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Research progress of
piezoelectric materials in
protecting oral health and
treating oral diseases: a
mini-review
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Department of Infectious Diseases, Inner Mongolia Fourth Hospital (Chest Hospital), Hohhot, China

Piezoelectric materials, as a class of materials capable of generating electrical
charges under mechanical vibration, have special piezoelectric effects and have
been widely applied in various disease treatment fields. People generate
vibrations in the oral cavity during daily activities such as brushing teeth, using
electric toothbrushes, chewing, and speaking. These natural vibrations (or
external ultrasound) provide ideal conditions for activating piezoelectric
materials, leading to their high potential applications in protecting oral health
and treating oral diseases. Based on this, this review reports on the research
progress and trends of piezoelectric materials in the protection of oral health and
the treatment of oral diseases in the past 5 years, and discusses its treatment
mechanism, challenges and shortcomings, aiming to provide theoretical basis
and new ideas for the future application of piezoelectric materials in the field of
oral cavity. Finally, a brief outlook is provided, suggesting that the potential of
piezoelectric materials may enable them to quickly move towards real clinical
applications.

KEYWORDS
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1 Introduction

Oral health is significant for people’s daily physiological activities (WHO, 2022). More
and more people are suffering from oral health problems and oral diseases due to poor
personal dietary and hygiene habits (Baker et al., 2024). Oral diseases have become a public
health issue, seriously affecting people’s physiological and health functions (WHO, 2022).
In particular, some oral diseases may also lead to systemic disease risks (Botelho et al., 2022),
such as cardiovascular disease (Tonelli et al., 2023) and diabetes (Li Y. et al., 2024). In
addition, oral infections and the growth of bacteria in the mouth may also be transmitted
through saliva, increasing the risk of infectious diseases (Jiang et al., 2021). Therefore, how
to maintain oral health and achieve efficient treatment of oral diseases has become an urgent
challenge in the global public health field.

Currently, many dental materials have been applied clinically to maintain oral health
and treat oral diseases (Jia et al., 2024). However, due to the complex oral environment and
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the presence of a large number of oral microorganisms, many dental
materials fail to perform as intended (Jia et al., 2024). For example,
dental resin materials are easily degraded by enzymes from saliva
and bacteria, as well as acid produced by bacteria (Montoya et al.,
2021a). To address the aforementioned oral issues, an increasing
number of functional biomaterials are applied in the treatment of
oral diseases (Ding et al., 2024; Wei et al., 2024a; Wang Y. et al,
2024). Among them, piezoelectric materials, due to their good
biocompatibility and biosafety, as well as their unique properties
compared to other biomaterials, can generate charge separation
under mechanical stress or ultrasound, which can stimulate the
production of reactive oxygen species in the environment and other
special functions (electrical stimulation effect, improvement of cell
function, anti-inflammatory effect, acceleration of tissue repair and
regeneration, etc.), have become a new emerging material with
strong application potential in the treatment of oral diseases
(Wang et al, 2020; Roldan et al, 2023; Liu X. et al, 2024;
Chernova et al., 2024).

In the past 5 years, a large number of review articles have been
published on piezoelectric materials as a type of biomaterial with
special functions, detailing their preparation process, mechanism, and
applications in biomedical fields such as tumor treatment and tissue
repair and regeneration (Wang J. et al., 2024; Dai et al., 2024; Zheng
etal, 2024). Wang et al. review the basic principles and applications of
piezoelectric materials in tumor therapy (Wang Y. et al,, 2023). Nain
et al. discuss the role of piezoelectric materials in tissue remodeling
(Nain et al., 2024). However, to our knowledge, there is currently no
comprehensive systematic review solely dedicated to the application
of piezoelectric materials in the field of oral. Existing reviews mainly
focus on the applications of piezoelectric materials in other biomedical
fields, with only a small portion briefly mentioning their potential
application of oral therapy (Nain et al., 2024; Chen S. et al,, 2023;
Wang L. et al., 2023). Here, this review will not specifically discuss
aspects such as the preparation methods of piezoelectric materials that
have already been extensively covered in other reviews.

In this review, we aim to focus on the latest research progress of
emerging piezoelectric materials in protecting oral health and treating
oral diseases. Firstly, the definition, classification and working
mechanism of piezoelectric materials are briefly introduced. Then,
the application of piezoelectric materials in protecting oral health and
treating different oral diseases is mainly summarized and discussed
(Figure 1). Meanwhile, a detailed discussion is also conducted on the
treatment mechanism by which piezoelectric materials play a role, and
the shortcomings are analyzed. Finally, the major challenges and
future prospects facing the current applications of piezoelectric
materials in the field of oral are discussed and proposed, aiming to
promote the development of this emerging material in oral and
provide insights and inspiration for its future clinical applications.

2 Piezoelectric materials

Piezoelectric materials are a type of functional material that can
convert mechanical stress into electrical signals, as well as electrical
signals into mechanical stress (Xu et al., 2021; Wang X. et al., 2023).
The former is known as the piezoelectric effect and was first
discovered by the Curie brothers in 1880 (Kapat et al, 2020;
Chen S. et al., 2024). Without mechanical strain, the surface of
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FIGURE 1
Schematic diagram of piezoelectric materials in protecting oral
health and treating oral diseases.

the piezoelectric material does not show polarization, with the
centers of positive and negative charges coinciding. When
subjected to external force along a certain direction, causing
deformation by compression or stretching, the internal
polarization will occur, generating an electric current. Meanwhile,
positive and negative charges will migrate and appear on the relative
surfaces of the material, thus generating a piezoelectric potential and
realizing the transformation of mechanical energy into electrical
energy. The latter is also called inverse piezoelectric effect (Kapat
et al,, 2020). When the electric field is applied to the polarization
direction of the piezoelectric material, the material will undergo
mechanical deformation. When the electric field is removed, the
deformation of the material will disappear, so as to realize the
transformation from electrical energy to mechanical energy. These
characteristics and good biocompatibility of piezoelectric materials
lead to their wide application in biomedicine.

2.1 Classification

Piezoelectric materials can be roughly divided into the following

four categories according to their chemical composition

and structure:

(1) Inorganic piezoelectric materials. Inorganic piezoelectric
materials mainly include piezoelectric crystals and
piezoelectric ceramics (Xu et al., 2023). Single crystals with
piezoelectric properties are called piezoelectric crystals. These
crystals have a central asymmetric structure, so they have
piezoelectric properties, such as quartz crystals. Due to the
poor piezoelectric properties and the difficulty of preparation,
the research of piezoelectric crystal in biomedical field is
relatively less.
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Ceramics with piezoelectric properties are called piezoelectric
ceramics (Wei et al, 2024b). Compared with piezoelectric single
crystal, piezoelectric ceramics have better piezoelectric properties,
and have the characteristics of simple preparation and easy
modification. In particular, their piezoelectric properties can be
improved by morphology control, structure control, doping, defect
engineering and other means, which leads to their very good
application potential in the biomedical field (Wu et al., 2023).
Among them, barium titanate (BaTiO;), zinc oxide and other
piezoelectric ceramics are widely used in a variety of biomedical
treatment fields (Wu et al., 2023). However, inorganic piezoelectric
materials also have obvious disadvantages, such as relatively poor
biocompatibility, difficult degradation and poor plasticity.

(2) Organic Organic  piezoelectric
materials, also known as piezoelectric polymers, are a class

piezoelectric materials.

of piezoelectric materials composed of organic polymers
(Smith and Kar-Narayan, 2022). Polyvinylidene fluoride is
the most widely used piezoelectric polymer (Mokhtari et al.,
2021). In addition, polylactic acid (PLA) and its derivatives
have good piezoelectric properties and have been certified and
approved by the U.S. Food and Drug Administration (FDA),
which may make it the first piezoelectric material to be used in
clinical treatment (Zhang S. et al., 2024). Compared with
inorganic piezoelectric materials, organic piezoelectric
materials have better biocompatibility, flexibility and
plasticity, which is convenient for subsequent processing
and application, but it also has a certain disadvantage that
the piezoelectric properties are relatively weak.

—
W
~

Composite piezoelectric materials. Inorganic piezoelectric
materials have relatively high dielectric constant and good
piezoelectric properties, but they have high physical stiffness
and poor plasticity. Although organic piezoelectric materials
have certain flexibility, they are limited by low dielectric
constant and poor piezoelectric properties. In view of this,
researchers have developed composite piezoelectric materials,
which are mainly composed of inorganic piezoelectric
materials and organic piezoelectric materials, aiming to
obtain piezoelectric materials with excellent comprehensive
properties such as piezoelectric properties, mechanical
properties and biocompatibility = through composite
methods (Dai et al, 2022; Dong et al, 2024; Kabakov
2023). Composite piezoelectric materials
the of
piezoelectric materials, but it also increases the preparation
process and the difficulty of preparation. Especially for the
composite ratio, the wrong ratio may lead to worse

et al, can

overcome shortcomings organic-inorganic

piezoelectric properties.
Natural
materials

Natural
tissues

piezoelectric
and bone

materials.
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piezoelectric
refer to some proteins,
components with piezoelectric properties from organisms
(Kim et al, 2020; Bai et al,, 2024). Compared with the
above three synthetic piezoelectric materials, natural
piezoelectric materials have the highest biological safety,
but their piezoelectric properties are relatively weak, and
the extraction and synthesis process is relatively complex,
which  seriously their  application the

biomedical field.

limits in
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FIGURE 2

Schematic diagram of working mechanism of piezoelectric
materials in maintaining oral health and treating oral diseases.

2.2 Working mechanisms

The basis for the role of piezoelectric materials in the biomedical
field is their piezoelectric effect. When piezoelectric materials
undergo piezoelectric effect under the action of external
mechanical force, the positive and negative charges inside the
piezoelectric material separate and migrate to the surface of the
material, resulting in the formation of induced potential. The
contact of charged particles on the surface of piezoelectric
materials with different substances results in two different

working mechanisms.

(1) Electrical stimulation. When the charged particles on the
surface of piezoelectric materials directly contact with
biological tissues and cells, they often produce certain
electrical stimulation to tissues and cells, which can well
promote cell proliferation and tissue regeneration (Wu
et al, 2023; Das et al, 2024). Compared with the
traditional therapy,
materials get rid of the shackles of external power supply
and electrode, which makes it have great application
prospects in the biomedical field, especially in the field of

electrical ~stimulation piezoelectric

tissue regeneration.

Piezoelectric catalysis. When the charged particles on the
surface of piezoelectric materials react with the surrounding
medium, especially the redox reaction, reactive oxygen species
(ROS) will be generated, which is called piezoelectric catalysis
(Chen S. etal.,, 2023; Chen W. et al., 2024). The ROS produced
by this piezoelectric catalytic process will cause certain
damage to chemical substances, cells, tissues and bacteria,
which makes it show very good application potential in
decontamination, tumor treatment and antibacterial fields.
At present, there are still controversies about the mechanism
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TABLE 1 The application and mechanism of piezoelectric materials in tooth whitening.

Functional materials

Piezoelectric components

Function Mechanism

BaTiO; NPs BaTiO; NPs

tooth whitening ROS Wang et al. (2020)

NaNbO;/ZnO NaNbO;/ZnO

8-C3N, /B, 05 8-C5Ny /B1,Os

tooth cleaning and antibacterial ROS

tooth whitening and antibacterial

Sharma et al. (2022)

ROS and surface charge He et al. (2023)

polylactide (PLA) particles PLA particles

toothbrush PTEE electret

of piezoelectric catalysis, but the energy band theory and the
screening charge effect have been recognized by many
scholars. Wang et al. have discussed these two mechanisms
of piezoelectric catalysis in detail, providing some guidance
for people to understand the mechanism of piezoelectric
catalysis (Wang K. et al., 2022).

The movement of the oral cavity itself (chewing and other

behaviors), daily brushing, and the direct application of
ultrasound to the affected area of oral diseases are all external
mechanical forces generated and received by the oral cavity in
daily life. These daily external mechanical forces provide natural
conditions for piezoelectric materials to excite their piezoelectric
effects. When the piezoelectric effect occurs, the piezoelectric
material will have the function of piezoelectric catalysis (ROS) or
electrical stimulation, which makes it have great application
potential in the field of maintaining oral health and treating oral

diseases (Figure 2).

3 Teeth whitening

Brightening teeth can not only bring about the appearance of
improvement, but also improve people’s self-confidence and reflect
oral health problems (Goettems et al., 2021; Wang Y. et al., 2022).
Common teeth whitening methods include enamel polishing, crown
replacement, and tooth bleaching (Wang et al., 2020). Among them,
tooth bleaching is the most widely used and effective technique,
mainly achieved through the decomposition of stains on the
surface of teeth by free radicals released by high concentrations of
peroxides for whitening (Wang et al, 2020). However, high
concentrations of hydrogen peroxide can lead to oral sensitivity,
gum irritation, and enamel damage (Wang et al, 2020; Zhang
et al, 2022; Kim et al, 2022). Therefore, developing a mild
method of releasing ROS is a better way to achieve tooth
whitening. The piezoelectric materials can generate ROS under the
excitation of vibration and friction, demonstrating great potential in
the field of tooth whitening. The application and mechanism of
piezoelectric materials in tooth whitening is shown in Table 1.

Wang et al. (2020) report a non-destructive, harmless, and
convenient tooth whitening strategy based on piezoelectric catalytic
effect . Using polarized piezoelectric BaTiOs to replace abrasives in
toothpaste, combine with electric toothbrush vibration, can effectively
remove staining compounds and achieve teeth whitening (Figures 3A,
B). Meanwhile, they also found that BaTiO; has lower cytotoxicity
compared to commonly use hydrogen peroxide whitening agents
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tooth cleaning and antibacterial ROS

tooth whitening ROS Deng et al. (2023)

Ma et al. (2024)

(Figure 3C) and does not damage the surface of teeth. However, in
order to fully utilize the piezoelectric catalytic whitening ability of
BaTiO;, specialized equipment is needed to add the electric
polarization step, which significantly affects its use. Meanwhile, the
piezoelectric catalytic ability of a single BaTiOs is also very weak. To
further enhance the piezoelectric catalytic capability for better teeth
whitening effects, different approaches have been proposed. Sharma
et al. develop a NaNbO5/ZnO heterojunction piezoelectric catalyst for
teeth whitening, showing reaction rates 8.5 times higher than ZnO
and 1.7 times higher than NaNbO; (Sharma et al., 2022). He et al.
combine photocatalysis and piezoelectric catalysis for teeth whitening
by designing Z-scheme g-C3N,_,/Bi;Os., heterostructures (Figure 3D)
(He et al,, 2023). This design enhances internal charge separation,
significantly boosting its piezo-photocatalytic efficiency and achieving
degradation rates approximately four times than piezoelectric catalysis
alone and 2.6 times than photocatalysis alone for typical
food colorants.

Although there is extensive research on the use of inorganic
piezoelectric materials for teeth whitening, the safety of certain ions
such as Ba, Nb, and Bi in these materials still requires further
investigation. Specifically, using these inorganic piezoelectric
materials directly as abrasives in toothpaste may pose biosecurity
concerns as they could enter the human body through the oral
cavity. Based on this, relatively safe biodegradable piezoelectric
materials are also used in teeth whitening. Deng et al. develop
biodegradable PLA particles for teeth whitening (Figure 3E) (Deng
et al., 2023). Furthermore, researchers have also used piezoelectric
materials as fillers or coatings, such as for toothbrush bristles, to
achieve teeth whitening (Ma et al., 2024). This prevents piezoelectric
materials from entering the human body as toothpaste abrasives.

4 Oral disease treatment

Under the mechanical forces exerted during daily oral activities
such as chewing, speaking, and brushing teeth, piezoelectric materials
can undergo mechanical deformation effectively, thereby activating
their piezoelectric effect to achieve the goal of treating oral diseases.
Table 2 summarizes the application and mechanism of piezoelectric
materials in maintaining oral health and treating oral diseases.

4.1 Antibacterial

The oral microbiota includes a variety of bacteria, fungi, and
viruses, which form a complex ecosystem in the oral environment

frontiersin.org
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FIGURE 3
(A) Schematic diagram of using piezoelectric materials instead of toothpaste abrasives to achieve tooth whitening (B) The whitening effect of
piezoelectric materials on teeth. (C) Cell morphology of different samples cultured for different days (Wang et al., 2020). Copyright 2020, Springer Nature.
(D) Schematic energy band diagrams, fabrication procedure, the direct Z-scheme charge transfer mechanism of Z-scheme g-C3N4.,/Bi>O3.,
heterostructures, and simplified schematic for piezo-photocatalytic treatment of tooth whitening and biofilm eradication using Z-scheme g-CsN,.
«/Bi>O3_, heterostructures (He et al,, 2023). Copyright 2023, Royal Society of Chemistry. (E) Schematic diagram of biodegradable polylactic acid particles
used for piezoelectric catalytic teeth whitening (Deng et al., 2023). Copyright 2023, American Chemical Society.

and interact with the host to positively or negatively impact oral
health (Lu et al, 2019). When oral microorganisms proliferate
excessively, they can form dental plaque and calculus, leading to
the occurrence and development of oral diseases such as gingivitis
and periodontitis (Sedghi et al., 2021). Especially, some studies have
shown that oral microbiota is also associated with other systemic
diseases (Peng et al., 2022). Therefore, effective oral sterilization can
not only remove dental plaque and tartar, reduce the number and
types of bacteria, but also reduce the risk of oral inflammation and
maintain the health of teeth and gums.

in the field of oral

antimicrobials in two main ways: one approach involves direct

Piezoelectric materials are used
use of piezoelectric materials, similar to toothpaste grinding agent,
for oral antimicrobial (Sharma et al., 2022; He et al., 2023). Sharma
et al. also directly apply NaNbO;/ZnO piezoelectric material used
for tooth whitening to antibacterial applications (Sharma et al.,
2022), but only briefly studied its antibacterial ability against
Escherichia  coli, in-depth especially
antibacterial performance against major pathogenic bacteria in

lacking research, its
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the oral cavity. In response to this, He et al. apply Z-scheme
g—C3N4,X/BiZO3,Y with
photocatalytic ability to oral antibacterial applications (He

heterostructures piezoelectric
et al., 2023). It could not only directly kill planktonic S. mutans
(Streptococcus mutans) (Figure 4A) (Antibacterial rate: 63%), but
also kill S. mutans embedded in the biofilm formed by S. mutans
(Antibacterial 48.2%).
mechanism of the g-C3N,./Bi,Os.y is also proposed, mainly by

rate: In addition, the antibacterial
stimulating the production of ROS in the environment, leading to
bacterial death. Meanwhile, due to the presence of positive charges
on the surface of g-C3N4,/Bi,Os.,, they can better adsorb
charged S. mutans, thereby their

piezoelectric photocatalytic ability and resulting in high

negatively enhancing
antibacterial performance.

Another approach targets the susceptibility of dental implants
to bacterial infection-induced damage (Zhou et al., 2024; Jayasree
et al., 2024), using piezoelectric materials as fillers or coatings on
dental implants to achieve antimicrobial effects. Wei et al. provide
a new strategy to enhance the antibacterial effect (90.41%) of

frontiersin.org
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TABLE 2 The treatment and mechanism of piezoelectric materials in different oral diseases.

Functional materials

Piezoelectric

components

Function

10.3389/fbioe.2024.1473126

Mechanism

NaNbO,/ZnO

g-CsN,/Bi,Os

toothbrush

NaNbO/ZnO

g-CsNy/Bi,Os

PTFE electret

tooth cleaning and antibacterial

tooth whitening, antibacterial

tooth cleaning and antibacterial

ROS

ROS and surface charge

ROS

Sharma et al.
(2022)

He et al. (2023)

Ma et al. (2024)

BaTiOj;/chitosan multiporous

BaTiO3; NPs

antibacterial and mineralization effects

ROS and surface charge

Wei et al. (2024c)

piezoelectric coating

Al-SrTiO5/TiO, nanotubes piezoelectric Al-SrTiO3/TiO, nanotubes

coating
piezoelectric PMMA dentures BaTiOs; NPs
dental piezoelectric resin composites BaTiO; NPs
orthodontic invisible appliance BaTiO; NPs

antibacterial and promote osteogenic

antibacterial and mineralization effects

ROS and Sr** Pan et al. (2024)

activity
antifungal activity ROS Montoya et al.
(2021b)

ROS and surface charge Montoya et al.
(2021a)

antibacterial effect ROS Shi et al. (2023)

BaTiO3/P(VDE-TrFE) electroactive film BaTiOs/P(VDF-TrFE)

treatment of periodontitis

ROS and electrical
stimulation

Song et al. (2024)

Injectable piezoelectric hydrogel BaTiO; NPs

treatment of periodontitis

ROS and electrical
stimulation

Roldan et al.
(2023)

Piezoelectric hydrogel Cubic BaTiO; NPs

P(VDEF-TTFE) piezoelectric film
(2 wt% SrCl,)

P(VDE-TrFE)
VDE-TeFE piezoelectric film VDE-TeFE

VDEF-TeFE piezoelectric film (Cu**) VDE-TeFE

implants using biocompatible BaTiOj/chitosan multiporous
surface piezoelectric coating (Wei et al, 2024c). The main
reasons for this high antibacterial effect are as follows: On the
one hand, the generation of ROS under ultrasonic stimulation in
piezoelectric coating kills bacteria. On the other hand, the contact
potential difference of bacteria by surface charges on piezoelectric
coating leads to the production of ROS inside the bacteria, which
also kills bacteria. Meanwhile, the coating promotes increased
deposition of hydroxyapatite and adhesion of plasma albumin,
facilitated by its abundant positive charges and numerous pores on
the surface. In addition, Pan et al. design a surface ultrasonic
response coating of AI’* ion doped strontium titanate/titanium
dioxide nanotubes (Al-SrTiOs/TiO, nanotubes) for antibacterial
properties of dental implants (Pan et al., 2024). The introduction of
AI’* ions induces oxygen vacancies, destroys the lattice of SrTiOs,
and enables Al-SrTiO;/TiO, nanotubes to produce more ROS,
thereby achieving efficient antibacterial (P. gingivalis: 80.4% and F.
nucleatum: 82.1%) and inhibiting the growth of biofilms. In
particular, the presence of Sr** ions in SrTiO; can effectively
promote osteogenic activity and facilitate the formation of rigid
bone fusion between the implant surface and alveolar bone. The
multifunctionality of piezoelectric materials increase through ion
doping or the addition of functional ions has important guiding
significance for the application of piezoelectric materials in the
oral field.

Frontiers in Bioengineering and Biotechnology

injured tissue regeneration in

repair and regeneration of dentin tissue

re-generation of oral mucosa

re-generation of oral mucosa and

Electrical stimulation Liu X. et al. (2024)

periodontitis

Electrical stimulation
and Sr**

Li J. et al. (2024)

Chernova et al.
(2024)

Electrical stimulation

Badaraev et al.
(2020)

Electrical stimulation

antibacterial effect and Cu®*

In addition to the aforementioned primary applications,
piezoelectric materials are also used as fillers for antibacterial
purposes in dentures (Montoya et al., 2021b), dental composite
restorative materials (Montoya et al, 2021a), and orthodontic
appliances (Shi et al,, 2023). Montoya et al. demonstrate for the
first time that piezoelectric nanoparticles of BaTiO; can serve as
fillers for dentures, achieving antifungal effects (Biofilm volume
decreased by 43%) (Figure 4B) (Montoya et al., 2021b). The main
reason for achieving antifungal effects may be the interaction
(surface charge to induce the production of ROS) between the
surface charges of BaTiO; and fungi, leading to fungal death.
The research team also apply BaTiO; nanoparticles as fillers to
dental composite repair materials (Montoya et al, 2021a). The
BaTiO; can not only impart antibacterial (up to 90%) to
composite materials 4C), but also promote the
remineralization of dental tissues. Under the stimulation of

(Figure

mechanical external forces, a piezoelectric charge is generated on
the surface of the composite material, which interacts with bacteria
through electrostatic interactions, leading to bacterial repulsion,
preventing further adhesion, and ultimately inhibiting the growth
of biofilms. Meanwhile, these charges also promote the production
of ROS in cells, thereby killing bacteria. And its mineralization
mechanism is also due to the presence of surface charges of
piezoelectric materials promoting the nucleation of calcium
phosphate, leading to its re-mineralization. Here, piezoelectric
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FIGURE 4

(A) Antibacterial activity of Z-scheme g-C3zN4../Bi>O3., heterostructures: Photos of planktonic bacterial colonies and bacterial colonies from
disrupted biofilms under different conditions and materials (He et al., 2023). Copyright 2023, Royal Society of Chemistry. (B) The antifungal effect of
piezoelectric PMMA dentures: Schematic of the biofilm model, microbiological evaluations (biofilm biomass, metabolic activity and cell viability), and
fluorescence microscopy z-stack images of C. albicans biofilms (Montoya et al,, 2021b). Copyright 2021, American Chemical Society. (C)
Antibacterial activity of dental piezoelectric resin composites: Biofilm biomass, metabolic activity, cell viability, and CLSM images of S. mutans biofilms
under no loading and repetitive loading (Montoya et al., 2021a). Copyright 2021, American Chemical Society.

materials may also have other functions such as promoting tooth
tissue remineralization during antibacterial processes, which also
needs further development and utilization.

4.2 Treatment of periodontitis

Periodontitis (PD) is a local chronic inflammatory disease of
periodontal tissue caused by pathogenic microorganisms (Mi et al.,
2024). Under the continuous stimulation of bacteria and their
metabolites, periodontal tissue undergoes inflammatory reactions
and immune regulation imbalances, ultimately leading to structural
damage of periodontal tissue such as alveolar bone loss (Huang et al.,
2020). In the pathogenesis of PD, in addition to pathogenic bacteria,
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host immune response is also a key mediator of periodontal damage
(Lai et al.,, 2023; Yang et al., 2021).

Current treatment strategies mainly focus on reducing bacterial
adhesion or killing bacteria (Mei et al., 2024), as well as regulating
the host immunity to inhibit the progression of chronic
inflammation (Zheng et al., 2023; Peng et al., 2024). For alveolar
bone resorption, a prominent feature of periodontal disease, the
treatment plan is to promote bone regeneration to achieve the repair
of missing bone (Luan et al., 2023; Song et al., 2024; Dong et al.,
2023). Based on this, Roldan et al. develop an injectable piezoelectric
hydrogel (PiezoGEL), comprising methacryloyl gelatin (GelMA)
and biocompatible BaTiO; piezoelectric filler (BTO), which
generates charges in response to biomechanical vibrations like
chewing and movement (Roldan et al., 2023). This new type of
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FIGURE 5

(A) Periodontal bone tissue regeneration evaluation: Schematic representation of the ligature-induced model, changes of periodontal pocket depth,

cementum-enamel junction to alveolar bone crest distance and bone volume, and reconstructed 3D micro-CT images of the maxillary alveolar bone.
(B) Histological evaluation: H&E images of periodontal tissue sections, number of blood vessels and erythrocytes quantified in the regenerated area.
(C) Antibacterial evaluation of PiezoGEL hydrogels in vitro: Schematics of the model, biofilm biomass, metabolic activity, and cell viability.

(D) Osteogenic differentiation evaluation of PiezoGEL hydrogels in vitro: Schematics of the model, changes of Cell viability (RUNX2, COL1AL, ALP and

ECM minerals) (Roldan et al., 2023). Copyright 2023, American Chemical Society.

PiezoGEL exhibits good biological activity, which can promote bone
tissue regeneration (Figures 5A, B) and achieve high antibacterial
effects (Figure 5C). PiezoGEL significantly reduce pathogenic
biofilm biomass (~41%), metabolic activity (~75%), and viable
cell count (~2-3 log) compared to BTO-free hydrogels in vitro.
The antibacterial mechanism is mainly due to the surface charge of
BTO and the generation of ROS. Molecular analysis of the
antibacterial effect attributes it to decreased cell adhesion
(downregulation of porP and fimA) and increased oxidative stress
(upregulation of oxyR). The primary mechanism of bone tissue
regeneration is attributed to electrical stimulation generated by the
surface charge of BTO, which promotes differentiation and
proliferation of bone marrow stem cells (BMSCs) and facilitates
the formation of new bone tissue (upregulating RUNX2, COLIAI,
and ALP) (Figure 5D). Additionally, these charges also stimulate
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necessary vascularization for bone regeneration. Especially, in vivo
experiments have shown that PiezoGEL can effectively reduce
periodontal inflammation and increase bone tissue regeneration,
thus having good application prospects in the treatment of
periodontal disease.

The impaired differentiation ability of resident cells and the
disruption of immune microenvironment in PD seriously affect the
regeneration of alveolar bone (Li et al., 2022; Li et al., 2023). Research
has found that electrical stimulation can reduce inflammation,
regulate macrophage polarization and promote bone regeneration
by improving mitochondrial function and inducing more adenosine
triphosphate (ATP) synthesis (Luo et al.,, 2024; Hollenberg et al.,
2021). Inspired by this, Liu et al. develop a wireless piezoelectric
stimulation system using a piezoelectric hydrogel composed of
tetragonal BaTiO; nanoparticles (t-BTO NPs) and tilapia fish
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FIGURE 6

The piezoelectric hydrogel's role in promoting osteogenesis and immunomodulation in PD by activating bioenergetics. (A) Schematic diagram of
piezoelectric hydrogel preparation and treatment of PD. (B) Piezoelectric stimulation modulates M1/M2 polarization of macrophages: Representative
fluorescence images and positive percentage of M1 and M2 macrophages, and salivary inflammatory factors after 12 weeks (C) The piezoelectric hydrogel
enhances bone regeneration in periodontal defects associated with PD: Micro-CT 3D construction images, new bone volume, bone volume/total
volume fraction, bone mineral density, H&E staining images and p-MLC immunohistochemistry images at 4 weeks and 12 weeks (Liu X. et al., 2024)

Copyright 2024, Elsevier

gelatin hydrogel to activate bioenergetics for injured tissue
regeneration in PD (Figure 6A) (Liu X. et al, 2024). Under
the

induces osteogenic differentiation of inflammatory periodontal

mechanical activation, triggered piezoelectric potential
ligament stem cells (PDLSCs) by regulating energy metabolism
and enhancing ATP synthesis. Additionally, under the synergistic
action of piezoelectric stimulation and the intrinsic anti-
inflammatory activity of the hydrogel, macrophage polarization is
shifted from the pro-inflammatory M1 phenotype to the anti-
M2 phenotype,

(Figure 6B). This ultimately achieve in situ tissue regeneration of

inflammatory promoting  osteogenesis
rat periodontitis bone defects (Figure 6C), paving new pathways for
treating PD and other immune-related bone defects through
piezoelectric stimulation to regulate energy metabolism and
immune modulation.

In addition, for the repair and regeneration of dentin tissue, Li
et al. design a P(VDF-TTFE) piezoelectric film with 2 wt% SrCl,

addition (Li J. et al.,, 2024). Piezoelectric film creates an electric
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microenvironment conducive to recruiting dental pulp stem cells
(DPSCs) and guiding their differentiation into odontoblasts during
everyday activities like chewing and speaking. Moreover, the gradual
release of Sr** ions from the film promotes the odonto-
differentiation of DPSCs.
stimulation and Sr** ions enables the regeneration of dentin

The mutual assistance of electrical

tissue, providing a new treatment approach for the repair of
damaged teeth such as alveolar bone loss.

4.3 Oral mucosal regeneration

Oral mucosa not only serves as a protective barrier inside the
mouth, effectively preventing bacteria and viruses from invading
deep tissues, but also maintains comfort and normal function in the
mouth through sensory functions (Moutsopoulos and Konkel, 2018;
Zhao et al., 2022). Therefore, wound healing of the oral mucosa is an
important measure to prevent oral diseases and promote oral health.
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(A) The wound defect healing of PTFE (red) and VDF-TeFE (green): Area of the oral mucosa defect under the membranes, and specific area of
lymphohistiocytic infiltration, connective tissue, granulation tissue and scar tissue. (B) Histological examination of the oral mucosa: Changes in wound
defect areas (connective tissue fibers, cellular infiltration, granulation tissue, mucosa and cicatricial) under different films at different times (day 3, day

7 and day 12) (Chernova et al.,, 2024). Copyright 2024, American Chemical Society.

Piezoelectric materials can promote cell growth and repair due
to their unique electrical stimulation effects, especially during
wound healing, where appropriate electrical stimulation can
accelerate tissue repair and regeneration (Dai et al., 2024; Liu Q.
et al.,, 2024; Ren et al,, 2024). Chernova et al. conduct a comparative
study on two different types of polymeric membranes in promoting
in oral mucosa: dielectric
poly(tetrafluoroethylene) (PTFE) membrane and piezoelectric
membrane of vinylidene fluoride and tetrafluoroethylene (VDE-

TeFE) (Chernova et al, 2024). Comparative experiments have

wound  healing  processes

shown that piezoelectric VDF-TeFE membranes have high oral
mucosal regeneration ability (Figure 7). Badaraev et al. also
confirm that piezoelectric polymer membranes (copolymer of
vinylidene fluoride with tetrafluoroethylene) can be used for oral
mucosal regeneration (Badaraev et al., 2020), especially by coating
them with antibacterial Cu®" ion coatings, which can further
enhance their oral mucosal regeneration ability. These indicate
that piezoelectric materials have broad application prospects in
oral mucosal repair.

5 Treatment mechanism

According to the role of the above piezoelectric materials in the
treatment of oral diseases and the working mechanism of
piezoelectric materials, the treatment mechanism (Table 2) is
as follows:
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(1)

The mechanism of piezoelectric materials in tooth whitening
is mainly to generate charges on the surface under mechanical
stimulation, which with the
environment, generates ROS (Piezoelectric catalysis), and

force reacts external
realizes the degradation of tooth surface staining and
stains, achieving the whitening effect (Wang et al., 2020;
Deng et al., 2023).

The inhibitory mechanism of piezoelectric materials on oral
microbiota is similar to that of teeth whitening, mainly relying
on the reaction (Piezoelectric catalysis) of piezoelectric
materials with surrounding media under external
mechanical forces such as ultrasound to generate ROS (He
et al., 2023; Wei et al., 2024¢; Pan et al., 2024). The ROS can
cause bacterial death through pathways such as oxidative
stress, lipid peroxidation, protein dysfunction, and DNA
damage. However, another antibacterial property of
piezoelectric materials has also been proposed, which is the
charge generated on the surface of the piezoelectric material,
which generates a certain stimulation on cells, leading to the
production of ROS inside bacteria and ultimately causing
bacterial death (Montoya et al., 2021a; Wei et al., 2024c). In
addition, the surface charge of piezoelectric materials may
also interact with the surface charge of bacteria, leading to
bacterial death or inhibiting the formation of bacterial
biofilms 2021a). further
research is needed on the antibacterial mechanism of

(Montoya et al, Therefore,

piezoelectric materials to find their biological mechanisms.
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(3) In the treatment of PD, one mechanism is that piezoelectric
materials can inhibit bacteria to treat PD, and its treatment
mechanism is antibacterial mechanism (Roldan et al., 2023).
Another mechanism is to generate electric charges on the
surface of piezoelectric materials, which can produce
electrical stimulation (Roldan et al, 2023; Liu X. et al,
2024). Under the action of electrical stimulation, it can
improve mitochondrial function and induce more ATP
synthesis to alleviate inflammatory response, promote
osteoblast differentiation, regulate macrophage polarization
to control the immune microenvironment, and ultimately
achieve regeneration and repair of damaged dental

bone tissues.

The mechanism of oral mucosal repair is basically consistent

with the mechanism of treating PD, mainly through the

electrical stimulation effect of piezoelectric materials

(Chernova et al., 2024; Badaraev et al., 2020). Under the

action of electrical stimulation, it improves the function of

intracellular mitochondria, increases energy production of
cells (such as ATP synthesis), and promotes the improvement
of cell metabolism and repair ability. In addition, reducing
local inflammatory response and controlling the release of
inflammatory mediators under electrical stimulation can help
reduce pain and discomfort during wound healing process.

Based on the above analysis, the fundamental role of
piezoelectric materials in treating oral diseases lies in their ability
to generate electric charges and fields when subjected to mechanical
force or pressure. It is precisely this electrical stimulation that
facilitates the treatment of oral diseases. However, further in-
depth research is needed on the detailed effects and mechanisms
of electrical stimulation on the internal cells or tissues of living
organisms, which has certain guiding significance for the application
of piezoelectric materials. In addition, it can also be found that
antibacterial is the basis and auxiliary for the treatment of many oral
diseases, and the addition of antibacterial process can increase the
therapeutic effect on other oral diseases.

6 Shortcomings and improvements

Piezoelectric materials have shown great potential in the
treatment of oral diseases, but there are still shortcomings that
need improvement. The specific details are as follows:

(1) The bottleneck limiting the application of piezoelectric
materials is that their piezoelectric performance is too
weak. Chemical preparation methods such as ion doping
(Pan et al, 2024; Wang X. et al, 2022; Chen T. et al,
2023) and heterojunction (Sharma et al, 2022; He et al,
2023) can improve piezoelectric performance or develop new
piezoelectric materials with high voltage capability (Zhang H.
et al., 2024).

(2) At present, the application of piezoelectric materials in oral

~

treatment is too limited, which is a typical acoustic dynamic
therapy (Roldan et al., 2023; Chernova et al., 2024). The single
treatment method may affect its effectiveness, and it can be
combined with other treatment methods such as photothermal,
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photoelectric, and drug methods to achieve multifunctional
treatment of oral diseases and improve efficacy.

The mechanism of piezoelectric materials in tooth whitening
has been basically understood (Wang et al., 2020), but the
mechanism of their effects in the treatment of other oral
diseases is not clear and and controversial (Montoya et al.,
2021a; Wei et al., 2024¢c; Montoya et al., 2021b). The latest
biological methods such as proteomics and metabolomics can
be used to further study and explore their deep therapeutic
mechanisms.

(4) Piezoelectric materials have been widely studied in tumor
treatment and have shown good therapeutic effects (Zheng
et al,, 2024; Zhang L. et al., 2024; Hao et al., 2024). However,
there is currently no application of piezoelectric materials in
the treatment of oral cancer, which is a new direction for the
future application of piezoelectric materials in the field of
oral treatment.

(5) The biological safety and metabolic process of piezoelectric
materials entering the body are the real problems that need to
be solved, and are the prerequisites for their clinical
application.In particular, the metal ions contained in some
inorganic piezoelectric materials may have specific toxicity to
the human body (Bhasin et al., 2019). Therefore, exploring the
toxicological research of piezoelectric materials is of utmost
importance.

7 Conclusion and perspective

This review comprehensively summarizes and classifies the
research on piezoelectric materials in protecting oral health and
treating oral diseases in the past 5 years. Among them,
representative studies are discussed in detail and compared, and
their underlying therapeutic mechanisms and innovation points are
explored. Then, each mechanism of the application of piezoelectric
materials in the field of oral cavity is discussed and analyzed in detail,
which provides a new treatment idea and a new method for the
treatment of oral diseases by piezoelectric materials in the future.
Finally, the current deficiencies of piezoelectric materials in the field
of oral therapy are analyzed, and improvement measures are
proposed to provide solid support for the real clinical application
of piezoelectric materials.

Although the application of piezoelectric materials in this field is
still in the research and development stage, their high-performance
characteristics and multi-functional application potential provide a
new prospect for personalized treatment and precision medicine for
oral health in the future. With the continuous advancement of
technology and in-depth exploration of theories, it is believed that
the application of piezoelectric materials in the field of oral disease
treatment will become more and more extensive, bringing people a
healthier and more comfortable oral care experience.
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