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Abstract

Periodontal regeneration represents a transformative approach aimed at restoring the
cementum, periodontal ligament, and alveolar bone lost due to periodontitis, a disease with
significant global prevalence and systemic implications. This review highlights key biological
mechanisms including stem cell niches, signaling pathways, and immune modulation that
underpin regeneration. It further explores advances in biomaterials such as nanostructured
grafts, injectable hydrogels, and 3D-printed scaffolds, along with clinically validated biologics
like enamel matrix derivatives, platelet concentrates, and recombinant growth factors. Cutting-

edge strategies including stem cell therapies, exosome-based treatments, and smart respons
scaffolds are also discussed. While challenges like patient variability, regulatory comp
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and limited long-term data persist, the convergence of personalized medicine, minimally
invasive technologies, and Al-guided protocols promises a more predictable and accessible
future for periodontal regenerative therapies.

Keywords: Periodontal regeneration, Stem cells, Biomaterials, Platelet-rich fibrin (PRF),
Enamel matrix derivative (EMD)

1. Introduction

Periodontal diseases, particularly chronic periodontitis, are among the most common chronic
inflammatory diseases globally. Between 2011 and 2020, the prevalence of periodontitis
among dentate adults was estimated at approximately 62%, with severe periodontitis affecting
about 23.6%[ 1]. The disease is termed as irreversible loss of structures supporting the teeth like
the periodontal ligament (PDL), alveolar bone, and cementum. It leads to compromised
function, esthetics, and eventually edentulism if not treated.

Above all, recent evidence from the past decade has furthered the relevance of periodontitis
beyond the oral cavity. Periodontal inflammation is now unequivocally associated with
systemic conditions such as diabetes mellitus, atherosclerotic cardiovascular disease, chronic
kidney disease, rheumatoid arthritis, and pregnancy pathology [2,3]. The rationale for these
associations is in the systemic dissemination of inflammatory mediators and pathogenic
bacteria, which synergize systemic immune responses [4].

Conventional periodontal therapy, such as non-surgical procedures like scaling and root
planing and surgical procedures like flap debridement or osseous resection, is directed
primarily for the arrest of disease progression. Even though these modalities reduce microbial
load and clinical inflammation, they hardly lead to restoration of periodontal architecture.
Instead, the healing response typically results in formation of long junctional epithelium but
not new bone, cementum, or functionally oriented PDL fibers [5].

In contrast, periodontal regeneration is the complete reconstitution of the lost periodontal
tissues — cementum, PDL, and bone — via mechanical and biological processes. A real
regeneration encompasses coordinated cellular activity, signaling molecules, and scaffold
matrices to guide and organize tissue formation [6]. Even with outstanding advancements,
obtaining predictable and consistent regeneration, especially in challenging defect
morphologies such as furcations and non-contained intrabony defects, remains a clinical
problem.

The last few years witnessed revolutionary advances in this field because of new developments
in stem cell biology, biomaterial design, bioactive molecule delivery, and translational
medicine. New developments in novel technologies such as biofabrication, 3D printing,
controlled release devices, and stem cell therapies specific to tissues have transformed the
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realm of treatment. With the blending of the biological and material sciences, the challenge has
been met to create systems that not only support structural repair but actually can modulate the
immune response and permit true tissue regeneration.

This review aims to synthesize current progress in periodontal regeneration, with particular
emphasis on the biological rationale, biomaterials, and new technologies, supported by the
latest evidence from clinical and translational research.

2. Biological Basis of Periodontal Regeneration

Understanding the biological foundation of periodontal regeneration is key to designing
effective strategies. The periodontium comprises four distinct yet interrelated tissues: alveolar
bone, cementum, PDL, and gingiva. Each component has a unique cellular composition,
extracellular matrix (ECM) profile, and functional role. Their loss during periodontal disease
demands a multi-tissue regenerative approach, which is biologically complex.

2.1 Periodontal Stem Cell Niches

One of the key players in regeneration are resident stem cells. Periodontal ligament stem cells
(PDLSCs), as early as 2004, have now emerged as the targets of regenerative therapy due to
their clonogenic, multipotency, and immunomodulatory properties [7]. Along with PDLSCs, a
number of other mesenchymal stem cells (MSCs) from dental pulp (DPSCs), gingival tissue
(GMSCs), alveolar periosteum, and bone marrow have been highly promising in periodontal
healing, [7,8].

Current studies have also shown that PDLSCs not only have the ability to differentiate into
cementoblasts and osteoblasts but also contain paracrine factors with the ability to modulate
inflammation and promote angiogenesis [9]. For instance, PDLSC-derived exosomes have
been reported to modulate macrophage polarization to the M2 phenotype to facilitate wound
healing and tissue remodeling [10].

Such stem cells' capacity for regeneration is, however, regulated by local conditions. Chronic
inflammation affects stem cell differentiation and ECM deposition. Such modulation of a
microenvironment has come to be viewed as an integral adjuvant to regenerative therapy [11].

2.2 Signaling Pathways Governing Regeneration

Multiple signaling cascades regulate the recruitment, proliferation, and differentiation of
periodontal progenitor cells. These include:

e Bone Morphogenetic Proteins (BMPs): Especially BMP-2 and BMP-7, which

promote osteogenesis and cementogenesis [12].
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e Wnt/B-catenin pathway: Regulates stem cell renewal and PDL fibroblast
differentiation [13].

e Transforming Growth Factor-beta (TGF-B): Involved in ECM remodeling and
angiogenesis, although prolonged expression can lead to fibrosis [14].

e Platelet-Derived Growth Factor (PDGF): Encourages fibroblast proliferation,
neovascularization, and chemotaxis [15].

e Fibroblast Growth Factor-2 (FGF-2): Enhances proliferation of PDL cells and
MSCs, and supports angiogenesis [16].

Modulation of these pathways, either through direct application of recombinant growth factors
or through gene therapy, remains a key research focus.

2.3 Immune Modulation and Regeneration

The periodontal wound healing response is highly dependent on immune modulation. The early
inflammatory phase determines the recruitment of progenitor cells and sets the stage for
regeneration or repair. Macrophages are pivotal in this process: while M1 macrophages
promote inflammation, M2 macrophages facilitate tissue regeneration [17].

Recent research has demonstrated that immunomodulatory agents, such as IL-4, exosomes, and
synthetic peptides, can shift macrophage polarization to favor regeneration. A 2022 study by
Wang et al. demonstrated that exosome-treated periodontal defects exhibited reduced
inflammation and enhanced new bone and cementum formation compared to controls [18].

Therefore, periodontal regeneration is increasingly viewed as not just a structural process, but
also as an immunobiological event requiring dynamic regulation of the host response.

3. Biomaterials in Periodontal Regeneration

Biomaterials play a foundational role in regeneration by providing the structural and biological
framework necessary for new tissue formation. They are designed to support cell adhesion,
migration, proliferation, and differentiation, while simultaneously modulating the immune
response and delivering therapeutic agents.

3.1 Bone Grafting Materials

Bone grafts are used to restore lost alveolar architecture and serve as a scaffold for new bone
formation. Four major categories exist:
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e Autografts: Harvested from the patient (e.g., mandibular symphysis), offer osteogenic

potential but are associated with donor site morbidity.

e Allografts: Human donor tissues such as demineralized freeze-dried bone allograft

(DFDBA), exhibit osteoinductive properties due to preserved BMPs [19].

Xenografts:A xenograft is the transplantation of tissue or organs from one species to
another. Bovine-derived materials offer excellent biocompatibility and space
maintenance, commonly used in periodontal and implant surgery [20].

Alloplasts: Synthetic grafts such as hydroxyapatite (HA), B-tricalcium phosphate (-
TCP), and bioactive glass. These are typically osteoconductive and can be combined
with biologics to enhance their regenerative capacity.

In the recent past, clinical trials have increasingly focused on nanostructured alloplasts,

which mimic natural bone topography and promote superior cell adhesion and vascular
infiltration. A recent split-mouth RCT in 2022 demonstrated that nanohydroxyapatite—collagen
composites achieved similar outcomes to autografts in intrabony defects, with reduced
morbidity and cost [21].

3.2 Guided Tissue Regeneration (GTR) Membranes

GTR uses barrier membranes to exclude gingival epithelium and allow slower-growing PDL
and bone cells to repopulate the defect. Membranes are typically classified as:

Non-resorbable membranes: e.g., expanded polytetrafluoroethylene (ePTFE). While
effective, they require a second surgery for removal.

Resorbable membranes: e.g., collagen or polylactic acid—based, which degrade over
time and eliminate the need for removal.

Recent advancements have focused on biofunctional membranes that are loaded with
antibiotics, growth factors (e.g., PDGF, BMP), or nanoparticles with anti-inflammatory

properties. In a 2019 clinical study, the clinical attachment loss was significantly lower in
defects grafted with BMP-2/BioCaP and barrier membrane. [22].
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Furthermore, multi-layered membranes have been engineered to simultaneously support soft
and hard tissue healing. These membranes have been shown to provide better clinical outcomes
in furcation defects and combined endo-perio lesions.

3.3 Hydrogels and Injectable Systems

Hydrogels represent the next generation of regenerative scaffolds due to their injectability,
biocompatibility, and ability to deliver bioactive molecules. Common hydrogels include:

e Gelatin methacryloyl (GelMA): Offers tunable stiffness and photocrosslinking
capabilities.

e Fibrin-based hydrogels: Often combined with PRF or growth factors.

e Hyaluronic acid and alginate derivatives: Useful for pH- or enzyme-responsive drug
release.

A 2023 study using PDLSC-laden GelMA hydrogels with incorporated BMP-2 showed
significantly improved osteogenesis and vascularization in rat periodontal defects [23].

These systems also enable layer-by-layer release of therapeutics, which better mimics the
temporal dynamics of natural healing.

3.4 3D-Printed and Biofabricated Scaffolds

3D printing allows fabrication of scaffolds tailored to specific defect geometries, with pre-
designed porosity, stiffness, and degradation profiles. Materials such as PCL, PLGA, and -
TCP are frequently used. These scaffolds can be seeded with stem cells or coated with biologics
for enhanced performance [24].

4. Biologics and Growth Factors in Periodontal Regeneration

Biologics represent a class of bioactive molecules capable of modulating cellular responses,
enhancing angiogenesis, and promoting differentiation during the wound healing process. In
the context of periodontal regeneration, biologics function either as independent therapeutic
agents or as adjuncts integrated into scaffolds, enhancing the local healing environment.

4.1 Enamel Matrix Derivatives (EMDs)

EMDs were one of the earliest biologics approved for periodontal regeneration and remain
widely used. Derived from porcine fetal tooth enamel, the primary component—amelogenin—
mimics embryonic enamel matrix proteins. When applied to root surfaces, EMD initiates
cementoblast differentiation, PDL fiber reattachment, and new bone formation [25].
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Clinical trials and meta-analyses published in the recent past confirm EMD’s role in enhancing
clinical attachment levels (CAL) and reducing probing pocket depth (PPD), particularly in 2—
3 wall intrabony defects [26]. A 2022 systematic review concluded that the adjunctive use of
EMD with surgical and non-surgical debridement indicated a positive effect fo the treatment
of peri-implant disease [27].

Recent innovations have integrated EMD with other platforms—such as platelet concentrates,
grafts, and collagen matrices—to improve clinical outcomes. For example, EMD-loaded
collagen sponges applied during minimally invasive flap procedures have shown enhanced
healing and reduced postoperative inflammation [12].

4.2 Platelet Concentrates: PRP, PRF, and CGF

Autologous platelet concentrates such as platelet-rich plasma (PRP), platelet-rich fibrin (PRF),
and concentrated growth factors (CGF) are sources of growth factors like PDGF, TGF-j,
VEGF, and IGF-1. Their major advantage lies in being derived from the patient's own blood,
eliminating immunogenic concerns.

Between 2019 and 2024, PRF has been widely studied in regenerative dentistry. The advanced
PRF+ (A-PRF+) variant contains a higher concentration of leukocytes and cytokines,
improving vascular response and soft tissue healing. A 2023 RCT reported radiographic defect
depth was reduced by 0.31 mm for the control and 1.57 mm for the test group. The radiographic
defect width was reduced by 0.18 mm for the control and 0.83 mm for the test group. Intergroup
statistically significant differences were observed at the 6-month follow-up (P < .001) for
radiographic defect depth and width[28].

PRF has also been used to enhance the performance of bone grafts and membranes. When
incorporated into B-TCP or hydroxyapatite scaffolds, PRF accelerates neovascularization, aids
in bone fill, and reduces healing time [29].

Use of PRF membranes seems to be beneficial in combination with different biomimetic
materials for different oral regeneration techniques, such as alveolar ridge preservation,
alveolar ridge augmentation, guided tissue regeneration (GTR), and sinus floor augmentation
[30].

Emerging trends involve injectable PRF (i-PRF) formulations, which remain liquid for several
minutes before fibrin polymerization, making them suitable for mixing with graft materials or
injecting into defects directly. Early clinical trials using i-PRF have demonstrated promising

outcomes in both horizontal and vertical defect repair [31].
4.3 Recombinant Human Growth Factors

Recombinant growth factors are designed to mimic naturally occurring signaling molecules
that regulate tissue development and repair.
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4.3.1 PDGF-BB

Platelet-derived growth factor-BB (PDGF-BB) was the first growth factor approved by the
FDA for periodontal regeneration. It promotes chemotaxis and proliferation of osteoblasts,
cementoblasts, and fibroblasts.

Multiple multicenter clinical trials have reaffirmed its benefits. When delivered via a B-TCP
carrier, PDGF-BB results in significantly higher CAL gain, greater defect fill, and more
consistent regeneration than open flap debridement (OFD) alone [32].

4.3.2 Bone Morphogenetic Proteins (BMPs)

BMP-2 and BMP-7 have potent osteoinductive activity and are commonly used in orthopedics.
Their role in periodontal regeneration, however, is limited by potential complications like root
resorption and ankylosis when not properly confined.

Recent preclinical studies have improved BMP delivery using microsphere-encapsulated
BMPs or hydrogel formulations, allowing for spatial control and sustained release. A 2017
canine model showed enhanced bone fill with BMP-2 hydrogel compared to graft alone without
adverse events [33].

5. Cellular Therapies and Stem Cell-Based Approaches

Cell-based therapies represent the frontier of regenerative medicine. By utilizing mesenchymal
stem/stromal cells (MSCs), these strategies aim to not only rebuild lost structures but also
orchestrate healing via immunomodulation and trophic factor release.

5.1 Mesenchymal Stem Cells (MSCs)

MSCs derived from the PDL, dental pulp, apical papilla, or bone marrow have demonstrated
capacity for multi-lineage differentiation, including into cementoblast-like and osteoblast-like
cells. Among them, PDLSCs have been the most widely researched due to their ease of harvest,
minimal morbidity, and target-specific lineage tendency [34].

Recent trials have demonstrated that autologous PDLSCs transplanted into periodontal defects
using collagen carriers or cell sheets result in significantly greater CAL gains and radiographic
bone fill than controls. A 2023 pilot clinical study using PDLSC cell sheets reported an average
CAL gain of 2.5 £ 2.6 mm at 6 months after the transplantation. These therapeutic effects were
sustained during a mean follow-up period of 55 + 19 months, and there were no serious adverse
events.[35].

5.2 Cell Sheets and Scaffold-Free Engineering

The cell sheet technique, developed in Japan, allows cells to be cultured in multilayered sheets
with intact ECM and adhesion molecules. This promotes superior engraftment and paracrine
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signaling post-transplantation. In periodontal applications, PDLSC sheets combined with fibrin
membranes have shown accelerated reattachment and regeneration in animal models [36].

A 2021 clinical study involving 10 patients demonstrated improved regeneration in 2- and 3-
wall defects treated with PDLSC sheets compared to flap surgery alone. Limitations include
cost, time, and the requirement for specialized cell culture facilities [35].

Scaffold-free tissue engineering facilitates PDLCs to self-assemble into an organized
cementum-PDL-like complex. These engineered tissues could be used as implantable grafts to
regenerate damaged periodontal tissues or as model systems to study PDLC biology and
mechanisms driving organized tissue assembly within the periodontium [37].

5.3 Exosomes and Secretome Therapies

MSC-derived exosomes—nanoscale vesicles containing mRNA, microRNA, and proteins—
can replicate many regenerative effects of their parent cells without the risks of cell
transplantation. Exosomes promote angiogenesis, immune modulation, and matrix remodeling.

In a 2022 rat model, exosome-loaded gelatin scaffolds led to improved cementum and PDL
formation compared to scaffold-only groups [38]. Ongoing Phase I trials are investigating their
use in human bone regeneration, and periodontal applications are expected to follow.

6. Advanced Technologies in Periodontal Regeneration

Beyond biologics and cells, technological innovations are transforming the landscape of
periodontal therapy, improving precision, predictability, and biological performance.

6.1 3D Printing and Biofabrication

Additive manufacturing (3D printing) has enabled fabrication of patient-specific scaffolds with
tailored porosity, geometry, and mechanical properties. Materials such as polycaprolactone
(PCL), polylactic acid (PLA), and bioactive ceramics are printed layer-by-layer, creating
structures that can accommodate cells, growth factors, or PRF [39].

A 2023 systematic review suggests that the use of printed multi-compartment fiber-guiding or
ion-containing 3D scaffolds improves periodontal regeneration in animal models [40].

6.2 Smart and Responsive Scaffolds

“Smart” scaffolds integrate biosensing and biofeedback mechanisms into regenerative
matrices. These scaffolds respond to environmental stimuli—pH, enzymes, ROS—by releasing
therapeutic agents or changing their physical properties.

Encapsulated IL-10 could be sustainably released by SAP (self-assembling peptide) hydrogel
with preserved bioactivities. In vivo, SAP/IL-10 hydrogel showed significantly higher efficacy
to attenuate M1 polarization and proinflammatory factors levels, and enhance expressions o
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osteogenic factors [41]. Others use MMP-cleavable linkers to deliver growth factors only when
MMP levels rise, preventing premature release.

While still preclinical, these technologies offer the potential for precise temporal and spatial
control over healing.

6.3 Nanotechnology in Regeneration

Nanomaterials enhance scaffold performance by increasing surface area, cell adhesion, and
bioactivity. For example, nanofiber meshes created through electrospinning mimic the natural
ECM and have been shown to support fibroblast alignment and angiogenesis [42].

Nanoparticles can also be used as carriers for controlled drug release, delivering PDGF, BMP,
or antibiotics directly into periodontal pockets.C hitosan nanohydrogel incorporated bone
grafts showed improved bone regenerative potential as compared to the group, which received
only open flap debridement with bone graft. [43].

6.4 Photobiomodulation and Laser Therapies

Low-level laser therapy (LLLT) or photobiomodulation has been shown to stimulate cellular
proliferation, reduce inflammation, and enhance collagen synthesis. When used adjunctively
with regenerative procedures, it accelerates soft tissue healing and may improve bone
regeneration.

A recent study confirms the positive effect of LLLT on CAL gain; therefore, LLLT can be
combined with SFA (Single Flap Approach) to potentially enhance early wound healing and
achieve higher clinical outcomes in terms of an increase in CAL gain and a decrease in PPD
[44].

7. Clinical Evidence and Human Trials

The translation of periodontal regeneration strategies from laboratory to clinic requires rigorous
evaluation in controlled human studies. Clinical outcomes of regenerative therapies are
typically assessed via probing depth (PD) reduction, clinical attachment level (CAL) gain,
radiographic bone fill, and increasingly patient-reported outcome measures (PROMs). A surge
of randomized controlled trials (RCTs), systematic reviews, and cohort studies between 2018
and 2024 has expanded the evidence base for several key regenerative modalities.

7.1 Enamel Matrix Derivative (EMD)

EMD remains one of the most clinically validated biologics for intrabony defects. A 2019 meta-
analysis of 79 RCTs showed that EMD provided a mean CAL gain of 1.27 mm and a bone fill
improvement compared to open flap debridement (OFD) alone [45]. More recent studies have
explored combining EMD with various graft materials. Severe intrabony defects can be
successfully treated with a combination of EMD and bone graft. Long term outcomes are
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maintained with the patient's compliance with oral hygiene instructions and supportive
treatment protocol [46].

7.2 Platelet Concentrates (PRF/i-PRF)

A wave of high-quality trials between 2018 and 2022 established PRF and injectable PRF (i-
PRF) as effective adjuncts in regenerative surgery. Non surgical periodontal therapy in
conjunction with injectable platelet-rich fibrin proved to display significant improvement in all
clinical parameters, including CAL, BOP, PI and PPD compared to Non surgical periodontal
therapy alone [47]. In the 2022 systematic review it was concluded that PRF was effective in
the treatment of periodontal infrabony defects especially in CAL and BF after 6 months follow
up. From the interpretation of the results, it was indicated that the combination of PRF with
grafting materials may accelerate the bone healing process in the treatment of intrabony defects
[48].

7.3 Recombinant Growth Factors

PDGF-BB

Recombinant human PDGF-BB combined with [-tricalcium phosphate (B-TCP) has
demonstrated significant improvements in CAL and bone fill. In a randomized controlled
study, thPDGF-BB/B-TCP showed superior probing depth reduction, attachment level gain,
and defect fill compared to B-TCP alone at 6 and 9 months [49][50]. A long-term evaluation
confirmed stable clinical and radiographic benefits up to 36 months [51].

BMP-2

While clinical data in human periodontal defects are limited, preclinical studies using
controlled-release BMP-2 systems (e.g., hydrogels) have shown effective periodontal bone
regeneration with reduced risks of ankylosis and ectopic mineralization.

7.4 Stem Cell Therapies

Autologous PDLSCs
A 2016 randomized clinical trial treated intrabony defects with PDLSC sheets plus bovine
bone mineral and found the procedure safe, though the regenerative gains were not statistically
better than conventional guided tissue regeneration (GTR) [52]. A 2020 quasi-randomized pilot
trial using PDLSC-loaded xenogeneic bone substitute in one- or two-wall defects also
confirmed safety, with modest clinical improvements [53].

Allogeneic Stem Cells
Peer-reviewed human trials are still pending. Preclinical research shows promise, but rigorous
clinical validation is needed.
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8. Challenges and Limitations

Despite the significant progress in periodontal regeneration, several practical, biological,
regulatory, and economic barriers continue to limit widespread adoption and standardization
of these therapies.

8.1 Biological and Clinical Variability

A 2024 risk assessment review highlights that narrow, deep, three-wall intrabony defects offer
the most favorable environment due to preserved architecture, vascularization, clot stability,
and cell migration—all enhancing regenerative potential. Patient-related factors such as
smoking, diabetes, and oral hygiene compliance significantly affect healing potential [54].

Additionally, inter-individual differences in stem cell biology, immune responses, and biologic
agent bioavailability complicate the predictability of outcomes. Personalized approaches
remain largely experimental and difficult to implement clinically.

8.2 Technical and Procedural Complexity

Achieving Primary Flap Closure
Achieving tension-free, passive closure over grafted sites is critical for undisturbed healing and
graft stability. Techniques like papilla preservation and split palatal flaps are routinely
employed, yet even small dehiscences substantially compromise outcomes [55].

Handling Bioactive Scaffolds and Membranes
Manipulating delicate membranes (e.g., collagen, PTFE) and maintaining their space-making
function without tearing or displacement is technically demanding. Advanced flap
management techniques are often necessary to manage these materials [56].

Preventing Early Membrane Exposure
Membrane exposure significantly diminishes regenerative capacity. In GTR, exposure reduced
bone gain by ~80% (from ~3 mm to ~0.6 mm) [56].

8.3 Regulatory and Ethical Considerations

While the FDA has approved certain biologics like PDGF-BB, the regulation of stem cell
therapies, exosomes, and gene-edited constructs varies greatly across countries. Allogeneic
stem cell products face hurdles related to immunogenicity testing, sterility assurance, and Good

Manufacturing Practice (GMP) compliance [57].
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Ethical concerns, especially around sourcing of embryonic or fetal-derived stem cells, remain
a topic of global debate. There is an urgent need for harmonized international frameworks
governing the evaluation and approval of advanced regenerative products.

8.4 Long-Term Data and Histologic Evidence

Most clinical trials measure outcomes at 6 or 12 months using clinical and radiographic
parameters. However, few studies provide long-term (=5 years) follow-up, and even fewer
offer histological confirmation of true regeneration [58,59,60]. Without such data, it remains
difficult to distinguish between functional repair and true tissue reconstitution.

Histologic studies conducted in humans are limited by ethical and logistical constraints.
However, animal models continue to demonstrate

that biomimetic scaffolds and stem cells can result in Sharpey’s fiber insertion and organized
cementum—PDL-bone complexes, emphasizing the need for human validation [61].

9. Future Directions

The future of periodontal regeneration is poised to shift toward personalized, integrative, and
minimally invasive strategies. Several exciting directions are under investigation.

9.1 Personalized Regeneration Using Biomarkers and Al

Emerging research focuses on biomarker-guided therapy, using salivary and crevicular fluid
cytokines (e.g., IL-18, MMP-8, TNF-a) to stratify patients and select tailored therapies. Al-
driven platforms are being developed to analyze CBCT images, biomarker panels, and clinical
data to recommend individualized regenerative protocols [62, 63].

For instance, a 2023 study using deep learning reported pooled sensitivity 0.88, specificity
0.82, and overall AUC ~0.92 for radiographic bone-loss detection. [64].

9.2 Smart and Responsive Scaffolds

The development of intelligent scaffolds that respond to environmental triggers—such as pH,
ROS, or enzymes—is underway. These scaffolds can release biologics or alter their properties
in real time, optimizing healing without additional intervention [65].

9.3 Cell-Free Therapies and Gene Editing

Exosome-based therapies are increasingly viewed as alternatives to live cell transplantation.
Their off-the-shelf availability, safety, and regulatory ease make them promising for future
applications. In vitro studies show that PDLSC-derived exosomes promote osteogenesis and
reduce inflammatory cytokine release in macrophage cultures [10].

Gene editing technologies, including CRISPR-Cas9, are being explored to enhance the
regenerative potential of stem cells by silencing pro-inflammatory genes or overexpressin
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osteogenic factors. Although still in preclinical stages, gene-edited PDLSCs have shown
enhanced bone regeneration in murine models [66].

9.4 Minimally Invasive and Robotic-Assisted Delivery

Minimally invasive surgical techniques (MIST), including pinhole access flaps, are
increasingly used to reduce trauma, improve esthetics, and support healing [67]. The addition
of'endoscopic visualization and robotic microsuturing is being tested in pilot centers to improve
access and precision in challenging anatomic areas.

A novel periodontal endoscopy-aided non-incisional regeneration technique (NIT)has resulted
in significant gains in both clinical and radiographic parameters. NIT might be utilized as an
alternative of the surgical treatment for periodontal intrabony defects [68].

10. Conclusion

Periodontal regeneration has evolved from conventional bone grafting and membrane
placement into a sophisticated field combining bioengineering, cell biology, materials science,
and precision surgery. Between 2018 and 2024, significant strides were made in the design of
bioactive scaffolds, stem cell delivery platforms, and smart biomaterials capable of
orchestrating complex regenerative responses.

Clinical trials increasingly validate the efficacy of biologics such as EMD, PRF, PDGF, and
controlled-release BMP systems, while stem cell-based and exosome therapies show early
promise. Innovations such as 3D-printed scaffolds, Al-based planning, and immune-
modulating hydrogels continue to push the boundaries of what is biologically and technically
possible.

Yet, challenges remain. Regeneration is influenced by defect morphology, patient variability,
immune response, and economic constraints. Standardized outcome measures, regulatory
clarity, and long-term evidence are needed to bring consistency and confidence to regenerative
protocols.

Looking ahead, the convergence of personalized biomaterials, predictive algorithms, and
minimally invasive technologies offers hope that periodontal regeneration will become not just
more predictable but more accessible. As research transitions into clinical reality, the next
decade may see regenerative therapies shift from being advanced techniques for the few to
mainstream care for the many.
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