cell behavior and replicate the epiphyseal stem cell niche, towards modelling a functional GP. (E) Potential applications of engineered growth plate. The development of a functional in vitro GP has several potential applications. For example, it could provide a platform for drug testing and discovery as well as studying organogenesis and pathogenesis of GP development. Additionally, it could serve as a graft which could be implanted to treat growth defects. Furthermore, it will provide a paradigm for generating growing tissues and open multiple avenues in paediatric regenerative medicine.
3 GROWTH PLATE SKELETAL STEM CELLS AND POSTNATAL LONG BONE GROWTH
The concept of “mesenchymal stromal/stem cells (MSCs)” originates from the pioneering experiments demonstrating that heterotopic bone marrow transplantation could generate ectopic bone and bone marrow (Friedenstein et al., 1966; Tavassoli and Crosby, 1968). The term “MSCs” was later used to indicate cell populations with the capacity for plastic-adherent and tri-lineage differentiation, as well as the expression of a group of immunophenotypic surface markers (Castro-Malaspina et al., 1980; Owen and Friedenstein, 1988; Caplan, 1991; Dominici et al., 2006). However, MSCs fulfilling such minimal criteria are highly heterogeneous and often fail to display stem cell properties, as well as to form chondro-osseous organs supporting haematopoiesis in vivo. Therefore, the term “skeletal stem cells (SSCs)” was introduced to define more specific populations of self-renewing and multipotent cells that reside in the skeletal system (Bianco et al., 2013; Bianco and Robey, 2015). Over the decades, the identification of SSCs has increasingly gained attention from bone researchers worldwide [for review see refs (Li et al., 2022; Serowoky et al., 2020)].
Using the Cre-loxP system driven lineage tracing strategy, several SSCs have been identified in the mouse GP. The study of Noriaki et al. demonstrated that Sox9+, Col2+, and Acan+ chondroprogenitors are the major source of chondrocytes, osteoblasts, stromal cells, and bone marrow stromal/mesenchymal progenitor cells during endochondral bone development (Ono et al., 2014). In 2018, Mizuhashi et al. showed that a subset of PTHrP+ chondrocytes in the resting zone phenotypically and functionally behave as SSCs, as evidenced by their expression of surface markers partially overlapping with the CD51+CD90−CD105−CD200+ mouse SSCs and their capacity to differentiate into proliferative-, hypertrophic-chondrocytes, Cxcl12-expressing reticular stromal cells and Col1a1-expressing osteoblasts in long term tracing (Mizuhashi et al., 2018). FoxA2+ cells are distinct SSCs situated at the interface between the SOC and the resting zone (Muruganandan et al., 2022). Lineage tracing of these cells confirmed their osteogenic and chondrogenic potential during early postnatal stage (P0 - P28) and their chondrogenic potential after P28, contributing to the maintenance of GP turnover and regeneration.
By using fluorescence-activated cell sorting (FACS) and transplantation assays, Chan et al. successfully identified mouse SSCs (CD45-Ter119- Tie2-AlphaV + Thy-6C3-CD105-CD200+) in the GP and plotted their lineage differentiation trajectory (Chan et al., 2015). These cells are capable of self-renewal and give rise to bone, cartilage, and stromal derivatives when transplanted beneath the renal capsule. Then, by comparing the human bone-derived cells to several murine skeletal cell populations, Chan et al. identified human SSCs based on a panel of surface markers (CD45−CD235a−Tie2−CD31−PDPN+CD146−CD73+CD164+) (Chan et al., 2018). These cells can be isolated from human foetal GP, BMP2-treated adipose stromal cells and induced pluripotent stem cells (iPSCs) and exhibit self-renewal and multipotent potential both in vitro and in vivo. Single-cell RNA sequencing (scRNA-seq) showed that these PDPN+CD146−CD73+CD164+ human SSCs have similar gene expression profiles and promoter accessibilities than the ones previously identified for mouse SSCs (Chan et al., 2015).
Collectively, these findings have developed our understanding of the organization of the GP and of the resident stem cell populations. However, the identification of SSC in different studies is often based on different techniques (e.g., lineage tracing vs. sorting) and the characterization of their functionality is not always assessed using the same standards (e.g., including analysis at clonal level). Thus, a critical and detailed review of the literature is necessary to discriminate possibly different cell populations which are all associated with the same terminology of SSC.
In the mouse GP, a specific stem cell niche has been identified by Newton et al., in 2019 (Newton et al., 2019). Clonal lineage tracing experiments showed that the resting zone chondroprogenitors are able to form longer columns (more than nine cells) during the postnatal life instead of short columns (only a few cells) observed during the foetal and neonatal period. The driving force of this post-natal “switch” is that chondroprogenitors in the resting zone acquire self-renewal ability and undergo symmetric cell division within the so-called SOC. This process, leading to continuous longitudinal bone growth, is driven by high levels of sonic hedgehog (SHH) and is coordinated by the neighbouring mesenchymal stromal cells, endothelial cells and haematopoietic cells.
While these findings have significantly deepened our understanding of the GP, several molecular and cellular mechanisms underlying human GP maintenance and long bone growth remain largely unknown. For example, as of yet, there are no reliable markers for human resting chondrocytes. In addition, despite evidence of stem cell properties for these cells, it is not known whether an epiphyseal stem cell niche has similar features in human and how it regulates cell behavior in the GP resting zone. In vitro models of human GP are thus necessary to shed light on the processes orchestrating the GP structure and function.
4 CURRENT ENGINEERED CARTILAGE ORGANOIDS TO STUDY SKELETAL DEVELOPMENT
Tissue engineering holds great promise for developing complex 3D models to address specific questions related to GP biology. Several groups have generated cartilage and bone organoids from both adult stem/stromal cells (ASCs) and pluripotent stem cells (PSCs) by recapitulating developmental mechanisms. Our group and others have shown that human adult MSCs derived from bone marrow and adipose tissue are able to generate hypertrophic cartilage in vitro and form an ectopic bone-bone marrow organ in vivo, mirroring the developmental processes of ECO (Scotti et al., 2010; Osinga et al., 2016; Farrell et al., 2011; van der Stok et al., 2014; Pelttari et al., 2006; Mumme et al., 2012). The work of Craft et al. and Richard et al. showed that by modulating the differentiation protocol, human PSCs can be differentiated into two distinct human chondrogenic lineages including GP chondrocytes and articular chondrocytes with transcriptomic profiles similar to fetal epiphyseal and GP (Craft et al., 2015; Richard et al., 2023). This study provides valuable insights into the molecular mechanisms underlying human cartilage development and biology. Shireen et al. proposed a protocol that allows direct differentiation of iPSCs-derived sclerotome to hypertrophic chondrocytes with the ability to trans-differentiate into osteoblasts, mirroring endochondral bone development (Lamande et al., 2023). One example of generating a GP with a zonal organization has been offered by Alsberg et al. in an in vivo setting (Alsberg et al., 2002). The authors showed that chondrocytes and osteoblasts delivered with RGD-alginate hydrogels into immunodeficient (CB17) mice are able to generate tissues that morphologically and functionally resemble the GP, as evidenced by GP-like structures and their ability to grow in size. Other groups using iPSCs also observed a GP-like structure when they implanted iPSCs-derived hypertrophic cartilage in vivo (Loh et al., 2016; Matsuda et al., 2020). All these findings indicate the feasibility to generate a GP-like structure in vitro by identifying suitable cells and the key signals that they would receive in vivo. In this context, it is important to remark that different cell sources may require specific differentiation protocols and have preferential relevance towards defined applications. For more detailed analysis of these topics, we refer to recent reviews concerning MSCs (Narcisi et al., 2021) and iPSCs (De Kinderen et al., 2022).
All these in vitro models only partially recapitulate the GP phenotypes and functions. In fact, while the engineered cartilages share similar gene expression profiles with the native tissues at the bulk RNA level, their transcriptomic landscape at single-cell resolution, particularly across temporal and spatial dimensions, remains largely unexplored. There is also no evidence of the presence of stem-like cells within these engineered constructs and of the maintenance of a stem cell pool over time. In addition, the zonal organization, which is key to a functional GP, is absent in all of these in vitro organoids, and it is unclear if it would be acquired and maintained to sustain bone growth after implantation in vivo.
A functional engineered GP should ideally: (i) harbor resting, proliferating, and hypertrophic chondrocytes which communicate with each other to support tissue homeostasis, (ii) maintain proper signaling activity such as IHH/PTHrP, BMP, WNT, and FGFs and responsiveness to molecular and mechanical environmental cues, and (iii) enable chondrocyte proliferation and matrix production, ultimately contributing to controlled bone elongation during the process of ECO. Such a functional GP model would serve as a physiologically relevant platform for drug testing and discovery, towards development of therapeutics targeting skeletal growth disorders. It would also facilitate personalized medicine approaches by allowing patient-specific studies of skeletal diseases and treatment responses. Moreover, it would offer a powerful tool for studying human skeletal development, to investigate molecular mechanisms underlying chondrogenesis, ossification, and longitudinal bone growth in controlled and human settings. Following is a more detailed analysis of the developments required to reach this goal, along with the envisioned associated challenges to address.
5 EXPECTED DEVELOPMENTS AND POTENTIAL CHALLENGES FOR ENGINEERING A FUNCTIONAL GROWTH PLATE
5.1 Identifying the pivotal components of a growth plate stem cell niche, towards its in vitro modelling
The concept of a “niche” was first introduced in the context of haematopoiesis by Raymond Schofield in 1978 to describe how hematopoietic stem cells (HSCs) maintain their stemness within a specific microenvironment (Schofield, 1978). Several stem cell niches have been identified in mammalian systems including the hematopoietic stem cell niche (Crane et al., 2017), epithelial stem cell niche (Tumbar et al., 2004), intestinal stem cell niche (McCarthy et al., 2020), and neural stem cell niche (Miller and Gauthier-Fisher, 2009). These niches have been shown to regulate stem cell behavior by providing extrinsic biochemical and biophysical signals. Engineering specialized environments will provide enhanced control over the growth and differentiation of stem cells in vitro. For example, by providing signals regulating intestinal stem cells (ISCs) behavior, single Lgr5+ ISCs are able to generate intestinal organoids with all the differentiated cell types and crypt-villus structure (Sato et al., 2009). Inspired by this work, we postulate that engineering the epiphyseal stem cell niche will be essential for developing a functional GP (Figure 1B). However, knowledge about the stem cell niche in the GP is rather limited to date and the main findings in this context are restricted to SHH and WNT signaling, as described below.
The SOC, neighbouring the resting zone of the GP, has been shown to play a critical role in the development of a stem cell niche in the postnatal epiphyseal GP (Newton et al., 2019). The authors showed that the chondroprogenitors within the resting zone acquire self-renewal ability in conjunction with the formation of the SOC, where SHH is released, leading to the maximal extent of hedgehog (HH) signaling specifically in the resting zone. Genetic activation of HH pathway in the PTHrP+ resting chondrocytes increase their proliferation rate and leads to the clonal expansion of cells within the resting zone (Orikasa et al., 2024). Implantation of beads containing Smoothened agonist (SAG), a pharmacological activator of HH signaling, into the SOC of Wistar-Kyoto rats, effectively increases longitudinal bone growth (Trompet et al., 2024). All these studies suggest that HH signalling is critical in the maintenance of the stem cell niche in the resting zone. Therefore, presentation of SHH should be considered as pivotal component in the in vitro model system.
Wnt signaling also plays a key role in the maintenance and differentiation of resting chondrocytes. Shawn et al. successfully isolated slow-cycling chondrocytes from the resting zone by using a chondrocyte-specific label-retention approach and identified significant upregulation of inhibitors for Wnt signaling in the resting zone by performing comparative RNA-seq analysis (Hallett et al., 2021). The number of PTHrP+ resting chondrocytes was decreased and their ability to form columnar chondrocytes was impaired when Wnt/beta-catenin signaling was activated, suggesting that the PTHrP+ skeletal stem cells are maintained in a Wnt-inhibitory environment within the resting zone. The study of Dana et al., also showed that the expansion of a stem cell pool following SAG administration is the consequence of the establishment of a Wnt-inhibitory environment (Trompet et al., 2024). Thus, developing a low Wnt environment using specific molecules would be beneficial for engineering a functional resting zone and for the maintenance of stem-like cells in vitro.
These findings represent a solid basis to characterize the GP niche. However, further studies are necessary to identify specific cellular phenotypes, molecular pathways, ECM molecules and biophysical factors underlying the development and maintenance of this niche.
5.2 Dissecting the molecular and cellular mechanisms underlying growth plate development
The adoption of murine genetic mutants, lineage tracing strategies, gene-editing tools, organoid systems, and transcriptomic/proteomic technologies have greatly broadened and deepened our understanding of skeletal development, homeostasis, and regeneration. Similar approaches and strategies should be introduced also to generate new knowledge on the molecular and cellular mechanism underlying GP development (Figure 1C). This will be key in any endeavour to recapitulate the epiphyseal stem cell niche and thus to engineer models of a functional GP. A few studies have already taken the first steps in this direction, predominantly using single-cell RNA sequencing and spatial transcriptomic, as described below.
Development and application of single cell transcriptome sequencing have led to better understanding of the mouse limb developmental biology. Li et al. have developed an unsupervised bioinformatics approach called “Sinova” that successfully reconstructed a temporal and spatial map of mouse developing GP based on the single-cell RNA-seq data (Li et al., 2016). This model allows systematic discovery of marker genes, signalling pathways, and transcriptional factors regulating GP development, as well as the identification of surface markers to sort cell subpopulations from GP. By analysing 19,952 single cells from murine postnatal limbs, Gao et al. decoded the postnatal GP atlas and identified three different evolutional branches marked by Col10a1, Spp1, and Tnni2 in the growth plate (Gao et al., 2023). Interestingly, the distribution pattern of Tnni2 is similar to that of Cd31hEmcnh vessels, indicating that Tnni2+ chondrocytes may play a key role in regulating the developmental activity of ossification centres, especially the secondary ossification. These findings, in conjunction with the study of Newton et al—which highlights the critical role of SOC in the maintenance of a stem cell pool within the resting zone—raise the hypothesis that Tnni2+ chondrocytes may play crucial roles in the development of the epiphyseal stem cell niche. However, more functional and lineage tracing experiments should be conducted in the future to clarify the characteristics of these cell subpopulations.
Single cell RNA sequencing (scRNA-Seq) has also been applied to dissect embryonic skeletal stem cell ontogeny during early human skeletogenesis. In 2021, He et al. generated the first cell transcriptome atlas of human limb buds and embryonic long bones at single-cell resolution (He et al., 2021). In this study, a novel embryonic skeletal stem/progenitor cell (eSSPC) marked by PDGFRAlow/–PDPN+CADM1+ was identified in the perichondrial regions of embryonic long bones. Similar to the previously identified human GP SSCs, the eSSPCs display self-renewal capacity and osteo-chondrogenic potentials both in vitro and in vivo. Spatial transcriptomic is a more advanced technique that not only allows the measurement of the transcriptome of cells of interest but also of their neighbouring cells, which influence cell phenotypes and functions via cell-cell communication. The first detailed spatiotemporal transcriptomic landscape of human embryonic limb has been generated by Zhang et al., in 2023 using single-cell and spatial transcriptomics (Zhang et al., 2023). This study has enhanced our understanding of tissue architecture, cellular heterogeneity, cell-fate decisions, and cell-cell communication within the developing limb across time and space.
Such technologies hold great potential for advancing our understanding of postnatal limb development. Decades of works have shown that chondrocytes from different zones exhibit distinct transcriptomic profiles. Analysis of the transcriptional landscape of chondrocytes from each zone at single cell resolution during the postnatal stage would significantly enhance our understanding about the cellular heterogeneity of the GP and the mechanisms underlying postnatal long bone growth. In addition, neighbouring cells have been shown to play a critical role in the regulation of resting zone chondrocytes. For example, periosteal stem cells control GP stem cells activity by locally secreted IHH (Tsukasaki et al., 2022). The formation of SOC leads to the development of a stem cell niche and regulates resting chondrocytes behaviours (Newton et al., 2019). Therefore, extending the knowledge gained from single cells to multicellular neighbourhoods will be key to ultimately understand the molecular mechanisms of complex biological systems in the GP.
5.3 Adopting bioengineering strategies for modelling the epiphyseal stem cell niche
In parallel with the generation of fundamental knowledge on the biological mechanisms underlying the development of the GP and its stem cell niche, it will be necessary to identify the required engineering tools for its implementation into viable models. Advances in bioengineering, such as biomimetic materials, controlled-release systems, 3D printing and Organ-on-a-chip technologies, have enabled better control over the behavior and organization of organoids. By integrating these novel approaches, it will be possible to engineer an in vitro GP that resembles in vivo architecture and function (Figure 1D).
ECM is one of the main components of the stem cell niche which not only provides structural support but also controls stem cell function by delivering biochemical and signals and transducing mechanical forces. Accumulating evidences have shown that biophysical cues have crucial impacts on guiding stem cell fate (Huebsch et al., 2015; Das et al., 2016; Chaudhuri et al., 2016). For example, MSCs cultured in a hydrogel with a low stress stiffening induced preferentially adipocytic commitment while osteogenesis was progressively favoured over adipogenesis with increasing stress stiffening (Das et al., 2016). In addition, MSCs can respond to diverse dynamic mechanical forces [e.g., tensile stress (Gao et al., 2011; Ghazanfari et al., 2009; Gong and Niklason, 2008) or compressive stress (Huang et al., 2004; Panadero et al., 2016)] and can be directed into specific differentiation pathways. Several studies have shown that the ECM components and mechanical properties vary across the different zones of the GP and play crucial roles in regulating chondrogenic behaviour. For example, collagen type II is predominantly found in the lower proliferative zone and upper hypertrophic zone of the GP, while collagen type X is only present around hypertrophic chondrocytes (O'Keefe et al., 1994; Sandberg and Vuorio, 1987). Differences in the mechanical properties among different zones have also been evaluated by several groups in animal models (Eckstein et al., 2022; Fischenich et al., 2022). Therefore, it would be valuable to develop or adopt suitable biomaterials mimicking this distribution of ECM components and the gradients of stiffness to direct cells behavior and tissue organization in the different zones of the GP.
Growth factors are important for the development and maintenance of GP in vivo. Traditional in vitro culture systems rely on the continuous supplementation of growth factors in the culture medium. However, these systems have several limitations, including a lack of control over the spatial distribution of factors, inadequate gradient concentrations, and limited ability to mimic the complex in vivo environment. Controlled-release systems encapsulating bioactive molecules within carriers like hydrogels or microspheres enable the delivery of growth factors and cytokines with precise temporal and spatial control (Yang et al., 2022; Vo et al., 2012; Ye et al., 2022). For example, as mentioned above, the gradients of morphogens such as PTHrP and IHH are essential for the organization of the GP and for directing the fate of chondrocytes within the different zones. Therefore, developing materials with concentration gradients of PTHrP and IHH could regulate chondrocyte biology and promote a GP-like structure.
Layer-by-layer 3D printing and cell-laden fibre techniques have been used to generate complex structures such as liver (Snyder et al., 2011), heart (Zhang et al., 2016), vascular networks (Wu et al., 2011; Miller et al., 2012), and osteochondral unit (Santos-Beato et al., 2022). These methods may enhance manufacturing efficiency by enabling the simultaneous printing of multiple tissue layers and allow for volumetrically defined incorporation of different cell types or growth factors, creating tissues or organs that more closely resemble the composition and function of natural counterparts (Freeman et al., 2020). Given that the GP consists of different zones, such technique would be greatly beneficial in the development of in vitro models with precise cellular organization and compartmentalization, along with immobilized signalling epitopes.
Microfluidic devices like organ-on-a-chip models can closely mimic the essential physiological and structural features of small functional units of organs, offering a platform for in-depth investigation of these biological systems. For example, Mahadik et al. developed a novel microfluidic mixing platform for creating 3D hydrogel constructs that replicate the hematopoietic stem cell niche with overlapping gradients of cells and matrix components (Mahadik et al., 2014). This model enables detailed characterization and investigation of how microenvironmental signals influence hematopoietic stem cell behaviour. Similar studies could be carried out to extend the system to model the GP biology. For example, suitable techniques could be introduced to investigate cell-cell communication and cell-ECM interactions across different zones of the GP, as well as the cellular and molecular mechanisms underlying stem cell niche development by co-culturing chondrocytes with different cells located in the SOC.
In summary, by harnessing the potential of cutting-edge bioengineering strategies (e.g., biomimetic materials and innovative fabrication techniques), sophisticated in vitro models can be created, able to closely replicate the complex architecture and dynamic environment of the GP and its stem cell niche. This would in turn advance our understanding of the GP biology and pathology, and thus support the development of even higher fidelity models for the GP.
6 CONCLUSION
The development of a functional in vitro GP remains a significant challenge, despite considerable progress in understanding the cellular and molecular mechanisms governing its formation and maintenance. Current efforts have enabled generation of cartilage and bone organoids and successfully mimicked aspects of ECO, but the complexity of the GP architecture and its intricate molecular regulatory networks require further exploration. Future research must integrate cutting-edge bioengineering techniques with recent insights into chondrocyte differentiation, signaling pathways, and ECM interactions to overcome the current limitations. By continuing to bridge the gap between developmental biology and bioengineering, the creation of a functional in vitro GP is an ambitious but not unreachable goal that holds transformative potential for both research and clinical applications (Figure 1E).
Furthermore, the concept of engineering a functional GP will provide a paradigm for generating tissues with the intrinsic capacity of controlled growth. This could revolutionize pediatric regenerative medicine by enabling the development of bioengineered constructs capable of adapting and expanding in response to developmental cues. The concept could lead to novel therapeutic strategies for congenital and acquired defects such as skeletal dysplasia, growth plate injuries, and limb length discrepancies.
AUTHOR CONTRIBUTIONS
GZ: Conceptualization, Investigation, Writing–original draft, Writing–review and editing. AM: Conceptualization, Supervision, Writing–review and editing. AS: Conceptualization, Funding acquisition, Resources, Supervision, Writing–review and editing. IM: Conceptualization, Funding acquisition, Resources, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Propatient Forschungsstiftung Universitätsspital Basel (pp 23-06, “Fingerknochen”). We acknowledge the financial support for Gangyu Zhang’s salary provided by the China Scholarship Council (CSC No. 202108440214).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abad, V., Meyers, J. L., Weise, M., Gafni, R. I., Barnes, K. M., Nilsson, O., et al. (2002). The role of the resting zone in growth plate chondrogenesis. Endocrinology 143 (5), 1851–1857. doi:10.1210/endo.143.5.8776
 Alsberg, E., Anderson, K. W., Albeiruti, A., Rowley, J. A., and Mooney, D. J. (2002). Engineering growing tissues. Proc. Natl. Acad. Sci. U. S. A. 99 (19), 12025–12030. doi:10.1073/pnas.192291499
 Bastepe, M., Weinstein, L. S., Ogata, N., Kawaguchi, H., Jüppner, H., Kronenberg, H. M., et al. (2004). Stimulatory G protein directly regulates hypertrophic differentiation of growth plate cartilage in vivo. Proc. Natl. Acad. Sci. U. S. A. 101 (41), 14794–14799. doi:10.1073/pnas.0405091101
 Bianco, P., Cao, X., Frenette, P. S., Mao, J. J., Robey, P. G., Simmons, P. J., et al. (2013). The meaning, the sense and the significance: translating the science of mesenchymal stem cells into medicine. Nat. Med. 19 (1), 35–42. doi:10.1038/nm.3028
 Bianco, P., and Robey, P. G. (2015). Skeletal stem cells. Development 142 (6), 1023–1027. doi:10.1242/dev.102210
 Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9 (5), 641–650. doi:10.1002/jor.1100090504
 Cass, J. R., and Peterson, H. A. (1983). Salter-Harris Type-IV injuries of the distal tibial epiphyseal growth plate, with emphasis on those involving the medial malleolus. J. Bone Jt. Surg. Am. 65 (8), 1059–1070. doi:10.2106/00004623-198365080-00005
 Castro-Malaspina, H., Gay, R. E., Resnick, G., Kapoor, N., Meyers, P., Chiarieri, D., et al. (1980). Characterization of human bone marrow fibroblast colony-forming cells (CFU-F) and their progeny. Blood 56 (2), 289–301. doi:10.1182/blood.v56.2.289.289
 Chan, C. K., Seo, E. Y., Chen, J. Y., Lo, D., McArdle, A., Sinha, R., et al. (2015). Identification and specification of the mouse skeletal stem cell. Cell 160 (1-2), 285–298. doi:10.1016/j.cell.2014.12.002
 Chan, C. K. F., Gulati, G. S., Sinha, R., Tompkins, J. V., Lopez, M., Carter, A. C., et al. (2018). Identification of the human skeletal stem cell. Cell 175 (1), 43–56.e21. doi:10.1016/j.cell.2018.07.029
 Chaudhuri, O., Gu, L., Klumpers, D., Darnell, M., Bencherif, S. A., Weaver, J. C., et al. (2016). Hydrogels with tunable stress relaxation regulate stem cell fate and activity. Nat. Mater 15 (3), 326–334. doi:10.1038/nmat4489
 Cooper, K. L. (2019). Developmental and evolutionary allometry of the mammalian limb skeleton. Integr. Comp. Biol. 59 (5), 1356–1368. doi:10.1093/icb/icz082
 Craft, A. M., Rockel, J. S., Nartiss, Y., Kandel, R. A., Alman, B. A., and Keller, G. M. (2015). Generation of articular chondrocytes from human pluripotent stem cells. Nat. Biotechnol. 33 (6), 638–645. doi:10.1038/nbt.3210
 Crane, G. M., Jeffery, E., and Morrison, S. J. (2017). Adult haematopoietic stem cell niches. Nat. Rev. Immunol. 17 (9), 573–590. doi:10.1038/nri.2017.53
 Das, R. K., Gocheva, V., Hammink, R., Zouani, O. F., and Rowan, A. E. (2016). Stress-stiffening-mediated stem-cell commitment switch in soft responsive hydrogels. Nat. Mater 15 (3), 318–325. doi:10.1038/nmat4483
 De Kinderen, P., Meester, J., Loeys, B., Peeters, S., Gouze, E., Woods, S., et al. (2022). Differentiation of induced pluripotent stem cells into chondrocytes: methods and applications for disease modeling and drug discovery. J. Bone Min. Res. 37 (3), 397–410. doi:10.1002/jbmr.4524
 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 8 (4), 315–317. doi:10.1080/14653240600855905
 Eckstein, K. N., Thomas, S. M., Scott, A. K., Neu, C. P., Hadley-Miller, N. A., Payne, K. A., et al. (2022). The heterogeneous mechanical properties of adolescent growth plate cartilage: a study in rabbit. J. Mech. Behav. Biomed. Mater 128, 105102. doi:10.1016/j.jmbbm.2022.105102
 Farrell, E., Both, S. K., Odörfer, K. I., Koevoet, W., Kops, N., O'Brien, F. J., et al. (2011). In-vivo generation of bone via endochondral ossification by in-vitro chondrogenic priming of adult human and rat mesenchymal stem cells. BMC Musculoskelet. Disord. 12, 31. doi:10.1186/1471-2474-12-31
 Fischenich, K. M., Schneider, S. E., Neu, C. P., Payne, K. A., and Ferguson, V. L. (2022). Material properties and strain distribution patterns of bovine growth plate cartilage vary with anatomic location and depth. J. Biomech. 134, 111013. doi:10.1016/j.jbiomech.2022.111013
 Freeman, F. E., Pitacco, P., van Dommelen, L. H. A., Nulty, J., Browe, D. C., Shin, J. Y., et al. (2020). 3D bioprinting spatiotemporally defined patterns of growth factors to tightly control tissue regeneration. Sci. Adv. 6 (33), eabb5093. doi:10.1126/sciadv.abb5093
 Friedenstein, A. J., Piatetzky, S., and Petrakova, K. V. (1966). Osteogenesis in transplants of bone marrow cells. J. Embryol. Exp. Morphol. 16 (3), 381–390. doi:10.1242/dev.16.3.381
 Gao, M., Liu, X., Guo, P., Wang, J., Li, J., Wang, W., et al. (2023). Deciphering postnatal limb development at single-cell resolution. iScience 26 (1), 105808. doi:10.1016/j.isci.2022.105808
 Gao, X., Zhang, X., Tong, H., Lin, B., and Qin, J. (2011). A simple elastic membrane-based microfluidic chip for the proliferation and differentiation of mesenchymal stem cells under tensile stress. Electrophoresis 32 (23), 3431–3436. doi:10.1002/elps.201100237
 Ghazanfari, S., Tafazzoli-Shadpour, M., and Shokrgozar, M. A. (2009). Effects of cyclic stretch on proliferation of mesenchymal stem cells and their differentiation to smooth muscle cells. Biochem. Biophys. Res. Commun. 388 (3), 601–605. doi:10.1016/j.bbrc.2009.08.072
 Gong, Z., and Niklason, L. E. (2008). Small-diameter human vessel wall engineered from bone marrow-derived mesenchymal stem cells (hMSCs). Faseb J. 22 (6), 1635–1648. doi:10.1096/fj.07-087924
 Guo, X., Mak, K. K., Taketo, M. M., and Yang, Y. (2009). The wnt/β-catenin pathway interacts differentially with PTHrP signaling to control chondrocyte hypertrophy and final maturation. PLoS One 4 (6), e6067. doi:10.1371/journal.pone.0006067
 Hallett, S. A., Matsushita, Y., Ono, W., Sakagami, N., Mizuhashi, K., Tokavanich, N., et al. (2021). Chondrocytes in the resting zone of the growth plate are maintained in a Wnt-inhibitory environment. Elife 10, e64513. doi:10.7554/elife.64513
 Hallett, S. A., Ono, W., and Ono, N. (2019). Growth Plate chondrocytes: skeletal development, growth and beyond. Int. J. Mol. Sci. 20 (23), 6009. doi:10.3390/ijms20236009
 He, J., Yan, J., Wang, J., Zhao, L., Xin, Q., Zeng, Y., et al. (2021). Dissecting human embryonic skeletal stem cell ontogeny by single-cell transcriptomic and functional analyses. Cell Res. 31 (7), 742–757. doi:10.1038/s41422-021-00467-z
 Hojo, H., Ohba, S., Taniguchi, K., Shirai, M., Yano, F., Saito, T., et al. (2013). Hedgehog-Gli activators direct osteo-chondrogenic function of bone morphogenetic protein toward osteogenesis in the perichondrium. J. Biol. Chem. 288 (14), 9924–9932. doi:10.1074/jbc.m112.409342
 Hu, H., Hilton, M. J., Tu, X., Yu, K., Ornitz, D. M., and Long, F. (2005). Sequential roles of Hedgehog and Wnt signaling in osteoblast development. Development 132 (1), 49–60. doi:10.1242/dev.01564
 Huang, C. Y., Hagar, K. L., Frost, L. E., Sun, Y., and Cheung, H. S. (2004). Effects of cyclic compressive loading on chondrogenesis of rabbit bone-marrow derived mesenchymal stem cells. Stem Cells 22 (3), 313–323. doi:10.1634/stemcells.22-3-313
 Huebsch, N., Lippens, E., Lee, K., Mehta, M., Koshy, S. T., Darnell, M. C., et al. (2015). Matrix elasticity of void-forming hydrogels controls transplanted-stem-cell-mediated bone formation. Nat. Mater 14 (12), 1269–1277. doi:10.1038/nmat4407
 Jesus-Garcia, R., Seixas, M. T., Costa, S. R., Petrilli, A. S., and Laredo Filho, J. (2000). Epiphyseal plate involvement in osteosarcoma. Clin. Orthop. Relat. Res. 373, 32–38. doi:10.1097/00003086-200004000-00006
 Kameda, T., Koike, C., Saitoh, K., Kuroiwa, A., and Iba, H. (1999). Developmental patterning in chondrocytic cultures by morphogenic gradients: BMP induces expression of indian hedgehog and noggin. Genes cells. 4 (3), 175–184. doi:10.1046/j.1365-2443.1999.00250.x
 Kronenberg, H. M. (2003). Developmental regulation of the growth plate. Nature 423 (6937), 332–336. doi:10.1038/nature01657
 Lamande, S. R., Ng, E. S., Cameron, T. L., Kung, L. H. W., Sampurno, L., Rowley, L., et al. (2023). Modeling human skeletal development using human pluripotent stem cells. Proc. Natl. Acad. Sci. U. S. A. 120 (19), e2211510120. doi:10.1073/pnas.2211510120
 Li, J., Luo, H., Wang, R., Lang, J., Zhu, S., Zhang, Z., et al. (2016). Systematic reconstruction of molecular cascades regulating GP development using single-cell RNA-seq. Cell Rep. 15 (7), 1467–1480. doi:10.1016/j.celrep.2016.04.043
 Li, Q., Xu, R., Lei, K., and Yuan, Q. (2022). Insights into skeletal stem cells. Bone Res. 10 (1), 61. doi:10.1038/s41413-022-00235-8
 Loh, K. M., Chen, A., Koh, P. W., Deng, T. Z., Sinha, R., Tsai, J. M., et al. (2016). Mapping the pairwise choices leading from pluripotency to human bone, heart, and other mesoderm cell types. Cell. 166 (2), 451–467. doi:10.1016/j.cell.2016.06.011
 Mackie, E. J., Ahmed, Y. A., Tatarczuch, L., Chen, K. S., and Mirams, M. (2008). Endochondral ossification: how cartilage is converted into bone in the developing skeleton. Int. J. Biochem. Cell Biol. 40 (1), 46–62. doi:10.1016/j.biocel.2007.06.009
 Mackie, E. J., Tatarczuch, L., and Mirams, M. (2011). The skeleton: a multi-functional complex organ: the growth plate chondrocyte and endochondral ossification. J. Endocrinol. 211 (2), 109–121. doi:10.1530/joe-11-0048
 Mahadik, B. P., Wheeler, T. D., Skertich, L. J., Kenis, P. J., and Harley, B. A. (2014). Microfluidic generation of gradient hydrogels to modulate hematopoietic stem cell culture environment. Adv. Healthc. Mater 3 (3), 449–458. doi:10.1002/adhm.201300263
 Matsuda, M., Yamanaka, Y., Uemura, M., Osawa, M., Saito, M. K., Nagahashi, A., et al. (2020). Recapitulating the human segmentation clock with pluripotent stem cells. Nature 580 (7801), 124–129. doi:10.1038/s41586-020-2144-9
 McCarthy, N., Kraiczy, J., and Shivdasani, R. A. (2020). Cellular and molecular architecture of the intestinal stem cell niche. Nat. Cell Biol. 22 (9), 1033–1041. doi:10.1038/s41556-020-0567-z
 Miller, F. D., and Gauthier-Fisher, A. (2009). Home at last: neural stem cell niches defined. Cell Stem Cell 4 (6), 507–510. doi:10.1016/j.stem.2009.05.008
 Miller, J. S., Stevens, K. R., Yang, M. T., Baker, B. M., Nguyen, D. H., Cohen, D. M., et al. (2012). Rapid casting of patterned vascular networks for perfusable engineered three-dimensional tissues. Nat. Mater 11 (9), 768–774. doi:10.1038/nmat3357
 Minina, E., Wenzel, H. M., Kreschel, C., Karp, S., Gaffield, W., McMahon, A. P., et al. (2001). BMP and Ihh/PTHrP signaling interact to coordinate chondrocyte proliferation and differentiation. Development 128 (22), 4523–4534. doi:10.1242/dev.128.22.4523
 Mizuhashi, K., Ono, W., Matsushita, Y., Sakagami, N., Takahashi, A., Saunders, T. L., et al. (2018). Resting zone of the growth plate houses a unique class of skeletal stem cells. Nature 563 (7730), 254–258. doi:10.1038/s41586-018-0662-5
 Mumme, M., Scotti, C., Papadimitropoulos, A., Todorov, A., Hoffmann, W., Bocelli-Tyndall, C., et al. (2012). Interleukin-1β modulates endochondral ossification by human adult bone marrow stromal cells. Eur. Cell Mater 24, 224–236. doi:10.22203/ecm.v024a16
 Muruganandan, S., Pierce, R., Teguh, D. A., Perez, R. F., Bell, N., Nguyen, B., et al. (2022). A FoxA2+ long-term stem cell population is necessary for growth plate cartilage regeneration after injury. Nat. Commun. 13 (1), 2515. doi:10.1038/s41467-022-30247-1
 Narcisi, R., Koevoet, W., and van Osch, G. (2021). Expansion and chondrogenic differentiation of human bone marrow-derived mesenchymal stromal cells. Methods Mol. Biol. 2221, 15–28. doi:10.1007/978-1-0716-0989-7_2
 Naski, M. C., Colvin, J. S., Coffin, J. D., and Ornitz, D. M. (1998). Repression of hedgehog signaling and BMP4 expression in growth plate cartilage by fibroblast growth factor receptor 3. Development 125 (24), 4977–4988. doi:10.1242/dev.125.24.4977
 Newton, P. T., Li, L., Zhou, B., Schweingruber, C., Hovorakova, M., Xie, M., et al. (2019). A radical switch in clonality reveals a stem cell niche in the epiphyseal growth plate. Nature 567 (7747), 234–238. doi:10.1038/s41586-019-0989-6
 O'Keefe, R. J., Puzas, J. E., Loveys, L., Hicks, D. G., and Rosier, R. N. (1994). Analysis of type II and type X collagen synthesis in cultured growth plate chondrocytes by in situ hybridization: rapid induction of type X collagen in culture. J. Bone Min. Res. 9 (11), 1713–1722. doi:10.1002/jbmr.5650091107
 Ono, N., Ono, W., Nagasawa, T., and Kronenberg, H. M. (2014). A subset of chondrogenic cells provides early mesenchymal progenitors in growing bones. Nat. Cell Biol. 16 (12), 1157–1167. doi:10.1038/ncb3067
 Orikasa, S., Matsushita, Y., Manabe, H., Fogge, M., Lee, Z., Mizuhashi, K., et al. (2024). Hedgehog activation promotes osteogenic fates of growth plate resting zone chondrocytes through transient clonal competency. JCI Insight 9 (2), e165619. doi:10.1172/jci.insight.165619
 Osinga, R., Di Maggio, N., Todorov, A., Allafi, N., Barbero, A., Laurent, F., et al. (2016). Generation of a bone organ by human adipose-derived stromal cells through endochondral ossification. Stem Cells Transl. Med. 5 (8), 1090–1097. doi:10.5966/sctm.2015-0256
 Owen, M., and Friedenstein, A. J. (1988). Stromal stem cells: marrow-derived osteogenic precursors. Ciba Found. Symp. 136:42–60. doi:10.1002/9780470513637.ch4
 Panadero, J. A., Lanceros-Mendez, S., and Ribelles, J. L. (2016). Differentiation of mesenchymal stem cells for cartilage tissue engineering: individual and synergetic effects of three-dimensional environment and mechanical loading. Acta Biomater. 33, 1–12. doi:10.1016/j.actbio.2016.01.037
 Pelttari, K., Winter, A., Steck, E., Goetzke, K., Hennig, T., Ochs, B. G., et al. (2006). Premature induction of hypertrophy during in vitro chondrogenesis of human mesenchymal stem cells correlates with calcification and vascular invasion after ectopic transplantation in SCID mice. Arthritis Rheum. 54 (10), 3254–3266. doi:10.1002/art.22136
 Regard, J. B., Malhotra, D., Gvozdenovic-Jeremic, J., Josey, M., Chen, M., Weinstein, L. S., et al. (2013). Activation of Hedgehog signaling by loss of GNAS causes heterotopic ossification. Nat. Med. 19 (11), 1505–1512. doi:10.1038/nm.3314
 Richard, D., Pregizer, S., Venkatasubramanian, D., Raftery, R. M., Muthuirulan, P., Liu, Z., et al. (2023). Lineage-specific differences and regulatory networks governing human chondrocyte development. Elife 12, e79925. doi:10.7554/elife.79925
 Rousseau, F., Bonaventure, J., Legeai-Mallet, L., Pelet, A., Rozet, J. M., Maroteaux, P., et al. (1994). Mutations in the gene encoding fibroblast growth factor receptor-3 in achondroplasia. Nature 371 (6494), 252–254. doi:10.1038/371252a0
 Sakamoto, A., Chen, M., Kobayashi, T., Kronenberg, H. M., and Weinstein, L. S. (2005). Chondrocyte-specific knockout of the G protein gsα leads to epiphyseal and Growth Plate abnormalities and ectopic chondrocyte formation. J. Bone Min. Res. 20 (4), 663–671. doi:10.1359/jbmr.041210
 Samsa, W. E., Zhou, X., and Zhou, G. (2017). Signaling pathways regulating cartilage growth plate formation and activity. Semin. Cell Dev. Biol. 62, 3–15. doi:10.1016/j.semcdb.2016.07.008
 Sandberg, M., and Vuorio, E. (1987). Localization of types I, II, and III collagen mRNAs in developing human skeletal tissues by in situ hybridization. J. Cell Biol. 104 (4), 1077–1084. doi:10.1083/jcb.104.4.1077
 Santos-Beato, P., Midha, S., Pitsillides, A. A., Miller, A., Torii, R., and Kalaskar, D. M. (2022). Biofabrication of the osteochondral unit and its applications: current and future directions for 3D bioprinting. J. Tissue Eng. 13, 20417314221133480. doi:10.1177/20417314221133480
 Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D. E., et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 459 (7244), 262–265. doi:10.1038/nature07935
 Schofield, R. (1978). The relationship between the spleen colony-forming cell and the haemopoietic stem cell. Blood Cells 4 (1-2), 7–25.
 Scotti, C., Tonnarelli, B., Papadimitropoulos, A., Scherberich, A., Schaeren, S., Schauerte, A., et al. (2010). Recapitulation of endochondral bone formation using human adult mesenchymal stem cells as a paradigm for developmental engineering. Proc. Natl. Acad. Sci. U. S. A. 107 (16), 7251–7256. doi:10.1073/pnas.1000302107
 Serowoky, M. A., Arata, C. E., Crump, J. G., and Mariani, F. V. (2020). Skeletal stem cells: insights into maintaining and regenerating the skeleton. Development 147 (5), dev179325. doi:10.1242/dev.179325
 Shiang, R., Thompson, L. M., Zhu, Y. Z., Church, D. M., Fielder, T. J., Bocian, M., et al. (1994). Mutations in the transmembrane domain of FGFR3 cause the most common genetic form of dwarfism, achondroplasia. Cell. 78 (2), 335–342. doi:10.1016/0092-8674(94)90302-6
 Snyder, J. E., Hamid, Q., Wang, C., Chang, R., Emami, K., Wu, H., et al. (2011). Bioprinting cell-laden matrigel for radioprotection study of liver by pro-drug conversion in a dual-tissue microfluidic chip. Biofabrication 3 (3), 034112. doi:10.1088/1758-5082/3/3/034112
 Später, D., Hill, T. P., O'Sullivan, R. J., Gruber, M., Conner, D. A., and Hartmann, C. (2006). Wnt9a signaling is required for joint integrity and regulation of Ihh during chondrogenesis. Development 133 (15), 3039–3049. doi:10.1242/dev.02471
 Tavassoli, M., and Crosby, W. H. (1968). Transplantation of marrow to extramedullary sites. Science 161 (3836), 54–56. doi:10.1126/science.161.3836.54
 Trompet, D., Kurenkova, A. D., Zhou, B., Li, L., Dregval, O., Usanova, A. P., et al. (2024). Stimulation of skeletal stem cells in the growth plate promotes linear bone growth. JCI Insight 9 (6), e165226. doi:10.1172/jci.insight.165226
 Tsukasaki, M., Komatsu, N., Negishi-Koga, T., Huynh, N. C., Muro, R., Ando, Y., et al. (2022). Periosteal stem cells control growth plate stem cells during postnatal skeletal growth. Nat. Commun. 13 (1), 4166. doi:10.1038/s41467-022-31592-x
 Tumbar, T., Guasch, G., Greco, V., Blanpain, C., Lowry, W. E., Rendl, M., et al. (2004). Defining the epithelial stem cell niche in skin. Science 303 (5656), 359–363. doi:10.1126/science.1092436
 van der Stok, J., Koolen, M. K., Jahr, H., Kops, N., Waarsing, J. H., Weinans, H., et al. (2014). Chondrogenically differentiated mesenchymal stromal cell pellets stimulate endochondral bone regeneration in critical-sized bone defects. Eur. Cell Mater 27, 137–148. doi:10.22203/ecm.v027a11
 Vo, T. N., Kasper, F. K., and Mikos, A. G. (2012). Strategies for controlled delivery of growth factors and cells for bone regeneration. Adv. Drug Deliv. Rev. 64 (12), 1292–1309. doi:10.1016/j.addr.2012.01.016
 Wang, Y., Cheng, Z., Elalieh, H. Z., Nakamura, E., Nguyen, M. T., Mackem, S., et al. (2011). IGF-1R signaling in chondrocytes modulates growth plate development by interacting with the PTHrP/Ihh pathway. J. Bone Min. Res. 26 (7), 1437–1446. doi:10.1002/jbmr.359
 Wu, M., Chen, G., and Li, Y. P. (2016). TGF-β and BMP signaling in osteoblast, skeletal development, and bone formation, homeostasis and disease. Bone Res. 4, 16009. doi:10.1038/boneres.2016.9
 Wu, W., DeConinck, A., and Lewis, J. A. (2011). Omnidirectional printing of 3D microvascular networks. Adv. Mater 23 (24), H178–H183. doi:10.1002/adma.201004625
 Yang, Y., Huang, C., Zheng, H., Meng, Z., Heng, B. C., Zhou, T., et al. (2022). Superwettable and injectable GelMA-MSC microspheres promote cartilage repair in temporomandibular joints. Front. Bioeng. Biotechnol. 10, 1026911. doi:10.3389/fbioe.2022.1026911
 Ye, W., Yang, Z., Cao, F., Li, H., Zhao, T., Zhang, H., et al. (2022). Articular cartilage reconstruction with TGF-β1-simulating self-assembling peptide hydrogel-based composite scaffold. Acta Biomater. 146, 94–106. doi:10.1016/j.actbio.2022.05.012
 Zhang, B., He, P., Lawrence, J. E. G., Wang, S., Tuck, E., Williams, B. A., et al. (2023). A human embryonic limb cell atlas resolved in space and time. Nature 635, 668–678. doi:10.1038/s41586-023-06806-x
 Zhang, Y. S., Arneri, A., Bersini, S., Shin, S. R., Zhu, K., Goli-Malekabadi, Z., et al. (2016). Bioprinting 3D microfibrous scaffolds for engineering endothelialized myocardium and heart-on-a-chip. Biomaterials 110, 45–59. doi:10.1016/j.biomaterials.2016.09.003
 Zhou, S., Xie, Y., Tang, J., Huang, J., Huang, Q., Xu, W., et al. (2015). FGFR3 deficiency causes multiple chondroma-like lesions by upregulating hedgehog signaling. PLoS Genet. 11 (6), e1005214. doi:10.1371/journal.pgen.1005214
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2025 Zhang, Moya, Scherberich and Martin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Challenges of engineering a functional growth plate in vitro		1 Introduction

		2 Organization of the growth plate

		3 Growth plate skeletal stem cells and postnatal long bone growth

		4 Current engineered cartilage organoids to study skeletal development

		5 Expected developments and potential challenges for engineering a functional growth plate		5.1 Identifying the pivotal components of a growth plate stem cell niche, towards its in vitro modelling

		5.2 Dissecting the molecular and cellular mechanisms underlying growth plate development

		5.3 Adopting bioengineering strategies for modelling the epiphyseal stem cell niche





		6 Conclusion

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Challenges of engineering a
functional growth plate in vitro





OPS/images/fbioe-13-1550713-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





