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Abstract: Periodontitis is a chronic infectious disease worldwide, caused by the accumulation of
bacterial plaque, which can lead to the destruction of periodontal supporting tissue and eventually
tooth loss. The goal of periodontal treatment is to remove pathogenic factors and control the
periodontal inflammation. However, the complete regeneration of periodontal supporting tissue is
still a major challenge according to current technology. Tissue engineering recovers the injured tissue
through seed cells, bio-capable scaffold and bioactive factors. Three-D-bioprinting is an emerging
technology in regeneration medicine/tissue engineering, because of its high accuracy and high
efficiency, providing a new strategy for periodontal regeneration. This article represents the materials
of 3D bioprinting in periodontal regeneration from three aspects: oral seed cell, bio-scaffold and
bio-active factors.
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1. Introduction

Periodontitis is a common oral infectious disease, the characteristic of which is chronic
progressive periodontal tissue destruction [1,2]. Severe alveolar bone resorption caused by
periodontitis is one of the leading causes of tooth loss in adults [3]. The aim of periodontitis
treatment is not only to control inflammation via mechanical removal of plaque, but
also to regenerate the periodontium. The traditional treatment of periodontitis can only
achieve long junctional epithelium attachment, which cannot acquire a total periodontal
regeneration [4].

Tissue engineering stands out as a top research interest area in medical fields. It
combines biological theory and the principles of engineering, helping the injury tissue or
organ to recover and restore their function through three elements: seed cells, biocompatible
scaffold and bioactive factors [5]. Periodontal regeneration has been a focus of research
in oral tissue engineering for a long time. Guide tissue regeneration (GTR) is a common
regeneration surgery in periodontology. The stable periodontal alveolar bone recovery after
conducting GTR has been proved by several reviews [6-8]. Stem cells isolated from the oral
cavity have also been extensively studied in the field of periodontal tissue regeneration,
and their potential in the field of periodontal regeneration has been recognized [6,7,9-11].
The microenvironment of the periodontal defect can greatly affect the success rate of GTR,
and biocompatible scaffolds provide a stable healing environment for the periodontal
tissue to recover. Therefore, creating suitable scaffolds is vital.

Due to the restricted area of the periodontal defects, the construction of scaffolds
fitting to the defects’ size is challenging. Due to its high accuracy and high efficiency, 3D
bioprinting becomes an emerging strategy. Existing 3D bioprinting methods are mainly
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divided into three types: extrusion, droplet-jet bioprinting and photocuring-based bioprint-
ing [12,13]. In terms of 3D bioprinting, bio-inks are inevitable. As the main ingredient
of 3D bioprinting, it is a composition of biocompatible materials, bioactive factors and
cells, to create the ultimate shape of the intended construct, deciding the properties and
the biological features of the 3D bioprinting scaffolds, finally influencing the results of
periodontal restoration [14].

Thus, how to improve bio-ink to produce more effective implants is crucial. Studies
on modifying periodontal scaffolds are carried out on three aspects: (1) find the proper
seed cells, with regard to ethical and bio-safety concerns; (2) fabricate better scaffolds, with
the innovation of new biocompatible materials and their future clinical application; (3)
identify more effective bioactive factors to achieve the whole regeneration of periodontium.
In this review, we will summarize the materials of 3D bioprinting technology in the field of
periodontal regeneration from three aspects: oral seed cells, biocompatible scaffolds and
bioactive factors.

2. Oral Stem Cell

Stem cells are a type of cell with multi-differentiation and self-renewal ability, which
can be used as seed cells in tissue engineering. Stem cells can produce new stem cells
and differentiate into “specific functional cells”, such as hemocytes, skin cells, osteocytes,
etc. [9].

Due to their multidirectional differentiation and self-renewal ability, stem cells are
believed to have a strong potential in regenerating injury tissues and recovering the original
functions. This procedure requires bioactive factors or biocompatible scaffolds to promote
stem cell proliferation and differentiation [6,9].

In the human body, stem cells are divided into embryonic stem cells and adult stem
cells. Embryonic stem cells come from embryos and can differentiate into any cell. Adult
stem cells usually exist in related tissues and are an important source of tissue self-renewal
and repair. Recent studies have shown that adult stem cells are widely used in oral tissue
engineering due to the rich sources of stem cells in the oral cavity [15]. Mesenchymal
stem cells are a type of stem cells with great applicational potential. The main source is
bone marrow and adipose tissue, but it can also be derived from other tissues, such as
placenta, liver, skin, muscle and oral cavity. Stem cells obtained from oral and facial tissues
have similar properties to mesenchymal stem cells in vitro, so they are called pluripotent
stromal stem cells. They can differentiate into chondrocytes, osteoblasts, muscle cells and
adipocytes. Adult stem cells acquired from oral tissue, related to periodontal regeneration,
can be divided into dental group and non-dental groups [9,15-19]. (Figure 1), (Table 1).
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Figure 1. Stems cell sources in oral cavity.
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Table 1. Characteristics of different types of oral seed cells.

Types Sources Differentiation and Functions References
Osteoblasts
. . Adipocytes
Periodontal Ligament Periodontal ligament Chondrocytes [20-24]
Stem Cells .
Immunomodulation
Periodontal regeneration
Adipocytes
Stem Cells from Human Pulp of the human O%Stiﬁbé?zti
Exfoliated Deciduous exfoliated deciduous ontoblasts [20-28]
Nerve cells
Teeth teeth
Hepatocytes
Endothelial cells
Odontoblasts
Stem Cells from Apical . . Nerve cells
Papilla Apical papilla Hepatocyte-like cells [25-301
Dental Periodontal tissue
Osteoblasts
Odontoblasts
Dental Follicle Stem Cells Dental follicle Periodontal ligament tissue [29-31]
Adipocytes
Chondrocytes
Adipocytes
Tooth Germ Progenitor Hepatocytes
Cells Tooth germ Osteoblasts [18,31-33]
Neurogenic tissues
Mesenchymal Stem Cells 221?0[)1&1?5
Derived from Alveolar Alveolar bone pocytes [18,32-35]
Chondrocytes
Bone .
Immunomodulation
. Adipocytes
Gingival Mesenchymal Gingiva Osteoblasts [18,34-38]
Stem Cells
Non-dental Chondrocytes
. . Osteoblasts
Adipose geﬁlved Stem Adipose tissue Periodontal ligament-like tissue [36—42]
cels Immunomodulation

2.1. Dental Stem Cells
2.1.1. Periodontal Ligament Stem Cells

Periodontal ligament is a vital structure connecting teeth and alveolar bone, and
periodontal ligament stem cells (PDLSCs) are pluripotent stem cells extracted from pe-
riodontal ligament. PDLSCs are considered to be important stem cells for periodontal
regeneration and mandibular defects repair [21]. They can differentiate into alveolar bone
and periodontal ligament under the interaction with extracellular membranes, and play an
important role in regeneration of oral hard tissue. Existing studies have shown that bone
morphogenic proteins (BMPs) can induce the osteogenic effect of PDLSCs [24,43]. Sung-Ho
Ha et al. found that Methylsulfonylmethane (MSM) could induce the proliferation and dif-
ferentiation of PDLSCs into alveolar bone through Smad2/3/Runx2/OSX/OPN axis [20].
Panduwawala CP et al. co-cultured PDLSCs with human umbilical vein endothelial cells
in immunodeficiency mice and found new periodontal ligament regenerated at weeks 4
and 8 [44]. Xuan et al. co-cultured M2 macrophages and PDLSCs, which can promote the
matrix differentiation of PDLSCs [22]. In vivo, PDLSCs can both differentiate into bone-
like mineral tissue and ligament-like fibric tissue with a certain arrangement depending
on different growth factors. A single-center clinical trial used PDLSCs and GTR to treat
periodontal intrabony defects, finding that alveolar bone height increased significantly
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with 12-month follow-up [45]. Thus, PDLSCs is considered as an important cell source of
periodontal regeneration.

2.1.2. Stem Cells from Human Exfoliated Deciduous Teeth (SHEDs)

Stem cells from human exfoliated deciduous teeth (SHEDs) have stronger potential
to differentiate into other cells in vivo than other stem cells [26]. SHEDs can differentiate
into adipocytes, osteoblasts, odontoblasts, nerve cells, hepatocytes and endothelial cells.
In the study by Thanaphum Osathanon et al., basic fibroblast growth factor (bFGF) and
Jagged1 were found to induce osteogenic differentiation of SHEDs in rats by regulating
the expression of alkaline phosphatase [28]. Some studies found cell sheets of SHEDs
together with treated dentin matrix can achieve the regeneration of periodontal tissue
consisting of periodontal ligament fibers, blood vessels and new alveolar bone [46]. The
exfoliated human deciduous teeth stem cells have been used to regenerate periodontal
tissue and repair alveolar bone defect because of its high proliferative ability, strong
immunosuppressive ability of multiple differentiation, and low carcinogenic risk [27].

2.1.3. Stem Cells from Apical Papilla

Stem cells from apical papilla (SCAPs) are mesenchymal stem cells. It was found
and extracted from immature root papilla. Proliferation and differentiation ability of
dental papilla stem cells are stronger, which are considered to be important cells in oral
regenerative medicine. Researches have shown SCAPs have strong potential in dentin
regeneration, neurogenic regeneration and hepatocyte-like regeneration [29]. Shu Diao
et al. found that activation of the WDR®63 signaling pathway can promote osteogenic
differentiation of dental papilla stem cells [30]. The study cultured SCAPs cell sheets and
transplanted them into nude mice model, finding that SCAPs showed a strong mineral
tissue regeneration potential, indicating SCAPs may be used in periodontal hard tissue
repair such as alveolar bone defect.

2.1.4. Dental Follicle Stem Cells

Dental follicle is loose connective tissue around tooth germ. Dental follicle stem
cells (DFCs) are pluripotent stem cells extracted from dental follicle. It can differentiate
into osteoblasts, alveolar bone, dentin-like tissue, periodontal ligament tissue, adipocytes,
chondrocytes, etc. [31]. Ling-Ling et al. found that DFCs could differentiate into alve-
olar bone-like morphology under the effect of recombinant human BMP-2n [47]. DFCs
have broad application prospects in periodontal regeneration, bio-root regeneration, bone
regeneration.

2.1.5. Tooth Germ Progenitor Cells

Tooth germ progenitor cells (TGPCs) are the mesenchymal stems obtained from the
third molar during the late bell stage of tooth development [33]. Studies have found that
TGPCs have strong proliferation and differentiation potential and can differentiate into
osteoblasts, hepatocytes and neurogenic tissues [19,32,33]. BMPs, including BMP-2 and
BMP-7, can induce the osteogenesis of TGPCs, indicating the TGPCs can be implemented
in periodontal regeneration [48].

2.2. Non-Dental Stem Cells
2.2.1. Mesenchymal Stem Cells Derived from Alveolar Bone

Mesenchymal stem cells derived from alveolar bone (AB-MSCs) are found and ex-
tracted from alveolar bone, which is a convenient source of mesenchymal stem cells.
AB-MSCs have multi-directional differentiation potential, which can differentiate into
osteoblasts, adipocytes and chondrocytes [16,34]. Researchers have used stem cells derived
from alveolar bone to repair maxillary cystic bone defects and received an obvious bone
regeneration, which indicated AB-MSCs may act as a potential cell source for repairing
alveolar bone defect caused by periodontitis [35].
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2.2.2. Gingival Mesenchymal Stem Cells

Gingival mesenchymal stem cells (GMSCs) derive from gingiva, and have shown their
potential in periodontitis treatments [37]. Studies showed the proliferation and osteogenic
ability of the cells were promoted when cultured with the proper scaffold [38]. A systemic
review showed that, compared with other stem cells, GMSCs are easy to obtain, high
in proliferation rates and colony-forming efficiency, and can induce a stable periodontal
tissue regeneration [36]. Therefore, GMSCs can be a substitute for PDLSCs in periodontal
recovery.

2.2.3. Adipose Derived Stem Cells

Due to the easy accessibility of adipose tissue and the minimum injury caused by
extracting them, adipose-derived stem cells are considered as promising seed cells for tissue
engineering. In the study of Morikuni Tobita et.al., they found that adipose-derived stem
cells could promote periodontal tissue regeneration with a small amount of newly-formed
alveolar bone and periodontal ligament-like tissue observed after 8-week implantation [41].
Studies have reported that adipose-derived stem cells released a series of growth factors
related to vascular formation and migration as well as immune-modulation capability and
could contribute to the osteogenic differentiation of the periodontal ligament cell [39,40,42].

3. Biocompatible Materials and Scaffolds

In oral regenerative medicine, scaffolds and biomaterials are indispensable compo-
nents. Biomaterial is a kind of material that can interact with both host and implant
biological systems. It is often used in the medical field to replace the original structure
or tissue. They can be used as attachment sites of cells from surrounding tissues, an
important template for tissue regeneration, and a necessary cell source for tissue regenera-
tion [49,50]. Therefore, biomaterials should process the features of bioactivity, biocompati-
bility, biodegradability and bio-inertia [51].

A variety of biological materials, such as natural organic, synthetic organic or inorganic
materials, for oral and maxillofacial regeneration, have advantages and disadvantages. Nat-
ural organic substances include peptides (collagen or gelatin) and polysaccharides (alginate,
chitosan, and agarose). Synthetic organic materials include polylactic acid (PLA), polycapro-
lactone (PCL), poly (lactic-co-glycolic acid) (PLGA) and polyglycolic acid (PGA) [49-54].
The most commonly used inorganic materials are bioactive ceramics, including glass ce-
ramics or calcium phosphate materials, which have been widely studied as bone defect
regeneration materials [12,55]. (Table 2).

Table 2. The advantages and disadvantages of bio-materials.

Types Advantages Disadvantages Ref.
chitosan, alginate, Excellent hydrophilicity Poor mechanical
Natural materials polypeptide and Preferable biocompatibility property [52,56,57]
collagen ici High degrading rate
Organic polymers 8 Weak cytotoxicity 1gh degrading r
PLA PCL. PLGA and Proper degrading rate Lack of
. . , , an . K
Synthetic materials PGA Good phys%cochermcal and bio-conductivity [52,58,59]
mechanical property
Inorganic polymers Bio-ceramics HA Comparabllic?:liuCture i Hard to degrade [49,54]
Y TCP Brittle ”

Good osteoinductivity

3.1. Organic Polymers

Organic polymers have been widely studied in regeneration medicine, especially in
the field of bone regeneration. The organic polymers used in regenerative medicine are
mainly biodegradable polymers and have suitable biocompatibility.

Biodegradable polymers, whether natural or synthetic, are good materials for tis-
sue engineering scaffolds. Its degradation mode is very important for its application.
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Biodegradable polymers are mainly divided into enzymatic degradation polymers and
hydrolysis polymers [49].

Natural organic polymers, including chitosan, alginate, polypeptide or collagen, and
hydrogels, are mainly degraded by enzymes due to their microenvironment. Due to its high
plasticity, hydrogel is a good carrier of bioactive molecules and has good biocompatibility
and cellular affinity. It becomes an important scaffold material in 3D bioprinting and has
an important application in periodontal regeneration [52,56,57]. In the study by Premyjit
Arpornmaeklong et al., it was found that specific chitosan/collagen ratio in 3D bioprinting
thermosensitive 3-glycerophosphate (BGP) chitosan/collagen hydrogel could promote
the release of natural flavonoids, thereby affecting the growth and bioactivity of human
PDLSCs [56].

Synthetic organic materials such as PLA, PCL, PLGA and PGA are hydrolytic or-
ganic polymers. These materials have good physicochemical and mechanical properties,
together with various degrading rates in different types. The degradation mechanism
of hydrolytic materials involves the degradation of specific chemical bonds and subse-
quent small molecule diffusion and polymer surface erosion. Surface erosion of polymers
forms micromechanical retention with surrounding tissues and enhances the mechanical
properties of polymers. However, this kind of material has poor bio-conductivity [50-53].
Therefore, synthetic organic materials are used along with other materials to both enhance
the strength of products and acquire certain bioactivity [58]. In the dog periodontal defect
model, researchers placed PLGA and PLGA /FGF-2 scaffolds made by electrospinning and
the formation of organized periodontal ligament-like tissue was observed. Meanwhile,
in vitro, the PLGA /FGF-2 scaffolds can promote the proliferation of PDLSCs [60].

3.2. Inorganics Materials

Inorganics materials in regenerative medicine are usually bioactive ceramics, includ-
ing bio-glass and calcium phosphate, including hydroxyapatite (HA) and -tricalcium
phosphate (TCP). These two materials have been studied in the field of hard tissue regenera-
tion for a long time. Bioactive ceramic is a solid chemical combination with the surrounding
bone tissue, and induces the regeneration of surrounding bone tissue. Hydroxyapatite
is chemically and structurally similar to the main components of bone tissue, and has a
certain bone induction effect, but it has a poor degrading rate in vivo and in vitro. The
structure of p-tricalcium phosphate is similar to bone tissue, but its degradation rate is
faster than hydroxyapatite in vivo. However, using pure TCP to fabricate the scaffold is too
brittle to deal with. The strength can be increased by adding synthetic organic materials.
Research has found that the printed hybrid TCP/PLA scaffolds showed improved stability
and also activated osteoblasts migration [49,54].

3.3. Biocompatible Scaffolds

The periodontal ligament is a fibrous connective tissue structure that firmly binds the
tooth roots to its surrounding alveolar bone, preventing tooth and alveolar bone from injury
during chewing. The highly organized collagen fibers of periodontal ligament oriented
perpendicularly to the cementum and the alveolar bone, which plays an important role in
the health of periodontium. The existence of cementum and alveolar bone is vital for the
function and total restoration of periodontal tissue [61].

In order to regenerate the alveolar bone and tooth cementum, scaffolds with living
cells and/or bioactive molecules are needed to form a stable microenvironment. Stem cells
such as PDLSCs and other mesenchymal stem cells have achieved a promising result [10,45].
Scaffolds mimics the structure of periodontal tissue for stem cells to conduct their function.
They have the ability to guide and promote the recovery process. These scaffolds can
consist of one or several components and can be implanted together with stem cells and
biologically active factors [6,12,49,62].
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3.3.1. Monophasic Scaffolds

The monophasic scaffolds have only one compartment, which meets the requirements
of periodontal regeneration: bone-defect stabilization, selective cell proliferation as well as
spatial-temporal control of the periodontal healing. Single monophasic scaffolds can di-
rectly induce the healing process of periodontal tissue. Carrel, ].P. et al. placed OsteoFlux®
(OF), a 3D printed porous scaffold of layered strands of tricalcium phosphate (TCP) and
hydroxyapatite (HA), onto the calvaria of 12 adult sheep [63]. They assessed the vertical
bone growth led by OF and compared OF with particulate bovine bone and particulate
TCP. Large volume reconstructions was prevented by the particles. While compared to the
controllable linear pores, the arrangement of pores and inter-particle channels of particles
cannot be controlled by practationers, accounting for limitation in osteoconduction of
particle materials. Therefore, the authors observed a signficant increase in bone growth in
the first eight weeks, but no difference in the total four months. Besides, the monophasic
scaffolds can also serve as cell delivery and bioactive cues release vectors [12,64,65]. With
macro- and micro-structure grooved on 3D printed PCL scaffold, Pilipchuk seeded human
ligament cells, fibroblasts onto the micropattern and found that the macroscale and mi-
croscale features could promote soft mineralized and cementum-like tissue formation [64].
Though cell-based periodontal therapies could promote the periodontal repair, there are
considerable limitations, including cell sources collection and culture. Scaffolds loaded
with nanoparticles and growth factors can be clinical alternatives and could reach a latent
positive outcome [66].

3.3.2. Multiphasic Scaffolds

In periodontium, the regeneration of the cementum and the periodontal ligament
is equally important with the regeneration of the alveolar bone. Thus, for multi-tissue
regeneration, monophasic scaffolds evolve into multiphasic scaffolds, which allow com-
partmentalized tissue healing that is eventually integrated into a cohesive system [67]. The
spatial structure differs in that the multiphasic scaffolds have the closest architecture to the
compartmentalized tissue. In other words, multiphasic scaffolds take the key points into
consideration: (1) promote the formation of cementum and alveolar bone simultaneously,
(2) the appropriate formation of the oriented periodontal ligament fibers that attach to
the newly formed alveolar bone and cementum, showing the optimized spatiotemporally
control over the periodontal restoration process [12,68].

Multiphasic scaffolds can be categorized into biphasic and triphasic scaffolds [62].
Wang, C.Y. manufactured gingival fibroblast cell-laden biphasic scaffolds by extrusion
consist of collagen and strontium-doped calcium silicate. Authors placed the scaffolds
onto rabbits cranial and found the bi-layer scaffold enhanced osteogenesis [69]. Costa
et al. divided the scaffolds into bone and ligament parts. The bone compartment was
made of 3-TCP/PCL and seeded with osteoblasts. The ligament compartment consisted
of cell sheet by electrospinning. Researchers implanted it subcutaneously on a slice of
dentin in an athymic mouse. They observed the bone formation and the formation of
oriented periodontal fibers with increased vascular formation [70]. Based on multiphasic
scaffold concepts, Chen, X et.al. developed a triphasic scaffold that was made up of
three different phases for each periodontium, respectively, and seeded with periodontal
ligament cells. Researchers made the scaffolds with controlled released cementum protein 1,
poly(e-caprolactone) (PCL) and type I collagen (COL) by electrospinning. They then
planted them in the defect rat model for eight weeks. They found after eight weeks,
the cementum-like tissue had formed [71]. The use of triphasic scaffolds for periodontal
tissue is relatively recent and needs further exploration because of its difficulty in clinical
application. The regeneration of periodontal tissue relies on the coordination in the spatial-
temporal scale and the main challenge is the regeneration of cementum.
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3.4. 3D Bioprinting Techniques

Three-D bioprinting comes from 3D printing, also known as additive manufactur-
ing, and is one of the practical and promising methods in tissue engineering. Three-D
bioprinting overcomes the limitations of fabricating spatial heterogenetic scaffolds, as it
aims to mimic the native structure of targeted tissue and individualize the shape to suit
the periodontal defects [13,72]. The 3D bioprinting techniques can be categorized into
extrusion, droplet-jet bioprinting, photocuring-based bioprinting and cell electrospinning.
Extrusion is one of the popular 3D bioprinting techniques for the reason that it can use
various biomaterials as well as cell spheroids, which can be printed through nozzles [13,73].
Collagen/strontium-doped calcium silicate bi-phasic scaffolds produced by extrusion with
fibroblasts ladened could enhance osteogenesis in animal model [69]. Photocuring-based
technique is considered as the trend for its high accuracy, speed and resolution. However,
because of the limited light-sensitive materials to be used, it cannot be widely used [74,75].
Cell electrospinning receives much attentions as it can fabricate biomimicry scaffolds [76].
Electrospinning fabricated PLGA scaffolds loaded with FGF-2 could release FGF-2 con-
tinuously within 21 days and promote the proliferation of PDLSCs [60]. Based on the
different principles of various 3D bioprinting techniques, strength and limitations are list
as follows [73,77,78]. (Table 3).

Table 3. Strengths and limitations of different 3D bioprinting techniques.

3D Bioprinting Techniques Strengths Limitations Ref.
high speed
high printing resolution hard to operate
Photocuring-based bioprinting good structural integrity and required photosensitive material [73-75]
mechanical property with certain viscosity
excellent cell viability
- . low cell viability caused by
. sufficient mechanical property inevitable shear force
Extrusion Multi-choices of biomaterials limited printing accuracy (100 pm) [73,77]
able to print high concentration Bio-ink with certain curing and
cell fluid shear thinning properties
simple to operate narrow range of bio-active materials
fairly affordable potential mechanical or thermal
Inkjet excellent resolution and damage to cells [73,74]
precision low cellular concentration
Droplet-jet fast speed lack of structural strength
bioprinting high speed costly
. up to single cell accuracy long preparing stage
lis.er afss;sted able to print different materials limited choice in bio-ink [73,77,78]
loprinting to regenerate native structure possibility in containing metal
Non-contacting and nozzle-free residue
good cellular activities
similar to the structure of poor mechanical strength
Cell-Electrospinning extracellular matrix hard to develop to 3D structure [12,13,76,79]

homogeneous cell density in
structure

poor accuracy of fiber deposition

4. Bioactive Factors

Bioactive factors act as a key regulating factor in periodontal regeneration. Bioactive
molecules can regulate the differentiation of seed cells into periodontal tissues, mobilize
the resident stem cells to the defect sites and the recruitment of immune cells to regu-
late the inflammatory response of damaged sites, thereby promoting periodontal tissue
regeneration [6,20,80-82]. Platelet-derived growth factors (PDGFs), bone morphogenetic
proteins (BMPs) and enamel matrix derivatives (EMD) are widely used [83]. PDGF is
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derived from autologous platelet concentrates. Researchers found PDGF can promote the
proliferation of stem cells and inhibit collagen formation as well as enhancing the bone
growth, representing a potential in promoting stem cell based alveolar bone repair [84,85].
BMPs are a major influence in osteo-inductivity. BMPs can simulate the function of al-
kaline phosphatase to simulate bone formation. Besides, BMPs can induce osteoblastic
transformation of stem cells [66]. EMD is released during the formation of periodontal
tissue. The function of alkaline phosphatase and the cellular viability are promoted when
PDLSCs cultured with EMD [86,87]. Studies have also shown that drugs can promote
the proliferation and differentiation of seed cells. In the study by Liu Qu et al., it was
found that 3D printed hydrogels containing metformin nanocarriers could promote the
differentiation of human deciduous tooth stem cells into bone tissue without affecting their
cell viability [25]. In addition, the printed-hydrogel together with nanometal particles or
other bioactive molecules can also promote the differentiation of different oral stem cells
into periodontal tissue and bone tissue [23,88,89].

Meanwhile, bioactive factors play a vital role in endogenous cell homing. Endogenous
cell homing is a new concept aiming to solve the problems aroused by vitro stem cell culture,
which is to recruit the resident stem cell and direct them to periodontal tissue [6]. Stromal
cell-derived factor-1o (SDF-1«) is the most common growth factor in recruiting stem cells of
patients [6,90]. A study found exendin-4 together with SDF-1x could promote the cellular
viability of PDLSCs [91]. In vivo, hydrogel loaded with SDE-1¢ can gather CD90+/CD34 —
stromal cells to achieve in situ periodontal tissue regeneration [57]. Researchers revealed
the platelet-rich fibrin and treated dentin matrix could also attract PDLSCs and bone
marrow mesenchymal stem cells and accelerate their cell proliferation rate [92]. Although
it is still in the laboratory stage, stem-cell homing is a technique with potential, which is
more effective, more economical and faster compared with vitro cell culture.

Bioactive molecules are essential to periodontal restoration, since they regulate the
signal pathways directing the stem cell biological behaviors, including proliferation, dif-
ferentiation and endogenous migration. Considering the complicated and interconnected
pathways in cells, it is insufficient to figure out the function of a single bioactive factor,
which means researches should focus on the function of multi-molecules to move forward
in the field of periodontal regeneration.

5. Challenges and Prospects

Periodontitis is a chronic inflammation disease caused by bacteria. The loss of tooth
sounding tissue caused by periodontitis is unrecoverable. Periodontal surgery is an ef-
fective restoration method, including GTR. The oral and maxillofacial region has been
considered as a rich source of adult stem cells. Several studies and animal trials have proven
that stem cells can perform a promising role in periodontal regeneration [20,24,35,38,47,60].
Due to individual heterogeneity, the reaction to implantation and technique sensitivity,
the success rate of stem cells is uncertain and the clinical gain of the treatment differs ac-
cording to different situations. In a randomized controlled trial, 20 patients were enrolled,
10 were treated with TCP, while the cell-treated group received cultured gingival fibroblasts
on the TCP scaffold. The cell-treated group was observed to have a significant increase
in bone gain after 6 months (average 3.14 mm) compared with the controlled (average
1.91 mm) [10]. Another randomized controlled trial with 29 patients used micrograft rich in
autologous dental pulp stem cells. Clinical and radiographic exams were taken after 6 and
12 months. The bone defect fill is, on average, 3.9 mm for cell-treated regions versus 1.6 mm
in the control. However, another randomized clinical trial using autologous PDLSCs with
30 patients enrolled and results indicating one-year follow-up showed that the cell-treated
group did not appear significantly difference from the non-cell treated group (2.7 mm and
2.3 mm bone gain, respectively) [45]. This may present the problem of the stem cells used
in periodontal repair, which is whether patients with periodontal defects can gain more
benefits from the application of stem cells. Meanwhile, the ethical and bio-safety concerns
cannot be avoided. Besides, both of the trials do not present with a large sample volume
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and are only carried out in a single center. Additionally, the longer-term effect of stem cells
still needs to be confirmed via multi-center randomized trials [10,11,45].

The vigorous development of 3D bioprinting technology provides a new solution
for periodontal tissue regeneration, scaffolds using biocompatible materials and bioactive
particles building a regeneration micro-environment. The current challenge for fabricating
the scaffolds is focused on how to regenerate the comparted tissue in the periodontium,
respectively. The design of scaffolds, including micropattern and multiphasic structure,
etc. provides the possible solutions. Besides, using 3D bioprinting techniques to produce
scaffolds is both time-consuming and costly, because of individualized design and the
high expense of relative equipment. Bioactive factors play multiple roles in periodontal
restoration, including stem cell differentiation, immunomodulation and stem cell homing,
etc. Drug delivery systems including nanoparticles and a controlled released system are
the main trends of researches in bioactive factors, and the development of a more efficient
delivery system is under research [93]. In the meantime, stem-cell homing induced by
bioactive agents is a strategy with great implementation possibility, for the reason that
stem-cell homing generates individual healing potential and can avoid the ethical concerns
relating to the use of stem cells acquired from others. Therefore, future studies on searching
for both innovative, effective and affordable scaffolds and bioactive molecules should be
developed, which can greatly enhance the periodontal restoration [2,5,7,9,15-19].
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Abbreviations

Glossary Abbreviations
Guide Tissue Regeneration GTR
Bone Morphogenic Proteins BMPs
Methylsulfonylmethane MSM
Periodontal Ligament Stem Cells PDLSCs
Stem Cells from Human Exfoliated Deciduous Teeth SHEDs
Basic Fibroblast Growth Factor bFGF
Stem Cells from Apical Papilla SCAPs
Dental Follicle Stem Cells DFCs
Tooth Germ Progenitor Cells TGPCs
Mesenchymal Stem Cells Derived from Alveolar Bone AB-MSCs
Gingival Mesenchymal Stem Cells GMSCs
Bone Morphogenic Protein-2 BMP-2
Bone Morphogenic Protein-7 BMP-7
Polylactic Acid PLA
Polycaprolactone PCL

Poly (Lactic-Co-Glycolic Acid) PLGA
Polyglycolic Acid PGA
Fibroblast Growth Factor-2 FGF-2

B-Glycerophosphate BGP
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Hydroxyapatite HA
B-Tricalcium Phosphate TCP
Platelet-Derived Growth Factors PDGFs
Enamel Matrix Derivatives EMDs
Stromal Cell-Derived Factor-1o SDF-1x
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