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Abstract: Biomaterials and stem cells are essential components in the field of regenerative medicine.
Various biomaterials have been designed that have appropriate biochemical and biophysical char-
acteristics to mimic the microenvironment of an extracellular matrix. Dental stem cells (DT-MSCs)
represent a novel source for the development of autologous therapies due to their easy availability.
Although research on biomaterials and DT-MSCs has progressed, there are still challenges in the
characteristics of biomaterials and the molecular mechanisms involved in regulating the behavior of
DT-MSCs. In this review, the characteristics of biomaterials are summarized, and their classification
according to their source, bioactivity, and different biological effects on the expansion and differenti-
ation of DT-MSCs is summarized. Finally, advances in research on the interaction of biomaterials
and the molecular components involved (mechanosensors and mechanotransduction) in DT-MSCs
during their proliferation and differentiation are analyzed. Understanding the molecular dynamics of
DT-MSCs and biomaterials can contribute to research in regenerative medicine and the development
of autologous stem cell therapies.
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1. Introduction

The oral cavity has aroused particular interest as a source for obtaining mesenchymal
stem cells (MSCs) because there are different oral tissues from which MSCs can be isolated.
Dental tissue-derived mesenchymal stem cells (DT-MSCs) are easy to culture, as they can
be obtained from a wide range of primary and permanent teeth without ethical contro-
versy. This makes them a valuable and accessible source of autologous stem cells [1]. Most
DT-MSCs are derived from the neural crest and can differentiate into multiple cell types,
including epithelial cells, odontoblasts, osteoblasts, chondroblasts, adipocytes, neuronal
cells, glial cells, and muscle cells. Thus, they are currently considered a promising resource
for their therapeutic application in regenerative medicine. However, as in other types of
stem cells, for its application to be successful, its proliferation and differentiation must
be controlled in an environment that mimics in vivo conditions. Therefore, an artificial
niche, such as biomaterials, is a fundamental strategy to exploit the therapeutic potential
of DT-MSCs. Currently, in the design of biomaterials, characteristics, such as the physical
chemistry of the material, its biological interaction, mechanical properties, specific biologi-
cal functionalities, and shape or geometry at different scales, such as on the macro, micro,
and nano levels, are considered during their cell-biomaterial interactions [2]. However, the

Appl. Sci. 2022, 12, 5815. https:/ /doi.org/10.3390/app12125815

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12125815
https://doi.org/10.3390/app12125815
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4266-0464
https://orcid.org/0000-0001-8003-7716
https://orcid.org/0000-0001-8551-2336
https://orcid.org/0000-0002-5973-4290
https://doi.org/10.3390/app12125815
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12125815?type=check_update&version=1

Appl. Sci. 2022,12, 5815

20f17

biomaterial’s chemical composition (natural or synthetic) also plays an important role in
improving stem cells’ in vitro biological response. In this sense, natural biomaterials offer
the advantage of being biocompatible and biodegradable, while synthetic ones also allow
the possibility of improving their chemical and physical properties for a specific application.
In summary, research on biomaterials and DT-MSCs has progressed; however, challenges
remain regarding the ideal characteristics of biomaterials and the molecular mechanisms
involved in regulating behavior in DT-MSCs. Therefore, the aim of this literature review
is to provide a molecular view of biomaterial—cell interaction to understand how signals
from biomaterials act as potent regulators of the microenvironment in DT-MSCs. In the
first part, the background on DT-MSCs is presented, with a specific focus on their biological
characteristics. Next, the state of the art is analyzed with respect to the different chemical
and physical characteristics of biomaterials and the molecular mechanisms involved during
their interaction with DT-MSCs. In this sense, various in vitro and in vivo experimental
studies are considered that report valuable information to understand the behavior and
differentiation of these cells in biomaterials.

2. Dental Stem Cells

Mesenchymal stem cells (MSCs) are a group of cells capable of self-renewal and
function as a repair system for damaged tissues. When a stem cell divides, each cell
has the potential to remain a stem cell or to become another type of cell with a more
specialized function. Thus, stem cells have two characteristics: the ability to self-renew
and differentiate in any cell lineage (e.g., osteogenic, chondrogenic, adipogenic, myogenic,
and neurogenic) comparable to those established for bone marrow-derived MSCs. They
can be classified according to their origin in embryonic stem cells, adult stem cells (tissue-
specific), and induced pluripotent cells (iPS) [3]. All of them are attractive for their use
in the regeneration of damaged tissues; however, their clinical application is still limited
due to the transplanted cells’ low survival and differentiation potential. For a thorough
understanding of the origin and biology of different stem cells, the reader is referred to
excellent reviews on this subject [4,5].

Oral cavity tissues are rich sources of adult stem cells. These cells are called dental
tissue-derived mesenchymal stem cells (DT-MSCs), and the method of obtaining them
is relatively easy in dental tissues and, even better, they are a source of autologous stem
cells [1,6]. Likewise, they present a high proliferation, ability to differentiate into multiple
cell types, and the expression of positive and embryonic markers of MSCs (i.e., OCT4,
Nanog, SOX2, and KLF4), which makes them more attractive for their application in
regenerative medicine [1,7-9]. Different types of DT-MSCs have been identified, such as
dental pulp stem cells (DPSCs), exfoliated deciduous tooth stem cells (SHEDs), periodontal
ligament stem cells (PDLSCs), dental follicle stem cells (DFSCs), and stem cells from the
apical papilla (SCAP) (Figure 1) [1]. Although these types of cells have been shown to
have stem, clonogenicity, and self-renewal characteristics, their differentiation capacity
varies according to the origin of the cells. Some authors have pointed out that this behavior
could be due to: (1) the heterogeneity of DT-MSCs and (2) the microenvironment of stem
cells in dental tissues, for example, teeth in pre-eruptive formation (dental follicle and
apical papilla) versus erupted teeth (dental pulp or periodontal ligament) [3,10,11]. Thus,
one of the challenges for the clinical application of DT-MSCs is to mimic the appropriate
microenvironment so that cells can proliferate or differentiate properly [3]; to achieve
this, cells need extracellular matrix (ECM) components (Figure 1). Numerous studies
have focused on developing artificial ECM microenvironments that are favorable for DT-
MSC regeneration activities. The combination of DT-MSCs with biomaterials is one of the
key procedures for developing autologous therapeutics in the regeneration of dental and
nondental tissues. Next, the relevant aspects of biomaterials will be reviewed, as well as the
most important cellular and molecular mechanisms involved in the regenerative process of
stem cells of dental origin.
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Figure 1. Human dental stem cells can be harvested from different tissues, including stem cells
from human exfoliated deciduous teeth (SHEDs), dental pulp stem cells (DPSCs), gingival-derived
mesenchymal stem cells (GMSCs), tooth germ progenitor cells (TGPCs), dental follicle progenitor
cells (DFPCs), periodontal ligament stem cells (PDLSCs), stem cells from the apical papilla (SCAPs).
Seeding dental stem cells on different biomaterials, differentiation, and potential clinical application
for the regeneration of different tissues.

3. Biomaterials

Biomaterials are natural, synthetic, or semisynthetic substances designed to be im-
planted into biological environments [12]. In regenerative medicine, biomaterials are a
vehicle for cells, as they provide a structure for their proliferation and secretion activi-
ties [13]. Several authors point out specific characteristics that a biomaterial must have for
its application in regenerative medicine (Figure 2). Among them are nontoxicity, biocom-
patibility (ability to interact with the tissues of living beings), and chemical composition (it
must mimic the components of the extracellular matrix) to promote a suitable environment
for cell growth and differentiation [13-16].
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Figure 2. Schematic diagram of important features of a biomaterial to guide the fate of dental stem cells.
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The interaction between stem cells and the chemical composition of biomaterials are
critical factors that influence cell behavior. Biomaterials must be a bioactive matrix that
provides the cells with sites of adhesion, growth, and three-dimensional spatial organiza-
tion [17,18]. There is a great variety of biomaterials reported in the literature, among which
are natural or synthetic polymers, extracellular matrix, self-assembly systems, hydrogels,
and bioceramics that have been used with DT-MSCs (Table 1) [15,18].

Table 1. Relevant experimental findings of the interaction of different biomaterials and DT-MSC.

Biomaterial Cells Type Findings Reference
3D-printed hydroxyapatite (Mice) blood vessel ingrowth, pulp-like tissue
scaffolds containing peptide DPSCs formation, and osteodentin deposition, suggesting Lambrichts et al. (2017) [19]
hydrogels osteogenic/odontogenic differentiation of hDPSCs
Chitosan scaffolds with or Fibronectin-immobilized chitosan scaffolds may serve
without arginine-glycine- DPSCs as suitable three-dimensional substrates for dental Asghari Sana et al. (2017) [20]
aspartic acid or fibronectin pulp stem cell attachment and proliferation
e . Good in vitro biocompatibility of silk fibroin-based
Silk fibroin-based 2D films DPSCs biomaterials, mainly when 3D scaffolds rather than 2D Pecci-Lloret et al. (2017) [21]
and 3D scaffolds .
films are used.
Compared with human sarcoma osteogenic cell line,
DPPSC showed higher initial adhesion levels and similar
o osteogenic differentiation. These results promote the use A .
Collagen and titanium DPSCs of DPPSC as a new pluripotent-like cell model to Nunez-Toldra et al. (2017) [22]
evaluate the biocompatibility and the differentiation
capacity of biomaterials used in bone regeneration
Crosslinked type I and type II DPSCs Ce;lls can potentially migrate from the hydrogels and Yao and Flynn (2018) [23]
collagen hydrogels migrate into the nucleus pulposus tissue
Polycaprolactone cone Cells isolated from both carious and healthy mature
in an odontoblastic DPSCs teeth were able to colonize and proliferate and could Louvrier et al. (2018) [24]
differentiation medium be differentiated into functional odontoblast-like cells.
Commercial dental Inflamed GMSCs retain their stem cell properties
it . GMSCs and could be used as a valuable cell line for testing Soanca et al. (2018) [25]
COMPpOSItE resins dental biomaterials
Calcium enriched mixture (CEM) Tested blomaterlals Cm.ﬂd 1.nduce e
. . . odontogenic/osteogenic differentiation in SCAPs.
cement, Biodentine, mineral MTA had a more significant potential for induction of
trioxide aggregate (MTA), SCAPs . L gn b . Saberi et al. (2019) [26]
. differentiation of SCAPs to odontoblast-like cells,
octacalcium phosphate (OCP), hile OCP had a high. ial to ind
and Atlantik while ad a higher potential to induce
differentiation of SCAPs to osteoblast-like cells
. Among stem cells from different craniofacial regions,
E%LalﬁlAr;lﬁth;:;ygte Eﬁsgégg 5Cs, BMSCs appear more suitable for engineering mature Parthiban et al. (2020) [27]
yeros vascularized networks than DPSCs or SCAPs
Three-dimensional (3D) The cytotoxicity of GO-based scaffolds showed that
graphene oxide (GO)/sodium DPSCs could be seeded in serum-free media without .
alginate (GOSA) and reduced DPSCs cytotoxic effects. This is critical for human translation Mansouri et al. (2021) [28]
GOSA (RGOSA) scaffolds as cellular transplants are typically serum-free.
NeoMTA Ph.ls’ ProRoot MTA DPSCs Materials are not cytotoxic and do not induce apoptosis ~ Birant et al. (2021) [29]
and Biodentine
Calcium phosphate cement DPSCs (.:PC 1S PTOTIISING for dental pulp—.cappmg, bas.e, and Gu et al. (2021) [30]
liner applications to promote dentin regeneration
Scaffolds support the viability and proliferation of
Chitosan/ gelatin/ DPSCs, and provide a biomimetic microenvironment
nan(g)}?a dr nge 2 atite scaffolds DPSCs favoring odontogenic differentiation and in vitro Vagropoulou et al. (2021) [31]
y yap biomineralization without the addition of any
inductive factors
gHA scaffold is an optimal scaffold as it induced
Granular hydroxyapatite scaffold ~ SHED and DPSCs  osteogenesis in vitro. Hagar et al. (2021) [32]
SHED had the highest osteogenic potential
Polylactic acid and Bone forming ability of composite in Winstar rats’
hydroxyapatite DPSCs bone defects. Additionally, inflammatory reaction Gendviliene et al. (2021) [33]

3D-printed composite

during biodegradation.
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Table 1. Cont.

Biomaterial Cells Type Findings Reference
Nanohydroxyapatltg / SCAPs Thgse cellls are alternatwfe sources .for alv'eolar bone Ling-Ling et al. (2021) [34]
collagen/poly(l-lactide) engineering in regenerative medicine (mice).

Core/shell poly (methyl Fberscould be contidered a promising candidate
methacrylate) (PMMA)/ DPSCs p & Atila et al. (2022) [35]

silk fibroin (SF) fibers

for tissue engineering applications and drug
delivery strategies

Chitosan and covalent tetra-
armed poly (ethylene glycol)
composite encapsulating
acetylsalicylic acid (ASA)

The capacity of PDLSCs and ASA-laden CG to enhance
PLSCs new bone regeneration in situ using a mouse calvarial ~ Zhang et al. (2022) [36]
bone defect model.

Table 1. Relevant findings of the biomaterial/oral cavity SCs interaction reported in
the literature.

3.1. Natural Biomaterials

Research carried out in the field of biomaterials using cells of dental origin has increased
in recent years. Most studies have focused on explaining the cellular mechanisms that lead
to the formation of dental structures (for example, dentin, the periodontal ligament, dental
pulp, or enamel), which has contributed to this knowledge, leading to the design of novel
biomaterials destined to stimulate regeneration in dental and nondental tissues.

Natural biomaterials are constituents of the ECM or represent macromolecular proper-
ties that are similar to the ECM. These can be classified into two main categories, protein-
based and natural biomaterials based on polysaccharides. Collagen, fibrin, and elastin
are the most explored natural protein-based biomaterials [13,37]. Polysaccharide-based
biomaterials are natural polymers consisting of sugar monomers. Chitosan, alginate, gly-
cosaminoglycans (GAGs), and hyaluronic acid are examples [38]. Most natural biomaterials
present favorable biocompatibility and immunogenicity and low cost [39], making them
attractive for their application in tissue engineering in the field of endodontics. One of the
most widely studied biomaterials in the dental field is collagen due to its role in ECM in
dental pulp and dentin, its function as a natural hemostatic agent [40], its hydrophilicity,
biocompatibility, biodegradability, and its low immunogenicity and cytotoxicity [41]. In
this sense, biomaterials based on type I collagen (Col-I) have been developed to generate
tissues, such as dental pulp [42], dentin [43], and guided bone regeneration treatments [44].
This shows that collagen-based biomaterials are an important element in dental research;
however, the difficulties encountered in regenerative endodontics of root canals indicate
irregular biodegradation and the generation of connective tissue instead of dentin in vivo.
Another widely investigated polysaccharide is chitosan (CHS), which is purified mainly
from chitin. Chemically, CHS is a polymeric material comprised of N-acetylglucosamine
and glucosamine copolymer units [45]. CHS has also been reported to be a direct pulp
cap with the purpose of initiating the formation of reparative dentin to help protect the
pulp, favoring the differentiation of DPSCs into odontoblast-like cells [46]. The use of
CHS in conjunction with DPSCs has been studied to induce bone regeneration and for the
treatment of chronic periodontitis. [47]. For example, Kamal and Khalil (2018) [48] used
CHS with DPSCs to evaluate the potential for bone formation around dental implants.
They noted that this method helped bone maturation around the implant, suggesting its
potential use in bone regeneration [48].

Fibrin is a fibrillar biopolymer and the main component of the blood coagulation
matrix. This protein has been reported as a vehicle for the release of dental stem cells since
it facilitates their union, growth, and differentiation [49,50]. Its advantages include excel-
lent biocompatibility, bioresorbability, hemostatic properties, nontoxicity of degradation
products, and the short-term generation of an ECM produced by stem cells incorporated
into the biomaterial. Although there is increasing development of biomaterials with natural
polymers due to their similarity with ECM, the biochemical characteristics of fibrin make
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it suitable as a platform for autologous cell release. For a better understanding of the
composition, structure, biochemical characteristics and mechanical properties of fibrin, the
reader is referred to excellent reviews about this biomaterial [51-53]. One of the interesting
features of fibrin is that it can form a three-dimensional network of elastic fibers which
can promote biological interactions during the regeneration of target tissues. [49]. To date,
two types of fibrin-based products have been used: glue and hydrogels. The first type is
obtained from human plasma (homologous or autologous) as a source of fibrinogen and
functions as a bioadhesive for hemostasis in surgical procedures (i.e., allogeneic plasma
commercial Tissucol/Tisseel, Beriplast, and Quixil), while hydrogels are made from allo-
geneic fibrinogen and purified thrombin. One advantage of hydrogels is that they can be
biofunctionalized to increase the cellular response through the incorporation of cell binding
sequences, such as arginine—glycine-aspartic acid (RGD), for a better function as a cell
vehicle [50-54]. The use of fibrin gel as a vehicle for carrying cells in a three-dimensional
scaffold has been extensively investigated for the regeneration of bone tissue. In dental
tissues, numerous approaches have been developed to achieve regeneration, for example,
fibrin hydrogels or modified fibrin hydrogels (polyethylene glycol, chitosan, collagen)
for dental pulp regeneration [18,50,55]. However, these approaches are limited because
a specific spatial geometry is not achieved for each patient, nor is there control of the
union, proliferation, and migration of cells within the structure. Three-dimensional (3D)
bioprinting is now the most attractive approach for its application in regenerative medicine
in dental and nondental tissues. This is a manufacturing technique that allows stem cells
to be precisely placed within the biomaterial that acts as a temporary ECM [56,57]. With
this technology, it has been possible to design a fibrin-based bio-ink with DPSCs to form an
autologous dentin-pulp complex [58] or in bone regeneration [59].

3.2. Synthetic Biomaterials

Biomaterials of synthetic origin are used due to the growing necessity of specific
characteristics of scaffolds for regenerative medicine due to the limitations of the natural
biomaterials that need to be modified, the limited mechanical strength, and the difficulty of
obtaining 3D scaffolds required for tissue engineering, providing cells with the necessary
environment to proliferate and differentiate into a lineage-specific manner [60]. Bioma-
terials of synthetic origin have been widely used for the last 100 years, considering that
inert materials (i.e., metal alloys) were the first to be implanted in the human body for the
reconstruction of affected tissues and/or organs [61]. Currently, a range of materials are
used for regenerative medicine, primarily for their characteristics, such as biocompatibility,
physicochemistry, mechanical behavior, biodegradability, and modulation of cell response,
among others. A variety of engineered synthetic biomaterials that are chemically and phys-
ically designed to fulfill the cellular specific needs of these critical parameters have been
reported in the literature [62]. Some synthetic biomaterials, such as metallic alloys, ceramics,
polymers, and hydrogels, are reported to be promotors of stem cell differentiation [63].

Regarding synthetic metal biomaterials, inert titanium alloys are commonly used in
dentistry for bone tissue engineering due to their ability to induce osteogenic differentiation
of dental stem cells; as reported in the literature, composite biomaterials with a polymeric
matrix of polycaprolactone diol-based segmented polyurethanes and titanium particles
enhance the viability of pulp stem cells and osteoblasts, as it increases with the amount
of titanium in composites [64]. According to Hanafy, mineral trioxide aggregates and
nanohydroxyapatite could enhance the odontogenic differentiation of human dental pulp
stem cells, as assessed by tracing genes characteristic of different stages of odontoblasts via
qRT-PCR and calcific nodule formation evaluated by Alizarin red staining [65].

Ceramics, as bioactive glass, promote odontogenic differentiation of DPSCs; as re-
ported by Ahn et al. (2020) [66] in their study, composites of mesoporous bioactive glass
nanoparticles (MBNs) and graphene oxide (GO) were prepared and analyzed, and they
concluded that MBN /GO promoted the proliferation and odontogenic differentiation of
DPSCs [66]. In another study, composites of nano bioactive glass synthesized by the sol-gel
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method (585i0,:40Ca0:5P,05) and Biodentine (Septodont, Saint Maur des Fosses, France)
were prepared and tested, and they found cell adhesion and proliferation on nBG/BD
nanocomposites and increased odontogenic differentiation of DPSCs, as measured by
alkaline phosphatase activity after 7 and 14 days of exposure [67].

Polymers and composites of polymeric matrices are biomaterials that have been
the focus of increased interest in recent years due to their capability for being designed,
modified, and reinforced according to the requirements for an extensive range of therapeutic
and regenerative purposes. Polymers for regenerative medicine include polyethylene
glycol (PEG), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), polyvinyl alcohol
(PVA), and polycaprolactone (PCL) [13]. A study by Wang concluded that poly(L-lactic
acid) (PLLA), with recombinant human bone morphogenetic protein 2 (BMP-2), produced
odontogenic differentiation of SCAP, leading to in vivo dentin regeneration [68]. Another
study with PCL scaffolds reported attachment, growth, and proliferation of human SCAPs
with calcification nodules detected [69]. Alipour et al. (2019) [70] reported that PCL-
PEG-PCL/zeolite nanofibrous scaffolds produced adhesion and proliferation of DPSCs
and their osteo/odontogenic differentiation and concluded that zeolite nanoparticles on
PCL-PEG-PCL scaffolds could have a crucial role in osteoblastic physiology [70]. One of
the essential aspects of polymers is their degradability /biodegradability, which can be
modulated according to the needs of therapeutics, and even synthetic polymers can be
designed to carry and deliver drugs to a specific target by their degradation process [63].

Hydrogels are derived from polymers, and they are a three-dimensional, hydrophilic
polymer or copolymer network that can soak up large amounts of water or biological fluids
due to their affinity to absorb water, which is attributed to the presence of hydrophilic
groups; they are commonly temperature-sensitive biomaterials [62]. Luo et al. (2021) [71]
reported that a methacryloyl gelatin (GeIMA) hydrogel and human basic fibroblast growth
factor seeded with DPSCs wrapped by a cellulose/soy protein isolate composite membrane
was proven to be a promising tissue engineering approach to treat significant gap defects
in peripheral nerve injuries [71]. Synthetic hydrogels appear to be promising for tissue
engineering since in vivo-forming hydrogels can be prepared as a solution and can easily
incorporate cells and growth factors to be injected to fill the shape of the in vivo cavity via
minimally invasive procedures, as described by Jang et al. (2016) [72] who obtained an
in vivo forming solution of methoxy polyethylene glycol-b-poly(e-caprolactone), DPSCs,
and osteogenic factors. They concluded that DPSCs embedded in an in vivo-forming
hydrogel may provide benefits as a noninvasive formulation for bone tissue engineering
applications [72].

4. Dental Stem Cells and Biomaterial Interactions

Biomaterials (natural or synthetic) are essential components in the construction of
scaffolds, providing an artificial three-dimensional environment to regulate the behavior
of stem cells. In addition, they allow for evaluating the effect of the physical environ-
ment in the cells [73]. An important aspect to consider is the biomaterial—cell interaction
since they affect the adhesion, viability, proliferation, matrix production, and differen-
tiation of stem cells [74]. Knowledge of how the interaction between cells and bioma-
terials is carried out is essential for achieving effective repair in regenerative medicine.
Mechanobiology is an interdisciplinary field that investigates the mechanisms by which
stem cells can sense (mechanosensing) and respond (mechanotransduction) to changes
in their environment [75]. A comprehensive review of the mechanobiology in stem cells
in response to mechanical signals can be reviewed in Argentati et al. (2019) [76]. In this
section, we describe the mechano-molecular players recruited and interconnected with each
other during the biomaterial-DT-MSCs interaction and their impact on cell proliferation
and differentiation.



Appl. Sci. 2022,12, 5815

8 of 17

4.1. Mechasensors in Dental Stem Cells

Currently, the design of biomaterials with specific characteristics is a novel approach
for evaluating the effect of chemical, physical or topographic changes in stem cells during
their proliferation and differentiation under in vitro conditions. The reason for this is that
stem cells are very sensitive to forces and can convert mechanical stimuli into a chemical
response [77]. There is much evidence that DPSCs are mechanosensitive cells and capable
of recognizing physical and mechanical signals during their differentiation process. In
this context, the participation of mechanosensors, such as mechanosensitive ion channels,
cytoskeleton proteins, and assembly proteins, has been recognized in DPSCs.

Mechanosensitive ion channels (MICs) are receptors that convert extracellular me-
chanical force into intracellular biochemical information. However, how do the channels
mediate these sensations and turn them into a stimulus? Does this occur through direct
or indirect activation of the channel? To answer this question, Xiao et al. (2016) [78]
proposed two scenarios. The first is that mechanical force is released into the channel by
lipid bilayer tension, generating a hydrophobic mismatch that helps the channel open. In
the second, the participation of accessory proteins (for example, those of the cytoskeleton
or the components of the ECM) has been proposed, and mechanical stress transmitted
by the cytoskeleton causes Ca?* release from the endoplasmic reticulum via the inositol
trisphosphate receptor (IP3R) [78]. There are reports of MICs that play an important role
in the transduction of mechanical forces in the activation of signaling pathways involved
in cell proliferation and differentiation in stem cells. In this context, two MICs have been
recognized in DPSCs: Piezo proteins and members of the transient receptor potential (TRP)
channel family.

The Piezo channel is a three-bladed helix-shaped trimeric complex that includes two
subtypes: Piezol and Piezo2 [79]. In stem cells, these proteins play an important role in
shear stress and traction signals during their proliferation [80-82]. Several researchers agree
that when the Piezo protein is activated, there is an influx of Ca®* [65]. However, there is
still controversy about whether the integrity of the cytoskeleton is affected by the activity
of the channel in response to mechanical stimuli. The role of Piezo proteins in DPSCs has
been studied through adjuvant therapies for the repair of dental tissues. An example of
this is the use of low-intensity pulsed ultrasound (LIPUS) recognition therapy employed in
dental tissue repair [64]. In cells, LIPUS acts as a mechanobiological stimulus that activates
various signaling pathways that regulate cell proliferation and differentiation. For example,
Jin et al. (2015) [83] investigated the presence of Piezol and Piezo2 in DPSCs and PDLSCs
and their involvement in LIPUS-associated proliferation and MAPK signaling. The authors
demonstrated that DPSC proliferation was associated with LIPUS stimulation by activating
MAPK signaling, while in PLSCs, it could occur through another mechanism [83]. Another
study by Mousawi et al. (2020) [84] examined the role of Piezol in ATP release in DPSCs
migration in vitro. The authors reported that the activation of Piezol induces the release
of ATP, modulating the activity of P2 receptors and inducing the activation of proline-
rich tyrosine kinase 2 (PYK2) and MEK/ERK. Another ionic channel broadly expressed
in DPSCs is the transient receptor potential (TRP) channel, including transient receptor
potential melastatin types 4 and 7 (TRPM4 and TRPM?7, respectively) [85-87].

TRPM controls Ca* signals and is sensitive to mechanical stimuli, such as patch-clamp
pipette suction and patch-clamp pipette stretching. Xiao et al. (2015) [88] reported that, in
human bone marrow MSCs subjected to stretching or suction, TRPM7 activation appears to
be independent of actin polymerization disruption since suction-induced TRPM7 activation
was not abolished [88]. In DPSCs, research has also focused on TRPM7 and osteogenesis.
For example, Cui et al. (2013) [87] reported that TRPM?7 participates in the pulp-repair
process through the regulation of proliferation, migration, and osteogenic differentiation of
DPSCs, while TRPM4 is necessary for adipogenesis in stem cells of DFSCs in rats [87]. The
authors agree that the activation of TRPM gives rise to the release of Ca?" mediated by IP;
type 2 (IP3R2) from the endoplasmic reticulum, amplifying Ca?* signaling and inducing
osteogenesis through the activation of the transcription factor NFATc1 [88-90]. Taking these
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results together, the data suggest that MICs are important molecular sensors. However,
studies have only focused on DPSCs and osteogenesis. It would be interesting to see if a
similar regulatory pathway is conserved in other types of DT-MSCs.

Other important mechanosensors are macromolecular complexes that include cy-
toskeletal proteins (microtubules, f-actin microfilaments, intermediate filaments, and actin-
linking proteins), nucleoskeletal-related proteins (SUN1, SUN2, lamins), adherens junctions
(cadherins, a-catenin, -catenin), focal adhesion proteins (vinculin), integrins, and ECM-
related proteins (fibronectin) [57,58]. These mechanosensors turn on the rearrangement
of molecular components by activating several intracellular signaling pathways that are
involved in growth, cell proliferation, and the regulation of gene expression (Figure 3).
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Figure 3. Schematic diagram for signals and signaling pathways in DT-MSCs during their interaction
with biomaterials. DT-MSCs are an entity interconnected by multiple molecular components during
their interaction with biomaterials. Mechanical stimulus or signals from the biomaterials are perceived
in the cell membrane, which activates various proteins such as Piezo channel or TRPM, that trigger
the influx or release of Ca?* which have strong connection with cell signaling involved in the
proliferation and differentiation. Therefore, cell-cell (cadherins and gap junction) and cell-biomaterial
communication is facilitated by remodeling the cytoskeleton (actin) and favoring focal adhesion
sites (FAK) that activate signaling pathways (PI3K, AKT, mTOR, ERK, YAP/TAZ) that regulate
the behavior of stem cells, improving their cellular response (proliferation or differentiation) in
the presence of biomaterials. ER: endoplasmic reticulum; PI3K: Phosphoinositide 3-kinases, ERK:
extracellular signal-regulated kinase; FAK: focal adhesion kinase; FT: transcription factor; YAP: Yes-

associated protein; TAZ: Transcriptional coactivator with PDZ-binding motif; AKT: Ser/Thr protein
kinase; RAS: GTPases protein.

The cytoskeleton plays important roles in cell morphology, adhesion, growth, and
signaling [91]. In this context, stem cells alter their cytoskeleton in response to mechanical
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forces that cause cell reorganization through actin polymerization and microtubule assem-
bly or by disassembling cytoskeletal components and their ECM junctions [75]. Topography
of biomaterials is a promising approach to guide cytoskeleton behavior and differentiation
in stem cells. Several works have focused on analyzing how the topographic signals (macro,
micro, or nanoscale) of biomaterials affect the behavior of components of the cytoskeleton
in DT-MSCs. For example, Du et al. (2019) [92] determined that the topographic signals
of a poly(lactic-co-glycolic acid) bilayer (PLGA) change F-actin alignment and DPSCs
morphology by modulating Yes-associated protein (YAP) signaling to control osteogenic
differentiation/odontogenicity [92]. Collart-Dutilleul et al. (2014) [93] studied the influ-
ence of the micropore size of a nanostructured silicon biomaterial on DPSCs adhesion
through the formation of lamellipodia (dense network of actin filaments) and filopodia.
They concluded that the porosity of the biomaterial promotes the formation of filopodia
and increases cell migration [93]. In another study, Conserva et al. (2018) [94] studied the
growth of DPSCs by laser ablation laser-microgrooved (8-um-sized microgrooves or mi-
crochannels) surfaces. Their results showed that DPSCs proliferated following the direction
of the microgrooves, which could have significant implications for bone regeneration [94].
Additionally, Bachhuka et al. (2017) [95] reported that DPSCs proliferated faster where
there was a greater density of nanotopography favoring osteogenic differentiation [95].
Marconi et al. (2021) [96] investigated the in vitro effects of titanium implants on PDLSC
culture. The authors reported that the topography of the titanium implant surface enhances
the release of ECM components in PDLSCs, which has an impact on the process of implant
osseointegration [96]. Other authors, such as Hasturk et al. (2019) [97], proposed a novel
biomaterial with 4- and 8-um square prism micropillars on a poly(methyl methacrylate)
surface as an alternative to enhance the osteogenesis of DPSCs. Their results showed that
the interpillar spaces generated a high degree of tension in the cytoskeleton and induced
differentiation toward the bone lineage [97]. These studies showed that the interaction be-
tween biomaterials and the cytoskeleton is important during the osteogenic differentiation
response in DT-MSCs; however, there is still a long way to go to understand the mechanisms
involved in biomaterial-DT-MSC interactions in other differentiation processes.

The ECM surrounding cells exerts a mechanical influence that determines phenotype,
motility, and matrix production. This allows tissues to function correctly by modulat-
ing stem cell adhesion, proliferation, migration, and differentiation [73,75]. During their
growth, stem cells secrete structural components of the extracellular matrix (collagen,
elastin, laminin, fibronectin, hyaluronic acid, chondroitin sulfate, and syndecans) that
function as mediators between the cells and the ECM. One of the strategies for the study
of ECM mechanosensors in DPSCs and their physical environment is the development of
scaffolds with components of the ECM. For example, Ravindran et al. (2014) [98] generated
a scaffold ECM from dental pulp to induce odontogenic differentiation in DPSCs, PDLSCs,
and HMSCs as a strategy for the treatment of dental caries [98]. Another example is the
work of Paduado et al. (2016) [99], who demonstrated that a hydrogel scaffold derived
from decellularized and demineralized bovine bone (PECM) favors the odontogenic differ-
entiation of DPSCs and could be applied for the regeneration treatment of dentin and pulp.
Currently, research groups focus on the search for alternative sources of ECM substrates
of human origin, such as for human cell culture, due to the limitations represented using
commercial biomaterials that are derived from animal sources or cancer lines (for example,
Matrigel, which is derived from mouse sarcoma) for clinical application [99]. In this context,
a novel study was reported by Heng et al. (2016) [100], who used decellularized matrix
(DECM) from SHED stem cells and PLSCs as a substrate for ex vivo culture of DPSCs. Their
results showed that DECM of dental cells enhanced DPSCs adhesion, which correlated
with increased expression of vinculin, a key focal adhesion protein [100].

Another approach that has been addressed is the analysis of adhesion proteins, such as
integrins. Integrins are heterodimeric receptors composed of alpha and beta subunits linked
by noncovalent bonds. The combination of these subunits results in various receptors that
exhibit preferential affinity for specific ECM molecules. For example, x231 integrin rec-
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ognizes the Asp-Gly-Glu-Ala amino acid sequence in collagen, while x531 recognizes the
RGD sequence in fibronectin and acv33 in vitronectin [101]. The adhesion process in animal
cells is mediated by integrins, which generate supramolecular protein complexes with
cytoskeletal proteins called focal contacts (FAs) (Figure 3). FAs are networks of proteins
that provide structural integrity to cells and constitute a dynamic bridge between the ECM
and actin of the cytoskeleton (Figure 3). In the case of stem cells, this process is essential
for tissue integration of the biomaterial. In this context, Lee et al. (2014) [102] studied
the interaction between PDLSCs and a mussel-inspired polydopamine (PDA) adhesive
biomaterial through the expression of integrins «5 and (31. The authors demonstrated that
integrin-PI3K linkages mediate cell adhesion and regulate osteogenic differentiation of
PDLSCs [102]. Likewise, using silica-based materials, Hung and colleagues [103] investi-
gated the role of ov integrin in the odontogenic differentiation of DPSCs. They reported
that the silicon-containing biomaterial favored cell adhesion through increased fibronectin
adsorption and integrin expression [103]. Liu et al. (2013) [104] analyzed the effect of crystal
alignment (ordered/disorganized) of apatite (an enamel-like substrate) on the expression
of adhesion-related genes to produce an enamel/dentin superstructure in vitro. The au-
thors reported that the ordered alignment of apatite provided a favorable environment for
DPSCs adhesion, which was linked to the upregulated expression of integrins alpha 7 and
8 (ITGA 7 and 8), integrin beta 3 and 4 (ITGB3 and 4), vitronectin receptor-integrin alpha V
(ITGAV), and the key adhesion protein fibronectin 1 (FN1) [104].

4.2. Mechanotransduction Pathways in Dental Stem Cells

As mentioned in the previous section, the attachment of cells to biomaterial substrates
is essential to establishing communication between cells and the ECM microenvironment.
In this way, the activated biochemical signals can modulate specific signaling pathways to
regulate cell activity in processes, such as adhesion, proliferation, and differentiation. This
section will address current studies on the signaling pathways involved in the differentia-
tion process in biomaterials with DPSCs.

Biomaterials act as adhesion substrates that send mechanical signals to cells, influenc-
ing the differentiation of DT-MSCs. Stem cell differentiation during biomaterial interactions
involves many signaling pathways (Figure 3). For example, Yun et al. (2015) [105] examined
with DPSCs a scaffold of magnetite and polycaprolactone nanoparticles and the signaling
pathways involved in the mechanisms of adhesion, migration, and odontogenic differen-
tiation. Their results demonstrated that integrin (subunits «1, o2, 1, and (33) signaling
with activation of FAK/MAPK and NF-«B by the scaffold is involved in cellular events
in DPSCs [105]. Another study by Lee et al. (2014) [102] evaluated the osteoinductive
effect of a bioadhesive on PDLSCs for use as a dental implant. They reported that the
biomaterial stimulated osteogenic differentiation of PDLSCs through activation of o5/ 31
integrin-PI3K signaling [102]. Additionally, Zhang et al. (2012) [106] investigated whether
MAPK signaling pathways are a mediator in odontogenic differentiation of DPSCs cultured
on five different biomaterials. Their results showed enhanced odontogenic differentia-
tion and dentin-like tissue formation in natural biomaterials derived from mineralized
tissue (dentin matrix and bovine bone ceramic) through the phosphorylation of ERK1/2
and p38 [106]. Another study by Guo et al. in 2018 [107] employed a pharmacological
perturbation approach to identify which signaling pathways were involved in the differen-
tiation and mineralization of DPSCs cultured on a fluorapatite-modified polycaprolactone
nanofiber biomaterial. The authors reported that the Hedgehog, insulin, and Wnt signaling
pathways are involved in biomaterial-induced DPSCs differentiation and can activate the
osteogenesis process through autophagic modulation [107].

There are currently novel biomaterial designs in the literature that have been used
to investigate the signaling pathways involved during DPSCs differentiation. The design
of nanoarrays as therapeutic platforms has aroused particular interest because dental
stem cells can recognize nanofibrous topology and respond to biochemical signals from
their environment. In this context, Lim et al. (2016) [108] designed in vitro nanofiber
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arrays containing bioactive glass nanoparticles that release dexamethasone, a signaling
molecule of odontogenesis. The authors reported that the integrin pathway («2, x5, 1),
bone morphogenetic protein, and mTOR signaling pathways are possible mechanisms
involved in the stimulation of odontogenesis. Other signaling pathways have also been re-
ported in cell differentiation events in three-dimensional nanomaterials [108]. For example,
Zhou et al. (2018) [109] designed a biomaterial containing a tetrahedral DNA nanostructure
(TDN) self-assembled by four specific single-stranded DNAs (ssDNAs) by complementary
base pairing. The authors reported that TDN stimulated the osteogenic differentiation of
PDLSCs by activating the Wnt/ 3-catenin pathway, while in DPSCs, TDN increased the
expression of HES1, HEY1, and NOTCHI1, which are crucial factors of the Notch path-
way [109]. These results indicate that although the cells have the same dental origin, their
biochemical response can be different for the same biomaterial, which will be interest-
ing to study in the future to develop methodologies for the regeneration of dental and
nondental tissues.

One approach that has been addressed is to study signaling events in the epigenome,
for which signals from biomaterials, such as topography, elasticity, material chemistry,
and mechanical forces/stimulus, influence the state of the epigenome [110]. The term
epigenetics refers to heritable changes in gene expression patterns that do not involve
alterations in the DNA sequence [111]. It will be interesting to determine how biomaterial
signals act by modulating epigenome mechanisms, including chromatin remodeling, DNA
methylation, and posttranslational modifications at the amino-terminal tails of nucleosome
histones. To date, there are few reports that have investigated how biomaterials with
different physical and chemical characteristics alter the epigenome in stem cells [63,111].
However, we have not been able to find reports focused on DT-MSCs.

5. Conclusions

Although current results are promising, there are still many unsolved questions regard-
ing the mechanical regulation of stem cell activities, and the study of MSCs during these
processes is just beginning. In the coming years, the development and application of new
techniques in live imaging, tissue culture, and real-time mechanical stimulation delivery
will significantly increase our current knowledge about mechanobiology, as well as stem cell
biology. If well the studies discussed here highlight the players involved in the response
and processes of DT-MSCs during their interaction with biomaterials, much remains to be
investigated. In this scenario, we consider it essential to tackle the following aspects:

e  Design and develop of smart biomaterials that favor the proliferation and differentia-
tion of DT-MSCs on a large scale.

e Integrate multi-omic tools would allow a global perspective of the interactions between
cells and biomaterials at the genomic, proteomic, and metabolomic levels.

e  Delivery into the mechanogenomic field to facilitate the design of highly functionalized
biomaterials and the epigenetic manipulation that can be performed to control the fate
of DT-MSC:s for their application in regenerative medicine.
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