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Ligaplants in Implantology: A Paradigm Shift in Regenerative Dental Implants

ABSTRACT: The advancement of implant dentistry has ushered in innovative solutions to overcome the limitations of traditional implants, notably the absence of the periodontal ligament (PDL). Ligaplants—a hybrid of biocompatible implant material and bioengineered PDL—represent a paradigm shift in dental rehabilitation. These next-generation implants aim to recreate the natural tooth attachment apparatus by integrating tissue engineering techniques, including the use of scaffolds, signaling molecules, and stem cells derived from dental follicle or PDL tissue. This review explores the development, preparation, biological integration, and challenges associated with Ligaplants. While still largely experimental, animal studies and early clinical trials suggest that Ligaplants may restore proprioception, distribute occlusal forces more physiologically, and promote bone regeneration without the need for grafting. Despite high costs, ethical concerns, and the complexity of culturing PDL tissue, Ligaplants hold immense promise as a biologically functional alternative to osseointegrated implants, offering new horizons in regenerative dentistry.
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                                                          INTORDUCTION
Replacement of the missing tooth with an implant has gained popularity among patients. The advent of periodontal tissue engineering has brought about a revolution not only in the field of periodontology but also in the field of implant dentistry at large. Currently, the development of a periodontal ligament (PDL) attachment around dental implants has now become an important new therapeutic tool to replace lost teeth. PDL houses various vital cells that are important in the dynamic relationship between the tooth and the bone [33]. Dental implants, sometimes referred to as oral or endosseous implants, have been used to replace missing teeth in recent decades [6].  A number of factors, including the longer lifespan of elderly people, the shortcomings of both fixed and removable prostheses, the benefits, and the predictable results of implant use, are responsible for the rise in implant dentistry. [10] Implants are a biocompatible alternative for restoring missing teeth, thus making them an obvious solution.[6] Osteointegration is one the key factor for successful outcome of implant treatment is affected by several local and systemic factors.[12]. The development of ligaplants  involves  principles  of tissue engineering and regenerative medicine. It typically includes the use of autologous or stem cells derived from the PDL,  bioactive  scaffold  materials,  and  signalling molecules that promote cellular differentiation and tissue formation.  In vitro and  in  vivo  animal  studies  have shown promising results, with the formation of fiber-rich connective   tissues   resembling   natural   PDL   around specially  treated  implant  surfaces.  These  fibers  are oriented perpendicularly  or  obliquely  to  the  implant surface,   indicating   functional   integration   similar   to natural tooth attachment [34,35]. Several modifications can be made to manage the complications connected with osteointegration. Improves osseointegration and bone-to-implant interface strength. Bio-mimetic compounds are increasingly being used to enhance the bio-functionality of dental implants, in addition to physical and chemical modifications to the implant surface. Despite all of these modifications, the implant's biological function is limited by the lack of periodontal ligament (PDL) attachment.[12] In addition to its function in tooth anchoring, The periodontal ligament (PDL) serves as the periosteum in the alveolar socket that faces the tooth root and supplies progenitor cells for alveolar bone production and remodeling. When PDL is absent, the implant's mobility is decreased and the stress is transferred straight to the bone-implant interface [5]. Lack of PDL sufferers' functional efficiency is also decreased by proprioceptive fibers. Bioengineered PDL has been created to solve these problems in light of the development of regenerative dentistry, a unique fibrous tooth implant connection utilizing dental follicle stem cells. Although bioengineered PDL ligaplant implants were first developed decades earlier, bio-hybrid implants. The more recent development in this field is stem cell technology. PDL shown an immense potential for regeneration, reestablishing innervations and strengthening biomechanical tissue. A new approach Discusses tissue engineering of the PDL, a method for replacing lost teeth. This involves the formation of tissue-engineered PDL cells on dental implants, which function similarly to a natural tooth.[5] This review offers an understanding of the available methods and biomaterials utilized in biohybrid implants, with a focus on the most current results and potential directions.[12] Ligaplants are a novel development in the implant dentistry. [5]


                                         FOUNDATION OF LIGAPLANTS
Experiments and research have been conducted to generate periodontal ligaments around implants. Creating a bio-root can provide optimal circumstances for future implant-supported treatments. Buser et al. found in 1990 that when titanium dental implants are used, the PDL of the root can supply cells to the implant surface during the healing process. 
The retained root tips came into contact with the implants.Tissue engineering has revolutionized the field of periodontal regeneration and dental implant treatment. [5] To regenerate PDL tissues in titanium, Lin et al. used autologous rat PDL cells from the root surfaces of molar teeth. At the titanium implant alveolar bone contact, they employed Matrigel, a three-dimensional biomatrix scaffold that contains essential extracellular matrix (ECM) components and can support orderly rat PDL regeneration. Collagen fibers-oriented perpendicular to the surface were observed in 10% of experimental implants seeded with PDL cells, exhibiting bioengineered cementum-like tissue. The titanium implant surface developed cementum-like tissue as a result of the proliferation, cloning, and production of cultured PDL cells. Sharpey’s fibres were introduced perpendicularly to the implant.[3]
                                                            LIGAPLANTS
PDL cells combined with implant biomaterial is known as ligaplants. The PDL is no longer taken into consideration when replacing lost teeth with inert biomaterial implants that are inserted straight into the jawbone. Before these surgeries, Bone repair is required due to local bone abnormalities and usually poor bone quality. Apart from that, localized bone loss surrounding the implant fixture is a clinical problem, particularly in gingival recession situations where modified tissue architecture may be the cause, requiring additional surgical procedures. An implant system with tissue-inducing capabilities could be helpful in resolving this problem. PDL implants can be inserted into a missing tooth's extraction socket to make surgery easier.[7] Ligaplants are a new treatment option experiment in clinical trials both in vivo and in vitro. Additionally, while animal research has yielded positive benefits, in vivo results have not been as promising are yet to be connected. The periodontium-supported implants can maintain performs and proprioceptive actions that are exactly like those of natural teeth, according to a number of successful trials.The substantial data suggests that using this implant in clinical practice could transform implant dentistry and benefit patients too.[6] 
TISSUE ENGINERING - The fundamental basis of ligaplants
Tissue engineering is a quickly evolving method for producing scaffolds composed of growth factors and biodegradable polymers to create tissues.[4] Life science and engineering principles form its foundation. The advantages of tissue engineering products and osteoconductive matrix are increased when combined. These materials benefit from revascularization and increased cellular development. In order to start regeneration and solidify newly formed transverse fibers, a layer on Cementum adheres to the teeth's original cementum.[6]
Tissue engineering involves integrating three key components to promote regeneration [33]. The key elements considered to be a triangle are as follows: 
[a]Scaffolding or matrix. 
[b]Signal molecules 
[c]Cells
The scaffold serves as a three-dimensional structure that facilitates cellular migration and proliferation, which in turn encourages matrix formation and tissue development. [4] Cells are cultivated on a biodegradable matrix and scaffold, then transplanted into the body. This process is called the "in vitro method." Physiological regeneration and repair occur when important components that have been cultivated are deposited in tissue defects. 
Both in vitro and in vivo methods can be used to produce ligaplants.[6]
INTERPHASE OF THE PERIODONTAL AND IMPLANT LIGAMENT TISSUE
Tissue-specific features, such as a cement-like layer and cell and fibre orientation across non-mineralized areas, appeared after implantation. space between implants. Tissue cooperation surrounding the ligaplant location was improved by PDL organization. Ligaplants were shown to encourage bone growth, suggesting that the novel PDL may have osteogenic potential. Site-specific signalling is necessary for regenerative PDLs and is controlled by an anatomical code that is expressed by transcription factors that are homeogene-coded.The production of signalling and cell surface components is regulated by homeoproteins, and homogenic expression is modulated by cell surface feedback. Anatomical location and tissue type are used to create cell identities. It is true that homeogene Msx2 has been taken into consideration when separating mineralized bone from non-mineralized PDL. Aspirin, an SLRP protein found in the extracellular matrix, has been implicated in the prevention of PDL mineral formation. [5]
                                                 PREPARATION OF LIGAPLANTS
One of the best instances of PDL stimulation's capacity for healing is the transplantation of a tooth. 14 days prior to the transplant, the donor tooth is extracted and placed back in its original location, the alveolus. Cell division and proliferation are observed as the PDL's repair mechanism is triggered by this deliberate trauma. After the donor tooth is extracted, it is immediately replanted into its original alveolus fourteen days prior to transplantation. There is both cell division and proliferation. Because of the deliberate trauma that triggers the PDL's healing process. The tooth can be transplanted 14 days later, when the cell culture has reached its peak and different cells on the root surface are connected by newly formed Sharpey's fibres. A novel approach to creating ligaplants is to use tissue engineering to create an identical cell culture around an artificial root in the three processes listed below.[6] 

Preparation of Temperature‑responsive Culture Dishes:
Polystyrene culture dishes are coated with N-isopropylacrylamide monomer in a 2-propanol solution. To eliminate the ungrafted monomer, the irradiation of an area beam electron processing system to create the electron beam. These dishes are then rinsed and sterilized using ethylene oxide.[4]
Cell Culture and Cells:
A scalpel blade is used to scrape periodontal tissue, which contains PDL cells, from the middle third of a tooth's root. The tissue is then placed in culture dishes containing Dulbecco's modified Eagle's minimal essential medium, which has been supplemented with 100 units/mL of penicillin-streptomycin and 10% fetal bovine serum. For 48 hours, the outgrown cells are cultured at 37°C in a humidified atmosphere with 5% CO2. This makes attaching the cells to the dishes easier. The medium is changed after the dishes have been cleaned to get rid of any debris. At least three times per week. On temperature-responsive culture dishes (35 mm in diameter), these cells are then grown at 37°C with 50 mg/mL ascorbic acid 2 phosphate, 10 nM dexamethasone, and 10 nM β-glycerophosphate at a cell density of 1 × 105 in order to harvest the cell sheet.[4]

In a bioreactor,PDL cell  are cultured 
A plastic cylinder with a hollow interior and 3 mm gaps on all sides held a titanium pin coated in hydroxyapatite (HAP). The gap was constantly filled with the culture medium. For the first eighteen days, the human single-cell suspension (periodontal ligament cell suspension) is seeded into plastic containers.[14]
Figure1.Flowchart for method of processing ligaplants
	                 ADVANTAGE
	          DISADVANTAGE

	It deals with issues like bone abnormalities and gingival recession caused by tooth loss.
	Ligaplant culture requires careful attention to detail. For example, the temperature, the length of time, the kind of cells used for growth, and so on. If an issue arises during the culturing process, the ligaplants may fail due to the development of nonperiodontal cells. 

	Resemble the alveolar process's natural tooth root insertion.
	This implant is also expensive due to the need for extra facilities.

	Ligaplants initially fit loosely but eventually integrate firmly without locking or coming into direct contact with the bone, protecting the PDL cell cushion.
	Implant failure may result from unpredictable PDL growth in the socket or factors influencing the implant's acceptance by the host.


	When chewing forces are transmitted from bone to teeth

	Uncertainty regarding host acceptance


	Its capacity to restructure bone 
(bone quality is maintained or renewed when PDL is present)
	This process is expensive.


	Promotes bone formation, removing the need for bone grafting even in regions with severe periodontal defects.

	Long-term cell culture may promote the emergence of non-PDL cell types.


[image: ]TABLE:1 Advantage and disadvantage of ligaplants.

Figure 2: ligaplants

                                                      BIO- HYBRID IMPLANT
Bio-hybrid implants are implantable electronic arrays that utilize stem cells. These implants not only stimulate growth. Figure 1 illustrates how damaged or absent tissue might interact with nervous tissue to restore function.[16] Bio-hybrid eye and cochlear implants are widely used to treat visual impairment and hearing loss, respectively. Osseointegrated bio-hybrid implants provide mechanical support and are attached to the surrounding tissue, allowing for flexibility and mobility.[17] While no human research have been undertaken, animal studies have showed encouraging outcomes in developing PDL fibers and nerve interfaces between bone and implant. 

STEM CELL USED IN BIO-HYBRID IMPLANTS: 
Stem cells for bio-hybrid implants can be derived from both extraoral and oral tissues, including cranial bone, dental pulp, and PDL. Dental structures include follicles, apical papilla, oral mucosa, gingiva, and periosteum. Dental stem cells (DSCs) are post-natal stem cells with MSC-like features, such as self-renewal and multilineage differentiation capability.
Dental pulp stem cells (DPSCs)
These cells exhibit fibroblast-like shape and have the capacity to differentiate into dentinogenic, osteogenic, neurogenic, chondrogenic, and myogenic tissues.[20 21] Human-DPSC cultures contain multipotent neural crest stem cells (NCSC) that develop into neural crest cells. 
These cells display biomarkers such as STRO-1, CD146, and OCT4, which indicate mesenchymal and bone marrow stem cells.[19]
Periodontal ligament stem cells(PDLSCs)
These cells have comparable shape to fibroblasts and can develop into cementoblasts. Osteoblast cells.[15] These cells have higher proliferation rates than DPSCs. These cells express biological cues, including STRO-1, CD146, and tendon-specific transcription factor.[22]
Stem cells from human exfoliated deciduous teeth (SHED)
Muira et al. (2003) identified the mesenchymal progenitor stem cell from exfoliated deciduous teeth.[23] SHED exhibits increased proliferation and CFU compared to DPSCs, with early expression of biological markers such as STRO-1 and CD146.[19]
Tooth germ progenitor cells (TGPCs)
These are dental mesenchymal cells collected from the third molar. TGPCs express many biomarkers such as STRO-1 and CDs. They promote the expression of pluripotency-associated genes such as nanog, Oct4, and Sox2.[23] TGPCs can differentiate into multiple lineages, including adipocytes, osteoblasts/odontoblasts, osteocytes, and neurons [24].
Dental follicle progenitor cells (DFPCs)
These ectomesenchymal cells were isolated from a human third-trimester follicle. 
molars.[19] These cells express biomarkers such as Notch1, STRO-1, and Nestin.[26] STRO-1-positive dental follicle stem cells (DFSCs) can develop into cementoblasts and produce cementum.[27]
Gingival mesenchymal stem cells (GMSCs)
GMSCs from gingival and retromolar tissue show clonogenicity and self-renewal. 
Multipotent differentiation and immunomodulatory characteristics.[19,28] GMSCs express CDs and have positive signals for Oct4, Sox2, Nanog, Nestin, SSEA-4, and Stro-1. These cells exhibit tissue regeneration and wound healing through increased telomerase activity.
Alveolar bone-derived mesenchymal stem cells (ABMSCs)
Matsubara et al. (2005) isolate them.Spindle-shaped fibroblasts, similar to stem cells cells. [29] Similar to other stem cells. these cells also have osteoblastic, chondrogenic and adipogenic differentiation potentials.[19] These cells express the surface markers CD73, CD90, CD105, STRO-1and high level of alkaline phosphatase.[19 9]
Adipose-derived stem cells (ADSCs)
ADSCs have similar features as DSCs, but having the advantage of being able to reach higher levels. quantity with ease[.30] These cells can differentiate into chondrocytes, osteoclasts, or myocytes and can be applied to locations with bone defects.[31] Stem cells can come from various sources, including the apical section of the human dental papilla (SCAP), bone marrow-derived mesenchymal stem cells (BMSCs), and blood stem cells.[21]

STRUCTURE OF BIO-HYBRID IMPLANT:
Implants with bio-engineered PDL and stem cells consist of three components: implant body, scaffold, and stem cells. The scaffold around the implant has the following function: to support stem cells and regulate biomarker activity. Scaffolding materials can be as follows
Natural Polymers-
3D-printed natural polymers, such as chitosan and collagen, are often employed as scaffolds.  


Synthetic Polymers-
Synthetic bio-degradable polymers include poly(ethylene glycol) and b-poly(l-lactide-co-caprolactone). Scaffolds can be made from PELCL, PLGA, or PCLEEP materials. These polymers' confirming porosity (pore size 150-500 nm) regulates cell release and biological signals.
Bio-ceramics-
Hydroxyapatite nanoparticles, injectable mesoporous silica nanoparticles, and bioactive glass. Nanoclusters are typically combined with polymers to create scaffolds.[32]

 PRECAUTIONS WHILE PREPARING LIGAPLANT
PDL formation is favoured by a cushion that is thick enough, and non-PDL cell types may arise as a result of extended cell culture. To maintain the differentiation of the cells state, and the bioreactor should be designed to mimic PDL conditions to achieve adequate cell stimulation during cell growth. The cells are arranged around the hollow cylinder and in a small gap between the ligaplant. Therefore, it was anticipated that the PDL phenotype, which suggests a strong cell attachment to the implant, would be preferred.[15]

To ensure that the ligaplants are successful and significantly enhance the implant system, the following guidelines must be adhered to during the preparation process:

1. Throughout the process, proper sterilization protocols must be followed.[8]
2. The medium should have constant, automatic micromovements while the ligaplants are forming.[4]
3. To get good results, the surface treatment should be applied for the shortest possible amount of time.
                                             RISK FACTORS OF LIGAPLANTS
The only process required for the formation of periodontal ligaments is site signaling, which is primarily mediated by anatomic code and homeogene-coded transcription factors. Both the development of the cell surface and the signaling components depend on these homeoproteins. The effectiveness of treatment is at risk due to factors that influence the development of the periodontal ligaments at the required location, which are usually unpredictable.[16]
                                                        SUCCESS OF LIGAPLANT
The development of regenerative PDL depends on site-specific signals, which is mediated by an anatomical code expressed in homeogene-coded transcription factor expression patterns.As a result, homeoproteins affect the synthesis of signaling and cell surface components, and cell surface feedback controls homeogene expression, defining cell identities based on anatomical location and tissue type.[11]
                                                              RECENT STUDIES
The impact of residual PDL and the viability of the PDL surrounding a dental implant were examined in 2005 by Akira et al., Parlar et al., and Jahangir et al.The process by which a dental implant replaces a tooth is dependent upon the mechanical, biological, and physiological function restoration capabilities of the anatomical substitute.
To determine the impact of PDL on the dynamic load transfer mechanism from the tooth to the alveolar bone, Carvalho et al. [12] evaluated the ligament structure's equivalent dynamic stiffness.In order to determine the system's overall dynamic transmissibility, an experimental procedure was conducted using a fresh porcine mandible with a tooth. The transmissibility function disclosed the PDL's stiffness and damping, which can aid in the development of a more effective dental implant system.
In another study, Marei et al. [13] implanted titanium fixtures in goats after seeding them with autogenous bone marrow-derived mesenchymal stem cells on a porous hollow root-form poly(D,L-lactide-co-glycolide) scaffold. The goats' display of periodontium-like tissue with newly formed bone at 10 days and 1 month demonstrated that undifferentiated mesenchymal stem cells could differentiate to produce the cementum, bone, and PDL surrounding the implants—the three crucial tissues required for periodontal tissue regeneration.
                                                                CONCLUSION
More research is needed in order to confirm that it is feasible to create a periodontal-like tissue surrounding the implants, as the majority of Ligaplant studies are conducted on animals. clinically to assess its long-term viability, stability, and success, especially in humans.Furthermore, practically speaking, such tissue engineering applications come with a high cost and time requirement. However, this ground-breaking method for creating periodontio-integrated implants presents prosthodontists with a number of intriguing opportunities to use readily available,commercially available biological tooth substitutes that could be provided as oral implants made of hybrid materials.
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Polystyrene culture dishes are treated with N-isopropyl acrylamide monomer and 2-propanol.These are exposed to the Area Beam Electron Processing System (ABEPS) to modify the surface.


These are exposed to the Area Beam Electron Processing System (ABEPS) to modify the surface.


A dental implant positioned within a hallow plastic cylinder,leaving a 3mm apace around the implant.


Plastic vessels containing the implant are seeded with the PDL cell suspension. The setup is maintained under a steady flow of growth medium for 18 days to promote regeneration of periodontal tissue.


The harvested PDL cells are inoculated into culture dishes with Dulbecco’s Modified Eagle’s Medium.Culturing is done under controlled conditions: 5% CO₂ at 37°C for 48 hours to ensure cell attachment.
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