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A B S T R A C T   

Periodontitis is a common inflammatory disease in dentistry that may lead to tooth loss and aesthetic problems. 
Periodontal tissue has a sophisticated architecture including four sections of alveolar bone, cementum, gingiva, 
and periodontal ligament fiber; all these four can be damaged during periodontitis. Thus, for whole periodontal 
regeneration, it is important to form both hard and soft tissue structures simultaneously on the tooth root surface 
without forming junctional epithelium and ankylosis. This condition makes the treatment of the periodontium a 
challenging process. Various regenerative methods including Guided Bone/Tissue Regeneration (GBR/GTR) 
using various membranes have been developed. Although using such GBR/GTR membranes was successful for 
partial periodontal treatment, they cannot be used for the regeneration of complete periodontium. For this 
purpose, multilayered scaffolds are now being developed. Such scaffolds may include various biomaterials, stem 
cells, and growth factors in a multiphasic configuration in which each layer is designed to regenerate specific 
section of the periodontium. This article provides a comprehensive review of the multilayered scaffolds for 
periodontal regeneration based on natural or synthetic polymers, and their combinations with other biomaterials 
and bioactive molecules. After highlighting the challenges related to multilayered scaffolds preparation, features 
of suitable scaffolds for periodontal regeneration are discussed.   

1. Introduction 

Periodontium is tooth-supporting tissue created by, gingiva, peri
odontal ligament (PDL), cementum (CM), and alveolar bone (AB).1 One 
of the most inflammatory diseases in dentistry is periodontitis that 
originated from plaque and oral microorganisms. In the U.S.A, approx
imately 50% of adults have chronic periodontitis, which was consistent 
with other areas of the world. Bacteria and their elements, like lipo
polysaccharide, caused periodontitis and inflammation in the host body 
that can destruct the periodontium.2 Periodontitis is the major reason 
for loosening, movement, and tooth loss, it can also affect the function 
and aesthetic aspects of humans and finally make periodontitis a global 
concern in oral diseases. Periodontitis is also, related to different sys
temic conditions such as; diabetes Mellitus, cardiovascular diseases, 
respiratory diseases, chronic kidney diseases, and rheumatoid arthroses. 
Therefore, periodontal treatment is very important for humans not only 
for reducing periodontal symptoms in the whole body but also for 

improving quality of life.3 

Inhibiting inflammation and attempting to regenerate functional 
periodontium is the aim of periodontitis therapy.3 The goal of this 
treatment is to regenerate periodontal tissues in harmony, with PDL, 
CM, and AB forming in their correct locations; PDL fibers should be 
oriented longitudinally between CM and AB (Fig. 1A).4 Periodontal 
tissues have a low capacity to regenerate without treatment. Common 
treatments for periodontal diseases include plaque removal and local 
inflammation management, scaling and root planning, antibiotic 
administration, and surgery. Such therapies are used to decrease signs 
and symptoms and arrest disease progression. However, these treat
ments are not able to reattach the periodontal tissue to teeth, or the root 
surface and the native tissues also these treatments have some draw
backs like, pain and cost of treatment (Fig. 1 B, C).4,5 The treatment of 
antibiotic application has disadvantages such as insufficient antibiotic 
concentration at the applied site, a fast reduction of the plasma anti
biotic concentration to subtherapeutic levels, and increased microbial 
resistance. Therefore, antibiotics should only be used after proper 
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patient assessment.6 The function of tooth-supporting architecture re
mains weak after these therapies. 

Different regenerative methods including guided tissue regeneration 
(GTR) and guided bone regeneration (GBR) have recently replaced the 
previous methods to obtain better periodontal regeneration. Karring and 
Nyman first introduced the concept of GTR in the 1980s as an alternative 
regenerative method for periodontium regeneration. During the GTR 
process, Millipore membrane was applied to treat periodontitis by 
forming a new periodontal ligament attachment without the formation 
of long junctional epithelium or ankylosis (Fig. 1D).4,7 Despite the suc
cessful results of GTR, sometimes root resorption and ankylosis are re
ported. Moreover, continuous periodontitis can dramatically reduce the 
regeneration capacity of PDL and CM and also, affect the regeneration of 
the whole multiple periodontal tissues.8 In addition, the clinical out
comes of those techniques are variable and uncertain.6 

Therefore, it is critical to investigate new techniques for the forma
tion of periodontal tissue. One of the newest methods is the tissue en
gineering approach that can reestablish the new microenvironment and 
cause the formation of functional tissues. Thereby, when the tissue en
gineering concept is used, two important factors are considerable: 
scaffold (biomaterials, stem cell and method of scaffold fabrication) and 

controlled drug delivery strategy (biologic molecules, methods of drug 
releasing and their suitable concentration).9,10 Some results of bio
engineered scaffolds yielded similar results to those obtained with GTR. 
These approaches are candidates for use in a limited clinical range such 
as mandibular molar class II furcations, and infrabony defect recon
struction, so obtaining complete regeneration in the imperative tissue 
remains to be difficult. 

Regeneration of the indigenous structure and function of the peri
odontal intricate tissue is necessary. Because new cementum should 
form on the tooth root surface, with the correct position of periodontal 
attachment between newly formed bone and cementum. Ultimate 
regeneration of periodontal tissue could not be achieved by traditional 
methods due to the presence of both soft (gingiva, periodontal ligament) 
and hard (bone, cementum) tissues.11 Therefore, for complete regener
ation of this sophisticated structure, new strategies including stem cells, 
biomaterials, and advanced scaffold design should be investigated. 

Due to the use of the multilayered/multiphasic scaffold strategy, the 
simultaneous regeneration of two or more tissues is becoming feasible. 
Multiphasic scaffolds are vital to form the biomimetic functionality 
structures for bone and soft tissue grafts. They are recognized for their 
substantial ability to emerge in the orthopedic tissue engineering field. 

Abbreviations 

CM Cementum 
AB Alveolar Bone 
GTR Guided Tissue Regeneration 
GBR Guided Bone Regeneration 
PCL polycaprolactone 
PLCL Poly lactic acid-co-ε-caprolactone 
PGA Polyglycolic acid 
PLGA Polylactic-co-glycolic acid 
PVA Polyvinyl alcohol 
HA Hydroxyapatite 
β-TCP β-tricalcium phosphate 
PDLCs Periodontal Ligament Cell 
MMP Metalloproteases 

HPMC Hydroxypropyl Methyl Cellulose 
ECM Extracellular Matrix 
FeHA iron-doped hydroxyapatite 
Si-nHAp Si-doped nanohydroxyapatite 
CTGF Connective Tissue Growth Factor 
BMP-2 Bone Morphogenic Protein 2 
MSCs Mesenchymal Stem Cell 
CP Calcium Phosphate 
BG Bioactive GLass 
rhCEMP1 recombinant human cementum protein 
rhFGF2 recombinant human fibroblast growth factor 
PRP Platelet-Rich Plasma 
BMP-7 Bone Morphogenic Protein 7 
Sr-nHA Sr-doped nanohydroxyapatite  

Fig. 1. In this picture healthy periodontium, periodontitis, and regeneration process are presented: (A)healthy periodontium, (B) Periodontitis, (C)Root planning and 
removal of inflamed tissue, (D)GTR with or without the scaffold, (E) Multi-phase scaffold for cementum-PDL-bone and (F) Scaffold degradation and periodontal 
regeneration. Adopted from reference 4 with permission. 
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In recent years, this type of advanced scaffold emerged in periodontal 
regeneration.12,13 Periodontal regeneration, like orthopedic recon
struction, often needs soft to hard tissue interface, including, ligament, 
tendon, and cartilage to bone. Obtaining functional integration between 
soft and hard tissue elements and their environment is the major clinical 
challenge of periodontal regeneration. It has been proposed that the 
application of multilayered scaffold architecture is required to enhance 
the strong connection among soft and hard tissue. Strategic biomimicry 
could be used by multilayered scaffolds to reconstruct the critical 
structure-function of native soft tissue–bone interface. Multiphasic 
scaffolds provide the pore size and suitable interconnection between the 
layers of structure. Obtaining a strong cohesion among the different 
layers is the most important aspect of multiphasic scaffolds to prevent 
the destruction of whole regenerated layers, especially during surgical 
process and physiologic loading.14,15 

The use of advanced scaffolds such as multilayered scaffolds are 
essential in preparing the pore sizes in macro and micro scales, aniso
tropic pore division, and the management of structural fabrication. Due 
to periodontium role in teeth support, improving the physiologic 
loading and homeostasis regulation of this tissue is required. These 
multilayered structures are required to mimic the interface between the 
periodontal ligament and the tooth root surface. In addition, the for
mation of cementum with functional periodontal ligament fibers is 
essential and preparing enough space for GBR and the provision of the 
obstacles that prevent epithelial migration along the root surface are 
some supplementary requirements in this field (Fig. 1E and F).4 

Recently, scientists have attempted to combine multilayered scaffold 
with certain periodontal regenerative techniques, including GTR, 
growth factors, and drug and stem cell technology to improve regener
ation goal.16 

Various articles focused on periodontal regeneration with emphasis 
on scaffolds and their synthesis method have been published. Despite 
the many experimental studies on layered scaffolds, a comprehensive 
review that include a summary of layered scaffolds fabrication, suitable 
features of biomaterials, drug delivery system, stem cells for each layer, 
pivotal roles of each layer in periodontal regeneration and results of 
experiments, is not recently published. Although a small number of re
views have been published before. For example, Liang et al.1 reviewed 
different biomaterial and drug control systems for periodontal regen
eration. Bittner et al.17 reviewed 3D printed multilayered scaffold for 
different body organs with a short review on oral and periodontal 
regeneration scaffolds. Ivanovski et al.16 reviewed multiphasic peri
odontal scaffolds categorized in membrane scaffolds, biphasic scaffolds 
(with fiber guiding properties and cell incorporated ones) and triphasic 
scaffolds. But, in current review article, we aim to study developed 
layered scaffolds for periodontal regeneration in order to summarize 
previous scientific studies in layered scaffolds synthesis methods, bio
materials features and challenges regarding to this complex tissue which 
could help future scientists in this field to enhance their research out
comes and improve strong connection between hard and soft tissue to 
repair damaged periodontium. Beside this, in most studies, polymers 
have been used to provide the essential features of periodontal tissue 
complex structure and layered scaffolds. Herein, We will describe 
important properties of polymers which make them the best candidates 
for periodontal regeneration and categorize experimental studies based 
on the main polymeric components into three general groups: natural 
(collagen and chitosan), synthetic polymers including Polycaprolactone 
(PCL), poly lactic acid-co-ε-caprolactone (PLCL), polyglycolic acid 
(PGA), polylactic-co-glycolic acid (PLGA), and a combination of natural 
and synthetic polymers. Along with a short review on bone grafting 
methods, significant material properties for these scaffolds, a short 
explanation on different multilayered scaffold fabrication methods, 
explain the major problems in this field, and future perspective of this 
science. 

2. Bone grafting for periodontal regeneration 

Bone grafting is useful in the periodontal regeneration to provide a 
supplement for alveolar bone and increase the mechanical features of 
the scaffold.13,18 Materials used for bone grafting are typically biological 
materials like bone transplants, or synthetic materials with similar 
properties to that of bone. Studies have used these materials in different 
ways like scaffolds, composite with other polymers, and nano or micro 
particles.19 The main problems of bone grafting are second surgery and 
pain and infection (for autograft method),20 risk of disease transmission 
and immune responses (for allograft method),21,22 clinical results are 
different and unforeseeable (for xenograft method).23 This problems 
demonstrate the need for materials with appropriate degradability, and 
great mechanical and biological properties for alveolar bone regenera
tion.24,25 New studies on periodontal regeneration usually use more 
than two materials, specific ceramics for bone regeneration and poly
mers for PDL and cementum regeneration.26,27 The most used bio
ceramics are explained in Table 1. Hydroxyapatite (HA), tricalcium 
phosphate (TCP), β-tricalcium phosphate (β-TCP), and bioactive are the 

Table 1 
Bioceramics for alveolar bone and cementum regeneration.  

Bioceramics Target tissue Features Ref 

Hydroxyapatite 
(HA) 

Cementum, 
Alveolar bone 

Similar composition to the 
inorganic phase of bone 
Osteoconductive 
Slow degradation 

29,31 

tricalcium 
phosphates (TCP) 

Alveolar bone, 
cementum 

Similar composition to the 
inorganic phase of bone 
Higher stability 
Osteoconductive 
Bioabsorbable 
В-TCP: Similar degradation 
kinetic to the autologous grafts 

32–34 

Bioactive glass Alveolar bone, 
cementum 

Osteoconductive and 
osteoblast cell differentiation 
Similar composition to the 
inorganic phase of bone 
Biocompatible with the 
different degradation rate 
Degradation products improve 
the osteogenesis, angiogenesis, 
and antibacterial activities 

28,35,36 

Nagelschmidtite 
(Ca7Si2P2O16) 

Alveolar bone, 
cementum 

Suitable mechanical properties 
and degradation rate for 
spongy bone regeneration 
Favorable apatite formation 
and angiogenesis 
Improved osteogenesis and 
cementogenesis compared to 
HA and TCP 

37 

Silicocarnotite 
(Ca2SiO4.Ca 
(PO4)2) 

Alveolar bone, 
cementum 

Better mechanical properties 
and manufacturability 
compared to Nagelschmidtite 
Better bone formation, 
osteogenesis, and 
cementogenesis compared to 
the HA 

37 

Nurse’s Ass-phase 
(2Ca2SiO4. 
Ca3(PO4)2) 

Alveolar bone, 
cementum 

Favorable bone formation and 
degradation rate 
Lower bone formation 
compares to other Silicate 
based bioceramics 

37 

Other silicate-based 
bioceramics: 

Alveolar bone, 
cementum 

Great cellular properties 
Excellent ability in improving 
cell proliferation and 
differentiation to osteogenic of 
PDLCs 
Great cementum formation 
compares to other bioceramics 
Increasing expression of 
osteocalcin and bone 
sialoprotein 

30 

Akermanite 
(Ca2MgSi2O7) 

Bredigite 
(Ca7MgSi4O16) 

Baghdadite 
(Ca3ZrSi2O9) 

Diopside 
(CaMgSi2O6)  
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most popular bioceramics in periodontal regeneration. There are other 
examples of bioceramics with different properties such as silicate-based 
bioceramics, which have even better properties in some cases.28,29 The 
most important feature of HA, TCP, β-TCP, and bioactive glass is their 
similarity to the inorganic nature of bone. Due to this feature, they can 
improve the cellular differentiation and the alveolar bone formation. 
Additionally, periodontium’s complex structure, cementum regenera
tion is required. Overall, bioceramics can improve the cementum for
mation, but silicate-based ones demonstrated more cementum 
formation.30 

3. Layered periodontal scaffolds based on natural polymers 

The unique benefit of natural polymers is their ability of mimicking 
the extracellular matrix of tissue leading to the promotion of cell pro
liferation and differentiation such as osteoblastic-like cell, mesenchymal 
and periodontal ligament stem cells, and new tissue formation. Natural 
polymers are biocompatible and biodegradable, and show more elas
ticity and hydrophilicity compared to synthetic ones, which make them 
the most useful materials for tissue engineering.13,38 Different natural 
polymers have been used in periodontal regeneration. However, prob
lems such as unsuitable immune responses due to crosslinking agents 
and sources have been reported in previous studies.39,40 Based on pre
vious research, collagen, chitosan, pectin, alginate, and hyaluronic acid 
are the most used natural polymers. Collagen is a great candidate for 
PDL regeneration, but crosslinking methods are necessary due to its fast 
degradation rate.41 In some cases, degradation methods can lead to toxic 
responses. The main challenge in collagen scaffold research is to provide 
suitable mechanical and degradation properties without inflammation 
and toxic responses.42,43 Chitosan demonstrates great cellular properties 
and can be used to provide antibacterial properties for periodontal 
regeneration. However, providing the appropriate porosities and suit
able mechanical properties are still challenging.39,43 Due to the wide use 
of collagen and chitosan in layered scaffolds, they are described below. 
Other useful natural polymers such as pectin (for Alveolar bone regen
eration),44–46 alginate (for Alveolar bone, PDL regeneration),47–50 and 
hyaluronic acid (for PDL, gingival, cementum regeneration)51–53 

demonstrated great biocompatibility and biodegradability, and good 
cell adhesion and proliferation properties. In addition, alginate and 
hyaluronic acid are popular for their great antibacterial properties, but, 
due to their poor mechanical and stability, they are usually not 
commonly used in layered scaffold research.54 

4. Collagen-based layered scaffolds 

Collagen scaffolds, widely used for soft and hard tissue engineering, 
and drug and gene delivery show the potential for periodontal regen
eration. Collagen is the most available protein in the human body. The 
main reaction of its biodegradability is related to the metalloproteases 
(MMP), which is released in the wound healing process by fibroblast and 
monocytes cells.55 Each type of collagen has unique advantages. For 
instance, collagen type I shows angiogenic features and enhances the 
growth of healthy tissue in a defect. Based on the area and type of 
implant used, the crosslinking process is needed in some cases. For 
example, membrane and barrier functions are long-term, so crosslinking 
methods are required for reducing biodegradation rate, increasing me
chanical properties, and stabilizing the membrane.56 Crosslinked 
collage shows less attachment and proliferation of osteoblasts and 
periodontal ligament fibroblast compared to non-cross linked 
collagen.57 Also, more foreign body reactions are reported in in vivo 
research.58 Regarding this, a combination of collagen types is a way to 
achieve both stability and mechanical properties without harmful bio
logical effects.59 Laucsh et al.60 synthesized a multilayered collagen 
scaffold for soft-hard tissue regeneration. One of the important factors in 
multilayered scaffolds is cohesion between layers, which provides the 
diffusion of cells over layers. To provide suitable cohesion between 

layers, they used a mineralized system. They designed the unique 
tri-layered intrafibrillar mineralized collagen and HA to mimic perio
dontium, including bone, ligament, and cementum. Fig. 2A demon
strates the background electron- SEM (BSE-SEM) image of collagen 
scaffolds after 6 days of mineralization with different rates of surface 
and bulk mineralization. Around 120 μm of thickness highly mineralized 
after 6 days. Also, the energy dispersive X-ray spectroscopy (EDX) 
analysis of this part shows the Ca/P ratio to be around 1.76, which 
confirms the presence of HA. Fig. 2B shows the homogenous minerali
zation in bulk scaffold. Finally, Fig. 2C shows the BSE image of interface 
between two different mineralized parts, the upper one with unminer
alized part for PDL regeneration and the lower part for bone regenera
tion which is mineralized for 10 days. The inset image demonstrates the 
cementum layer with 4 days of collagen layer mineralization. 

Sprio et al.61 designed a tri-layered scaffold based on collagen and 
hydroxyapatite with new properties. They mentioned that hybrid mag
netic structures could improve the tissue regeneration by magnetic 
stimulation on ontogenesis and drug delivery with the help of nano
particles or bioactive molecules.62,63 Their unique structure was made of 
three-layers to mimic cementum tissue, PDL, and alveolar bone. For the 
first layer, collagen type I was used in the mineralization process in the 
presence of Ca2+, Fe2+/Fe3+ and PO4

3− . After this step, the iron-doped 
hydroxyapatite (FeHA) with heterogeneous structure was obtained. 
This structure was similar to the mineral construction of alveolar bone. 
To achieve cementum like structure, a thin mineralized layer of collagen 
fibers and FeHA was developed using the electrospinning method. Also, 
for PDL regeneration, a layer of nano-fibril type I collagen was used. 
Their method was pH-driving, self-assembling, and super molecular 
operation and then crosslinking and freeze-drying to achieve the best 
porosity and mechanical properties. Similar researches are shortly 
described in Table 2. 

5. Chitosan-based layered scaffolds 

Chitosan, a naturally occurring deacetylated product of chitin, shows 
essential properties required in biomedical applications including drug 
delivery, wound healing, gene delivery, and regenerative medicine. 
Some of its features include biocompatibility, biodegradability, anti
microbial nature, non-toxicity, hemostatic nature, antioxidant property, 
muco-adhesiveness, and structural similarity with extracellular matrix 
components, and protein degradability, makes it suitable for periodontal 
regeneration.64,65 Different novel bio-scaffolds from chitosan can be 
created via surface alteration and lyophilization. Also, chitosan can 
easily be processed into different functional forms such as gels, nano
fibers, membranes, beads, nanofibrils, nanoparticles, microparticles, 
scaffolds, and sponge-like structures.66 In the layered scaffold area, 
Tamburaci et al.67 formed a novel bi-layered scaffold from chitosan and 
Si-doped nanohydroxyapatite as a nanocomposite structure. This 
layered scaffold was formed to mimic periodontal tissue and dental 
defects. The upper layer of the scaffold was compromised by chitosan 
nanofiber structure to provide the suitable ECM environment for soft 
tissue and to prevent fibroblast migration to the soft tissue. The lower 
layer prepared suitable porous structure for bone tissue regeneration 
inducing bioactivity via Si-doped nanohydroxyapatite modification 
(Fig. 3). Functional barrier membranes aimed to enhance bone defect 
areas in periodontal regeneration applications with antibacterial and 
resorbable properties of chitosan, as well as developing biomineraliza
tion with a Si-doped nanohydroxyapatite component. The porous lower 
layer was fabricated with a lyophilization method and the nanofibrous 
upper layer was fabricated with the electrospinning method. The porous 
layer, with a high porosity range of 81–85% was appropriate for cell 
proliferation. The nanofiber layer with an average fiber diameter of 107 
nm showed barrier properties to prevent fibroblast migration to the 
defect site. Moreover, Si-nHAp incorporation to a porous layer of 
membrane enhanced compression modulus, protein adsorption, and 
improved biodegradation rate with increasing concentrations. 
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Antimicrobial tests also indicated that 40% and 50% Si-nHAp incorpo
rated chitosan scaffolds inhibited both gram-negative and positive 
bacteria. Despite great Biocompatibility, great cell adhesion and dif
ferentiation, antibacterial properties of chitosan membrane, mechanical 
properties, and suitable stability of chitosan scaffolds in body condition, 
providing the best porosity for cells is still challenging. 

6. Synthetic polymer-based layered scaffolds for periodontal 
regeneration 

Different synthetic polymers have been used in biomedical and in 
periodontal regeneration. Compared to natural polymers, synthetic ones 
are cost-efficient, present suitable mechanical properties, and show 
consistent results.75 From a wide range of synthetic polymers, Poly lactic 
acid (PLA), PCL, PLCL, PGA, PLGA and Poly vinyl alcohol (PVA) are the 
most used in periodontal research.76 PLA, which is used as a bio
absorbable membrane in some research, demonstrates high hydrophi
licity, low cytotoxicity, high alkalinity and due to its predictable results, 
it is widely used in different periodontal studies.39,77,78 In addition, PCL 
is another popular synthetic polymer with biocompatibility and biode
gradability features. Due to its favorable mechanical properties for 
dental applications and great bone formation it has been widely used in 
layered scaffold research [91–93]. Low degradation rates are still proven 
to be a challenge for both PLA and PCL, thereafter, to solve this problem 
PLGA is used to enhance degradation rate. PLCL (for Alveolar bone 
regeneration),79 PGA (for Alveolar bone, PDL and Cementum regener
ation),80,81 PLGA (for PDL, Alveolar bone regeneration)39 and PVA (for 
PDL, Alveolar bone regeneration)82,83 are also useful synthetic polymers 
for periodontal regeneration. Research demonstrates cellular properties 
for all synthetic polymers is still a big challenge. These polymers usually 
show low cell adhesion due to their surface properties. In combination 
with other polymers, especially natural polymers or the use of nano
particles and surface modification, have overcome the mentioned 
problems. 

7. PCL and PLCL-based layered scaffolds 

PCL is used as a biomaterial via the membrane in dentistry. The PCL 
membrane has been reported to be biodegradable and biocompatible 
with enhanced mechanical properties to stabilize the initial clot that is 
essential for regeneration. PCL membranes are bio-resorbable and have 
been shown to effectively induce bone84 and periodontal tissue 

regeneration.85 Also, they show better adhesion/growth of cells than 
collagen membranes, which are commonly used for periodontal regen
eration.86 In addition, biocompatibility of PCL in both in vitro and in vivo 
situations were approved by the Food & Drug Administration (FDA). In 
one of the PCL based researches, Lee et al.86 fabricated the multiphasic 
scaffold for periodontal complex tissue regeneration by 
PCL-hydroxyapatite (PCL-HA). Using a 3D printing method, they used 
layer-by-layer deposition in three phases: 100-mm microchannels in 
Phase A prepared for cementum/dentin interface, 600-mm micro
channels in Phase B prepared for the PDL, and 300-mm microchannels in 
Phase C prepared for alveolar bone. To create interconnected micro
channels, PCL/HA were melted simultaneously at 120 ◦C and dispensed 
through a 28-gauge metal needle (Fig. 4). For cell differentiation, PLGA 
encapsulating recombinant human amelogenin, connective tissue 
growth factor (CTGF), and bone morphogenic protein 2 (BMP2) were 
integrated into all three scaffold phases. CTGF was required to promote 
fibroblastic differentiation, BMP2 enhanced osteogenesis, and amelo
genin was used to develop odontogenesis and/or cementogenesis. The 
results showed scaffolds with spatiotemporal delivery of bioactive ma
terials which formed distinguishable multiphase tissues containing 
original PDL-like collagen fibers in Phase B. These tissues interfaced 
between mineralized bone-like tissues of Phases A and C which simu
lated dentin/cementum following 4-weeks. 

Aldemir dikici et al.87 synthesized a bi-layered scaffold based on PCL. 
Their unique structure was based on two different synthesis methods: 
the electrospinning and emulsion templating methods. First, the PCL 
layer was fabricated with high internal phase emulsion and treated with 
air plasma (poly HIPE). For the upper layer, PCL nanofibrous was 
electrospun on the PCL polyHIPE layer. Mechanical features including 
stretching and torsion and stability of the scaffold were appreciated for 
periodontal barriers. Biological properties were evaluated with an in 
vivo test over 4 weeks. Interconnected porosity, great cell viability, 
infiltration, and migration on murine long-bone osteocytes and human 
dermal fibroblast cells were reported. Higher metabolic activity on the 
electrospun PCL layer was reported from 1 to 28 days. Also, they showed 
PCL nanofibrous have some limitation on cell infiltration because of 
small pore size and random distribution. On the other hand, the PCL 
polyHIPE layer can increase the cellular properties, vessel formation and 
mineral and calcium deposition for improving bone regeneration. Other 
important studies based on PCL polymer are summarized in Table 3. 

Fig. 2. Multilayered collagen scaffold for soft-hard tissue regeneration A. Overview of cross-section with highly mineralized parts at upper left and lower, and a 
slower mineralized part at the middle. B. Higher magnification of homogenous mineralization in the middle. Adopted from reference 60 with permission. 

N. Abedi et al.                                                                                                                                                                                                                                   



Journal of Oral Biology and Craniofacial Research 12 (2022) 782–797

787

Table 2 
Researches on natural polymer-based layered scaffolds for periodontal 
regeneration.  

Biomaterials Target 
periodontal 
tissue 

Bilayered/ 
Trilayered/ 
method of 
fabrication 

Significant results Ref 

Non-cross linked 
collagen type I 
and III 

Soft tissue 
(gingiva, 
PDL) 
Hard tissue 
(alveolar 
bone, 
cementum) 

Bilayered 
lyophilization 

Combination of 
collagen I and III: 
improve the 
stability, 
mechanical 
properties, and 
cellular properties 
No chemical 
crosslinking: 
improve the cell 
attachment and 
proliferation 
Low porosity, 
smooth and thin 
layer with elastic 
properties improves 
the suturing of host 
mucosal margins 
High porosity layer 
increases the tissue 
adherence, improve 
cell integration, and 
improve wound 
healing process. 
High porosity side 
can face to bone or 
soft tissue and 
improve each side 
regeneration 

68 

Non-cross linked 
collagen type I 
and III 

Soft tissue 
(gingiva 
PDL) 
Hard tissue 
(alveolar 
bone, 
cementum) 

Bilayered 
Lyophilization 

One dense layer and 
high porosity layer 
to improve cell 
attachment 
Use two different 
positions, one dense 
layer faces with soft 
tissue and other one 
upside-down 
same Radiological 
and 
histomorphometric 
results in both 
positions show no 
orientation 
preference in bone 
defects 

69 

Collagen and 
calcium 
silicate with 
strontium 
doped 

Hard tissue 
(Alveolar 
bone and 
cementum) 

Bilayered 
3D printing 

Calcium silicate 
(CS): increases the 
bonding between 
surrounding bone 
and new scaffolds 
because of 
hydroxyapatite 
formation on the 
surface of scaffold, 
promoting the 
dentin metabolism 
and increasing 
secretion of 
cementum, 
supporting bone 
tissue for soft tissue 
was formed 
great bone 
formation of 
bilayered cell laden 
structure after 12 
weeks 
Excellent 
improvement in 

70  

Table 2 (continued ) 

Biomaterials Target 
periodontal 
tissue 

Bilayered/ 
Trilayered/ 
method of 
fabrication 

Significant results Ref 

bone formation in 
presence of Sr 
significant 
improvement in cell 
laden bilayered 
scaffold (~20%) 
while bone volume 
fraction in nest 
bilayered scaffold is 
13% and in SrCS is 
9%. 
Higher and 
trabecular thickness 
in cell laden 
bilayered scaffold is 
comparable to 
others 

Different 
molecular 
wight 
Chitosan with 
genipin 
crosslinking 

Alveolar 
bone, 
gingiva and 
PDL 

trilayered 
freeze drying 

Different molecular 
weight chitosan: 
match degradation 
rate and mechanical 
properties with 
target tissue 
Controllable 
degradation rate 
and great PDL 
regeneration 

71 

Chitosan 
membranes 
with 
Doxycycline 
hyclate 

Soft tissue 
(gingiva, 
PDL) 
Hard tissue 
(alveolar 
bone, 
cementum) 

Bilayered and 
trilayered 

Doxycycline 
hyclate: decrease 
the bacteria 
infection in the 
periodontal defect 
site 
Suitable drug 
release especially in 
the first stage and 
efficient dosage at 
long term 
Appropriate 
mechanical 
properties were seen 

72 

Collagen and 
chitosan 
First layer: 
two solid 
layers of 
chitosan. And 
collagen 
Second layer: 
electrospined 
collagen 
nanofiber on 
the chitosan 
sublayer 

Hard tissue 
(alveolar 
bone, 
cementum) 

Bilayered 
Electrospinning 

Collagen: great 
biocompatibility, 
low tissue 
morbidity, good 
resorbability, bio- 
affinity, poor 
effective shield in 
bone defect, rapid 
degradation, early 
collapse, without 
any effective blood 
clot transformation 
into the bone 
significant increase 
in rabbit MSCs 
activity for 2 weeks 
More metabolic 
activity of MSCs 
cells after 3 days 
Higher cellular 
activities on the 
second layer due to 
higher surface area 
of collagen fibers 
considerable 
difference for Colα1 
and Runx-2 between 
two layers after 
three weeks 
More bone 
formation and no 

73 

(continued on next page) 
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8. PGA- and PLGA-based layered scaffolds 

PGA scaffold materials are optimal with respect to their easy pro
cessing and adjustable degradation rates. They have been widely used in 
business and clinical applications such as degradable sutures, which 
have been approved by the US FDA.88 In addition, a study has demon
strated that PGA did not cause any significant harmful side effects such 
as inflammation during a six-weeks healing period in experimental 
dogs.89 Among the materials studied, PLGA stands out due to its rapid 
degradation rate, which is very useful when developing a membrane 
that requires an adequate degradation profile. In addition, its degrada
tion products are non-toxic and are metabolized by natural processes of 
the organism. Therefore, PLGA has a wide variety of applications in the 
biomedical area. However, when neat PLGA is used, its degradation 
products can acidify the medium and cause adverse reactions to the 
patient. Thus, the incorporation of bioceramics – such as hydroxyapatite 
and β-tricalcium phosphate to this polymer aims to improve its bioac
tivity and osteoconductivity.90–92 

Santos et al.92 developed bi-layered membranes of 1- a dense layer of 
PLGA and Hydroxy apatite particle (Hap) produced to be occlusive and 
resist fibroblast infiltration via dry phase inversion, and 2-electrospune 
layer of PLGA/HAp/β-TCP, with three different concentrations of HAp: 
β-TCP, to increase surface interaction with osteoblasts through the for
mation of the ECM nanofiber structure (Fig. 5). Such a membrane aims 

Table 2 (continued ) 

Biomaterials Target 
periodontal 
tissue 

Bilayered/ 
Trilayered/ 
method of 
fabrication 

Significant results Ref 

inflammation 
responses were seen 

Chitosan and 
gelatin 

Soft tissue 
(gingiva, 
PDL) 

Bilayered 
Solvent casting 
and freeze 
drying 
And chemical 
reaction 
between layers 
with genipin 

Genipin: increasing 
the interactions 
between layer and 
increasing 
mechanical 
properties and 
stability 
Gelatin: increasing 
mechanical 
properties of 
chitosan membrane 
Suitable mechanical 
properties: Yield 
stress in the range of 
10 kPa and 19 kPa, 
elastic modules: 
26–34 kPa 
Rapid 
mineralization 

74  

Fig. 3. Stereomicroscopy images of bi-layered membranes (1 × , 2 × ) and SEM images of chitosan/PEO nanofiber coated porous layer surface (A,B,C) with 250 × , 
1000 × and 2500 × magnifications; cross-sectional view of bi-layered structure (D,E,F) with 250 × , 500 × and 10,000 × magnifications. Adopted from reference 67 
with permission. 
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to overcome the drawbacks of the current GBR membrane generation in 
periodontal formation by achieving a balance between stiffness and 
elasticity, suitable degradation profile, and adequate bone regenerative 
capacity. This study confirmed the higher storage modulus of bi-layered 
membranes compared to neat dry phase inversion and electrospun 
membranes. It should be noted that in this study, the results demon
strated that a bi-layered membrane with a well-adhered interface was 
feasible and presented excellent outcomes regarding proper degradation 
profile, mechanical behavior, and morphological characteristics such as 
pore structure and size. The incorporation of calcium phosphates in 
bone regeneration improved osteoblast attachment and migration. In 
addition, the small pore sizes of dense layer avoided fibroblast infiltra
tion, as well as an electrospun layer with nanofiber structure which 
mimicked bone ECM, allowing osteoblast adhesion, migration, and 
nutrient permeation. In addition, the top layer of membranes had the 
adequate mechanical properties (not too stiff, nor too flexible) to 

prevent collapse of the membrane in use. 
Park et al.93 made the multi-scale composite hybrid polymer scaf

fold, by using synthetic polymers PGA and PCL. A PCL-acetone was used 
for casting of the bone region of the hybrid scaffold. PCL-acetone was 
pasted on the PCL-casted mold and PDL interface architectures were 
placed on it (Fig. 6). 15% PGA was then used to fuse together the PDL 
and bone components to form a single hybrid scaffold structure. They 
demonstrated the consistent generation of newly formed tissues pos
sessing interfacial neogenesis of parallel- and obliquely- oriented liga
mentous fibers that sprout and traverse through the polymer designed 
constructs. This formed tooth cementum-like tissue, ligament, and bone 
structures. Other related researches about using only one synthetic 
polymer in scaffold structure are reported in Table 3. 

Fig. 4. 3D-printed scaffold with distinctive region microstructure and providing delivery system for protein releasing. Adopted from reference 86 with permission.  
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9. Combination of synthetic and natural polymers 

Polymeric materials used in biomedical applications should have the 
appropriate physio-chemical and mechanical properties and be suitable 
candidates for use in biomedical applications. Synthetic polymers are 
utilized in different areas of medicine such as dentistry. Many synthetic 
polymers that are already commercially available present better physi
cochemical, and mechanical properties than those of the biological 

tissue that are required to substitute, but are not sufficiently biocom
patible. Whereas many biological polymers have good biocompatibility, 
their mechanical properties are often insufficient. Also, development of 
the characteristics of synthetic biomaterials could be gained by the 
addition of biological macromolecules.103 In some studies, researchers 
combine natural and synthetic polymers to gain both ideal biological 
and mechanical properties. Herein, we shortly describe some research 
with combination of natural and synthetic polymers and their quince 

Table 3 
Researches on synthetic polymer-based layered scaffolds for periodontal regeneration.  

Biomaterial Target periodontal tissue Method of fabrication Significant features and results Ref 

PCL/(β-TCP) Alveolar bone/other 
periodontal component: 
PDL, cementum 

cell-seeded 
biphasic 
Fused Deposition Modeling (FDM) for 
lower layer (bone component +
osteoblast culture) 
Electrospinning for upper layer (PDL cell 
sheets) 

β-TCP: suitable for bone formation 
Deposition of thin mineralized cementum-like 
tissue on the dentin surface by incorporating the 
multiple PDL cell sheets 
Better attachment onto the dentin surface 
compared to no attachment when no cell sheets. 
New approach by using both multiple PDL cell 
sheets and a biphasic scaffold for enhancement 
delivery of the cells. 
New formation of alveolar bone, PDL and 
cementum was observed in in-vivo test. 

94 

PCL/Sr-doped nano hydroxyapatite (Sr- 
nHA) 

Alveolar bone 
cementum 

Trilayered 
3D printing 

Sr-nHA: suitable for bone tissue due to the 
resemblance to inorganic phase. 
Great approach for 3D printing multilayered 
scaffolds and complex structure with high 
mechanical properties. 
Suitable for patient specific scaffolds. 

95 

Bottom layer: 20% Sr-nHA (bone 
component) 

Upper layer: 10% Sr-nHA (cementum) 

Starch/PCL (30:70 wt%; SPCL) Periodontal tissue (specially 
for alveolar bone) 

Bilayered 
Solvent casting 
Wet spinning 

SPCL solvent casting membrane: suitable obstacle 
for migration of gingival epithelium into the 
periodontal defect. 
SPCL fiber has 
enough biological, physical and chemical 
properties also suitable for periodontal tissue 
engineering. 

96 

3D fiber mesh functionalized by silanol 
groups With Starch/PCL membrane 
(30:70 wt%; SPCL) 

Alveolar bone Bilayered 
Wet spinning 

Silanol group improve osteogenic properties. 
Promoting colonization with a distinct cellular 
population of the periodontium 
and prevent migration of endothelial cells to defect. 

97 

PCL/calcium phosphate (CP) Bone/PDL Bilayered 
Fused deposition modeled for bone. 
Melt electrospinning for periodontal 
compartment 

CP: Increase osteoconductivity 
Great attachment to dentin block and move to the 
rats for 8 weeks. 
New method to overcome challenges in layered 
scaffolds by combining the cell sheet and bilayered 
scaffolds 

98 

PCL/polyurethane (PU)/bioactive glass Alveolar bone/other 
periodontal component: 
PDL, cementum 

Bilayered 
Freeze drying 

Upper layer: PU: no porosity, excluding epithelial 
growth for bone regeneration 
Lower layer: PCL and bioactive glass: with suitable 
porosity for supporting metabolic activates 
Bioactive glass: increasing stability and mechanical 
properties of scaffold during healing process 
Great compatibility in both in vivo and in vitro tests 
No inflammation after 6 weeks implantation in rats 
No accumulation of host immune system after6 
weeks 

99 

PGA/β-TCP Alveolar bone 
Cementum 
PDL 

Trilayered 
Cell sheet technology 

β-TCP: has suitable biocompatibility, 
osteoconduction and resorption features 
promoted bone tissue formation in upper layer by 
incorporation of transplanted PDL cell sheets 
No significant harmful side effects 
No remarkable inflammation during 6 weeks of 
healing period in in vivo tests 

100 

PLGA and CP Alveolar bone 
Cementum 
PDL 

Bilayered 
Solvent casting and deposition 

Macroprosities by CP in inner layer: improvement 
in osteoconductive properties and clot retention 
(because of PLGA). 
No collapse results in periodontal defect observed. 
Retained blood clot in buccal side. 
New bone, cementum, and fine PDL fiber in in vivo 
analysis was obtained. 

101 

PLGA Solid layer/porous layer Alveolar bone Bilayered 
Lyophilization 

Solid layer: inhibit the cell proliferation and 
subsequent connective tissue invasion 
Porous layer: improve proliferation and osteogenic 
differentiation 
Great in vivo results and facilitating tissue 
regeneration 

102  
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structure, fabrication method, and significant properties. 
To improve periodontal regeneration, Jiang et al.104 synthesized a 

multilayered scaffold include embedded highly aligned PCL and poly 
ethylene glycol (PEG) copolymer which were electrospun and mated in 
chitosan membrane (Fig. 7). PCL demonstrates slow degradation rate 
and strong hydrophobicity. Copolymerization of PCL and PEG can affect 
the degradation rate in suitable range and improve the water wetta
bility. Presence of aligned nanofibers increased the biological properties 
of the scaffold compared to the pure chitosan membrane and the control 
group. In vitro studies demonstrated the great viability of the cell; 
infiltration and gene expression related to the periodontal ligament. In 
vivo tests also confirmed the PDL structure near perpendicular and more 
organized in multilayered scaffolds compared to sample and chitosan 
membranes. Additionally, higher gene expression and more supporting 
tissue formation were observed in multilayered scaffolds. 

One of the newest studies on layered scaffolds was conducted by Liu 
et al.105 They fabricated a bi-layered bone membrane based on heparin 
conjugated PCL/gelation nanofiber with the electrospinning method for 
the upper layer and PCL/gelatin and nano hydroxyapatite scaffold with 
3d printing for the lower layer (Fig. 8A). in this research, the bonding 
between layers was completed by dissolving PCL/gelatin fibers on 
PCL/gelatin/nano hydroxyapatite scaffold. SEM images in Fig. 8B, C 
demonstrates the good connectivity between layers and uniform pores in 
the lower side. Mechanical properties were estimated by compressive 

Fig. 5. Bi-layered membrane for GBR and dry phase Inversion prevents fibro
blast growth, and the electrospun layer enhances osteoblastic adhesion and 
proliferation. Adopted from reference 92 with permission. 

Fig. 6. Composite hybrid polymer scaffold, by using synthetic polymers PGA and PCL. On the left is the 3-D designed hybrid scaffold, on the right is the micro-CT 
scan, 3-D reconstructed hybrid scaffold, and a dentin slice. Scale bar: 50 mm. Adopted from reference 93 with permission. 

N. Abedi et al.                                                                                                                                                                                                                                   



Journal of Oral Biology and Craniofacial Research 12 (2022) 782–797

792

Fig. 7. A. Micro-CT image scan of transverse view in rat periodontal defect, B. structure of multilayered scaffold, C. surgical procedure, which is used in periodontal 
fenestration defect, D. schematic of multilayered structure near the root and bone grafts, E. arrangement of PDL-like fibrous in tissue against root. (Black lines show 
the orientation of PDL-like structure and yellow line demonstrates the formation of cementum). Adopted from reference 104 with permission. 

Fig. 8. Schematic structure of the bi-layered scaffold (heparin conjugated PCL/gelation nanofibers and PCL/gelatin/nano-hydroxyapatite). Adopted from reference 
105 with permission. 

N. Abedi et al.                                                                                                                                                                                                                                   



Journal of Oral Biology and Craniofacial Research 12 (2022) 782–797

793

strength test. PCL/gelatin and nano hydroxyapatite had the highest 
comprehensive strength between samples, which was near 13.8 MPa and 
was close to cancellous strength. Based on their results, great adhesion 
and proliferation of L929 cells in the upper layer was reported. In the 
lower layer attachment and osteogenic differentiation of BMSCs was 
revealed. The optical density between BMSC cells, which was cultured 
for different samples (control, PCL, PCL/gelatin (PG) and PCL/gelatin 
and nano hydroxyapatite (PGH)), demonstrated an insignificant differ
ence. Metabolic activity after 4 days was significantly increased in PG 
and PGH compared to the PCL samples. The same trend was also obvious 
after 7 days of culture and cell proliferation increased. Residual solvent 
present in the structure can affect the metabolic activity and cause faster 
cell proliferation in anaphase compared to prophase. BMSCs osteogenic 
gene expression was evaluated by three different factors (RunX2, 
COL1A1 and BMP-2). COL1A1 and BMP-2 results showed the significant 
difference between PCL/gelatin with PCL group after 7 and 14 days, but 
no significant difference was reported in RunX2 at the same time be
tween samples. PGH samples had the highest amount of difference be
tween the 3 gene expression factors, which was related to the 
enhancement in the osteogenic differentiation because of nano hy
droxyapatite particles. In addition, the in vivo results demonstrated 
significant new bone formation in the bi-layered scaffold implanted 
group compared to the control one. Micro-TC images (Fig. 8D) 
confirmed more new bone formation in bi-layered structure compared to 
PGH and control samples. 

Lian et al.106 designed a bi-layered scaffold based on incorporated 
copper loaded on silica nanoparticles (with 121 nm average size) on 
PLGA and gelatin (PG) matrix with great biological and mechanical 
properties by solution electrospinning writing (SEW) printer. Synthe
sized Cu loaded silicate nanoparticles were dispersed in PG matrix and 
used as spinning solution. The electrospinning method produced a dense 
sheet-like structure. A combination of the electrospinning method and 
3D printing to control and improve the porous dependent properties like 
cellular features is a new method. Solution electrospinning (SES) and 
SEW methods produced different layers for bone and tissue regenera
tion. The loose layer has excellent and completely organized porosity 
and demonstrated a fibrous network with an average diameter of 10.2 ±
0.5 μm. Due to the improved osteoconductive properties, the fiber 
spacing was selected on 400 μm. Comparing the dense and loose layer 
highlighted the average fiber diameter size, which was decreased in 
density pattern (~96.5 ± 11.8 nm). Comparing integrations between 
layers showed the loose layer possesses larger integrated porosities. To 
determine mechanical properties, a tensile test was carried out. 
Bi-layered scaffold with 3.7 MPa tensile strength, 15.7 MPa Young’s 
modules and ~46% elongation meets the suitable mechanical features 
needed in periodontal GTRs. SEW layer had more porosity and can 
support the bone tissue regeneration. SES layer was dense and compact 
and resisted the interference of non-osteoblast cells. As cellular tests 
confirm the in-depth infiltration of BMCSs in loose layer and L929 cells 
in dense layer. Due to the presence of Cu and Si nanoparticles, anti
bacterial properties and osteogenic properties were favorable. Osteo
genic gene expression (RUNX2, Col1, ALP and OCN) showed the great 
increase in the level of gene expression in bi-layered scaffolds. Anti
bacterial properties also showed the 40% and 50% of bacteriostatic rate 
over E. Coli and S. aureu after 12 h, respectively. In vivo studies on rats’ 
periodontal problems confirmed the excellent periodontal regeneration 
properties of this scaffold. The significant increase is obvious in defect 
treatment with bi-layered structure. In addition, new bone volume for
mation and bone mineralization degree confirmed these increases. More 
studies about combination of both natural and synthetic polymers in the 
scaffold structures are described in Table 4. 

10. Conclusion and future perspective 

Periodontium is the main tissue that surrounds and supports tooth 
structure both in the maxilla and mandible. tooth loss, losing oral cavity 

function, and aesthetic problems are the results of periodontal tissue 
disorders.117 Previously researchers used only GTR and GBR methods to 
enhance regeneration but they face some problems, herein, finding the 
proper tissue engineering approach by using suitable biomaterials, stem 
cells, bioactive molecules, and novel scaffold design is very necessary for 
this area. Although many advances have been reported for this complex 
structure regeneration, they are still some doubts and challenges to 
receive the ultimate and ideal regeneration purpose. The first challenge 
is related to biomaterials, in most of the articles traditional biomaterials 
include HA, β-TCP, CP, PGA, PLLA, PCL, and PLGA were used. Although 
these biomaterials could mimic the tissue composition and have been 
approved in researches, but, the degradation rate for natural materials 
and biocompatibility for synthetic material is critical and also, for 
forming functional and native architecture tissue such as various kinds 
of PDL fiber, different cementum structures such as cellular and acellular 
cementum, and vascular networks they were not suitable enough, to 
solve this challenge, recent articles try to modify different natural and 
synthetic biomaterials with novel nanomaterials. The second challenge 
is about the formation of sharp and fine fibers including functional and 
correct positioned PDL, cementum, and alveolar bone is difficult to 
achieve in this field. The lack of these fibers results in a weak connection 
between cementum-PDL-alveolar bones and teeth or occlusal function 
support will not be provided. Therefore, newly designed materials and 
strategies such as nanomaterials and nanotechnology are needed for 
creating periodontal tissue architecture. The third challenge is related to 
the biological nature of periodontal tissue which makes it difficult for 
scientists to achieve a solid structure with the separated alveolar bone, 
PDL, and cementum simultaneously. In spite of much progress in the 
multidrug-delivery system, researchers face a lot of obstacles due to the 
lack of comprehensive basic biology about periodontium restoration, for 
example; they cannot completely identify certain factors that affect this 
complex tissue regeneration; therefore, the bioactive molecules cannot 
obtain the expected regenerative purpose. Concentrations of bioactive 
molecules are another gap because overuse or not enough drugs/growth 
factors could change the results and scientists should try to achieve 
proper concentrations of these molecules. In addition, the critical 
disadvantage associated with the local delivery of growth factors is their 
short biological half-life in vivo as well as high cost.118 Even most 
importantly, the application of a high dosage of bioactive molecules is 
needed to enhance tissue regeneration, which could cause uncertain 
reactions and side effects; therefore, a novel strategy for local releasing 
of growth factors is the use of gene therapy that upregulates the 
expression of a related gene such as BMP-2, RunX2, COL1A1 for peri
odontal regeneration instead of a high number of bioactive molecules. 
Also, regenerating horizontal alveolar bone such as the natural tissue is 
another problem related to biological issues. Another challenge is 
related to the mechanical strength of the scaffold that mimics perio
dontium. Because periodontium is the tooth-supporting tissue, the me
chanical performance of regenerated methods is critical. In periodontal 
tissue regeneration, mechanical cues were rarely considered. Therefore, 
cooperation of mechanical cues to biomaterial scaffold and assessment 
of the regenerative results will affect the future science of periodontal 
regeneration. The final challenge considers the fabrication scaffolds 
methods, the fabrication method is also effective on the different 
properties of layered scaffolds. Traditional methods like solvent casting, 
freeze-drying, electrospinning, and gas-forming have been used in most 
studies. Suitable cost, high porosity, and interconnected pores are ad
vantageous of these methods. But the complex structure of periodontal 
tissue and also need for personalized scaffolds are shown the require
ment for new fabrication methods. Printing fabrication methods are new 
great processes for various biomedical applications and especially for 
layered scaffolds and can provide great adhesion between layers, and 
produce complex and personalized structures. The main challenge in 
this new method field is producing the appropriate ink with suitable 
printing properties and in the next step suitable mechanical and cellular 
features for periodontal regeneration. 
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Table 4 
Different studies based on combining natural and synthetic polymers for layered scaffolds to improve periodontal regeneration.  

Biomaterials Target 
periodontal 
tissue 

Bilayered/Trilayered/ 
method of fabrication 

Significant characteristic of Biomaterial in 
the multiphasic scaffold 

Significant results Ref 

Upper layer: PCL/gelatin 
Lower layer PCL/gelatin/ 
nano-HA 
Heparin in both layer 

Soft tissue 
(gingiva, 
PDL) 
Hard tissue 
(alveolar bone, 
cementum) 

Bilayered 
electrospinning 

HA: osteoblast proliferation and 
osteointegration/make filaments thinner, 
increase surface area/effect on 
conductivity of solution also decrease 
tensile forces the filament dimeter 
Heparin: Improve biological properties/ 
increase the hydrophilicity also prepare 
suitable cell growth culture 

significant cell proliferation and 
differentiation and increase cell adhesion 

107 

layer of electrospun silk 
fibroin/PCL-PEG-PCL 
incorporating nano 
calcium phosphate (SPCA) 
layer of PCL membrane 

Alveolar bone Bilayered 
Electrospinning 
Flame Spray Pyrolysis 
for incorporate 
phosphate 
Solvent casting 

Calcium phosphate: osteoconductive/ 
enhance mechanical strength/improve 
water uptake capacity 

After 10 days nucleation and growth of 
apatite around fibers were apparent 

108 

PCL/PLGA Alveolar bone Bilayered 
carbon dioxide solvent 
free forming 

PCL: lower viscosity and gain highly 
interconnected pores rather than PLGA 

the PCL layer suited for the proliferation of 
osteoblasts and the PLGA layer inhibited the 
ingrowth of fibroblasts. 

109 

Upper layer: PLGA 
Lower layer: hydronic acid- 
acid dihyrazide (HA-ADH) 

Alveolar bone Bilayered 
Chemical modification 

Chemical modification: increase the HA 
stability 

In-vivo evaluation in rats showed new bone 
formation 

110 

Inner layer: fish collagen/ 
outer layer: polyvinyl 
alcohol (Col/PVA) 

Hard and soft 
tissue 

Bilayered 
freezing/thawing for 
PVA 
Collagen coat into pre- 
set PVA without 
chemical crosslinker 

Fish collagen: stimulate human vascular 
endothelial cell proliferation, showed 
higher fibroblast viability than other 
natural biomaterials 
PVA: improve mechanical properties, 
physical barrier, prevent fast adhesion of 
epithelium 

Col/PVA dual layered was suitable membrane 
for GTR. The Col/PVA bilayered membrane 
had an obvious contact boundary line 
between layers. 
Layers also have hydrophilic property. 
This membrane could induce osteogenic 
effect on BMSC 

111 

Gelatin/PCL fiber PDL 
Alveolar bone 

Bilayered 
electrospinning 

Aligned (fiber) PCL: facilitated to form and 
maturation collagen at periodontal defects 
than amorphous PCL 

This scaffold could provide good attachment 
and tissue-mimicking microenvironments for 
“seeding cells”, that is, human periodontal 
ligament mesenchyme cells (PDLSCs) and 
may become potential for periodontal 
regenerative medicine. 

112 

magnesium (Mg)and 
hydroxyapatite (HA) and 
bromelain/PVA/collagen/ 
sericin 

Soft and hard 
tissue 

Bilayered 
electrospinning 

Mg/HA/bromelain: enhanced the 
mechanical, Physico-chemical, thermal, 
and biological features of the scaffold and. 
Also mimicking the complex structure of 
extracellular matrix/bromelain has an 
antibacterial effect 

fabricated scaffold has provided a good 
support in early healing of damaged 
periodontium with multiple tissue type by 
promoting cellular attachment, growth, and 
migration both in vitro and vivo studies 

82 

Upper layer: chitosan, 
Pluronic F127, and 
crosslinking agent 
Hydroxypropyl Methyl 
Cellulose (HPMC) 
Middle layer: chitosan/ 
HPMC/Bioactive glass25% 
(BG) 
Lower layer: chitosan/BG 
50%/HPMC 

Alveolar bone trilayered 
lyophilization 

Upper layer: prevented the invasion of 
cells/not cell adhesion due to the not BG 
Lower layer: formed the porous structure/ 
form alveolar bone/cell proliferation 

It is concluded that the trilayered membrane 
with bioactive glass gradient (0–50 wt%) 
could be applied asGTR/GBR membranes for 
the treatment of periodontitis. 

113 

Chitosan/PCL/gelatin Periodontal 
tissue 

Multilayered 
electrospinning 

Gelatin: biological properties 
PCL: mechanical strength 
Gelatin/PCL: hydrophilicity and suitable 
degradation rate 
Chitosan: improve the hemostasis 
properties/antibacterial/cell proliferation, 
differentiation 

multifunctional composite scaffolds showed 
optimized structure, enhanced regenerative 
capabilities, accelerating blood clotting and 
serve as a basis for approaches to improve 
GTR designs for periodontal regeneration. 

114 

Chitosan/PLGA/nano -bio 
active glass (n BG)/ 
rhCEMP1/rhFGF2/PRP/ 

Alveolar bone 
(chitin + PLGA +
n-BG + PRP) 
Cementum 
(chitin _ PLGA +
n-BG + rhCEMP1 
PDL (chitin +
PLGA + rhFGF2) 

Trilayered 
lyophilization 

chitosan: mimic extracellular matrix 
PLGA: improve mechanical properties/ 
degradation rate 
Nano bioactive glass: regenerate hard 
tissue 
Growth factor: obtain successful result 

trilayered scaffold compromise 
nanocomposite hydrogel and growth factors 
can enhance absolute periodontal 
regeneration based on in vivo and in vitro 
studies 

115 

Core layer: PCL/nano- 
hydroxyapatite (n HA) 
Outer layer: PCL/collagen- 
PCL/collagen/BMP7 

Alveolar bone Multilayered 
Core layer: solvent 
casting/particulate 
leaching technique 
Outer layer: 
electrospinning 

n HA: increase bioactivity/mechanical 
integrity of bone tissue 
Collagen: mimic natural extracellular 
matrix 
BMP7: osteoblastic differentiation 

The structure and integrity of this novel 
multilayered scaffold are maintained without 
any separation and disruption. Osteogenic 
differentiation was observed in pre- 
osteoblastic cells 
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Regarding the challenges mentioned above, scientists fabricated 
multi-layered scaffolds that may include specific layers for regeneration 
of PDL, cementum, and alveolar bone. However, with the best of our 
knowledge, no report presented a scaffold for simultaneous regeneration 
of all four sections of periodontium (gingiva, PDL, cementum, and 
alveolar bone). Despite many in-vitro and in-vivo studies on multi- 
layered scaffolds, no human clinical trials have been yet reported in 
this field, which is expected to be conducted in near future. 

In summary, although progress has been made in the field of peri
odontal regeneration, it remains a major challenge in tissue engineering. 
Incorporation of relevant biomaterials, stem cells, and growth factor in 
layered configuration shows promising outcome as an effective 
approach to facilitate the regeneration of the multi-tissue construct of 
periodontium. 
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