Innovations in Biomaterials for TMD Therapy: From 3D-Printed Scaffolds and Photobiomodulation to Surgical Aids and Occlusal Splints
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Abstract. Symptoms of temporomandibular disorders (TMD) encompass headache, ear pain, hearing impairment, and tinnitus. Reductions in quality of life are closely linked to these conditions. The management of TMD varies from conservative interventions to invasive procedures associated with degenerative TMD. Surgical therapy for TMD has several limitations, prompting the exploration of alternate treatments such as regenerative medicine. This article presents an overview of advancements in contemporary biomaterials employed in the treatment of TMD. Progress across four key frontiers was systematically charted: 3D-printed scaffolds and stem cells for disc regeneration, photobiomodulation as a biomaterial-like stimulus to precisely modulate cellular processes, new biomaterials for surgical procedures, and current biomaterials for non-invasive procedures. The sources for this research were retrieved utilizing related keywords from the PubMed and Scopus databases five years later. The convergence of these biomaterial innovations signifies a paradigm shift in TMD management. By integrating engineering principles with biological understanding, these approaches pave the way for highly targeted, effective, and minimally invasive treatment modalities, ultimately aiming to restore not only function but also the biological integrity of the temporomandibular joint.
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INTRODUCTION
Temporomandibular disorders (TMD) refer to a group of conditions involving impaired functions of the temporomandibular joint or the masticatory muscle. Symptoms include headache, pain around the ear, impaired hearing, and tinnitus1. These conditions are closely associated with reduced oral health–related quality of life (OHRQoL), with an odds ratio of 6.5, particularly in patients with persistent pain symptoms2. Furthermore, it is shown that moderate to severe depression and somatization among patients diagnosed with TMD have been estimated at 43.0% (95% CI: 36.0%–50.0%) and 60.0% (95% CI: 52.0%–67.0%), respectively3. 
In Indonesia, pain-related temporomandibular disorders (TMDs) are notably prevalent among younger populations, with reported rates of 23.4% in children and 36.9% in adolescents, while other research stated 49.6 %4,5. These cases are typically associated with functional or muscular disturbances, such as myofascial pain, parafunctional habits, or psychosocial stressors, rather than structural joint damage. However, if left untreated, TMD symptoms can progress over time into more severe forms, including chronic myofascial pain and degenerative joint disease (DJD), which involves irreversible structural changes such as disc displacement, joint deformation, and persistent pain6.
The prevalence of DJD rises sharply with age from approximately 35% in adults aged 20–39 to over 54% in individuals aged 60–69, highlighting the increasing burden on aging populations7. It often involves a complex interplay between structural breakdown and inflammatory pain. Recent reviews of animal and human studies demonstrate that as the TMJ’s cartilage and subchondral bone deteriorate, pro-inflammatory mediators drive persistent nociception. This suggests that early degenerative changes can progress rapidly to chronic pain states, even before advanced osteoarthritis is clinically evident8. 
Various conservative treatment modalities have proven effective in early management, but when conservative measures fail to halt progressive degeneration or relieve persistent symptoms, surgical interventions ranging from arthroscopy and discectomy to total joint replacement are considered9. Minimally invasive techniques like arthroscopic lysis and lavage are generally safe with complication rates of 7.71%, though they carry risks such as nerve injury, hearing loss, and soft‑tissue edema10. Open procedures and discectomy with autologous fat grafting achieve approximately 75 % success, yet 24 % of patients experience recurrence of pain or require further surgery, with limited mouth opening improvements linked to poorer outcomes11. These limitations underscore the need for novel, regenerative alternatives that heal rather than replace.
Unlike conventional therapies that primarily aim to manage symptoms, in recent years, advancements in biomaterials and tissue engineering have emerged as promising alternatives to conventional treatment approaches 12. In contrast to the biomaterials often employed in dentistry, such as those utilized for denture fabrication, these materials and methodologies concentrate on the restoration of the structure and function of damaged joint tissues13,14. These innovations offer the potential for long-term recovery, reduced need for invasive procedures, and improved quality of life15. Hence, reviewing the developments in the current biomaterials used for treating temporomandibular disorders is essential to understanding their clinical relevance and future applications.
MATERIALS AND METHODS
The question addressed in this study is: “What are the current biomaterials used for treating temporomandibular disorders (TMDs)?” A comprehensive literature search was conducted using the PubMed and Scopus databases. The following Boolean search string was applied: ("biomaterials" OR "biomaterial" OR "bioengineered" OR "tissue engineering" OR "stem cell") AND ("temporomandibular disorder" OR "TMD" OR "jaw dysfunction" OR "TMJ disorder") AND ("treatment" OR "therapy" OR "management" OR "intervention") OR ("implants" OR "devices" OR "prosthetics" OR "scaffolds").
The inclusion criteria were original studies published within the last five years (from 2020 onward), including case reports, clinical studies, clinical trials, observational studies, and randomized controlled trials. Exclusion criteria included review articles and studies not published in English.
RESULTS
Tissue Engineering and Regenerative Medicine
Tissue engineering has been presented as a promising therapy for TMD, focusing on using stem cells to improve temporomandibular joint repair and regeneration16. There is a strong focus on developing tissue-engineered solutions to regenerate TMJ tissues. This involves creating biomimetic TMJ tissues that replicate the typical structure and function of the TMJ17. Complementing the role of biomaterials, stem cell therapy has shown promise in addressing TMJ degeneration18.
Other tissue engineering can also be done using hydrogels. Hydrogels have emerged as a versatile tool in the tissue engineering of TMJ structures, including the articular disc and mandibular condyle. Due to their biocompatibility, water content, and mechanical tunability, hydrogels can simulate the native extracellular matrix (ECM) of TMJ tissues. They can also serve as delivery vehicles for cells, growth factors, or drugs, facilitating controlled and localized regeneration. Various hydrogels—natural (e.g., collagen, hyaluronic acid) and synthetic (e.g., PEG, PVA)—have been applied in preclinical studies to support chondrogenesis, osteogenesis, and inflammation control within damaged TMJ regions19. Their injectable and customizable nature makes hydrogels particularly attractive for minimally invasive clinical interventions in TMJ repair. In TMD therapy, numerous experiments have demonstrated that hydrogels have favorable effects in aspects such as articular disc repair, cartilage regeneration, muscle repair, pain relief, and drug delivery19.
3D-Printed Scaffolds
Advanced 3D‑printed scaffolds with region-specific microstrand alignment have been developed to mimic the anisotropic collagen organization and complex mechanical properties of the native temporomandibular joint (TMJ) disc20. These scaffolds, which can be optimized in terms of architecture, material composition, and surface properties, have been designed to support the adhesion, proliferation, and differentiation of resident TMJ disc cells while promoting robust extracellular matrix (ECM) deposition. Importantly, such designs consider the unique biomechanical demands of the TMJ, including compressive, tensile, and shear forces21.
Several studies have combined these scaffolds with growth factors, such as TGF‑β3, or with substitute materials like poly(ethylene glycol) diacrylate (PEGDA)2, yielding a heterogeneous fibrocartilaginous matrix akin to that of the native TMJ disc. Mechanical characterization revealed that multi-material scaffolds composed of a polycaprolactone (PCL) framework and a PEGDA core achieved compressive properties (13.53 ± 1.30 MPa) closer to those of the native TMJ disc (0.1–10 MPa), making them promising candidates for long-term disc replacement23. In contrast, scaffolds utilizing a PEGDA shell exhibited a lower compressive modulus (~5.9 ± 0.25 MPa), highlighting the benefits of a core‑integration approach for more accurately mimicking native disc mechanics. Morphological analyses confirmed highly interconnected porosities (~60%), with pore sizes ranging from approximately 200–300 µm, providing an ideal microenvironment for fibroblast and chondrocyte infiltration and subsequent ECM deposition. Moreover, surface hydrophilization via NaOH treatment enhanced the scaffold–hydrogel interface, facilitating PEGDA infiltration and yielding surface characteristics akin to those of native fibrocartilaginous tissue23. Together, these results demonstrate that tailored scaffold architecture and material composition can closely replicate the cellular and biomechanical microenvironment of the native TMJ disc, representing a promising avenue for regenerative therapy23.
This 3D printing method increases the precision of additive manufacturing with nanofiber engineering to better replicate the complex structure and anisotropy of the TMJ disc. In a study employing a three-dimensional scaffold design24, electrospun PCL/PLA/CNTs mats were aligned and stacked in a layer-by-layer fashion, then cross-linked with chitosan, to create a biconcave construct closely mimicking the native disc’s regional collagen orientation18. This 3D‑printed architecture successfully reproduced the collagen fiber alignment of both the middle and peripheral zones, while the incorporation of functionalized CNTs enhanced the scaffold’s mechanical strength and facilitated cellular infiltration24. In vivo implantation in a rabbit TMJ defect model confirmed that this approach promoted fibrocartilaginous tissue regeneration and preserved the underlying bone surface, highlighting the pivotal role of combining additive manufacturing and nanofiber reinforcement for achieving anatomically accurate and biomechanically competent TMJ disc replacements24. Nonetheless, long-term studies will be required to assess the durability, immunological response, and clinical translational potential of such multi-material constructs before their routine application can be fully considered.
Stem Cell Therapy
It is well established that for tissue regeneration within the temporomandibular joint (TMJ) to occur, specific cellular and molecular environments must be established. Recent advances in regenerative medicine have emphasized the pivotal role of stem cell–based therapies and bioengineering approaches in restoring TMJ structure and function. These advances have targeted various clinical contexts, including disc degeneration, inflammatory environments, and postsurgical damage25. A key breakthrough has been the identification of fibrocartilage stem cells (FCSCs) within the human TMJ, which demonstrate robust chondrogenic capacity and expression of characteristic stem cell markers26. These findings have underscored the promise of FCSCs for targeted cartilage repair. In parallel, synovium‑derived mesenchymal stem cells (SDSCs) have shown enhanced chondrogenesis when exposed to rapamycin‑induced autophagy, especially under inflammatory conditions such as IL‑1β exposure, suggesting a viable mechanism for promoting stem cell–driven regeneration within degenerated TMJ environments27.
Additional studies have further explored the differentiation potential and therapeutic application of various stem cell sources. Adipose‑derived stem cells (hADSCs) have gained attention due to their accessibility and ability to differentiate into TMJ disc‑like cellular phenotypes. In this context, photobiomodulation, including the use of 940 nm diode lasers, has been demonstrated to effectively stimulate fibrocartilage‑related gene expression, thereby providing a promising, non‑invasive approach for directing stem cell differentiation within TMJ tissue engineering28. Moreover, mesenchymal stem cell–derived exosomes have emerged as an attractive cell‑free therapeutic option. These exosomes have been shown to alleviate TMJ disc degeneration by modulating the inflammatory microenvironment and promoting extracellular matrix regeneration, highlighting their potential for clinical translation29. 
The functional TGI/HA-CS (tilapia type I gelatin/hyaluronic acid-chondroitin sulfate) double network hydrogel represents a possible integration of biomaterials and stem cells. It possessed a complex bionic composition, structure, and mechanical strength, while also having the capability to immunomodulate the microenvironment and concurrently facilitate in situ repair of damaged TMJ discs. It suppressed the inflammatory effects of the inflammasome in macrophages, diminished the secretion of extracellular matrix (ECM)-degrading enzymes by chondrocytes, ameliorated the local inflammatory condition, stimulated the proliferation of TMJ disc cells, and facilitated the fibrochondrogenic differentiation of synovium-derived mesenchymal stem cells (SMSCs)30.
Clinical trials have further strengthened the evidence for the efficacy of stem cell–based interventions. In one such trial, the use of nasal septum–derived chondroprogenitor stem cells effectively mitigated mandibular condylar resorption following orthognathic surgery, underscoring the feasibility of autologous stem cell therapy for post‑operative recovery31. In parallel, the application of allogenic umbilical cord tissue has demonstrated significant benefits for TMJ injuries, supporting its role as a potent immunomodulatory and regenerative treatment option32. Notably, in a published case report, a patient presenting with advanced degenerative TMJ disease achieved significant clinical improvement following the Regentime technique, wherein autologous bone marrow–derived stem cells were utilized for targeted tissue regeneration33. These results highlight the potential of personalized stem cell–based treatments to transform the therapeutic landscape for advanced temporomandibular joint disorders, warranting further replication and long‑term clinical studies to confirm their efficacy and safety18.
Photobiomodulation
Photobiomodulation (PBM) employing laser irradiation has emerged as a promising, non-invasive technique to modulate inflammatory mediators and stimulate tissue regeneration, offering potential therapeutic benefits for TMD debilitating conditions marked by degenerative changes in the TMJ disc26. Despite extensive investigation, a permanent solution for TMD remains elusive, prompting the exploration of innovative regenerative treatments 26. In this context, a study by Karic et al. (2020) examined the role of a 660 nm diode laser in inducing the differentiation of human adipose-derived stem cells (ADSCs) into fibroblasts and chondrocytes, both critical cellular components for TMJ disc repair24. The authors evaluated cellular morphology, viability, and adenosine triphosphate (ATP) activity following laser irradiation and reported a viability rate exceeding 90% across experimental groups, alongside a significant increase in ATP activity26. Flow cytometry and immunofluorescence analyses confirmed the presence of fibroblastic (CD26) and chondrogenic (CD49C) markers at one and two weeks post‑irradiation, suggesting successful differentiation and highlighting the potential of 660 nm PBM as a viable approach for promoting the regeneration of degenerated TMJ disc tissue26.
Building upon the regenerative promise of PBM for TMD, its therapeutic applications have also been extended to other areas within oral and maxillofacial practice, especially in facilitating recovery following oral surgical procedures28. A randomized, double‑blind, split-mouth clinical trial conducted by Camolesi et al. (2025) evaluated the efficacy of an 808 nm Ga‑Al‑As diode laser (100 mW, 3 J per point) in managing postoperative complications following lower third molar extractions28. In a sample of 83 patients, significant reductions in pain, facial edema, and trismus were observed on postoperative days 2 and 7 (P < .01), with more than 90% of participants reporting comfort and decreased analgesic consumption, except on the seventh day. These outcomes were attributed to the ability of PBM to modulate the release of pro-inflammatory cytokines (e.g., IL-6, IL-1β, and TNF-α) and to enhance microcirculation, thereby attenuating the inflammatory response and promoting more rapid tissue recovery28. These findings highlight the role of PBM as a valuable adjunctive therapy for post-surgical care in oral and maxillofacial practice28.
Further supporting the role of PBM in TMJ disc regeneration, Karic et al. conducted a subsequent study using a 940 nm diode laser to direct the differentiation of ADSCs into fibroblasts and chondrocytes. At an energy dose of 5 J, the treatment achieved significant differentiation, evidenced by the expression of fibroblastic (CD26) markers at 60.80% and chondrogenic (CD49C) markers at 44.8% in the laser-only group after two weeks, as confirmed by flow cytometry and immunofluorescence analyses28. These results, in line with earlier findings at 660 nm, underscore the versatility of PBM across different wavelengths and its capacity to support TMJ disc regeneration28. Together, these studies emphasize the potential of PBM as a robust and adaptable therapeutic approach for promoting tissue engineering and recovery in the context of TMD, with broader implications for its use in oral and maxillofacial rehabilitation.
The collective evidence from these studies highlights PBM’s dual role in regenerative medicine and clinical care. While the 660 nm and 940 nm lasers show promise in addressing the underlying pathology of TMD through stem cell differentiation, the 808 nm laser demonstrates PBM’s broader utility in reducing postoperative complications28. However, challenges remain, including the need to standardize laser wavelengths, energy doses, and treatment frequencies and to investigate long-term outcomes and safety profiles. As research progresses, PBM could become a cornerstone of dental therapy, offering innovative solutions for TMD management and enhanced patient recovery. 
Biomaterial for Prosthetic and Surgical Intervention of TMD
Recent advances in understanding the TMJ have underscored the critical role of biomaterials for prosthetic and surgical interventions in treating TMD. Chin and Almarza29 revealed that the posterior band of the TMJ disc has the highest viscoelastic modulus (~356.5 kPa), stiffness (~3.9 N/mm), and compressive peak force (~0.26 N), making it significantly stiffer than the anterior (~0.11 N) or lateral (~0.09 N) regions. In the MCC, the lateral area exhibited a higher in-plane modulus (~305 kPa) than the posterior (~155 kPa), highlighting the regional anisotropy required for prosthesis design. Meanwhile, Ortún‑Terrazas et al. demonstrated that a transversely isotropic hyperelastic and porous hyperfoam model is necessary to mimic the TMJ’s physiological behavior31. Their results established that the TMJ disc has an initial void ratio (e0) of ~0.79–0.83 across its regions and permeabilities (~3.64–8.95×10^-15 m^2), making it highly sensitive to fluid dynamics and strain rate effects29. Together, these findings highlight that any TMJ implant or scaffold must capture both the regional mechanical properties (with differences of over 2–3× between bands) and the biphasic nature of the tissue, allowing for accurate restoration of load distribution, lubrication, and long‑term clinical success.
Nasal septum-derived chondroprogenitor cells have also emerged as a promising approach for the biological repair of TMJ condylar resorption (CR) following orthognathic surgery. In a phase I/IIA clinical trial conducted by Tesch et al., nine patients received intra-articular injections of 10^7 autologous chondroprogenitor cells (passages 3–5) suspended in sodium hyaluronate. At 12 months post‑treatment, clinical outcomes demonstrated a significant reduction in arthralgia (78% pain‑free), marked improvements in mandibular range of motion (pain‑free mouth opening increased from 19 ± 2 mm to 35 ± 8 mm), and evidence of tissue regeneration confirmed via CT scans, with recorticalization and volumetric stabilization or increases of the mandibular condyles observed in the majority of treated patients (21.3 ± 13.3%)34. The chondroprogenitor cells expressed high levels of mesenchymal markers (CD105, CD73, CD90, CD44 > 90%) and CD146, suggesting their potential role in endochondral ossification and transdifferentiation34. Meanwhile, Kang et al. introduced a temperature-sensitive chitosan hydrogel with 1‑bromoheptafluorooctane, highlighting its ability to enhance bone and tissue regeneration, yielding a bone mineral density (~580 mg/cm3) and trabecular thickness (~0.25 mm) akin to native bone after 12 weeks, thanks to its oxygen-rich environment that promotes early-stage cellular infiltration and neovascularization showing a promising result for as a supporting therapy33. These findings highlight the promise of autologous cellular therapies and oxygen-releasing hydrogels as a safer and less invasive alternative to traditional prosthetic approaches using UHMWPE or metallic alloys, providing a viable pathway for restoring physiological joint structure and function while minimizing the risk of long-term complications 35.
Biomaterial for Noninvasive Treatment of TMD
Splint Occlusal
Digitally fabricated occlusal splints have emerged as an effective therapeutic option for TMD, due to their efficient time and fast process. Although specific materials were not detailed in the referenced study, such splints are typically produced via computer-aided design and manufacturing (CAD/CAM) and three-dimensional printing technologies, employing biocompatible polymers such as polymethyl methacrylate (PMMA) for milled splints and photopolymer resins for 3D‑printed versions36. A pilot clinical trial conducted between May 2023 and October 2024 with 41 patients diagnosed with TMD demonstrated the therapeutic efficacy of these digitally fabricated splints, with significant improvements observed across pain (80.6%), dietary habits (73.5%), mandibular function (74.4%), and quality of life (66.7%) after at least eight weeks of treatment (P<.05)6. The study further identified splint usage for 24 hours a day and a device thickness of 1–2 mm as critical parameters for achieving optimal outcomes, whereas patient sex, age, and dental overlap had no significant influence36. Compared with traditional handmade splints, digital fabrication offered advantages such as more rapid production, reduced need for occlusal adjustments, and enhanced patient comfort, making it a promising approach for TMD management36. Nonetheless, further research is required to precisely define and optimize the biomaterials used in these splints and assess their long-term clinical performance.
Limitations
The complexity of the TMJ, with its intricate anatomical, mechanical, and biochemical properties, presents significant challenges for biomaterial-based tissue engineering in TMD treatment 17. Replicating the TMJ's unique fibrocartilaginous structure and load-bearing functionality requires a multidisciplinary approach involving clinicians, bioengineers, and material scientists to design effective scaffolds and therapies31. Additionally, while biomaterials like temperature-sensitive hydrogels, electrospun nanofiber mats, and stem cell-based approaches show promise, their long-term effectiveness and safety remain understudied. Issues such as insufficient mechanical strength in hydrogels, limited oxygen release duration, and unclear vascularization mechanisms and cellular integration necessitate further investigation 19,25. Moreover, the lack of methodological clarity in studies, particularly those involving natural products, and the need for robust clinical evidence hinder the translation of these biomaterials into widespread clinical application.
CONCLUSION
Current advances in the treatment of TMD reflect a shift from traditional, symptom-focused approaches towards a more comprehensive and forward-looking paradigm grounded in biology, engineering, and precision medicine. This multidisciplinary approach empowers clinicians to move beyond traditional management, providing patients with long-term restoration of joint structure and function, improved quality of life, and a promising foundation for the future of TMJ rehabilitation. The convergence of these biomaterial innovations signifies a paradigm shift in TMD management. By integrating engineering principles with biological understanding, these approaches pave the way for highly targeted, effective, and minimally invasive treatment modalities, ultimately aiming to restore not just function but the biological integrity of the temporomandibular joint.
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