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Periodontal disease, as a prevalent public health problem, could leads to bone resorption and ultimate tooth loss. Due to the nature of interfacial
hard to soft tissue structure in periodontal complex, its wound healing is more complicated than normal oral mucosa after surgical procedures. To
improve the success rate of surgical regenerative therapies in periodontal tissue, having insight to the natural tissue dissimilarities and
biomechanical concepts in periodontium is crucial. Optimal periodontal regeneration contains restoration of the all three components of
periodontal ligament, cementum and alveolar bone. In recent decades, many researchers have developed and characterized several strategies
according to interfacial tissue engineering for periodontal regeneration. In the current review, the bio-clinical principles and current strategies for

periodontal regeneration and future perspective are discussed.
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Introduction

Periodontal disease is recognized as one of the important
public health problems in the world. The US Department of
Health and Human Services designating oral health, reported
the periodontitis as one of the 42 health issue known among
healthy population in 2020 (1, 2).

Periodontal diseases is considered as an inflammatory
conditions that affect periodontium as the supportive
structure of the teeth, which could result in tooth loss (3). The
periodontium is composed of the integration of all the
gingiva, periodontal ligament, cementum and alveolar bone
working as a functional unit to provide support and retention
of teeth within an arch, and prepare peripheral defense (4).
These components come together to maintain a proper
anchorage of the teeth to the peripheral bone (5). In the
healthy periodontium several signals and cells are
continuously remodeling alveolar bone with tuned balance
between formation and resorption process. However, this
disrupted by

inflammatory response to local or systemic perturbation,

normal hemostasis can be excessive
leading to bone and connective tissue attachment loss, and
apical epithelium (6-8).
Periodontal complex wound healing after any surgical

migration of the junctional

procedure is a more complicated process than normal
mucosal wound healing, and it comes from the nature of
interfacial hard to soft tissue structure there. So, post-surgical
wound integrity is considerably vulnerable to mechanical
force as the mucogingival flap rests on the hard and avascular
root surface (9).

To efficiently restore the periodontal complex structure
and to enhance the success rate of surgical regenerative
therapies, it is important to get an insight to the natural tissue
dissimilarities and biomechanical concepts in periodontium.
In the normal dentoalveolar system, the presence of
periodontal soft tissue between two hard mineralized bodies
facilitates comparative micromovement between the tooth
and bone (10).

An optimal periodontal regeneration includes restoration
of the all three components of alveolar bone, PDL, and dental
cementum. The periodontal ligament (PDL) is a fibrous
connective tissue, which attaches teeth to the alveolar bone
through a direct contact with the cementum, forming the wall
of the socket. The PDL layer is about 0.2 mm in width
between alveolar bone and tooth, constituted by dense
collagen fiber bundles that provide the tooth adequate
resistance to the masticatory forces and also act as the
peripheral defense against opportunistic bacteria (7).
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Figure 1. The tissue engineering elements and clinical principles for periodontal regeneration

Cementum is the site of adherence upon the superficial
layer of the root of a tooth that connects to alveolar bone
proper via the PDL (11). It is an avascular tissue that is
histologically similar to bone. The cementum forming cells
are cementoblasts, which are analogous to osteoblasts in
bone—fully differentiated in lacunae arranged in a network of
canaliculi (12). Unlike bone, these canaliculi do not channel
blood vessels nor nerves; instead, they project to the alveolar
space to provide nutrients to cementocytes via diffusion (13).

Alveolar bone is the foundation of the periodontium;
therefore, it is vital to restore its integrity. Without bone,
surrounding tissues cannot be reconstructed (12). The alveolar
bone is composed of a thin, superficial layer of cortical bone
fenestrated by many foramina that enable the passage of
nervous tissue and blood vessels from the bone marrow to the
PDL, providing vasculature to the periodontium complex (12).
Approximately 50% of the bone proper is composed of
inorganic hydroxyapatite, and matrix proteins and organic
collagen constitute the residual 50% (12, 14).

The conventional regenerative periodontal treatments aim
to decrease the fast progression of the disease, with the
removal of debris and bacteria from the site of the wound,
and create a proper alveolar bone architecture to maintain the
periodontal health (15); However, the complete healing and
functional recovery of the damaged periodontium are still not
achieved (16). This review presents the bio-clinical principles
and current strategies for periodontal regeneration (Figure 1).

Bio-clinical principles for periodontal tissue
regeneration

The regenerative clinical strategies with the goal of restoring
the loss of bone and periodontal attachments are comprising
dental root biomodification, application of biomaterials and
autologous bone grafts, guided tissue regeneration, as well as
applying bone derivatives and wound biomodification factors
(17).
regeneration have not been predictable yet (18).

However, the surgical outcomes of periodontal
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Figure 2. Hard to soft tissue interfaces in periodontal complex

Besides the limitation of current clinical regenerative
techniques, it has been well documented that improper
surgical management are responsible for many of limited and
Wound
stabilization, space provision and primary intention healing

variable  periodontal  regeneration  success.
are three main critical factors which play the pivotal role in
the consequence of periodontal regeneration attempt and can
easily be underscored (9, 17).

The importance of the wound stability was illustrated by
comprising the adhesion of the fibrin clot to the dental root
surface with heparin solution (19, 20). The blood clot is
formed between the root surface and the mucogingival flap
post surgically not only to seal the wound area but also
provide a preliminary matrix for cellular migration. The
histological evaluation depicted that the un-attached fragile
fibrin clot allowed progressive migration of the gingival
epithelial cells into the point that the intact fibrin-clot inhibit
the progression. This experimental treatment led to the
formation of a long junctional epithelium, whereas the
epithelium was stopped on the cemento—enamel junction in
control defects (20). So, to harness the regenerative potential
of the available

procedures should comprise proper wound stabilization to

regenerative techniques, the surgical

decrease possible tensile forces, well post-surgical protection

to avoid disruption by the mechanical insult and improve
hard-to soft adhesion by root surface biomodification (21,
22). (Figure 2)

A common procedure used in bone regeneration process
is bone grafting (23-25). It may be performed when the
residual bony walls of the defect are still preserved and can
provide vasculature and mechanical support for the graft.
Because epithelial tissue regenerates rapidly, barriers are
implemented to preserve space for regeneration of bone,
known as Guided Bone Regeneration (GBR) (26). Both the
barrier and bone graft may derive from a previously
harvested, non-living source (allogenic) or from a donor site
(autogenic). Autograft materials are more invasive by nature,
predicated upon a second surgical site. Allograft materials are
less invasive but also less potent. Either way, GBR yields
regeneration with histological success but with unpredictable
results (26).

Bioactive mediators including stem cells, growth factors
and gene therapy agents are also implemented, having
demonstrated a limited range of utility in clinical scenarios, as
well as limited regenerative capacity. Results are similar to
those obtained with bone grafting (16). Conventional clinical
techniques have yet to produce results with complete
regeneration in most cases.
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Table 1. Scaffolds
Monophasic . - . .
Scaffolds/Materials Stem Cells Animals Models or Clinical Trials Target Tissue REF
PGA HPLCs (healthy tooth Mlce . (subcutaneous bilateral PDL 27)
extracted) implantation)
PLGA hADSCs Rats (critical size bone defects) Bone (28)
PCL BMSCs Nude Rat Bone (29)
HPLC:s sheets In vitro study Bone, PDL Regeneration  (30)
Alginate PDLSCs and GMSCs Nude mice Cartilage Regeneration (31)
Gingival fibroblasts and PDL In vitro study (PDL healing properties
Collagen/ PSEC fibroblasts (third molars) of collagen barrier membranes) PDL (32)
Collagen
T No stem cells were used Rat Bone (33)
Gelatin/CHI/BaG Osteoblast-like cells (MG-63) In vitro studies Alveolar Bone (34)
P HPLCs In vitro study PDL (35)
Rat BMSCs Rats (periodontal defects) PDL (36)
Hyaluronic Acid e A e R PDL (37)
extracted)
Hyaluronic - . .
Acid/ECM/ Selliglval margin-derived ~stem Pigs (periodontal defects) Alveolar Bone, PDL (38)
IL-1-Hydrogel
TCP HPLCs In vivo Alveolar Bone, 35
Cementum
BaG BMSCs Rats (bone defects) Bone (29)
Biphasic Stem Cells Animal Model Target Tissues REF
Scaffolds/Materials 8
HA/ Collagen Dog BMSCs Dog (alveolar bone defect) Alveolar Bone, PDL (39)
PCL/Collagen PDLSCs In vitro studies PDL (40)
Cell sheets (PDL cells,
gingival margin derived cells . Alveolar Bone, PDL,
PCL/CaP nd_ alveolar bone derived Rats (periodontal defects) Cementum (41)
cells)
PCL/BaG Sheep BMSCs Rats (bone defects) Bone (29)
No stem cells was used Rats (bone defects) Bone (42)
PCL (Periodontal Periodontal ligament cells
Compartment) (Merino sheep) Rats (subcutaneous) PDL (43)
LY Lo Osteoblasts (Merino sheep) Rats (subcutaneous) Alveolar Bone (43)
Compartment)
PLGA/TiO2 nanotube No cells Rats (bone defect) Bone (44)
Gingival Fibroblasts . Alveolar Bone, PDL,
PLGA/TCP transduced with BMP-7 Dogs (Class II furcation defects) Cementum (45)
Cell sheets (PDL cells,
. gingival margin derived cells . Alveolar Bone, PDL,
PCL/Gelatin and alveolar bone derived Rats (periodontal defects) Cementum (46)
cells)
PCL/Collagen/HP Periodontal ligament stem In vitro studies Alveolar Bone, PDL, (40)

cells (PDLSCs)

Cementum
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PLGA/Hyaluronic No cells; wused as - .

Acid periodontal barrier Rats (critical size bone defects) Bone (47)

PCL-PGE (PCE . Alveolar Bone, PDL,

nanofibers)/CHI Rat RBMSCs Rats (periodontal defects) Cementum (36)

HA/Collagen Human and mouse MSCs In vitro Alveolar Bone (48)

TCP/CHI HPLCs In vivo Alveolar Bone, PDL, g
Cementum

Collagen/L-PRF No stem cells used Rabbit Bone (50)

CHI/Hydrogel/p- . "

DNA-BMP-2, No stem cells used Dogs (periodontitis model) Alveolar Bone (51)

CHI/Hydrogel/p- .

DNA-BMP-2 No stem cells used Rats (calvaria defects) Bone (51)

Multiphasic Stem Cells Animals Models or Clinical Trials Target Tissue REF

Nanocomposite

Scaffolds

PLGA-Chitin/ hDFCs Rabbits (maxillary periodontal defects) ~ Cementum (52)

nBGC/Cementum

Protein 1

PLGA-Chitin/ hDFCs Rabbits (maxillary periodontal defects) ~ PDL (52)

nBGC/FGF-2

PLGA-Chitin/ nBGC/ hDEFCs Rabbits (maxillary periodontal defects)  Alveolar Bone (52)

PRP

PLGA/Collagen/HP Osteoblast precursor cell line In vitro studies Alveolar Bone, PDL, (53)
(MC3T3) from a mouse Cementum

TCP/gelatin+ BFPSCs In vitro studies Bone (23)

nanoCHI/rhBMP2

PCL/PLLA/CP/CHI hADSCs In vitro studies Bone (54)

PGA: Polyglycolic acid, hADSCs: Human adipose-derived stem cells, PLGA: Poly Lactic Glycolic Acid, PCL: Polycaprolactone, BMSCs: bone marrow stromal cells, PDLSCs:
periodontal ligament stem cells, GMSCs: gingival mesenchymal stem cells, PSEC: platelet secretome, CHI: chitosan, HPLCs: human periodontal ligament cells, BaG: Bioglass,
ECM: Extracellular Matrix, TCP: tri-calcium phosphate, HA: hydroxyapatite, PDLSCs: Periodontal ligament stem cells, MSCs: mesenchymal stem cells, hDFCs: human
dental follicle stem cells, nBGC: nano bioactive glass ceramic, PRP: platelet-rich plasma, BFPSCs: buccal fat pad-derived stem cells, PLLA: Poly (L-Lactic Acid)

Tissue  Engineering  Approaches for

Periodontal Regeneration

Although the conventional periodontal surgical approaches
using bone substitutes, or biologics continue to offer reliable
methods to restore the periodontium, reconstruction of large
periodontal defects still remains challenging for the clinicians.
Further, the limited access and resource of bone substitute
and autologous grafts have led to attempts of developing
novel tissue engineering techniques to achieve promising
outcomes in periodontal regeneration.

Tissue engineering was introduced by Langer and Vacanti
in 1993 as an interdisciplinary field that applies the principles

of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve tissue
function or a whole organ(55).

Periodontal tissue engineering consists of a combination
of three important principles which include providing
stability for the new tissue to growth, preventing the invasion
of soft gingival tissue to the wound (56), obstruct the zone
from the faster-proliferating gingival fibroblasts (57, 58), and
offer proper biological signals to stimulate the repair of the
periodontal tissue (59).

The cells of the epithelial and gingival tissue grow faster
than periodontium cells. Therefore, these tissue cells frequently
repopulate the void space of the periodontal wound, competing
for the space that would ideally be occupied by mesenchymal
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cells. The epithelial cells weakly attach to the dental root,
forming a condition known as long junctional epithelium (LJE)
(60). LJE is prone to relapse of periodontitis, thus, there is an
increasing interest in studies of tissue engineering approaches for
periodontal regeneration (57).

A wide variety of periodontal tissue regenerative therapies—
like guided bone regeneration, application of bone substitutes
(61-66) and platelet-rich plasma and fibrin (67-73) have been
frequently used. Recently, induced pluripotent stem cells (iPSCS)
were successfully applied for periodontal regeneration (74).
These cells represented a promising source of stem cell with
convincing regenerative outcomes (75, 76).

Scaffolds in Periodontal Complex Regeneration

Scaffolds are custom-made grafts used to facilitate tissue
regeneration by providing physical support for cell adherence,
growth and movement. (77, 78). Table 1 summaries several
studies using different types of scaffolds for periodontal
regeneration.

The porosity of scaffolds provides the stability and
attachment required for the new cells to grow, migrate and
differentiate, allowing the proper regeneration of the new tissue.
Scaffolds can be categorized as monophasic (one compartment),
biphasic (two compartments) and multiphasic (more than two
compartments). The quantity of compartments determines the
number of structures that can be regenerated at the same time.

Several biocompatible materials (bioceramics and
polymers) have been reported in the literature to be successful
in the creation of scaffolds (44, 79, 80). The materials chosen to
create scaffolds for regeneration of periodontal tissue directly
depend on the tissue to be regenerated. For instance,
bioceramics and synthetic polymers are related with hard tissue
(alveolar bone and cementum) regeneration, while natural
polymers are associated to soft tissue (PDL and gingival tissue)
regeneration (81).

Since the periodontium consists of both mineralized tissue,
including alveolar bone and cementum, and soft tissues,
including connective tissue, PDL and marginal gingiva, its
regeneration can be performed using a multiphasic scaffold with
three (82). This approach
demonstrated success in an animal study by Sowmya S et al,

compartments multiphasic
whom created a porous tri-layered nanocomposite hydrogel
scaffold, and implanted it with or without growth factors into
maxillary periodontal defects of rabbit (52). Compared to other
groups, the tri-layered scaffold with growth factors exhibited
complete defect closure and healing with new cementum, fibrous
PDL and alveolar bone with well-defined bony trabeculae.

Furthermore, Nabavi et al. fabricated a collagen hydrogel
released tacrolimus, and demonstrated favorable outcomes for
bone regeneration(33). The collagen hydrogel can release drugs
or growth factors with the potential of periodontal tissue
regeneration.

Growth Factors in Periodontal Complex Regeneration
Clinical studies showed that the innate regenerative potential in
three walls bony defects is quite substantial. The defect
architecture provides proper wound stability, and the presence of
cellular and vascular resources facilitate healing process.
Whereas, the regeneration of supra-alveolar defects, two- and
one-wall intrabony defects, is naturally reduced. So, to enhance
the success rate of regenerative techniques in such clinical
scenarios, bioactive stimulation using growth and differentiation
factors are considered (83-85).

A growth factor is any substance that induces the
proliferation, differentiation and/or hypertrophy of a cell;
usually, this substance is a type of protein or steroid that induces
activation or inhibition on transcription factors downstream to
induce the aforementioned effects (86). Growth factors have
effects on not only the process of regeneration but also the
development of the specialized tissues that make up the
periodontium. They also act as important triggers for cell events,
having an implicit role in the restoration of function of the tissue
in question (4). Their action has the largest effect on precursor
cells that are either predisposed to respond to a growth factor or
have high potency due to being relatively undifferentiated (4).

Growth factor delivery to target cells, physiologically, is very
specific and highly controlled; thus, clinical translation of growth
factor therapies have been relatively poor (26). Tissue
engineering involves the innovation of design strategies to
deliver growth factors in a stable condition to the site of interest
(86). The growth factors involved in periodontal tissue
regeneration are platelet-derived growth factor (PDGF), insulin
growth factor (IGF), fibroblast (FGF),
transforming growth factor-beta (TGF-p), bone morphogenic
(BMPs) and (EMD)
(13).Combination of these growth factors is used to stimulate the

growth factor

proteins enamel matrix derivates
cell proliferation, cell activity, tissue formation and extracellular
matrix synthesis of human PDL cells, which are crucial processes
for periodontal regeneration (57, 87, 88).

PDGF is that bears factor-BB

homodimer, which is a potent mediator of periodontal tissue

a dimeric molecule

repair and regeneration. Accelerated wound healing and
proliferation activity has been reported in periodontal ligament
cells exposed to PDGF (89-93).

EE l Regeneration, Reconstruction & Restoration 2020;5(1):X-X
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Table 2. Growth Factors

Growth Factor(s) Carrier Materials/Matrix Animals Models or Clinical Trials Target Tissue REF
CPC/Ceredex Dog (supra-alveolar defects) Cementum (94)
Calcium Phosphate/
) Wistar rats (30 periodontal defects) Alveolar Bone (95)
Injectable Cement
BMP-2 Collagen/Sponge Baboon (intrabony defects) Cementum (96)
Collagen/Sponge Human (buccal wall defects) Alveolar Bone 97)
Gelatin/Hydrogel Monkey (6 mm diameter defect) Alveolar Bone (98)
Dex-GMA Gelatin/ . . Alveolar Bone,
) Dog (periodontal furcation defect) (99)
Pellet Scaffold Composite PDL, Cementum
: Alveolar Bone,
BMP-6 Collagen/Sponge Dog (supra-alveolar periodontal defects) (47)
Cementum
BMP-7 Collagen/Sponge Human (insufficient bone height) Alveolar Bone (100)
BMP-12 Collagen/Sponge Dog (supra-alveolar periodontal defects)  PDL (101)
Human (infrabony defect/molar class II ~ Alveolar Bone,
Bone Allograft/ Granules ) (102)
furcation) PDL, Cementum
PDGF-BB/Scaffold Alveol Bone,
PDGF cato Human (localized periodontal defect) veosat one (103)
(b-TCP) PDL, Cementum
- Human (localized periodontal defect) Alveolar Bone, PDL  (104)
Acellular Dermal Matrix Human (localized periodontal defect) Alveolar Bone, PDL  (105)
Alveolar Bone,
IGF Dextran-Co-Gelatin/Pellets Dog (periodontal furcation defect) (106)
PDL, Cementum
PDGF+IGF Dog and/or Monkeys (ligature-induced 107,
. Methylcellulose/ Gel g ¢ » vs (ligature-indu Alveolar Bone (
(synergism) periodontitis) 108)
Calcium Carbonate/ Granule- ) Alveolar Bone,
TGF-b Dog (supra-alveolar periodontal defects) (109)
Lump Cementum
Alveolar Bone,
Collagen/ Membrane Dog (class III defects) v (110)
PDL, Cementum
FGEF-2 Hydroxypropyl Cellulose Dog (3-wall periodontal defects) Alveolar bone (28)
Calcium Phosphate/ Cement Wistar rats (30 periodontal defects) PDL (95)
b-TCP Human (deep infrabony defects) Alveolar Bone, PDL  (111)
Alveolar Bone,
EMD-gel Human (deep infrabony defects) (112)
PDL, Cementum
EMD/ Collagen Sponge Monkeys (open flap debridement) PDL, Alveolar bone  (113)
Alveolar Bone,
Ost in/ Coll S Monk flap debridement 113
D) steogain/ Collagen Sponge onkeys (open flap debridement) PDL, Cementum (113)
EMD/ ) Alveolar Bone,
Human (deep infrabony defects) (114)
Natural Bone PDL, Cementum
Alveolar Bone,
EMD/b-TCP Human (deep infrabony defects) (114)

PDL, Cementum
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FGF are stimulate

angiogenesis to defective area and fibroblast proliferation

heparin binding proteins that

(13). Animal trials have demonstrated considerably enhanced
periodontal regeneration in dogs (115, 116).

BMPs
osteoblast differentiation. Although favorable periodontal

are disulfide-linked homodimers that induce
regeneration has been reported when applying these growth
factors to periodontal defects, tooth resorption has been
noted as a side-effect; thus, it has not been deemed suitable
for periodontal therapy (117-119).

Human cementoblastoma-derived protein is highly
expressed in cementoblast and is speculated to regulate
cementoblast differentiation and mineralization of cementum
matrix. Inflammatory mediators also have a considerable
effect on periodontal tissue regeneration, inducing early
growth response gene-1 (egrl), which is speculated to
mediate anabolism in a murine cementoblastic lineage (120).

Platelet-rich plasma (PRP) is a strategy often implemented
in regenerative medicine that exhibits potent regenerative
including PDGF,
transforming growth factor-beta and insulin-like growth
factor—are found in PRP preparation (13, 121). Use of PRP
clinically has demonstrated decreased probing pocket depths

properties. Many growth factors

in regenerated defect sites. Reports upon application of PRP
in various defect sites have demonstrated variable results,
suggesting efficient utility of PRP is not yet fully understood
(122). Table 2 listed several growth factors used for
periodontal regeneration.

Dental Stem Cells in Periodontal Complex
Regeneration

Mesenchymal stem cells (MSCs) are defined as
pluripotent progenitor cell derived from embryonic

mesoderm. MSCs have the potential of multilineage
differentiation, forming different tissues including bone
(osteoblasts), cartilage (chondrocyte), tendon, ligament,
marrow stroma, adipocyte, dermis, muscle and connective
tissue (123, 124). MSCs can be found in the bone marrow,
spleen and thymus. MSCs derived from bone marrow
(BMMSCs) can differentiate into different cell lineages such
as adipogenic, osteogenic, chondrogenic, neurogenic and
myogenic cells (125).

The increasing interest regarding tissue regeneration
technology has led to researchers demonstrating different
dental tissues contain several types of MSCs. Stem cells from

dental tissues were discovered at first by Gronthos et al. In

fact, in their study, progenitor cells were isolated from human
dental pulp with the term of ‘post-natal dental pulp stem cells’
(DPSCs) (126). Successively, stem cells have been isolated and
characterized from exfoliated deciduous teeth (SHED) (127),
PDL (PDLSCs) (123), dental follicle (PCs) (128) and apical
papilla (SCAP) (129, 130).

Dental pulp stem cells (DPSCs), multipotent post-natal
stem cells, not only have the ability of self-renewal, but also
can differentiate into various cells responsible for the
formation and maintenance of dentin organ and dental pulp.
Gronthos et al. were the first to isolate DPSCs from human
dental pulp (126); they presented the potential of multilineage
differentiation and self-renewal of DPSCs, along with its
capacity to regenerate a dentin-pulp-like complex both in
vitro and in vivo (131). Hernandez-Monjaraz et al. (132) and
Aimetti et al. (133) reported promising results of autologous
and allogenous DPSCs for alveolar bone regeneration in
intrabony defects. Moreover, according to a randomized
controlled clinical trial, the application of DPSCs can
significantly improve level of clinical attachment and bone fill
after 1 year of follow-up (134).

Similar to DPSCs, stem cells from human exfoliated
teeth (SHED) dental
mesenchyme, termed ectomesenchyme. Miura M et al

deciduous derived from the
discovered a population of cells with colonogenic and highly
proliferation ability which can differentiate into different cell
types such as odontoblasts, adipocytes, and neural cells in
deciduous teeth. Also, they demonstrated the capability of
SHED for bone and dentin formation in vivo, as well as
survival in mouse brain, and expression of neural markers
(127, 135). They proved that a different type stem cells could
be isolated from primary teeth. Gao et al. showed a specific
immunomodulatory role of SHED stem cells that induces M2
macrophage polarization and reduces inflammatory cells
infiltration (136).

Periodontal ligament stem cells (PDLSCs) are multipotent
stem cells obtained from the dental mesenchyme, or
ectomesenchyme, and obtained from the PDL tissue. Seo BM
et al. isolated PDLSCs from PDL tissue of human third
molars, surgically extracted. They demonstrated the
differentiation of PDLSCs
adipocytes and collagen-forming cells in vitro. In addition,
PDLSCs has the ability to form a cementum/PDL-like
structure  for

into cementoblast-like cells,

periodontal tissue repair when were

transplanted into immunocompromised rodents (137). Liu Y
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PDLCs obtained from

miniature pigs into previously created periodontal defects,

et al. transplanted autologous
and presented PDLCs were able to regenerate the periodontal
tissue (138). Dangaria et al. (139) showed that PDL
progenitor cells that loaded on tooth root thoroughly formed
PDL in rats’ alveolar bone. In addition, transplantation of
PDLSCs can be a regenerative approach for treatment of
periodontal disease due to its anti-inflammatory effect (140).
The dental
surrounding the teeth, containing multipotent stem cells or
precursor cells (PCs), capable of differentiating into
osteoblasts, PDL cells and cementoblasts, PDL cells and
osteoblasts. Morsczeck et al. isolated PCs from the dental

follicle is an ectomesenchymal tissue

follicle of extracted human third molars teeth. PCs have the
ability of differentiation, formation of a mesothelium-like
cellular structure, and encapsulating a connective tissue-like
matrix in vitro. When PCs with hydroxyapatite powder were
transplanted into immunocompromised mice, they exhibit no
signs of bone or cementum formation. Consequently, PCs are
undifferentiated and  unique cells that exist in the
periodontium during or prior to tooth eruption (128).
Moreover, in vitro analysis revealed that even after 30 passages,
PCs can form a cementum and PDL-like tissue (141).

Stem cells from apical papilla (SCAP) are multipotent
stem cells, derived from the dental mesenchyme, or
ectomesenchyme. Sonoyama W et al. transplanted ex vivo
expanded-SCAP with a hydroxyapatite/tricalcium phosphate
(HP/TCP) scaffold into immunocompromised mice (129).
Results indicated regeneration of a typical dentin structure,
with a layer of dentin tissue and connective tissue forming on
the surface of the HA/TCP; in fact, SCAP has the potential to
differentiate into functional dentinogenic cells. The in vitro
results of odontogenic differentiation indicate that SCAP not
only are a unique population of postnatal stem cells but also
distinct from DPSCs. In addition, to accomplished functional
root regeneration, they implanted a root-shaped
HA/TPC/gelfoam scaffold containing SCAP and PDLCs into
a mini-pig socket. Due to mimicking a bio-physiological
root/periodontal environment, they used human SCAP with
PDLSCs to form dentin and PDL in vivo. Eight weeks post-
transplantation, cementum was formed on the surface of
HAe/TCP scaffold after 8 weeks, and Sharpey's fibers
anchored into the cementum were observed. According to
this data, utilizing a combination of mesenchymal stem cell
like =~ SCAP/PDLSCs

root/periodontal tissue (129). Moreover, Sonoyama W et al.

allows  for  regeneration  of

studied the properties of SCAP by
immunohistochemical and immunocytofluorescent analyses.
They demonstrated that the of SCAP for
osteo/dentinogenic differentiation similar to both DPSCs and

histologic
potential

bone marrow-derived MSCs (130). Moreover, local injection
of SCAPs effectively reconstructed periodontal defects
following induced periodontitis in a minipig (142).

Park JC et al. demonstrated successfully isolation of
inflamed PDLSCs (iPDLSCs) from inflamed PDL tissue and
intra-bony defects, and compared it with healthy PDLSCs in
periodontal regeneration (143). Proliferative and migratory
capacities were evaluated and compared using histologic
immunohistochemical, colony-forming unit
immunocytofluorescent analyses. iPDLSCs demonstrated
similar to healthy PDLSCs into either
osteogenic, cementogenic or adipogenic microenvironments.

assay and
differentiation

In addition, both groups presented new cementum-like tissue,
PDL formation and the same proliferative potential. This is in
contrast with the migratory potential, which showed a
significant increase in iPDLSCs.

Liao J et al. used immunohistochemistry in collected
periapical inflammatory tissues to detect mesenchymal stem
cell (MSC) marker expression. In vitro, although the cells
demonstrated a strong osteogenic potential, showed weak
adipogenic capacity. Transplantation of the cells invivo,
possibility ~ of  mineralized  tissues  formation in
immunocompromised mice was observed. The researchers
concluded that human periapical inflammatory tissues
proposed the presence of MSCs due to expression of MSC
markers. The isolated cells not only have the capacity for
mineralized matrix formation in vitro and in vivo, but also
displayed typical mesenchymal cell immunophenotype (144).

Alongi et al. demonstrated the isolation of DPSCs from
inflamed pulps (IPs) and their ability for tissue regeneration
in vivo. They isolated DPSCs from normal pulp (NPs) tissue
and IPs (145) tissue using histologic immunohistochemical,
immunocytofluorescent and population doubling analyses to
compare the potential of tissue regeneration. The
immunohistochemical analysis demonstrated higher levels of
mesenchymal stem cell marker expression in DPSCs-IPs.
Total population doubling of DPSCs-IPs was lower compared
to DPSCs, and DPSCs-IPs appeared to have a decreased
osteo/dentinogenic potential compared with DPSCs-NPs
based on the mineral deposition in cultures. However,
DPSCs-IPs

DPSCs-NPs when transplanted into immunocompromised

formed pulp/dentin complexes similar to
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mice. The researchers concluded that DPSCs-IPs can be
isolated, and their mesenchymal stem cell marker profiles are
similar to those from NPs. Although some stem cell
properties of DPSCs-IPs were altered, cells from some
samples remained potent in tissue regeneration in vivo (146).

On the other hand, Tang HN et al. (147) discovered that
stem cells derived from inflamed PDL (i-PDLSCs) are
dysfunctional and compromised, due to impaired
immunomodulation, in comparison with stem cells derived
from healthy PDL (h-PDLSCs). They concluded that despite
the enhanced extracellular matrix proteins of i-PDLSCs, they

are impaired in tissue regeneration compared to h-PDLSCs.

Cell Sheet Engineering Approaches for

Periodontal Regeneration

Cell sheet engineering is the process by which a confluent
culture of a cell or progenitor cell of interest is produced and
harvested in vitro for implantation in vivo (148). In this
approach, a cell is cultured upon a substrate that is
assimilated to reflect the ECM of the target tissue.

The substratum upon which these cells are cultured reflect
the ECM of the target tissue to be repaired; thus, it is
important to detach the sheet from culture while maintaining
the integrity of the substrate. For this, studies continue to
investigate optimal methods for detachment from growth
plate (60). This differs from conventional cell culturing, in
that a detachment would otherwise be facilitated by
proteolytic enzymatic treatment. This will relieve the cells of
the substratum, making it unideal for impregnation unto a
(60).
membranes due to hydrolyzation of membrane-bound

target Enzymatic treatment also damages cell
proteins, inhibiting the regenerative potential of the cell sheet.

For this reason, cell sheet engineering with the aim of tissue
regeneration employs a thermo-responsive polymer [e.g. poly
(N-isopropylacrylamide) (NIPAAm)] for harvesting of cell
sheets. The surface NIPAAm becomes hydrophobic at 37 °C,
facilitating the attachment, spread and proliferation of cells. At
32 °C, the temperature responsive properties of NIPAAm make
its superficial surface hydrated and hydrophilic, causing the
cells to detach and making it possible to harvest the cells from
the culture surfaces without the use of enzymes. The cell sheet
can then be implanted in the periodontal defect to promote
regeneration continuously (149).

The regenerative capacity of human PDL cell sheets alone

were tested on the root surface of periodontal defects in
athymic rats (150). The results demonstrated cementogenesis
and attachment of newly formed collagen fibers to the newly
regenerated cementum layer. This was compared to a control
that showed no clear cementum layer. Consequently,
according to this study, cell sheet engineering alone has tissue
regenerative capacity.

The use of autologous tissues for cell sheet culture has the
potential to overcome immune reaction to the cell sheet graft.
Furthermore, regarding periodontal defects, PDL cells show
plasticity in their regeneration, forming both hard and soft tissues
(151). This was demonstrated in transplantation of an autologous,
three-layered PDL cell sheet to dogs on the dental root surface of a
three-wall periodontal defect, with the bony defect filled with
porous beta-tricalcium phosphate (60). Bone and cementum were
regenerated with well oriented collagen fibers.

Cell sheet technology has been effectively used in several
studies for periodontal regeneration in preclinical trials (60,
150, 152, 153). Moreover, other researchers have conducted
both in vitro and in vivo studies combining the cell sheet
scaffolds, which
accomplished periodontal regeneration (46, 154).

technology with porous successfully

Combinatorial Techniques for Periodontal

Regeneration

Prospective studies in periodontal regeneration via tissue
engineering integrates biomaterial scaffolds, growth factors
and progenitor cells to simultaneously regenerate a variety of
oral and dental tissues (26). This approach aims for a less
invasive, yet effective, personalized and integrated
regeneration of the targeted periodontal defects (26). The goal
of employing combinatorial scaffold fabrication techniques is
to generate a scaffold that compensates for differential growth
rates of different histological layers, induces growth factor
delivery at predictable rates and is metabolized at a rate
appropriate for the layers regenerative capacity, and also
maintaining an optimal environment to facilitate the growth
and orientation of specific cell types (155). Such scaffolds
describe multiphasic constructs—templates for tissue
regeneration that guide the growth of new tissues in a manner
that considers different cell types and their requirements for
growth and maturation to restore form and function of
histologically variable tissue, such as the periodontium (156).

An ideal design of a multiphasic scaffold is fabricated with
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respect to morphology and degradation kinetics and
physicochemical properties, that improve cell growth and
function (129). Tomography, internal microstructure and
interconnectivity of the pores and channels of the scaffold are
just some of the properties that affect cellular behavior upon
the scaffold, including migration, adhesion, proliferation and
(155). this,

techniques explore various scaffold fabrication techniques to

differentiation Because of combinatorial
form an optimal, multiphasic scaffold.

Structural properties, like pore size and geometry, may be
refined with the utility of multiple scaffold fabrication
techniques (26). These fabrication techniques include porogen
leaching, gas foaming, freeze-drying, electrospinning and 3D-
printing (26, 157, 158). Any combination of these techniques
may be employed to gather the specifications of the scaffold of
interest. Establishing a pore network ideal for cellular
migration, attachment, proliferation and differentiation, as well
as circulation of nutrients and metabolic wastes, provides a
more optimized environment for «cell culturing and
intracellular communication for integration of the multiple
phases (155). The scaffold is also ideally biodegradable at a rate
in tandem with the complementary cell/tissue growth and
maturation to provide supplementary physical support while
being slowly replaced by the living tissue (159).

It has been demonstrated that impregnating scaffolds with
cells derived from cell sheet engineering produces improved
results in vivo (160). Mimicking periodontal structure in the
design of a scaffold effectively promoted ligamentogenesis in
the study by W. Jiant et al., demonstrating that biomimetics is
an ideal strategy in the fabrication of a scaffold. It also
provides a greater capacity for topographic cues and
regenerative orientation of periodontal tissues in vivo (160).
Moreover, an in vitro study investigated the regenerative
capacity of an osteoconductive biphasic scaffold. The scaffold
design by Costa et al., (123) which was enhanced by calcium
phosphate combined with cell sheet method, was offered for
simultaneous regeneration of alveolar bone/PDL complex.

Demineralized freeze-dried bone allografts (DFDBA) in
conjunction with platelet-rich fibrin (PRF), platelet-rich
plasma (PRP), amnion membrane (AM), and enamel matrix
derivative (EMD) have been studied with the aim of
periodontal regeneration (161-163). In a recent systematic
review and meta-analysis, the evaluated studies showed that
only PRF has a positive impact on recession reduction. Only
PRP depicted a statistically significant enhancement in bone

formation. AM just gained more CAL, while EMD did not

ameliorate any clinical outcome (164).

Adaptability to the defect is a major barrier to overcome
in the fabrication of the scaffold. Scaffolds that are rigid must
be personalized to the defect targeted. A fabrication technique
produced as a non-specific, calcium phosphate block with an
electrospun mesh is not easily adapted to a defect space.
Alternative fabrication techniques that either produce a
scaffold specific to the defect in which it is to be grafted or
utilize a medium with less rigidity are some ways to overcome
this barrier (52, 155). For instance, in an animal model, the
tissue specific tri-layered nanocomposite hydrogel scaffold
defect
regeneration of the periodontium (52). Each layer was made

approach demonstrated complete closure and
up of a chitin hydrogel impregnated with varying degrees of
poly (lactic-co-glycolic acid) (PLGA) due to limiting the
that had a

extracellular matrix of many tissues; thus, it is easily

degradation rate, similar composition to
processed in vivo. The chitin-PLGA polymeric blend lacks
enough biomineralization capacity on its own; thus, an array
of dental ceramics and nano-bioactive glass ceramic (nBGC)
were utilized to enhance regeneration of hard tissue (52). In
addition, PRP, recombinant human cementum protein 1
(rhCEMP1) and recombinant human fibroblast growth factor
2 (rhFGF2) were added to the alveolar, cementum and PDL
facilitate the
differentiation potential of dental follicle stem cells (52).

layers, respectively, to migration and
The restoration of function requires a focus on the
restoration of physiological loading and homeostasis of the
defect area, especially considering the PDL and tooth root
interface (4, 160). This necessitates functional cementum
formation with restoration of a properly aligned periodontal
This fulfill
demonstrates the importance of a scaffold design that facilitates
the alignment of the regenerating PDL phase (165, 166).
Scaffolds fabricated with 3D-printing have the advantage

ligament. need to functional orientation

of precise control over the scaffold’s microarchitecture in
various regions, which is an ideal method for constructing a
scaffold of multiple phases. 3D-printing fabrications utilizes a
method and
impregnation of growth-factor delivery onto the scaffold. In a

layer-by-layer can provide simultaneous
study by Lee C.H. et al., a scaffold was 3D-printed using
hydroxyapatite (HA) impregnated with PLGA microspheres
containing growth factors. PLGA impregnation was designed
in such a way for spatiotemporal release specific to each
phase. The microchannels of the scaffold were made up of
fibers (CL) and were

polycaprolactone integrated
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perpendicular to the HA scaffold (PCL/HA), with three phases
specified for alveolar bone, PDL and dentin/cementum. Dental
progenitor stem cells (DPSC’s) were cultured on all three
phases of the scaffold. The three phases were labeled A, B and
C, corresponding to the three tissue layers of
dentin/cementum, PDL and alveolar bone, respectively. A pilot
study was performed to assert optimal topographical and
porous design for the various phases to facilitate specific tissue
layer regeneration. Cell differentiation was influenced by
encapsulating growth factors into the different phases of the
scaffold: (A) while (B)

connective tissue growth factor (CTGF). In vivo studies on

received amelogenin, received
immunocompromised mice revealed that scaffolds with
spatiotemporal delivery of growth factors demonstrated
multiphasic tissue layering consisting of a PDL-like collagen
fibrous layer in phase (B) that interfaced phase (A) with phase
(C). Furthermore, it is suggested that de novo formation of
three-
dimensional architecture (5). While the results yielded positive

dentin-/cementum-like ~ structures occurred with
results, clinical application is questionable, as autologous
embryonic tooth germ cells are not readily available nor are the

aesthetic results fully understood yet (5).

Concluding Remarks and Future Perspective

Combinatorial techniques for the fabrication of multiphasic
scaffolds have the capacity to prepare less invasive regeneration
of tissue defects with more complete and aesthetic results.

Methods have successfully induced differentiation of stem
cells in multiphasic scaffolds with relative ease; treatment
with growth factors results in cells differentiated for the
purpose of function. When placed in biological system, these
cells thrive, interacting within each layer to form interfaces
that may be indicative of restored function. This has not been
asserted as of yet further investigation of the regenerated
defect is necessary. Furthermore, many studies allude to
unanticipated results, and greater emphasis on how biological
systems respond to different elements of these scaffold
designs could provide an understanding of an optimal design.
Fabrication design predominantly concentrates on the
facilitation of cell growth and migration.

Future approaches should continue to dominate the
conventional construct limitations, most notably, stiffness,
handling properties and adaptability. Of the techniques
discussed, a design that facilitates collagen orientation
requires investigation.

Periodontal defects present themselves clinically in a case
by case basis; thus, fabrication techniques must compensate
for personalization of the defect in question. Ideal fabrication
techniques include those that are easily manipulatable and/or
plastic. Because multiple phases attempt to mimic histological
layering, orientation of the scaffold may lend itself to
adaptability issues
demonstrates the needs for finding a method in order to

in the clinical setting. This issue

personalize each scaffold per patient defect area parameters.
3D-printing fabrication is a candidate to fulfill this
requirement.

Conflict of Interest: ‘None declared’.
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