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1 | INTRODUCTION

Cold atmospheric plasma (CAP) technology's history
dates back more than a century.! It was primarily
concerned with the physics of electrically generated,
nonthermal atmospheric pressure plasma.[z] In 1879,
William Crookes carried out a pioneering experiment in
which he ionized gas inside an electrical discharge tube,
resulting in the emergence of plasma as a concept in
science. Then, to describe a fluid that is electrified and
includes ions and electrons, similar to blood plasma
which carries blood cells, Irvin Langmuir introduced the
term “plasma” in 1927.134

Over the past few decades, CAP has evolved as a
promising technology, finding numerous applications in
diverse areas, from medicine to the food industry. Personal-
ized plasma-based therapies in dermatology, electrosurgery,
dentistry, oncology, tissue regeneration, wound healing,
surface modification, and decontamination have demon-
strated significant potential in the medical field. Although
CAP's practical application has advanced quickly, our
understanding of the fundamental mechanism underlying
these devices has advanced more slowly.>®

In 2006, Stoffel and colleagues’ research demon-
strated that CAP could successfully eradicate Streptococ-
cus mutans, one of the most important caries-causing
bacteria. Their finding suggests the use of CAP technol-
ogy for innovative dental procedures and signaled the
start of CAP's use in dentistry.m Since then, CAP has
gained more attention for its potential as a noninvasive
treatment for various oral conditions such as tooth decay,
periodontitis, peri-implantitis, endodontic disease, candi-
diasis, and oral cancer. Additionally, it has been
investigated for its potential application in the prepara-
tion and treatment of cavities, composite restorations,
root canal disinfection, functionalization of dental
implant surfaces, disinfection, decontamination, and
sterilization of dental instruments.!®~*3!

CAP has emerged as a prospective dental treatment
option'**! due to its noninvasive nature, lack of chemical
residue, and vibration.[*'*! It is now possible to apply
CAP to heat-sensitive biological materials, such as tissue,
thanks to recent developments in devices that produce
CAP.I"* 18] However, further research is necessary to
fully understand its effects and determine the ideal
conditions for its safe use.!®!")

Literature has pointed out that parameters such as
the type of used gas, power of discharge, distance, and

time of application can all affect the outcome of CAP
treatment in dentistry.!?-?? In this sense, researchers are
attempting to identify the ideal parameters to reach
CAP's full potential in biomedicine, as CAP is still
regarded as an experimental technology in dentistry.!?*!
Within the field of dentistry, a substantial number of
articles have been published across diverse areas; how-
ever, a consensus regarding the application parameters of
CAP remains elusive. Achieving standardization of these
application parameters is crucial for the future utilization
of CAP in clinical practice.

The objective of this manuscript is therefore to provide a
comprehensive review of recently published articles on the
potential uses of CAP in Dentistry, focusing on the
advantages over conventional methods, the challenges, and
limitations still to be addressed, and potential solutions. This
review also aims to identify potential gaps in the existing
research to be addressed in future studies.

This narrative review summarizes the latest advance-
ments in CAP application in dentistry and highlights the
advantages of CAP over alternative technologies that
have motivated its development based on the available
literature from the past 5 years on MEDLINE, JISC
LIBRARY HUB DISCOVER, and SCOPUS. The review
also underscores the significant potential of CAP and its
successful in vitro and in vivo application (preclinical)
results obtained so far in several areas of dentistry, such
as disinfection and decontamination of dental materials,
dental caries, periodontal disease, oncology, and material
surface modifications, among others.

2 | PLASMA

2.1 | Plasma fundamentals

Along with solid, liquid, and gaseous states, plasma, or
the fourth state of matter, is an ionized gas that exists in
the universe.[*** It can be created by supplying energy
to a solid to change it into a liquid, then gas, and lastly,
into an entirely or partially ionized gas. Plasma is the
most common state of matter making up roughly 99% of
all matter. However, due to its particular properties,
plasma differs from regular neutral gases.!'>**! A quasi-
neutral ionized gas referred to as plasma is described as
carrying a variety of reactive species, including photons,
electrons, ions, free radicals, and gas atoms and
molecules in the ground or excited state.[*”!
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2.2 | Plasma type

As there are so many different varieties of plasma, whether
created naturally or artificially, it can be difficult to
categorize. Despite these challenges, it is possible to classify
plasmas according to their degree of ionization, which
measures the ratio of the density of ions to the overall
density of neutral gas molecules and ions. For plasma that is
totally ionized, the degree of ionization can be one, or it can
be less than one for partially ionized plasma. The thermal
equilibrium, or whether the temperature or energy of the
particles that make up plasma are the same, is another way
to classify plasma.l”®! The three main categories of plasmas
are nearly thermal, thermal/equilibrium, and non-thermal/
nonequilibrium. In nearly thermal plasma, the temperatures
of ions and neutrals are lower compared to those of
electrons. In the case of thermal/equilibrium plasma, the
temperatures of ions and neutrals are identical to electrons.
In nonthermal plasma, ions, and neutrals have a tempera-
ture of around 0.025 eV, while the electron temperatures are
retained in the range of 1 to 10eV. In this review, the
nonthermal plasma is the main topic. Both atmospheric
pressure and low pressure can produce non-thermal plasma.
When gas is added to a vacuum chamber to create low-
pressure plasma, it causes a longer mean free path for
particles than when plasma is created at atmospheric
pressure. Therefore, because the mean free path is shorter
in atmospheric pressure plasma, more energy is needed to
produce plasma per unit volume of gas. The name CAP (cold
atmospheric pressure plasma) is another name for this
particular kind of plasma.l>2%-3)

2.3 | Plasma sources

A number of plasma devices have been created over the
past few years,'* such as the plasma jet, dielectric
barrier discharge (DBD), floating electrode dielectric
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barrier discharge (FE-DBD), atmospheric pressure glow
discharge (APGD-t), plasma brush, micro hollow cathode
discharge air plasma jet, microwave plasma torch, and
nanosecond plasma gun.[m However, only three plasma
devices have been certified for medical use: the KINPen®
MED atmospheric pressure plasma jet (INP Greifswald/
neoplas tools GmbH), the PlasmaDerm® VU-2010 DBD
source (CINOGY GmbH plasma technology for health;
Duderstadt), and SteriPlas (Adtec Ltd.).!*! Currently,
DBD and atmospheric pressure plasma jet (APPJ) are the
two major types of devices used to generate CAP for
medical applications (Figure 1). Indirect plasma, pro-
duced remotely, delivers plasma components to the
biological target via a carrier gas (e.g., DBD). Direct
plasma, on the other hand, is ignited in the gap between
an isolated (dielectric) high-voltage electrode and the
surface to be treated, with the biological sample or living
tissue serving as the counter electrode necessary for
plasma ignition (e.g., APPJ).1?>32!

3 | CAP

3.1 | Physics and chemistry of CAP

Among the various types of existing plasmas, CAP is one
of those that possess singular physical and chemical
properties. It is characterized by lower temperatures for
ions and neutrals and higher temperatures for electrons,
which enables the dissociation of molecules such as O,
and N,. CAP is typically generated at atmospheric
pressure and is particularly effective as an antibacterial
agent, producing a large number of reactive radicals,
oxygen, and nitrogen species (ROS and RNS). Due to
these distinctive properties, CAP treatment has found
numerous biological applications, including bacterial
inactivation, blood coagulation, medical equipment
cleaning, and wound healing. As a result, CAP has
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FIGURE 1 The two primary categories of devices utilized to produce cold atmospheric plasma for biomedical purposes.
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become an attritive choice for many medical and
scientific applications.***]

3.2 | Generation method and species
production

CAP is created in a laboratory environment by utilizing
electrical energy between two electrodes to dissociate gas
molecules. This process typically involves noble gases
like helium, argon, nitrogen, heliox, and air.**! When
CAP is produced, it generates reactive species that can
have both direct and indirect effects on biological
samples. Some of these species react to create more
stable ROS and RNS which can be active against
biological targets.[6] These reactive species include nitric
oxide (NO), hydrogen peroxide (H,0,), superoxide (O,7),
singlet delta oxygen O,('A, singlet delta oxygen O nitric
oxide (NO). Among these, OH, HO,, O(CP), NO,, NO, O,
and peroxynitrous acid, ONOOH are the most abundant
and important, playing crucial roles in biological inter-
actions. The low-temperature oxidizing environment of
CAP has been extensively studied to understand the
chemistry induced by the presence of atomic and
molecular entities with one or more unpaired
electrons./>2%:3!

3.3 | Biomedical application

As a versatile technology, CAP brings together physics,
chemistry, biology, and biomedicine, making it more
flexible for various applications.l***”! For biomedical
applications, plasma can be applied directly to the targets
(e.g., in vitro cells, in vivo models, or human living
tissues) or indirectly by transferring plasma to a specific
target in situ using a plasma afterglow. The latter can be
called by different names depending on the solutions
treated with CAP, such as plasma-stimulated medium,
plasma-treated water, or plasma-treated phosphate-
buffered saline. These approaches offer an alternative
way to achieve the beneficial effects of plasma without
the need for direct contact.['>3%

In different medical fields, like surface decontamination
from microorganisms, CAP has demonstrated remarkable
clinical or preclinical potential.l*! Another useful applica-
tion of CAP is dermatological therapy, which can improve
skin rejuvenation and promote effective wound healing.
With almost no impact on healthy cells, CAP in oncology
has shown potential anticancer effects against a wide range
of tumor cell lines and tumor tissues in animal models.
Furthermore, it seems to be effective against various types
of cancer, including melanoma, cutaneous squamous

carcinoma, head and neck cancer, osteosarcoma, or human
fibrosarcoma, as the anticancer effect of CAP is not
limited.!2>404!]

According to current literature, ROS and RNS promote
the effects of CAP on biological cells. Numerous molecules,
including hydrogen peroxide, nitric oxide, superoxide anion,
nitrite, and nitrate, play a crucial role in their interaction
with cells or bacteria.l*?! For aerobic eukaryotic organisms,
which cannot survive in the absence of oxygen, the presence
of unpaired electrons in reactive species can be fatal as they
may interact with different cellular constituents, leading to
cellular abnormalities at both functional and morphological
levels. For instance, unsaturated fatty acids, an essential part
of the cell membrane, can undergo peroxidation under the
presence of hydroxyl radicals.***! Moreover, lipids, pro-
teins, and DNA can also be affected by hydrogen peroxide,
which possesses potent oxidative properties. However, nitric
oxide has a positive effect on collagen production, angiogen-
esis, cell proliferation, phagocytoses, and immunological
deficiencies.**! Treating cancer cells indirectly with CAP has
been shown to trigger the production of singlet oxygen,
which can selectively deactivate catalase that is commonly
found on the surface of cancer cells but not on healthy cells.
This action promotes the production of more singlet oxygen,
further inhibiting catalase and enhancing the RONS-
mediated apoptotic signaling pathway, resulting in the death
of tumor cells.*”! However, CAP may have adverse effects
on cells and tissues due to the ultraviolet radiation, strong
high-frequency electromagnetic fields, ROS and RNS, ions,
and molecules. The biological activity of CAP is promising,
and the duration of exposure to biological tissue can be
optimized to produce beneficial effects.*®!

4 | CAP IN DENTISTRY

4.1 | Antimicrobial activity

Research on oral microorganisms, particularly biofilm
formation, maturation, and composition, is crucial for
the development of effective dental materials. Research-
ers normally expose the specimens to ideal circumstances
for biofilm development for a set period of time.
However, before any experiments are performed, the
specimen must be decontaminated or disinfected, which
must not be toxic or change the surface properties. For
sterilization and disinfection, high temperatures, chemi-
cals, or ionizing radiation are frequently employed, but
these techniques may cause changes at the surface of the
specimen. Each approach has its benefits and drawbacks.
While autoclaving can alter materials’ properties at high
temperatures, gamma-ray is efficient and leaves no
residues, although it also may modify the properties of
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materials. Despite its limited sterilization potential, UV
radiation may cause material degradation as well.
Chemicals are also efficient but come with a risk of
biochemical changes. However, it is difficult to study oral
biofilms using non-destructive methods.!**!
Microorganisms are great targets to study plasma
efficiency because their susceptibility varies among dif-
ferent species, growth stages, and cellular envel-
opes.[®1%47] Although more recent methods have been
investigated, including supercritical carbon dioxide and
freeze-drying, they may induce modifications in the
properties of the materials being sterilized. As illustrated
in Figures 2 and 3, numerous studies have investigated
the effects of CAP on different types of relevant
microorganisms in different areas of dentistry.!***°! In
contrast to the other technologies mentioned above,
plasma has become a promising alternative, mainly due
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Dentistry

Tissue
regeneration
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FIGURE 2 Overview of the latest 5 years of articles on cold
atmospheric plasma application in dentistry.
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to its ability to process quickly at low temperatures
without leaving behind chemical residues and without
inducing alterations in material surfaces. Accordingly,
recent strong evidence shows that CAP does not affect
the elemental composition or surface roughness of
different dental materials such as dental implants.”*”! In
fact, the potential modifications involve surface free
energy, functional hydroxyl group formation, and hydro-
carbon removal, all of which present a potential
beneficial effect in host tissue interactions with implant
materials.!**!

Along with its good safety profile regarding dental
material stability, CAP has shown effectiveness against a
wide range of pathogens, including highly resistant
bacterial spores and prions. This makes plasma technol-
ogy highly valuable for sterilization, especially when
other methods are ineffective.'®! Additionally, CAP
demonstrated to be potentially effective against biofilms,
including some mixed-species biofilms, which exhibit
increased resistance to antibiotics and disinfectants,
making them significant contributors to medical device-
relevant associated infection.®®) CAP acts by disrupting
biofilm matrices and eliminating microbial cells through
diverse microbicidal mechanisms, mostly based on
reactive species formation. Nonetheless, despite some
current studies in this field, more investigation into oral
multispecies biofilms is still needed, both in in vitro and
animal models, to advance the conclusions made in the
literature. Such research would be essential for confirm-
ing CAP efficacy and aiding its long-term incorporation
into dental practice.

4.1.1 | Disinfection and decontamination

Regarding disinfection and decontamination, microor-
ganisms are divided into five categories: the most
resistant (such as prions), the highly resistant (such as

Applications
T

Disinfection / Decontamination Dental caries

!

Periodontal disease Peri-implant disease

Endodontic disease Oral candidiasis

i : &

FIGURE 3 Common types of microorganisms found in dentistry that can be targeted by CAP, along with treatment methods. CAP, cold

atmospheric plasma.
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bacterial spores), the intermediately resistant (such as
mycobacteria, fungal spores), the less resistant (such as
vegetative bacteria and fungi), and the very susceptible
(such as the human immunodeficiency virus—VHI).
Though more target studies are needed to assess the
susceptibility of microorganisms to disinfection and
decontamination, the World Health Organization
(WHO) claims that due to the extensive use of antibiotics,
drug-resistant bacteria are now a threat to public health.
Novel approaches are therefore required to combat these
multidrug-resistant microorganisms. The mechanism of
bactericidal activity for multidrug-resistant microorgan-
isms and common bacteria is believed to be similar,
making plasma treatment an appealing method. CAP-
based disinfection and decontamination processes are
nondestructive and nontoxic technologies that produce a
variety of by-products, including ultraviolet radiation and
radicals, which interact with biological materials and
render them inactive. As stated before, even sensitive
materials may potentially be able to be disinfected and
decontaminated with careful adjustment of plasma
discharge settings, rendering CAP an effective alternative
for disinfection and decontamination of surfaces.!*>7->"!
However, further research is needed to define the
optimal parameters to achieve these goals.

4.1.2 | Dental caries

In the field of cariology (the diagnosis and treatment of
dental caries), which is a condition brought on by
microbial biofilms on the tooth surface and marked by
demineralization, there is a great deal of interest in the
use of CAP. Stopping the progression of caries lesions is
the major objective of treatment.*-*2! Numerous in vitro
research and several animal experiments are investigat-
ing the use of CAP for caries therapy. For instance, a
study by Nima et al. showed that non-thermal atmo-
spheric plasma (NTAP) 1 therapy can decrease Strepto-
coccus mutans biofilms on restorative composite surfaces
and suggest the use of CAP as a substitute approach for
decontaminating oral surfaces before treatment.[®*
Another investigation conducted by Figueira et al.
revealed that low-temperature plasma (LTP) therapy
can impact both single and multispecies cariogenic
biofilms, indicating that LTP may be a feasible strategy
for a microbial-based control of dental caries.** An
Argon plasma jet's effectiveness was compared to that of
antiseptics such as chlorhexidine digluconate and octe-
nidine dihydrochloride by Langner et al. suggesting CAP
as a viable substitute or supplement for preventing
bacteria development and promoting immune defense
and wound healing.!°®! Despite the exciting potential of

this technology as demonstrated by in vitro evidence,
there are concerns regarding the accessibility of the CAP
to the spongy and intricated nature of the carious lesions
and dental tissues in vivo to be effective in surface
decontamination for future clinical application.[4]

4.1.3 | Periodontal disease

Periodontal disease is a widespread chronic inflamma-
tory condition that affects the supporting structures of
teeth, including the gums, periodontal ligaments, and
alveolar bone. An imbalance in the oral microbiota,
which leads to an overgrowth of potential pathogens
such as Porphyromonas gingivalis, Tannerella forsythia,
and Filifactor alocis, is the root cause of the condition.
This imbalance triggers a chain of responses that cause
tissue damage, chronic inflammation, and periodontal
destruction. The disorder affects millions of people
worldwide leading to tooth loss, discomfort, and a poor
quality of life.l°”) Recent studies have investigated the
use of CAP as a unique treatment method for periodontal
disease. An investigation of the antibacterial effects of
plasma therapy on P. gingivalis biofilms was conducted
by Hong et al. They utilized NTAP treatment with pure
argon gas and its mixture with 1 vol.% oxygen to evaluate
the effectiveness of biofilm removal. The study found
that NTAP treatment successfully eliminated P. gingivalis
biofilms and reduced their resistance to antibiotics.
Additionally, the plasma treatment increases the vulner-
ability of the biofilm to oxidative stresses, indicating that
it might improve the host's ability to control biofilm
infection. The efficiency of biofilm destruction depends
on the biofilm structure and treatment times, suggesting
the need for further research to optimize the treatment
process.l°®! The impact of non-thermal plasma therapy
on zirconia surfaces contaminated with P. gingivalis was
a subject of a different preclinical study performed by Lee
et al. in 2022. The goal of the study was to determine the
therapeutically beneficial time frame for plasma therapy
in terms of osteoblast activity and bacterial adhesion. The
researchers discovered that a 60-second application of
NTAP to zirconia surfaces not only prevented the
proliferation of P. gingivalis but also enhanced osseointe-
gration on contaminated zirconia surfaces. Optimizing
treatment methods is crucial, as exposure to NTAP
longer than 60 s may promote bacterial adherence rather
than have an antibacterial impact.l69J Furthermore, Lima
et al. (2020) investigated the effects of CAP against
mature biofilms of P. gingivalis (HW24D-1). The study
shows that the helium CAP jet had inhibitory effects on
mature biofilms of P. gingivalis and was not genotoxic
for human oral fibroblasts or epithelial gingival cells.
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The study emphasized the significance of CAP as an
adjuvant therapy for periodontitis since P. gingivalis
possesses Fim A type 2, a gene that encodes a fimbriae
protein type strongly highly related to periodontal
disease in chronic patients.’®! Although the results of
these studies provide encouraging insights into the
possibility of CAP treatment as an alternative or adjuvant
therapy for periodontal disease, more studies are needed
to elucidate the optimal parameters and device construc-
tion for this purpose.

4.1.4 | Peri-implant disease

For patients, partially or fully edentulous, dental
implants are a common form of treatment. However,
similar to natural teeth, implants are susceptible to
infection and inflammation, which can result in peri-
implantitis, a condition that causes bone loss. Peri-
implantitis is a common ailment that affects dental
implants, with an estimated incidence ranging from 28%
to 56% globally, and its prevalence is increasing as dental
implants are used more frequently.[®®71-73]

Peri-implantitis is an infection of the implant bed
accompanied by bone tissue loss, caused by bacteria
embedded in a biofilm. Currently, there are no evidence-
based guidelines or protocols for the nonsurgical and
surgical therapy of peri-implantitis.l”*”*! The microbiota
associated with peri-implantitis is dominated by well-
known periodontal pathogens such as P. gingivalis, T.
forsythia, and Treponema denticola, suggesting that
similar antimicrobial strategies used in periodontal
disease, such as manual or mechanical biofilm removal,
may be applied.l®””®! However, the complex geometries
of the implant surface and peri-implant defects create an
additional challenge for successful instrumentation and
decontamination. There are concerns about the effect of
these instrumentation protocols on the surface charac-
teristics of dental implants and subsequent peri-implant
tissue responses.

To overcome the problem of insufficient instrumen-
tation and the loss of hydrophilicity, a new treatment
approach has been developed. It includes a new hand-
piece for an existing water jet device and a new CAP
device with enhanced ergonomic access, both validated
for surgical application. CAP is a new technology for the
treatment of peri-implantitis, and preliminary data
suggest that it has antimicrobial, antioxidant, and
immunomodulatory effects. It also has the potential to
perform biocompatible surface modifications, influen-
cing cell adhesion, or enabling the addition of antibac-
terial coatings and promoting wound healing
properties.[”>7”]
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Studies have shown that using cold plasma alone or
in combination with mechanical pretreatment can
effectively decontaminate surfaces under specific condi-
tions.’! For instance, Carreiro et al. studied the effect of
LTP on P. gingivalis biofilm and a reconstituted human
gingival epithelium. They found that LTP treatment
reduced P. gingivalis biofilm without damaging the
surrounding tissues.!**! Hui et al. compared the efficacy
of different treatments, including air abrasion (AA) and
CAP, in decontaminating biofilm grown on titanium
implants while preserving surface topography. All
treatments resulted in minimal alterations to the
titanium surface.!'* Although there are limited in vivo
studies published on the use of CAP for peri-implantitis,
one study on beagles showed promising results with the
adjunctive use of modified cold-atmospheric plasma
(MCAP) and surgical mechanical debridement (MD).
The combination of MCAP and MD significantly
improved peri-implantitis in the study.”®!

4.1.5 | Endodontic disease
Endodontic infection, which develops in the tooth root
canal system, is one of the most common oral diseases,
accounting for 40%-50% of all disorders. It typically
occurs when bacteria from the oral environment are
introduced into the intra-radicular region through
carious lesions or traumatic injuries to the tooth. Primary
endodontic infections are primarily caused by polymi-
crobial biofilms dominated by aerobes and facultative
anaerobes. Enterococcus faecalis, followed by Fusobacter-
ium and Propionibacterium, are often attributed to
persistent posttreatment infection in the root canal
system.[7>*3! Successful root canal therapy requires
adequate disinfection. Not all microorganisms are sensi-
tive to traditional therapy such as sodium hypochlorite
(NaOCl), chlorhexidine, ethylenediaminetetraacetate,
and citric acid. Various technologies, including passive
ultrasonic irrigation (PUI), lasers, and photodynamic
therapy (PDT), have been developed to improve the
effectiveness of irrigation systems. However, their clini-
cal value is still debatable.[**5

Recently, CAP has been researched as a possible
endodontic disinfection technique. Studies have shown
that CAP is an efficient way to eliminate bacterial
biofilms and reduce the number of microorganisms in
infected root canals.'®>®°! Furthermore, CAP has been
found to have no negative effects on dental pulp stem
cells, making it suitable for use in endodontic
procedures.!82-83:87-901

One study compared the effectiveness of traditional
disinfectants with CAP using argon combined with 1%
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oxygen as a working gas on Candida albicans in human
root canals. The study demonstrated that Plasma/O,
treatment dramatically decreased the number of live C.
albicans cells in extracted human teeth.[*! Another study
examined the efficacy of CAP jets in removing the E.
faecalis biofilm from the apical root canal at varying
dentin depths. CAP jet and NaOCI were successful in
removing E. faecalis biofilm, with the combination
approach producing the most hopeful outcome.l*”
Furthermore, a study that investigated the effects of
NTAP treatment on human root dentin surfaces, on the
recruitment, attachment, and growth of human dental
pulp stem cells (hDPSCs), found that these surfaces
supported improved hDPSCs attachment, spreading,
subcellular activity, and proliferation, which may pro-
mote pulp-dentin regeneration in clinical settings.[87]

When combined with traditional disinfectants, the
use of CAP in endodontic treatment can have an additive
effect on the removal of bacterial biofilms and the
number of bacteria in infected root canals. Additionally,
CAP has shown no negative effects on dental pulp stem
cells, suggesting its potential safety in endodontic
procedures. These results imply that CAP might be a
beneficial addition to the current endodontic treatment
options for patients. However, further in vivo and clinical
research are needed to confirm these findings and their
translatability to clinical practice.

4.1.6 | Oral candidiasis

In the oral cavity of healthy people, the fungus C. albicans is
frequently present. However, under some circumstances,
like when the immune system is compromised, C. albicans
can cause infections, known as oral candidiasis, which can
be irritating and painful. Antifungal drugs are typically used
to treat fungal infections, including candidiasis. However,
this course of therapy has the potential to cause adverse
effects and the formation of drug-resistant strains. As a
result, there is a demand for complementary therapies for
oral candidiasis.”"*%

The potential of CAP as a cutting-edge treatment
strategy for microbial decontamination has attracted
increasing interest in recent years. It has been demon-
strated that CAP works well against several strains of C.
albicans. Previous research has shown that CAP can
improve the results of traditional antifungal drugs.®>**

Borges et al. carried out a comprehensive in vitro
investigation employing an amplitude-modulated CAP
jet device operating with helium (AM-CAPJ) to examine
their efficacy against C. albicans biofilms. The findings
have shown that after 5 min of AM-CAPJ exposure, the
viability of C. albicans biofilms dramatically decreased

while maintaining a high level of vitality in Vero cell
lines. The study also discovered that when comparing the
AM-CAPJ group to the nontreated and nystatin-treated
groups, histological analysis demonstrated a considerably
decreased incidence of inflammatory changes.[*>*°!

The potential of CAP as a novel therapeutic approach for
oral candidiasis has shown promising results in preclinical
studies that need to be confirmed by clinical research.

4.2 | Tissue regeneration

The complex process of regenerating both hard and soft
tissues necessary for oral wound healing is aided by a
number of growth factors and cytokines, including
interleukin-1 (IL-18), IL-6, IL-8, and tumor necrosis
factor-a. These molecules control the synthesis of MMP1,
which in turn influences how the soft and hard tissues
rebuild. The periodontal ligament (PDL), which contains
collagen fibers and PDL fibroblast that control the
creation and remodeling of the extracellular matrix
(ECM), is essential for oral adaptation. The three stages
of wound healing—inflammatory, proliferation, and
remodeling—are each regulated by a different set of
growth factors and cytokines. Pathogens in periodontal
pockets can be removed surgically or nonsurgically to
promote periodontal healing. Enamel matrix derivatives
or laser treatments to increase attachment levels can
stimulate tissue regeneration.!”®°”!

The use of CAP has emerged as a potential method to
accelerate wound healing processes. CAP consists of reactive
oxygen and nitrogen species, ions, radicals, electric fields,
and electromagnetic radiation, and has shown stimulating
effects on cell proliferation and migration in vitro, as well as
a strong antimicrobial effect. While the specific effects of
CAP on eukaryotic cells are largely unknown, studies have
shown that the complex mixture of reactive species,
including H,0,, O;, O,*, NO, NO,, Ny*, and OH, within
the physiologic range of the body during natural tissue repair
processes allows for a higher cell turn-over rate.*! Moreover,
CAP can upregulate certain genes and increase cell
migration and viability in human periodontal cells, kerati-
nocytes, and fibroblasts, and enhance cell adhesion onto
pretreated surfaces. Cold plasmas can support wound
healing by accelerating cell proliferation, promoting
increased oxygen saturation, and triggering and mimicking
immune processes.[*%!

Studies have looked at how well CAP accelerates the
healing of oral wounds."**""®! In a recent study, Eggers
et al. looked at the effect of CAP on the ability of human
osteoblasts to differentiate into osteogenic tissue, with
particular emphasis on how well it promotes oral wound
healing. The outcomes showed that CAP had a modest
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impact on the capacity of human osteoblasts to differentiate.
However, the length of the therapy and the distance between
the CAP device and cells had a negative impact on their
viability. CAP demonstrated favorable benefits on osteogenic
differentiation ability into osteoblasts, despite the detrimental
effects on cell viability. It's Interesting to note that, in
comparison to a single treatment, multiple CAP applications
not only reduced proliferation but also significantly increased
the mRNA expression of RANK and RANK. Temporal
delays in gene expression were detected, but these delays
were regarded as insignificant in the therapeutic environ-
ment."® It is crucial to assess the effects of CAP on animal
models before assessing its impacts on humans. In this
regard, the effect of CAP treatment on the oral mucosa of
mice was investigated using histological tissue analysis in a
study by Jablonowski et al. The outcomes showed that the
mucosa changed from red to white in the treated area, 1 day
after CAP treatment. Histologically, fibrin deposits were
found, as well as superficial homogeneity of the underlying
stroma, localized ulceration, and necrosis. These changes
were also followed by a minor inflammatory response,
indicated by the presence of neutrophil granulocytes,
lymphocytes, and a few plasma cells. Eosinophilic granulo-
cytes were rarely found. Overall, the CAP therapy was well
tolerated in the short-term study."'*"!

To compare the effects of CAP on cementoblasts and
its capacity to promote mineralization and cell prolifera-
tion to enamel matrix derivates (EMD), Eggers et al.
conducted a study in 2021. The study showed that CAP
has a stimulating effect on cell processes related to
regeneration and cementoblasts' capacity for mineraliza-
tion. The expression of specific mineralization-related
genes in cementoblasts after CAP treatment was
examined by the researchers to characterize the hard
tissue. The findings indicated that CAP treatment
increased alkaline phosphatase (ALP) expression and
activation levels, suggesting that CAP has the potential to
enhance mineralization and tooth regeneration.

PLASMA PROCESSES 9 of 16
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Regarding osteopontin and periostin, both genes were
found to be upregulated, indicating the regenerative
efficacy of CAP at the molecular level. DMPI was
induced by CAP-mediated mineralization and COL1A1
and showed upregulation at both the mRNA and protein
levels. RUNX2 was also found upregulated, confirming
the physiological activation of cementoblasts. Other
important markers such as BGLAP and OSX, were also
found significantly upregulated. Overall, the researchers
demonstrate that CAP increases cementoblasts
regeneration-related features, including increasing min-
eralization, the expression of relevant genes to mineral-
ization, and cell proliferation.!*®!

CAP has the potential to regenerate both hard and
soft tissues; however, there is currently no agreement
among researchers as to the optimal parameters for
various test types. It is challenging to compare the
outcomes of different research because of the variety in
parameter values, such as the length and time of plasma
application. Future research must develop standardized
procedures that can be regularly used in in vitro and
animal investigations to overcome this problem. A better
knowledge of the best use of CAP and safety in tissue
regeneration will be attained by defining precise and
consistent parameters that allow for more relevant
comparisons between researchers. In the end, this will
make it easier for CAP research to be applied in clinical
settings, enabling its efficient and secure use in human
treatment. Figures 2 and 4 summarize the most frequent
applications and types of cells used in recent research on
tissue regeneration in dentistry.!>7-98:102-10%]

4.3 | Oncology

Oral squamous cell carcinoma (OSCC) is a common type
of head and neck cancer™'® and the second most
common cause of mortality globally.[43] Current

Targets Treatment methods Applications
\J Soft tissue
3 -

Indirect

~+—Hard Tissue

FIGURE 4 Types of cells used to test the potential regeneration capacity of cold atmospheric plasma (CAP), along with typical

treatment methods.
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treatments for OSCC, such as surgery, radiation therapy,
and chemotherapy, can have severe adverse effects due to
the need for large and frequent dosages to achieve
therapeutic impact. Research is focused on discovering
alternative therapies that can be combined with already-
effective treatments to improve results for OSCC
patients.[17:3-11°]

Several modalities of cell death, including apoptosis,
necrosis, necroptosis, autophagy, and pyroptosis, can be
therapeutically targeted for the treatment of cancer
cells."™'] CAP treatment raises intracellular ROS, which
can impact various elements in the signaling of tumor
cell death. By targeting proteins or kinases involved in
cell death signaling, apoptosis, and death can be
effectively induced in cancer cells.31:3%112-115]

CAP may selectively eliminate cancer cells while
normal cells are left unharmed. Healthy cells can repair
the damage caused by oxidative stress, whereas cancer
cells undergo cell death in response to oxidative stress.
The synergies effects of H,O, and nitrites can be used to
determine the dosage of CAP that can kill cancer cells in
a dose-dependent manner through growth arrest, apo-
ptosis, and necrosis."!

In 2022, Afrasiabi et al. examined the specific toxicity
of CAP on OSCC cells and mitochondria, as well as any
potential synergistic effects of cisplatin. They discovered
that CAP especially targets cancerous mitochondria,
leading to increased ROS levels, collapse of the mem-
brane potential, and swelling of the mitochondria. The
subsequent release of proapoptotic protein cytochrome c
and the activation of caspase 3 was linked to mitochon-
drial swelling. When CAP and cisplatin were combined,
all toxicity indicators were significantly increased,
indicating that CAP may be a suitable therapeutic
complement for treating OSCC.1"®! A study conducted
in 2021 by Evert et al. examined the long-term risk of
repeated application of CAP on mouse oral mucosa. The
results revealed no carcinogenesis and good treatment
tolerance. Unlike the injection of carcinogens, CAP
exposure did not promote the growth of invasive lesions
of squamous cell carcinoma (SCC). The inflammatory
profiles linked to each treatment plan were identified by
molecular analysis. Despite the fact that CAP did not
exhibit consistent changes in gene expression across
several carcinogens’ regimes, one gene, 1L33, which is
linked to oral lichen planus, showed a consistent rise in
both CAP and non-CAP treatments. With CAP treat-
ment, SPP1 and HIF1A were found upregulated while
SMAD3, linked to oral lichen planus and SCC, was
frequently downregulated. CAP therapy enhanced
CXCL10 levels among the carcinogen regimens, which
is important for both the SCC response and fostering
antitumor  immunity. @ CAP  shows  distinctive

inflammatory profiles, gene expression alterations, and
potential antitumor immunity-promoting.['*”!

The aforementioned findings and the current litera-
ture indicated that CAP is effective in treating SCC and
OSCC. However, additional studies for in vitro and
animal models are needed to fully understand how SCC
and OSCC react to CAP therapy. Standardizing CAP
application parameters such as treatment time, intensity,
and distance is essential to enable improved consistency
between experiments. Figure 2 provides a summary of
recent studies on PAC treatment in oncology, as well as
other relevant studies.!"*®!

44 | Bleaching

Tooth discoloration is a common problem that can
negatively affect people's physical appearance. As a
result, tooth whitening procedures, like bleaching, have
grown in popularity recently as a conservative treatment
for discolored teeth.!''®! However, typical tooth whiten-
ing techniques could have downsides like tooth sensitiv-
ity, gingival irritation, and inconsistent outcomes. The
acidic nature of bleaching agents has the potential to
have negative effects on enamel surfaces, compromising
their microhardness, structure, and morphology.['2°-122!
Researchers have looked into other tooth-whitening
procedures, such as the use of CAP, to overcome these
problems. Several trials have investigated the effective-
ness of CAP in tooth whitening, with encouraging
outcomes. CAP has been shown to whiten teeth more
effectively than traditional techniques while still protect-
ing oral tissues.'?*!

For instance, in 2020, Choi et al. studied the effects of
nonthermal plasma and a neutral pH bleaching gel on
dental hard tissues and found successful results when
treatment times were minimized."**! The use of non-
thermal atmospheric discharge on tooth bleaching in
vitro was explored in a different study by Kusanagi et al.
and they discovered a bleaching effect without the use of
peroxides or water.'*”! In a 2018 study, Nam et al.
examined the surface properties of enamel following
bleaching in conjunction with plasma treatment. The
findings showed that bleaching with 15% carbamide
peroxide (CP) alone could change the characteristic of
the bleached surface, making it more favorable for
Streptococcus mutans binding. However, when bleaching
and plasma were used together, S. mutans adherence was
reduced. These results imply that the application of
plasma did not alter the surface properties, as confirmed
by the SEM and safranin staining data. Furthermore,
bleached enamel treated with 15% CP alone showed a
significant increase in S. mutans colony significantly,
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suggesting that teeth whitening with only 15% CP may
have an impact on the surface morphology and structure
of the bleached enamel.['>"!

To evaluate the histological alterations in oral tissues
following NAPP therapy, Nam et al. undertook a study in
2021 to guarantee the safety and efficacy of NAPP for
tooth whitening. Given that human immune system
genes are similar to those of rabbits, using them as an
animal model increased study applicability. These results
strongly suggest that oral tissues are not harmed when
NAPP and 15% CP are used together for tooth whitening.
NAPP effectively converts harmful HP into nontoxic OH
without producing excessive heat, ensuring the safety
and efficacy of NAPP on tooth-whitening procedures.!*)
It is important to note that the assessment of tissue safety
was only conducted during a brief period of time,
and additional long-term research is required to fully
understand the effects of CAP on oral tissues
(Figure 2).[4,7,1207122]

4.5 | Surface modification in implants
and other dental materials

Dental implants are a common option for replacing
missing teeth, however, infections connected to implants,
such as peri-implantitis, can cause implant failure and
jeopardize the overall outcome of implant therapy.
Researchers have concentrated on creating infection-
resistant biomaterials to prevent the formation of
bacterial biofilm on implant surfaces, which is essential.
Although effective, conventional methods can harm the
treated substrate, requiring the deployment of new
strategies. CAP shows promise in replacing traditional
approaches by preventing the formation of bacterial
biofilm and promoting tissue regeneration.!6%120:126:127]
The limitations of the vacuum system are overcome by
CAP and cause physical and chemical changes in
biological materials without causing harm to healthy
tissues.!””!

Surface modification employing CAP is a frequently
researched method in interface biotechnology to improve
the performance of surgical implants. The clinical
efficacy of implants is significantly influenced by the
topography, chemistry, and bioactivity of implant mate-
rial. CAP has been found to increase implant bioactivity
by enhancing surface chemistry, such as by raising
hydrophilicity. CAP treatment is practical for surface
alterations like coating or patterning, as well as for
improving hydrophilicity or surface roughness.ms] This
improves the initial interaction between cells and the
surface and increases wettability, playing a critical role in
restoring the surface and enabling re-osseointegration of

AND POLYMERS

damaged dental implants.!®*”) Numerous investigations

have focused on the usefulness of CAP in altering
implant surface and preventing or treating implant-
related infections.

The effects of CAP on titanium and zirconia dental
implant discs were examined in a 2022 study by Wagner
et al. The study found out that CAP treatment did not
considerably change biomaterials elemental composition.
However, it did promote cell viability and proliferation
on the titanium surfaces, particularly when applied for
60 to 120s. This suggests that CAP may have the
potential to promote healing around dental implants./*”!
Sevilla et al. conducted a study on plasma surface
treatments in CAD-CAM ceramics. The treatments
resulted in lower roughness values compared to the
control group, and the contact angle was reduced with
etching plasma treatment. Smoother surface textures can
decrease the likelihood of defects or fractures in
restorations. The effects of plasma treatments on the
ceramics were similar, even with different exposure
times for oxygen and argon plasma.l'®®! These studies
highlighted the potential of CAP for modifying dental
materials’ surface properties, making it a promising
approach for managing peri-implantitis.°”'*) CAP
treatment on dental implant materials like titanium
(Ti) and zirconium (Zr) has shown positive outcomes in
terms of its effectiveness against microorganisms. It
inhibits bacterial activity, particularly in Gram-negative
bacteria, without compromising bone formation. With
extended treatment times, CAP becomes more effective
at reducing bacterial presence.""*!! The antibacterial and
antibiofilm characteristics of CAP on dentin were
examined in a study by Jungbaeur et al!®”! Time-
dependent CAP efficacy was discovered with a
60-s application yielding the best outcomes. While the
30-second treatment decreased the number of bacteria in
the planktonic sample for each species, the 12-species
biofilm was not significantly affected. However, on
dentin and titanium surfaces, a 120-second treatment
considerably decreased bacterial populations.[67] A study
conducted in 2022 by Florke et al.*’! examined the
efficacy of CAP, photodynamic therapy (PDT), and
chemical decontamination using 35% phosphoric acid
gel (PAG) for cleaning titanium implant surfaces. The
study found that the best treatment involved applying
CAP to the implants for 3 min at 5W output. The colony-
forming unit (CFU) count was considerably lower after
CAP therapy as compared to positive control. These
results show that CAP is more effective than other
methods at reducing bacterial contamination on titanium
implants. Additionally, the study showed that although
plasma treatment could inactivate the biofilm, full
eradication required the use of extra air-water spray.
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Notably, no surface modification was seen after plasma
treatment.*”!

These studies have shown how effective CAP may be
as a solution that combines antimicrobial benefits with
enhanced tissue repair. With CAP, microorganisms can
be successfully removed from difficult places, such as
inaccessible pockets and implant surfaces with rough or
moderately rough textures. Additionally, it can stimu-
late wound healing immediately after implant insertion
and encourage the re-osseointegration process in
infected dental implants. However, it is crucial to
recognize that complex multispecies biofilms, such as
those present in the oral cavity, have a high resistance to
CAP therapy. This suggests the necessity for additional
therapeutic approaches or changes to the CAP parame-
ters to improve its effectiveness in such circumstances.
Future developments in CAP approaches and technol-
ogy could help solve the problems brought on by
multispecies biofilms, increasing the overall efficiency
of CAP treatment against them. CAP has demonstrated
encouraging results in the modification of implant
surfaces and in the prevention or treatment of
implant-related infection, but additional study is
required to draw firm conclusions. As shown in
Figure 2, CAP may be a viable substitute technique for
cleaning and repairing dental implants. This strategy
might create new opportunities for improving the
stability and effectiveness of dental implants in the
long term.[57’71’130_133]

5 | CONCLUSION

Based on the available literature, which consists of in
vitro and preclinical studies, CAP seems to provide a
promising alternative approach to traditional methods
for treating and preventing oral conditions. CAP has the
potential to offer a noninvasive and effective treatment
option, especially for patients who cannot undergo
traditional treatment procedures or have contraindica-
tions to certain treatments. However, to develop a CAP-
based tool for potential clinical use in the diverse
applications of dentistry, additional preclinical and
clinical research is necessary. It is crucial to gain a
deeper understanding of the mechanisms of action and
effects of CAP in oral tissues and to define the optimal
parameters for its various applications in dentistry.
Future research should specifically address the optimal
parameters and protocols of CAP-based therapies regard-
ing the safety profile, especially when applied on healthy
tissues, as well as the antimicrobial and antibiofilm
properties, in particular against complex, multi-species
biofilms.
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