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Abstract 
Various methods for creating artificial scaffolds promoting periodontal tissue regeneration, there has been put 
forward. This paper discusses and analyses advancements in stem cell technologies and scaffold architecture 
with a primary focus on Periodontal Ligament (PDL) regeneration findings from clinical trials and in vivo pre-
clinical research. Almost all of those advancements include the usage of polymeric materials including various 
surface-based nano-topography, patterns, and printing techniques complexes multiphasic composite scaffolds 
by many sections to accommodate for the architectural differences between periodontal tissues. Despite the 
improved effort put into making these scaffolds and their undeniable effectiveness in directing and assisting 
TR, the right cell source is still required to produce new tissue, in addition to a variety of biological and 
mechano-chemical prompts from an extracellular matrix (ECM) that act as a biophysical stimulus for cellular 
development and differentiation. A cutting-edge, promising technology called cell sheet engineering enables 
the production of cells in sheets while maintaining ECM elements. There is still work to be done to improve 
regenerative outcomes in the direction of the functional organization of the produced tissues because the ideal 
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combination of those elements has not yet been identified.  
Keywords: 3D Bioprint, Periodontal ligament, and regeneration, Porcine models, Scaffolds, Stem Cells, 
Implants. 
 
Introduction 
With a high frequency in adults at 30 as well as older, periodontitis is an infectious oral disorder caused by 
bacteria that can cause severe periodontal tissue deterioration [1]. When the illness is severe, the bone tissue 
is destroyed, leaving crater-like holes around the tooth roots. The treatments of these intrabony defects poses 
a significant challenge because they can be addressed with traditional root exfoliation and healing preparation 
without the emergence of novel connective tissue [2] and because any periodontal pockets that are still present 
can be unsightly and serve as catalysts for further degeneration. The primary objective of periodontal therapy 
at the moment was the regrowth of all periodontal cells simultaneously, including novel alveolar bone, cement, 
and periodontal ligament (PDL). To do this, surgical therapy depends on the Guided TR (GTR) technique, 
where the underlying tissues are allowed to repair and regenerate while the proper membranes are used to 
shield the bone effect from epithelial tissue down growth [3].  
Several studies have tried to engineer an appropriate atmosphere aimed at periodontal tissue regeneration (TR) 
by utilizing suitable monitoring messages, progenitor cells, carrier structures, or extracellular matrix (ECM), 
along with sufficient blood supply, required for regrowing periodontal tissues, skeletal, composite resin, as 
well as PDL [4-6]. Even though the majority of research focuses on bone regeneration and also that the majority 
of surgical problems rely on directed bone tissue regeneration; more recently, steps have concentrated on PDL, 
bone, as well as cementum regeneration [7-9]. The parallel alignment of fresh, highly ordered collagen fibers 
that were put into the bone and cement that had been regenerated is the most important component of the entire 
complex of periodontal tissues, and new initiatives are focused on achieving this ultimate objective. 
 
Periodontal Tissues 
Periodontal Ligament 
Root cementum and Alveolar bone were separated using a periodontal ligament, a fibrous connective tissue 
that spans 100-400 m. This derives from neural crest-derived ectomesenchyme, distinguished via significant 
cell population heterogeneity [10], abundant blood supply [11], as well as a neural network [12]. Before tooth 
emergence, PDL development begins with root formation [13, 14]. Hertwig's epithelial root sheath (HERS), 
created via the inner as well as the outer epithelium of the enamel organ, was where root formation begins 
following the creation of dentin and enamel within the region of cementoenamel junction in near future. Thus, 
the production of dentin from odontoblasts is induced by HERS, which also determines the size and quantity 
of tooth roots [14]. HERS disintegrates and loses bond with tooth root once root dentin begins to form. 
However, a Mallasez epithelial cell still exists today as a reminder of it. The disintegration of dental follicle 
cells by HERS (DFCs) comes into connection with freshly created dentin, causing cementoblasts to develop 
cementoid tissue and begins to secrete, which is later calcified to cementum the starting deposition of enamel 
matrix proteins from HERS cells is a factor in cementogenesis near the apex of the root, as depicted in Figure 
1 [15, 16]. 
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Figure 1. Periodontal Ligament. 
The dental follicle's cells undergo differentiation to become fibroblasts, which are in charge of making PDL 
fibers. PDL fibers gradually elongate during tooth formation and begin to sprout out of both alveolar-based 
bone and cementum. Collagen fibers are loosely arranged close to the cementum, which turns parallel to the 
tooth root during the initial stage of PDL development. The position of the nearby teeth appears to have an 
impact on the direction of the fibers as they alter during tooth eruption. Dento-gingival, transseptal, as well as 
alveolar crest fiber groups first form when teeth first erupt towards their oral cavity, followed by the appearance 
of occlusal contact fibers and the roots apical third[17]. Dense In the cervical portion of the root, Sharpey's 
fibers seem to protrude out of alveolar bone and stretch toward these PDL space's slim cementum-anchored 
fibers. After the teeth have completed their full occlusal function, they get heavier, were arranged into discrete 
bundles, and acquire their final size and alignment [18]. These fibers' primary characteristic—which is crucial 
for PDL regeneration—is that they are encased by cementum and bone. Fibers made of collagen, reticulin, and 
oxytalan make up the PDL fibrous matrix. Type I collagen makes up the majority of the collagenous 90 percent 
of PDL fibers. They give the PDL its structural stability, whereas oxytalan fibers that emerge as the root 
develops and the PDL's vascularization network appear to contribute to vascular support [19]. According to a 
report, HERS and cementoblasts play a part in the growth of oxytalan fibers during root development, which 
accounts for their closer proximity to the cementum [20]. PDL fibers are classified as apical, oblique, inter-
radicular, horizontal, and fibers that reside among the roots of multirooted teeth depending on where they are 
located and how they are oriented. 
In PDL, many cell populations coexist [21]. They can be broadly split into two lineages, one of which consists 
primarily of fibroblastic cells, and the other of which contains cells like osteoblasts that are in charge of 
producing mineralized tissue. Although PDL fibroblasts were the most general cell type [22], other cell types 
have also been found in PDL, including osteoblasts, osteoclasts, fibroblasts, cementoblasts, Malassezian 
epithelial rests, macrophages, endothelial-, and so on. The ability of PDL-based cells to develop into an 
angiogenic, neurogenic, and adipogenic phenotype under the right growth conditions and inductive medium 
has been demonstrated in numerous investigations [23-25]. Because PDL-derived cells are highly 
heterogeneous and multipotent PDL cells must be isolated to be used effectively in PDL regeneration, primary 



B.Dinesh* 

281 
 
 

Vegueta, 22 (8), 2022,  eISSN: 2341-1112 
 

cells are identified by the expression of PDL marker genes like periostin [26], as well as markers resembling 
those of bone mesenchymal stem cells. Additionally, they discovered as PDLSCs exhibit STRO-1/CD146 
markers that are comparable to stem cells of mesenchyma. The ability of PDLSCs to express additional MSC 
markers, including CD10, 13, 29, and 105, has also been demonstrated in numerous investigations [27, 28]. 
PDLCSs also fail to exhibit the hematopoietic progenitor cell markers like CD-14, 34, 45, and HLA-DR, 
confirming their somatic behavior [29]. The extracellular matrix, which is primarily made up of fibers, is 
produced and maintained by PDL fibroblasts [30]. These cells produce different bioactive chemicals involved 
in tissue remodeling and wound healing as well as fibrillar collagen, which is synthesized and digested [31]. 
The PDL fibroblasts function as a device that absorbs mechanical load by having the ability to endure as well 
as disperse the large occlusal loads put forth during mastication [32]. In addition to offering defense against 
strong mastication forces, PDL collaborates with gingival tissues to create a potent barrier against oral 
microorganisms. 
 
Periodontal ligament Stem cells (PDLSCs) 
Stem cells have self-renewal, colony formation, as well as cell diversity [33]. Stem cells can either stay in the 
stem cell niche or respond to signals, or they can leave circumstances for self-renewal or differentiation into 
particular cell lineages [33]. Several different stem cell types have been isolated at this time and published in 
human studies. You can classify stem cells into induced pluripotent stem cells (iPSCs), induced pluripotent 
stem cells (iPSCs), embryonic stem cells (ESCs), MSCs stem cells, and mesenchymal stem cells [34]. PDLSCs 
have been identified, in in vivo, and in vitro tests have been performed for assessing their capacity to grow 
into different types of tissues. PDLSCs exhibit multipotent differentiation abilities, including the capacity to 
separate as adipogenic, osteogenic, as well as brain cell lines [35]. PDLSCs are employed in regenerative 
medicine due to their capacity for multiple differentiations, which makes them a resource of cells for both 
dental TR and the restoration of non-dental tissues like nerves and bones [36, 37]. 
 
Description of PDLSCs 
A tooth was secured by surrounding alveolar bone having fibrous periodontal ligament. According to reports, 
this structure is a cause of adult stem cells that may restore alveolar bone tissue and keep the periodontium in 
a state of homeostasis. Third molar teeth that have been extracted contain human PDLSCs, which possess self-
renewal capacity as well as cell distinction to diverse specialized cells [38]. The ability of hPDLSCs to 
distinguish between osteoblasts, chondrocytes, adipocytes, and other lineages like neurons has been 
demonstrated in earlier research [39, 40]. For clinical research and dental stem cell therapy, the multipotent 
properties of hPDLSCs are essential. 
CD146/MUC18 and STRO-1, markers of MSCs, were articulated by isolated hPDLSCs, which have a 
fibroblastic and spiky appearance [35]. Additionally, immune-compromised mice that have received hPDLSC 
transplants by tricalcium phosphate (HA-TCP) and hydroxyapatite develop PDL-similar tissues/cementum 
that resembles Sharpey's fibers, which connect that cementum as well as alveolar bone [15, 35]. 
PDLSCs as well as DPSCs transplanted into swine help to regenerate dental tissue and restore functional tooth-
like structures [20]. Additionally, hPDLSCs express scleraxis, similar to cells from tendons and ligaments, 
supporting high occlusal forces on food mastication, bruxism, as well as compressing [35]. Through the 
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formula of the Twist genes and S100A4, hPDLSCs prevent osteogenesis by preserving the gap between the 
cementum and the surrounding alveolar bone [41, 42]. 
PDLSCs are adult stem cells, although they are more potent than stimulated iPSCs, which were comparable to 
hESCs. Using particular pluripotent gene markers and the detection of telomerase production, iPSCs from 
hPDLSCs have been proven [43, 44]. The cells can distinguish a larger range of cell types than other somatic 
stem cells thanks to PDLSCs' more potent iPSCs. 
 
Cell-Guided PDL Regeneration 
Regeneration of the PDL was a difficult and ambitious undertaking because it requires an extremely 
coordinated spatiotemporal remedial process that comprises the development of bone inside the periodontal 
defect, cementogenesis, and PDL fibers. Its adhesion to the surface of the root [45]. Additionally, difficulties 
resulting from the avascular structure of teeth surface, the microbial buildup, and the theoretically difficult 
working environment brought on by the restricted access are all factors [45]. Using tissue engineering (TE) 
Lately, aiming to perhaps regenerate several different tissues and organs, including [46] The periodontium. A 
method of TE includes the usage of the 3D scaffold, coupled with biologically active chemicals and cells, and 
it may control the healing processing and avoid the aforementioned difficulties [46]. 
Post-natal progenitor cells have increasingly been used in cell-based PDL regeneration efforts during the past 
few years, making them a desirable option for TE applications. Due to its capability to differentiate into many 
cell types, including immunomodulation, anti-apoptosis, angiogenesis, and cell-based conscription, MSCs are 
currently the cell type that is most frequently used for cell-based regeneration [47]. Preceding efforts at cell-
based periodontal regeneration have included diverse types of cells, which includes bone marrow MSCs 
(BMMSCs) and gingival fibroblasts (GFs). 
PDLSCs were cells that were separated from PDL and has a unique capacity to regenerate complex PDL tissues 
while sharing characteristics with MSCs [48]. The most frequent type of cell seen in gingival tissue, gingival 
fibroblasts (GF), are known to alter their behavior and relocate into periodontal abnormalities [49]. When used 
in regenerative applications, it has been discovered that GF can express proteins related to bone and can form 
mineralized tissue, supporting the theory that they have stem cell properties [49]. A BMMSC has shown 
evidence of substantial proliferation and multicellular differentiation lines, but their use in periodontal 
abnormalities has produced some inconsistent results outcomes [50]. The morphology of the defect has a direct 
bearing on their efficacy where grade III furcation and fenestration show evidence of enhanced bone growth 
BMSCs used in three-wall intrabony flaws, however, have little success influencing the growth of newer bone 
[50]. Due to their accessibility, ability to be collected in large quantities without surgery, and capacity for 
multilineage differentiation, dental pulp stem cells (DPSCs) were viable for cellular sources in TE uses [51]. 
Administration of DPSCs has been discussed as a potential therapeutic approach, and they are used in vivo to 
target periodontal regeneration. Their usage might help with bone regeneration, although it's yet unclear how 
well they work with cementum or PDL regeneration [52]. 
However, because of the immune response brought on by the breakdown of the scaffolds, TE uses do not 
always produce the intended consequences [45]. Lower survival of expanded and developed cells in vitro 
before embedding into the living organism, failure of inoculated cells to connect to the point of embedding, 
and an absence of vascularization in revascularizing the point of interest are additional issues that can arise 
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[53, 54]. To address the issues with TE procedures, strategies that use extracellular matrix (ECM) creation in 
vitro previous in cellular transplantation, like cellular sheets/pellets, have attracted interest. 
The preservation of ECM proteins is made possible by the unique technology renowned as cell sheet 
engineering, which enables some cell acquisition in the sheet structure to lack the use of proteolytic enzyme 
techniques [55] as shown in Figure 2. Cell sheets have been harvested using a variety of techniques, including 
the usage utilization of polymerized human fibrin-coated dishes, T-responsive culture dishes, as well as the 
use of Vitamin C therapy [56] temperature-responsive culture usage. The initial technique adopted for the 
creation of cell sheets was dishes and has been used most frequently instigated using a material called Poly(N-
isopropyl acrylamide) (PIPAAm), a polymer that responds to temperature [57]. PIPAAm created a smart bio-
interface that allows temperature adjustment to influence the adhesion of cells [58]. Under typical 37˚C cell 
culture conditions, hydrophobic surfaces, permit the growth of cells. Under these values of the critical 
temperature of 32oC, however, the surface develops hydrophilic, causing detachment of cells on the culture 
surface and lacking the need for proteolytic enzymes [57]. This method has many merits over traditional ones, 
including minimal cell loss, preservation of the veracity of protein adhesion like E-cadherin as well as laminin 
5, and retention of ECM types of machinery released via cells [57]. Direct application of cell sheets into a 
problem area is possible in two ways: as a coating (several sheets can overlap and form a 3D structure), or by 
shrinking and generating a cell-based pellet. 
This study focuses to explain 3D Bio printed scaffold with biomaterials and periodontal ligament stem cells 
for enhancing periodontal regeneration utilizing a porcine model, through spread over cell sheet technology 
and scaffold concepts.  

 
Figure 2. Cell sheet harvesting schematic diagram. 
In Vivo Studies 
The included throughout Vivo research was using the intrabony/furcation periodontal defect mode or the 
boundaries periodontal hole mode as some orthotopic model, also several ectopic forms for examining the 
effectiveness of TE housing projects of scaffolds, matrices, membrane, hydrogels, etc. to regenerate tissue, as 
depicted in Figure 3. 
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Figure 3. Most general used periodontal defect models for periodontal tissue regeneration 
 
Cell Sheet Engineering 
Ectopic Models 
26 research evaluated the ability of cell sheet transplantation to regenerate periodontal tissue using ectopic 
models. In 25 of these experiments, naked mice were utilized; rats were used in one study. To mimic orthotopic 
conditions and evaluate each cell sheet's potential for periodontal regeneration, studies utilized 
numerous biomaterials, including chemically conditioned root dentin (CCRD), ceramic bovine bone (CBB), 
etc. Two investigations used bioengineered tooth roots (bio-roots) made of HA/TCP and covered on those cell 
sheets to implant the cell sheet/material composite into the implantation of jawbone implantation sockets [59, 
60]. Additionally, two investigations [61, 62] evaluated the ability of cell sheets mixed with titanium particles 
to regenerate tissue. Washio et al. [63], titanium implant complexes with hPDLCs sheets are implanted for 
defects in mandibular bone, and cell analysis demonstrated that tissues on titanium surfaces are similar to PDL 
and cementum. These results are encouraging for efforts to develop a constant periodontal complication that 
surrounds the dental implant in near future. 
In the included research, a diversity of pretreatments are used to enhance the ability of cell sheets to regenerate. 
The Vc pretreatment was chosen as the preferred approach for creating cell sheets in five investigations [64, 
65]. The impact of pulse having less intensity ultrasonic (LIPUS) inducement on a sheet of PDLSC 
development as well as periodontal TR in vivo was examined by Li et al. [66]. Their findings demonstrated 
that LIPUS-treated PDLSC sheets had an advantage over the untreated PDLSC sheet group in terms of ECM 
production and PDL-like TR. In comparison to the control group, pre-treated hPDLSC sheets displayed 
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considerably greater levels of mineralization as well as collagen ligament accumulation, which allowed the 
development of a PDL cementum-like complex [81]. To create cell pellets for use in periodontal TE, hPDLSC 
sheets were changed into conditioned media (CM) from growing apical tooth germs by Yang et al. [67]. The 
CM-treated group was found to have cementum-like mineralized as well as PDL-like fibrous-based tissues, 
whereas the control group that did not receive CM infrequently produced cementum/PDL-like tissue [67]. Two 
investigations [68, 69] utilized platelet-rich derivatives; first utilized platelet-rich plasma (PRP) for pre-
treatment, and second utilized platelet-rich fibrin (PRF), as biologically absorbable scaffolding. In comparison 
to the untreated control, PRP pretreatment dramatically improved PDLSC osteogenic differentiation and 
boosted bone and collagen production in vivo [69]. Additionally, when paired with jaw BMMSC rather than 
PDLSC sheets, the utilization of PRF, a bioabsorbable-based scaffold is helpful in the case of PDL as well as 
bone tissue production [68]. 
Five reports examined the effects of coculture of various cell types on the characteristics and efficiency of cell 
sheets, and also their capacity for regeneration. The features of the cell sheet produced by the coculture scheme 
appear to be improved when PDLSCs are cocultured by various cell lines. For more precise, hPDLSCs and 
hBMMSCs were cocultured, and the resulting mixed cellular sheet was employed for making some cellular 
pellets that were useful in ectopic relocation and demonstrated improved cementum/PDL-like TR by 
neovascularization in comparison with some cell pellets which is non-mixed [70]. Additionally, these in vivo 
cell sheets administration from PDLSCs coculturing by urine-derived stem cells (USCs) led to improved 
expression stages of ECM/bone associated proteins as well as genes, development of complex tissue 
comparable to the native periodontal tissue [71-73]. PDLSCs as well as human umbilical vein endothelial cells 
(HUVECs) are used to develop triple-cell sheets, either by combining the diverse cell sheets/by coculturing 
the cells together. Panduwawala et al. discovered that both of these circumstances led to the formation of 
periodontal fibers that were similar to PDL and vascular lumens [73]. When cocultured with DFCs, Liu et al. 
evaluated some regeneration potential of PDLSCs in certain healthy persons as well as individuals with 
periodontal disease (PPDLSCs) [74]. The stemness of PPDLSCs and HPDLSCs seemed to be enhanced by 
DFCs, and the cocultured HPDLSC was able to redevelop the PDL complex while the PPDLSC sheet had poor 
fiber adhesion and inflammatory cells detected in the regenerated tissue [74]. 
Orthotopic Models 
The healing potential of cellular sheet transplantation in periodontal deficiency studies, with or without 
biological materials, was evaluated in 20 investigations using orthotopic models. Through a variety of animal 
models and experimental techniques, the studies looked into the possibility of cell sheets to promote in vivo 
rejuvenation of periodontal tissue. Diverse periodontal defect models are utilized, including the one-wall bone 
effect study in two studies [75, 76], the three-wall intrabony defect model in two studies [77, 78], and the 
horizontal defect model in one study [79], the fenestration defect model in another study [80], the dehiscence 
defect model in another study [81], the class III furcation defect model in another study [82], the two-wall 
intrabony defect model in another study [83], and the class III. In one-wall surgically generated deficiencies 
in dogs, Tsumanuma et al. [76] evaluated the effects of 3-layered cellular sheets from various cell lines. They 
discovered that the usage of PDLC sheets led to the formation of more recently developed thicker or 
cellular/acellular cementum, more solid collagen fibers, as well as augmented PDL development in comparison 
to APC/BMMSC sheets. The efficiency of PDLC/ DFC sheets near regenerative periodontal was evaluated 
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using the two-wall intrabony effect with dogs in the study by Guo et al. [83]. Whilst novel periodontal 
accessory was seen in both groups, only the DFC sheet group showed full periodontal regeneration connecting 
PDL and cementum. This group also showed improved bone production when compared to the PDLC sheets. 
While Yang et al investigation's revealed comparable periodontal regeneration ability between SHED and DFC 
sheets [75]. More particular, the regeneration of tissues of experimental groups had collagen fibers as well as 
fibroblasts that were aligned perpendicularly and in a well-developed manner, much like natural PDL [75]. 
Another research demonstrated the dominance of applying a complex cell sheet made up of both osteoblastic 
cells and PDLCs over applying a single cell sheet made up of either cell line [84]. The restoration of the 
functional joining among the alveolar bone and tooth root was achieved in detail by the application of complex 
cell sheets, as opposed to control groups, which showed only partial recovery in the development of both soft 
or mineralized tissue [84]. Vaquette et al. identified PDLC sheets and BMMSC showed identical outcomes for 
the generation of new bones, cementum, and PDL revival afterward 10 weeks, while these groups showed 
greater restorative capacity in comparison with GF sheets [81]. This was when associating 3 diverse cell sheets 
with the needle-inserted dehiscence periodontal effects on sheep. 
Different techniques for obtaining cell sheets, usage of cultural dishes which are temperature-responsive, an 
administration of Vc, along with their impact on the periodontal regenerative capacity of these PDLSC sheets 
were examined by Wei et al. [85]. When these sheets were applied in a defective location, more 
bone/cementum-like matrix was formed than when PDLSC sheets with the help of temperature-responsive 
culturing dishes were used [86]. Two investigations examined the impact of various pretreatments, including 
inflammatory activation and hypoxia, on the capacity for cell sheets to regenerate [83, 87]. According to Yu 
et al. work's PDLSCs' ability to regenerate mineralized tissue, cementum, and PDLs in vivo was improved by 
a 24-hour hypoxic pretreatment [87]. Various nanomaterials, including HA/TCP, Matrigel, CBB, gel/ 
polycaprolactone scaffold, polyglycolic acid (PGA), TDM, platelet-rich fibers, as well as porous -TCP, was 
mixed with the cell sheets in the various investigations. Zhao et al study.'s [89] evaluated the impact of platelet-
rich fibrin granules on PDLSCs sheet remains to direct regeneration of periodontal. In comparison to the other 
groups, the combined administration of PDLSC/PRF is even more successful in renewing PDL-like tissues as 
well as preventing ankylosis and irritation in the tooth reimplantation model employed in this investigation 
[89]. 
In a medically produced periodontal deficit in rat maxillary molars, Iwasaki et al. used a decellularized 
amniotic membrane (amnion) rather than a designed cell sheet, with or without the PDLSCs. Four weeks after 
this transplant, periodontal TR was improved by the presence of PDLSCs, according to the findings of the 
histological and radiological investigations [90]. Jiang et al. [91] researched PCL/GE nanofibers, 15-deoxy-
D12,14-prostaglandin J2 (15d-PGJ2) nanoparticles, which are decellularized sheets from human PDL 
fibroblasts were combined as potential choices for periodontal regeneration. Regardless of whether PCL/GE 
nanofibers were present or not, the use of decellularized hPDLCs sheets led to effective bone tissue ingrowth 
and PDL and cementum-like tissue development on the mandibular first molar’s root. Some favorable role of 
the decellularized matrix was established by Farag et al. [92] in their assessment of the impact of PCL 
incorporated PDLSCs sheets scaffold with periodontal regeneration in a rat. More specifically, compared to 
the PCL scaffolds alone, the decellularized sheets showed a much higher fresh attachment of periodontal fibers, 
and the regenerated PDL fibers are arranged and introduced by a perpendicular alignment to the root surface 
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[92]. A report by Yang et al. [93] demonstrates that TDM/HA/TCP particles shared having DFCs lead to 
enhanced bone development in comparison with the groups without materials. In addition, in comparison with 
some control groups devoid of cells, the addition of DFCs possesses some favorable impact on bone growth 
density as well as the degrees of PDL-like tissue creation [93]. 
In Vivo Studies with Scaffolds for PDL Regeneration 
Regeneration of injured periodontal tissues, a wide range of biological materials in the kind of modest, 
biphasic, or multiphasic scaffolds is suggested. These 2D and 3D constructs were created using the ideas of 
total regeneration of the periodontal or partial regeneration of particular sections, like PDL or bone tissues, 
with the majority of them concentrating on bone regeneration and examining the osteogenic potential of 
substances. Different degradable or non-degradable membranes are used to avert epithelial down-growth for 
enabling the repair of injured periodontal ligaments and connective tissues since GTR represents the "gold 
standard" within periodontal surgical procedures. With the aid of additional connected or loaded substances 
and growth factors, the usage of scaffolds purposes to create bio-compatible and bio-active platforms that can 
result in sensible and regulated cell relocation, propagation, and differentiation to support TR. In this way, 
various animal species and in vivo studies, like surgical scaffold insertion, have been studied. Generated 
ectopic tissue growth or periodontal abnormalities with subcutaneous implantation in creatures. 
Periodontal Defect Model 
The fenestration periodontal defect model or furcation or intrabony periodontal defect models were used in in 
vivo research assessing scaffolds. The main procedure for the furcation model involves surgically creating 
one/two-wall bone effects to close the premolars and molars roots, removing cementum and PDL, as well as 
placing a scaffold right next to root dentin; these defects are typically 5 mm in the direction of apical-corona. 
Beagle dogs were mostly employed in investigations estimating several therapeutic techniques aimed at 
periodontitis as well as periodontal tissue regeneration in scaffolds [94]. Their usage is justified by the fact 
that their oral microflora and periodontal tissues resemble those of humans [95]. Additionally, it is possible to 
perform proper hygiene without sedating the animals, which guarantees their comfort and minimizes the 
possibility of issues with proper healing and regeneration. Dog studies have important drawbacks in that they 
do not use lateral movements while chewing and have a higher rate of bone remodeling, which could lead to 
strong regenerative potential and better in vivo study outcomes [96]. 
There are two main surgical methods in use; one involves making intrabony defects and the other involves 
making supra-alveolar critical-size furcation defects [97]. The beagle or other dog models have been used to 
test hydrogels [98, 99], scaffolds loaded with nanoparticles made of polymeric material or collagen [100], and 
mixed micropatterned scaffolds made of polymeric material [101], either loaded with cells or not. In the growth 
of acellular cementum on roots surfaces as well as the production of PDL-like tissue, the FGF-2 usage in 
conjunction with a nano-Beta-TCP collagen scaffold proved beneficial [102]. Momose et al. [103] made the 
inline suggestion, using a collagen hydrogel scaffold that had been incorporated using FGF-2. Even though 
both studies confirmed the existence of fibrous tissue similar to PDL, which failed to detect tissue addon or 
the development of functional Sharpey's fibers. Associated with beta-TCP, which showed minimal osteoid 
deposition, bioceramic diopside ceramics were more effective at producing significant amounts of cementum, 
bone, as well as collagen fibers [104]. Collagen sponges and cell-filled with some organic bovine bone or 
chitosan composite scaffolds produced larger amounts of new bone or cementum with thick PDL fibers [105], 
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oriented perpendicularly or obliquely [106]. On the other hand, Liu et al. who have tried BMSCs filled with 
collagen hydroxyapatite scaffolds packed showed a restricted beneficial effect, which could be accounted for 
by the restricted cell subsistence inside their scaffold caused by certain low blood flow in labial alveolar bone 
[107]. The schematic representation of supra-alveolar periodontal defect in the canine is given in Figure 4. 

 
Figure 4. Supra-alveolar periodontal defect in the canine.  
There is surprisingly little research investigating PDL regenerative scaffolds in tiny pigs, although these 
animals have been employed as more practical and trustworthy animal models in numerous dental 
investigations [108, 109]. Numerous research in recent years has shown that pigs are a suitable animal species 
because their bone structure, morphology, pace of healing, and remodeling are thought to be similar to those 
of humans [110]. Pigs also have a temporomandibular joint that is physically and functionally similar to that 
of humans, and because they are omnivores, which chew using their lateral jaw motions, making them a better 
prototype for simulating some mastication cycle. Still, these are constrained by their natural features, which 
include larger teeth surrounded by more bone, a longer junctional epithelium, and several oral microflorae. 
The periodontal lesion standard in scaffolds having micro pig combined for regenerative PDL has only been 
employed in a few studies [108, 111]. DSCs were seeded and maintained in hybrid tooth constructions made 
using PGA/PLLA as well as PLGA scaffolds in bone and tooth sections, correspondingly, for 12 & 20 weeks 
[108]. Despite these developments, a novel cementum little fibrous tissue in the periodontal ligament 
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resembled Sharpley's fibers. To maximize regenerations using limited inflammatory stages in periodontal 
wound healing, a scaffold using hyaluronic hydrogel that releases an IL-1-receptor antagonist was employed 
[111]. Despite the formation of cementum-like tissue as well as the anchoring of PDL-like fibers to cementum, 
the IL-1-receptor antagonist group did not show any discernible effects. 
The most common animal species utilized to execute the periodontal defect model in recent papers is the rat 
species. Rats have dominated periodontal TR studies despite having continuous tooth periodontal and eruption 
remodeling with bone and cementum collocation, which may produce optimal outcomes in regards to possible 
regenerative ingredients and methods. These factors, along with rats' ease of handling, low maintenance costs, 
and lack of ethical or social concerns have also contributed to this. Before moving on to larger animal trials, 
the rat periodontal fenestration defect models having extraoral operating technique was typically employed as 
well as extensively adopted. This approach has the benefit of preventing gingival tissue ingrowth, but it is 
technically more difficult [112]. 
For PDL regeneration, much research has combined Sprague-Dawley, Fischer 344, Wistar, and athymic nude 
rats with various scaffolding materials. In periodontal deficiencies in rats, different fibrous polymeric 
structures, primarily electrospun hydrogel scaffolds [113-115], In comparison to uncoated substrates, a 
biomimetic F/CaP coating technique is used on PCL scaffolds and were successful in generating fresh alveolar 
bone, PDL, and cementum. On PCL scaffolds, primary HPDLs seeding cells with cell PDLSCs and sheets 
produced a complex periodontal tissue with PDL fiber angulation that was comparable to native tissue. 
Contrarily, PDL-like tissue was ranged parallel with root when basic PCL scaffolds were utilized [9, 92], and 
just a few fibers were needed to introduce the cementum layer. A biphasic scaffold was created, including an 
amorphous PCL sector for bone development and a micropatterned PLGA/PCL compartment for PDL repair 
[116]. The PDL segment was seeded with hPDLs, the bone segment with hGFs, so each compartment was 
altered to include vectors expressing BMP-7 (for the bone section) and PFGD (PDL compartment). Different 
combinations of PDL segment micropatterning and gene transfer were assessed, as well as the micropatterned 
PDL consistently produced the best results for obliquely oriented PDL development regardless of single/dual 
gene transfer. 
Rabbits were employed for studies to evaluate therapeutic variables for the management of periodontitis [117, 
118], but their usage in studies to assess the regeneration of periodontal/peri-implant tissues is relatively 
restricted [119]. This is a result of their distinct from human bone structure and remodeling rate. To implant 
scaffolds of tri-layered nanocomposite hydrogels using FGF 2 (PDL compartment) with platelet-rich plasma 
(PRP)-derivative anabolic hormones, Sowmya et al. [7] first induced lesions with white rabbits maxilla in New 
Zealand. 
They concluded that while PDL, bone, and cementum, were all produced within some tri-layered scaffolds, 
the introduction of growth factors led to the development of more organized bone tissue. Sheep and mice are 
further options for PDL regeneration, however with very little data. Research done by, Vaquette et al. [81] was 
using some ovine periodontal defect prototypes to examine whether varying types of cells for seeding biphasic 
electrospun scaffolds of PCL/Beta-TCP could affect PDL rejuvenation in various ways. They found that while 
robust cementogenesis and PDL renewal are demonstrated in cases in which PDLCs and Bm-MSCs are 
propagated, devoid of cementum creation is seen in the usage of GCs. Beta-TCP scaffolds are grown on gene-
transfected BMSCs as well as transplanted in nude BALB/c mice periodontal abnormalities in the work of 
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Zheng et al. [120]. Scaffolds of Beta-TCP are required for gene-transfected BMSCs as well as nude BALB/c 
mice periodontal abnormalities are implanted in the study of Zheng et al. [120]. PDL and cementum could be 
rebuilt using cell-seeded scaffolds, whereas imperfections of scaffolds of tidy beta-TCP produced fibrous 
tissues, neither cementum/oriented fibers. These results show that, regardless of their content or form, scaffolds 
cannot, by themselves, induce regeneration of PDL and attachment towards bone/cementum. In many 
investigations, loading scaffolds using cell seeding or growth aspects are considered successful for supplying 
larger quantity bone. The topographical signals required in cells for encouraging PDL regeneration as well as 
the entire periodontal tissue complexes were delivered by multiphasic/patterned scaffolds which resemble the 
operational divisions in the periodontium. The calcium-based element was another feature of scaffolds that 
contributes to the development of functional PDL, albeit it is unclear whether this component's chemical 
affinity for bones and cementum or its topographical orientation is what drives PDL regeneration. 
Clinical Studies Involving Caffolds Combined with Cells 
Stem cell-based therapies are another promising method for treating periodontal TR. Several reservoirs of stem 
cells, including PDL, bone marrow, and dental pulp, gently exfoliate gingival, deciduous teeth, as well as 
umbilical cords of humans, have been listed in the literature. Allogenic MSC isolation out of the 
anthropological umbilical cord was less expensive as well as less intrusive when compared to conventional 
isolation of cells techniques. Additionally, cells can develop into cementoblasts, osteoblasts, as well as PL 
fibroblasts, were having the capacity for self-renewal, making them pluripotent. As a part of this, Dhote et al. 
[121] used umbilical cord MSCs having scaffolds of TCP and platelet-derived growth factor-BB (PDGF-BB), 
as well as they, discovered a substantial increase in radiographic hole and diagnostic reference level fillings 
compared with open flap debridement (OFD). During chronic advanced periodontitis treatments, Ferrarotti et 
al. [122] employed micrografts of autologous DPSC which are directly applied with collagen sponges. The 
clinical and radiological characteristics were reported to be better by the authors when compared to control 
sites that only received collagen sponge treatment. Baba et al. [123], repaired inrtabony imperfections in 10 
individuals using stem cells of autologous bone marrow combination using PRP with the aid of woven-fabric 
composites made out from scaffolds of poly-L-lactic acid, likewise documented safety and positive clinical 
outcomes. For subsequent comparisons, there was no control group, though. In contrast, Chen et al. [124] 
found no appreciable variations among demineralized scaffolds of bovine bone incorporated with some PDL-
derived MSCs as well as the scaffold itself in terms of clinical or radiographic observations. Following 12 
months of observation, the physicians concluded that the implantation of MSCs and scaffolds was safe because 
they did not notice any adverse reactions or alterations in blood composition. In a pilot clinical investigation 
on 20 patients, Sanchez et al. [125] did not discover any additional therapeutic advantages of PDL MSC-based 
stem cell transplantation relative to xenogenic substitute material alone for 12 months. 
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Figure 5. Clinical study for cell sheet transplantation  
 
Three different approaches to treating periodontal bone abnormalities were evaluated survey by Apatzidou et 
al. [126]: a combination with alveolar bone marrow MSCs which is collagen frameworks incorporated as well 
as autologous fibrin/platelet lysate (aFPL), a scaffold of collagen made of aFPL, and devoid off scaffolding 
control. Follow-up in subsequent years, no intergroup alterations are found, although all treatment modalities 
significantly improved clinical outcomes as radiographical bones filled with the healing of soft tissue. These 
studies hypothesized a long-term MSCs-based treatment usage may be beneficial for abnormalities with 
complex, non-contained morphologies. Iwata et al. [127] revealed a quite different method for treating severe 
bone defects, using cell sheets derived from PDL in conjunction with TCP, as shown in Figure 5.  
Summary:  
MSC-based therapies for periodontal regeneration are further assessed in histologic and long-term randomized 
clinical trials. This conclusion can be drawn as a result of clinical research utilizing scaffolds as well as cells 
in periodontal TR. Aside from that, several significant factors, including safety, the MSCs immunogenicity, 
latent threats, as well as cost-effectiveness, were taken into account on cell-based gingival therapies are 
implemented for therapy selection in clinical practices. Table 1 shows the different clinical research cells and 
scaffolds for periodontal tissue regeneration.  
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Table 1. Clinical research includes cells and scaffolds for periodontal tissue regeneration.  
Type of 
scaffold 

Cell types Study type Experimental 
group 

Number of 
subjects used 

Results 

Collagen 
gel 

hGF Clinical hGF from attached 
gingiva was added 
to 
collagen gel. Each 
patient: 1 tooth 
treated with a 
periosteal 
fenestration 
technique (control 
group) or a tissue 
engineered 
mucosal 
graft (test group). 

9 patients 
(18 sites), 
3 months 

The mean 
amount of 
linked 
gingiva was 
greater at test 
sites than at 
control sites. 

Bio-Oss Autologous 
PDLSCs 

Single 
center, 
randomized 
clinical 
trial 

Group 1: GTR and 
PDLSC + Bio-
oss® 
and Group 2: GTR 
+ 
Bio-oss® (control 
group). 

30 patients, 
12 months 

No statistically 
significant 
variations 
were identified 
among 
groups. 

Xenogeneic 
bone 
substitute 
(XBS) 

PDL-
MSCs 

quasirando
mized 
controlled 
pilot 
clinical 
trial 

Patients with 
moderate and 
severe 
chronic 
periodontitis 
with one or two 
wall 
defects: (1) XBS + 
PDLMSCs and (2) 
XBS (control) 

20 patients, 
12 months 

No significant 
differences 
among 
groups, lower 
morbidity, and 
safety of 
cell-based 
therapy  
 

Collagen 
sponge 

Autologous 
DPSCs 

Randomize
d 
controlled 
trial 

Patients with 
severe 
periodontitis: (1) 
DPSC micrografts 
seeded onto 
collagen 
sponge (n = 15), (2) 

29 patients, 
12 months 

Significantly 
greater 
clinical 
link 
level gain and 
bone defect fill 
in test groups 
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collagen sponge 
alone (n = 14, 
control). 

Collagen 
scaffolds 
with 
autologous 
fibrin 

Autologous 
alveolar 
bone 
marrow 
MSCs 

A proof-of-
principle 
randomized 
clinical 
study 

Group-1 (n = 9) 
BMMSCs seeded 
into 
collagen scaffolds, 
and aFPL. 
Group-2 (n = 10), 
the 
collagen 
scaffold/aFPL 
seeded with a 
BMMSCs 
Group-3 (n = 8) no 
scaffold, minimal 
access flap surgery 

27 subjects 
with 
advanced 
periodontitis, 
12 months 

Significant 
clinical 
enhancements 
with no 
inter-group 
variations 
Better clinical 
outcomes in 
Groups 1 and 
3, over 2nd. 

 
Discussion and Concluding Remarks 
The expansion of scaffolds using the regeneration of PDL has been tested in vivo using a variety of materials. 
Aliphatic polyesters like PGA, PLA, its copolymers, PCL, and PLGA have all been the subject of in-depth 
research [128]. The predominant polymer is PCL, which is employed as a membrane or in composite scaffolds 
with other polymers like PLGA or inorganic minerals like HA/TCP. These preferred PCL usage results in 
accessibility, affordability, and a greater standard of modifiability [129]. It has a high degree of crystallinity 
(50–60%) and slower in vivo hydrolysis, yet its physicochemical and mechanical characteristics can be easily 
modified to suit various requirements. A variety of electrospun PCL scaffolds have been created, including 
electrospun or multiphasic scaffolds [130] for good simulating periodontal tissue architecture as well as 
cementum formation. Electrospun PCL membranes were also established for common drug delivery having 
obstacles for encompassing periodontal deficiencies [92]. Periodontal regeneration has been aided in various 
ways by calcium phosphate minerals and biomimetic calcium phosphate layers. The most widely used of these 
are HA followed by bioactive glasses [7, 131] and various ceramics. 
In two in vivo experiments [9, 132], calcium phosphate coatings were used, and the results showed increased 
bone or cementum prepositional phrases. Even though it does not appear to be able to efficiently regenerate 
periodontal tissues whether adopted with other scaffolding materials or growth factors, _-TCP is the substance 
that is employed almost entirely in clinical applications. Biphasic calcium phosphate (BCP) is employed in a 
randomized clinical study [133], and then scaffolds made of calcium phosphate were created using 3D printing 
in BCP as well as utilized in a case study [134]. To replicate bone resorption rate, these composites, which 
consist of HA and TCP with a 60:40 ratio of HA to TCP, serve as a buffer over the rapid dissolution rate of _-
TCP as well as the lower dissolution of HA [135].  
Table 2. Merits and demerits of the various substances employed for periodontal regeneration.  
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Materials Merits Demerits 
Natural Better biocompatibility as well as 

cellular affine 
Important deterioration rates 

Weaker machine-driven 
features 

Synthetic Better Physico-
chemical/mechanical features 

Higher inconsistency in 
deterioration rate as well as 

resorption kinetics 

Lower biological activity 

Ceramic Composition identical to bone 
tissue 

Osteoconductivity 
induces bone healing 

Non-compatible cellular 
encapsulation 

Fragility 
Numerous cellular reactions 

as per its surface features 
 
For periodontal regeneration, sponges and hydrogels have also been employed as scaffolds [136]. Collagen is 
the main substance employed in this regard, along with HA, FGF2, and BCP. Collagen hydrogels may be 
employed successfully in the form of drug carriers and offer valuable qualities like easy use, minimal toxicity, 
reasonable cost, and viable synthesis. Each of the materials utilized in periodontal regeneration scaffolding has 
a distinct advantage compared to the others, and in most cases, multiple materials employed in diverse 
combinations lead to superior outcomes. The best method for manufacturing scaffold sections appears to be 
the creation of multiphasic scaffolds having various biomimetic microtopography as well as patterning, as this 
effectively directs cell growth to produce PDL-like tissues having proper position. This morphology of 
sophisticated scaffold structures is still very different from the typical architecture of periodontal tissues, 
despite advances in manufacturing technology. The foundation for individualized treatment of devolved 
periodontal tissues can be laid by utilizing novel scanning technologies which may transmit through greater 
precision with periodontal deficiency towards cutting-edge milling machines which is employed cutting-edge 
technology for creating suitable scaffolds, surface micro/nano-patterning, as well as topography. To 
accommodates the intricate nano topography of the periodontal architecture, this technique has intrinsic 
limitations in terms of cost and resolution. When comparing various materials and methods for regenerating 
periodontal tissues, animal models have proven to be quite useful. As most imperfections are surgically formed 
and do not resemble the actual destabilization sites even-after the establishment of periodontitis, which may 
not be able to mimic medical symptoms. Additionally, they are unable to account for aggravating factors like 
the aggressive existence of bacterial types, general illnesses, mass immune system, or occlusal parafunction. 
Next is the lack of clinically significant stress which might influence some regeneration’s reaction in altering 
the necessary molecular as well as cellular pathways when assessing PDL scaffolds for model’s regenerations 
that do not incorporate periodontal tissue environments, such as placement of subcutaneous layers/calvaria 
models. Even while defined protocols are more or less consistently followed in the majority of investigations, 
there are still faces some differences in the study methodology and materials used, which makes it nearly hard 
to directly compare data and come to reliable conclusions. The simultaneous regeneration of bone and 
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cementum is necessary for tissue formation regeneration. 
Because although new bone production has been seen in the majority of investigations, in vivo cementum 
regeneration remained difficult due to the lack of particular expression markers and differentiation 
mechanisms. The cementum attachment proteins (CAP), as well as some cementum protein-1 (CEMP-1), are 
two indicators that were identified in cementoblast's findings [137, 138]. Cementoblasts and their progenitor 
cells have been found to express CEMP-1, whose increased expression in PDLCs supports cementoblast's 
development while its decreased expression suggests osteoblastic or periodontal differentiation [139]. SPON1, 
MiR-628-5p, as well as PTPLA were found to have enhanced expression during the early phases of 
cementogenesis, but miR-628-5p as well as miR-383 limit CEMP-1 countenance [140]. Cementogenesis's last 
stages suggest, that CEMP-1 and PDPLA expression are boosted [140]. The periodontal complex restoration 
process, which consists of cementum, alveolar bone, as well as PDL tissues, has been successfully treated by 
cell sheet engineering, primarily in preclinical studies but also in one clinical research. The periodontal cell 
sheet engineering uses PDLSCs as cell sources. Applications of cell sheet engineering encounter difficulties 
that are inherent to the technology along with some therapies of cell-based in general. 
The availability of such medicines to the general public is constrained by the expensive and legally restricted 
processes of cell separation as well as in vitro growth. Cell sheet engineering, a technologically complex 
process that can be difficult to handle and stabilize, and appropriate addon in situ were essential in regeneration 
results [81]. and Clinical, as well as preclinical investigations, have confirmed the efficacy and security of 
autologous transplantation of PDLSC sheets. Nevertheless, many restrictions make this therapeutic approach 
difficult, including the patient's advanced age, periodontitis, and a dearth of cell supply [140]. Cell isolation 
and growth as a methodology is a less time and costly method, making it less frequently an appealing or 
favorable treatment option for the patient [141]. Cell exclusion and expansion are used to fabricate a reliable 
and constant invention resulting in quality standards with Good Manufacturing Practices (GMP). To produce 
cell banks and widely available products, shifting focus to an allogeneic cell source could be more time- and 
cost-effective while simultaneously offering a potential cure for individuals with the aforementioned 
restrictions. Allogeneic cell sheets are a secure and efficient replacement [77, 78]. By preventing bacterial 
invasion, safeguarding against inflammatory peri-implantitis, dispersing enhanced occlusal load, and 
protecting against peri-implantitis, PDL renewal on surfaces of Ti using cell sheets engineering was 
demonstrated to be viable. However, clinical data have not yet corroborated those hypotheses, and more 
research is required to determine the long-term durability of the Ti surface as well as this PDL-like regenerative 
tissue. In clinical practice, this TR method based on a mix of scaffolds, bioactive compounds, and/or stem cells 
(MSCs) may be considered a substitute for previous surgical periodontal procedures. The advantages of 
scaffold-based therapy are unclear because these results of treatments are already suggested in clinical studies 
as well as series of clinical cases varied widely. Clinical factors like diagnostic reference level and radiographic 
bone fill were assessed in the majority of alveolar bone rejuvenation clinical studies. Due to ethical concerns, 
there is a lack of information about histologic examination to support periodontal regeneration in humans. 
Large-cohort studies must conduct additional risk-benefit and unfavorable effect assessments. 
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