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Biological Engineering Advances in Tooth Regeneration 

Abstract 

Tooth loss is a common clinical problem that is typically treated with prosthetics or 

dental implants. However, these solutions can be expensive and do not restore the biological 

function of natural teeth. Recent advances in developmental biology, stem cell research, and 

tissue engineering have made it possible to consider regenerating fully functional teeth. This 

paper explores the mechanisms of tooth development, the role of stem cells, and current 

bioengineering strategies that may lead to clinical applications in regenerative dentistry. 

Introduction 

Teeth play a vital role in chewing, speaking, and maintaining facial structure. Unlike 

other tissues, enamel and dentin have a limited ability to regenerate and struggle to heal 

themselves after trauma or inflammation (Sui et al., 2025). Once a tooth is lost, it cannot regrow 

naturally in humans. Traditional treatments such as dentures and implants restore function but 

lack biological integration. Understanding how teeth form during development can help 

scientists develop strategies to regrow them using stem cells and tissue engineering (Jernvall & 

Thesleff, 2012). Regenerative dentistry combines biology and engineering to create living tooth 

replacements. This field builds on knowledge of molecular signaling, stem cell behavior, and 

organ development. Researchers are now exploring how to use these tools to regrow teeth in the 

lab and eventually in patients (Sui et al., 2025). 

Molecular Mechanisms of Tooth Development 

Tooth development begins with interactions between epithelial and mesenchymal tissues. 

These interactions are controlled by signaling pathways such as Wingless and INT-1(Wnt), Bone 

Morphogenetic Protein (BMP), Fibroblast Growth Factor (FGF), and Sonic hedgehog (Shh) 
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(Clevers, 2006). These signals guide the formation of tooth buds and shape the crown and root. 

Wnt signaling helps activate stem cells and promotes continuous tooth generation in mice 

(Järvinen et al., 2006). BMP and FGF signals regulate the enamel knot, which controls cusp 

formation. (Clevers, 2006). Shh signaling influences cell growth and root development (Clevers, 

2006). These pathways also help determine which cells become enamel-producing ameloblasts 

or dentin-producing odontoblasts (Mitsiadis & Graf, 2009). Understanding these signals is 

essential for designing tooth regeneration strategies. 

Stem Cells in Dental Regeneration 

Stem cells are undifferentiated cells that can become specialized tissues. Dental 

mesenchymal stem cells (DMSCs) are found in the pulp, periodontal ligament, and apical 

papilla. They can regenerate dentin and other tooth structures (Sharpe, 2016). Histological 

studies have shown where these stem cells are located and how they behave (Nanci, 2017). 

Scientists have also used induced pluripotent stem cells (iPSCs) to create dental mesenchymal 

cells in the lab. These cells can be used to repair damaged teeth or grow new ones. Stem cells are 

valuable because they can self-renew and multiply; they can become different types of dental 

cells; and they may reduce immune rejection when used in therapy (Otsu et al., 2012). 

Bioengineering Functional Teeth 

One major breakthrough in tooth regeneration is the organ germ method. Nakao et al. 

(2007) developed a technique to combine epithelial and mesenchymal tissues to form a tooth 

germ in the lab. This germ can grow into a full tooth when transplanted. Ikeda et al. (2009) 

showed that these bioengineered teeth can be implanted into adult jaws and function like natural 

teeth. Oshima and Tsuji (2011) used adult stem cells to create tooth germs, proving that 

regeneration is possible without embryonic tissue. These studies show that it is possible to grow 
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teeth with enamel, dentin, pulp, and periodontal ligament. This method could one day replace 

dental implants with living teeth. 

Genetic and Molecular Interventions 

Genetic research has revealed new ways to stimulate tooth growth. Murashima-Suginami 

et al. (2021) found that blocking a protein called USAG-1 can lead to the formation of extra teeth 

in mice. This discovery suggests that humans might be able to regrow teeth by turning on 

dormant developmental pathways. This approach could help people with congenital tooth loss or 

those who lose teeth due to injury or disease. It also shows how molecular biology can be used to 

unlock natural regenerative abilities. 

Contemporary Advances and Clinical Prospects 

Recent reviews have summarized the progress in tooth regeneration. Volponi et al. (2010) 

discussed how stem cells can be used to repair teeth, while Sui et al. (2025) provided a detailed 

overview of current techniques in whole-tooth regeneration, pulp–dentin engineering, and 

enamel repair. 

Clinical applications may include the following: 

• Using stem cells to regenerate the pulp and dentin. 

• Creating enamel-like materials to restore tooth surfaces. 

• Growing entire teeth for transplant. 

These advances bring regenerative dentistry closer to real-world use. 

Ethical and Translational Considerations 

Before tooth regeneration can be used in clinics, several issues must be addressed: 

• Stem cell sourcing: Should cells come from the patient or a donor? 

• Safety: iPSCs may carry a risk of forming tumors. 
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• Regulation: New therapies must be tested and approved. 

• Cost: Treatments must be affordable and accessible. 

Collaboration between scientists, doctors, and policymakers is needed to solve these 

challenges to ethically and safely bring regenerative dentistry to patients. 

Conclusion 

Tooth regeneration is quickly becoming a reality thanks to advances in biological 

engineering. Researchers are continually learning how teeth form, how stem cells work, and how 

to grow teeth in the lab. Studies by Nakao et al. (2007), Ikeda et al. (2009), and Oshima and Tsuji 

(2011) have all shown that bioengineered teeth can function in living organisms. Genetic 

discoveries like those by Murashima-Suginami et al. (2021) offer new ways to stimulate natural 

tooth growth. With continued research, regenerative dentistry could replace traditional treatments 

and restore natural teeth. This could greatly improve oral health and quality of life for millions of 

people. 
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