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Abstract: The tooth and its supporting periodontium are essential structures of the oral
cavity, frequently compromised by conditions such as dental defects, aries, and periodontal
diseases, which, if poorly treated, often lead to tooth loss. These conditions, affecting
billions of people worldwide, remain significant healthcare and socio-economic challenges.
Regenerative dentistry has emerged as a possible therapeutic option, leveraging advances
in tissue engineering (TE), stem cell biology, and biophysical stimulation. Oral tissue-
derived mesenchymal stem/stromal cells (OMSCs) hold great potential for dental and
periodontal regeneration. Electrical stimulation (ES), a biophysical cue known to regulate
key cellular behaviors such as migration, proliferation, and differentiation, has gained
increasing attention for enhancing the therapeutic capacities of OMSCs. This review
explores the biological properties of OMSCs under ES, its role in regenerative dentistry,
and recent breakthroughs in ES-based dental and periodontal TE strategies. Furthermore,
the current challenges and future directions for translating these innovative approaches
into clinical practice are discussed.

Keywords: electrical stimulation; oral tissue-derived mesenchymal stem/stromal cells;
dental/periodontal tissue engineering; osteogenic differentiation

1. Introduction

The tooth is a complex and long-lived organ in which soft connective tissue, known
as dental pulp, is encased within an inextensible chamber composed of mineralized hard
tissues, including enamel, dentin, and cementum [1]. The tooth is supported by the
periodontium, a complex structure made up of both hard and soft tissues: alveolar bone,
root cementum, periodontal ligament (PDL), and the portion of the gingiva that faces the
tooth (dentogingival junction/gingiva) [2]. The alveolar bone is the part of the maxilla or
mandible that houses the sockets surrounding and anchoring the teeth. It is a hard tissue
that is highly mineralized and composed of 60% (w/w) inorganic material, 25% (w/w)
organic material, and 15% water [3]. In turn, the cementum is a hard, avascular connective
tissue that surrounds the roots of teeth, responsible for attaching the main PDL fibers. The
cementum composition is highly similar to that of the alveolar bone, being composed of 12%
water, 23% (w/w) organic material, and 65% (w/w) inorganic material [2,3]. The PDL is a
soft, complex connective tissue placed between the inner wall of the alveolar bone socket
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and the cementum, which covers the tooth [2,4]. The extracellular compartment of the PDL
is composed of collagen fiber bundles that are highly aligned and structured, as well as of
non-collagenous matrix components such as glycoproteins and proteoglycans [2,5,6]. The
dentogingival junction, also referred to as the region of the gingiva interacting with the
tooth, is an adaptation of the oral mucosa that includes epithelium and connective tissue
elements [2].

The most critical oral health conditions include dental caries, periodontal diseases,
tooth loss, and oral/pharyngeal cancers [7]. In 2015, the estimated number of people with
untreated oral conditions reached 3.5 billion, a significant 40% increase from 1990. Of
the 313 diseases analyzed in the 2015 Global Burden of Disease Study, untreated caries in
permanent teeth were the most prevalent, affecting 2.5 billion people worldwide; untreated
caries in deciduous teeth affected 513 million children; severe periodontal disease affected
538 million people; and 276 million people experienced total tooth loss [8,9]. The global
economic burden of the five main oral conditions is reported to be approximately USD
710 billion, of which USD 387 billion were direct costs, and USD 323 billion were related
to productivity losses. These five main conditions include caries of deciduous teeth,
caries of permanent teeth, chronic periodontitis, edentulism (total tooth loss), and other
disorders (a heterogeneous group including a variety of tooth, tongue, and jaw disorders
and malformations not included in the other causes) [10]. Periodontal diseases encompass
a range of conditions, from gingivitis to early, moderate, and severe periodontitis. These
conditions affect the tooth supporting tissues, namely alveolar bone, root cementum,
PDL, and gingiva, and are characterized in their advanced forms by the loss of the tooth
attachment, which can lead to tooth loss [11]. In 2018, the economic burden of periodontal
diseases alone was estimated to be USD 154.06 billion in the United States and EUR
158.64 billion in Europe [12].

Since the 1950s, numerous clinical techniques have been developed to improve dental
and periodontal regeneration. These include surgical procedures, root surface conditioning,
bone grafts, guided tissue regeneration (GTR) using barrier membranes, and the appli-
cation of growth factors. Recent advances in stem cell research and tissue engineering
(TE) have resulted in promising approaches to regenerative dentistry. The identification of
stem/stomal cells in postnatal dental and periodontal tissues has offered new possibilities
for cell-based and TE strategies for periodontal regeneration [13]. While better oral hygiene
and supragingival scaling can reverse dental biofilm-induced gingivitis, which constitutes
the initial stage of periodontal disease, more severe periodontal disease requires surgical
intervention. Surgical therapies for periodontal disorders are occasionally combined with
antimicrobial agents and systemically delivered antibiotics [14,15]. In the treatment of peri-
odontal disease, scaling has been the most popular clinical method for physically removing
the calculus and biofilms [16]. However, while scaling is helpful at controlling infection and
inflammation, it cannot promote tissue regeneration or fully restore damaged periodontal
structures. This limitation emphasizes the importance of advanced regenerative techniques,
such as TE procedures, to aim for a more complete and functional periodontal regeneration.

TE is an interdisciplinary field that uses principles from cell and developmental biology
and biomaterials science to create new engineered tissues to replace lost or damaged
ones [17]. An adequate biomaterial construct combined with responsive target cells and
specific regulatory signals (e.g., chemical or physical cues) are required for a successful
TE strategy. Dental and periodontal TE approaches often involve utilizing progenitor
cells and instructive signals within prefabricated three-dimensional (3D) constructs that
are then transplanted into the lesion site [18]. These approaches address some of the
limitations associated with traditional regenerative dentistry procedures, since directly
delivering growth factors and target cells overcomes the normal lag phase of progenitor cell
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recruitment to the defect site [13]. Mesenchymal stem/stromal cells derived from sources
such as the bone marrow, PDL, and dental pulp are of special importance in periodontal
wound healing and repair, as they have the capacity to differentiate into osteoblasts,
cementoblasts, and fibroblasts, responsible for the regeneration of damaged periodontal
tissues [13,19-21]. A better understanding of these cells’ properties and regulation of their
differentiation mechanisms is needed to enable their effective use for regenerative dentistry
and periodontal therapy.

Endogenously generated bioelectric currents play a key role in important biological
processes including embryogenesis, wound healing, tissue repair and remodeling, as well
as the normal growth of organisms [22]. Both the cytoplasm and the extracellular space
display endogenous electric fields (EFs), which range from a few to hundreds of mV/mm in
intensity [23]. Electrical stimulation (ES) is a biophysical cue that can be applied to impact
stem cell migration, proliferation, and osteogenic differentiation, all of which are critical
to the success of bone TE therapies [24-29]. Therefore, ES has emerged as a promising
strategy that could also be possibly explored for dental and periodontal TE.

To explore the potential synergy of ES and oral tissue-derived mesenchymal
stem/stromal cells (OMSCs) for therapeutic use, a deeper understanding of the changes in
their biological properties when exposed to this stimulus is necessary. Accordingly, this re-
view explores the potential of OMSCs in regenerative medicine (RM), emphasizing the role
of ES as a biophysical cue to influence their behavior. Recent advances in applying ES for
dental and periodontal tissue regeneration are highlighted, and the current challenges and
future directions in optimizing these approaches for clinical translation are also discussed.

2. Oral Tissue-Derived Mesenchymal Stem/Stromal Cells

Since the 1970s, the search for mesenchymal stem/stromal cells (MSCs) in specific
tissues has resulted in the discovery of unique populations of MSCs from a variety of
human oral tissues. To date, eight distinct populations of OMSCs have been isolated and
characterized (Figure 1): dental pulp stem/stromal cells (DPSCs), periodontal ligament
stem /stromal cells (PDLSCs), stem/stromal cells from human exfoliated deciduous teeth
(SHED), dental follicle stem/progenitor cells (DFPCs), alveolar bone-derived MSCs (ABM-
SCs), stem/stromal cells from apical papilla (SCAP), tooth germ stem/progenitor cells
(TGPCs), and gingival MSCs (GMSCs). A chronological perspective on the discovery and
identification of these eight OMSC populations is presented in the next paragraph.

In 2000, Gronthos et al. isolated DPSCs from adult humans and found that they
could regenerate a dentin—pulp-like complex [30]. Three years later (2003), Miura and
colleagues isolated a population of stem cells from the living pulp remnants of exfoliated
deciduous teeth, which were named SHED. Human PDLSCs isolated from the PDL were
described and characterized in 2004 by Seo et al. [31]. One year later, in 2005, Morsczeck
and colleagues identified undifferentiated lineage-committed cells with mesenchymal
progenitor characteristics in the dental follicles of impacted third molars, which were
named DFPCs [32]. In the same year, MSCs were also discovered in the alveolar bone,
namely ABMSCs [33]. Sonoyama et al. identified and isolated SCAP from the apical papilla
tissue of an incompletely developed tooth in 2006 [34]. In 2008, Ikeda and colleagues
reported a novel stem cell source, named TGPCs, which were isolated from discarded third
molar, commonly referred to as wisdom teeth [35]. Finally, Zhang et al. published the first
report on the isolation of a GMSC population in 2009 [36].

Besides their intrinsic capacity to self-renew and proliferate, these OMSCs have demon-
strated strong tissue regenerative properties, in vitro multilineage differentiation potential,
and advantageous immunomodulatory roles [37]. This differentiation capacity is typically
characterized in vitro, where controlled environments allow for the assessment of lineage-
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specific markers and functional outcomes. Some of these characteristics are summarized in
Table 1.
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Figure 1. Schematic illustration of healthy adult and deciduous tooth (top left), depicting tooth
anatomy and the main sources of oral tissue-derived stem/stromal cells. The adult tooth (right) is
depicted with its major components, including the periodontium, composed of the PDL, alveolar bone,
and cementum, as well as the enamel and dentin. Additionally, the dental follicle, a transient structure
surrounding the developing tooth germ, is also represented (bottom left). Various populations of
OMSCs can be isolated from different oral tissues, including alveolar bone-derived MSCs (ABMSCs),
dental follicle stem/progenitor cells (DFPCs), dental pulp stem/stromal cells (DPSCs), gingiva-
derived MSCs (GMSCs), periodontal ligament stem /stromal cells (PDLSCs), stem/stromal cells from
the apical papilla (SCAP), stem/stromal cells from exfoliated deciduous teeth (SHED), and tooth
germ stem/progenitor cells (TGPCs). Figure created using Biorender (https://www.biorender.com/,
accessed on 8 Janurary 2025).

Table 1. Oral tissue-derived mesenchymal stem/stromal cell (OMSC) types and respective reported
capacities to proliferate and differentiate in vitro into multiple lineages. Mesenchymal stem /stromal
cell (MSC)-associated surface markers, and respective OMSC potential therapeutic applications are
represented herein.

OMSC In Vitro Prohfera'tlon Expressed Cell Dental/Perlod.ontal
. Capacity Therapeutic Reference
Type Multipotency . Surface Markers S
Comparison Application
Osteogenic Defects in bone
. . Lower than DFPCs CD105, CD90, . !
ABMSCs adlpogeruc., and PDLSCs CD73, STRO-1 regeneratlop of [33,38-41]
chondrogenic periodontal tissue
CD13, CD29,
Osteogenic, CD44, CD56, .
adipogenic CD73, CD90, Defects in bone,
chondro eni,c Higher than CD105, CD146, regeneration of
DFPCs neuro gnic ’ DPSCs, ABMSCs, CD271, STRO-1, tooth roots, [32,42-52]
hepa tog eni(: and SHED NESTIN, regeneration of
cenfent f enii: NOTCH-1, periodontal tissue
& HLA-ABC,

HLA-I
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Table 1. Cont.

OMSC In Vitro Prohfera.tlon Expressed Cell Dental/Perlodf)ntal
Type Multipotency Capacity Surface Markers Therapeutic Reference
yp Comparison Application
Osteo/odontogenic,
adipogenic,
chondrogenic
. CD29, CD44, .
neurogerpc, Lower than SHED, CD73, CDY0, Defects }n bone, [30,34,41 43,44 48,
DPSCs myogenic, DFPCs, GMSCs, repair of
cardiogenic and SCAP CD105, CD106, dentin-pul 55-62]
EEMIC, CD146, STRO-1 puip
hepatogenic, and
melanocyte
differentiation
Osteogenic,
adipogenic, Higher than CD13, CD29,
chondrogenic, DPSCs; CD44, CD73, Regeneration of
GMSCs neurogenic, lower than CD90, CD105, periodontal tissue [36,53,62-69]
endoderm PDLSCs CD146, STRO-1
differentiation
Osteo/odontogenic, Receneration of
adipogenic, Higher than CD44, CD73, t%)O th Toots
PDLSCs chondrogenic, ABMSCs and CD90, CD105, . [31,41,42,62,70-75]
. regeneration of
neurogenic, GMSCs STRO-1 : .
. periodontal tissue
myogenic
CD13, CD24,
CD29, CD44, Regeneration of
Osteo/odontogenic, ioher th CD49, CD51, bone, regeneration
dipogenic Higher than CD56, CD61 of tooth root, repair
SCAP adipogenic, PDLSCs ' ' ool [34,48,57,76-81]
neurogenic, and DPSCs CD73, CD90, of dentin—pulp,
hepatogenic CD105, CD106, regeneration of
CD146, CD166, periodontal tissue
STRO-1
Osteo/odontogenic,
adipogenic,
! . CD29, CD44, .
chondrogemc, Higher than CD73, CDY0, Regeneration of. [43,45 47 60,63,76,
SHED neurogenic, DPSCs; tooth roots, repair
myogenic lower than DFPCs CD105, CD146, of dentin—pul 82-91]
yogenc, CD166, STRO-1 pup
angiogenic,
hepatogenic
DPSCs from tooth
germs (TGPCs, at
Osteo/odontogenic, crown-completed
Cﬁg;%(;gezﬁc h?tilgeer)(t};a‘;ecii €D29, CD73, Regeneration of
TGPCs EEIC & pactty CD90, CD105, & [35,43,92-98]
neurogenic, than DPSCs from bone
. . CD166
angiogenic, adults (at later
hepatogenic stages of tooth
development);
higher than DFPCs

ABMSC: alveolar bone-derived MSC; CD: cluster of differentiation; DFPC: dental follicle stem/progenitor cell;
DPSC: dental pulp stem/stromal cell; GMSC: gingival MSC; HLA: Human Leukocyte Antigen; NESTIN: Neu-
roepithelial Stem Cell Protein; NOTCH-1: Neurogenic Locus Notch Homolog Protein 1; PDLSC: periodontal
ligament stem/stromal cell; SCAP: stem/stromal cells from apical papilla; SHED: stem/stromal cells from human
exfoliated deciduous teeth; STRO-1: Antigen-1; TGPC: tooth germ stem/progenitor cell.
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Bone regeneration is a crucial area in orthopedic and maxillofacial reconstruction,
with stem cell-based therapies emerging as promising strategies to enhance healing and
tissue repair. Among the various stem cell types, OMSCs have gained attention due to
their ability to regenerate bone tissue in vivo [30,99]. Several studies have explored their
regenerative potential, investigating different stem cell sources, scaffolds, and animal
models to optimize outcomes. A study from Yamada et al. [100] investigated the use of
stem cells from adult canines” dental pulp and bone marrow and from puppies’ deciduous
teeth to regenerate large bone defects, using platelet-rich plasma (PRP) as a scaffold.
Following the creation of bone defects in the mandibles, several graft compositions were
implanted, including PRP alone and combinations of bone marrow MSCs and DPSCs with
PRP. The study demonstrated that stem cell-based grafts originated well-formed bone
and neovascularization, with significantly enhanced bone regeneration when compared
to the control and PRP-only groups, underlining the synergistic effect of PRP, DPSCs,
and deciduous tooth stem cells in bone healing, envisaging applications in orthopedic
and maxillofacial reconstruction. Building on this approach, further studies by the same
group, using the same cell types in hydroxyapatite (HAp)-coated, osseointegrated dental
implants, reinforced the previous findings, showing that HAp provided an improved
microenvironment for stem cell adhesion and differentiation. This led to superior bone
formation and better implant integration compared to control and PRP-only groups [100].
In a different model targeting periodontium reconstruction, Hu et al. [101] examined cell
injection and cell sheet transplantation of DPSCs in swine periodontal bone defect models.
The results demonstrated that both techniques were able to considerably replace alveolar
bone; however, the cell sheet transplantation led to improved bone regeneration outcomes.
This study suggests that not only the choice of stem/progenitor cell type, but also the
method of delivery plays a critical role in optimizing bone TE strategies in the context of
periodontal regeneration.

Several animal models, including rat, miniature pig, and beagle dog defect models,
have been used to study the regenerative potential of PDLSCs in periodontal defects. The
findings indicated that PDLSCs had the ability to create both soft and hard structures that
resembled periodontal tissue, promoting its regeneration [102]. An approach introduced by
Ding et al. [103], using allogeneic PDLSCs sheets applied to a miniature pig periodontitis
model, showed significant periodontal tissue regeneration in both the autologous and
allogeneic PDLSCs transplantation groups at 12 weeks post-PDLSCs transplantation, with
no significant difference between the autologous and allogeneic groups. Furthermore, no
immunological rejections were observed in animals receiving allogeneic PDLSCs transplan-
tation. Notably, a different study from Chen and colleagues [104] assessed the safety and
feasibility of employing autologous PDLSCs and grafting materials in a GTR strategy to
treat periodontal intrabony defects. Patients were given either GTR with PDLSCs sheets
and Bio-Oss® or GTR with Bio-Oss® alone. Over a 12-month follow-up period, no safety
concerns of PDLSCs were detected, and both groups demonstrated significant alveolar
bone regeneration. These findings offer preliminary clinical evidence for the effectiveness
of OMSCs transplantation in regenerative dentistry.

3. Electrical Stimulation as a Relevant Tool to Modulate Cell Fate

Bioelectricity is crucial in coordinating cell activities during embryonic development,
regeneration, and healing. It influences key processes such as cell proliferation, differentia-
tion, alignment, and migration, all of which are essential for maintaining cell homeostasis,
growth, and repair [105]. Bioelectrical circuits serve as long-range signaling mechanisms
that regulate these important functions. Applying external electrical stimuli has been shown
to enhance control over cell migration, orientation, growth and maturation [106-108]. In-
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tegrating bioelectricity into TE strategies could improve the quality and functionality of
engineered tissues by providing a closer mimicry of the in vivo environment [108].

ES has drawn special interest since Fukada and Yasuda [109] described bone piezo-
electricity in 1953, which has been correlated with the bones” ability to adapt to mechanical
stress and self-regenerate [110]. The advantageous therapeutic effects of ES observed in
bone regeneration strategies in vivo motivated the TE and RM scientific community to
further investigate the underlying cellular processes [111,112]. Additionally, the combi-
nation of ES treatment and osteogenic induction medium has been shown to upregulate
important osteogenic-related markers both for bone marrow-derived MSCs and adipose
tissue-derived MSCs [26,113-115].

ES has also been proven to modulate stem cells towards various fates beyond the
osteogenic lineage. ES enhances fetal neural stem cell proliferation and differentiation into
neurons [116], promotes guided cell migration and integration [117], as well as embryonic
stem cell differentiation [118] towards the neurogenic lineage. ES has been applied to
several cell types to promote cardiac differentiation, including human MSCs [119,120],
human cardiac progenitor cells [121], mouse adipose tissue-derived MSCs [122], embry-
onic stem cells (both human and mouse) [23,123], and induced pluripotent stem/stromal
cells [124]. Chondrogenic [125-128] and angiogenic [129-131] differentiation protocols
using ES have also been reported. Altogether, ES has been proven to be an effective external
biophysical stimulus to control the behavior of various types of stem cells, promoting their
differentiation into specific lineages.

3.1. Piezoelectric/Electrical Properties of Dental and Periodontal Tissues

Understanding the piezoelectric and electrical properties of dental and periodontal
tissues is critical for developing novel therapeutic strategies because it serves as the foun-
dation for advances in regenerative dentistry and TE, as well as guiding future ES research
and clinical applications.

Piezoelectricity is an intrinsic property of many biological tissues including bone,
enamel, cementum, dentin, and PDL. This phenomenon occurs when the application of
mechanical loads in the tissue results in the generation of electrical potential (and vice
versa) [132,133]. Braden et al. [134] first reported that elephant dentin was piezoelec-
tric, meaning that electric potentials arose from compressive stresses. In their study, the
piezoelectric effect could not be seen with enamel. Marino and Gross [135] measured the
piezoelectric constants of whale dentin and cementum and compared them to those of bone.
In their study, dentin and cementum specimens were capable of producing (on average)
around 12% of the surface charge density produced by cortical bone under comparable
mechanical loading conditions.

The significance of piezoelectricity arises from its ability to promote tooth healing and
growth in a similar way that it does for bone. The mineral and organic components in
enamel and dentin give teeth their piezoelectric properties. The piezoelectricity of tooth
HAp was evaluated in both dentin and enamel, and the results revealed that dentin had
a higher piezoelectricity than enamel. It was discovered that piezoelectricity decreased
in tooth samples after the organic material was removed, highlighting the importance of
organic components in piezoelectric properties [136]. In fact, the enamel mineral com-
ponents alone were reported to not be piezoelectric [137]. Moisture content and tubule
orientation both influence dentins’ piezoelectric capabilities. When compressive stress was
applied, greater voltages were created parallel to the tubules rather than vertically. The
piezoelectric constant of dentin was shown to increase with moisture content and was
classified as anisotropic: dry dentin piezoelectric constant was at 0.23 pC/N parallel to
tubules and 0.075 pC/N vertically. At 1.93% moisture, values were measured as 1.16 pC/N
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and 0.87 pC/N. The highest values (4.56 pC/N and 4.09 pC/N) were obtained at 4.20%
moisture. These findings highlighted dentin electromechanical behavior, which was found
to be significantly influenced by hydration and structural anisotropy [138]. Different pH
environments were designed to investigate the effect of pH on dentins’ piezoelectric prop-
erties. Researchers discovered no significant differences between the groups when the force
was delivered vertically to the dentinal tubules. However, data showed that the alkaline
group had stronger dentin piezoelectricity (1.347 pC/N) than the neutral (1.252 pC/N)
and acidic (1.082 pC/N) groups. Significant changes were observed when the force was
applied along the dentinal tubules. The alkaline group exhibited the highest piezoelectric-
ity (6.079 pC/N), followed by the neutral (4.360 pC/N) and acidic groups (2.868 pC/N).
These findings indicated that an alkaline pH environment increased dentin piezoelectricity,
especially when force was applied along the tubules’ direction [132].

Teeth vary in morphology, so it is reasonable to predict that the surrounding tissues
will have diverse electrical properties from subject to subject. In vitro measurements of the
electrical properties of teeth showed that dentin has a conductance of 5 x 1073 S/m and a
relative permeability of 1 x 10% at 1 kHz, and a conductance of 6 x 1073 S/m and a relative
permeability of 4 x 10° at 10 kHz. At 1 kHz, the root canal has a conductance of 0.25S/m
and a relative permeability of 4 x 10*. At 10 kHz, the conductance remains 0.25S/m and the
relative permeability is 1 x 10* [139]. Enamel is a non-electrically conductive component;
at room temperature, it acts as an insulator. At approximately 25 °C, human tooth enamel

has an impedance of around 1 x 10'°

Ohms. The resistance of tooth enamel is high, yet
it coexists with low resistance zones caused by hypermineralization. The human tooth
enamel is highly resistive to electric conduction, but dentin exhibits a constant resistance
regardless of position in the tooth [140].

The electrical properties of periodontal tissues are influenced by the tooth roots’
structure and surrounding tissues. The root canal system is surrounded by dentin and
cementum, both of which serve as electrical insulators. At the minor apical foramen, a
small conductive pathway connects the materials inside the canal (such as tissue and
fluid) to the PDL, which is a conductor of electric current (EC). In this context, dentin,
along with the tissue and fluid within the canal, forms a resistor whose value depends
on the dimensions and inherent resistivity of these materials. In addition to resistive
characteristics, the tooth root has capacitive properties, which create a dielectric constant
defined by the fluid and tissue within the canal, as well as the cementum and dentin walls.
This complex combination of resistive and capacitive components impacts the overall
impedance properties of the root canal system and surrounding periodontal tissues [141].

The biomechanical behavior of periodontal tissues was investigated in both porcine
and human models, offering insights into potential piezoelectric properties, even though
they were not directly measured. In the porcine model, forces applied to the PDL reduced
over time, indicating a viscoelastic response to varied loading velocities. Measurements
in human samples, however, demonstrated a more fluid-dependent behavior in the PDL,
with force parameters changing after each loading cycle. Understanding these behaviors
may provide insights into the possible role of piezoelectric effects in periodontal tissue
remodeling and healing [142]. Mechanical loading activates Piezol ion channels in human
PDL cells, which leads to osteoclastogenesis. The nuclear factor (NF)-«B signaling pathway
affects the expression of genes related to bone resorption, including Cox2 and RANKL.
Piezol ion channels might play a role in the mechanotransduction of mechanical forces in
periodontal tissues, which influences alveolar bone remodeling [143].

A capacitive coupling (CCoupling) EF (sinusoidal wave, 60 kHz, and 5 V peak-to-peak)
delivered to dogs, for 14 h per day, resulted in reorganization of the bony raspings on the
electrically stimulated sides. These raspings are made up of particles from an asymmetrical



Cells 2025, 14, 840

9 of 30

Direct
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field

crystal class that has piezoelectric properties, which means they generate electrical currents
when exposed to mechanical pressures. The existence of these piezoelectric particles in
adequate concentration is thought to have contributed to the observed alterations in bone
structure, which were connected to bone remodeling or healing processes in response to
ES [144]. Bioimpedance measures compared healthy periodontal tissue to inflammatory
tissue. Simulations at 150 kHz revealed that healthy tissue had a higher impedance, but
inflammatory tissue has lower values, indicating higher electrical conductivity. These
observations suggest that bioimpedance may accurately distinguish between healthy and
diseased tissues [145].

3.2. ES Delivery Methods
The main three methods to apply ES have been previously described and are de-

picted in Figure 2: direct coupling (DCoupling), CCoupling, and inductive coupling (ICou-
pling) [108,146,147].

B1 .
Capacitive
Coupling
s?"”ﬁ;r Air i I Electric

PP gap fisld c Inductive

Coupling

Electric
. - ) field
Capacitor i ¢ 0
plates

B2 Semi-capacitive
Coupling

I ° . Magnetic
Electric field

l field Conductive

coil

L

Figure 2. Methods to deliver electrical stimulation (ES) to cultured cells/TE constructs: (A) direct
coupling: electrodes are placed inside the medium; (B1) capacitive coupling: capacitor plates are
placed outsider the medium with an air gap on top; (B2) semi-capacitive coupling: similar to B1
without an air gap; (C) inductive coupling: a conductive coil surrounds the medium, creating
both an electric and magnetic field, perpendicular to each other. Figure created using Biorender
(https:/ /www.biorender.com/, accessed on 8 Janurary 2025).

The DCoupling approach (Figure 2A) involves placing conductive electrodes (such as
graphite, platinum wires, or stainless steel) directly inside the cell culture wells or stimula-
tion chamber, ensuring direct contact with the culture medium. This setup is commonly
used in petri dishes or culture chambers for in vitro DCoupling experiments [148] and is
the most widely used method because of its easy operation [149]. While inserting electrodes
into the culture medium represents a simple procedure for ES treatment, it can also trigger
undesirable side effects including redox reactions with medium components, electrode
corrosion, and the formation of reactive by-products such as hydrogen peroxide, hydroxyl
ions, and free radicals. Additionally, electrochemical reactions may alter pH levels or cause
metal oxidation, leading to potential contamination of the cell culture medium [150,151].
These disadvantages could be overcome by electrodes insulation to deconstruct the impacts
of DCoupling ES and Faradaic by-product generation on cellular activities [150].
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Another DCoupling experimental setup for applying EFs to cells or tissues is to
create an isolated chamber with agar salt bridges connecting it to exterior silver (Ag)/Ag-
chlorine (Cl) electrodes immersed in Steinberg solution [149]. This design can separate
EF-exposed cells from reactive Faradaic electrolysis products (hydrogen peroxide, hydroxyl
and superoxide ions, or other free radical intermediates) produced by redox reactions at
the electrode—electrolyte interface [150]. Accordingly, this is crucial, since the adsorption of
proteins to the electrodes can disrupt the current, decreasing ES intensity and DCoupling
efficacy [151].

CCoupling (Figure 2B1) is a non-invasive ES approach that involves creating EFs
between two parallel conductive layers, known as capacitor plates, connected to a generator.
These are located at the edges of the cell culture well or chamber, usually above and below
the cell culture media, but not in contact with it, leaving a small air gap between the upper
conductive layer and the cell culture medium in the well. If there is no space between the
medium and the top capacitor plate, the method is referred to as semi-capacitive coupling
(Figure 2B2) [111]. The EF generated is uniformly transmitted through the culture media,
and the cells are evenly stimulated, regardless of their position in the culture well [152,153].

ICoupling (Figure 2C) stimulation involves generating EFs surrounding the cell culture
system using a conductive coil or solenoid. An alternating current flows through the coil,
originating a magnetic field and a perpendicular alternating EF [154], therefore creating an
electromagnetic field (EMF). This stimulation approach prevents direct cell contact with
the electrodes, which might eliminate the presence of unwanted by-products [111].

3.3. ES Parameters

There are several ES parameters that can be controlled to influence cell behavior.
ES can be delivered in the form of EC, measured in amperes (A), or electrical potential
differences, measured in volts (V). EFs exist whenever charge is present, and its strength is
measured in volts per centimeter (V/cm), expressed as intensity for field strength. An EF
of 1 V/cm represents a potential difference of 1 V between two points that are 1 cm apart.
If the exposure time and EF strength are within tolerance limits, treating biological systems
or cells with EFs can result in positive biochemical and physiological reactions [155]. Units
of magnetic flux density (intensity) are measured in either Gauss (G) or Tesla (T) [156]. ES
uses a field or current that can be either direct (DC) or alternating (AC). AC changes the
direction of the field/current at a certain period “t” or frequency (1/7). Research on EFs
generated through AC is less common but interesting, since the application of AC (rather
than DC) is often utilized to prevent ion buildup near electrodes, which can reduce the
applied field or current [157]. The use of intermittent or continuous stimulation is another
important parameter. If intermittent, the frequency and duration of each ES application
should also be considered.

ES can be provided in the form of monophasic (single phase: unidirectional pulse from
baseline to either positive or negative phase) and biphasic (two phases: bidirectional wave
with one positive phase and one negative phase) wave [158-161]. The waveform can have
different shapes, such as rectangular pulse, sinusoidal, square, triangular (center or increas-
ing/decreasing ramp), sawtooth, and exponential (increasing/decreasing) [162-164]. Duty
cycle is defined as the percentage of time the waveform period is “on” or active, represent-
ing the duration during which the cells are being stimulated, compared to the total cycle
time, which includes both the active (on-time) and recovery (off-time) periods. The duty
cycle of the waveform can be calculated using the equation % duty cycle = (t, x f) x 100,
where t;, is the pulse width, and f is the frequency of the wave [165-167]. According to
the stimulation parameters setup, monophasic stimulation is effective in polarizing the
target tissue [168], but it may produce reactive oxygen species (ROS) through the oxidation—
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reduction process due to the Faradaic reaction at the surface of a metal electrode [169].
Additionally, the Joule heating effect may cause cell damage, particularly when massive
current pulses are delivered over long periods of time and/or at high frequencies [170].

Among various parameters, EF intensity may determine the osteoinductive win-
dows. A study using osteogenic differentiation medium and AC EFs (2 mV/mm, 60 kHz,
40 min/day) found that the EF could induce a delayed osteogenic differentiation of
MSCs [127]. However, Hronik-Tupaj et al. reported that a 2 mV/mm, 60 kHz EF pro-
motes osteogenesis [113]. The observed discrepancy could be explained by the utilization
of osteogenic molecules, which could have a synergistic effect with EFs to promote os-
teogenesis more effectively. Another research study from Hess et al. [171] revealed that
EFs (0.36 mV/mm, 10 Hz) alone fail to induce osteogenic differentiation, but, when an
osteogenic sulfated hyaluronan derivative is introduced, MSCs osteogenesis increases
significantly. Therefore, EFs with low intensity may not promote MSCs differentiation
toward osteoblasts by itself but could enhance the osteoinductive properties of biochemi-
cal molecules. High intensity above 100 V/cm can cause cell membrane electroporation,
or an immediate increase in intracellular calcium ions (Ca?*) and ROS, followed by cell
apoptosis [172,173]. Different from low-intensity EFs, moderate to high-intensity EFs could
promote the osteogenic differentiation of MSCs. For instance, bone marrow-derived MSCs
exposed to an EF of 100 mV/mm (which can be considered a moderate intensity rather
than high) for 1 h per day undergo osteogenic differentiation. These osteoinductive ef-
fects were maintained even after EF was terminated. However, it is important to note
that the cells were cultured in a medium supplemented with osteogenic factors, which
may have contributed to the observed differentiation [24]. Khaw et al. [174] applied two
different EFs (100 and 200 mV /mm) to human bone marrow-derived MSCs without bio-
chemical osteogenic supplements and found that both EF conditions could promote the
osteogenic differentiation, with the 200 mV /mm EF being the best-performing one. Raviku-
mar et al. [175] designed an EF device able to apply a static potential (15 V) to parallel
electrodes separated by 15 mm. MSCs were seeded on HAp-CaTiO3 composites and then
exposed to EFs for 10 min per day in the absence of osteogenic inductive molecules. The
results demonstrated that the EFs could significantly improve the expression of osteogenic
gene markers alkaline phosphatase (ALP), collagen type I (COL I), and osteocalcin (OC).
These findings suggest that an EF with an intensity over 100 mV/mm may be required
to promote MSCs osteogenesis in the absence of osteogenic molecules supplementation.
Additionally, Silva et al. [114] verified variations of cellular responses, mainly regarding
osteogenic differentiation, when human bone marrow-derived MSCs were subjected to
five different ES protocols. Different ES protocols were applied every two days from day
0 to day 14. Conditions included basal and osteogenic medium without ES, as well as
various ES settings: a constant DC EF of 1.2 V (for either 1 h or 1 s), a constant DC EC of
0.03 mA (for 1 h), and an AC EF of 1.2 V with ON/OFF periods of either 10 or 2 s (for
1 h). Results demonstrate that the current-controlled protocol effectively promoted human
bone marrow-derived MSCs osteogenic differentiation, evidenced by enhanced in vitro
mineralization and increased OPN gene expression.

Regarding the frequency, EMF frequencies below 1 kHz influence the cell cycle by
decreasing the proportion of cells in the G1 phase while increasing those in the S phase.
This shift enhances proliferative potential, as more cells undergo DNA synthesis, promot-
ing overall cell proliferation and growth [176]. On the other hand, experiments suggest
that ES frequencies above 1 kHz can induce cell differentiation, but must maintain low-
intensity [125,127]. Numerous biological processes are impacted by very low frequency
(0-100 Hz) EMFs, such as cell fate and differentiation, gene expression, and the release of
essential growth factors [156].
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Altogether, these findings demonstrate that a unique protocol for ES on MSCs has not
been defined yet and should be pursued to perform more complex and comprehensive
studies envisaging future clinical translation.

3.4. Cellular Mechanisms Affected by ES

Cells are the primary source of bioelectricity in living organisms [22]. A membrane
potential, or Vimem, is created when ions are continuously pumped through ion channels,
causing a voltage gradient across their membrane [108]. The types of stem cells and the treat-
ments’ goal determine the ES parameters (frequency, duration, voltage, and field/current)
to use [177]. ES exposure can cause biophysical changes at the cell surface, altering its
permeability, and affecting membrane protein functions such as enzyme activity (sodium
(Na*)/potassium (K*) adenosine triphosphatase (ATPase) and Ca®* ATPase), membrane—
receptor complexes, and ion-transporting channels by changing the charge distribution
of these biomolecules at the surface of the cells [146,178]. Specifically, voltage-gated ion
channels react to variations in Vmem by opening or closing [156].

The complex interactions between cells and their chemical/physical environment are
known to be affected by ES, which is crucial for preserving the regular biological processes
of the body [179]. Studies have demonstrated that ES modulates intracellular calcium levels
via calcium/calmodulin (CaM) pathways [108,180], which are important in the production
of intracellular molecules, such as CaM-dependent kinases and phosphatases [181]. Addi-
tionally, further research has demonstrated the involvement of growth factor receptors in
ES transduction, such as those for fibroblast growth factor (FGF), epidermal growth factor
(EGF), transforming growth factor-beta 1 (TGF-f1), and vascular endothelial growth factor
(VEGF) [182-184]. Moreover, ES promotes growth factor production by cells, such as bone
morphogenetic proteins (BMPs: e.g., BMP2 and BMP4), TGF-$31, and insulin-like growth
factor 2 (IGF-2) [179,185,186].

The influence of the inflammatory microenvironment on stem cell behavior is partic-
ularly relevant in periodontal regeneration. OMSCs are known to respond dynamically
to inflammation: under high inflammatory conditions, they suppress inflammation and
bone resorption by regulating cytokine secretion, immune cells activity, and RANKL/OPG
signaling. Conversely, under low inflammatory conditions, they may promote mild in-
flammation and osteoclastogenesis as part of tissue remodeling [187]. Liu et al. [188]
demonstrated that PDLSCs derived from inflamed periodontal tissues exhibit enhanced
proliferation and migration but reduced osteogenic differentiation. This was attributed to
elevated canonical wingless-related integration site (Wnt)/3-catenin signaling, which sup-
pressed the noncanonical Wnt/Ca?* pathway that supports osteogenesis. Pharmacological
inhibition of f-catenin using dickkopf-related protein 1 (DKK-1) restored noncanonical
signaling and rescued the osteogenic potential of these cells, highlighting the critical role of
Wnt pathway balance in bone regeneration under inflammatory conditions.

In this context, ES has emerged as a promising biophysical strategy to modulate Wnt
signaling and restore osteogenic capacity in OMSCs affected by chronic inflammation.
In vitro studies have shown that ES can directly influence Wnt pathway activity. For exam-
ple, human DPSCs exposed to pulsed EMF (PEMF) at an intensity of 10 mT for 15 min per
day at varying frequencies (40, 60, 70, and 150 Hz) exhibited frequency-dependent effects
on differentiation. The most pronounced osteogenic responses occurred at 60 and 70 Hz,
with increased expression of 3-catenin and phosphorylated GSK-3f3, indicating activation
of canonical Wnt signaling and promotion of odontoblast-like differentiation [189]. A
complementary approach by Zhang et al. [190] further highlighted the therapeutic potential
of bioelectrical environments for restoring osteogenesis in oral inflammatory conditions.
The researchers engineered poly(vinylidene fluoridetrifluoroethylene [P(VDF-TrFE)] mem-
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branes with controlled surface potentials to mimic endogenous osteogenic membrane
potentials (=55 mV), rather than applying conventional EC. When DPSCs were cultured on
these surfaces, fibronectin adsorption was enhanced, leading to canonical Wnt activation
and osteogenic differentiation. This study demonstrates that modulating the electrical
characteristics of the cellular microenvironment can effectively direct OMSCs towards
Wnt-mediated osteogenic commitment. Such approaches offer promising avenues for
reestablishing bone-forming capacity in diseases where chronic inflammation disrupts
regenerative signaling.

PEMEF stimulation has also been shown to promote osteogenic differentiation in adi-
pose tissue-derived MSCs through activation of canonical Wnt signaling. In vitro exposure
to a 50 Hz, 20 mT PEME, combined with zinc sulfate supplementation, led to significant
upregulation of Wnt1, Wnt3a, LRP5, and B-catenin, along with increased expression of
osteogenic markers. These findings provide further evidence that ES can enhance os-
teogenesis in MSCs by engaging the Wnt/ 3-catenin pathway under defined stimulatory
conditions [191]. Moreover, PEMF has demonstrated the ability to promote osteogenic dif-
ferentiation even under inflammatory conditions. In a study using adipose tissue-derived
MSCs exposed to TNF-o, PEMF stimulation restored osteogenic potential through activa-
tion of the mTOR signaling pathway, a central regulator of stem cell fate and differentiation.
These findings provide additional support for the role of ES in counteracting inflammation-
induced suppression of osteogenesis, complementing its Wnt-mediated effects [192].

By modulating both canonical and noncanonical Wnt signaling, and potentially
additional pathways, ES represents a multifaceted strategy to restore bone-forming
capacity in inflamed oral environments, which may complement pharmacological
Wnt-targeted therapies.

According to these findings, electrical cues can modulate stem cell behavior, partic-
ularly in electroactive tissues (e.g., cardiac, neural, muscle, bone). Therefore, it has been
demonstrated that ES can be an effective tool to regulate stem cell behavior, improving
processes such as cell migration, proliferation, differentiation, and extracellular matrix
(ECM) synthesis [193]. Figure 3 provides a representation of the effects ES might have
on electroactive stem/stromal cells at the cellular level, from alterations in Vyem to the
formation of new bone ECM resultant from the activation of osteogenic pathways.

Electrical
stimulation

Bone extracellular

matrix

loninflux (e.g., calcium) and . @
\nter'\o\' activation of second messengers

e.g.: Wnt, Calcium/CaM, FGF,

Activation of intracellular_» .~ TGF-B1, VEGF, BMP, IGF
signaling pathways c t 2 :
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Activation of osteogenic Osteogenic genes
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Figure 3. Visual representation of the biological processes occurring outside and inside a stem/stromal
cell after electrical stimulation treatment in vitro. The membrane potential becomes altered, passing
from a resting potential state (left side from the dots bar) to a hyperpolarized state (right side from
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the dots bar). A chain of cellular and molecular events starts to activate osteogenic gene transcription
at the nucleus. Stem/stromal cells activate mechanisms of proliferation and differentiation, leading
to the deposition of bone ECM components and consequently bone tissue formation. BMP: bone mor-
phogenetic protein; CaM: calmodulin; EGF: epidermal growth factor; FGF: fibroblast growth factor;
IGF: insulin-like growth factor; RUNX2: runt-related transcription factor 2; TGF-B1: transforming
growth factor-beta 1; VEGF: vascular endothelial growth factor. Wnt: wingless-related integration
site. Figure created using Biorender (https://www.biorender.com/, accessed on 8 Janurary 2025).

4. Electrical Stimulation for Dental and Periodontal Tissue
Regeneration Strategies

ES has emerged as a promising approach for enhancing the regenerative potential
of MSCs in dental and periodontal TE applications. Nevertheless, ES of OMSCs remains
largely underexplored. Table 2 summarizes examples of studies using different ES protocols
on OMSCs to promote their osteogenic differentiation in two-dimensional (2D) cultures,
focusing on dental and periodontal tissue regeneration strategies.

Different voltages of DC EFs were administered to rat-derived DPSCs, 1 h per day
for 7 days. The authors discovered that, although 10 and 50 mV /mm of ES had no effect
on metabolic activity or cell numbers, 100 mV/mm significantly reduced cell numbers,
and 150 mV/mm caused cell death. At day 7, ES treatment enhanced gene expression
of osteo/odontogenic markers such as OC, RUNX2, bone sialoprotein (BSP), and dentin
matrix protein 1 (DMP1). However, 50 mV/mm of ES lowered collagen deposition and
ALP activity at both time points (Days 7 and 14), whereas calcium deposition decreased
at day 14 [194]. DPSCs cultured on tissue culture dishes within a micro-current ES (mES)
system exhibited significantly enhanced proliferation at a working mES of 38 pA com-
pared to the other conditions. This stimulation altered the expression of intracellular and
extracellular proteins, thereby enhancing proliferation and significantly promoting osteo-
genesis through the upregulation of OC expression relative to non-stimulated cells [193].
Despite the promising potential of various OMSC types such as PDLSCs, GMSCs, SCAP,
SHED, AB-MSCs, DFPCs, and TGPCs, no studies have yet explored their response to
ES with DCoupling or CCoupling. This represents a significant gap in research, as these
stem /stromal cell populations hold immense potential for improving dental/periodontal
regenerative therapies and enhancing patients’ quality of life. Given the demonstrated
benefits of ES in promoting cell proliferation, differentiation, and tissue regeneration in
other stem/stromal cell types, future research should focus on exploring ES impact on
more types of OMSCs to fully assess if it could be a potential therapeutic approach to treat
dental/periodontal diseases.

ES with the ICoupling method that creates an EMF in the cell culture has been explored
to a higher extent with OMSCs. Human DPSCs were cultured in odontoblast differentia-
tion medium with dexamethasone, BMP2, TGF-1, and FGF-2. Human DPSCs were then
subjected to 10 mT PEMF at 40, 60, 70, and 150 Hz, for 15 min per day. Protein and gene ex-
pression varied in human DPSCs based on the frequency of the stimulation protocol. At 60
and 70 Hz, the expression of typical immunophenotypic markers for MSCs (CD73, CD105,
CD146) decreased more than at other frequencies, but the expression of odontoblast-related
markers such as (3-catenin, phosphorilated-GSK-33, and phosphorilated-p38 increased.
Exposure to a PEMF intensity of 10 mT at 70 Hz had a significant effect on human DPSCs
differentiation by increasing DMP1 and dentin sialophosphoprotein (DSPP) proteins expres-
sion, as well as ALP and DMP1 osteo/odontogenic gene expression [189]. The impact of low
frequency EMF on human DPSCs proliferation rate was studied for 7 days at intensities of
0.5 and 1 mT, with a frequency of 50 Hz and exposure time of 20 and 40 min of stimulation
per day, respectively. MTT assay results showed that the intensity of 1 mT for 20 min per day
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had a higher effect on human DPSCs proliferation. All exposure groups had significantly
higher survival and proliferation rates than the control group (with the exception of the
40 min, 1 mT group), as evidenced by MTT and DAPI staining assays [195]. After 20 min of
0.5 mT exposure, the survival intensity is much higher than in the other groups. Therefore,
according to the obtained results, low frequency EMF promotes the survival of cells except
for one case (40 min, 1 mT), even though the effective underlying mechanisms in this
process are yet unknown. Furthermore, other authors demonstrated that PEMF-stimulated
groups increased the expression of the osteo/odontogenic-related gene DMP1, compared
to non-stimulated control groups [196]. Wang and colleagues evaluated the proliferation
and osteogenic differentiation of human PDLSCs when exposed to PEMF (15 Hz, 1 h daily,
varying intensities), transfected with BMP9, or subjected to both stimuli [197]. PEMF at
various intensities had no influence on the proliferation of human PDLSCs and did not
increase the proliferative capacity of BMP9-transfected cells. The combination of PEMFs
(1.8 or 2.4 mT) and BMP9 stimulation had a synergistic effect on early and intermediate
osteogenic genes, as well as protein expressions of RUNX2, ALP, and osteopontin (OPN),
according to the respective quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) and Western blotting analyses. A more mature, mineralized ECM formation was
also confirmed in BM9-transfected human PDLSCs through calcium deposits visualized
by alizarin red S staining. In human PDLSCs, another research group assessed the effects
of intermittent low frequency EMF exposure (6 h per day) for the standard differentiation
period (28 days) and for 10 days with or without osteogenic differentiation medium. After
10 days of exposure, compared to controls, there was an increase in cell proliferation rate
and de novo calcium deposition, and qRT-PCR and Western blot results revealed that
collagen type [ alfa 1 (COL1A1) and RUNX2 gene expression and COL1A1, RUNX2, and
OPN protein expression were upregulated [198]. Additionally, in a study developed by
Lim et al. [199], human ABMSCs exposed to low frequency-pulsed EMF had a 15% increase
in proliferation compared to untreated cells on day 5. Furthermore, within two weeks of
exposure to low frequency PEME, ALP activity increased significantly during the early
stages of osteogenesis, as did mineralization near the midpoint. Low frequency PEMF also
increased vinculin, vimentin, and CaM expressions in comparison to the non-stimulated
control. CaM demonstrated that low frequency PEMF increased the expression of the
osteogenesis-related gene OC.

Table 2. Examples of studies using different ES protocols on OMSCs to promote osteogenic differentiation.

Cell Source

Method to Deliver ES ES Parameters Main Findings Reference

Proliferation increased for EMF groups
at 50 and 100 Hz (Day 5);

10 min/day for ALP and mineralization enhanced in
ABMSC EME 4 and 14 days; EMF group at SQ and 100 Hz (Day 14); [199]
6 Gauss; vinculin, vimentin, and CaM expression
10, 50, 100 Hz. increased for EMF groups;
OC expression upregulated for
EMF groups.
Metabolic activity decreased for 100 and
150 mV/mm;
bone-specific gene expression increased:
1h/day for 7 days; i
bPSC DCEF 10, 50, 100, collaogﬁl({igkcl))s(izt’ifrf géiﬂiifﬁtléa s [194]
150 mV/mm. gen dep Y

7 and 14;
ALP activity decreased at days 7 and 14;
calcium deposition decreased at day 14.
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Cell Source  Method to Deliver ES ES Parameters Main Findings Reference
2 h/day at an
intermittent
regimen
(stimulation time: Proliferation and OC expression
DPSC mES 38.62 s and rest increased for 38 pA [193]
time: 110.46 s) for stimulation condition.
3 days;
mES of 0.5, 38 and
75.5 HA.
CD73, CD105, CD146 expression
decreased for 60 and 70 Hz;
RUNX2, DMP1, DSPP protein
15 min/day for expression increased for 70 Hz;
3 davs: ALP, RUNX2, DMP1, and DSPP protein
ys; . )
10 mT: expression increased for 60 Hz;
DPSC EMF ! BMP2, ALP, RUNX2, OMD, DMP1 and [189]
40, 60, 70, and L
150 Hz; DSPP gene expression increased for all
Ise waveform. . PEMF groups;
pu [-catenin, p-GSK-33, and p-p38
expression increased for 70 Hz;
(3-catenin expression increased for
60 Hz.
20 and 40 min/day
for 7 days;
0.5and 1 mT; Proliferation increased for EMF groups,
DPsC EMF 50 Hz; especially for 1 mT, 20 min/day. [195]
sinusoidal
waveform.
20 and 40 min/day
for 7 days;
0.5and 1 mT; Proliferation and DMP1 expression
DPSC EMF 50 Hz; increased for EMF groups. [196]
sinusoidal
waveform.
Calcium deposition, Alizarin red S
4 h/day for 2 and ..
DPSC DC EF on PPy films 4}(;ays,' Sgg;g' and BMP2, BMP3 '}?MP 2 ?“d [200]
0.33 V/em. gene expressions enhanced for
ES group.
ALP activity increased for P-55 (day 7);
mineralization increased for P-55
. Membranes: P-55 (day 21);
Indirect ES on .
DPSC poralized P(VDF-TrFE) (—55.05 mV), P-85 BMP2, COL I, and SP7/0SX protem‘ [190]
membranes (—84.8 mV) , and expression increased for P-55 (day 7);
P-0 (unpolarized). BMP2, COL I, ALP, SP7/0OSX, OPN,
VINCULIN, and OC protein expression
increased for P-55 (day 14).
1h/day for4,7,8, Alizarin red S staining, ALP activity,
10, and 14 days; RUNX2, ALP, and OPN gene expression
0.6,1.2,1.8,2.4,and increased for 1.8 and 2.4 mT;
PDLSC EMF 3.0mT; BMP9-transfected cells with PEMF [197]
15 Hz; increased even more these genes’

pulsed waveform.

expression and ECM mineralization.
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Table 2. Cont.
Cell Source  Method to Deliver ES ES Parameters Main Findings Reference
1mT;
6 h/day; Proliferation and calcium deposition,
10 or 28 days; COL I, RUNX2 gene expression, and
PDLSC EMF 50 Hz; COLT, RUNX2, OPN protein expression [198]

sinusoidal increased for 10-day treatment group.

waveform.

ABMSC: alveolar bone-derived mesenchymal stem/stromal cell; ALP: alkaline phosphatase; BMP: bone morpho-
genetic protein; BSP: bone sialoprotein; CaM: calmodulin; CD: cluster of differentiation; COL I: collagen type I;
DC: direct current; DMP1: dentin matrix protein 1; DPSC: dental pulp-derived stem/stromal cell; DSPP: dentin
sialophosphoprotein; ECM: extracellular matrix; EF: electric field; EMF: electromagnetic field; ES: electrical stimu-
lation; mES: micro-current electrical stimulation; OC: osteocalcin; OMD: osteomodulin; OPN: osteopontin; PDLSC:
periodontal ligament stem/stromal cells; PEMF: pulsed EMF; PPy: polypyrolle; P(VDE-TrFE): poly(vinylidene
fluoridetrifluoroethylene; p-GSK-3f3: phosphorylated glycogen synthase kinase-3 beta; RUNX2: runt-related
transcription factor 2; SP7/OSX: SP7 transcription factor/osterix.

Even though ES in simple 2D culture plate environments can be easily controlled,
conductive films and scaffolds provide more consistent and uniform stimulation, enhancing
the effectiveness of the ES signal. Additionally, they provide a closer mimicry of the ECM,
offering a more supportive and biologically relevant substrate for osteogenic differenti-
ation [201,202]. ES studies using conductive films have also been explored with OMSCs
and are included in Table 2. In contrast, to the best of our knowledge, there are no studies
combining three-dimensional (3D) conductive scaffolds, ES, and OMSCs.

A conductive polypyrrole (PPy) film-based ES device delivering DC EF was fabricated
to investigate its effects on the osteogenic differentiation of human DPSCs. Results showed
that applying a 0.33 V/cm EF for 4 h on days 0, 2, and 4 to cells cultured under osteogenic
induction medium significantly enhanced calcium deposition nearly threefold, accelerated
mineralization (as evidenced by alizarin red S staining), and upregulated mRNA expression
of BMP2, BMP3, BMP4, and BMP5 during early osteogenic differentiation. While the
precise mechanisms remain unclear, the findings suggest that ES may influence osteogenesis
through BMP-related signaling pathways, particularly via the upregulation of BMP2, which
is known to modulate RUNX2 expression. Additionally, the observed increase in BMP3
expression raises the possibility of its involvement in modulating BMP signaling to enhance
mineralization. ES combined with DPSCs-seeded PPy films revealed the potential of DC
EF treatment in bone TE [200].

A study investigating the effects of polarized P(VDF-TrFE) membranes on the os-
teogenic differentiation of human DPSCs highlights the potential of indirect ES in TE. The
membranes were polarized to create surfaces with distinct potentials: P-55 (—55.05 mV),
P-85 (—84.8 mV), and P-0 (unpolarized). When human DPSCs were cultured on these
membranes, P-55 exhibited significantly higher ALP production after 7 days and promoted
more pronounced mineralization nodules after 21 days, when compared to the other groups.
Protein expression analysis revealed that P-55 enhanced the expression of key osteogenic
markers, including BMP2, collagen type I (COL I), and SP7 transcription factor/osterix
(SP7/0SX) on day 7, as well as BMP2, COL I, ALP, SP7/0SX, OPN, VINCULIN, and OC
on day 14 [190]. These findings highlight the role of electrically polarized substrates in
modulating stem cell behavior, providing an innovative strategy for bone, periodontal, and
dental TE strategies.

5. Challenges and Future Trends

Despite significant advances, dental/periodontal TE still faces several challenges, both
scientific and non-scientific, that hinder its clinical translation. Limited understanding
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of the structural and functional properties of oral tissues remains a critical challenge in
dental/periodontal TE. While biomimetic TE approaches are being developed with the aim
of replicating the natural biological processes that occur in vivo, further research is needed
to refine these strategies and enhance their effectiveness for clinical applications. These
challenges emphasize the need for clear regulatory guidelines [203] to guarantee ethically
sound and standardized research.

To ensure the successful clinical translation of ES strategies, various challenges must
be addressed, including the complexity of administering ES therapy in the oral cavity, the
need for clinical visits for ES administration, and the effective removal of dead bacteria.
A more in-depth analysis of how ES therapy affects the diverse microbial species within
the biofilm system is required. Furthermore, the daily administration of ES may present
practical challenges for both patients and healthcare providers [204].

Regardless of the abovementioned challenges, the use of ES in dental/periodontal
TE applications is gaining visibility among researchers and clinicians alike. As discussed
previously, ES comprises a wide range of electrical parameters that can vary significantly
between protocols. The fundamental constraint is that ES on OMSCs is currently under-
explored, and a lack of consensus on the application methods and parameters of ES may
contribute to conflicting research findings. It is difficult to determine ideal procedures
and standardized protocols since the ES parameters utilized in existing studies are too
diverse to be relied on by clinicians [205]. An important challenge to be addressed is the
establishment of an optimized ES protocol that could be beneficial for the majority of these
different OMSC types, leaving time to investigate further cellular/molecular mechanisms
and signaling pathways involved in OMSCs response to ES, all aspects that are still poorly
understood. The basic pathways that mediate EFs interactions with cells are frequently not
fully understood mainly because of the arbitrary selection of EF parameters. Therefore, a
detailed optimization of ES parameters, including field strength, duration, and frequency,
would be necessary for the proper interpretation of the studies. This would allow the cell to
bypass its initial, passive state and reach the threshold level for active response [206,207].

Exposing monolayer 2D cultures, 3D cultures, and tissue engineered constructs to
EF is usually challenging, specifically for long-term culture experiments. In certain cir-
cumstances, such long-term experiments necessitate complex setups with large circuits
and multiple wires coming in and out of incubators [146], which could increase the com-
plexity of the experimental design and its maintenance. These concerns were addressed
by proposing a miniature stimulation device that uses circuit layouts on tiny electrical
boards and 3D-printed cell culture chambers with biocompatible cell arrays and on-board
integrated circuits to investigate how various stimulation parameters affect cell behav-
ior [147]. It is also worth noting the drawbacks of utilizing electrical circuits with fixed
resistances/impedances, as the inherent impedance of cells and culture medium can change
as a result of EF-induced cellular responses. Instead, such experiments necessitate variable
voltage or current outputs that can account for changes in biological reactions [146].

Future research should focus on several key areas to enhance the clinical applicability
of ES in dental and periodontal regeneration. A critical aspect to advance this field is the
comprehensive in vitro characterization of OMSCs. There is still a gap in our understand-
ing of the various OMSC populations and their specific responses to ES. It is crucial to
thoroughly characterize these cells to assess their potential for tissue differentiation and
maturation, particularly in the context of dental and periodontal regeneration and when
exposed to ES. This characterization will help define how ES can modulate cellular behavior
and improve regenerative outcomes.

To optimize the application of ES, computational models should be developed to
predict and estimate the distribution and intensity of EFs within both cell culture wells and
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ES bioreactor devices. These in silico models will help improving experimental protocols,
enabling more precise and effective use of ES to promote tissue regeneration. In parallel,
the development of high-throughput ES devices could facilitate the rapid testing of various
ES conditions, helping to optimize parameters for different types of OMSCs and tissues.
Most mechanistic studies focus on a single ion or channel. However, even at the cell level,
hundreds of ion channels interact to determine the bioelectric state. Similarly, the bioelectric
state of tissues is the result of interactions between different cell types. High-throughput
electrophysiology techniques could help us better understand the key cellular regulation
mechanisms [205].

Exploring alternative, non-direct ES approaches, particularly ICoupling using EMFs
without direct implant contact, provides a promising area for future research [204]. A new
strategy is to use triboelectric nanogenerators (TENGs), to transform mechanical energy
from bodily movements into electrical energy, potentially functioning as in situ therapeutic
triggers [208].

Another promising route is the combination of OMSCs with electroactive materials,
which can be either electroconductive or piezoelectric materials, to enhance the efficacy
of ES. These materials can generate or conduct electrical signals, thereby providing more
controlled and localized ES that could improve the differentiation of OMSCs. The develop-
ment of biocompatible and wearable nanomaterials is essential for the future, as induced
bioelectric changes are an essential category of effects to consider for bioengineers working
on dental biomaterials aiming to direct stem cell differentiation and promote tissue regen-
eration [205]. A wireless piezoelectric hydrogel was developed to produce electrical signals
under mechanical stress. Piezoelectric stimulation improved the osteogenic differentiation
of inflammatory PDLSCs by increasing adenosine triphosphate (ATP) production. It also
reconfigured an anti-inflammatory and pro-regenerative niche by altering macrophage
phenotypes. This combination of bioenergetic activation and immunological regulation
promotes in situ regeneration in periodontal inflammatory defects in rats [209]. An in-
jectable piezoelectric hydrogel (PiezoGEL) was developed to produce electrical charges
when stimulated by biomechanical vibrations, such as mastication and movement. In vitro,
PiezoGEL significantly reduced pathogenic biofilm biomass, metabolic activity, and viable
cell numbers, and its antibacterial effects were associated with decreased cell adhesion and
increased oxidative stress. PiezoGEL also improved bone marrow-derived MSCs viability
and osteogenic differentiation. It also successfully decreased periodontal inflammation and
stimulated bone tissue regeneration in an in vivo mouse model [210].

The combined use of multi-physical stimuli, such as electrical and mechanical forces,
could also be a key focus to advance periodontal /dental TE strategies. By mimicking the
complex and dynamic environment of the periodontium and teeth, which are constantly
subjected to mastication forces or external factors, this approach could stimulate enhanced
tissue regeneration and more accurately replicate the physiological conditions under which
OMSCs would naturally develop. An mEC (10 pA) applied on the tooth surface of cats
combined with a mechanical force (60 g orthodontic force) enhanced bone deposition,
indicating that these multi-physical stimuli could accelerate alveolar bone remodeling
and orthodontic tooth movement [211]. Additionally, ES holds the potential to enhance
angiogenesis, which could promote the formation of blood vessels in periodontal tissues
and the pulp of the tooth. Vascularization is essential for the survival of regenerated tissues,
and ES could also help support the growth and repair of nerve fibers, crucial for restoring
sensory functions after dental and periodontal injury. In fact, applying 150 mV/mm EFs to
a co-culture of human DPSCs and human umbilical vein endothelial cells (HUVECs) in 3D
Matrigel significantly enhanced angiogenesis and promoted odontoblast differentiation.
EF-induced pre-vascularized engineered dental pulp tissue not only had odontoblasts, but
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also developed a rich vascular network, with smooth muscle-like cells appearing around
the blood vessels, contributing to blood vessel maturation and stability [212].

Biochemical stimuli should also be considered alongside physical stimulation to create
a more physiologically relevant environment for OMSCs. The clinical application of EC
could involve approaches, such as electrochemical therapy, which is sometimes coupled
with antibacterial drugs to increase effectiveness [203]. The periodontium and the tooth
are environments rich in signaling molecules, cytokines, and growth factors that regulate
tissue formation, maintenance, and regeneration. Combining biochemical and biophysical
stimuli could significantly enhance the regenerative potential of OMSCs. Research into how
ES interacts with these biochemical signals will further elucidate the mechanisms driving
effective tissue regeneration. Therefore, understanding how ES affects cellular signaling
pathways involved in OMSCs differentiation will provide valuable insights into how to
use this technology for regenerative dentistry applications [203].

Finally, long-term in vivo preclinical studies will be essential to evaluate and validate
the safety, efficacy and integration of ES-treated OMSCs into dental and periodontal tissues.
In fact, ES with a low-intensity mEC (10 nA /5 min) stimulated tissue responses in rats’
PDLs, reducing the number of granulocytes and increasing the number of fibroblasts, blood
vessels, and osteoclasts. It also regulated the expression of growth factors TGF-1, VEFG,
and FGF, which are known for their role in cell/tissue growth and regeneration [213].
A significant focus should be placed on improving therapy duration through different
application intervals and measuring their efficacy in addressing important integration,
inflammation, and infection concerns. Comprehensive in vivo investigations using both
infectious and non-infectious models are required to fully validate and extend the current
findings [205]. Additionally, the development of personalized ES protocols designed for in-
dividual patients will be critical for maximizing treatment outcomes [204]. To achieve these
goals, interdisciplinary collaboration between researchers (biologists and bioengineers) and
clinicians will be crucial, ensuring that the full potential of ES in dental/periodontal TE
is explored. Through these efforts, ES may soon become an effective therapeutic tool to
facilitate dental and periodontal regeneration.

6. Conclusions

Dental and periodontal diseases are critical public health concerns with global preva-
lence, leading to both functional and aesthetic impairments that affect self-esteem. More-
over, these conditions impose a substantial socioeconomic burden through elevated treat-
ment costs and productivity losses.

Dental and periodontal tissues exhibit intrinsic electromechanical properties, which
play a critical role in their biomechanical behavior, biological signaling, remodeling, and
healing. The piezoelectric nature of dentin, cementum, and PDL, together with variations in
electrical conductivity and impedance, suggest the potential role of ES on the regeneration
of these tissues.

ES has emerged as a promising tool to enhance OMSCs-mediated regeneration by
promoting proliferation and directing osteo/odontogenic differentiation pathways. DC
and AC EFs, and PEMFs have shown promising results in OMSCs studies, significantly
impacting cell behavior and suggesting ES as a powerful strategy to regulate osteogenesis.

ES-based therapies face multiple challenges, including a lack of standardized protocols,
incomplete understanding of the specific molecular pathways and cellular responses to
ES, and the necessity of ensuring safety, efficacy, and clinical viability. Future work must
optimize ES parameters and unify methodologies, with interdisciplinary collaborations
among bioengineers, molecular biologists, and clinicians, to address these barriers and
achieve successful clinical translation.
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