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Abstract

:

Tooth and periodontal organoids from stem and progenitor cells represent a significant advancement in regenerative dentistry, offering solutions for tooth loss and periodontal diseases. These organoids, which mimic the architecture and function of real organs, provide a cutting-edge platform for studying dental biology and developing therapies. Recent methodologies have been developed to optimize conditions for organoid production, advancing dental regenerative medicine, disease modeling, and developmental studies. The integration of bioengineering strategies with culture techniques enhances both our understanding and the therapeutic potential of these organoids. Additionally, factors such as the extracellular matrix, growth factors, and culture systems profoundly influence organoid formation and maturation. This review explores various bioengineering approaches for generating organoids, emphasizing the pivotal role of stem and progenitor cells.
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1. Introduction


Organoids are three-dimensional, miniaturized, and simplified versions of organs produced in vitro that replicate the complexity of an organ. They are derived from stem- or progenitor cells and can self-organize into structures and functions that resemble their in vivo counterparts [1,2,3]. Currently, these organoids can be constructed to represent oral and maxillofacial tissues, such as tooth germ [4], periodontal tissue [5,6], temporomandibular joint, lingual, and taste bud organoid [7,8,9,10,11,12].



Tooth and periodontal organoids offer a promising avenue for developmental studies, disease modeling, and therapeutic interventions. These organoids, which mimic the complex structures and functions of teeth and periodontal tissues, allow for the exploration of the mechanisms of dental development and the underlying mechanisms of various oral diseases in a controlled environment [13,14]. Additionally, they serve as valuable models for testing potential treatments and interventions [15]. A significant breakthrough in this field is the development of enamel-producing cells within these organoids, addressing the major issue of enamel’s inability to regenerate itself in vivo [16]. This advancement holds the potential to revolutionize dental medicine by providing innovative solutions for tooth decay and other enamel-related problems.



Despite their advantages in translational applications, there are several remaining challenges that still need to be addressed, such as the maturation, morphological properties, and functional physiology, which can hinder the optimum utilization of these organoids. To address this problem, several approaches have been employed, including genetic modification, cell and tissue engineering, modification of the culture environment, and physical/biochemical induction [17].



In this review, we summarized the current challenges and engineering technologies associated with tooth and periodontal organoids. We examine the existing limitations and discuss potential strategies for addressing them to enhance the translational application of these organoids in regenerative dentistry.




2. General Cell Sources


The development of tooth and periodontal organoids involves specific cell sources to replicate the complex structures and functions of these tissues [18] (Figure 1). This process utilizes stem cells and other progenitor cells, each offering unique advantages, challenges, and methodologies.



2.1. Pluripotent Stem Cells (PSCs)


Dental progenitor or tooth germ cells are favorable for generating tooth organoids because of their inherent regenerative potential and accessibility from dental tissues. However, these cells are mostly derived from third molar teeth, limiting their practical application to posterior teeth due to genetic differences with anterior teeth.



PSCs, including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), can proliferate indefinitely and differentiate into any cell type, providing a versatile tool for organoid development [19]. They can be genetically manipulated to ensure uniformity and reduce variability among resulting organoids. However, the use of ESCs raises ethical issues, although iPSCs, reprogrammed from adult cells, mitigate some of these concerns. Another advantage of using these cells is their broader range of differentiation into various cell types compared to adult stem cells [20]. However, challenges remain, including difficulties in achieving functional and morphological maturation, ensuring purity, preventing teratoma formation, and addressing a higher chance of immune rejection compared to adult stem [21,22].



Directing hPSCs to differentiate into specific dental and periodontal cell types requires complex and finely tuned protocols. Somatic cells are reprogrammed to become iPSCs using factors like Oct4, Sox2, Klf4, and c-Myc [23]. Specific growth factors and signaling molecules guide iPSCs toward dental epithelial and mesenchymal lineages necessary for tooth and periodontal organoid formation [24]. A recent study successfully derived bioengineered tooth germ organoids from mouse pluripotent stem cells (PSCs) through stepwise differentiation into dental mesenchymal cells (DMCs) and dental epithelial cells (DECs) using a transwell culture method [25]. The organoid structure derived from these PSCs exhibited identical mechanical properties to in vivo native mouse teeth, making it applicable for generating various types of teeth.




2.2. Adult Stem Cells (ASCs)


Adult stem cells (ASCs) offer several advantages for generating organoids due to their inherent regenerative potential, which is beneficial for tissue repair and regeneration. They are particularly useful in creating organoids that closely mimic the native tissue environment [26]. Additionally, ASCs, such as mesenchymal stem cells (MSCs), generally have lower immunogenicity compared to pluripotent stem cells (PSCs), which reduces the risk of immune rejection and makes them suitable for applications where immune compatibility is a concern [22].



However, there are notable challenges associated with using ASCs. One major limitation is their availability; ASCs are only accessible from specific tissues, which can limit their scalability and the ease of obtaining sufficient quantities for large-scale applications [27]. Furthermore, ASCs may not possess the full range of differentiation potential required to generate all necessary cell types for creating fully functional organoids. This can result in incomplete or suboptimal organoid models that may not fully replicate the complexity of the target tissues [26].



2.2.1. Dental and Orofacial Stem and Progenitor Cells (DSCs)


Dental stem cells are a diverse group of cells with remarkable regenerative potential, categorized based on their origin within dental tissues (Figure 1). The primary types include dental pulp stem cells (DPSCs) [28], which are derived from the dental pulp of adult teeth and are known for their ability to differentiate into various cell types such as odontoblasts, chondrocytes, and adipocytes. Stem cells from human exfoliated deciduous teeth (SHED) are another type, isolated from the pulp of baby teeth, with higher proliferative rates and greater differentiation potential compared to DPSCs [29]. Periodontal ligament stem cells (PDLSCs) are found in the periodontal ligament and are crucial for regenerating periodontal tissues, including cementum, periodontal ligament, and alveolar bone [30]. Additionally, dental follicle progenitor cells (DFSCs) come from the dental follicle surrounding the developing tooth germ and can differentiate into periodontal ligament cells, osteoblasts, and cementoblasts [31]. Stem cells from the apical papilla (SCAP) are located at the tip of the developing tooth root and are vital for root formation and regeneration [32]. Gingival fibroblast stem cells (GFSCs) are derived from the gum tissue and play a role in wound healing and tissue repair [33]. Alveolar bone marrow stem cells (AB-MSCs) originate from the jawbone, which plays a crucial role in bone regeneration, especially in dental implants and repairing bone defects [34]. Each type of dental stem cell holds unique properties that make them valuable for various applications in dental tissue engineering and regenerative medicine.



DPSCs possess a remarkable ability to differentiate into various cell types, including odontoblasts crucial for dentin formation [35]. These cells can be obtained relatively easily from extracted teeth, such as wisdom teeth, making them accessible for research and clinical applications [29]. However, DSCs face challenges such as limited proliferation compared to other stem cell types and significant donor-to-donor variability in their regenerative potential, impacting result consistency. DPSCs are isolated from dental pulp tissue through enzymatic digestion and cultured in specific media to promote their proliferation and differentiation [36]. Various biochemical and physical cues are applied to induce DPSCs to differentiate into odontoblasts, ameloblasts, and other dental cell types.



PDLSCs are well suited for regenerating periodontal tissues due to their origin from the periodontal ligament. These cells have a high capacity for promoting angiogenesis, crucial for tissue regeneration and healing [37]. However, obtaining PDLSCs requires periodontal ligament tissue, which can be more challenging compared to DPSCs. Additionally, PDLSCs can undergo senescence more rapidly than other stem cell types, limiting their long-term usability [30]. PDLSCs are harvested from the periodontal ligament of extracted teeth and cultured in specialized media to maintain their stemness and proliferative capacity [38]. Techniques such as scaffold-based or hydrogel-based systems are employed to support the formation of periodontal organoids that mimic the native periodontal environment [39].




2.2.2. Mesenchymal Stem Cells (MSCs) from Non-Dental and Orofacial Tissue


Non-orofacial MSCs, such as bone marrow-derived MSCs (BM-MSCs) and adipose-derived stem cells (ADSCs), exhibit high potential for osteogenic and adipogenic differentiation [40,41] as well as secrete growth factors and possess immunomodulatory properties, enhancing dental tissue regeneration [42,43,44,45]. This capability allows effective modeling of alveolar bone and periodontal ligaments within periodontal organoids. The use of BM-MSCs has been particularly effective in representing the bone matrix in periodontal organoids, providing valuable insights into osseous tissue recovery and the interactions between tooth-supporting structures [41]. In tooth organoids, these MSCs can also partially represent a component of dental pulp tissue [46]. These widely available non-dental MSCs offer a readily accessible and versatile cell source for tooth and periodontal organoids.




2.2.3. Hematopoietic Stem Cells


Hematopoietic stem cells (HSCs), typically derived from bone marrow or peripheral blood, contribute primarily to studying immune tissue [47]. Incorporating HSCs into these organoids allows for the investigation of immune responses, particularly in inflammatory conditions such as periodontitis, where immune cell infiltration and cytokine production play crucial roles [48]. This integration of HSCs helps to create a more physiologically relevant model for periodontal diseases, enabling the study of immune-mediated tissue destruction and repair processes.





2.3. Somatic Cells


In addition to PSCs and ASCs, somatic cell types can be integrated into tooth and periodontal organoids. Epithelial cells, essential for enamel formation, and endothelial cells, crucial for vascularization, can be derived from various tissues or reprogrammed [33,45]. Fibroblasts provide structural support and produce extracellular matrix components [49,50], while immune cells, including macrophages and T cells, help study immune responses and inflammation [51]. These additional cells contribute to the complexity and functionality of organoids, despite challenges such as maintaining cell phenotype, ensuring stable integration, and managing variability in cell quality [52].



Using somatic cells to generate tooth and periodontal organoids presents several difficulties. Advantages of somatic cells include their ability to more accurately recapitulate the native tissue architecture and function, providing a closer representation of in vivo conditions [53]. This can be crucial for studying tissue-specific phenomena and developing realistic disease models. Despite these advantages, somatic cells, such as primary cells, are often difficult to adapt in vitro due to their lower proliferation rates, limited lifespan, and high variability [54].





3. Tissue Engineering Approach


3.1. Scaffold Free Culture


Scaffold-free systems rely on the self-assembling properties of cells to form three-dimensional structures without the need for exogenous scaffolding materials. Techniques such as cell sheets or promoting cell aggregation using hanging drops and low-adhesion plates are commonly used (Figure 1). Sasai et al. [55] describe how scaffold-free culture methods can be used to generate complex organoid structures, demonstrating the self-organization capabilities of pluripotent stem cells in the absence of scaffolds. These methods offer significant advantages for the development of tooth and periodontal organoids by promoting direct cell-cell interactions, which more closely mimic native tissue microenvironments [56,57]. Direct cellular interaction enhances cell communication, signaling, and tissue organization, leading to improved tissue maturation and functionality [58]. The absence of exogenous scaffolds also reduces the risk of immune responses, inflammation, and scaffold-related complications such as degradation products, thereby enhancing biocompatibility.



Despite their benefits, scaffold-free culture methods have notable limitations. The lack of mechanical support inherent in these methods can be a significant drawback, as it is essential for guiding tissue organization and architecture. This limitation can result in less predictable tissue formation and may impede the engineering of larger and more complex tissues [56]. Additionally, scaffold-free approaches may face challenges in scalability and reproducibility, particularly when constructing larger tissue structures or organoids, as controlling the size and shape of tissue constructs without a scaffold is more challenging [59,60]. This condition is also related to limited nutrient transfer, toxic metabolic byproducts, and oxygenation when the structure grows excessively larger than 500 µm in diameter [61]. Moreover, these methods may offer less control over tissue morphology and structure, which can be critical for tissue engineering applications that require precise architectural control. To address this problem, cell sheet technology can be applied mainly when aimed at the transplantation of engineered periodontal tissues [44] (Table 1).



In their development, the formation of the tooth relies on the interaction between mesenchymal and epithelial cells. This principle was applied by Nakao et al. to develop a three-dimensional bioengineered tooth germ culture by mixing dental mesenchymal cells (DMCs) and dental epithelial cells (DECs). Using this method, they successfully structurally mimic the tooth, both in vitro and after transplantation into a mouse tooth cavity in vivo, demonstrating the integration of blood vessels and nerve fibers [71]. Using a similar approach, another study replicated the results in a larger animal [72,73].



A study conducted by Basu, et al. demonstrates that scaffold-free organoid constructs, engineered using PDLCs containing dental progenitor cell populations, can self-assemble into organized multi-tissue structures resembling natural periodontal tissues. These constructs form a cylindrical structure with a mineralized cementum-like core and a periodontal ligament (PDL)-like periphery, maintaining their organization both in vitro and in vivo [5]. Such engineered tissues could be used for periodontal regeneration or as model systems to study PDLC biology. Similarly, Itoh et al. developed scaffold-free 3D dental pulp stem cell organoid constructs for dental pulp regeneration. These constructs remained viable in vitro and self-organized into pulp-like tissues with rich blood vessels when implanted in human tooth root canals in immunodeficient mice [5].



Kim et al. successfully generated mineralizing dental epithelial organoids (DEOs) from adult dental epithelial stem cells (aDESCs) isolated from mouse incisor tissues [74]. These DEOs expressed ameloblast markers and could be maintained in vitro for over five months with signaling pathway modulators. When transplanted under murine kidney capsules, they produced hydroxyapatite crystallites resembling natural dental tissues, indicating their potential for regenerative enamel therapy.




3.2. Matrix Embedded Culture


Matrigel, a gel-like protein mixture sourced from Engelbreth–Holm–Swarm (EHS) mouse sarcoma cells, offers a supportive extracellular matrix (ECM) environment crucial for the growth and differentiation of organoids. Matrigel embedding is commonly employed for culturing diverse types of organoids, including those derived from oral and maxillofacial tissues (Table 1). This ECM provides advantages such as closely mimicking the in vivo environment, supporting complex structures, and being suitable for long-term culture [52,75,76,77,78]. However, challenges associated with Matrigel use include variability in matrix composition, high cost, and ethical concerns regarding animal-derived products that remain a concern [79,80]. Alternatives to Matrigel, a commonly used basement membrane matrix for cell culture, can be derived from natural and synthetic sources. Natural alternatives include extracellular matrix (ECM) proteins such as collagen [81], laminin [81,82], and fibronectin [83], which offer biocompatibility and support cell adhesion and growth. Synthetic alternatives include hydrogels like polyethylene glycol (PEG) and alginate, which offer tunable mechanical properties and degradation rates. PEG hydrogels can be functionalized with cell-adhesive peptides to enhance cell attachment and growth [84,85], while alginate provides a 3D environment for encapsulating cells and promoting their proliferation and differentiation [79,86].



Hemeryck et al. developed a novel epithelial organoid model derived from human teeth. By isolating dental follicle (DF) tissue from unerupted wisdom teeth, they successfully generated long-term expandable Matrigel-embedded dental epithelial organoids [65]. These organoids exhibited characteristics of tooth epithelial stemness, similar to the epithelial cell rests of Malassez (ERM) found in the DF, which houses dental epithelial stem cells. When exposed to epidermal growth factor (EGF), the organoids underwent transient proliferation followed by epithelial–mesenchymal transition (EMT), closely replicating the processes observed in the ERM in vivo. Additionally, these ERM stemness organoids demonstrated the ability to initiate an ameloblast differentiation process [65].




3.3. Scaffold Based Culture


Scaffold-based culture methods play a crucial role in the advancement of engineered tooth and periodontal tissue or organoid models, offering a platform to replicate the intricate architecture and function of these tissues [87]. In these approaches, cells are seeded onto a supportive scaffold that provides structural integrity and cues for cell attachment, proliferation, and differentiation [41] (Figure 1). A variety of scaffolds, including synthetic polymers, natural polymers, and decellularized tissues, are employed to mimic the extracellular matrix (ECM) environment of native tissues [88].



Studies have explored the use of bioactive scaffold materials such as hydrogels, which can mimic the ECM and provide cues for cell differentiation and tissue regeneration [89] (Table 1). Additionally, advances in 3D bioprinting technology have enabled the fabrication of complex scaffold structures with precise control over spatial organization and composition, facilitating the development of biomimetic tooth and periodontal tissue constructs [90]. Several attempts have been made to improve the generation of tooth organoids by modifying scaffolds. For example, to spatially control tooth development, porcine DMCs and DECs were seeded in a poly(lactic-co-glycolic acid) (PLGA) scaffold containing nano-hydroxyapatite to further promote differentiation [64]. Fiber alignment by electrospinning influenced cell orientation during the early weeks after seeding, but it had no long-term impact on cell alignment or the deposition of organized calcified matrix once the cells reached confluency.



Smith et al. developed a biomimetic tooth bud model using post-natal porcine dental epithelial (pDE), porcine dental mesenchymal (pDM) progenitor cells, and human umbilical vein endothelial cells (HUVECs) encapsulated within GelMA hydrogels. Their study demonstrated that GelMA constructs supported predictable mineralized dental tissue formation of specified size and shape, overcoming previous limitations of small tooth structures formed within scaffold pores. Encapsulated pDE-HUVEC constructs in 3% GelMA and pDM-HUVEC constructs in 5% GelMA supported dental cell differentiation and vascular mineralized tissue formation, presenting a promising approach for bioengineered tooth replacement in humans [91]. Another attempt, developed by Bektas et al., aimed to generate tooth germ organoids using modified hydrogel microparticles (HMPs) derived from gelatin methacrylate (GelMA) as scaffolds for human dental pulp stem cells (hDPSCs) and porcine dental epithelial cells (pDE) [66]. These co-cultured structures exhibited polarized, differentiated dental cells, suggesting potential in tooth regeneration strategies.



Decellularized organ scaffolds can provide an extracellular matrix to control the shape of tissue formation and guide the specific differentiation of the tooth bud [92]. Using decellularized tooth buds (dTBs), Zhang et al. seeded human dental pulp cells (DPCs) and porcine DECs together with human umbilical vein endothelial cells (HUVECSs) to enhance the vascularization of the pulp-like tissue. This recellularized tissue construct showed significant production of organized dentin and enamel-like tissues [53]. Another investigation was conducted to improve the incorporation of growth factors, bioactive molecules, and stem cells into scaffold-based cultures to enhance tissue regeneration and promote functional integration with the host environment [93,94,95,96]. For instance, to mimic the tissue environment, the tooth germ organoid can be formed in polycaprolactone (PCL) together with neural growth factors embedded inside to further induce tooth germ differentiation and self-tissue rearrangements with functional tissue innervation [65].



While offering a tissue-like environment, there is a need to further enhance several aspects. These improvements entail optimizing scaffold properties such as biocompatibility, mechanical strength, and degradation kinetics to better support tissue development [97,98]. Moreover, ensuring the sustained stability and functionality of engineered tissues remains a prominent research focus [99].




3.4. Microphysiological System/Organoid on Chip


Microphysiological devices, also known as organ-on-a-chip systems, integrate microfluidic technology to create small-scale, physiologically relevant models of human organs (Figure 1). These systems can replicate the complex microenvironment of tissues, including mechanical and biochemical cues, making them ideal for studying organoid development and function [100] (Table 1). This technology enables precise control over culture conditions, the ability to study dynamic processes, and the potential for cultivating organoid models to study inter-organ interactions [69,101,102].However, this culture system exhibits several challenges related to technical complexity, high cost, and scalability issues.



The study by Zhang, et al. explored how cell density and GelMA concentrations influence microfluidic chip-based tissue constructs. Optimal conditions were identified with 2 × 104 cells/μL density and 5% GelMA concentration promoting cell growth and uniform distribution, enhancing osteogenic or odontogenic differentiation of stem cells from the apical papilla (SCAP) [63]. This suggests the potential for simplified dentin-on-a-chip models using GelMA with SCAP at the recommended seeding density. França et al. developed a similar tooth-on-a-chip model to mimic the dentin pulp interface. This model allows for live-cell imaging of dental pulp cell responses to biomaterials. Stem cells from the apical papilla (SCAPs) were cultured on a dentin matrix-coated wall within a microfluidic device, and standard dental materials were tested for cytotoxicity and metabolic activity. Real-time tracking revealed dental pulp cells’ potential contribution to proteolytic activity in the model hybrid layer, highlighting the tooth-on-a-chip’s utility for studying dental pulp cell responses to biomaterials [32].



Investigations by Niu et al. utilized a microfluidic chip to mimic dentin tubule structures, facilitating odontoblast culture. By varying microchannel sizes, they found that 2 μm channels induce odontoblast process growth, mirroring in vivo conditions. This chip offers a valuable tool for studying odontoblast physiology and developing dental disease treatments, such as dentin hypersensitivity [103].



Gard et al. introduced a high-throughput microfluidic organ-on-chip model of human periodontal organoid, including keratinocytes, dental fibroblasts, and endothelial cells. This triculture model accurately replicates physiological tissue structure, mucosal barrier formation, and protein biomarker expression and secretion, enabling the study of inflammation over several weeks. By administering specific small molecule inhibitors, they mitigated the inflammatory response, demonstrating the potential for identifying new therapeutic targets for gum disease and facilitating preclinical drug efficacy testing [69].




3.5. 3D Bioprinting Technologies


Three-dimensional (3D) bioprinting technology has emerged as a promising tool in regenerative dentistry, enabling the precise fabrication of three-dimensional tissue constructs by layering bioinks (cells, matrix, growth factors, or scaffold) [104,105]. In oral and maxillofacial organoid research, 3D bioprinting can recreate complex structures like teeth and periodontal tissue with high precision, which is crucial for studying tissue development and regenerative medicine [106,107] (Figure 1). This technology also enables customizable designs for patient-specific organoids, enhancing the potential for personalized medicine [108,109] (Table 1).



Murphy and Atala emphasized the advantage of 3D bioprinting in creating patient-specific implants and tissue models [110]. The technology supports scalable production, enabling large-scale 3D bioprinting for various potential clinical applications [111]. However, current bioprinting techniques often face challenges in achieving the necessary resolution to recreate the fine details of natural tissues, which can affect tissue viability and functionality [112,113]. Additionally, the high costs of bioprinting equipment and materials may limit accessibility in some research and clinical settings [114,115]. Current bioinks may lack the necessary mechanical properties and biocompatibility required for certain oral and maxillofacial tissues [113]. Despite these challenges, Daly et al. discussed the applications of 3D bioprinting in tissue engineering, highlighting its ability to fabricate anatomically accurate and functional tissue constructs, including those for craniofacial regeneration [116].



A novel multi-component hydrogel, comprising GelMA, sodium alginate, and bioactive glass microspheres, was developed for 3D bioprinting to regenerate periodontal tissues. This hydrogel exhibited excellent printability and biocompatibility, along with enhanced osteogenic differentiation in vitro. Furthermore, Miao et al. revealed that this system performs better when loaded with mouse bone marrow mesenchymal stem cells and growth factors (BMP2 and PDGF), which effectively promoted the regeneration of gingival tissue, periodontal ligament, and alveolar bone in vivo to address periodontal defects [68].





4. Gene Profiling, Genetic Engineering, and Adjustment of Mechanical and Biochemical Conditions


Gene profiling and genetic engineering are powerful tools revolutionizing our understanding and manipulation of biological systems, even in complex structures like tooth and periodontal organoids [117]. Gene profiling analyzes gene expression patterns within cells, offering insights into their behavior and function [118]. By unraveling the genetic signatures of these organoids, scientists can identify key genes involved in tooth and periodontal development, homeostasis, and disease processes [119]. Genetic engineering enables precise manipulation of these genes, offering potential avenues for therapeutic interventions or regenerative medicine approaches. This combination of techniques holds promise for addressing dental and periodontal disorders, paving the way for personalized treatments tailored to individual genetic profiles [56,57].



Tooth decay poses a significant challenge due to the enamel’s inability to naturally regenerate. Recent research has made significant strides in presenting enamel-producing cells using organoids, potentially revolutionizing dental medicine. Alghadeer et al. developed enamel-producing organoids by replicating the genetic program guiding fetal stem cells to become ameloblasts. Using single-cell combinatorial indexing RNA sequencing (sci-RNA-seq) and the Monocle program, they mapped gene expression patterns driving this differentiation. This approach successfully created organoids capable of secreting enamel proteins [16], representing a 3D organoid system that models amelogenesis imperfecta, thus advancing enamel therapies.



The generation of organoids can be enhanced using CRISPR-Cas9 gene editing technology to modify cellular responses and promote maturation. By targeting specific genes, this method triggers the expression of substances that aid in cell differentiation [120]. For example, a CRISPR-Cas9-based technique can activate transcription factors, adjust tissue-regulated networks, and improve the maturation of PSC-derived organoids [121]. While this approach shows promise, the effectiveness of using genetic editing tools to control organoid self-organization is limited by incomplete information on cell behavioral complexity and regulatory networks, highlighting the need for further research in this area.



Irfan et al. investigated the role of the C5L2 receptor in inflammation-induced odontoblastic differentiation of dental pulp stem cells (DPSCs) by using CRISPR knockout (KO) and a TrkB antagonist. They found that C5L2 CRISPR KO enhances mineralization and expression of dentin proteins DSPP and DMP-1 in TNFα-stimulated DPSCs, with TrkB playing a critical regulatory role in this process [122].



Mechanical stimuli, such as compression, tension, and shear stress, can enhance the proliferation, differentiation, and mineralization of cellular components in tooth and periodontal organoids [123,124]. The scoping review by Rad et al. evaluated the impact of mechanical forces on the behavior of various dental stem cells (DSCs) through a comprehensive analysis of 18 in vitro studies published between 2008 and 2019. The study examined the effects of tension, hydrostatic pressure, compression, simulated microgravity, and vibration on osteogenic/odontogenic differentiation, proliferation, adhesion, and migration of DSCs, including periodontal ligament stem cells (PDLSCs), dental pulp stem cells (DPSCs), and stem cells from apical papilla (SCAP). The review found that various mechanical forces, except uniaxial tension, generally promoted the osteogenic/odontogenic differentiation of DSCs, with specific forces like tension and simulated microgravity enhancing PDLSC and DPSC proliferation both in tooth and periodontal organoids. Additionally, carrier features and the duration of tension application influenced the extent of osteogenic differentiation in DSCs [123].



The application of mechanical forces can induce the differentiation of DPSCs into odontoblast-like cells, which are responsible for forming dentin, a key component of tooth structure. This differentiation is mediated through various signaling pathways and the expression of specific genes related to odontogenesis. Moreover, mechanical stimuli can modulate the extracellular matrix production and the secretion of growth factors by DPSCs, further promoting tissue regeneration and repair. The study emphasizes the potential of using mechanical forces in combination with other biochemical factors to optimize the regenerative capabilities of DPSCs in clinical applications [125].



Research by Jia et al. investigated the effects of different cyclic stress loadings on inflammatory human periodontal ligament cells (hPDLCs). They found that excessive stress loading (150 kPa) significantly increased the expression of inflammatory and osteoclastic markers, while moderate cyclic pressure (0–90 kPa) promoted osteogenic differentiation. The study suggests that appropriate mechanical stimulation is crucial for maintaining bone homeostasis in periodontal organoids and highlights the differential impact of stress levels on hPDLC function [126].



The study by Wang et al. investigated the effects of shear stress on the endothelial differentiation of stem cells from human exfoliated deciduous teeth (SHEDs). The researchers found that shear stress significantly upregulated the expression of arterial markers and angiogenic proteins, enhancing the formation of vessel-like structures in vitro. Additionally, shear stress increased VEGF protein levels, and the process involved VEGF-DLL4/Notch-EphrinB2 signaling, demonstrating shear stress’s role in inducing arterial endothelial differentiation of SHEDs [127].



Research by Shi et al. demonstrates that flow shear stress (FSS) promotes the proliferation of periodontal ligament (PDL) cells, essential for periodontal regeneration. Their study reveals that FSS remodels the cytoskeleton and focal adhesion, activates the p38 pathway, and facilitates YAP nuclear translocation, providing mechanistic insights and potential applications for tooth and periodontal regenerative medicine [128].



Honda et al. investigated the effect of shear stress on odontogenic cells, focusing on its role in tissue-engineered odontogenesis. Cells from the porcine third molar at the early crown formation stage were seeded on a biodegradable polyglycolic acid fiber mesh, with and without exposure to shear stress. In vitro, shear stress significantly enhanced the expression of odontogenic-related mRNAs and proteins, as well as alkaline phosphatase activity, without affecting cell proliferation. In vivo, constructs exposed to shear stress for 12 h formed enamel and dentin tissues after 15 weeks, unlike controls. This study concludes that shear stress facilitates odontogenic cell differentiation and tooth tissue engineering [129].



A study by Zhao et al. highlights the role of dental pulp stem cells (DPSCs), a type of mesenchymal stem cells from dental pulp, in biological regeneration. DPSCs can differentiate into multiple cell types and promote osteogenesis, odontogenesis, chondrogenesis, and angiogenesis, regulated by numerous intra- and extracellular factors. The review focuses on the impact of biomechanical cues, such as substrate stiffness, physical stress, and cell spreading, on DPSC function, discussing related signaling components, current findings, and potential applications in regenerative medicine and tissue engineering [28].



Research by Yang et al. investigated the effects of compressive stress on the proliferation and differentiation of human dental pulp cells (hDPCs). Using a four-point bending strain system, they applied low-density cyclic uniaxial compressive stress to hDPCs and found that cell cycle progression and differentiation-related gene expression were significantly promoted. The study concluded that hDPCs are sensitive to compressive stress, enhancing proliferation and odontogenic differentiation in vitro [130]. Another study by Klimcumhom et al. investigated the role of Yes-associated protein (YAP) in human periodontal ligament (PDL) cells under intermittent compressive force (ICF). They found that ICF-induced YAP promotes osteogenesis and inhibits adipogenesis in PDL cells. The study suggests that YAP is a crucial mechanosensitive transcriptional activator in periodontal organoid, highlighting its potential to facilitate periodontal tissue regeneration through manipulation of the Hippo-YAP signaling pathway [131].



Kim et al. investigated periodontal ligament (PDL) regeneration strategies, developing fibrous scaffolds mimicking the PDL matrix. The scaffold-seeded PDL fibroblasts exhibited proliferative and osteogenic potential, with scaffold topography influencing cellular behaviors mediated by yes-associated protein (YAP) signaling. Their findings suggest that fiber–hydrogel complexes could offer a promising approach for guided periodontal ligament regeneration using organoid technology [132].



Biochemical induction plays a crucial role in the development and regeneration of dental tissues, including tooth and periodontal organoids, as well as in the differentiation and proliferation of dental stem cells. This process often involves the application of small molecules or growth factors that can precisely guide cellular behavior and tissue formation [4]. Small molecules, such as retinoic acid and various signaling pathway inhibitors, are employed to modulate specific biochemical pathways, thus promoting the differentiation of stem cells into odontoblasts, ameloblasts, and other specialized dental cells. Growth factors like BMPs (bone morphogenetic proteins) [31], FGFs (fibroblast growth factors) [133], and TGFs (transforming growth factors) [4] are essential in mimicking the natural developmental signals, enhancing cellular communication, and orchestrating the complex processes of tissue morphogenesis and repair [134]. The strategic use of these biochemical agents in vitro allows the differentiation and maturation of functional tooth and periodontal organoids that closely resemble their in vivo counterparts.



The study by Algadheer et al. introduced a new method to create human enamel teeth using human-induced pluripotent stem cells (hiPSCs). The researchers developed a three-step process with specific signaling pathways and molecules. First, hiPSCs were turned into non-neural ectoderm using SU5402, which inhibits the FGF signaling pathway. Next, this ectoderm was converted into oral ectoderm using LDN193189 (a BMP inhibitor) and purmorphamine (an SHH activator). Finally, the oral ectoderm cells were made into enamel-producing ameloblasts using Purmorphamine, XAV939 (a WNT inhibitor), and BMP4 [16].



Zhu et al. developed a fast, three-step method to generate dental epithelial (DE) cells from human induced pluripotent stem cells (hiPSCs) in just 8 days. They used specific small molecules for each step: SU5402 (an FGF signaling inhibitor) to form non-neural ectoderm, LDN193189 (a BMP inhibitor) and purmorphamine (an SHH activator) to form oral ectoderm, and then Purmorphamine, XAV939 (a WNT inhibitor), and BMP4 to turn the oral ectoderm into DE cells [135]. Proangigenic protein SEMA4D and its receptor Plexin B1 are expressed in dental pulp stem cells (DPSCs), stem cells from human exfoliated deciduous teeth (SHED), and human dental pulp tissues. Recombinant human SEMA4D (rhSEMA4D) at 25–100 ng/mL significantly induces the expression of endothelial markers VEGFR-2, CD31, and Tie-2 in DPSCs and promotes capillary-like sprouting in vitro [136].




5. Limitation and Possible Improvement by Bioengineering Approaches


5.1. Morphology Mimicry of In Vivo Like-Tissue Complexity


Replicating the identical structure of natural tissues in engineered teeth and periodontal tissues is crucial. For disease modeling, it ensures accurate simulations and a better understanding of dental and periodontal diseases, leading to more targeted treatments. In therapeutic testing and transplantation, structurally and functionally identical tissues integrate better, restoring function, supporting healing, and reducing rejection risks [137]. This similarity enhances the evaluation of drugs, biomaterials, and regenerative therapies in a realistic context, leading to more predictive and safer outcomes before clinical trials.



Despite this importance, reproducing the full complexity and heterogeneity of teeth and periodontal tissues is challenging. Organoids often lack the precise structural organization and the diverse cell types present in natural tissues. Advanced bioengineering techniques, such as 3D bioprinting, can improve the arrangement of those different cell types and biomaterials to mimic the intricate architecture of the actual tissue. Utilizing scaffold materials that provide specific cues for cell differentiation and organization can also improve tissue complexity. For instance, Daly et al. (2021) highlighted the potential of 3D bioprinting to recreate the complex structures of craniofacial tissues, demonstrating improved structural and functional outcomes in tissue constructs [116].



Another significant challenge in tooth and periodontal organoids is the lack of vascularization. Organoids often remain limited in size and complexity due to insufficient nutrient and oxygen supply, which is a direct consequence of inadequate vascular networks within the organoids. Wörsdörfer et al. demonstrated that incorporating endothelial cells into cerebral organoids leads to the formation of a primitive vascular network, suggesting a similar strategy could be effective for oral and maxillofacial organoids [138]. Bioengineering approaches can address this issue by integrating endothelial cells into the organoid culture to promote vascular network formation. However, creating a microvascular tube with a neovascularization capability remains challenging. Replicating this complexity is still beyond the capabilities of current bioprinting technologies [113].




5.2. Scaling up and Reproducibility


Scaling up the production of organoids for clinical applications and ensuring reproducibility between batches remains challenging due to variability in organoid size, shape, and functionality. This variability can hinder clinical translation, but implementing standardized protocols and automated culture systems can improve scalability and reproducibility. High-throughput screening and quality control measures are essential for consistent organoid quality. Yin et al. emphasized the importance of standardizing culture conditions and using automated bioreactor systems to enhance both the reproducibility and scalability of organoid production [139].



Another possible cost-effective method is the utilization of growth factor accumulation in conditioned media using a dialysis-based strategy. This accumulation is derived from recycling remaining exogenous growth factors altogether with accumulated endogenous growth factors secreted by the organoid itself [140,141].




5.3. Functional Maturation


Organoids often lack the full functional maturity of adult tissues, limiting their utility in disease modeling and regenerative medicine. Achieving the mature phenotype and function of oral and maxillofacial tissues remains a significant challenge. Providing mechanical and biochemical cues that mimic the in vivo environment can promote the functional maturation of organoids. Co-culturing with other cellular components in related tissues, as well as applying mechanical forces (e.g., shear stress, tension), can enhance tissue maturation. Sano et al. explored the regenerative potential of co-cultured spheroids of human periodontal ligament mesenchymal stem cells (hPDLMSCs) and human umbilical vein endothelial cells (HUVECs) in vitro and in vivo. Co-cultured spheroids showed upregulation of stemness markers, VEGF, and osteogenesis-related genes, along with increased nodule formation compared to monolayer and hPDLMSC spheroid cultures [142].



Another approach to induce maturation in dental pulp cells is by using a maturation inducer molecule. Nie et al. investigated the effects of TGF-beta1 on dental pulp cells in different culture patterns. TGF-beta1 significantly increased cell proliferation, ALPase activity, and the formation of mineralization nodules in cell cultures. In tissue and three-dimensional cultures, TGF-beta1 induced dental pulp cells to differentiate into odontoblast-like cells, forming a pulp–dentinal complex and upregulating dentine-related proteins DSPP and DMP-1. This study highlights the crucial role of TGF-beta1 in odontoblast differentiation and pulp repair [143].




5.4. Integration with the Host Tissue


The integration of tooth and periodontal organoids or engineered tissues with the host tissue environment presents significant challenges that need to be addressed for successful regenerative therapies. Ensuring proper integration of the printed tissue with the host tissue in vivo is another major hurdle. One of the primary issues is the immune response elicited by the host tissue [144]. When foreign cells or tissues are introduced into the body, the immune system may recognize them as threats and initiate an inflammatory response, leading to rejection or impaired function of the implanted organoids [145].



The use of DPSCs and mesenchymal stem cells (MSCs) from various sources as a primary cell source for generating organoids or engineered tissues offers the potential to reduce immune rejection, largely due to their low immunogenicity compared to pluripotent stem cells [146]. Unlike pluripotent cells, DPSCs and MSCs are less likely to trigger a strong immune response, making them more suitable for clinical applications. Moreover, these cells secrete several immunomodulatory cytokines, such as prostaglandin E2 (PGE2), interleukin-6 (IL-6), and transforming growth factor-beta (TGF-β), which possess anti-inflammatory properties [147]. These cytokines help create a more tolerogenic environment by dampening the immune response and reducing inflammation. As a result, the use of DPSCs and MSCs not only minimizes the risk of immune rejection but also mitigates the inflammatory response, making them ideal candidates for tissue engineering and regenerative medicine applications [146].



One promising alternative approach is the use of immunomodulatory treatments to dampen the host immune response and promote tolerance to the implanted tissues. This can be achieved through local delivery of anti-inflammatory agents or systemic immunosuppressive therapies [148]. Additionally, advancements in tissue engineering techniques, such as the use of biomimetic scaffolds and 3D bioprinting, have improved the ability to replicate the native periodontal architecture [148]. These scaffolds can be designed to provide the necessary biochemical cues and mechanical support to facilitate the integration and function of the implanted tissues.



Incorporating stem cells that can differentiate into various periodontal cell types within the scaffolds enhances the regenerative potential of the engineered tissues, promoting better integration and repair of the damaged tooth and periodontal structures. For instance, the complexity of replicating the native tooth and periodontal environment, which includes a diverse array of cell types, extracellular matrix components, and vascularization, further complicates the integration process, making it difficult to achieve functional and structural integration [137]. Ensuring the engineered tissues mimic the native biological and mechanical properties is crucial for their long-term survival and functionality within the host environment [144].





6. Conclusions


In summary, the development of tooth and periodontal organoids from stem and progenitor cells marks a significant advancement in regenerative dentistry, offering promising solutions for tooth loss and periodontal diseases. These organoids, designed to replicate native organ architecture and function, provide a sophisticated platform for studying oral and maxillofacial biology and advancing therapeutic interventions. Recent methodological advancements have improved organoid production conditions, driving forward the field of dental regenerative medicine and enabling disease modeling and developmental studies.



Moreover, critical factors such as the extracellular matrix, growth factors, and culture systems influence dental organoid formation and maturation, impacting their functionality. Optimizing these parameters can enhance organoid efficiency and functionality, bringing this technology closer to clinical applications. Exploring various bioengineering approaches underscores the importance of stem and progenitor cells in tooth and periodontal organoid development, offering potential for innovative regenerative therapies and personalized dental treatments.







Author Contributions


Conceptualization, F.G.T.; writing—original draft preparation, F.G.T., S.T.N. and Z.G.; writing—review and editing, F.G.T.; scientific illustration, F.G.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Tang, X.Y.; Wu, S.; Wang, D.; Chu, C.; Hong, Y.; Tao, M.; Hu, H.; Xu, M.; Guo, X.; Liu, Y. Human organoids in basic research and clinical applications. Signal Transduct. Target. Ther. 2022, 7, 168. [Google Scholar] [CrossRef] [PubMed]

	



Oshima, M.; Ogawa, M.; Tsuji, T. Regeneration of complex oral organs using 3D cell organization technology. Curr. Opin. Cell Biol. 2017, 49, 84–90. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, G.; Manfrin, A.; Lutolf, M.P. Progress and potential in organoid research. Nat. Rev. Genet. 2018, 19, 671–687. [Google Scholar] [CrossRef] [PubMed]

	



Rosowski, J.; Bräunig, J.; Amler, A.K.; Strietzel, F.P.; Lauster, R.; Rosowski, M. Emulating the early phases of human tooth development in vitro. Sci. Rep. 2019, 9, 7057. [Google Scholar] [CrossRef]

	



Basu, A.; Rothermund, K.; Ahmed, M.N.; Syed-Picard, F.N. Self-assembly of an organized cementum-periodontal ligament-like complex using scaffold-free tissue engineering. Front. Physiol. 2019, 10, 422. [Google Scholar] [CrossRef]

	



Pischon, N.; Zimmermann, B.; Bernimoulin, J.P.; Hägewald, S. Effects of an enamel matrix derivative on human osteoblasts and PDL cells grown in organoid cultures. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontology 2006, 102, 551–557. [Google Scholar] [CrossRef]

	



Hisha, H.; Tanaka, T.; Kanno, S.; Tokuyama, Y.; Komai, Y.; Ohe, S.; Yanai, H.; Omachi, T.; Ueno, H. Establishment of a novel lingual organoid culture system: Generation of organoids having mature keratinized epithelium from adult epithelial stem cells. Sci. Rep. 2013, 3, 3224. [Google Scholar] [CrossRef]

	



Shechtman, L.A.; Piarowski, C.M.; Scott, J.K.; Golden, E.J.; Gaillard, D.; Barlow, L.A. Generation and culture of lingual organoids derived from adult mouse taste stem cells. J. Vis. Exp. 2021, 2021, e62300. [Google Scholar] [CrossRef]

	



Hisha, H.; Tanaka, T.; Ueno, H. Lingual epithelial stem cells and organoid culture of them. Int. J. Mol. Sci. 2016, 17, 168. [Google Scholar] [CrossRef]

	



Aihara, E.; Mahe, M.M.; Schumacher, M.A.; Matthis, A.L.; Feng, R.; Ren, W.; Noah, T.K.; Matsu-Ura, T.; Moore, S.R.; Hong, C.I.; et al. Characterization of stem/progenitor cell cycle using murine circumvallate papilla taste bud organoid. Sci. Rep. 2015, 5, 17185. [Google Scholar] [CrossRef]

	



Liu, S.; Zhu, P.; Tian, Y.; Chen, Y.; Liu, Y.; Chen, W.; Du, L.; Wu, C. Preparation and application of taste bud organoids in biomedicine towards chemical sensation mechanisms. Biotechnol. Bioeng. 2022, 119, 2015–2030. [Google Scholar] [CrossRef] [PubMed]

	



Adpaikar, A.A.; Zhang, S.; Kim, H.-Y.; Kim, K.W.; Moon, S.J.; Lee, J.-M.; Jung, H.-S. Fine-tuning of epithelial taste bud organoid to promote functional recapitulation of taste reactivity. Cell. Mol. Life Sci. 2022, 79, 211. [Google Scholar] [CrossRef] [PubMed]

	



Hermans, F.; Hemeryck, L.; Bueds, C.; Torres Pereiro, M.; Hasevoets, S.; Kobayashi, H.; Lambrechts, D.; Lambrichts, I.; Bronckaers, A.; Vankelecom, H. Organoids from mouse molar and incisor as new tools to study tooth-specific biology and development. Stem Cell Rep. 2023, 18, 1166–1181. [Google Scholar] [CrossRef]

	



Dutta, D.; Heo, I.; Clevers, H. Disease Modeling in Stem Cell-Derived 3D Organoid Systems. Trends Mol. Med. 2017, 23, 393–410. [Google Scholar] [CrossRef] [PubMed]

	



Koch, F.; Meyer, N.; Valdec, S.; Jung, R.E.; Mathes, S.H. Development and application of a 3D periodontal in vitro model for the evaluation of fibrillar biomaterials. BMC Oral Health 2020, 20, 148. [Google Scholar] [CrossRef]

	



Alghadeer, A.; Hanson-Drury, S.; Patni, A.P.; Ehnes, D.D.; Zhao, Y.T.; Li, Z.; Phal, A.; Vincent, T.; Lim, Y.C.; O’Day, D.; et al. Single-cell census of human tooth development enables generation of human enamel. Dev. Cell 2023, 58, 2163–2180.e9. [Google Scholar] [CrossRef]

	



Sun, L.; Du, X.; Kuang, H.; Sun, H.; Luo, W.; Yang, C. Stem cell-based therapy in periodontal regeneration: A systematic review and meta-analysis of clinical studies. BMC Oral Health 2023, 23, 492. [Google Scholar] [CrossRef] [PubMed]

	



Hsiao, H.Y.; Nien, C.Y.; Hong, H.H.; Cheng, M.H.; Yen, T.H. Application Of Dental Stem Cells In Three-Dimensional Tissue Regeneration. World J. Stem Cells 2021, 13, 1610–1624. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell 2006, 126, 663–676. [Google Scholar] [CrossRef]

	



Isobe, K.-I.; Cheng, Z.; Nishio, N.; Suganya, T.; Tanaka, Y.; Ito, S. Reprint of “iPSCs, aging and age-related diseases”. New Biotechnol. 2015, 32, 169–179. [Google Scholar] [CrossRef]

	



Moy, A.; Kamath, A.; Ternes, S.; Kamath, J. The Challenges to Advancing Induced Pluripotent Stem Cell-Dependent Cell Replacement Therapy. Med. Res. Arch. 2023, 11, 4784. [Google Scholar] [CrossRef] [PubMed]

	



Bifari, F. Immunological properties of embryonic and adult stem cells. World J. Stem Cells 2010, 2, 50. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, K.; Narita, M.; Yokura, M.; Ichisaka, T.; Yamanaka, S. Human induced pluripotent stem cells on autologous feeders. PLoS ONE 2009, 4, 2–7. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Koo, B.K.; Knoblich, J.A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol. 2020, 21, 571–584. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.J.; Yoon, K.S.; Arakaki, M.; Otsu, K.; Fukumoto, S.; Harada, H.; Green, D.W.; Lee, J.M.; Jung, H.S. Effective Differentiation of Induced Pluripotent Stem Cells Into Dental Cells. Dev. Dyn. 2019, 248, 129–139. [Google Scholar] [CrossRef]

	



Barhouse, P.S.; Andrade, M.J.; Smith, Q. Home Away From Home: Bioengineering Advancements to Mimic the Developmental and Adult Stem Cell Niche. Front. Chem. Eng. 2022, 4, 832754. [Google Scholar] [CrossRef]

	



Passier, R. Origin and use of embryonic and adult stem cells in differentiation and tissue repair. Cardiovasc. Res. 2003, 58, 324–335. [Google Scholar] [CrossRef]

	



Zhao, J.; Du, W.; Guo, D.; Wang, S.; Du, W. Mechanical Signaling in Dental Pulp Stem Cells. Front. Biosci. Landmark 2023, 28, 274. [Google Scholar] [CrossRef]

	



Miura, M.; Gronthos, S.; Zhao, M.; Lu, B.; Fisher, L.W.; Robey, P.G.; Shi, S. SHED: Stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci. USA 2003, 100, 5807–5812. [Google Scholar] [CrossRef]

	



Roato, I.; Baima, G.; Orrico, C.; Mosca Balma, A.; Alotto, D.; Romano, F.; Ferracini, R.; Aimetti, M.; Mussano, F. Senescent Markers Expressed by Periodontal Ligament-Derived Stem Cells (PDLSCs) Harvested from Patients with Periodontitis Can Be Rejuvenated by RG108. Biomedicines 2023, 11, 2535. [Google Scholar] [CrossRef]

	



Chu, J.; Pieles, O.; Pfeifer, C.G.; Alt, V.; Morsczeck, C.; Docheva, D. Dental follicle cell differentiation towards periodontal ligament-like tissue in a self-assembly three-dimensional organoid model. Eur. Cells Mater. 2021, 42, 20–33. [Google Scholar] [CrossRef] [PubMed]

	



França, C.M.; Tahayeri, A.; Rodrigues, N.S.; Ferdosian, S.; Puppin Rontani, R.M.; Sereda, G.; Ferracane, J.L.; Bertassoni, L.E. The tooth on-a-chip: A microphysiologic model system mimicking the biologic interface of the tooth with biomaterials. Lab Chip 2020, 20, 405–413. [Google Scholar] [CrossRef] [PubMed]

	



Angelova Volponi, A.; Kawasaki, M.; Sharpe, P.T. Adult Human Gingival Epithelial Cells as a Source for Whole-tooth Bioengineering. J. Dent. Res. 2013, 92, 329–334. [Google Scholar] [CrossRef] [PubMed]

	



EzEldeen, M.; Moroni, L.; Nejad, Z.M.; Jacobs, R.; Mota, C. Biofabrication of engineered dento-alveolar tissue. Biomater. Adv. 2023, 148, 213371. [Google Scholar] [CrossRef]

	



Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [Google Scholar] [CrossRef]

	



Huang, G.T.-J.; Yamaza, T.; Shea, L.D.; Djouad, F.; Kuhn, N.Z.; Tuan, R.S.; Shi, S. Stem/Progenitor Cell–Mediated De Novo Regeneration of Dental Pulp with Newly Deposited Continuous Layer of Dentin in an In Vivo Model. Tissue Eng. Part A 2010, 16, 605–615. [Google Scholar] [CrossRef]

	



Seo, B.-M.; Miura, M.; Gronthos, S.; Mark Bartold, P.; Batouli, S.; Brahim, J.; Young, M.; Gehron Robey, P.; Wang, C.Y.; Shi, S. Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364, 149–155. [Google Scholar] [CrossRef]

	



Roato, I.; Masante, B.; Putame, G.; Massai, D.; Mussano, F. Challenges of Periodontal Tissue Engineering: Increasing Biomimicry through 3D Printing and Controlled Dynamic Environment. Nanomaterials 2022, 12, 3878. [Google Scholar] [CrossRef]

	



Zhao, Z.; Liu, J.; Weir, M.D.; Schneider, A.; Ma, T.; Oates, T.W.; Xu, H.H.K.; Zhang, K.; Bai, Y. Periodontal ligament stem cell-based bioactive constructs for bone tissue engineering. Front. Bioeng. Biotechnol. 2022, 10, 1071472. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, Y.; Chen, Y.; Yuan, L.; Liu, H.; Wang, J.; Liu, Q.; Zhang, Y. Adipose-Derived Stem Cells: Current Applications and Future Directions in the Regeneration of Multiple Tissues. Stem Cells Int. 2020, 2020, 8810813. [Google Scholar] [CrossRef]

	



Wang, J.; Zhao, Z.; Yang, K.; Bai, Y. Research progress in cell therapy for oral diseases: Focus on cell sources and strategies to optimize cell function. Front. Bioeng. Biotechnol. 2024, 12, 1340728. [Google Scholar] [CrossRef] [PubMed]

	



Shi, S.; Gronthos, S. Perivascular Niche of Postnatal Mesenchymal Stem Cells in Human Bone Marrow and Dental Pulp. J. Bone Miner. Res. 2003, 18, 696–704. [Google Scholar] [CrossRef] [PubMed]

	



Al-Hamad, K.A.; Shanab, H.G.; Gaballah, O.M.; Moawad, A.A.R.; Alayfan, G.; Alshebel, A.; Alqahtani, A.M.A.; Almaziad, M. Potential therapeutic applications of mesenchymal stem cells in the oral and maxillofacial tissues. Eur. Rev. Med. Pharmacol. Sci. 2023, 27, 6006–6017. [Google Scholar] [CrossRef]

	



Chen, Y.; Huang, H.; Li, G.; Yu, J.; Fang, F.; Qiu, W. Dental-derived mesenchymal stem cell sheets: A prospective tissue engineering for regenerative medicine. Stem Cell Res. Ther. 2022, 13, 38. [Google Scholar] [CrossRef]

	



Honda, M.J.; Tsuchiya, S.; Sumita, Y.; Sagara, H.; Ueda, M. The sequential seeding of epithelial and mesenchymal cells for tissue-engineered tooth regeneration. Biomaterials 2007, 28, 680–689. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Y.; Zhang, X.; Zhan, Y.; Tang, S.; Deng, P.; Wang, Z.; Li, J. Adipose-derived stromal/stem cells are verified to be potential seed candidates for bio-root regeneration in three-dimensional culture. Stem Cell Res. Ther. 2022, 13, 234. [Google Scholar] [CrossRef]

	



Chen, K.; Li, Y.; Wu, X.; Tang, X.; Zhang, B.; Fan, T.; He, L.; Pei, X.; Li, Y. Establishment of human hematopoietic organoids for evaluation of hematopoietic injury and regeneration effect. Stem Cell Res. Ther. 2024, 15, 133. [Google Scholar] [CrossRef]

	



Wilson, K.R.; Kang, I.-H.; Baliga, U.; Xiong, Y.; Chatterjee, S.; Moore, E.; Parthiban, B.; Thyagarajan, K.; Borke, J.L.; Mehrotra, S.; et al. Hematopoietic Stem Cells as a Novel Source of Dental Tissue Cells. Sci. Rep. 2018, 8, 8026. [Google Scholar] [CrossRef] [PubMed]

	



Tomasek, J.J.; Gabbiani, G.; Hinz, B.; Chaponnier, C.; Brown, R.A. Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat. Rev. Mol. Cell Biol. 2002, 3, 349–363. [Google Scholar] [CrossRef]

	



Srivastava, R.; Yadav, S.; Jhingran, R.; Madan, R. Role of Fibroblast in Periodontal Heath and Disease. Oral Health Allied Sci. 2017, 7, 22–31. [Google Scholar]

	



Cekici, A.; Kantarci, A.; Hasturk, H.; Van Dyke, T.E. Inflammatory and immune pathways in the pathogenesis of periodontal disease. Periodontol. 2000 2014, 64, 57–80. [Google Scholar] [CrossRef] [PubMed]

	



Garreta, E.; Kamm, R.D.; Chuva de Sousa Lopes, S.M.; Lancaster, M.A.; Weiss, R.; Trepat, X.; Hyun, I.; Montserrat, N. Rethinking organoid technology through bioengineering. Nat. Mater. 2021, 20, 145–155. [Google Scholar] [CrossRef] [PubMed]

	



Piwocka, O.; Musielak, M.; Ampuła, K.; Piotrowski, I.; Adamczyk, B.; Fundowicz, M.; Suchorska, W.M.; Malicki, J. Navigating challenges: Optimising methods for primary cell culture isolation. Cancer Cell Int. 2024, 24, 28. [Google Scholar] [CrossRef] [PubMed]

	



Richter, M.; Piwocka, O.; Musielak, M.; Piotrowski, I.; Suchorska, W.M.; Trzeciak, T. From Donor to the Lab: A Fascinating Journey of Primary Cell Lines. Front. Cell Dev. Biol. 2021, 9, 711381. [Google Scholar] [CrossRef]

	



Sasai, Y. Cytosystems dynamics in self-organization of tissue architecture. Nature 2013, 493, 318–326. [Google Scholar] [CrossRef]

	



Dissanayaka, W.L.; Zhang, C. Scaffold-based and Scaffold-free Strategies in Dental Pulp Regeneration. J. Endod. 2020, 46, S81–S89. [Google Scholar] [CrossRef]

	



Abdolahinia, E.D.; Golestani, S.; Seif, S.; Afra, N.; Aflatoonian, K.; Jalalian, A.; Valizadeh, N.; Abdollahinia, E.D. A review of the therapeutic potential of dental stem cells as scaffold-free models for tissue engineering application. Tissue Cell 2024, 86, 102281. [Google Scholar] [CrossRef]

	



Alghuwainem, A.; Alshareeda, A.T.; Alsowayan, B. Scaffold-free 3-D cell sheet technique bridges the gap between 2-D cell culture and animal models. Int. J. Mol. Sci. 2019, 20, 4926. [Google Scholar] [CrossRef]

	



James Kirkpatrick, C.; Fuchs, S.; Iris Hermanns, M.; Peters, K.; Unger, R.E. Cell culture models of higher complexity in tissue engineering and regenerative medicine. Biomaterials 2007, 28, 5193–5198. [Google Scholar] [CrossRef]

	



Valdoz, J.C.; Johnson, B.C.; Jacobs, D.J.; Franks, N.A.; Dodson, E.L.; Sanders, C.; Cribbs, C.G.; Van Ry, P.M. The ECM: To scaffold, or not to scaffold, that is the question. Int. J. Mol. Sci. 2021, 22, 12690. [Google Scholar] [CrossRef]

	



Torizal, F.G.; Kimura, K.; Horiguchi, I.; Sakai, Y. Size-dependent hepatic differentiation of human induced pluripotent stem cells spheroid in suspension culture. Regen. Ther. 2019, 16, 66–73. [Google Scholar] [CrossRef]

	



Duan, Y.; Li, X.; Zhang, S.; Wang, S.; Wang, T.; Chen, H.; Yang, Y.; Jia, S.; Chen, G.; Tian, W. Therapeutic potential of HERS spheroids in tooth regeneration. Theranostics 2020, 10, 7409–7421. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Li, L.; Wang, S.; Sun, X.; Luo, C.; Hou, B. Construction of dentin-on-a-chip based on microfluidic technology and tissue engineering. J. Dent. 2024, 146, 105028. [Google Scholar] [CrossRef] [PubMed]

	



Van Manen, E.H.C.; Zhang, W.; Walboomers, X.F.; Vazquez, B.; Yang, F.; Ji, W.; Yu, N.; Spear, D.J.; Jansen, J.A.; Yelick, P.C. The influence of electrospun fibre scaffold orientation and nano-hydroxyapatite content on the development of tooth bud stem cells in vitro. Odontology 2014, 102, 14–21. [Google Scholar] [CrossRef] [PubMed]

	



Hemeryck, L.; Lambrichts, I.; Bronckaers, A.; Vankelecom, H. Establishing Organoids from Human Tooth as a Powerful Tool toward Mechanistic Research and Regenerative Therapy. J. Vis. Exp. 2022, 182, e63671. [Google Scholar] [CrossRef]

	



Bektas, C.K.; Zhang, W.; Mao, Y.; Wu, X.; Kohn, J. Self-Assembled Hydrogel Microparticle-Based Tooth-Germ Organoids. Bioengineering 2022, 9, 215. [Google Scholar] [CrossRef]

	



Itoh, Y.; Sasaki, J.I.; Hashimoto, M.; Katata, C.; Hayashi, M.; Imazato, S. Pulp Regeneration by 3-dimensional Dental Pulp Stem Cell Constructs. J. Dent. Res. 2018, 97, 1137–1143. [Google Scholar] [CrossRef]

	



Miao, G.; Liang, L.; Li, W.; Ma, C.; Pan, Y.; Zhao, H.; Zhang, Q.; Xiao, Y.; Yang, X. 3D Bioprinting of a Bioactive Composite Scaffold for Cell Delivery in Periodontal Tissue Regeneration. Biomolecules 2023, 13, 1062. [Google Scholar] [CrossRef]

	



Gard, A.L.; Luu, R.J.; Maloney, R.; Cooper, M.H.; Cain, B.P.; Azizgolshani, H.; Isenberg, B.C.; Borenstein, J.T.; Ong, J.; Charest, J.L.; et al. A high-throughput, 28-day, microfluidic model of gingival tissue inflammation and recovery. Commun. Biol. 2023, 6, 92. [Google Scholar] [CrossRef]

	



Golda, A.; Gasiorek, A.; Dobosz, E.; Oruba, Z.; Lamont, R.J.; Potempa, J.; Koziel, J. Organotypic model of the gingiva for studying bacterial and viral pathogens implicated in periodontitis. J. Oral Microbiol. 2024, 16, 2292382. [Google Scholar] [CrossRef]

	



Nakao, K.; Morita, R.; Saji, Y.; Ishida, K.; Tomita, Y.; Ogawa, M.; Saitoh, M.; Tomooka, Y.; Tsuji, T. The development of a bioengineered organ germ method. Nat. Methods 2007, 4, 227–230. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Wu, Z.; Fan, Z.; Wu, T.; Wang, J.; Zhang, C.; Wang, S. The cell re-association-based whole-tooth regeneration strategies in large animal, Sus scrofa. Cell Prolif. 2018, 51, e12479. [Google Scholar] [CrossRef] [PubMed]

	



Ono, M.; Oshima, M.; Ogawa, M.; Sonoyama, W.; Hara, E.S.; Oida, Y.; Shinkawa, S.; Nakajima, R.; Mine, A.; Hayano, S.; et al. Practical whole-tooth restoration utilizing autologous bioengineered tooth germ transplantation in a postnatal canine model. Sci. Rep. 2017, 7, 44522. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.Y.; Cooley, V.; Kim, E.J.; Li, S.; Lee, J.M.; Sheyfer, D.; Liu, W.; Klein, O.D.; Joester, D.; Jung, H.S. Adult dental epithelial stem cell-derived organoids deposit hydroxylapatite biomineral. Int. J. Oral Sci. 2023, 15, 55. [Google Scholar] [CrossRef]

	



Kim, H.Y.; Nelson, C.M. Extracellular matrix and cytoskeletal dynamics during branching morphogenesis. Organogenesis 2012, 8, 56–64. [Google Scholar] [CrossRef]

	



Hughes, C.S.; Postovit, L.M.; Lajoie, G.A. Matrigel: A complex protein mixture required for optimal growth of cell culture. Proteomics 2010, 10, 1886–1890. [Google Scholar] [CrossRef]

	



Mukhopadhyay, M. Recapitulating early cardiogenesis in vitro. Nat. Methods 2021, 18, 331. [Google Scholar] [CrossRef]

	



Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, J.M.; Jackson, A.P.; Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373–379. [Google Scholar] [CrossRef]

	



Aisenbrey, E.A.; Murphy, W.L. Synthetic alternatives to Matrigel. Nat. Rev. Mater. 2020, 5, 539–551. [Google Scholar] [CrossRef]

	



Fernandes, A.M.; Marinho, P.A.N.; Sartore, R.C.; Paulsen, B.S.; Mariante, R.M.; Castilho, L.R.; Rehen, S.K. Successful scale-up of human embryonic stem cell production in a stirred microcarrier culture system. Braz. J. Med. Biol. Res. 2009, 42, 515–522. [Google Scholar] [CrossRef]

	



Jain, R.; Roy, S. Designing a bioactive scaffold from coassembled collagen–laminin short peptide hydrogels for controlling cell behaviour. RSC Adv. 2019, 9, 38745–38759. [Google Scholar] [CrossRef] [PubMed]

	



Garg, K. Laminin Enriched Scaffolds for Tissue Engineering Applications. Adv. Tissue Eng. Regen. Med. Open Access 2017, 2, 194–200. [Google Scholar] [CrossRef]

	



Asadishekari, M.; Mpoyi, E.N.; Li, Y.; Eslami, J.; Walker, M.; Cantini, M.; Gourdon, D. Three-Dimensional Tunable Fibronectin-Collagen Platforms for Control of Cell Adhesion and Matrix Deposition. Front. Phys. 2022, 10, 806554. [Google Scholar] [CrossRef]

	



Riewruja, K.; Aguglia, A.M.; Hines, S.; Makarcyzk, M.J.; Honsawek, S.; Lin, H. PEG Reinforced Scaffold Promotes Uniform Distribution of Human MSC-Created Cartilage Matrix. Gels 2022, 8, 794. [Google Scholar] [CrossRef]

	



Scott, R.A.; Elbert, D.L.; Willits, R.K. Modular poly(ethylene glycol) scaffolds provide the ability to decouple the effects of stiffness and protein concentration on PC12 cells. Acta Biomater. 2011, 7, 3841–3849. [Google Scholar] [CrossRef] [PubMed]

	



Ashimova, A.; Yegorov, S.; Negmetzhanov, B.; Hortelano, G. Cell Encapsulation Within Alginate Microcapsules: Immunological Challenges and Outlook. Front. Bioeng. Biotechnol. 2019, 7, 380. [Google Scholar] [CrossRef]

	



Granz, C.L.; Gorji, A. Dental stem cells: The role of biomaterials and scaffolds in developing novel therapeutic strategies. World J. Stem Cells 2020, 12, 897–921. [Google Scholar] [CrossRef] [PubMed]

	



Deb, P.; Deoghare, A.B.; Borah, A.; Barua, E.; Das Lala, S. Scaffold Development Using Biomaterials: A Review. Mater. Today Proc. 2018, 5, 12909–12919. [Google Scholar] [CrossRef]

	



Hu, L.; Liu, Y.; Wang, S. Stem cell-based tooth and periodontal regeneration. Oral Dis. 2018, 24, 696–705. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Mooney, D.J. Hydrogels for Tissue Engineering. Chem. Rev. 2001, 101, 1869–1880. [Google Scholar] [CrossRef]

	



Smith, E.E.; Zhang, W.; Schiele, N.R.; Khademhosseini, A.; Kuo, C.K.; Yelick, P.C. Developing a biomimetic tooth bud model. J. Tissue Eng. Regen. Med. 2017, 11, 3326–3336. [Google Scholar] [CrossRef] [PubMed]

	



Gilpin, A.; Yang, Y. Decellularization Strategies for Regenerative Medicine: From Processing Techniques to Applications. BioMed Res. Int. 2017, 2017, 9831534. [Google Scholar] [CrossRef] [PubMed]

	



Hynes, K.; Menicanin, D.; Gronthos, S.; Bartold, P.M. Clinical utility of stem cells for periodontal regeneration. Periodontol. 2000 2012, 59, 203–227. [Google Scholar] [CrossRef] [PubMed]

	



Lin, N.H.; Gronthos, S.; Bartold, P.M. Stem cells and periodontal regeneration. Aust. Dent. J. 2008, 53, 108–121. [Google Scholar] [CrossRef]

	



Zhang, W.; Vazquez, B.; Oreadi, D.; Yelick, P.C. Decellularized Tooth Bud Scaffolds for Tooth Regeneration. J. Dent. Res. 2017, 96, 516–523. [Google Scholar] [CrossRef]

	



Kim, I.H.; Jeon, M.; Cheon, K.; Kim, S.H.; Jung, H.S.; Shin, Y.; Kang, C.M.; Kim, S.O.; Choi, H.J.; Lee, H.S.; et al. In vivo evaluation of decellularized human tooth scaffold for dental tissue regeneration. Appl. Sci. 2021, 11, 8472. [Google Scholar] [CrossRef]

	



Echeverria Molina, M.I.; Malollari, K.G.; Komvopoulos, K. Design Challenges in Polymeric Scaffolds for Tissue Engineering. Front. Bioeng. Biotechnol. 2021, 9, 617141. [Google Scholar] [CrossRef]

	



O’Brien, F.J. Biomaterials & scaffolds for tissue engineering. Mater. Today 2011, 14, 88–95. [Google Scholar] [CrossRef]

	



El-Sherbiny, I.M.; Yacoub, M.H. Hydrogel scaffolds for tissue engineering: Progress and challenges. Glob. Cardiol. Sci. Pract. 2013, 2013, 38. [Google Scholar] [CrossRef]

	



Bhatia, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760–772. [Google Scholar] [CrossRef]

	



Zhang, Y.S.; Aleman, J.; Shin, S.R.; Kilic, T.; Kim, D.; Mousavi Shaegh, S.A.; Massa, S.; Riahi, R.; Chae, S.; Hu, N.; et al. Multisensor-integrated organs-on-chips platform for automated and continual in situ monitoring of organoid behaviors. Proc. Natl. Acad. Sci. USA 2017, 114, E2293–E2302. [Google Scholar] [CrossRef] [PubMed]

	



Nashimoto, Y.; Hori, T.; Ostrovidov, S.; Katagiri, S.; Kaji, H. Engineering Oral Microenvironments Using Microphysiological Systems. Sens. Mater. 2023, 35, 1293–1299. [Google Scholar] [CrossRef]

	



Niu, L.; Zhang, H.; Liu, Y.; Wang, Y.; Li, A.; Liu, R.; Zou, R.; Yang, Q. Microfluidic Chip for Odontoblasts in Vitro. ACS Biomater. Sci. Eng. 2019, 5, 4844–4851. [Google Scholar] [CrossRef] [PubMed]

	



Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.H. 3D bioprinting for engineering complex tissues. Biotechnol. Adv. 2016, 34, 422–434. [Google Scholar] [CrossRef]

	



Huang, Y.; Zhang, X.; Gao, G.; Yonezawa, T.; Cui, X. 3D bioprinting and the current applications in tissue engineering. Biotechnol. J. 2017, 12, 1600734. [Google Scholar] [CrossRef]

	



Ostrovidov, S.; Ramalingam, M.; Bae, H.; Orive, G.; Fujie, T.; Shi, X.; Kaji, H. Bioprinting and biomaterials for dental alveolar tissue regeneration. Front. Bioeng. Biotechnol. 2023, 11, 991821. [Google Scholar] [CrossRef]

	



Hermans, F.; Hasevoets, S.; Vankelecom, H.; Bronckaers, A.; Lambrichts, I. From Pluripotent Stem Cells to Organoids and Bioprinting: Recent Advances in Dental Epithelium and Ameloblast Models to Study Tooth Biology and Regeneration. Stem Cell Rev. Rep. 2024, 20, 1184–1199. [Google Scholar] [CrossRef]

	



Phan, T.V.; Oo, Y.; Ahmed, K.; Rodboon, T.; Rosa, V.; Yodmuang, S.; Ferreira, J.N. Salivary gland regeneration: From salivary gland stem cells to three-dimensional bioprinting. SLAS Technol. 2023, 28, 199–209. [Google Scholar] [CrossRef] [PubMed]

	



Chansaenroj, A.; Yodmuang, S.; Ferreira, J.N. Trends in Salivary Gland Tissue Engineering: From Stem Cells to Secretome and Organoid Bioprinting. Tissue Eng. Part B Rev. 2021, 27, 155–165. [Google Scholar] [CrossRef]

	



Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [Google Scholar] [CrossRef]

	



Visscher, D.O.; Farré-Guasch, E.; Helder, M.N.; Gibbs, S.; Forouzanfar, T.; van Zuijlen, P.P.; Wolff, J. Advances in Bioprinting Technologies for Craniofacial Reconstruction. Trends Biotechnol. 2016, 34, 700–710. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Zhang, Z.; Guo, W. The 3-dimensional printing for dental tissue regeneration: The state of the art and future challenges. Front. Bioeng. Biotechnol. 2024, 12, 1356580. [Google Scholar] [CrossRef] [PubMed]

	



Groll, J.; Boland, T.; Blunk, T.; Burdick, J.A.; Cho, D.W.; Dalton, P.D.; Derby, B.; Forgacs, G.; Li, Q.; Mironov, V.A.; et al. Biofabrication: Reappraising the definition of an evolving field. Biofabrication 2016, 8, 013001. [Google Scholar] [CrossRef] [PubMed]

	



Heinrich, M.A.; Bansal, R.; Lammers, T.; Zhang, Y.S.; Michel Schiffelers, R.; Prakash, J. 3D-Bioprinted Mini-Brain: A Glioblastoma Model to Study Cellular Interactions and Therapeutics. Adv. Mater. 2019, 31, e1806590. [Google Scholar] [CrossRef] [PubMed]

	



Hospodiuk, M.; Dey, M.; Sosnoski, D.; Ozbolat, I.T. The bioink: A comprehensive review on bioprintable materials. Biotechnol. Adv. 2017, 35, 217–239. [Google Scholar] [CrossRef]

	



Daly, A.C.; Freeman, F.E.; Gonzalez-Fernandez, T.; Critchley, S.E.; Nulty, J.; Kelly, D.J. 3D Bioprinting for Cartilage and Osteochondral Tissue Engineering. Adv. Healthc. Mater. 2017, 6, 1700298. [Google Scholar] [CrossRef] [PubMed]

	



Smirnov, A.; Melino, G.; Candi, E. Gene expression in organoids: An expanding horizon. Biol. Direct 2023, 18, 11. [Google Scholar] [CrossRef]

	



Sakari, S.L.; Jimson, S.; Masthan, K.M.K.; Jacobina, J. Role of DNA profiling in forensic odontology. J. Pharm. Bioallied Sci. 2015, 7, 138. [Google Scholar] [CrossRef]

	



Ha, D.; Kong, J.; Kim, D.; Lee, K.; Lee, J.; Park, M.; Ahn, H.; Oh, Y.; Kim, S. Development of bioinformatics and multi-omics analyses in organoids. BMB Rep. 2023, 56, 43–48. [Google Scholar] [CrossRef]

	



Nie, J.; Hashino, E. Organoid technologies meet genome engineering. EMBO Rep. 2017, 18, 367–376. [Google Scholar] [CrossRef]

	



Velazquez, J.J.; LeGraw, R.; Moghadam, F.; Tan, Y.; Kilbourne, J.; Maggiore, J.C.; Hislop, J.; Liu, S.; Cats, D.; Chuva de Sousa Lopes, S.M.; et al. Gene Regulatory Network Analysis and Engineering Directs Development and Vascularization of Multilineage Human Liver Organoids. Cell Syst. 2021, 12, 41–55.e11. [Google Scholar] [CrossRef]

	



Irfan, M.; Marzban, H.; Chung, S. C5L2 CRISPR KO enhances dental pulp stem cell-mediated dentinogenesis via TrkB under TNFα-induced inflammation. Front. Cell Dev. Biol. 2024, 12, 1338419. [Google Scholar] [CrossRef] [PubMed]

	



Rad, M.R.; Mohaghegh, S.; Kouhestani, F.; Motamedian, S.R. Effect of mechanical forces on the behavior of dental stem cells: A scoping review of in-vitro studies. MCB Mol. Cell. Biomech. 2021, 18, 51–67. [Google Scholar] [CrossRef]

	



Kim, J.H.; Kang, M.S.; Eltohamy, M.; Kim, T.H.; Kim, H.W. Dynamic mechanical and nanofibrous topological combinatory cues designed for periodontal ligament engineering. PLoS ONE 2016, 11, e0149967. [Google Scholar] [CrossRef] [PubMed]

	



Marrelli, M.; Codispoti, B.; Shelton, R.M.; Scheven, B.A.; Cooper, P.R.; Tatullo, M.; Paduano, F. Dental pulp stem cell mechanoresponsiveness: Effects of mechanical stimuli on dental pulp stem cell behavior. Front. Physiol. 2018, 9, 1685. [Google Scholar] [CrossRef]

	



Jia, R.; Yi, Y.; Liu, J.; Pei, D.; Hu, B.; Hao, H.; Wu, L.; Wang, Z.; Luo, X.; Lu, Y. Cyclic compression emerged dual effects on the osteogenic and osteoclastic status of LPS-induced inflammatory human periodontal ligament cells according to loading force. BMC Oral Health 2020, 20, 7. [Google Scholar] [CrossRef]

	



Wang, P.; Zhu, S.; Yuan, C.; Wang, L.; Xu, J.; Liu, Z. Shear stress promotes differentiation of stem cells from human exfoliated deciduous teeth into endothelial cells via the downstream pathway of VEGF-Notch signaling. Int. J. Mol. Med. 2018, 42, 1827–1836. [Google Scholar] [CrossRef]

	



Shi, Q.; Zheng, L.; Na, J.; Li, X.; Yang, Z.; Chen, X.; Song, Y.; Li, C.; Zhou, L.; Fan, Y. Fluid shear stress promotes periodontal ligament cells proliferation via p38-AMOT-YAP. Cell. Mol. Life Sci. 2022, 79, 551. [Google Scholar] [CrossRef] [PubMed]

	



Honda, M.J.; Shinohara, Y.; Sumita, Y.; Tonomura, A.; Kagami, H.; Ueda, M. Shear stress facilitates tissue-engineered odontogenesis. Bone 2006, 39, 125–133. [Google Scholar] [CrossRef]

	



Yang, H.; Shu, Y.-X.; Wang, L.-Y.; Zou, W.-L.; Guo, L.-Y.; Shao, M.-Y.; Gao, Q.-H.; Hu, T. Effect of cyclic uniaxial compressive stress on human dental pulp cells in vitro. Connect. Tissue Res. 2017, 59, 255–262. [Google Scholar] [CrossRef]

	



Klincumhom, N.; Lorthongpanich, C.; Thumanu, K.; Septham, P.; Phomyu, W.; Issaragrisil, S.; Pavasant, P. Intermittent compressive force regulates human periodontal ligament cell behavior via yes-associated protein. Heliyon 2022, 8, e10845. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.I.; Kim, J.Y.; Bhattarai, G.; So, H.-S.; Kook, S.-H.; Lee, J.-C. Periodontal Ligament-Mimetic Fibrous Scaffolds Regulate YAP-Associated Fibroblast Behaviors and Promote Regeneration of Periodontal Defect in Relation to the Scaffold Topography. ACS Appl. Mater. Interfaces 2023, 15, 599–616. [Google Scholar] [CrossRef]

	



Futenma, T.; Hayashi, Y.; Iida, N.; Nakamura, K.; Sakatoku, S.; Nawa, H. Interaction of Pulp and Periodontal Ligament in Treatment of Trauma. J. Hard Tissue Biol. 2023, 32, 231–238. [Google Scholar] [CrossRef]

	



Kim, J.H.; Park, C.H.; Perez, R.A.; Lee, H.Y.; Jang, J.H.; Lee, H.H.; Wall, I.B.; Shi, S.; Kim, H.W. Advanced Biomatrix Designs for Regenerative Therapy of Periodontal Tissues. J. Dent. Res. 2014, 93, 1203–1211. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Li, Y.; Dong, Q.; Tian, C.; Gong, J.; Bai, X.; Ruan, J.; Gao, J. Small Molecules Promote the Rapid Generation of Dental Epithelial Cells from Human-Induced Pluripotent Stem Cells. Int. J. Mol. Sci. 2024, 25, 4138. [Google Scholar] [CrossRef] [PubMed]

	



Al Turkestani, N.; Zhang, Z.; Nör, J.E. Semaphorin 4D Induces Vasculogenic Differentiation of Dental Pulp Stem Cells. Dent. J. 2023, 11, 160. [Google Scholar] [CrossRef]

	



Revah, O.; Gore, F.; Kelley, K.W.; Andersen, J.; Sakai, N.; Chen, X.; Li, M.-Y.; Birey, F.; Yang, X.; Saw, N.L.; et al. Maturation and circuit integration of transplanted human cortical organoids. Nature 2022, 610, 319–326. [Google Scholar] [CrossRef]

	



Wörsdörfer, P.; Dalda, N.; Kern, A.; Krüger, S.; Wagner, N.; Kwok, C.K.; Henke, E.; Ergün, S. Generation of complex human organoid models including vascular networks by incorporation of mesodermal progenitor cells. Sci. Rep. 2019, 9, 15663. [Google Scholar] [CrossRef]

	



Yin, X.; Mead, B.E.; Safaee, H.; Langer, R.; Karp, J.M.; Levy, O. Engineering Stem Cell Organoids. Cell Stem Cell 2016, 18, 25–38. [Google Scholar] [CrossRef]

	



Torizal, F.G.; Utami, T.; Lau, Q.Y.; Inamura, K.; Nishikawa, M. Dialysis based—Culture medium conditioning improved the generation of human induced pluripotent stem cell derived—Liver organoid in a high cell density. Sci. Rep. 2022, 12, 20774. [Google Scholar] [CrossRef]

	



Torizal, F.G.; Lau, Q.Y.; Ibuki, M.; Kawai, Y.; Horikawa, M.; Minami, M.; Michiue, T.; Horiguchi, I.; Nishikawa, M.; Sakai, Y. A miniature dialysis-culture device allows high-density human-induced pluripotent stem cells expansion from growth factor accumulation. Commun. Biol. 2021, 4, 1316. [Google Scholar] [CrossRef] [PubMed]

	



Sano, K.; Usui, M.; Moritani, Y.; Nakazawa, K.; Hanatani, T.; Kondo, H.; Nakatomi, M.; Onizuka, S.; Iwata, T.; Sato, T.; et al. Co-cultured spheroids of human periodontal ligament mesenchymal stem cells and vascular endothelial cells enhance periodontal tissue regeneration. Regen. Ther. 2020, 14, 59–71. [Google Scholar] [CrossRef] [PubMed]

	



Nie, X.; Tian, W.; Zhang, Y.; Chen, X.; Dong, R.; Jiang, M.; Chen, F.; Jin, Y. Induction of transforming growth factor-beta 1 on dentine pulp cells in different culture patterns. Cell Biol. Int. 2006, 30, 295–300. [Google Scholar] [CrossRef] [PubMed]

	



Sağraç, D.; Şişli, H.B.; Şenkal, S.; Hayal, T.B.; Şahin, F.; Doğan, A. Organoids in Tissue Transplantation. In Cell Biology and Translational Medicine; Springer: Berlin/Heidelberg, Germany, 2021; Volume 14, pp. 45–64. [Google Scholar]

	



Andrukhov, O.; Behm, C.; Blufstein, A.; Rausch-Fan, X. Immunomodulatory properties of dental tissue-derived mesenchymal stem cells: Implication in disease and tissue regeneration. World J. Stem Cells 2019, 11, 604–617. [Google Scholar] [CrossRef] [PubMed]

	



Torizal, F.G.; Kerans, F.A.K.; Khumaira, A. Production of mesenchymal stem cell derived-secretome as cell-free regenerative therapy and immunomodulation: A biomanufacturing perspective. BIOCELL 2022, 46, 1885–1891. [Google Scholar] [CrossRef]

	



Hossein-khannazer, N.; Hashemi, S.M.; Namaki, S.; Ghanbarian, H.; Sattari, M.; Khojasteh, A. Study of the immunomodulatory effects of osteogenic differentiated human dental pulp stem cells. Life Sci. 2019, 216, 111–118. [Google Scholar] [CrossRef]

	



Choi, W.H.; Bae, D.H.; Yoo, J. Current status and prospects of organoid-based regenerative medicine. BMB Rep. 2022, 56, 10–14. [Google Scholar] [CrossRef]








[image: Organoids 03 00015 g001] 





Figure 1. Cell sources and tissue engineering strategies for tooth and periodontal organoid generation (ESCs: embryonic stem cells, iPSCs: induced pluripotent stem cells, DPSCs: dental pulp stem cells, SHED: stem cells from human exfoliated deciduous teeth, DFSCs: dental follicle stem cells, GFSCs: gingival fibroblast stem cells, PDLSCs: periodontal ligament stem cells, SCAP: stem cells from the apical papilla, ABMSCs: alveolar bone marrow stem cells). 
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Table 1. Selected examples of tooth and periodontal organoids.
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Organoid Type

	
Cell Source

	
Culture Strategy

	
Application

	
Ref.






	
Tooth organoid

	
Induced pluripotent stem cells (iPSCs)

	
Scaffold-free (ultra-low attachment U shape well plates)

	
Tooth development and disease model

	
Alghadeer, et al. [16]




	
Hertwig’s epithelial root sheath (HERS) and dental papilla cells (DPCs)

	
Scaffold free (cell aggregates)

	
Dentin tissue regeneration

	
Duan et al. [62]




	
Stem cell population from the apical papilla (SCAP)

	
Organoid on chip

	
Model for therapeutic testing and regenerative endodontics

	
Zhang et al. [63]




	
Stem cell population from the apical papilla (SCAP)

	
Organoid on chip

	
Biocompatibility testing platform for biomaterials

	
França et al. [32]




	
Dental mesenchymal cells (DMCs) and dental endothelial cells (DECs)

	
Poly(lactic-co-glycolic acid) (PLGA) scaffold containing a nano-hydroxyapatite

	
Tooth development model

	
Van-Manen, et al. [64]




	
Dental follicle (DF) tissue from unerupted wisdom teeth

	
Matrigel embedding

	
Amelogenesis development model

	
Hemeryck et al. [65]




	
Post-natal porcine dental epithelial (pDE), porcine dental mesenchymal (pDM) progenitor cells, and human umbilical vein endothelial cells (HUVECs)

	
GelMA encapsulation

	
Tissue regeneration using bioengineered tooth

	
Smith et al. [66]




	
Dental pulp stem cells (DPSCs) population

	
Scaffold free (spheroid)

	
Transplantation and disease model

	
Itoh et al. [67]




	
Periodontal organoid

	
Periodontal ligament (PDLs) and dental follicle cells (DFCs)

	
Scaffold free (cell sheet)

	
Engineered periodontal tissue transplantation

	
Chu, et al. [31]




	
Mouse bone marrow mesenchymal stem cells (mBMSCs) and dental endothelial cells (DECs)

	
GelMA based-bioprinting

	
Disease model of periodontal tissue defect

	
Miao et al. [68]




	
Periodontal ligament cells (PDLCs), which contain a population of adult stem/progenitor cells

	
Scaffold free (cell aggregates)

	
Implantable graft for periodontal regeneration

	
Basu et al. [5]




	
Keratinocytes, dental fibroblasts, and endothelial cells

	
Organoid on a chip

	
Disease model of gingival inflammatory

	
Gard et al. [69]




	
Gingival fibroblasts and keratinocytes

	
Scaffold free (cell sheet)

	
Disease model of bacterial and viral infection in periodontitis

	
Golda et al. [70]
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