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REVIEW ARTICLE OPEN

A narrative overview of utilizing biomaterials to recapitulate
the salient regenerative features of dental-derived mesenchymal
stem cells
Sevda Pouraghaei Sevari1, Sahar Ansari1 and Alireza Moshaverinia 1,2

Tissue engineering approaches have emerged recently to circumvent many limitations associated with current clinical practices.
This elegant approach utilizes a natural/synthetic biomaterial with optimized physiomechanical properties to serve as a vehicle for
delivery of exogenous stem cells and bioactive factors or induce local recruitment of endogenous cells for in situ tissue
regeneration. Inspired by the natural microenvironment, biomaterials could act as a biomimetic three-dimensional (3D) structure to
help the cells establish their natural interactions. Such a strategy should not only employ a biocompatible biomaterial to induce
new tissue formation but also benefit from an easily accessible and abundant source of stem cells with potent tissue regenerative
potential. The human teeth and oral cavity harbor various populations of mesenchymal stem cells (MSCs) with self-renewing and
multilineage differentiation capabilities. In the current review article, we seek to highlight recent progress and future opportunities
in dental MSC-mediated therapeutic strategies for tissue regeneration using two possible approaches, cell transplantation and cell
homing. Altogether, this paper develops a general picture of current innovative strategies to employ dental-derived MSCs
combined with biomaterials and bioactive factors for regenerating the lost or defective tissues and offers information regarding the
available scientific data and possible applications.
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INTRODUCTION
Reconstructing a lost or defective tissue often requires the
challenging tasks of harvesting and grafting, which are associated
with serious complications including pain, morbidity, and risk of
infection. The need for less invasive alternatives has prompted
scientists to focus on harnessing the regenerative potential of the
human body to recreate the necessary architecture and function
of lost or defective tissues.1 This need is particularly serious in
cases of major traumatic defects such as bone loss where the
human body’s self-repair mechanisms fail.2

Tissue engineering has emerged as a major multidisciplinary
field that seeks to marry the benefits of life sciences with
engineering principles to repair, regenerate, or enhance the
function of defective tissues.3 The success of a tissue engineering
approach depends on the appropriate selection of scaffolding
material, stem cell type, and bioactive factors.4 An ideal
biomaterial must be biocompatible, provide gas and nutrient
exchange, protect cells from immune system invasion and
external stresses, and provide suitable crosstalk between the
encapsulated MSCs and the neighboring cells.5

Stem cells are indispensable for tissue development and
regeneration. Their unique properties include self-renewal and
multilineage differentiation capacity. The ability to produce stem
cells in the large quantities required for the creation of macro-
scale cell banks is central to the success of tissue engineering and
personalized medicine.6 Additionally, the cells should be easily

accessible with minimally invasive procedures and capable of
maintaining their phenotype and stemness over time.7 The ethical
concern in the case of embryonic stem cells (ESCs) is another
factor limiting the application of certain types of stem cells.8

Human teeth and the surrounding tissue are unique treasures as
they represent an easily accessible source of stem cells with few or
no ethical issues.9 Biomaterials can serve as a promising platform
for delivery of ex vivo cultured stem cells, or as an artificial niche
facilitating homing of the local cells. In the current review paper,
we seek to investigate how engineering principles combined with
life sciences and biology can help scientists to harness the
regenerative potential of dental stem cells for the regeneration of
defective tissues. It is noteworthy to state that this review article
will provide a general overview, and readers are encouraged to
refer to more specific literature reviews for a more detailed
discussion.

DENTAL TISSUE-DERIVED MSCS
Interest in stem cells within the oral cavity started with the
discovery of adult stem cells and their potential to regenerate
numerous tissue types. Mesenchymal stem cells (MSCs) are
promising adult stem cells with multipotent and self-renewing
potential that are obtainable from various tissues and capable of
regenerating a wide range of impaired tissues.10 The minimal
criteria to identify MSCs include plastic adherence; expression of
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MSC-specific surface markers, such as CD105, CD73, and CD90 but
not CD45, CD34, or CD14 in over 95% of the population; and the
ability to differentiate into multiple lineages such as osteoblasts,
adipocytes, chondroblasts, myocyte, and neurons (Fig. 1).11

Bone marrow mesenchymal stem cells (BMMSCs) are a widely
studied class of MSCs with potent regeneration capacity.12

However, BMMSCs suffer from serious issues such as invasive
isolation procedures required to harvest them, the relatively low
amount of available cells, and rapid cellular senescence and
replicative exhaustion which limit their clinical applications.13 To
circumvent these shortcomings, the fastest-growing biotechnol-
ogy and life science sectors have discovered a class of MSCs
residing in human teeth and dental tissue, often easily accessible,
with immunoregulatory properties and differentiation capacity
comparable to BMMSCs but superior growth potential.14,15 This
discovery can pave the way for creating MSC banks at macro-scale
levels from easily accessible cell sources with less invasive
procedures and fewer ethical concerns.
Multipotent dental MSCs include, but are not limited to, stem

cells obtained from dental pulp (DPSCs), exfoliated deciduous
teeth (SHED), apical papilla (SCAPs), periodontal ligament
(PDLSCs), and gingival tissue (GMSCs) (Fig. 1).15,16 These MSCs
can contribute to the regeneration of dental and nondental
tissues, such as muscle, bone, nerve, cartilage as shown in Fig.
1.17–19 They can be harvested from healthy or inflamed tissues or
even biological waste that clinics would otherwise discard.20

The dental pulp is a valuable source of MSCs obtainable from
exfoliated deciduous teeth (SHED), permanent teeth (DPSCs),
extracted impacted teeth, teeth lost due to severe periodontitis, or
inflamed dental pulp.21 It has been reported that transplantation
of minced autologous pulp can contribute to pulp-dentin
regeneration by locally supplying MSCs outgrown from the
minced tissue.22

The dental pulp and apical papilla are continuous with one
another; however, a question arises here regarding how an

infected immature tooth with necrotic pulp could undergo root
development and complete apexogenesis. This question led to
the discovery of a unique type of infection-resistant stem cells
originating from the apical papilla of immature permanent teeth
(SCAP) with high rates of proliferation and self-renewal but low
immunogenicity.23 Stem cells like these, originating from devel-
oping tissues, are known to possess advantages over those
harvested from fully developed tissues. Originating from the pulp
tissue, the SCAPs, DPSCs, and SHEDs are well-known for their
versatile potential in developing odontoblast-like cells and pulp/
dentin regeneration.24

The periodontium provides structural support to the tooth and
harbors different types of MSCs. Dental follicle stem cells (DFCs)
are one of these types, residing in the ectomesenchymal
connective tissue loosely surrounding the developing tooth germ
and possessing immunomodulatory and multipotent differentia-
tion potential. They can give rise to the formation of cementum,
periodontal ligament, and alveolar bone during tooth develop-
ment.25 Extracted wisdom teeth are a valuable source from which
to easily isolate DFCs for different tissue regeneration
applications.26

The periodontal ligament (PDL) is an important component of
the periodontium with fibers that extend toward the cementum
and alveolar bone to attach the teeth to the surrounding tissue.
This fibrous connective tissue is home to a class of dental MSCs
named periodontal ligament stem cells (PDLSCs) that have
multipotent and self-renewing properties. Although isolation of
PDLSCs from the periodontal tissue can be invasive, an extracted
premolar or wisdom tooth can be a good alternative from which
to isolate them with less invasive procedures.27 It has been
reported that about 27% of the cellular population residing in the
human PDL are STRO-1+ PDLSCs.28

The scarless healing of gingival wounds prompted scientists to
seek a population of stem cells responsible for this unique wound
healing. The endeavor to understand the process led to the

Osteogenic Adipogenic Chondrogenic Myogenic Neurogenic

Multilineage differentiation

SHEDs

SCAPs PDLSCs DPSCs
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MSCs
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CD105+, CD90+, CD73+
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Flow cytometery
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engineering

Fig. 1 Mesenchymal stem cells (MSCs) residing in the oral cavity are harvestable from dental and associated tissues including stem cells from
human exfoliated deciduous teeth (SHEDs), dental pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), and stem cells from the
apical papilla (SCAPs). The minimal criteria to identify them include expression of MSC-specific surface markers, such as CD105, CD73, and
CD90 but not CD45, CD34, or CD14; plastic adherence; and the ability to differentiate into multiple cell lineages including osteoblasts,
adipocytes, chondroblasts, myocyte, and neurons. The harvested dental MSCs could be expanded ex vivo and utilized for regeneration of a
wide range of tissues including bone, skin, cartilage, muscle, and sensory cells
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discovery of a new class of multipotent MSCs with profound
immunoregulatory potential called gingival mesenchymal stem
cells (GMSCs), which reside in the gingival tissue and are easily
obtainable from patients’ gingival tissue with gingivectomy
techniques or from biological waste tissue at dental clinics.29

Interestingly, GMSCs have higher proliferation rates than BMMSCs
and can be isolated from healthy, hyperplastic, or inflamed tissue
with similar morphology and karyotype.30

Dental-derived MSCs could be utilized for the regeneration of
both dental and nondental tissues, as summarized in Table 1. The
following sections will discuss some of the applications of dental
MSCs in tissue engineering.

DENTAL MSCS AND PERIODONTAL TISSUE ENGINEERING
Periodontitis, a chronic inflammatory disease, is one of the most
prevalent chronic infections in humans and leads to the
destruction of the periodontium including alveolar bone, the
periodontal ligament (PDL), and root cementum (Fig. 2).31–33

Different types of dental stem cells including PDLSCs and GMSCs
have been studied as promising candidates for the regeneration
of periodontal tissue and reconstruction of the bone-PDL complex.
These cells can contribute to PDL tissue regeneration by secreting
trophic and immunoregulatory factors to downregulate inflam-
mation while regenerating the defective tissue.34 For instance, it

has been reported that SHED can reduce gum bleeding, promote
attachment of periodontal ligaments, and support periodontal
tissue regeneration by regulating inflammation and infection as
well as inducing M2 macrophage polarization and downregulating
osteoclastogenic activity.35

Cell sheet engineering is a promising approach to delivering a
large number of cells without disturbing cellular interactions. In
one such study, a bilayered cell sheet composed of a layer of
PDLSCs and a layer of osteoblasts was used to reconstruct the
bone-PDL complex.36 Ectopic and orthotopic transplantation
studies confirmed the ability of the engineered three-
dimensional (3D) cell sheet to reconstruct the bone-PDL complex
with functional PDL fiber attachments to the tooth root and
alveolar bone.
Over the past decade, strategies for combatting periodontitis-

induced bone loss have been mainly based on conventional anti-
infectious measures, guided tissue regeneration (GTR), and the
application of growth factors/bioactive molecules, but inconsis-
tent results have underscored the need for more effective
solutions.37 Tissue engineering approaches have emerged
recently to circumvent many limitations associated with current
clinical practices. These approaches utilize a natural or synthetic
biomaterial with optimized physiomechanical properties, com-
bined with stem cells and/or bioactive molecules to maintain the
space for selective in-growth of the PDL and bone tissues while

Table 1. Origin and therapeutic applications of dental MSCs

Type Primary dentition Permanent dentition

SHED DPSC SCAP PDLSC GMSC

Location Exfoliated
deciduous tooth

Permanent
tooth pulp

Apical papilla of immature
permanent tooth

Periodontal ligament Gingival tissue

Tissue
engineering

Bone
Pulp/dentin
Nerve

Bone
Pulp/dentin
Whole tooth
regeneration
Nerve
Cartilage
Muscle

Pulp/dentin
Whole tooth regeneration
Nerve

Periodontal tissue
Whole tooth
regeneration
Nerve
Cartilage

Gingival tissue
Muscle
Nerve
Sensorineural hearing
regeneration

Fig. 2 Clinical and periapical radiographic images of a patient with periodontal disease showing gingival inflammation and alveolar bone
resorption
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preventing or retarding the apical migration of the gingival
epithelium.38,39 For such applications, a biomaterial should be
biocompatible and have no risk of disease transmission, yet also
biodegradable and porous to allow new tissue formation.
Nanofibrous membranes developed by electrospinning can

produce highly porous structures capable of mimicking the
natural extracellular matrix (ECM).40,41 Due to their small pore
sizes, the cell penetration within the nanofibrous membranes is
slow and thus they offer excellent structural and physical
properties for GTR strategies, forming a barrier between two
separate tissues without affecting their independent growth.
Their microarchitecture and biodegradation can be tailored by
adjusting the fabrication parameters to match the recovery
kinetics of the damaged tissue.42,43 Furthermore, their surfaces
can be modified to enhance the interfacial interactions with cells
and surrounding tissues.
Polymeric periodontal membranes are among the promising

alternatives. However, the existing membranes have low
structural integrity, lack suitable mechanical strength, and
bioactivity, and have a fast/uncontrolled degradation rate (in
the case of absorbable membranes) or a second surgical
procedure is necessary to remove the membrane (in the case
of non-absorbable membranes).44 Therefore, there is an unmet
need for a bioactive and biodegradable periodontal membrane
capable of integrating well with the surrounding tissue for bone
regeneration.
Fibrous membranes based on the FDA-approved polymer Poly

(ε-caprolactone) (PCL) have received noticeable attention in this
context due to their high biocompatibility and tunable properties
necessary to support cellular growth and mineral deposition.45,46

In an interesting approach, multiple physicochemical techniques
have been combined to develop a novel micropatterned PCL-
based nanofibrous membrane coated with polydopamine (PDA)
as a biomimetic niche for delivery of PDLSC aggregates for
periodontal tissue regeneration.46 Inspired by the superior ability
of mussels to adhere to wet surfaces, the presence of dopamine-
based structures on the PCL membrane provides favorable
adhesive properties, even in wet conditions in the presence of
blood, saliva, and body fluids. Besides, it can accelerate the
hydroxyapatite mineral deposition for improved bone regenera-
tion.46 Also, PDA coatings appear to be an effective and
inexpensive approach to produce a substrate with prolonged
contact-active antibacterial function for the treatment of
periodontitis-associated bone loss.47,48

DENTAL MSCS AND BONE REGENERATION
Inspired by the natural bone remodeling processes, which require
a well-organized harmony between osteoblasts and osteoclasts
activity, regeneration of bone defects by directed differentiation of
stem cells. The directed differentiation of stem cells could happen
by providing necessary signalings through directly transplanting
them within the defect site to receive the signals from the natural
microenvironment or utilize biomaterials to provide the signals.
These biomaterial-assisted signals could be applied in the form of
an osteogenic scaffold, such as calcium phosphate-based
materials or release of osteogenic growth factors.49,50

Despite the higher affinity of the BMMSCs in differentiating
toward osteoblasts, certain complications associated with their
harvesting methods and low cell yield have prompted scientists to
actively look for alternative sources, which are abundant and
easily accessible in this regard. Since osteoblasts originate from
mesenchymal stem cells, the dental MSCs have gained significant
attention over the past few years as an abundant favorite source
for bone regeneration.51

A comparative study of the bone regenerative potential of
human-derived DPSCs, SHEDs, and BMMSCs has reviled an
equivalent regenerative potential among them; however, SHEDs

could develop a larger osteoid area and the highest percentage of
collagen fiber compared to the other two groups.52 Considering
the less invasive harvesting procedure but equivalent bone
regenerative potential, SHED could be a promising alternative to
BMMSCs specifically for critical size bone defects.
Despite the abundance of studies, a diseased microenviron-

ment such as inflamed tissue is a major obstacle in the clinical
translation of stem cells because it not only devitalizes the
regenerative potential of endogenous MSCs but it also affects the
efficacy of the transplanted cells.53 For instance, the presence of
inflammatory cytokines such as tumor necrosis factor-α (TNF-α)
and interferon-γ (IFN-γ) along with the accumulation of reactive
oxygen species (ROS) in the pathogenic microenvironment are
among the factors that not only threaten the survival of the
transplanted MSCs but also decreases the regenerative potential
of the host tissue and consequently, causing an extended bone
loss.54,55 Accordingly, the future strategies could target regenerat-
ing the pathogenic niche to restore the potential of endogenous
stem cells and increasing the MSCs resistance to the pathogens by
employing biomaterial-mediated therapies. In one such study, it
has been reported that encapsulation of SHEDs within the alginate
hydrogel could hinder the penetration of proinflammatory
cytokines and increase their bone regenerative potential to a
level comparable to BMMSCs by increasing cell survival rate.56

A combination of ex vivo expanded dental MSCs with
osteogenic biomaterial followed by direct transplantation within
the defect site has shown some success.57,58 For maximum
survival, the transplanted cells need to have access to a source of
oxygen and adapt their glucose consumption.59 However, lack of
proper vascularization and impaired gas and nutrient exchange
are among the major drawbacks hindering the successful
translation of biomaterial-mediated bone regeneration
approaches. Proper design of biomaterial with appropriate pore
size and incorporation of angiogenic growth factors within the
scaffolds could help to complement vascular in-growth from the
host tissue into the grafted material and secure adequate gas
and nutrient exchange.60,61

DENTAL MSCS AND WHOLE TOOTH REGENERATION
Dental implants have served as the gold standard intervention for
replacing the lost tooth for many years. Despite the fact that these
implants are successfully serving the purpose in many cases, the
impediments associated with their application such as infection
and implant failure are raising significant concerns.62 Therefore,
scientists are seeking alternative approaches to replace dental
implants with a living replacement tooth by benefiting from the
inherent revitalizing potential of the tooth for bio-root engineer-
ing and whole tooth regeneration.63

In this context, the bioengineering approaches could provide us
with the necessary toolbox to recapitulate the regenerative
potential of the dental MSCs.64 These de novo regenerated teeth
could be developed by seeding the dental MSCs within a
decellularized tooth scaffold or a tooth-shaped material combined
with necessary growth factors.65 For instance, decellularized
porcine tooth buds seeded with porcine dental epithelial cells or
human DPSCs have shown the successful formation of a
bioengineered tooth with organized dentin and enamel-like
tissues in a mini-pig animal model.66

To circumvent the difficulties associated with decellularized
natural tissues, artificially synthesized biomaterials, such as gelatin
methacrylate (GelMA) hydrogel or poly(glycolic acid) (PGA)/poly
(lactic-co-glycolic acid) (PLGA) copolymers, could be employed as
a base for seeding the dental stem cells for regeneration of tooth
buds.67,68 In another attempt, a bio-root periodontal complex
capable of supporting a porcelain crown was developed by mixing
SCAPs and PDLSc with hydroxyapatite/tricalcium phosphate (HA/
TCP) particles in a swine animal model.69
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Besides the incorporation of ex vivo expanded MSCs, cell
homing approaches could be combined with biomaterials to
recruit the host cells for regeneration of anatomically shaped
tooth. In this approach, growth factors such as SDF-1 and BMP-7
can be incorporated within the tooth-shaped scaffolds to call the
adjacent MSCs to action.70

DENTAL MSCS FOR NONDENTAL TISSUE REGENERATION
As has already been mentioned, in addition to their ability to
regenerate the orofacial tissues, dental-derived MSCs are capable
of regenerating nondental tissues when the necessary micro-
environment is given. PDLSCs encapsulated within RGD-coupled
alginate microspheres impregnated with TGF-β1 have shown
cartilage differentiation capability, as confirmed by the expres-
sion of chondrogenic markers, such as Col II and Sox9.71 Due to
their potential to differentiate toward mesodermal lineages such
as chondrocytes, DPSCs are another promising cell source for
cartilage regeneration that can be directly administered to
cartilage defect sites such as the knee with intra-articular
injections in a minimally invasive manner.72,73 Additionally,
superior angiogenic and regenerative potential put DPSCs at
an advantage compared to BMMSCs for tissue regenerative
applications.74

Muscle regeneration is another promising application for dental
tissue-derived MSCs. In this context, DPSCs have shown promising
outcomes.75 However, isolation of DPSCs requires tooth extraction,
which has limited their application. Alternatively, GMSCs can be
used as a potent source with less invasive harvesting procedures.
Alginate hydrogels can be used as a platform to encapsulate
GMSCs and a cocktail of multiple growth factors (e.g., Forskolin, 6-
Bromo-1-methylindirubin-3’-oxime, and basic-FGF) for myogenic
differentiation.76

Originating from the neural crest, dental MSCs have brought
new hopes to neural tissue engineering.77,78 It has been reported
that almost all types of dental MSCs have the capability of
expressing neurotrophic factors including brain‐derived neuro-
trophic factor (BDNF), glial cell‐derived neurotrophic factor
(GDNF), and nerve growth factor (NGF), and can promote the

growth of Schwann cells and neurite outgrowths.79 In particular,
besides the neural differentiation capacity, DPSCs and SHEDs
could be a promising candidate for the treatment of spinal cord
injuries and neurodegenerative diseases such as Alzheimer’s
disease (AD) since they can prevent apoptotic damages to the
injured neural cells, hinder the expression of axon growth
inhibitors, and promote survival of microglia under neurotoxic
conditions by their secretome specifically fractalkine and
RANTES.80,81

As discussed earlier, the microenvironment plays critical roles in
determining the fate of encapsulated MSCs. A properly designed
biomaterial with appropriate mechanical properties and incorpo-
rated with neurogenic growth factors can secure the survival and
neural differentiation of dental MSCs. For instance, an NGF
incorporated 3D scaffold based on alginate and hyaluronic acid
has shown successful neural differentiation of GMSCs and PDLSc
for nerve regeneration, in vitro and in vivo.82

Sensorineural hearing loss (SNHL) is a permanent disability that
shuts off the individual from the hearing world forever. Scientific
progress in this field had been stifled for many years due to
anatomical and technical difficulties. Discovering the potential of
MSCs in treating SNHL has been a light at the end of tunnel.83 In
this context, GMSCs, as an easily accessible source of MSCs, have
shown promising outcomes in developing auditory progenitor
cells when encapsulated within a biomimetic 3D hydrogel and
given the necessary growth factor cocktail.84

BIOMATERIALS AS A PLATFORM FOR DELIVERY OF DENTAL
MSCS
The majority of our understanding of many biological processes is
based on cellular studies conducted on traditional two-
dimensional (2D) substrates. However, 2D systems cannot
replicate the natural 3D cell–cell and cell–ECM interactions. A
wealth of research showing the limitations of 2D systems
highlights the need for novel platforms to mimic the cellular
microenvironment as closely as possible.
Naturally, cells reside in a 3D microenvironment where they can

establish cell–cell and cell–matrix interactions necessary for
normal cellular behavior. However, cell culture plates limit the
cells to a 2D surface where they cannot freely form the necessary
interactions. Additionally, ex-vivo-expanded cells lose a significant
amount of their cellular matrix and cell/matrix interactions upon
detachment from the culture plate, which results in a lower
survival rate and poor engraftment (~1%) after transplantation
in vivo.85 The development of 3D systems has emerged as an
effective method for mimicking the actual microenvironment of
cells more accurately than 2D cell culture systems, meeting the
need for a more naturalistic environment in which cells can thrive.
Immune cell invasion and the stress that cells encounter during

injection and transplantation are other challenges that lower the
survival rate of transplanted cells.86,87 A promising way to protect
the cells against the immune system and environmental stresses is
to encapsulate them within a biomimetic niche-like structure to
enhance their survival and thus the success rate of stem cell
delivery.88,89 Additionally, the 3D culturing of MSCs in the form of
an aggregate or within a niche-mimicking biomaterial can
manipulate the expression of surface markers, promote cell–cell
interactions, enhance sensitivity to the microenvironment, and
increase paracrine secretion.90,91

Scaffold-based systems can be generated by encapsulating
MSCs within a 3D biomaterial in the form of a biodegradable or
nonbiodegradable synthetic polymeric scaffold such as poly
(ethylene glycol) (PEG), poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA), Polymethyl methacrylate (PMMA), Polytetra-
fluoroethylene (PTFE), Polydimethylsiloxane (PDMS); within a
matrix-like hydrogel containing proteins and ECM components
such as alginate, collagen, laminin, fibrin, hyaluronic acid, and

Table 2. Summary of biomaterials used in tissue engineering

Materials Type Components

Synthetic
material

Biodegradable Poly(ethylene glycol) (PEG)173

polylactic acid (PLA)174

poly(lactic-co-glycolic acid)
(PLGA)175

Gelatin methacrylate
(GelMA)89

Nonbiodegradable Polymethyl methacrylate
(PMMA)176

Polytetrafluoroethylene
(PTFE)177

Polydimethylsiloxane
(PDMS)178

Natural
material

Hydrogel Alginate179

Collagen180,181

Laminin182

Fibrin183

Hyaluronic acid109

Chitosan117

Decellularized
biological scaffolds

Decellularized Tooth Bud
Scaffolds66
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chitosan followed by solidification or polymerization; or on a
biological scaffold composed of a natural acellular 3D matrix such
as decellularized tooth buds.66,92–99 Some of the widely studied
biomaterials are summarized in Table 2.
ECM remodeling is crucial for achieving tissue homeostasis and

normal cell behavior; thus, it is important to mimic compositional
as well as architectural characteristics of natural ECM in vitro.100,101

Many different biomaterials and fabrication techniques have been
developed to fabricate scaffolds with appropriate physical and
biological characteristics of specific natural microenvironments to
fulfill the requirements of different cell types in vitro and in vivo.
The features and properties of biomaterials, including their
degradation kinetics, molecular compatibility, and porosity, can
be tuned to enable spatial and temporal control over the
extracellular cues presented to cells.102,103

Hydrogels
A wide range of biomaterials has been studied in the quest to
mimic the natural microenvironment of MSCs as closely as
possible for optimal tissue regeneration. Hydrogels are among
the most deeply investigated biomaterials due to their flexible
physiomechanical properties and excellent biocompatibility
stemming from their similarity to the macromolecular compo-
nents in the body.104,105 Hydrogels can be comprised of
crosslinked polymer chains or complex protein molecules with
a natural or synthetic origin. Natural hydrogels are inherently
biocompatible and bioactive.106,107

Hydrogels’ great potential to mimic the ECM and ability to
provide gas and nutrient exchange allows for various clinical
applications.5,108 They can be engineered to represent the natural
extracellular environment of different tissues. Additionally, hydro-
gels can be combined with stem cells to form an injectable
product that can be administered in a minimally invasive
way.109,110 These unique features have prompted scientists to
actively look for revolutionary strategies and new possibilities for
their use.111

One contemporary strategy would be the application of dental
MSC-laden hydrogels for regenerative endodontic purposes. This
approach aims to utilize biomaterials for the delivery of dental
MSCs to the root canal to reconstruct the pulp-dentin complex
and support root development.112 For instance, fibrin hydrogel
incorporating clindamycin-loaded Poly (D, L) Lactic Acid (PLA)
nanoparticles can serve as an antibacterial and antibiofilm
platform for the regeneration of devitalized dental pulp.113

Alternatively, polyethylene glycol diacrylate (PEGDA)-based bio-
materials can be used as injectable hydrogels in which to deliver
DPSCs into the root canal lumen.114

Chitosan is the second most abundant natural semi-crystalline
polysaccharide, derived from the shells of marine crustaceans,
insects, or fungi. It is widely used in numerous tissue engineering
applications including periodontal tissue regeneration.115,116

Chitosan-based injectable hydrogels can be used as a delivery
platform for the local release of drugs such as antibiotics and
antiseptics to prevent infection and inflammation associated with
periodontitis, to release growth factors such bone morphogenetic
protein-7 (BMP-7) and basic fibroblast growth factor (bFGF) to
stimulate regeneration of lost tissue or to deliver MSCs for
periodontal tissue reconstruction.117–121

Despite the wide range of studies that have been performed to
date, there appears to be a perception that current hydrogels do
not remain at a defect site long enough to complete their tissue
regenerative mission.122,123 They may have extended applications
if they can adhere and remain at the defect site in the presence of
body fluids such as blood and saliva. This feature is especially
significant in cases of oral and craniofacial defects. Polysaccharide-
based hydrogels have been the material of choice for numerous
tissue engineering studies, but in this regard, their weak adhesion
to the biological tissues has limited their application.124

Alginate is a naturally occurring polysaccharide and a block
copolymer composed of (1–4)-linked β-D-mannuronic acid (M
blocks) and α-L-guluronic acid (G blocks) monomers and can be
used as a stem cells or bioactive factors delivery vehicle (Fig. 3a).125

Alginate

a

b

c d

Alginate

Ca2+

Bioactive factors

Stem cells

Microspheres

Thin gel layer

Fig. 3 Schematic image demonstrating the steps to develop a cell-laden alginate hydrogel. a Alginate solution can be mixed with bioactive
factors and the desired source of stem cells before crosslinking. b Alginate structure can be crosslinked with the addition of divalent cations
such as Ca2+. The source of the divalent cation is one of the factors controlling the gelation rate to fabricate different types of alginate
hydrogel including microspheres or thin gel layers. c The SEM image (upper panel) shows the homogeneous microporous structure, and the
live/dead cell viability assay (lower panel) demonstrates higher biocompatibility of the alginate hydrogels. d The developed cell-laden
hydrogel can be easily administered into the defect site
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Alginate hydrogels can be developed by crosslinking the solution
with a divalent cation such as Ca2+, which binds the G blocks and M
blocks together. The source of the Ca2+ determines the rate of
crosslinking reactions.126 For instance, calcium sulfate (CaSO4) slows
the crosslinking reaction due to its lower solubility and provides us
with a longer working time to handle and cast the alginate in the
form of thin layers (Fig. 3b). In contrast, calcium chloride (CaCl2)
results in rapid gelation, therefore, is a good alternative to produce
alginate microspheres by adding the alginate solution into the CaCl2
bath dropwise (Fig. 3b).
Selected sources of MSCs and bioactive factors such as growth

factors can be mixed with the alginate solution before crosslinking
to induce the desired differentiation of the encapsulated MSCs. As
the scanning electron microscopy (SEM) image shows in Fig. 3c
(upper panel), alginate hydrogels can provide a homogenous
porous microstructure. Additionally, the live/dead assay con-
ducted on the alginate hydrogel encapsulating MSCs is shown in
Fig. 3c, lower panel, which confirms its optimal biocompatibility.
The cell-laden alginate hydrogels can be easily applied into the
defect site (Fig. 3d).
One pioneering study has developed a novel mussel-inspired

hydrogel based on alginate with the capability of strongly
adhering to wet and dry surfaces as a GMSC delivery vehicle for
craniofacial bone regeneration.127 This promising material was
developed by modifying a methacrylated alginate hydrogel with
dopamine to produce a visible-light-crosslinkable adhesive
hydrogel with adjustable mechanical properties, which was
further loaded with hydroxyapatite microparticles to induce
osteogenic differentiation of the encapsulated GMSCs. In vitro
studies followed by in vivo studies in rats have confirmed the
efficacy of this approach as a promising platform for craniofacial
tissue regeneration.

Biological scaffolds
The concept of growing complex 3D tissues that perfectly mimic
the design and function of actual human tissue has emerged
recently.128 Advances in cellular and molecular biology have
opened a window of opportunity for tissue engineering
approaches involving decellularized (also called acellular) native
tissue as a substitute for artificial scaffolds. Decellularization of any
given tissue entails the isolation of components of the native ECM
with minimal structural and compositional disruption while
discharging the entirety of the cellular contents. These scaffolds
preserve the natural architecture of the target organ at the micro-
and nano-structural levels and also possess suitable mechanical
and biochemical characteristics for recellularization with selected
stem cells or other cell populations to induce differentiation
towards a target tissue.129

Application of decellularized scaffolds for bioengineering has
mainly focused on cardiovascular tissue, heart valves, liver, kidney,
skin, diabetic foot ulcers, and pancreatic tissue, with little attention
paid to sensory organs or dental tissues.130–134 However, an
innovative milestone has been achieved by Santi et al.,135,136 who
developed a decellularized cochlea (DC) as a superior 3D scaffold
for directing stem cells toward an auditory lineage. They removed
ear tissues from euthanized mice, a rat, and a human and
decellularized them using two different detergent extraction
methods, the strong anionic detergent sodium dodecyl sulfate
(SDS) and the weaker anionic detergent sodium deoxycholate
(SDOC). Scanning thin-sheet laser imaging microscopy and bright-
field microscopy revealed that SDS detergent was more successful
than SDOC detergent in extracting cellular elements. Stem cells
seem to hold promise as the ideal regenerative cells to be grown
and directed toward an auditory phenotype on this decellularized
cochlear tissue.
Similar approaches are garnering increased attention in

regenerative dentistry, specifically for regenerating nonvital dental
pulp. One such study has attempted to decellularize the whole

structure of human dental pulp with a low concentration (0.03%)
of SDS for use as a biological scaffold.137 Their decellularization
protocol resulted in the development of a porous acellular scaffold
preserving the histoarchitecture and composition of the native
tissue including a network of collagen fibers. The decellularized
dental pulp tissues could be used as an alternative to conventional
root canal techniques to induce cellular infiltration for pulp
revitalization.138,139

Ultimately, regenerating complete teeth will be a game-changer
in modern dentistry. It has been reported that decellularized tooth
buds can provide an appropriate platform for differentiation of
dental MSCs to generate a whole tooth with organized dentin and
enamel-like structures.66

BIOMATERIALS AS DE NOVO NICHES FOR HOMING OF
ENDOGENOUS MSCS
Currently, the majority of studies aiming towards craniofacial
tissue regeneration have mostly relied on transplantation of
exogenously manipulated stem cells, which has multiple technical
and safety challenges. Despite best efforts, a large fraction of the
implanted cells is lost within a few hours of implantation due to
various environmental stresses encountered during transplanta-
tion and maintenance in the defect site. Thus, a new paradigm for
the treatment of damaged tissue is to harness the endogenous
healing capability of the local cells residing in the postnatal oral
tissue to avoid the injection of exogenously manipulated
cells.140,141 This paradigm shift could introduce a novel treatment
modality for the regeneration of craniofacial/orofacial bone
defects by harnessing the physiological healing cascade through
recruiting the local MSCs while inducing in situ reprogramming
with a flexible scaffold as an artificial niche with tunable
mechanical and degradation properties. In such an approach,
biomaterials can be used as a platform to stimulate endogenous
stem cells.88

Developing a practical approach for capitalizing on the
regenerative potential of the endogenous cells can overcome
the limitations of currently available regenerative medicine
strategies with a controlled and safe in vivo lineage reprogram-
ming approach. However, engineering an artificial niche requires a
combination of physical and biological characteristics including
tunable mechanical properties, an appropriate degradation
profile, and the expression of necessary bioactive mediators.
The development of artificial niches offers new strategies for

directing in vivo reprogramming by recapitulating salient features
of complex biological systems through exhibiting physical,
topographical, or biochemical cues.142,143 Biomaterials could be
exploited as modular toolboxes to construct simplified de novo
niches that stimulate the body’s repair mechanisms through the
recruitment of endogenous cells by employing bioactive mole-
cules.144,145 The physiochemical properties of the artificial niche
created in such a manner can be finely tuned to directly
reprogram the localized endogenous cells. An ideal biomaterial
for such a purpose would be biocompatible and biodegradable
with no risk of disease transmission while functionally guiding the
necessary biological processes.
In nature, the secretion of paracrine signaling factors such as

growth factors, cytokines, and chemokines within a microenvir-
onmental niche helps to maintain homeostasis and tissue
architecture.146 In addition to their ability to secrete these
factors, dental-derived MSCs are widely known for their profound
immunoregulatory potential.56,147 The recruited MSCs could
actively contribute to the cellular niche and induce a local pro-
regenerative microenvironment not only by continuously sup-
plying growth factors but also by downregulating immune
responses and reducing inflammation in the engineered niche at
the transplant site.
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Chemoattractants are crucial for recruiting endogenous MSCs
for in situ tissue regeneration. Directional migration of the MSCs
toward a target site occurs in response to a gradient of soluble
chemoattractants through a process called chemotaxis (Fig. 4).148

Stem cell factor (SCF) is a potent chemokine known to induce
homing of dental pulp progenitor cells for the regeneration of
dental pulp.149 Furthermore, it supports pulp regeneration by
facilitating local cell homing in the pulpless immature root
canal.150

After an injury, cells local to the injury site strongly express
stromal cell-derived factor-1 (SDF-1).151 However, the endogenous
expression of SDF-1 is short-lasting and might not last long
enough to recruit an adequate number of cells to regenerate
major defects. This phenomenon has prompted scientists to
investigate the functionality of biomaterials incorporating SDF-1
as an artificial niche to recruit local MSCs.152 The combination of
SDF-1 with biomaterials is one of the most widely studied
approaches to recruit different types of endogenous stem cells.
For instance, it can be loaded into polyelectrolyte complex
nanoparticles and encapsulated within gelatin hydroxyphenyl
propionic acid hydrogels to be injected into brain lesions for
recruiting local neural progenitor cells.153 Similarly, SDF-1 can be
released from poly(lactide ethylene oxide fumarate) (PLEOF)
hydrogels for recruitment of BMMSCs.154 Similar homing activity
has been witnessed by the adipose derived stem cells (ADSCs) in
response to the release of SDF-1 from an injectable thermo-
responsive hydrogel based on chitosan/β-glycerophosphate dis-
odium salt pentahydrate (βGP).155

There is enough evidence to accept that adult stem cells are
similar in many ways including homing, although some
differences might exist among species, and dental-derived MSCs
are no exceptions. Despite their outstanding regenerative
potential, the fact that tooth extraction and pulp extirpation are
needed to harvest DPSCs has limited their clinical translation.156

In situ cell homing has emerged in regenerative endodontics
research as a new method by which to revitalize necrotic pulp
without transplanting exogenous DPSCs.157 Similar to its effect on
many other types of MSCs, SDF-1 is known to induce migration of
DPSCs by optimizing focal adhesion formation accompanied by
autophagy.158 SDF-1 incorporated into a silk fibroin scaffold has
been shown to promote pulp regeneration by inducing DPSC
homing in a pulpectomized mature canine preclinical model.158

SDF-1 can also induce recruitment and transmigration of SCAP
from the apex to the root canal space for regeneration of pulp-
dentin structure.159

Besides pulp regeneration, the idea of cell homing can be
applied to the regeneration of the whole tooth. In one such study,

a 3D-printed incisor scaffold was created from poly-ε-caprolactone
and hydroxyapatite with interconnecting microchannels loaded
with SDF-1 and BMP-7.160 After 9 weeks of orthotopic transplanta-
tion at a mandibular incisor extraction site, the chemokine-loaded
scaffolds could attract a significant number of local cells for
regeneration of tooth-like tissue and formation of PDL with
periodontal integration.
Granulocyte colony-stimulating factor (G-CSF) is a widely

studied cytokine in the mobilization of hematopoietic stem cells
(HSCs) or BMMSCs.161 However, recruitment of the endogenous
MSCs is not generally sufficient to regenerate the defective tissue.
In this context, a combinatorial therapy capable of both recruiting
and differentiating the MSCs would be highly promising. For
instance, it has been shown that (G-CSF) or fibroblast growth
factor 2 (FGF-2) has a maximal effect on the migration of SCAPs;
however, combining the G-CSF with TGF-β1 could significantly
induce both migration and biomineralization of the endogenous
SCAPs for regenerative endodontic procedures.162 Aside from
SCAPs, the G-CSF has shown stimulatory effects on the mobiliza-
tion of DPSCs from mature teeth. These mobilized DPSCs have
shown better vasculogenesis and pulp regeneration compared to
the colony-derived DPSCs.163

Despite all the promising outcomes, some adverse side effects
associated with administration of G-CSF such as altering the HSC
niche and osteogenic activity, possible splenic rupture, and
myocardial infarction require the development of alternative
approaches.164 Small molecules could be favorable alternatives in
this regard to recruiting endogenous stem cells. Inhibiting the cell
adhesion molecules such as VCAM/VLA4 with small molecules has
been shown to mobilize hematopoietic stem cells (HSCs).165

Natalizumab is an FDA-approved immunosuppressive drug for the
treatment of multiple sclerosis and Crohn’s disease and an
antibody against VLA4 with potential application in mobilizing
the hematopoietic progenitor cells.166 AMD3100, a chemokine (C-
X-C motif) receptor 4 (CXCR4) antagonist, has also demonstrated
successful mobilization of HSCs.167

Combining small molecules with chemoattractants has been
shown to boost chemoattraction. For instance, combining
natalizumab with AMD3100 has been reported to enhance stem
cell mobilization.168 Simvastatin, a competitive 3-hydroxy-3-
methyl coenzyme A (HMG-CoA) reductase inhibitor, has been
shown to boost the chemotactic activity of SDF-1 when released
from a cell-free PLGA scaffold and ultimately increase migration
and bone regenerative potential of endogenous ADSCs.169

Manipulating signaling pathways such as Wnt signaling, the
Sonic hedgehog (SHH), and Notch signaling pathways are known
to increase the stem cell pool.170 For instance, activating the SHH

Recruitment of
endogenous MSCs

Endogenous MSCs residing
in local niche

Regeneration of
periodontal tissue

Periodontal tissue regeneration

Periodontal membrane loaded
with a homing factor

Homing factor

Periodontal membrane Endogenous MSCs

Recruited MSCs

Fig. 4 Periodontal membrane as a de novo niche for homing of endogenous MSCs. Chemoattractants can be incorporated into the
membrane to induce directional migration of the MSCs to reconstruct the periodontal tissue
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pathway with a topical hedgehog agonist application has shown
to induce follicular cycling and hair regrowth in adult mouse
skin.171 Alas, a stark contrast resides in the manipulation of these
signaling pathways for regenerative medicine purposes: over-
activation of such pathways could result in the formation of
tumors.170 This concern has lowered the interest in exploring the
potential of small molecules in regenerative medicine as an
activator (agonist). Additionally, it is not clear if activating these
pathways is as easy as inhibiting them intrinsically.
Although in situ recruitment of endogenous MSCs might sound

promising, the paucity of endogenous cells at the defect site,
specifically in the case of severe defects such as necrotic pulp, and
the limited in vivo functionality and short half-life of the
administered bioactive factors are among the drawbacks that
may limit the clinical translation of this novel approach.172 Further
studies are needed to develop strategies to overcome these
limitations associated for improved tissue regeneration with local
cell recruitment.

CONCLUSION AND FUTURE PROSPECTS
The craniofacial and orofacial regions’ complex physiological
structures and sophisticated tissue architecture have posed
serious challenges for conventional methods for regeneration of
lost or defective tissues. However, stem-cell-mediated therapeu-
tic interventions have made remarkable progress in recent years,
enabling the treatment of diseases that could not be treated by a
conventional method. The ideal cell source for widespread
clinical adoption would produce autologous stem cells that are
easily accessible and abundant, desiderata that may be fulfilled
by dental tissue-derived MSCs. Despite the wide range of
foundational studies conducted to date, there remains an unmet
need for successful regeneration of tissues with stem cell
transplantation. Additionally, in the case of successful translation,
the level of evidence for tissue regeneration remains limited to
sporadic case reports and is not strong enough to be
recommended for most clinical applications. Stem cell trans-
plantation is promising but cannot yet be considered a panacea.
The concept of in situ tissue regeneration with the recruitment of
local cells, rather than cell delivery, may accelerate clinical
translation. However, the drawbacks associated with this strategy
necessitate further investigation before translation into the clinic
for widespread clinical adoption.
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