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Abstract: The periodontium is a complex hierarchical structure composed of alveolar bone, peri-
odontal ligament, cementum, and gingiva. Periodontitis is an inflammatory disease that damages
and destroys the periodontal tissues supporting the tooth. Periodontal therapies aim to regener-
ate the lost tissues, yet current treatments lack the integration of multiple structural /biochemical
instructive cues to induce a coordinated regeneration, which leads to limited clinical outcomes.
Hierarchical biomaterial scaffolds offer the opportunity to recreate the organization and architecture
of the periodontium with distinct compartments, providing structural biomimicry that facilitates
periodontal regeneration. Various scaffolds have been fabricated and tested preclinically, showing
positive regenerative results. This review provides an overview of the recent research on hierarchical
scaffolds for periodontal tissue engineering (TE). First, the hierarchical structure of the periodontium
is described, covering the limitations of the current treatments used for periodontal regeneration
and presenting alternative therapeutic strategies, including scaffolds and biochemical factors. Recent
research regarding hierarchical scaffolds is highlighted and discussed, in particular, the scaffold
composition, fabrication methods, and results from in vitro/in vivo studies are summarized. Finally,
current challenges associated with the application of hierarchical scaffolds for periodontal TE are
debated and future research directions are proposed.

Keywords: biocompatible and biomimetic materials; periodontal regeneration; periodontium; hierarchical
scaffolds; tissue engineering

1. Introduction

The periodontium is a highly hierarchical and dynamic structure responsible for
tooth support and attachment to the jawbone. It is composed of hard (alveolar bone and
cementum) and soft tissues (periodontal ligament (PDL) and gingiva). These periodontal
tissues surround and stabilize the teeth in their respective alveolar sockets and allow them
to withstand the masticatory forces. Furthermore, the periodontium also serves as a barrier
against several oral pathogens [1].

Periodontal disease is an infection that damages the periodontal tissues and first
manifests as gingivitis [2]. This inflammatory disease is caused by bacteria from dental
plaque accumulation and may be reversed with effective oral hygiene. However, if not
treated, it can lead to periodontitis, which is characterized by alveolar bone resorption,
destruction of collagen fibers from the PDL, and infiltration of soft tissue pockets between
the tooth root and gingiva [3]. The destruction of the periodontal tissues is caused by host-
derived mediators and enzymes produced by inflammatory cells, such as macrophages, in
response to the bacterial infection of the periodontium [4]. The inability of the patient’s
immune system to control the infection allows its further progression. Advanced stages of
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periodontitis are characterized by the destruction of periodontal tissues and loss of tooth
attachment, causing loose teeth, pain and discomfort during mastication, and eventual
tooth loss [5]. Severe periodontitis poses a public health problem, estimated to affect 10% of
the global population and with an increasing global burden over the last three decades [6,7].

Current periodontal treatments commonly used in clinics to regenerate all the tis-
sues damaged due to periodontitis include bone grafts, guided tissue regeneration (GTR)
membranes, and several growth factors [8]. However, these treatments are still exposed to
clinical failures, show limited and unpredictable results, and do not effectively promote the
regeneration of a functional periodontium [9].

Tissue engineering (TE) strategies have been explored for periodontal regeneration
to address the limitations of current treatments and improve the clinical outcomes of
standard therapies. However, TE strategies addressing periodontal regeneration using
homogeneous monophasic scaffolds have shown limited outcomes, targeting only new
bone formation [10]. Recently, research has been carried out regarding the development of
hierarchical biomaterial scaffolds for periodontal regeneration. Considering the complexity
of the periodontium and the need to promote coordinated and organized tissue regenera-
tion, the development of hierarchical scaffolds that emulate the various periodontal tissues
is an attractive strategy for more synchronized tissue regeneration. Hierarchical scaffolds,
fabricated through several techniques such as 3D printing /bioprinting [10], electrospin-
ning [11], and hydrogel synthesis [12], present different designs and compositions, and
have shown promising results in both in vitro and in vivo studies.

This review describes the periodontium’s hierarchical structure, covers the shortcom-
ings of the currently available periodontal treatments, and summarizes alternative strategies
introduced by the developments of periodontal TE. Recent research on hierarchical scaf-
folds for periodontal regeneration is highlighted and discussed. Finally, the limitations and
future perspectives of using hierarchical scaffolds for periodontitis treatment are identified
and debated.

2. Periodontium Hierarchical Structure

The periodontium possesses a complex hierarchical architecture, which comprises
a soft tissue (PDL) interspersed between two distinct hard tissues (alveolar bone and
cementum) [1]. The periodontal structures are illustrated in Figure 1.
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Figure 1. Schematic illustration of the tooth structures.

The alveolar bone arises from the maxilla or mandible and is the part of the bone that
contains the sockets where the teeth are anchored. It is a mineralized, hard tissue composed
of 60% inorganic material, 25% organic material, and 15% water [13]. The alveolar bone
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has an important role in anchoring the roots of teeth by attaching the PDL fibers to the
teeth sockets. It is connected to the root cementum through the PDL fibers, as can be
observed in Figure 1. Additionally, the alveolar bone is responsible for blood vessel supply
to the PDL. Since the teeth are continuously making minor movements, the alveolar bone is
always remodeling to meet the functional demand placed by the forces of mastication. Bone
remodeling hinges on a balance between bone resorption and bone deposition, maintained
by progenitor cells that can differentiate into osteoclasts (bone resorption) and osteoblasts
(bone deposition) [14]. The bone matrix is composed of hydroxyapatite (HAp), collagen,
and non-collagenous proteins, such as osteopontin (OPN), osteocalcin (OC), and bone
sialoprotein (BSP) [15,16].

The cementum is an avascular, connective hard tissue covering the teeth’s roots.
It is located between the tooth root and the PDL, as illustrated in Figure 1. Thus, its
primary function is to attach PDL fibers. Two types of cementum can be identified by
the presence or absence of cells and by the origin of the collagen fibers present in the
matrix. Acellular cementum provides attachment for the tooth, while cellular cementum
has an adaptive role in response to tooth wear and movement and is associated with
the repair of periodontal tissues [1,14]. Cementum composition is similar to bone with
about 65% of its weight composed of inorganic material, 23% organic material, and 12%
water [13]. The main organic component is type I collagen (COL I), constituting up to
90% of the organic matrix [1]. Interestingly, almost all non-collagenous matrix proteins
identified in cementum are also found in bone, including OPN, OC, BSP, and fibronectin [16].
Periodontal regeneration requires the formation of new cementum from precursor cells,
cementoblasts, which can be found in the PDL [14,16].

The PDL is an aligned fibrous connective tissue placed in the periodontal space
between the alveolar bone and the root cementum (Figure 1). It spans approximately
150-400 pm between the two hard tissues [13,17]. The PDL consists of organized and
well-defined collagen fiber bundles, which are mainly composed of collagen type I and
confer structural strength to the PDL [13]. Its width can increase up to 50% more, along
with a significant increase in the thickness of the fiber bundles, when the functional de-
mand rises [1]. The ends of the fiber bundles are inserted into either the cementum or the
alveolar bone, perpendicular to their surface [13], allowing the teeth to withstand changes
in physical forces during mastication, speech, and orthodontic tooth movement [18]. The
PDL is an innervated tissue, which allows proper positioning of the jaw and contributes to
the sensations of touch and pressure on the teeth [13]. This complex specialized tissue com-
prises several heterogeneous cell populations, including osteoblasts, osteoclasts, fibroblasts,
macrophages, cementoblasts, and PDL stromal cells (PDLSCs). It serves as a source for
renewable progenitor cells [14], ensuring tissue homeostasis and regeneration, including
the maintenance and repair of hard tissues [17]. The architecture of the PDL is crucial for
the physiology of the periodontium. Functional modifications of the PDL also implicate
adaptive changes in the bordering cementum and alveolar bone [1]. Hence, the PDL plays
a critical role in several triggering and regulatory mechanisms modulating the regeneration
of all periodontal tissues [9].

The hierarchical organization of the periodontium is attributed to the intercalated
hard mineralized tissues (alveolar bone and cementum) and the soft unmineralized PDL.
Damage to the intricate structure of the periodontium can result in changes to the tooth-
supporting function.

3. Limitations of the Current Therapeutic Strategies for Periodontal Regeneration

Periodontal therapy aims to regenerate the tissues damaged or lost due to periodontitis
or other conditions, such as trauma and osteoporosis [19]. Periodontitis is the main cause
of tooth loss, particularly affecting elderly populations, and in its most severe form is the
eleventh most prevalent condition globally [20]. Periodontal disease is a global health
problem, prevalent in 20-50% of the global population and posing a significant burden
to society and the economy [6,21]. Non-surgical periodontal therapy (e.g., scaling and
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root planing) has been shown to reduce pocket depth and result in the formation of new
tooth attachment, often being sufficient for patients with early or moderate disease [2].
However, only a small amount of periodontal tissue can be regenerated at the treated
sites, and outcomes from non-surgical therapy can vary according to the patient’s age and
sex [22]. Hence, surgical therapy is frequently required to fully eliminate dental plaque
or to restore lost periodontal structures [23]. Pocket reduction surgery involves the use of
various techniques for the resection of soft and hard necrotic tissues [5].

To promote new alveolar bone formation, bone grafts from different sources (au-
togenous, allogeneic, xenogeneic, and alloplastic) have been used for filling debrided
periodontal defects. Autogenous bone grafts are considered the gold standard for bone
graft materials. These grafts are derived from the same individual, due to their high os-
teogenic, osteoconductivity, and osteoinductivity properties. Nevertheless, these grafts
have limited availability and are associated with more significant surgical risks, includ-
ing higher morbidity at the donor site [24]. Allogeneic (e.g., demineralized bone matrix)
and xenogeneic grafts (e.g., deproteinized bovine bone) show osteoconductive and os-
teoinductive properties but may present potential complications such as immunogenic
responses [25,26]. Studies have shown that allografts can cause sensitization of the patient’s
immune system, whereas xenografts have been linked to complications, including foreign
body reactions and maxillary fungus balls [27-30]. Rare cases of disease transmission have
been reported in the use of allogeneic and xenogeneic bone grafts [31,32]. To overcome any
potential immunogenicity, alloplastic bone grafts, which are synthetic products that aim
to recreate the properties of natural bone, appeared as a promising alternative. However,
synthetic grafts still demonstrate a limited biomechanical performance and bioactivity and
support periodontal repair rather than regeneration [9,24]. Moreover, bone grafts alone fail
to prevent the epithelial downgrowth into the defect [33]. In fact, bone grafting procedures
have resulted in the formation of a long junction epithelium rather than a new connective
tissue attachment [34].

Another current therapeutic strategy involves the use of GTR membranes, which
are cell-occlusive barrier membranes that selectively exclude relatively rapid epithelial
and fibroblastic downgrowth while promoting repopulation of defect sites with slower
migrating cells from the PDL, bone, and cementum [35]. Non-resorbable membranes show
superior space maintenance yet require a second surgery to be removed [36]. Resorbable
membranes (e.g., porcine collagen membrane) eliminate the need for a second surgery
but show lower mechanical strength, which can lead to membrane collapse [37]. To ad-
dress the issue of epithelial downgrowth with bone grafts and to prevent GTR membranes
from collapsing into the defect, GTR membranes can be combined with bone substitute
materials (e.g., demineralized /deproteinized freeze-dried bovine bone allograft) [38]. GTR
membranes still have limitations such as the lack of antibacterial properties, membrane ex-
posure, or displacement, which hinder tissue regeneration [33]. Relevant problems arising
from membrane exposure are the occurrence of infection and a decreased barrier function
against gingival epithelial and connective tissue cells, which could impair the healing and
regeneration processes in periodontal defects. Notably, the degree of membrane exposures
and the possible detrimental effects on GTR healing outcomes might depend strongly on
the degradation rate and structural features of the membrane material [39,40]. GTR is
a predictable treatment for narrow intrabony defects and class II mandibular furcation
defects, however, the results for other types of defects, such as class Il furcations and cases
with an extensive width of root exposure, remain limited and unpredictable [36]. However,
the recent progress in the engineering of materials and modulation of the biological proper-
ties of GTR membranes through the addition of additives and biopolymers to tune their
antibacterial, biocompatibility, degradation, and mechanical properties hold high potential
to overcome the abovementioned limitations [41].

Recently, another periodontal treatment strategy that emerged is the use of enamel
matrix derivative (EMD), which consists of a mixture of growth factors/proteins that can be
applied to a periodontal defect after debridement. EMD is derived from unerupted porcine
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tooth buds and is composed of approximately 90% amelogenins, and also other enamel
proteins [42]. Itis an animal-derived product with a gel-like consistency, resulting in limited
space-making potential, hence it has been recommended to be used in combination with
bone grafting materials to prevent flap collapse [9]. Studies have shown the capacity of
EMD to promote new alveolar bone, cementum, and periodontal ligament formation [43],
yet there is significant heterogeneity in the treatment outcomes, as in the case of GTR
membranes [44]. In recent years, innovative alternative biomaterials such as amnion—
chorion resorbable membranes [45] and osteoinductive demineralized freeze-dried bone
allograft (DFDBA) [46] have been more often used in periodontal regeneration clinical
applications with promising results. Nevertheless, variability between batches of these
allograft materials is still a concern and further studies are still necessary to increase the
level of evidence supporting their clinical use.

The current therapeutic strategies are still exposed to poor and unpredictable clinical
outcomes and do not lead to the regeneration of a functional periodontium. Bone grafts
fail to promote new PDL attachment, which is essential to connect the tooth to the newly
formed bone. Without a regenerated PDL, the lack of attachment to the bone will eventually
lead to tooth loss [34,47]. GTR and EMD strategies can be generally considered unpre-
dictable, taking into account the high heterogeneity of the treatment outcomes [9]. Limited
clinical outcomes are linked to the inability to recreate the in vivo structural properties of
the periodontium and to promote a selective repopulation of the periodontal defects by
progenitor cells in a specific spatial and temporal order [47], which is crucial to achieving
complete regeneration of multiple functional tissues [38].

Considering the limitations of the current therapeutic strategies, innovative treatment
alternatives with more predictable regenerative outcomes are necessary. New approaches
should ensure compartmentalization between the periodontal defect and the surrounding
soft tissue, support a spatiotemporal coordinated recruitment of progenitor cells, and
promote the regeneration of a native-like hierarchical and functional periodontium.

4. Periodontal Tissue Engineering

TE makes use of biomaterial scaffolds, cells, and biochemical/physical factors to
facilitate tissue regeneration. These mediators are manipulated and may be combined to
promote the regeneration of damaged or lost tissues. Several TE strategies for periodontal
regeneration have been developed and described in the literature as promising alternatives
to the current treatments.

Scaffolds for periodontal TE have been widely researched and offer alternative defect
fillers to bone grafts [48]. Scaffolds can be fabricated from natural or synthetic materials
and tailored to different shapes and architectures including films, fibers, sheets, gels, and
sponges. Natural polymers commonly used for periodontal TE include collagen, which is
the most abundant extracellular matrix (ECM) protein in the alveolar bone, PDL, and cemen-
tum; gelatin, a hydrolysis product of collagen; and chitosan (CTS), which is derived from
chitin and possesses advantageous antibacterial properties [36]. These natural polymers
are derived from natural sources, for example, chitosan is obtained from the exoskeletons
of crustaceans, and collagen can be of bovine, porcine, or fish origin. These materials often
exhibit similarities to ECM components and have high bioactivity, biocompatibility, and
biodegradability. However, natural polymers might present a high batch-to-batch variabil-
ity and the mechanical strength and stability of natural materials are not as high as those of
synthetic polymers [49]. Synthetic polymers frequently employed as periodontal scaffold
materials are polycaprolactone (PCL), polylactic acid (PLA), and polylactic-co-glycolic
acid (PLGA) [33]. These polyester-based polymers provide controllable and reproducible
structural properties allowing mass production. In addition, synthetic polymers present
appropriate mechanical properties, and their mechanical strength and degradation rate can
be adjusted in order to reach the most favorable outcome. Nevertheless, these materials lack
cell attachment sites and often require chemical alterations to improve their bioactivity [33].
Another class of biomaterials used in periodontal scaffold fabrication is bioceramics, such
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as HAp [50-52] and tricalcium phosphate (TCP) [53,54], which have an advantageous
composition similar to the inorganic phase of bone tissue as well as a high bioactivity.
Nevertheless, the low tensile strength and brittleness of these bioceramics can limit their
use for certain periodontal TE applications [55].

Biochemical cues, for example, growth factors and proteins, can be incorporated
within the scaffold’s structure to promote their controlled delivery in the periodontal defect.
ECM proteins and growth factors have been employed in TE, since they may enhance
cell differentiation and function [32]. To induce osteogenic differentiation and promote
bone formation, TE strategies have included ECM proteins found in bone, such as bone
morphogenetic proteins (BMP-2 [56,57] and BMP-7 [58]). Since these proteins are also found
in the cementum matrix, studies have investigated their effects on cementum regeneration.
Zang et al. developed a CTS hydrogel loaded with BMP-7 and the antibiotic ornidazole
and demonstrated the enhancement of new alveolar bone and cementum formation due
to the presence of BMP-7 [58]. TE strategies specially focused on cementum regeneration
have incorporated cementum protein 1 (CMP1) within scaffolds. Chen and colleagues
produced PCL/COL I electrospun scaffolds with polyethylene glycol (PEG) and calcium
phosphate nanoparticles (NPs) containing recombinant human CMP1 (thCMP1). These
scaffolds resulted in increased expression of CMP1 and cementum attachment protein
(CAP) and decreased expression of OC and OPN by PDLSCs in vitro. Moreover, these
scaffolds promoted the formation of cementum-like tissue, instead of new bone formation
in a rat calvaria defect [59]. During the initial stages of wound healing, soluble factors
are released, such as transforming growth factor-p1 (TGF-f1), platelet-derived growth
factors (PDGF), and fibroblast growth factors (FGF). FGF-2 has been employed in gels
and electrospun scaffolds, resulting in the formation of more regular PDL-like tissues and
denser fibers bound to the alveolar bone in beagle dog models [60,61]. Moreover, rhPDGF-
BB with a resorbable 3-TCP particle carrier is currently FDA-approved for application
in periodontal defects [62]. The delivery of soluble factors faces challenges, such as the
high cost and significant side effects associated with supraphysiologic doses [32]. A more
cost-effective alternative to recombinant growth factors is the use of platelet concentrates,
such as platelet-rich plasma (PRP) and concentrated growth factor (CGF), which contain
the above-mentioned soluble factors TGF-p1 and PDGF [32]. Ammar et al. loaded CTS
hydrogels with freeze-dried platelet concentrate, which exhibited a sustained release of
TGF-B1 and PDGF over 2 weeks as well as a significantly increased PDLSC viability [63].

The regeneration of periodontal tissues involves distinct cell types: osteoblasts, ce-
mentoblasts, PDLSCs, and epithelial cells [64]. One stem-cell-based TE approach is the
application of cell sheets to the periodontal defect [65]. Cell sheets are obtained by har-
vesting confluent cultured cells with an intact ECM, resulting in minimized cell loss and
damage to cell function. However, this technique is costly, requires a longer culture period
and the cell sheets attach weakly to hard tissues [23,65]. These shortcomings may be
addressed with the use of biomaterial scaffolds, which can be combined with a single cell
sheet or multiple layers. Periodontal TE scaffolds can also be loaded with cells, for example
with PDLSCs, which were shown to improve the alveolar bone regeneration capacity of
gelatin methacrylate (GelMA) hydrogels in rat alveolar bone defects [66,67].

The complex hierarchical structure of the periodontium, the heterogeneous cell popu-
lations, and the highly orchestrated interaction between cells, biochemical factors, and ECM
pose challenges in achieving complete periodontal regeneration. The regeneration process
faces several hurdles, such as the clinically challenging surgical environment, the spatiotem-
poral healing coordination, and the competition between soft and hard tissues [47]. TE
approaches have been evolving from simple membranes, grafts, and scaffolds to more
complex constructs. A synchronized and coordinated regeneration of the periodontium
may not be achieved with the use of monophasic structures (e.g., hydrogels or scaffolds)
since these generally only exert control over the formation of a single tissue, which is
usually bone [47]. The complete reestablishment of a functional periodontium requires
the regeneration of alveolar bone, cementum, gingiva, and PDL with functionally oriented
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collagen fibers, through strategies capable of managing soft and hard tissue reconstruction,
as well as their interfaces [68]. To address the lack of an integrated and coordinated regen-
eration of the periodontium’s soft and hard tissues, TE scaffolds can be compartmentalized
to yield multiphasic structures. Different scaffold fabrication techniques (e.g., 3D printing
and bioprinting, electrospinning, and solution casting) can be combined to fabricate more
complex hierarchical scaffolds that recapitulate the native tissue architecture and provide
multiple instructive cues to induce an organized regeneration of the various periodontal
tissues [69]. Through the use of hierarchical multiphasic scaffolds, each phase can be tuned
and specialized to enhance the regeneration of a specific periodontal tissue. For example,
triphasic scaffolds can be designed and fabricated to incorporate distinct phases for alveolar
bone, PDL, and cementum regeneration, as illustrated in Figure 2.

Monophasic Triphasic
Scaffold Scaffold
— Gingiva
| Alveolar
Bone
| Periodontal
Ligament
U f Cementum

Figure 2. Schematic illustrations of the application of a monophasic (left image) and a triphasic
scaffold (right image) in periodontal defects (adapted from [11]).

5. Hierarchical Scaffolds for Periodontal Tissue Engineering

Considering the hierarchical architecture of the periodontium with soft-hard tissue
interfaces, the use of multiphasic hierarchical scaffolds holds great promise for effective
periodontal TE strategies. Hierarchical scaffolds are composed of multiple phases with
differences in terms of composition and structure. The spatial compartmentalization within
the scaffold should allow the formation of alveolar bone, cementum, and PDL within the
respective compartments while facilitating the integration of PDL fibers into both alveolar
bone and cementum interfaces [47]. These scaffolds can integrate layers/compartments
with characteristics similar to the native periodontal tissues, aiming to provide functional
structural biomimicry that facilitates regeneration [47]. Importantly, scaffold design should
consider the spatiotemporal organization of the several cell types present in the periodon-
tium, and support their migration, proliferation, and differentiation.

The number of research studies focusing on the development of novel hierarchical scaf-
folds for periodontal regeneration has been increasing in the past decade. Tables 1 and 2
provide overviews of the research studies on hierarchical scaffolds (Table 1—biphasic;
Table 2—triphasic/multilayered), focusing particularly on their composition and fabrica-
tion methods, and summarizing the main results obtained from each study. The tables
summarize the findings of the literature research carried out as represented in Figure 3.
The following keywords were used in the search: periodontal regeneration, hierarchical,
multilayered, multiphasic, scaffold, construct, and synonyms or alternative words. The
studies were included if the scaffolds were designed for implantation in periodontal defects
and excluded if the scaffolds were used as GTR membranes.
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Table 1. Biphasic scaffolds for alveolar bone and PDL regeneration.

Composition and Fabrication

Main Results

Year, [Ref]

CTS/ calcium sulfate hydrogel prepared via NaOH
neutralization (for alveolar bone regeneration).

In vitro: Osteogenic differentiation of human DFSCs on the
hydrogel showed maximum ALP activity on day seven.

PCL electrospun membrane (for PDL Fibroblastic differentiation of human DFSCs on the membrane 2016, [70]
regenera tiongj confirmed by the expression of PLAP1 and COL I proteins.
Scaffold composed of Silica, CaO, and MgO,
fabricated via a sol-gel technique combined with  In vitro: Human PDLCs cultured on a sol—gel scaffold showed
foam replica method and coated with gelatinand  increased gene expression of COL I and OPG compared to 2021
genipin (for alveolar bone regeneration). cells cultured on well plates and on the Bio-Gide® membrane. (71] !
Cell viability and growth were maintained in both individual
Bio-Gide® collagen membrane (for PDL layers and in the bilayered construct.
regeneration)
In vitro: Mouse mandible-derived osteoblasts cultured with
hydrogel solution showed higher migration to the scratch
nCSi scaffold fabricated via digital light processing  area, increased ALP expression, and calcium deposition.
(for alveolar bone regeneration).
In vivo: Scaffolds were implanted in the dog’s one-wall
GelMA /Si-HPMC barrier membrane produced via  intrabony periodontal defects. Biphasic scaffolds showed 2022, [72]
photo-crosslinked hydrogel injection. significantly more newly formed bone volume and higher
A barrier membrane was placed on top of thenCSi  trabecular number than the nCSi scaffold. Scaffolds were fully
scaffold (for PDL regeneration) biodegraded at 8 weeks. Scaffolds paired WITH a barrier
membrane resulted in a longer distance to the junctional
epithelium and more newly formed PDL.
In vitro: PGH scaffold showed enhanced proliferation of
. . rBMSCs compared to pure PCL scaffolds. HAp NPs resulted
}Dailgiéfteel gti?asgigilgoﬁlt};iiﬁp I(\fT(I:: Sjvce;g;r bone in increased gene expressions of RUNX2, COL I, and BMP-2 in
. p & rBMSCs. Heparin increased 1929 fibroblast viability and
regeneration). proliferation 2021,
' [73]
ngég‘ii:neﬂgzﬁsg;l n membrane with heparin In vivo: Scaffolds were implanted in the rabbit osteochondral
& ' defect model. The biphasic scaffold showed more newly
formed bone compared to the PGH scaffold only.
In vitro: Human PDLCs cultured on IMC scaffold showed
Intrafibrillar mineralized collagen (IMC) scaffold RUNX2 and OPN e pregulatef:l gene expressions and
fabricated via self-assembly (for alveolar bone decreased expression of Elastin. Parallel CGF arrays resulted
regeneration) in increased gene expressions of POSTN and Elastin and
& ' decreased expressions of RUNX2 and OPN.
The CGF/cqllagen mixture was coa'ted on In vivo: Scaffolds were implanted in rat periodontal defect
microstamping models produced via . . . 2022, [74]
. . . and also subcutaneously in rats. The biphasic scaffold showed
photolithography, to obtain parallel-aligned arrays . ~ .. .
(for PDL regeneration) significantly more newly formed bone volume and thickness,
' as well as TGF-31 and Smad3 expressions compared to the
. . monophasic CGF scaffold and a non-hierarchical control
aCrilFtizrz?s}:; :ceéi}:ﬁitciiv(:; ,ih(e) Il;l/{ﬁzséc(;affold, composed of CGF and deproteinized bovine bone mineral.
P yop ’ Subcutaneous implantation demonstrated that BMP-2* and
COLTI* cells were more abundant in the biphasic scaffold.
In vitro: Patterned films promoted PDLC elongation along the
PCL and HAp scaffold fabricated via selective grooves. Nonpatterned films showed randomly oriented cells.
laser sintering and seeded with BMP7 expressing
GC:s (for alveolar bone regeneration). In vivo: Scaffolds were press-fitted with a dentin chip and
then subcutaneously implanted in rats. 2016, [75]

PCL films fabricated through spin coating onto
PDMS micropatterned via soft lithography and
seeded with PDLCs (for PDL regeneration).

Scaffolds with micropatterned films showed increased tissue
alignment, with enhanced oriented collagen fiber thickness,
cell alignment, and nuclear elongation perpendicular to the
dentin segment.
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Table 1. Cont.

Composition and Fabrication

Main Results Year, [Ref]

PCL scaffold with B-TCP fabricated using fused
deposition modeling and seeded with osteoblasts
(for alveolar bone regeneration).

In vitro: The bone compartment promoted the growth of
osteoblasts and was highly filled with cells after 21 days.

In vivo: Scaffolds were assembled on top of a dentin slice and

then subcutaneously implanted in rats. Scaffolds seeded with 2012, [76]
PCL membrane produced via solution osteoblasts showed more intense ALP staining and higher
electrospinning and with 3 PDL cell sheets bone density. Scaffolds combined with cell sheets
superimposed (for PDL regeneration). demonstrated better attachment to the dentin surface and
deposition of cementum-like tissue.
PCL scaffold with p-TCP fabricated using fused In v1tro:‘C‘a1c1um phosphate coating 51g.mf1.cantly increased
o . . . ALP activity and enhanced the mineralization of osteoblasts.
deposition modeling, coated with calcium
Iajllxlz Zﬁ:ﬁ;;ﬁf:iiiiixg? osteoblasts (for In vivo: Scaffolds were assembled on top of a dentin slice and
& ' then subcutaneously implanted in rats. Calcium 2014, [77]
PCL membrane produced via melt electrospinning phosphate-coated scaffolds showed 51gn1f'1cantly more bone
and with 3 PDL cell sheets superimposed (for PDL formation. Blood vessels penetrated the biphasic scaffold.
regeneration) Cell sheets facilitated attachment and oblique orientation of
& ' the tissue to the dentin block.
PCL scaffold produced via melt electrospinning Fn vivo: Scaffolds with PDLC or BMSC cell sheets showed
(for alveolar bone regeneration) increased cementum coverage between weeks 5 and 10 after
’ implantation in sheep periodontal defect. Scaffolds with GC
PCL memibrane is produced via solution cell sheets resulted in inferior periodontal regeneration 2019, [78]
. . . compared to the other groups. All scaffolds promoted new
electrospinning and combined with a cell sheet of cementum and bone formation, and oblique PDL fiber
PDLCs, GCs, or BMSCs (for PDL regeneration). . . ’ q
insertion.
f;%;;igﬂig{gi&ceixa }r:; it (iloiczli?/z\]olijinf(;ne In vitro: Calcium phosphate coating stimulated the synthesis
PRosp of bone matrix by osteoblasts. Scaffolds retained functional 2023, [79]

regeneration) and with a PDL cell sheet
superimposed (for PDL regeneration).

extracellular matrix after decellularization.

The abbreviations in Table 1, in alphabetical order, are as follows: ALP: alkaline phosphatase; BMP: bone
morphogenetic protein; CaO: calcium oxide; CGF: concentrated growth factor; COL I: type I collagen; CTS: chi-
tosan; DFSCs: dental follicle stem cells; GC: gingival cells; GeIMA: gelatin methacrylate; HAp: hydroxyapatite;
IMC: intrafibrillar mineralized collagen; MgO: magnesium oxide; NaOH: sodium hydroxide; nCSi: nonstoi-
chiometric wollastonite; NPs: nanoparticles; OPG: osteoprotegerin; OPN: osteopontin; PCL: polycaprolactone;
PDL: periodontal ligament; PDLCs: periodontal ligament cells; PDMS: polydimethylsiloxane; PLAP1: periodontal
ligament associated protein 1; POSTN: periostin; rBMSCs: rat bone marrow mesenchymal stem/stromal cells;
RUNX2: Runt-related transcription factor 2; Si-HPMC: silanized hydroxypropyl methylcellulose; Smad3: Mothers
against decapentaplegic homolog 3; TCP: tricalcium phosphate; TGF-31: transforming growth factor-31.

Table 2. Multilayered and triphasic scaffolds for periodontal regeneration.

Composition and Fabrication Main Results Year, [Ref]

In vitro: Aligned fibers promoted oriented arrangement
and elongation of rBMSCs, increased cell viability, and
periodontal ligament-related gene expression (POSTN
and COL I) compared to non-aligned fibers.

Multilayered CTS scaffold with embedded
PCL/PEG-aligned electrospun fibers for PDL
regeneration.

In vivo: Scaffolds were implanted in rat periodontal 2015, [80]
fenestration defect followed by filling of the alveolar
defect with bone graft Bio-Oss®. Scaffolds with aligned
fibers showed higher expression of POSTN, higher
collagen I/1II ratio, and formation of oriented PDL-like
fibers in the regenerated periodontium.

Electrospinning and stacking of 30 layers of fibrous mats
in CTS solution, followed by genipin crosslinking and
lyophilization.
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Table 2. Cont.

Composition and Fabrication

Main Results

Year, [Ref]

Multilayered gelatin scaffold with embedded
PCL-aligned electrospun fibers for PDL regeneration.

In vitro: PDLSCs elongated along the alignment
direction of the aligned PCL fibers.

In vivo: Scaffolds were implanted in rat periodontal

Electrospinning and stacking of 20 layers of fibrous mats  fenestration defect. Scaffolds with aligned fibers showed 2019, [81]
in gelatin solution, followed by genipin crosslinking higher expression of POSTN and formation of newly
and lyophilization. oriented PDL fibers with angulation similar to
natural PDL.
Tricompartmental PCL scaffold with 50 layers produced In vitro: Bone comp artment promoted the attachment
via melt electrowriting for alveolar bone and PDL and growth of murine pre-osteoblast cells compared to
regeneration: monolithic scaffold consisting of only transition region.
Compartment with 10 layers, 250 um filament spacing, PDL compartment facilitated the alignment of PD.L Cs
and 90° layer-to-layer rotation for alveolar bone and the orientation and formation of collagen-enriched
regeneration fibers (COL I).
egeneration. 2022, [82]
. . . Human calvarial osteoblasts and PDLCs were seeded in
aC;)Crlngpoaoriglir;‘_tt‘(;\l_llgh 28 iif;ﬁi’fgg :Eaf;lsaigloer?iesp ;C;ng, the respective compartments of the tri-compartmental
between b}(;ne and }I]’DL compartments & scaffold, which promoted cellular and calcium
p ’ distributions. The bone compartment showed increased
Compartment with 10 layers, 500 um filament spacin calcium deposition compared to the PDL compartment.
and 51 laver-to-laver ro tgtior{ for PDL regenera tIi)on &  The transition region presented cell penetration and
y y & ' ligamentous insertions.
T1'r1co'mp 'a rtt mfe ntal scaffoldff or .alveolar bone, PDL, and In vitro: Cells seeded in their respective compartment
gingiva nteriace regeneration: showed similar viability and ALP activity compared to
Medium MW CTS scaffold produced via the control polystyrene surfaces.
genipin-induced gelation apd seeded with osteoblasts In vivo: Scaffolds were assembled on top of a dentin
for alveolar bone regeneration. . . . 2018, [83]
Low MW CTS scaffold produced via eenipin-induced slice and then subcutaneously implanted in rats.
clation and seeded wifh GCs for theg i pival interface Scaffolds showed high biocompatibility, tissue ingrowth,
lg\/le dium MW CTS micro-channeled scga ffc%l d produced " and vascularization. Cell-laden scaffolds resulted in the
. . . P formation of a thin layer of mineralized tissue at the
via electrochemical deposition and seeded with PDLCs dentin interface
for PDL regeneration. )
Tricompartmental PCL scaffold with 14 layers fabricated
via melt extrusion for alveolar bone, PDL, and
cementum regeneration:
. . In vitro: Scaffolds sustained the proliferation of
goAmp(ng;lg: V;llctgnieliﬁ;;;ni /hzz%};osrrﬁ\?s(iirnsgr?e osteosarcoma U20S cells. Scaffolds with and without
P AP ? Sr-nHAp content showed increased ALP activity up to
regeneration. 2020, [84]

Compartment with 3 layers, 20% w/w Sr-nHAp, and
reduced strand distance for PDL regeneration.

Compartment with 5 layers and low Sr-doped HAp
content (10% w/w) for cementum regeneration.

day 21 and decreased thereafter. Scaffolds with Sr-nHAp
content showed greater mineralization than
PCL scaffolds.
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Table 2. Cont.

Composition and Fabrication

Main Results

Year, [Ref]

Trilayered scaffold for alveolar bone, PDL, and
cementum regeneration:

Chitin/PLGA hydrogel with nBGC and PRP for alveolar
bone regeneration.

In vitro: Human DFSCs cultured in each hydrogel layer
showed similar protein expression to hydrogels without
additives in induction media. The presence of the
additives CMP1, PRP, and FGF-2 resulted in improved
cementogenic (CMP1, BSP), osteogenic (RUNX2, OC),

and fibrogenic (FSP, PLAP1) differentiation, respectively.

Chitin/PLGA hydrogel with thFGF2 for PDL 2017, [85]
regeneration. In vivo: Scaffolds were implanted in rabbit maxillary
Chitin/PLGA hydrogel with nBGC and thCMP1 for periodontal defects. Defects treated with trilayered
cementum regeneration scaffold containing additives showed complete closure
g ’ and healing, formation of new cementum, fibrous PDL,
The trilayered scaffold was assembled and lyophilized. and alveolar bone with well-defined bony trabeculae.
Tricompartmental scaffold for alveolar bone, PDL, and
cementum regeneration: In vitro: Triphasic scaffold promoted the proliferation of
human PDLCs compared to porous CTS blank scaffolds.
The compartment was composed of 4 layers of PDLCs cultured on the bone compartment showed
PLA/PCL electrospun fibers with BMP-2-loaded significant upregulation of osteogenic genes (RUNX2,
CTS-BSA NPs, stacked in CTS/genipin solution (for ALP, and POSTN). The PDL compartment led to a
alveolar bone regeneration). significant increase in the expression of the Scleraxis
gene and also of POSTN, although less upregulated than
The compartment was produced using CTS/genipin in the bone compartment. When cultured in the
solution with CTGF-loaded CTS-BSA NPs, poured on cementum compartment, PDLCs showed upregulation
top of the bone compartment followed by crosslinking  of CAP and CMP1 genes. 2023, [86]

of both compartments (for PDL regeneration).

The compartment was composed of 2 layers of
PLA/PCL electrospun fibers with thCMP1-loaded
CTS-BSA NPs, stacked in CTS/genipin solution,
followed by crosslinking and superimposition on the
PDL compartment (for cementum regeneration).

Triphasic scaffolds were then crosslinked and

In vivo: Scaffolds were implanted in rat periodontal
defect. Triphasic scaffold with growth factors showed
significantly higher newly formed bone volume and
angulation of newly formed PDL fibers similar to
natural PDL, in comparison to triphasic scaffold without
growth factors and monophasic CTS blank scaffold.
Deposition of cementum-like tissue around the root
surface was observed.

lyophilized.

The abbreviations in Table 2, in alphabetical order, are as follows: ALP: alkaline phosphatase; BMP: bone mor-
phogenetic protein; BSA: bovine serum albumin; BSP: bone sialoprotein; CAP: cementum attachment protein;
CMP1: cementum protein 1; COL I: type I collagen; CTGF: connective tissue growth factor; CTS: chitosan;
DFSCs: dental follicle stem cells; FGEF: fibroblast growth factor; FSP: fibroblast surface protein; GCs: gingival
cells; HAp: hydroxyapatite; MW: molecular weight; nBGC: nano-bioactive glass ceramic; NPs: nanoparti-
cles; OC: osteocalcin; PCL: polycaprolactone; PDL: periodontal ligament; PDLCs: periodontal ligament cells;
PDLSCs: periodontal ligament stromal cells; PEG: polyethylene glycol; PLA: polylactic acid; PLAP1: periodontal
ligament associated protein 1; PLGA: polylactic-co-glycolic acid; POSTN: periostin; PRP: platelet-rich plasma;
rBMSCs: rat bone marrow mesenchymal stem/stromal cells; thCMP1: recombinant human cementum protein 1;
RUNX2: runt-related transcription factor 2; Sr: strontium.

The majority of the biphasic scaffolds reported in the literature are designed for con-
current regeneration of alveolar bone and PDL (Table 1). Many of the proposed strategies
focus on the development of a scaffold for alveolar bone regeneration and a membrane
for PDL regeneration. Sundaram et al. produced a CTS hydrogel with calcium sulfate for
bone regeneration, which was combined with a PCL multiscale electrospun membrane [70].
Instead of only using the synthetic polymer PCL for PDL regeneration, Liu and colleagues
fabricated a heparin-conjugated PCL/gelatin blend membrane, which was placed on top
of a PCL/gelatin 3D printed scaffold with HAp NPs [73]. The inclusion of HAp NPs
in the scaffold resulted in statistically significant increases in COL I, BMP-2, and Runt-
related transcription factor 2 (RUNX2) gene expression by rat bone marrow mesenchymal
stem/stromal cells (rBMSCs). PCL/gelatin blend 3D printed scaffolds without HAp NPs
also showed increased COL I and BMP-2 gene expression compared to pure PCL scaffolds.
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In vivo studies demonstrated that defects treated with the biphasic construct presented
higher new bone formation in comparison to defects treated only with PCL/gelatin 3D
printed scaffolds [73].

Identification ‘ Screening ‘ ‘ Eligibility/Included

Scopus Search: January 2024

‘» Papers eligible and presented
in Tables 1 and 2: N=17

»‘ Papers screened: N=81

Keywords: ‘

* Periodontal/Periodontium
Excluded: N=64

Bilayered/Biphasic: N=10
* Regeneration Multilayered: N=2
* Hierarchical/Multilayer/ ‘

Multiphasic

Trilayered/Triphasic: N=5

Exclusion Criteria:

* Bil d/Biphasi
ilayered/Biphasis * Unavailable or in foreign

* Trilayered/Triphasic
¢ Scaffold/Construct

language

* Review articles

* GTR membranes

* Multiple cell sheets

Figure 3. PRISMA flow diagram for the studies retrieved from the literature search and selection criteria.

Animal studies with biphasic scaffolds in dog and rat periodontal defect models
demonstrated enhanced bone regeneration when compared to monophasic scaffolds [72,74].
In a study by Wei and colleagues, customized ceramic scaffolds were designed according
to the periodontal defects, and a hydrogel barrier membrane was crosslinked on top of
the scaffold using a specialized mold, which allowed for tight integration between the
two phases of the construct [72]. This personalized strategy increased the formation of new
alveolar bone and PDL, demonstrating the importance of the barrier membrane, yet lacked
compartmentalization for concurrent PDL regeneration.

A large number of studies produced PCL scaffolds for periodontal regeneration
(Tables 1 and 2). PCL is a biocompatible synthetic material with FDA approval that
has been extensively used in biomedical applications. PCL can be easily processed and
presents a slow degradation rate (2-3 years) and mechanical properties suitable for TE
strategies [87]. Some studies developed PCL biphasic scaffolds, which were seeded with
cells and/or combined with cell sheets [75-79]. For in vivo testing, biphasic scaffolds were
assembled on top of a dentin slice and then subcutaneously implanted in rats [75-77]. In-
terestingly, scaffolds with cell sheets showed better attachment to the dentin slice with the
oblique orientation of the PDL tissue and deposition of new cementum [76-78]. Vaquette
and colleagues developed a biphasic scaffold with a bone compartment consisting of a
fused deposition modeling (FDM)-based 3D PCL scaffold seeded with osteoblasts and a
PDL compartment composed of an electrospun PCL scaffold with PDL cell sheets superim-
posed (Figure 4A). After press-fitting the biphasic scaffold with a dentin slide, the sutured
assembly was subcutaneously implanted in rats. Scaffolds seeded with osteoblasts showed
higher bone density and the superimposition of cell sheets resulted in better attachment of
the scaffolds to the dentin surface [76].

The oblique orientation of newly formed PDL fibers is essential to achieve the re-
generation of a functional and organized PDL. Two studies focused on the development
of multilayered scaffolds solely designed for PDL regeneration. These scaffolds were
implanted in rat periodontal fenestration defects and resulted in the formation of more
mature collagen fibers and newly oriented PDL fibers with angulation similar to natu-
ral PDL [80,81]. Jiang et al. combined multiple layers of aligned PCL/PEG electrospun
nanofibers with a CTS solution and lyophilized the construct to obtain a multilayered
scaffold for PDL regeneration (Figure 4B). The multilayered scaffold was placed on the
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tooth root surface and the periodontal defect was filled with the xenograft Bio-Oss® to
immobilize the construct [80].

Bone Fused Deposition /
Compartment Modelling PCL scaffold
<+——— Electrospun PCL scaffold
PDL
Compartment <«+—— PDL cell sheets
Dentin block Suturing
® T
- !
e /. Bio-Oss®
Aligned 7. _ xenograft
nanofibers | Compartment) | Awveolar bone Bone Compartment |
embedded o “Nrs-BlE
Iay:;;bf)fgllzyer 3& 0 PDL PDL Compartment
(PDL ’ = _) CTS-NPs-CTGF
Compartment) = % / Cementum Cementum Compartment
0 _ PLA/PCL-NPs-rhCMP1
Porous CTS
“glued" mulfllayers Triphasic scaffold
Vacuum
Freeze-drying

Figure 4. (A) Biphasic scaffold, composed of a 3D FDM PCL scaffold for alveolar bone regeneration
and an electrospun PCL scaffold with PDL cell sheets superimposed for PDL regeneration. The
biphasic scaffold was press-fitted with a dentin slice and the assembly was sutured. Reproduced
from Vaquette et al. [76] with permission (Copyright 2012, Elsevier). (B) Multilayered CTS scaf-
fold with aligned PCL/PEG electrospun fibers embedded for PDL regeneration. The scaffold was
combined with the xenogeneic bone graft Bio-Oss® for alveolar bone regeneration. Reproduced
from [80] with permission (Copyright 2015, Elsevier). (C) The triphasic scaffold consisted of a CTS
scaffold with CTGF for PDL regeneration, PLA /PCL electrospun fibers with BMP-2-loaded NPs for
alveolar bone, and rhCMP1-loaded NPs for cementum regeneration. Reproduced from Hua and
colleagues [86] with permission (Copyright 2023, The Royal Society of Chemistry, RSC.) BMP-2: bone
morphogenetic protein; CTGF: connective tissue growth factor; CTS: chitosan; NPs: nanoparticles;
PCL: polycaprolactone; PDL: periodontal ligament; PEG: polyethylene glycol; PLA: polylactic acid;
rhCMP1: recombinant human CMP1.

The application of triphasic scaffolds for periodontal regeneration was also reported
in the literature (Table 2). The majority of these studies focus on the regeneration of
alveolar bone, PDL, and cementum [84-86], yet one study designed a tricompartmental
scaffold merely for alveolar bone and PDL [82] and another study considered the gingiva
interface instead of the cementum [83]. Sowmya and colleagues fabricated a trilayered
hydrogel scaffold with selected biochemical factors for promoting alveolar bone, PDL,
and cementum regeneration. The use of specific growth factors and recombinant proteins,
namely thFGF2, thCMP1, and PRP, resulted in similar protein expressions as obtained
through fibrogenic, cementogenic, and osteogenic induction media, respectively [85]. Hua
et al. also employed distinct additives in a triphasic scaffold to enhance the regeneration
of periodontal tissues (Figure 4C). The compartments for the hard tissues, alveolar bone,
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and cementum, consisted of electrospun fiber layers with BMP-2-loaded NPs and rhCMP1-
loaded NPs, respectively. In between these compartments, the PDL phase was constituted
of a CTS scaffold with CTGEF. The triphasic scaffold with additives, namely CTGE, rhCMP1,
and BMP-2, showed improved periodontal regeneration in comparison to the control
monophasic CTS blank scaffold [86]. Both strategies included rhCMP1 in their respective
compartments for cementum regeneration and observed deposition of new cementum-like
tissue in vivo, in addition to increased new alveolar bone and fibrous PDL formation [85,86].

The studies included in Tables 1 and 2 show promising results in in vitro and in vivo
settings. It is important to point out that the use of appropriate periodontal defect animal
models for in vivo testing is necessary since the regeneration capacity of the scaffolds
should be evaluated considering the formation of new alveolar bone, cementum, and PDL
with oriented fibers well inserted and anchored in the regenerated hard tissues, rather than
only focusing on alveolar bone formation. For example, the use of the rat calvaria bone
defect model [88] and osteochondral defect model [73] only allow the assessment of bone
formation, whilst press-fitting scaffolds with a dentin chip and implanting subcutaneously
more closely resembles implantation in a periodontal defect, as the scaffold is in contact
with dentin and PDL arrangement and cementum deposition can be detected [75-77,83].
Nevertheless, studies should preferably employ animal periodontal defect models (e.g.,
rat, rabbit, dog), as these provide more evident and reliable results on the periodontal
regeneration capacity of the proposed scaffolds. Although promising results are described
in Tables 1 and 2 from in vitro studies and in vivo animal testing, the translation into
clinical practice remains a difficult challenge.

6. Current Challenges and Future Directions

The development of hierarchical scaffolds, which are functionally graded and mimic
the composition and organization of the tissues, represents progress toward simultaneous
and compartmentalized regeneration of multiple tissues. Preclinical studies with animal
models have demonstrated the regeneration capacity of multiphasic scaffolds, which were
shown to promote the concurrent formation of new alveolar bone, PDL, and cementum.

To facilitate future clinical translation, hierarchical scaffolds should be designed and
fabricated with sufficient mechanical properties to ensure ease of use in a clinical setting,
strong adhesion between the different phases, and customizable morphology to adapt to
periodontal defects with varying shapes and sizes [48]. The mechanical properties of the
scaffolds must consider surgical handling, space maintenance for new tissue formation,
and proper degradation behavior matching the rate of new tissue formation.

Difficulties in controlling the scaffolds” degradation rate can compromise periodontal
regeneration. If the implanted scaffold degrades before tissue maturation, the scaffold may
collapse, hindering tissue growth [65]. Babo and colleagues developed a bilayered system
composed of an injectable calcium phosphate cement with hyaluronic acid microspheres
loaded with platelet lysate for bone regeneration, combined with scaffolds made of platelet
lysate and genipin for PDL and cementum regeneration [89]. The bilayered system was
applied in rat bilateral intrabony defects, however, its stability was compromised by the
faster degradation of the injectable cement due to the incorporation of the hyaluronic acid
microspheres, which allowed the infiltration of gingival tissue in the defect area, hampering
the periodontal regeneration [89].

To adapt to the individual morphology of periodontal defects, scaffolds may need to
be customized, which requires radiographic images of the periodontal defects, to build a 3D
model for computer-aided design (CAD) and manufacturing of personalized scaffolds, for
example using 3D printing [32]. However, currently, conventional 3D printing is incapable
of producing high-resolution structures down to the scale of ECM structures. Improving the
resolution of 3D printing methods would allow the development of biomimetic scaffolds
with customizable shapes, optimized porosity, and highly precise micro/nano-structures
directing desirable cell-ECM interactions [48]. Although detailed micro- and nanostructures
can be fabricated, for example, using lithography [74,75], the size of multiphasic scaffolds
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may not fully recreate the thickness of native periodontal tissues, specifically the PDL,
which spans only 150—400 um between alveolar bone and cementum [65]. Nevertheless,
the development of multiphasic scaffolds with higher complexity is associated with higher
fabrication time and costs, which may limit its widespread adoption and clinical use [32].
The increased complexity of the hierarchical scaffolds might also complicate manufacturing
reproducibility [47]. To address this and allow scalable and reproducible production of com-
plex hierarchical scaffolds with or without cells, multi-technology biofabrication platforms
should be investigated and implemented in the future (e.g., combining complementary
manufacturing technologies such as 3D printing, bioprinting, and electrospinning) [90].

In addition to recreating the composition and architecture of the periodontium, fu-
ture studies on hierarchical scaffolds should also aim to include anti-bacterial and anti-
inflammatory properties, as the bacterial infection should first be controlled, and local
inflammation regulated, to create a stable environment for cell proliferation and differentia-
tion, and ultimately new tissue formation [36].

Another aspect that has been poorly investigated in hierarchical scaffold develop-
ment, is mechanical stimulation. Mechanical cues were reported to play a role in the
re-establishment of functional periodontal tissues [91]. Future research should integrate
mechanical cues in biomaterial design and evaluate the effect of mechanical stimulation on
cell differentiation and tissue formation in multiphasic scaffolds [36]. Furthermore, research
should be conducted to fabricate bioreactors capable of providing multiple physical stimuli
to cell-seeded scaffolds, reproducing the conditions experienced in the native environment,
for example during mastication [92].

Ultimately, hierarchical scaffolds for periodontal TE should be designed to emulate the
composition and architecture of the native periodontium, aiming to achieve positive clinical
outcomes, by using reproducible, adaptable, and cost-effective solutions that consider
the challenging and dynamic environment and structural complexities associated with
periodontal regeneration [47].

7. Concluding Remarks

The periodontium is a hierarchical tissue with high complexity and soft-hard tissue
interfaces. Current periodontitis treatments still show poor and unpredictable clinical
outcomes, failing to restore functional periodontal tissues, which were damaged or lost
due to the disease. Hierarchical scaffolds offer promising opportunities for improving
periodontal regeneration strategies, as these can mimic the complex architecture of the
periodontium. In vitro and in vivo preclinical studies on hierarchical scaffolds have demon-
strated their capacity to simultaneously regenerate alveolar bone, PDL, and cementum. The
development of these scaffolds still requires optimization and refinement to achieve the
challenging translation from in vitro/in vivo studies into clinical practice. Future research
should focus on the fabrication of hierarchical scaffolds that fully mimic the composition
and organization of the natural periodontium, provide anti-bacterial and anti-inflammatory
effects, and also consider the physical stimuli the periodontium is constantly exposed to,
paving the way for promising novel multifunctional treatment strategies with better and
more predictable clinical outcomes.
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Abbreviations

ALP alkaline phosphatase

BMP bone morphogenetic protein

BSA bovine serum albumin

BSP bone sialoprotein

CAD computer-aided design

CaO calcium oxide

CAP cementum attachment protein

CGF concentrated growth factor

CMP1 cementum protein 1

COLI type I collagen

CTGF connective tissue growth factor

CTS chitosan

DFSCs dental follicle stem cells

ECM extracellular matrix

EMD enamel matrix derivative

FDM fused deposition modeling

FGF fibroblast growth factor

FSP fibroblast surface protein

GCs gingival cells

GelMA gelatin methacrylate

GTR guided tissue regeneration

HAp hydroxyapatite

IMC intrafibrillar mineralized collagen

MgO magnesium oxide

MW molecular weight

NaOH sodium hydroxide

nBGC nano-bioactive glass ceramic

nCSi nonstoichiometric wollastonite

NPs nanoparticles

OoC osteocalcin

OPG osteoprotegerin

OPN osteopontin

PCL polycaprolactone

PDGF platelet-derived growth factors

PDL periodontal ligament

PDLCs periodontal ligament cells

PDLSCs  periodontal ligament stromal cells
PDMS polydimethylsiloxane

PEG polyethylene glycol

PLA polylactic acid

PLAP1 periodontal ligament associated protein 1
PLGA polylactic-co-glycolic acid

POSTN periostin

PRP platelet-rich plasma

rBMSCs rat bone marrow mesenchymal stem /stromal cells
rhCMP1  recombinant human cementum protein 1
RUNX2 Runt-related transcription factor 2
Si-HPMC  silanized hydroxypropyl methylcellulose
Smad3 Mothers against decapentaplegic homolog 3

Sr

strontium
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TCP tricalcium phosphate
TE tissue engineering
TGF-p1 transforming growth factor-1

References

1. Nanci, A.; Bosshardt, D.D. Structure of Periodontal Tissues in Health and Disease. Periodontology 2000 2006, 40, 11-28. [CrossRef]
[PubMed]

2. Pihlstrom, B.L.; Michalowicz, B.S.; Johnson, N.W. Periodontal Diseases. Lancet 2005, 366, 1809-1820. [CrossRef] [PubMed]

3.  Preshaw, PM.; Seymour, R.A.; Heasman, P.A. Current Concepts in Periodontal Pathogenesis. Dent. Update 2004, 31, 570-578.
[CrossRef] [PubMed]

4.  Peng, S,; Fu, H; Li, R; Li, H,; Wang, S.; Li, B.; Sun, ]J. A New Direction in Periodontitis Treatment: Biomaterial-Mediated
Macrophage Immunotherapy. J. Nanobiotechnol. 2024, 22, 359. [CrossRef] [PubMed]

5. Kinane, D.F; Stathopoulou, P.G.; Papapanou, P.N. Periodontal Diseases. Nat. Rev. Dis. Primers 2017, 3, 17038. [CrossRef]

6. Botelho, J.; Machado, V,; Leira, Y.; Proenga, L.; Chambrone, L.; Mendes, ].J. Economic Burden of Periodontitis in the United States
and Europe: An Updated Estimation. J. Periodontol. 2022, 93, 373-379. [CrossRef] [PubMed]

7. Chen, M.X.; Zhong, Y.J.; Dong, Q.Q.; Wong, H.M.; Wen, Y.E. Global, Regional, and National Burden of Severe Periodontitis,
1990-2019: An Analysis of the Global Burden of Disease Study 2019. J. Clin. Periodontol. 2021, 48, 1165-1188. [CrossRef] [PubMed]

8. Stavropoulos, A.; Sculean, A. Current Status of Regenerative Periodontal Treatment. Curr. Oral Health Rep. 2017, 4, 34-43.
[CrossRef]

9.  Ivanovski, S. Periodontal Regeneration. Aust. Dent. |. 2009, 54, S118-S128. [CrossRef] [PubMed]

10. Sufaru, I.-G.; Macovei, G.; Stoleriu, S.; Martu, M.-A.; Luchian, I.; Kappenberg-Nitescu, D.-C.; Solomon, S.M. 3D Printed and
Bioprinted Membranes and Scaffolds for the Periodontal Tissue Regeneration: A Narrative Review. Membranes 2022, 12, 902.
[CrossRef]

11.  Santos, M.S; Carvalho, M.S,; Silva, J.C. Recent Advances on Electrospun Nanofibers for Periodontal Regeneration. Nanomaterials
2023, 13, 1307. [CrossRef] [PubMed]

12.  Santos, M.S.; dos Santos, A.B.; Carvalho, M.S. New Insights in Hydrogels for Periodontal Regeneration. J. Funct. Biomater. 2023,
14, 545. [CrossRef]

13.  Fehrenbach, M.].; Popowics, T. Illustrated Dental Embryology, Histology, and Anatomy; Elsevier Health Sciences: Amsterdam, The
Netherlands, 2015.

14. Cho, M.-I; Garant, P.R. Development and General Structure of the Periodontium. Periodontology 2000 2000, 24, 9-27. [CrossRef]

15. Carvalho, M.S.; Cabral, ].M.S.; da Silva, C.L.; Vashishth, D. Bone Matrix Non-Collagenous Proteins in Tissue Engineering:
Creating New Bone by Mimicking the Extracellular Matrix. Polymers 2021, 13, 1095. [CrossRef]

16. Bosshardt, D.D. Are Cementoblasts a Subpopulation of Osteoblasts or a Unique Phenotype? J. Dent. Res. 2005, 84, 390-406.
[CrossRef] [PubMed]

17. deJong, T,; Bakker, A.D.; Everts, V.; Smit, T.H. The Intricate Anatomy of the Periodontal Ligament and Its Development: Lessons
for Periodontal Regeneration. J. Periodontal. Res. 2017, 52, 965-974. [CrossRef] [PubMed]

18.  Andrei, M.; Dinischiotu, A.; Didilescu, A.C.; Ionita, D.; Demetrescu, I. Periodontal Materials and Cell Biology for Guided Tissue
and Bone Regeneration. Ann. Anat. Anat. Anz. 2018, 216, 164-169. [CrossRef]

19. Zhu, L,; Zhou, C.; Chen, S.; Huang, D.; Jiang, Y.; Lan, Y.; Zou, S.; Li, Y. Osteoporosis and Alveolar Bone Health in Periodontitis
Niche: A Predisposing Factors-Centered Review. Cells 2022, 11, 3380. [CrossRef]

20. Nazir, M.; Al-Ansari, A.; Al-Khalifa, K.; Alhareky, M.; Gaffar, B.; Almas, K. Global Prevalence of Periodontal Disease and Lack of
Its Surveillance. Sci. World J. 2020, 2020, 2146160. [CrossRef]

21. Nazir, M.A. Prevalence of Periodontal Disease, Its Association with Systemic Diseases and Prevention. Int. ]. Health Sci. 2017, 11,
72-80.

22.  Angelov, N.; Soldatos, N.; Ioannidou, E.; Carter, T.C.; Shimpi, N.; Applegate, J.; Kookal, K.K.; Parsegian, K. A Retrospective
Analysis of the Role of Age and Sex in Outcomes of Non-Surgical Periodontal Therapy at a Single Academic Dental Center. Sci.
Rep. 2024, 14, 9504. [CrossRef] [PubMed]

23. Xu, X.Y,; Li, X.; Wang, ].; He, X.T.; Sun, H.H.; Chen, EM. Concise Review: Periodontal Tissue Regeneration Using Stem Cells:
Strategies and Translational Considerations. Stem Cells Transl. Med. 2019, 8, 392-403. [CrossRef] [PubMed]

24. Zhao, R,; Yang, R.; Cooper, PR.; Khurshid, Z.; Shavandi, A.; Ratnayake, J. Bone Grafts and Substitutes in Dentistry: A Review of
Current Trends and Developments. Molecules 2021, 26, 3007. [CrossRef] [PubMed]

25. Ciszynski, M.; Dominiak, S.; Dominiak, M.; Gedrange, T.; Hadzik, J. Allogenic Bone Graft in Dentistry: A Review of Current
Trends and Developments. Int. J. Mol. Sci. 2023, 24, 16598. [CrossRef] [PubMed]

26. Bianchi, S.; Bernardi, S.; Mattei, A.; Cristiano, L.; Mancini, L.; Torge, D.; Varvara, G.; Macchiarelli, G.; Marchetti, E. Morphological

and Biological Evaluations of Human Periodontal Ligament Fibroblasts in Contact with Different Bovine Bone Grafts Treated
with Low-Temperature Deproteinisation Protocol. Int. J. Mol. Sci. 2022, 23, 5273. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1600-0757.2005.00141.x
https://www.ncbi.nlm.nih.gov/pubmed/16398683
https://doi.org/10.1016/S0140-6736(05)67728-8
https://www.ncbi.nlm.nih.gov/pubmed/16298220
https://doi.org/10.12968/denu.2004.31.10.570
https://www.ncbi.nlm.nih.gov/pubmed/15656071
https://doi.org/10.1186/s12951-024-02592-4
https://www.ncbi.nlm.nih.gov/pubmed/38907216
https://doi.org/10.1038/nrdp.2017.38
https://doi.org/10.1002/JPER.21-0111
https://www.ncbi.nlm.nih.gov/pubmed/34053082
https://doi.org/10.1111/jcpe.13506
https://www.ncbi.nlm.nih.gov/pubmed/34101223
https://doi.org/10.1007/s40496-017-0122-6
https://doi.org/10.1111/j.1834-7819.2009.01150.x
https://www.ncbi.nlm.nih.gov/pubmed/19737264
https://doi.org/10.3390/membranes12090902
https://doi.org/10.3390/nano13081307
https://www.ncbi.nlm.nih.gov/pubmed/37110894
https://doi.org/10.3390/jfb14110545
https://doi.org/10.1034/j.1600-0757.2000.2240102.x
https://doi.org/10.3390/polym13071095
https://doi.org/10.1177/154405910508400501
https://www.ncbi.nlm.nih.gov/pubmed/15840773
https://doi.org/10.1111/jre.12477
https://www.ncbi.nlm.nih.gov/pubmed/28635007
https://doi.org/10.1016/j.aanat.2017.11.007
https://doi.org/10.3390/cells11213380
https://doi.org/10.1155/2020/2146160
https://doi.org/10.1038/s41598-024-60094-7
https://www.ncbi.nlm.nih.gov/pubmed/38664463
https://doi.org/10.1002/sctm.18-0181
https://www.ncbi.nlm.nih.gov/pubmed/30585445
https://doi.org/10.3390/molecules26103007
https://www.ncbi.nlm.nih.gov/pubmed/34070157
https://doi.org/10.3390/ijms242316598
https://www.ncbi.nlm.nih.gov/pubmed/38068918
https://doi.org/10.3390/ijms23095273
https://www.ncbi.nlm.nih.gov/pubmed/35563664

Int. J. Mol. Sci. 2024, 25, 8562 18 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

Solakoglu, 0O.; Gétz, W.; von Baehr, V,; Heydecke, G.; Pantel, K.; Schwarzenbach, H. Characterization of Immunologically
Detectable T-Cell Sensitization, Immunohistochemical Detection of pro-Inflammatory Cytokines, and Clinical Parameters of
Patients after Allogeneic Intraoral Bone Grafting Procedures: A Prospective Randomized Controlled Clinical Trial in Humans.
BMC Oral Health 2022, 22, 592. [CrossRef]

Moraschini, V.; de Almeida, D.C.E,; Calasans-Maia, M.D.; Kischinhevsky, I.C.C.; Louro, R.S.; Granjeiro, ].M. Immunological
Response of Allogeneic Bone Grafting: A Systematic Review of Prospective Studies. J. Oral Pathol. Med. 2020, 49, 395-403.
[CrossRef] [PubMed]

Bannister, S.R.; Powell, C.A. Foreign Body Reaction to Anorganic Bovine Bone and Autogenous Bone With Platelet-Rich Plasma
in Guided Bone Regeneration. J. Periodontol. 2008, 79, 1116-1120. [CrossRef] [PubMed]

Scolozzi, P.; Perez, A.; Verdeja, R.; Courvoisier, D.S.; Lombardi, T. Association between Maxillary Sinus Fungus Ball and Sinus
Bone Grafting with Deproteinized Bovine Bone Substitutes: A Case-Control Study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
2016, 121, e143-e147. [CrossRef]

Fernandez de Grado, G.; Keller, L.; Idoux-Gillet, Y.; Wagner, Q.; Musset, A.-M.; Benkirane-Jessel, N.; Bornert, F; Offner, D. Bone
Substitutes: A Review of Their Characteristics, Clinical Use, and Perspectives for Large Bone Defects Management. J. Tissue Eng.
2018, 9, 204173141877681. [CrossRef]

Fraser, D.; Caton, J.; Benoit, D.S.W. Periodontal Wound Healing and Regeneration: Insights for Engineering New Therapeutic
Approaches. Front. Dent. Med. 2022, 3, 815810. [CrossRef]

Woo, H.N.; Cho, Y.J.; Tarafder, S.; Lee, C.H. The Recent Advances in Scaffolds for Integrated Periodontal Regeneration. Bioact.
Mater. 2021, 6, 3328-3342. [CrossRef] [PubMed]

Ramseier, C.A.; Rasperini, G.; Batia, S.; Giannobile, W.v. Advanced Reconstructive Technologies for Periodontal Tissue Repair.
Periodontology 2000 2012, 59, 185-202. [CrossRef] [PubMed]

Ren, Y,; Fan, L.; Alkildani, S.; Liu, L.; Emmert, S.; Najman, S.; Rimashevskiy, D.; Schnettler, R.; Jung, O.; Xiong, X.; et al. Barrier
Membranes for Guided Bone Regeneration (GBR): A Focus on Recent Advances in Collagen Membranes. Int. . Mol. Sci. 2022,
23, 14987. [CrossRef]

Liang, Y.; Luan, X.; Liu, X. Recent Advances in Periodontal Regeneration: A Biomaterial Perspective. Bioact. Mater. 2020, 5,
297-308. [CrossRef]

Soldatos, N.K.; Stylianou, P.; Koidou, V.P.; Angelov, N.; Yukna, R.; Romanos, G.E. Limitations and Options Using Resorbable
versus Nonresorbable Membranes for Successful Guided Bone Regeneration. Quintessence Int. 2017, 48, 131-147. [CrossRef]
Park, C.H.; Kim, K.H.; Lee, Y.M,; Seol, Y.J. Advanced Engineering Strategies for Periodontal Complex Regeneration. Materials
2016, 9, 57. [CrossRef]

Christgau, M.; Bader, N.; Schmalz, G.; Hiller, K.-A.; Wenzel, A. Postoperative exposure of bioresorbable GTR membranes: Effect
on healing results. Clin. Oral Investig. 1997, 1, 109-118. [CrossRef] [PubMed]

Gao, Y;; Wang, S.; Shi, B.; Wang, Y.; Chen, Y.; Wang, X.; Lee, E.-S; Jiang, H.-B. Advances in Modification Methods Based on
Biodegradable Membranes in Guided Bone/Tissue Regeneration: A Review. Polymers 2022, 14, 871. [CrossRef]

Hassan, S.U.; Bilal, B.; Nazir, M.S.; Naqvi, S.A.R.; Ali, Z.; Nadeem, S.; Muhammad, N.; Palvasha, B.A.; Mohyuddin, A. Recent
progress in materials development and biological properties of GTR membranes for periodontal regeneration. Chem. Biol. Drug
Des. 2021, 98, 1007-1024. [CrossRef]

Wang, H.H.; Sarmast, N.D.; Shadmebhr, E.; Angelov, N.; Shabahang, S.; Torabinejad, M. Application of Enamel Matrix Derivative
(Emdogain) in Endodontic Therapy: A Comprehensive Literature Review. . Endod. 2018, 44, 1066-1079. [CrossRef]

de Ry, S.P.; Roccuzzo, A.; Lang, N.P.; Sculean, A.; Salvi, G.E. Long-Term Clinical Outcomes of Periodontal Regeneration with
Enamel Matrix Derivative: A Retrospective Cohort Study with a Mean Follow-up of 10 Years. . Periodontol. 2021, 93, 548-559.
[CrossRef]

Esposito, M.; Grusovin, M.; Papanikolaou, N.; Coulthard, P.; Worthington, H. Enamel Matrix Derivative (Emdogain®) for
Periodontal Tissue Regeneration in Intrabony Defects. Aust. Dent. J. 2010, 55, 101-104. [CrossRef]

Gulameabasse, S.; Gindraux, E.; Catros, S.; Fricain, J.; Fenelon, M. Chorion and Amnion/Chorion Membranes in Oral and
Periodontal Surgery: A Systematic Review. J. Biomed. Mater. Res. B Appl. Biomater. 2021, 109, 1216-1229. [CrossRef]

Miron, R.J. Optimized Bone Grafting. Periodontology 2000 2024, 94, 143-160. [CrossRef]

Vaquette, C.; Pilipchuk, S.P; Bartold, P.M.; Hutmacher, D.W.; Giannobile, W.V.; Ivanovski, S. Tissue Engineered Constructs for
Periodontal Regeneration: Current Status and Future Perspectives. Adv. Healthc. Mater. 2018, 7, €1800457. [CrossRef]

Galli, M.; Yao, Y.; Giannobile, W.V.; Wang, H.-L. Current and Future Trends in Periodontal Tissue Engineering and Bone
Regeneration. Plast. Aesthet. Res. 2021, 8, 3. [CrossRef] [PubMed]

Keshvardoostchokami, M.; Majidi, S.S.; Huo, P.; Ramachandran, R.; Chen, M.; Liu, B. Electrospun Nanofibers of Natural and
Synthetic Polymers as Artificial Extracellular Matrix for Tissue Engineering. Nanomaterials 2021, 11, 21. [CrossRef] [PubMed]
Zhao, Y.; Chen, X,; Bai, S.; Li, B; Liu, H.; Wu, G; Liu, S. Fabrication of Gelatin Methacrylate/Nanohydroxyapatite Microgel
Arrays for Periodontal Tissue Regeneration. Int. J. Nanomed. 2016, 11, 4707-4718. [CrossRef]

Tanongpitchayes, K.; Randorn, C.; Lamkhao, S.; Chokethawai, K.; Rujijanagul, G.; Na Lampang, K.; Somrup, L.; Boonyapakorn,
C.; Thongkorn, K. Effectiveness of a Nanohydroxyapatite-Based Hydrogel on Alveolar Bone Regeneration in Post-Extraction
Sockets of Dogs with Naturally Occurring Periodontitis. Vet. Sci. 2022, 9, 7. [CrossRef]


https://doi.org/10.1186/s12903-022-02584-6
https://doi.org/10.1111/jop.12998
https://www.ncbi.nlm.nih.gov/pubmed/31985847
https://doi.org/10.1902/jop.2008.060475
https://www.ncbi.nlm.nih.gov/pubmed/18533792
https://doi.org/10.1016/j.oooo.2016.01.022
https://doi.org/10.1177/2041731418776819
https://doi.org/10.3389/fdmed.2022.815810
https://doi.org/10.1016/j.bioactmat.2021.03.012
https://www.ncbi.nlm.nih.gov/pubmed/33817414
https://doi.org/10.1111/j.1600-0757.2011.00432.x
https://www.ncbi.nlm.nih.gov/pubmed/22507066
https://doi.org/10.3390/ijms232314987
https://doi.org/10.1016/j.bioactmat.2020.02.012
https://doi.org/10.3290/j.qi.a37133
https://doi.org/10.3390/ma9010057
https://doi.org/10.1007/s007840050021
https://www.ncbi.nlm.nih.gov/pubmed/9612150
https://doi.org/10.3390/polym14050871
https://doi.org/10.1111/cbdd.13959
https://doi.org/10.1016/j.joen.2018.02.012
https://doi.org/10.1002/JPER.21-0347
https://doi.org/10.1111/j.1834-7819.2009.01186.x
https://doi.org/10.1002/jbm.b.34783
https://doi.org/10.1111/prd.12517
https://doi.org/10.1002/adhm.201800457
https://doi.org/10.20517/2347-9264.2020.176
https://www.ncbi.nlm.nih.gov/pubmed/35765666
https://doi.org/10.3390/nano11010021
https://www.ncbi.nlm.nih.gov/pubmed/33374248
https://doi.org/10.2147/IJN.S111701
https://doi.org/10.3390/vetsci9010007

Int. J. Mol. Sci. 2024, 25, 8562 19 of 20

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Dieterle, M.P,; Steinberg, T.; Tomakidi, P.; Nohava, J.; Vach, K.; Schulz, S.D.; Hellwig, E.; Proksch, S. Novel In Situ-Cross-Linked
Electrospun Gelatin/Hydroxyapatite Nonwoven Scaffolds Prove Suitable for Periodontal Tissue Engineering. Pharmaceutics 2022,
14, 1286. [CrossRef] [PubMed]

Abdelrasoul, M.; El-Fattah, A.A.; Kotry, G.; Ramadan, O.; Essawy, M.; Kamaldin, J.; Kandil, S. Regeneration of critical-sized grade
II furcation using a novel injectable melatonin-loaded scaffold. Oral Dis. 2023, 29, 3583-3598. [CrossRef] [PubMed]

Xu, M.; Zhang, X.; Meng, S.; Dai, X.; Han, B.; Deng, X. Enhanced Critical Size Defect Repair in Rabbit Mandible by Electrospun
Gelatin/B-TCP Composite Nanofibrous Membranes. J. Nanomater. 2015, 2015, 396916. [CrossRef]

Al-allag, A.A.; Kashan, J.5. A Review: In Vivo Studies of Bioceramics as Bone Substitute Materials. Nano Sel. 2023, 4, 123-144.
[CrossRef]

Tan, ].; Zhang, M.; Hai, Z.; Wu, C,; Lin, J.; Kuang, W.; Tang, H.; Huang, Y.; Chen, X,; Liang, G. Sustained Release of Two Bioactive
Factors from Supramolecular Hydrogel Promotes Periodontal Bone Regeneration. ACS Nano 2019, 13, 5616-5622. [CrossRef]
[PubMed]

Divband, B.; Aghazadeh, M.; Al-qaim, Z.H.; Samiei, M.; Hussein, EH.; Shaabani, A.; Shahi, S.; Sedghi, R. Bioactive Chitosan
Biguanidine-Based Injectable Hydrogels as a Novel BMP-2 and VEGF Carrier for Osteogenesis of Dental Pulp Stem Cells.
Carbohydr. Polym. 2021, 273, 118589. [CrossRef] [PubMed]

Zang, S.; Mu, R.; Chen, F; Wei, X,; Zhu, L; Han, B.; Yu, H.; Bi, B.; Chen, B,; Wang, Q.; et al. Injectable Chitosan/f3-
Glycerophosphate Hydrogels with Sustained Release of BMP-7 and Ornidazole in Periodontal Wound Healing of Class III
Furcation Defects. Mater. Sci. Eng. C 2019, 99, 919-928. [CrossRef] [PubMed]

Chen, X,; Liu, Y;; Miao, L.; Wang, Y; Ren, S.; Yang, X.; Hu, Y.; Sun, W. Controlled Release of Recombinant Human Cementum
Protein 1 from Electrospun Multiphasic Scaffold for Cementum Regeneration. Int. J. Nanomed. 2016, 11, 3145-3158. [CrossRef]
Sato, Y.; Kikuchi, M.; Ohata, N.; Tamura, M.; Kuboki, Y. Enhanced Cementum Formation in Experimentally Induced Cementum
Defects of the Root Surface with the Application of Recombinant Basic Fibroblast Growth Factor in Collagen Gel In Vivo.
J. Periodontol. 2004, 75, 243-248. [CrossRef]

Jiang, L.; Ding, Z.; Xia, S.; Liu, Y;; Lei, S.; Zhong, M.; Chen, X. Poly Lactic-Co-Glycolic Acid Scaffold Loaded with Plasmid DNA
Encoding Fibroblast Growth Factor-2 Promotes Periodontal Ligament Regeneration of Replanted Teeth. ]. Periodontal Res. 2020,
55, 488-495. [CrossRef]

Galarraga-Vinueza, M.E.; Barootchi, S.; Nevins, M.L.; Nevins, M.; Miron, R.J.; Tavelli, L. Twenty-five Years of Recombinant
Human Growth Factors RhPDGF-BB and RhBMP-2 in Oral Hard and Soft Tissue Regeneration. Periodontology 2000 2024, 94,
483-509. [CrossRef] [PubMed]

Ammar, M.M.; Waly, G.H.; Saniour, S.H.; Moussa, T.A. Growth Factor Release and Enhanced Encapsulated Periodontal Stem
Cells Viability by Freeze-Dried Platelet Concentrate Loaded Thermo-Sensitive Hydrogel for Periodontal Regeneration. Saudi
Dent. J. 2018, 30, 355-364. [CrossRef] [PubMed]

Iviglia, G.; Kargozar, S.; Baino, F. Biomaterials, Current Strategies, and Novel Nano-Technological Approaches for Periodontal
Regeneration. J. Funct. Biomater. 2019, 10, 3. [CrossRef] [PubMed]

Zeng, W.Y.; Ning, Y.; Huang, X. Advanced Technologies in Periodontal Tissue Regeneration Based on Stem Cells: Current Status
and Future Perspectives. J. Dent. Sci. 2021, 16, 501-507. [CrossRef] [PubMed]

Pan, J.; Deng, J.; Yu, L.; Wang, Y.; Zhang, W.; Han, X.; Camargo, PH.C.; Wang, J.; Liu, Y. Investigating the Repair of Alveolar Bone
Defects by Gelatin Methacrylate Hydrogels-Encapsulated Human Periodontal Ligament Stem Cells. J. Mater. Sci. Mater. Med.
2019, 31, 3. [CrossRef] [PubMed]

Ma, Y.; Ji, Y.; Zhong, T.; Wan, W.; Yang, Q.; Li, A.; Zhang, X.; Lin, M. Bioprinting-Based PDLSC-ECM Screening for in Vivo
Repair of Alveolar Bone Defect Using Cell-Laden, Injectable and Photocrosslinkable Hydrogels. ACS Biomater. Sci. Eng. 2017, 3,
3534-3545. [CrossRef] [PubMed]

Stavropoulos, A.; Bertl, K.; Spineli, L.M.; Sculean, A.; Cortellini, P.; Tonetti, M. Medium- and Long-Term Clinical Benefits of
Periodontal Regenerative/Reconstructive Procedures in Intrabony Defects: Systematic Review and Network Meta-Analysis of
Randomized Controlled Clinical Studies. J. Clin. Periodontol. 2021, 48, 410—430. [CrossRef] [PubMed]

Liu, J.; Ruan, J.; Weir, M.D.; Ren, K.; Schneider, A.; Wang, P.; Oates, T.W.; Chang, X.; Xu, H-H.K. Periodontal Bone-Ligament-
Cementum Regeneration via Scaffolds and Stem Cells. Cells 2019, 8, 537. [CrossRef] [PubMed]

Sundaram, M.N.; Sowmya, S.; Deepthi, S.; Bumgardener, ].D.; Jayakumar, R. Bilayered Construct for Simultaneous Regeneration
of Alveolar Bone and Periodontal Ligament. J. Biomed. Mater. Res. B Appl. Biomater. 2016, 104, 761-770. [CrossRef]

Khadre, A ; Raif, E.L; Junaid, S.; Goudouri, O.M.; Refaat, W.; Ramadan, A.; Boccaccini, A.R.; El-Gendy, R. A Bilayered Tissue
Engineered in Vitro Model simulating the Tooth Periodontium. Eur. Cells Mater. 2021, 41, 232-245. [CrossRef]

Wei, Y,; Wang, Z.; Han, ].; Jiang, X,; Lei, L.; Yang, X.; Sun, W.; Gou, Z.; Chen, L. Modularized Bioceramic Scaffold /Hydrogel
Membrane Hierarchical Architecture Beneficial for Periodontal Tissue Regeneration in Dogs. Biomater. Res. 2022, 26, 68. [CrossRef]
[PubMed]

Liu, J.; Zou, Q.; Wang, C.; Lin, M,; Li, Y;; Zhang, R.; Li, Y. Electrospinning and 3D Printed Hybrid Bi-Layer Scaffold for Guided
Bone Regeneration. Mater. Des. 2021, 210, 110047. [CrossRef]

Yu, M.; Luo, D.; Qiao, J.; Guo, J.; He, D.; Jin, S.; Tang, L.; Wang, Y.; Shi, X.; Mao, J.; et al. A Hierarchical Bilayer Architecture for
Complex Tissue Regeneration. Bioact. Mater. 2022, 10, 93-106. [CrossRef] [PubMed]


https://doi.org/10.3390/pharmaceutics14061286
https://www.ncbi.nlm.nih.gov/pubmed/35745858
https://doi.org/10.1111/odi.14314
https://www.ncbi.nlm.nih.gov/pubmed/35839150
https://doi.org/10.1155/2015/396916
https://doi.org/10.1002/nano.202200222
https://doi.org/10.1021/acsnano.9b00788
https://www.ncbi.nlm.nih.gov/pubmed/31059238
https://doi.org/10.1016/j.carbpol.2021.118589
https://www.ncbi.nlm.nih.gov/pubmed/34560990
https://doi.org/10.1016/j.msec.2019.02.024
https://www.ncbi.nlm.nih.gov/pubmed/30889766
https://doi.org/10.2147/IJN.S104324
https://doi.org/10.1902/jop.2004.75.2.243
https://doi.org/10.1111/jre.12734
https://doi.org/10.1111/prd.12522
https://www.ncbi.nlm.nih.gov/pubmed/37681552
https://doi.org/10.1016/j.sdentj.2018.06.002
https://www.ncbi.nlm.nih.gov/pubmed/30202174
https://doi.org/10.3390/jfb10010003
https://www.ncbi.nlm.nih.gov/pubmed/30609698
https://doi.org/10.1016/j.jds.2020.07.008
https://www.ncbi.nlm.nih.gov/pubmed/33384839
https://doi.org/10.1007/s10856-019-6333-8
https://www.ncbi.nlm.nih.gov/pubmed/31811403
https://doi.org/10.1021/acsbiomaterials.7b00601
https://www.ncbi.nlm.nih.gov/pubmed/33445388
https://doi.org/10.1111/jcpe.13409
https://www.ncbi.nlm.nih.gov/pubmed/33289191
https://doi.org/10.3390/cells8060537
https://www.ncbi.nlm.nih.gov/pubmed/31167434
https://doi.org/10.1002/jbm.b.33480
https://doi.org/10.22203/eCM.v042a17
https://doi.org/10.1186/s40824-022-00315-0
https://www.ncbi.nlm.nih.gov/pubmed/36461132
https://doi.org/10.1016/j.matdes.2021.110047
https://doi.org/10.1016/j.bioactmat.2021.08.024
https://www.ncbi.nlm.nih.gov/pubmed/34901532

Int. J. Mol. Sci. 2024, 25, 8562 20 of 20

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Pilipchuk, S.P;; Monje, A ; Jiao, Y.; Hao, J.; Kruger, L.; Flanagan, C.L.; Hollister, S.J.; Giannobile, W.V. Integration of 3D Printed and
Micropatterned Polycaprolactone Scaffolds for Guidance of Oriented Collagenous Tissue Formation In Vivo. Adv. Healthc. Mater.
2016, 5, 676—687. [CrossRef] [PubMed]

Vaquette, C.; Fan, W.; Xiao, Y.; Hamlet, S.; Hutmacher, D.W,; Ivanovski, S. A Biphasic Scaffold Design Combined with Cell Sheet
Technology for Simultaneous Regeneration of Alveolar Bone/Periodontal Ligament Complex. Biomaterials 2012, 33, 5560-5573.
[CrossRef]

Costa, PF.; Vaquette, C.; Zhang, Q.; Reis, R.L.; Ivanovski, S.; Hutmacher, D.W. Advanced Tissue Engineering Scaffold Design for
Regeneration of the Complex Hierarchical Periodontal Structure. |. Clin. Periodontol. 2014, 41, 283-294. [CrossRef] [PubMed]
Vaquette, C.; Saifzadeh, S.; Farag, A.; Hutmacher, D.W.; Ivanovski, S. Periodontal Tissue Engineering with a Multiphasic Construct
and Cell Sheets. ]. Dent. Res. 2019, 98, 673-681. [CrossRef] [PubMed]

Farag, A.; Abdal-hay, A.; Han, P; Ivanovski, S. Fabrication of 3D Melt Electrowritting Multiphasic Scaffold with Bioactive and
Osteoconductivite Functionalities for Periodontal Regeneration. Ceram. Int. 2023, 49, 8015-8021. [CrossRef]

Jiang, W,; Li, L.; Zhang, D.; Huang, S.; Jing, Z.; Wu, Y.; Zhao, Z.; Zhao, L.; Zhou, S. Incorporation of Aligned PCL-PEG Nanofibers
into Porous Chitosan Scaffolds Improved the Orientation of Collagen Fibers in Regenerated Periodontium. Acta Biomater. 2015,
25,240-252. [CrossRef]

Yang, M.; Gao, X; Shen, Z.; Shi, X.; Lin, Z. Gelatin-Assisted Conglutination of Aligned Polycaprolactone Nanofilms into a
Multilayered Fibre-Guiding Scaffold for Periodontal Ligament Regeneration. RSC Adv. 2019, 9, 507-518. [CrossRef]

Yao, Y.; Raymond, J.E.; Kauffmann, F.; Maekawa, S.; Sugai, ].V.; Lahann, J.; Giannobile, W.V. Multicompartmental Scaffolds for
Coordinated Periodontal Tissue Engineering. J. Dent. Res. 2022, 101, 1457-1466. [CrossRef] [PubMed]

Varoni, E.M.; Vijayakumar, S.; Canciani, E.; Cochis, A.; Nardo, L.D.; Lodi, G.; Rimondini, L.; Cerruti, M. Chitosan-Based Trilayer
Scaffold for Multitissue Periodontal Regeneration. J. Dent. Res. 2018, 97, 303-311. [CrossRef] [PubMed]

Porta, M.; Tonda-Turo, C.; Pierantozzi, D.; Ciardelli, G.; Mancuso, E. Towards 3D Multi-Layer Scaffolds for Periodontal Tissue
Engineering Applications: Addressing Manufacturing and Architectural Challenges. Polymers 2020, 12, 2233. [CrossRef]
[PubMed]

Sowmya, S.; Mony, U.; Jayachandran, P.; Reshma, S.; Kumar, R.A.; Arzate, H.; Nair, S.V,; Jayakumar, R. Tri-Layered Nanocomposite
Hydrogel Scaffold for the Concurrent Regeneration of Cementum, Periodontal Ligament, and Alveolar Bone. Adv. Healthc. Mater.
2017, 6, 1601251. [CrossRef] [PubMed]

Hua, W,; Xiang, J.; Wu, Y.; Yang, W.; Zhao, L. Growth Factor-Encapsulated Triphasic Scaffolds of Electrospun Polylactic Acid—
Polycaprolactone (PLA-PCL) Nanofibrous Mats Combined with a Directionally Freeze-Dried Chitosan Hydrogel for Periodontal
Tissue Regeneration. Mater. Adv. 2023, 4, 4798-4811. [CrossRef]

Woodruff, M.A.; Hutmacher, D.W. The Return of a Forgotten Polymer—Polycaprolactone in the 21st Century. Prog. Polym. Sci.
2010, 35, 1217-1256. [CrossRef]

Zhang, Y.; Dou, X.; Zhang, L.; Wang, H.; Zhang, T.; Bai, R.; Sun, Q.; Wang, X.; Yu, T.; Wu, D.; et al. Facile Fabrication of
a Biocompatible Composite Gel with Sustained Release of Aspirin for Bone Regeneration. Bioact. Mater. 2022, 11, 130-139.
[CrossRef] [PubMed]

Babo, PS.; Cai, X.; Plachokova, A.S.; Reis, R.L.; Jansen, J.; Gomes, M.E.; Walboomers, X.F. Evaluation of a Platelet Lysate Bilayered
System for Periodontal Regeneration in a Rat Intrabony Three-wall Periodontal Defect. |. Tissue Eng. Regen. Med. 2018, 12,
e1277-e1288. [CrossRef] [PubMed]

Castilho, M.; de Ruijter, M.; Beirne, S.; Villette, C.C.; Ito, K.; Wallace, G.G.; Malda, J. Multitechnology Biofabrication: A New
Approach for the Manufacturing of Functional Tissue Structures? Trends Biotechnol. 2020, 38, 1316-1328. [CrossRef] [PubMed]
Kim, J.-H.; Kang, M.S.; Eltohamy, M.; Kim, T.-H.; Kim, H.-W. Dynamic Mechanical and Nanofibrous Topological Combinatory
Cues Designed for Periodontal Ligament Engineering. PLoS ONE 2016, 11, €0149967. [CrossRef]

Roato, I.; Masante, B.; Putame, G.; Massai, D.; Mussano, F. Challenges of Periodontal Tissue Engineering: Increasing Biomimicry
through 3D Printing and Controlled Dynamic Environment. Nanomaterials 2022, 12, 3878. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/adhm.201500758
https://www.ncbi.nlm.nih.gov/pubmed/26820240
https://doi.org/10.1016/j.biomaterials.2012.04.038
https://doi.org/10.1111/jcpe.12214
https://www.ncbi.nlm.nih.gov/pubmed/24304192
https://doi.org/10.1177/0022034519837967
https://www.ncbi.nlm.nih.gov/pubmed/30971166
https://doi.org/10.1016/j.ceramint.2022.10.319
https://doi.org/10.1016/j.actbio.2015.07.023
https://doi.org/10.1039/C8RA09073D
https://doi.org/10.1177/00220345221099823
https://www.ncbi.nlm.nih.gov/pubmed/35689382
https://doi.org/10.1177/0022034517736255
https://www.ncbi.nlm.nih.gov/pubmed/29045803
https://doi.org/10.3390/polym12102233
https://www.ncbi.nlm.nih.gov/pubmed/32998365
https://doi.org/10.1002/adhm.201601251
https://www.ncbi.nlm.nih.gov/pubmed/28128898
https://doi.org/10.1039/D3MA00465A
https://doi.org/10.1016/j.progpolymsci.2010.04.002
https://doi.org/10.1016/j.bioactmat.2021.09.033
https://www.ncbi.nlm.nih.gov/pubmed/34938918
https://doi.org/10.1002/term.2535
https://www.ncbi.nlm.nih.gov/pubmed/28834387
https://doi.org/10.1016/j.tibtech.2020.04.014
https://www.ncbi.nlm.nih.gov/pubmed/32466965
https://doi.org/10.1371/journal.pone.0149967
https://doi.org/10.3390/nano12213878
https://www.ncbi.nlm.nih.gov/pubmed/36364654

	Introduction 
	Periodontium Hierarchical Structure 
	Limitations of the Current Therapeutic Strategies for Periodontal Regeneration 
	Periodontal Tissue Engineering 
	Hierarchical Scaffolds for Periodontal Tissue Engineering 
	Current Challenges and Future Directions 
	Concluding Remarks 
	References

