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ABSTRACT
Three-dimensional (3D) printing and bioprinting are emerging as advanced tools for periodontal regeneration, enabling patient-specific scaffolds and precise tissue engineering. The periodontium comprising alveolar bone, periodontal ligament, cementum, and gingiva has a complex architecture that makes complete regeneration challenging. Bioprinting strategies allow controlled placement of cells, biomaterials, and growth factors, closely mimicking the native periodontal environment. Advances in 3D bioprinting enable precise spatial control of cells, biomaterials, and bioactive molecules, allowing the fabrication of scaffolds that closely mimic the native periodontal microenvironment. This review highlights bioprinting techniques, bioink formulations, and its applications for alveolar bone, periodontal ligament, and gingival regeneration. By enabling functional and spatially organized tissue regeneration, 3D bioprinting represents a promising shift from conventional reparative therapies toward true biological and clinically relevant periodontal regeneration.
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1. INTRODUCTION
Periodontal disease is a chronic inflammatory condition initiated by microbial biofilms and perpetuated by a dysregulated host immune response, leading to progressive destruction of the tooth-supporting structures, including gingiva, periodontal ligament (PDL), cementum, and alveolar bone1. Thus, severe periodontitis remains a leading cause of tooth loss. Current regenerative approaches such as guided tissue regeneration, bone grafts, membranes, and biologic agents show variable outcomes, particularly in complex defects such as furcations and fenestrations2. These limitations are largely attributed to inadequate space maintenance, poor defect adaptation, and the inability to recreate the native hierarchical architecture of periodontal tissues3.
Traditional manufacturing techniques are based on subtractive manufacturing, in which material is removed from a solid block to obtain the desired shape. In contrast, three-dimensional (3D) printing is an additive manufacturing technology, where a digital model is designed using computer-aided design (CAD) software, sliced into successive layers, and transferred to a printer that fabricates the object layer by layer following the principle of layered manufacturing4. This approach enables precise control over scaffold geometry, porosity, and internal architecture, making it particularly suitable for periodontal applications where defect morphology and tissue interfaces are highly complex5.
In additive manufacturing or 3D printing, three-dimensional structures are fabricated directly from digital data using CAD-based workflows. When the printed materials incorporate living cells within bioactive biomaterials, the process is referred to as 3D bioprinting6. Commonly employed bioprinting techniques include inkjet bioprinting, extrusion-based bioprinting, laser-assisted bioprinting, and stereolithography, each offering distinct advantages in terms of resolution, cell viability, and material compatibility7. These technologies allow the spatially controlled delivery of cells, biomaterials, and biological cues, which is critical for orchestrating periodontal tissue regeneration.
With these advances in scaffold fabrication and bioprinting technologies, 3D printing has transitioned from an experimental manufacturing tool to a biologically driven regenerative strategy. In periodontology, this technology has enabled the development of customized scaffolds, membranes, and tissue-guiding constructs and has expanded toward practical clinical applications including education, socket preservation, periodontal defect regeneration, ridge augmentation, sinus augmentation, and peri-implant regeneration.Top of Form
The aim of this paper is to review the present data in the literature, related to 3D printing and bioprinting techniques and materials, as well as applications in the form of membranes and scaffolds in the regeneration of the periodontal apparatus.
Bottom of Form
2. BIOINKS FOR PERIODONTAL TISSUE ENGINEERING
Bioinks play a central role in bioprinting by providing a supportive microenvironment that mimics the extracellular matrix (ECM). An ideal bioink must balance printability, mechanical integrity, biocompatibility, biodegradability, and biological signalling.
2.1 Types of Bioinks
Natural hydrogels                                                                                                                                              
Examples include collagen, gelatin, fibrin, alginate, hyaluronic acid, agarose, and gelatin methacryloyl (GelMA). These materials exhibit excellent cell affinity and biocompatibility but generally possess limited mechanical strength.

Synthetic hydrogels
Synthetic polymers such as polycaprolactone (PCL), polyethylene glycol (PEG), PEG diacrylate (PEGDA), polylactic acid (PLA), polyglycolic acid (PGA), and poly(lactic-co-glycolic acid) (PLGA) offer tunable mechanical properties and controlled degradation but lack inherent bioactivity.

Composite bioinks
Combinations of natural and synthetic polymers, often reinforced with ceramics such as hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), or bioactive glass.


Decellularized extracellular matrices (dECM)
Provide tissue-specific biochemical cues and growth factors, enhancing cell differentiation and regeneration.


2.2 Commonly Used Biomaterials in Periodontal 3D Printing
	Material Category
	Material
	Advantages
	Disadvantages

	Natural polymers
	
Collagen


	Biocompatible    
Excellent cell affinity
	Low mechanical properties

	
	Alginate
	Hydrophilic 
Easy gelation
	Rapid degradation rate


	
	Hyaluronic acid
	Supports cell migration and proliferation
	Lack of bioactivity


	
	Chitosan
	Antibacterial Biocompatible
	Poor mechanical strength

	Synthetic polymers
	Polycaprolactone (PCL)
	Highly adjustable physicochemical and mechanical properties
	Low bioactivity

	
	Polylactic acid (PLA)
	Wide range of degradation and resorption kinetics
	Slow degradation rate

	
	Polyglycolic acid (PGA)
	Good repeatability

	Acidic byproducts

	
	Polyethylene glycol (PEG)
	Tuneable properties; hydrophilic
	Not compatible with cell encapsulation

	
	Poly(lactic-co-glycolic) acid (PLGA)
	Controlled degradation; good processability
	Acidic degradation products

	Bio-ceramics
	Hydroxyapatite (HA)
	Bioactive; biocompatible; osteoconductive
	Stiffness
brittleness

	
	β-tricalcium phosphate 
(β-TCP)
	Potential Osteoinductive properties
	Low ductility

	
	Bioactive glass
	Hydrophilicity
promotes mineralization
	Low flexibility,
inconsistent cell reactions due to surface variability


                             Table no.1: Commonly used Bioinks for Periodontal regeneration. Irina-Georgeta Sufaru et al8

3. 





WORKFLOW AND STEPS IN 3D PRINTING AND BIOPRINTING FOR PERIODONTAL REGENERATION
3D printing is fundamentally different from traditional subtractive manufacturing techniques, as it relies on the principle of layered manufacturing to fabricate structures directly from computer-aided design (CAD) models. When bioactive biomaterials and living cells are incorporated into printable formulations, the process is referred to as 3D bioprinting. This technology is particularly suited for periodontal applications, where precise control over defect geometry and tissue interfaces is critical.
[image: ]                        Fig.1: Schematic diagram of the process for 3D printing dental tissue. Fengxiao Zhao et al.9
Step 1: Data acquisition and 3D model design
The first step involves creating a three-dimensional model representing the macroscopic and microscopic architecture of the target scaffold. Anatomical data can be acquired using computed tomography (CT) or cone-beam computed tomography (CBCT) scans followed by digital post-processing, or generated directly using computer-aided design (CAD) software.
Step 2: Selection of biomaterials, cells, and bioactive components
Based on the target tissue such as periodontal ligament, gingiva, or alveolar bone appropriate biomaterials are selected. Relevant cell types and bioactive agents, including growth factors and signaling molecules, are also chosen to promote tissue-specific regeneration.
Step 3: Ink or bioink preparation
The selected biomaterials are formulated into printable inks (cell-free biomaterials) or bioinks (biomaterials incorporating living cells). These formulations must exhibit suitable viscosity, printability, mechanical stability, and biocompatibility.
Step 4: Selection of printing technique and scaffold fabrication 
The prepared inks or bioinks are loaded into the 3D printer. Commonly used techniques include extrusion-based printing and its variants such as fused deposition modeling (FDM) and melt electrowriting (MEW), inkjet-based printing, and laser-assisted printing techniques including stereolithography (SLA), digital light processing (DLP), and selective laser sintering (SLS). Each technique has distinct features that influence resolution, mechanical strength, and cell viability and must be carefully considered during fabrication.
Step 5: Post-printing cell seeding (for cell-free scaffolds)
In cases of cell-free printing, cells are seeded onto the fabricated scaffold after printing to ensure optimal cell attachment, proliferation, and distribution.
Step 6: In vitro maturation or in vivo implantation
Finally, the 3D-printed constructs are cultured under controlled in vitro conditions to allow tissue maturation or implanted in vivo to facilitate biological regeneration and functional integration with host periodontal tissues.

4. TYPES OF 3D PRINTERS
3D printers can be broadly classified into three major categories: inkjet printing, extrusion printing, fused deposition modeling, light-assisted printing, and electrospinning  
4.1 Inkjet printing[image: Inkjet-Based 3D Food Printing for Sustainable Insect Materials: A  State-of-the-Art Review and Prospective Materials | Springer Nature Link] 
In inkjet printing, the deposition of bioink is performed drop by drop10. To generate these droplets of bioink, different systems are used, such as acoustic, piezoelectric, hydrodynamic, electrostatic, thermic process, and microvalves. The printer head is synchronized with a motorized stage, and the 3D structures are fabricated layer-by-layer by raster scanning.                     Fig.2: Inkjet printer    

This technique usually requires low viscosity bioinks (3.5–12 mPa/s) and is fast, and the cell viability after printing is high (>85%)11,12. 

4.2 Extrusion printing
[image: Inkjet-Based 3D Food Printing for Sustainable Insect Materials: A  State-of-the-Art Review and Prospective Materials | Springer Nature Link]In extrusion-based printing the bioink is compressed into a nozzle by mechanical or pneumatic force. Through this technique, bioinks can be used with a wide range of viscosities (30 mPa/s-60 × 107 mPa/s)13. The 3D structures are fabricated by the deposition of lines or small beads of bioink and by raster scanning the printer head over the stage. 
The printer head then moves in the Z direction, allowing layer-by-layer fabrication.The technique is fast, and the cell viability after printing remains high (∼80%).             Fig.3: Extrusion printing


[image: Figure 3]4.3 Light-assisted printing
In laser-assisted printing, a bioink with a viscosity of 1–300 mPa/s is loaded on a ribbon coated by a thin metallic film (gold or titanium)14. A laser pulse induces metal vaporization, which ejects a droplet of bioink toward the substrate. 
This is a fast printing technique with high precision deposition, and the cell viability after printing is high (>95%).            Fig.4: Light-assisted printing
Extrusion printing


[image: Figure 4]4.4 Stereolithography
In stereolithography, a photosensitive resin is cured point by point by a laser beam to fabricate a 3D structure. The technique is fast, and the cell viability after printing is high (>85%)15,16. 
            Fig.5: Stereolithography



	Techniques
	Advantages

	Disadvantages

	Application

	Extrusion-based printing
	Extensive sources of material.
Low cost
	Limited printing resolution
Slow printing speed
Shearing force unfavorable to cells
	Dentin–pulp complex
Alveolar bone
PDL
Cementum17


	Inkjet-based printing
	Relatively fast printing speed.
High resolution.
High cell viability.


	Viscosity limitations of ink
	Dental pulp
Alveolar bone18


	Laser-assisted printing
	High printing speed.
High precision
	Expensive cost.
Only light-curing materials

	Dental pulp
Bio-root
Periodontal tissue
Alveolar bone
PDL
Cementum19



                                             Table no. 2: Types of 3D priting with advantages and Disadvantages.

5. APPLICATIONS OF 3D PRINTING IN PERIODONTOLOGY
5.1 Education of Patients and Dental Students
Three-dimensional (3D) printed models have emerged as powerful educational tools in periodontology, benefiting both patients and dental trainees. Physical models allow visualization of complex periodontal defects that are difficult to comprehend using two-dimensional radiographs or verbal explanations alone.
The VANPERIO model, a 3D-printed periodontal defect model, has been specifically developed to enhance understanding of periodontal regenerative procedures. These models enable patients to better grasp the nature of their disease, treatment sequence, and expected regenerative outcomes, thereby improving patient compliance and informed consent. Additionally, VANPERIO models allow simulation of regenerative procedures using bone grafts and barrier membranes, offering clinicians and students a realistic, hands-on understanding of defect morphology and surgical complexity20.
For dental education, 3D-printed surgical models fabricated from CBCT data have proven highly reliable in teaching advanced regenerative procedures, including sinus floor elevation and guided bone regeneration. Studies report improved spatial understanding, procedural confidence, and surgical planning skills among dental students and practitioners using these models21.
5.2 Socket Preservation
Socket preservation following tooth extraction is critical to minimize alveolar ridge resorption and facilitate future implant placement. 3D-printed scaffolds provide a customized and space-maintaining solution to this clinical challenge.
Goh et al.22 demonstrated that a prefabricated 3D-printed polycaprolactone (PCL) scaffold, fabricated using fused deposition modeling (FDM), effectively preserved alveolar ridge dimensions over a 6-month period. Micro-CT and histological findings revealed reduced vertical bone resorption compared to ungrafted sockets. 
Custom-made scaffolds exhibit superior defect adaptation compared to prefabricated designs; however, limitations such as soft tissue dehiscence and incomplete bone regeneration have been reported. These shortcomings may be attributed to the slow degradation rate of PCL, limited osteoconductivity, and poor cellular affinity.
More recently, Kijartorn et al.23 compared 3D-printed nanoporous hydroxyapatite scaffolds with nanocrystalline bone grafts for ridge preservation. The 3D-printed scaffold demonstrated significantly reduced soft tissue dimensional changes, suggesting enhanced volume stability.
Nicola De Angelis et al.24 evaluated 3D-printed bioresorbable polymeric disks compounded with osteoconductive ceramics for socket sealing after tooth extraction. Both poly-D-lactic acid with 10% hydroxyapatite and poly-ε-caprolactone with 20% β-tricalcium phosphate significantly improved soft-tissue closure compared with spontaneous healing, particularly in posterior sites. Near-complete epithelial coverage was achieved within six weeks without flap elevation or postoperative complications, highlighting the importance of effective socket sealing in preserving ridge morphology for future implant placement.
The controlled resorption of the customized 3D-printed devices and their favorable tissue response support their role as effective socket sealing systems, reinforcing the concept that soft-tissue management is a critical component of socket preservation for maintaining ridge morphology and optimizing future implant placement. Overall, 3D printing allows fabrication of socket-specific scaffolds with controlled architecture and porosity, offering promising outcomes in ridge preservation.
5.3 Fenestration Defects
Fenestration defects pose a regenerative challenge due to limited bony walls and compromised blood supply. 3D-printed fiber-guiding scaffolds have shown encouraging results in addressing these defects.
Park et al.25 evaluated amorphous and fiber-guiding PCL scaffolds in surgically created buccal fenestration defects in rat mandibles. Micro-CT analysis revealed that fiber-guiding scaffolds demonstrated superior adaptation and increased mineralized tissue formation compared to non-guided designs.
Notably, regeneration of mineralized tooth-supporting structures was observed adjacent to the defect, suggesting that scaffold architecture plays a crucial role in directing periodontal tissue regeneration. These findings support the concept that fiber-guiding 3D-printed scaffolds can enhance spatial control over periodontal regeneration.

5.4 Peri-Osseous and Intra-Bony Defects
3D-printed scaffolds are particularly advantageous in the management of peri-osseous defects due to their ability to be customized to defect geometry, size, and anatomical complexity.
Rasperini et al.26 evaluated a patient-specific PCL scaffold fabricated using selective laser sintering (SLS) for the treatment of large periodontal defects. The scaffold incorporated PDL-guiding pegs and an internal port for recombinant platelet-derived growth factor delivery. Short-term results demonstrated improved clinical attachment levels and partial root coverage up to 12 months. However, long-term follow-up revealed scaffold exposure and impaired wound healing, highlighting the need for improved material stability and degradation kinetics.
Mohd et al.27 encompassing ten animal studies reported that hydroxyapatite and tricalcium phosphate (TCP)-based 3D-printed scaffolds consistently promoted new bone formation in intraoral bony defects.  Adel-Khattab et al.28 demonstrated that a 3D-printed bioceramic scaffold composed of silica-containing calcium alkali orthophosphate closely mimicked the mechanical and physical properties of autogenous bone grafts, indicating strong regenerative potential by containing homogenously distributed terminally differentiated osteoblasts and mineralizing bone matrix and therefore is suitable for subsequent in vivo implantation for regenerating segmental discontinuity bone defects.
Additionally, bilayered PLGA-CaP scaffolds have shown promise in treating Grade II furcation defects in dogs by providing mechanical stability and facilitating periodontal tissue regeneration. As it did not collapse into the defect and was able to retain the blood clot throughout the buccal defect29.
5.5 Sinus Augmentation
3D-printed scaffolds have also been investigated as substitutes for conventional bone grafts in sinus augmentation procedures. Their customized design and osteoconductive properties provide distinct advantages.
Mangano et al.30 evaluated a custom-made calcium phosphate (CaP) ceramic scaffold produced via rapid prototyping for monolateral sinus augmentation in a sheep model. Histological analysis at 45 and 90 days revealed complete bone regeneration from the periphery toward the center of the sinus cavity, demonstrating excellent osteoconductivity.
The use of 3D-printed surgical models derived from CBCT data has further enhanced training and accuracy in sinus lift procedures, offering realistic simulation and improved procedural outcomes20.
5.6 Ridge Augmentation
Alveolar ridge augmentation is essential for implant placement in severely resorbed ridges. 3D-printed scaffolds and meshes provide predictable space maintenance and defect-specific adaptation. Park et al.31 investigated 3D-printed PCL scaffolds combined with β-TCP in saddle-type defects in beagle dogs. Scaffolds with a 400/1200 lattice configuration demonstrated greater new bone formation than denser designs, emphasizing the importance of scaffold architecture in regenerative outcomes.

Sumida et al.32 demonstrated that custom-made titanium meshes fabricated using selective laser melting (SLM) offer a secure and predictable method for guided bone regeneration, with reduced intraoperative complications.
Yen and Stathopoulou et al.33 highlighted that 3D printing enables fabrication of corticocancellous allografts and customized titanium shells with optimized micro- and macroporosities, minimizing material wastage and enhancing regenerative precision compared to conventional CAD/CAM techniques.
5.7 Peri-Implant Regeneration
In peri-implant defects, 3D-printed membranes and scaffolds have shown outcomes comparable or superior to conventional collagen membranes.
Won et al.34 compared an extrusion-based 3D-printed PCL/PLGA/β-TCP membrane with a collagen membrane in a beagle implant model. While collagen membranes demonstrated higher tensile strength, the 3D-printed membrane showed increased new bone volume and regeneration rate. Both membranes exhibited comparable cellular proliferation and osteogenic differentiation, suggesting that 3D-printed membranes are a viable alternative for peri-implant regeneration. 
5.8 Multiphasic Scaffolds for Complete Periodontal Regeneration
Monophasic scaffolds primarily support bone regeneration but fail to achieve complete periodontal regeneration. Consequently, biphasic and triphasic scaffolds have been developed to regenerate alveolar bone, periodontal ligament, and cementum simultaneously.
Triphasic scaffolds with spatially controlled architecture and growth factor gradients have demonstrated promising results in experimental models, including cementogenesis, ligament fiber alignment, and bone formation35. However, challenges such as interphase cohesion, mechanical stability, and predictability of fiber orientation persist.
Continuous additive manufacturing and simultaneous multiphase crosslinking have been proposed as potential solutions to overcome these limitations.
6. ADVANTAGES AND DISADVANTAGES OF 3D PRINTING 
6.1 Advantages
· Time saving 
· Accurate details and scan reproduction that produce high-quality work and reliable results 
· It is feasible to print intricate geometric forms and interlocking components that don't need to be assembled. 
· Reduction of production-related material loss.
· Single items can be produced in small quantities for quick delivery.
6.2 Disadvantages 
· Cost and availability of the material 
· Requires individual training 
· Finishing of final product is time consuming and requires skill 
· An inherent weakness is literally built into the design. 
· Depending on the material, it may still need additional treatment to reach full strength.
7. CONCLUSION
Three-dimensional (3D) printing and bioprinting have emerged as promising technologies for periodontal regeneration by enabling patient-specific, geometrically precise scaffolds and tissue-guiding constructs. These additive manufacturing approaches overcome several limitations of conventional regenerative therapies by allowing controlled modulation of scaffold architecture, biomaterial composition, and biological signaling. Advances in bioinks, printing techniques, and multiphasic scaffold design have demonstrated encouraging outcomes in periodontal defect regeneration, socket preservation, ridge augmentation, and peri-implant therapy. 
Although challenges related to vascularization, degradation kinetics, and long-term clinical predictability remain, continued technological refinement and clinical validation position 3D bioprinting as a key strategy for achieving biologically driven and functionally integrated periodontal regeneration.
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