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ARTICLE INFO ABSTRACT

Keywords: Plasma is regularly alluded to as the fourth form of matter. Its bounty presence in nature along with its potential
Non-thermal plasma antibacterial properties has made it a widely utilized disinfectant in clinical sciences. Thermal plasma and non-
Dentistry

thermal (or cold atmospheric) plasma (NTP) are two types of plasma. Atoms and heavy particles are both
available at the same temperature in thermal plasma. Cold atmospheric plasma (CAP) is intended to be non-
thermal since its electrons are hotter than the heavier particles at ambient temperature. Direct barrier
discharge (DBD), atmospheric plasma pressure jet (APPJ), etc. methods can be used to produce plasma, however,
all follow a basic concept in their generation. This review focuses on the anticipated uses of cold atmospheric
plasma in dentistry, such as its effectiveness in sterilizing dental instruments by eradicating bacteria, its advantage
in dental cavity decontamination over conventional methods, root canal disinfection, its effects on tooth whit-
ening, the benefits of plasma treatment on the success of dental implant placement, and so forth. Moreover, the
limitations and probable solutions has also been anticipated. These conceivable outcomes thus have proclaimed
the improvement of more up-to-date gadgets, for example, the plasma needle and plasma pen, which are efficient
in treating the small areas like root canal bleaching, biofilm disruption, requiring treatment in dentistry.
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1. Introduction material, be it as neon lights, bright signs, or food handling. Microelec-

tronics, arc welding as two of the most widespread technologies where

What precisely is plasma? Solid, liquid, and gas are the three most
well-recognized states of matter. Plasma is often referred to as the fourth
state (Fig. 1). Plasma a gas contains particles in plasma state. It can be
characterized as a gas containing free electrons, ions, and various other
active atomic or molecular radicals such as hydroxyl radicals (OH-).
Plasma also contains energetic photons (ultraviolet light) and intense
transient electric field. Both play a key role for bond breaking or reactive
species generation due to huge reduced electric field in pulsed discharge
[1-4]. It is, truth be told, the most spread form of matter, making up
about 99% of the noticeable universe. From the northern lights to the
core of a star, plasma is available in an assortment of structures, over the
universe. Furthermore, we humans have bridling such a different

plasma is used along with other applications in biomedical and dental
sciences.

Plasma is categorized as thermal or non-thermal based on the relative
temperatures of the electrons, ions, and neutrals. In thermal plasma, the
electrons and heavy particles are in thermal equilibrium, but in non-
thermal plasma (NTP), the electrons are hotter, but the ions and neu-
trals are at room temperature, therefore it is also known as cold atmo-
spheric plasma (CAP) [5,6].

Plasma (Ancient Greek mAdopa) implies mold-able substance Sir
William Crookes first identified plasma in 1879 in Crookes tube and
Plasma, according to him, is a radiant matter [7]. The word plasma was
coined by Irving Langmuir. He depicted plasma as an electrified fluid
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Fig. 1. Generation of plasma by different techniques: Dielectric barrier discharge (DBD) and a floating dielectric barrier discharge (FE-DBD). (A) Formation of plasma

by DBD; and (B) FE-DBD.

transporting electrons and ions, like blood plasma, which transports red
and white corpuscles [8]. In 1897, Sir J.J. Thomson distinguished the
cathode beam's nature (electron beam) in his plum pudding model,
wherein he exhibited the dispersion of electrons and protons in an atom
with his cathode ray experiment [9]. The Siemens Company in the last
part of the 1850s utilized plasma release to create ozone. Bol'shakov
etal., in 2004 published the impacts of radiofrequency oxygen plasma on
bacteria.

Most of cold plasma for medicine are pulsed (kHz, MHz). However,
considering the stability and safety of microwave-derived plasma, it has
been considered to be useful for biomedical applications and slowly
becoming famous in various medicinal fields [10]. The use of NTP for
sterilizing medical equipment [11], food packaging in the food industry,
blood coagulation, wound healing, and other applications have recently
been reported in the literature. Non-thermal plasma (NTP) is an anti-
microbial treatment being explored for use on fruits, vegetables, and
other foods with delicate surfaces in the food processing industry. As of
late, NTP sources with <40 °C temperature at the point of application
have been introduced that offer the likelihood to treat human beings [12,
13].

NTP has been recognized for its different types of potential clinical
and research applications in dental science (Table 1). The first applica-
tion of NTP in dentistry isn't clear even though it was likely utilized
during the assembling of dental instruments or in their sanitization.
Clinically, one of the main apprehensions that patients have towards
dental treatment is the potential pain that may cause during dental
procedures [14]. Cold plasma has great potential for use in dentistry as it

Table 1
Dental application of different types of non-thermal plasma on biological models.
Dental science Source of plasma/plasma  Biological models References
applications devices
Dental canal Plasma jet device/He; Human extracted [68]
disinfection He/O4 tooth
Dental canal Plasma jet device/Ar/O, Human extracted [108]
disinfection tooth
Improvement of Plasma brush/Ar; low- Human extracted [76,80,
dental pressure plasma device/ tooth 109]
structures 0., Ar, N2, and He + N;
HDBD device/Ar; plasma
jet device
Biofilm reduction Kinpen MED ® plasma In vitro (Bacteria, [65]
jet/Ar lab condition)
Biofilm reduction Three different types of In vitro (Bacteria, [110]

on titanium CAP devices: (a) KINPen lab condition),
discs plasma jet/Ar; (b) HDBD Extracted tooth
device/Ar; (c) VDBD
device/Ar

is vibration-free, leading to lesser pain perception by the patient [15]. It
can be useful to some extent for the patients who are anxious or fearful of
using a drill for cavity preparation before tooth restoration and removal
of necrotic, diseased, or non-remineralizable tissues. Due to its capabil-
ities of deactivation of pathogenic bacteria and alteration of
non-inflammatory tissue, it can be a useful tool for the treatment of
dental cavities and composite restorations [16]. Researchers have
anticipated that the Plasma treatment would be a non-destructive,
painless, and tissue-saving technique to treat cavities, because of its
reliance on chemical based reactions compared to heat or mechanical
interactions of conventional techniques. Moreover, the chemical bonding
between teeth and fillings created by the plasma treatment is much
stronger than drills or laser techniques. Furthermore, NTP is used in
dentistry for root canal disinfection, sterilizing dental instrumentation,
plaque removal, tooth whitening (bleaching), and improving bond
strength at the dentin-composite interface [17].

2. Generation of NTP

Plasma can be produced by radio frequency, high voltage alternating
current (AC) or direct current (DC), microwave frequencies [18,19].
There are many different devised which are used for the production of
plasma. One of the specific type is a needle which is being used for me-
dicinal application. A syringe and a needle are included in a medically
utilized plasma device. The syringe has a 6 mm diameter, a 200 pm
needle diameter, and a 3 cm length. Through a ballast, resistor (R) 60 -
kO and capacitor (C) 50 - pF, the needle functions as an electrode and is
linked to a high voltage direct current (amplitude up to 10 kV, repetition
rate up to 10 kHz, and pulse width variable from 200 ns to DC). The
discharged current is restricted to a safe range due to the presence of a
resistor and capacitor [20]. When a working gas such as helium/oxygen
(20%) is injected into a hollow syringe at a flow rate of 0.4 L/min and a
high voltage DC is applied to the needle, plasma is produced [21].

2.1. Direct barrier discharge (DBD)

It was created by Siemens in 1857. Di-electric covering two-level
metal terminals is available in DBD (Fig. 1A). One is a high voltage,
and another is a grounded electrode. Gas passing between electrodes is
ionized and plasma is formed. A high voltage alternative current is
required, and power consumption is 10-100W [22]. DBD with input
power in the W range have also been often reported for biomedical ap-
plications [23].

A variety of electrodes is possible, like dielectric material covering
just a single electrode rather than two and a cylindrical electrode is
present instead of flat. Another variant, as shown in Fig. 1B, is the
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floating electrode DBD (Fe - DBD), which was developed by Fridman
et al. [24]. It comprises a high voltage electrode and another active
electrode like human skin and organs. The powered electrode ought to be
put close (<3 mm) to the second electrode to create plasma.

DBD is utilized in the sanitation of living organisms, angiogenesis,
surface treatment, and the inactivation of microbes like Bacillus strato-
sphericus [25]. It may be additionally utilized on melanoma.

2.2. Atmospheric plasma pressure jet (APPJ)

Atmospheric Plasma Pressure Jet (APPJ) are the plasma jets having
the gas temperature ranges from 25-200 °C with a charged-particle
density of 101'-10'2 cm™ and reactive species at high concentrations,
i.e., 10-100 ppm [26]. It can be made up with different setups in which a
gas mixture (helium, oxygen, and other gases) is pushed to flow quickly
between two electrodes. One of the common setup is shown in Fig. 2A
where a radiofrequency of 13.56 MHz at a power of 50-100 W is applied
on the discharge creating a central (cathode) electrode, and the outer
electrode (anode) is grounded. The cathode is made of tungsten or
stainless steel with 1 mm diameter (Fig. 2A) [27].

APPJ devices are not only limited to MHz devices, rather, they have
been reported to be based on a dielectric barrier discharge (DBD) reactor
powered by either nanosecond or microsecond rise-time high-voltage
pulses [27,28].

APPJ is applied in the inactivation of bacteria. It is also noteworthy
that the first radiofrequency cold plasma was developed by Koinuma
et al., in 1992 [25].

2.3. Plasma needle

Stoffels et al. [29] invented a miniature atmospheric plasma needle in
2002. Fig. 3B shows a schematic representation of the same. In 2004, a
new version was developed [30]. The new plasma needle has a 0.3 mm
diameter metal support with a perspex tube with a sharpened tip. Helium
is the most commonly utilized gas due to low breakdown voltage and the
homogenous nature of the discharge. When radiofrequency power
ranging from 10 mW to several watts is delivered at 13.05 MHz, micro-
plasma is produced. Microplasma is effective for treating tiny regions in
dentistry that requires attention [31,32]. E. coli bacteria can be killed by
this process [33].

2.4. Plasma pencil

Laroussi et al. [34], developed the plasma pencil. is made of two
electrodes having an identical radius (1.25 mm). A space of 0.3 cm-1.0
cm is available between them. The dielectric disc is connected to a thin
copper ring. High voltage sub-microsecond pulses are applied between
these terminals to make plasma, while the gas is infused through an
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Fig. 3. A schematic representation of the plasma needle designed by Lar-
oussi et al.

electrode hole. When the discharge is created, a plasma plume is pro-
pelled through the gap of the external terminal. Because of its low tem-
perature (290 K), the plasma plume (length up to 5 cm) can be touched
securely. A schematic representation is shown in Fig. 3.

Plasma pencil can be used to inactivate P. gingivalis and E. coli bac-
teria. These bacterial strains have been reported to exhibit biofilm for-
mation leading to dental caries. Inactivation of plankton bacteria by
plasma pencil also provides opportunity to inhibit the biofilm formation.
Moreover, it can also be an approached technique for the curation of
leukaemia [35].

3. Application of NTP in dentistry
3.1. Sterilization

Sterilization is the process of killing all microorganisms, including
viruses, bacteria, fungus, and bacterial endospores. Sterilization pro-
cedures include steam autoclaves, dry heat, and chemical vapours that
are not saturated. Therefore, autoclaving is the most frequently used
method of sterilizing dental instruments. Under the pressure of 15
pounds at 121 °C for 20 min at 134 °C for 3 min, it produces steam. It
penetrates deeply, allowing all instrument surfaces to be exposed to the
steam. Sterilizes water-based beverages in a relatively short period. Also
available are ovens that use dry heat or chemical vapour sterilizers that
use unsaturated chemical vapours. Those microorganisms that are
directly exposed to high temperature and dry heat can be killed. Tem-
peratures between 160 °F and 170 °F, sustained for 1 h, are sterilizing.
However thermal sterilization methods are not suitable for use in all
dental materials whereas the non-thermal methods, like chemical ster-
ilization may cause undesirable changes in the materials and
instruments.

The effectiveness of plasma sterilization is affected by gas composi-
tion, bacterial stain, and driving frequency. It surpasses the other

Gas insertion
RF source
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2mm

Matching
network
*—’
B Metal strand Needle exposed

Fig. 2. An APPJ and a plasma needle. (A) A schematic representation of the APPJ created by Schiitze in 1998; and (B) A schematic representation of the plasma needle

created by Stoffels et al., in 2002.
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conventional non-thermal techniques. When compared to conventional
approaches, plasma devices have been found to destroy bacteria faster
[36]. The plethora of plasma components such as reactive oxygen species
(ROS), electromagnetic fields, UV and ions, and electrons is related to the
mechanism of plasma sterilization [37]. In the lipid bilayer of the bac-
terial cell membrane, unsaturated fats and proteins are involved in
membrane transport [38]. Bacteria are rendered inactive by hydroxyl
radical assaults on unsaturated fatty acids, which are produced by plasma
and damage membrane lipids [39]. The region around the site of contact
can also be affected by plasma.

Of late, plasma sterilization technique and devices (Sterlink, Ger-
many) are becoming popular in the biomedical applications and on the
verge of being used in dentistry [40], however, the utilization of
non-thermal plasma for decontamination of surgical instruments is still
limited. According to Whittaker et al. using plasma gas cleaning to reduce
the absolute number of proteinaceous compounds from pulp that can be
transmitted between patients when endodontic tools and files are used
might be highly successful [36]. Plasma sterilization, according to Li
et al. overcomes the limits of existing sterilizing techniques. It has
evolved into a unique sterilizing technology due to its benefits of safety,
completeness, speed, and low temperature [41]. Sung et al. investigated
the efficacy of the NTP device for sterilizing metal, rubber, and plastic
equipment and a variety of instruments [42]. The non-thermal plasma
device was shown to be very effective in deactivating Bacillus subtilis and
E. coli, and to be more effective in killing E. coli than the UV sterilizer
[43].

Independent studies by the likes of Socransky et al. [44] amongst
others have found that various types of bacteria like P. aeruginosa [45],
Staphylococcus aureus [4], Escherichia Coli [4,46], Enterococcus faecalis
[47], can be inactivated by plasma, as mentioned in Table 2.

The review of literature thus reveals that non-thermal plasma is an
effective method of sterilization of dental instruments as well as various
dental surfaces because of its potent bactericidal properties. When we
compare NTP with conventional sterilization protocols, it has been found
to not only be more efficient but also a much faster, thorough alternative
[48]. The fact that the same method may be used for a variety of in-
struments ranging from plastics, glasses, to metal and more, eliminates
the need to have multiple cumbersome sterilizations and disinfection
methods and equipment, thus saving time and investment.

3.2. Dental caries

Mechanical or laser methods can be used to clean and disinfect
infected tissue in a tooth cavity or a root canal. Both methods, however,
have the potential to heat and destroy healthy tissue. Additionally, the
vibrations caused by the drill is another disadvantage as it may lead to
patient discomfort. The generation of heat, vibrations and noise may

Table 2

Types of bacterial strains inactivated by non-thermal plasma.
S. Species Strains
No.

With experimental evidences

1. Streptococci Streptococcus mutans [111], Streptococcus sobrinus [112],
Streptococcus sanguis [113], Streptococcus anginosus [113]

2. Lactobacilli Lactobacillus fermentum [114], Lactobacillus plantarum [115]

3. Actinomyces  Actinomyces israelii [116], Actinomyces odontolyticus [117]

Probable stains (in studies)

4. Aerobes Neisseria mucosa, Haemophilus parainfluenzae

5. Anaerobes 1 Fusobacterium nucleatumssnucleatum, Campylobacter rectus,
Veillonellaparvula, Capnocytophagagingivalis,
Peptostreptococcusasaccharolyticus, Gemellamorbillorum,
Prevotellamelaninogenica, Leptotrichiabuccalis,
Eubacteriumsaburreum, Corynebacterium matruchotii,
Prevotellanigrescens/intermedia

6. Anaerobes 2 Porphyromonasgingivalis, Selenomonasnoxia, Micromonas

micros
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increase the pain perception of patients as well as their anxiety and fear
of dental treatment.

When used in dental cavities, cold plasma decontaminates the cavities
without the need to drill them (Fig. 4). Despite plasma's surface-level
nature, its active plasma species can penetrate deep into the cavity.
The clinical procedure can be carried out by disinfecting bacteria, which
are in the dentine tubules or close to the pulp, after the removal of most of
soft caries tissue with the bur [43]. Thus, CAP, being vibration-free, has
found an extraordinary potential for use in dentistry as it can decreases
the patient's pain perception [49]. Though the clinical proofs are awai-
ted, it has been in sighted that the it can be very helpful for children or
patients who are afraid of using the drill for cavity preparation before
tooth restoration and removal of necrotic, diseased, or
non-remineralizable tissues because of its indirect use.

Raymond et al. studied the interactions of non-thermal plasma with
tooth tissue using a plasma needle [43]. For microbial decontamination,
plasma needles are an effective source of radicals. Comparatively to la-
sers or other traditional mechanical methods of dental cavity prepara-
tion, because it functions at normal temperature, it does not induce mass
tissue pulverization. It has been concluded that plasma therapy is a
popular tissue-saving approach for cleaning uneven structures and small
channels within the damaged tooth [43]. Short-lived chemical species
generated by the plasma needle in the gas phase can interact with the
surface of a tooth and dissolve into a liquid. Unlike the antibacterial
liquid rinses that remain in the mouth after the operation, the plasma
needle generates bactericidal agents locally, allowing them to reach the
cavity and fissure areas [50].

The usage of plasma needles was recommended by Eva Stoffels, who
pioneered this technique, because of its capacity to kill E. coli [29]. Goree
et al. presented compelling evidence that non-atmospheric plasma can
kill S. mutans [51]. Yang et al. then presented a low-temperature atmo-
spheric argon plasma brush, which was proven to be very effective in
deactivating and decontaminating Streptococcus mutans and Lactobacillus
acidophilus [52]. The authors determined that for S. mutans, 100% bac-
terial eradication was accomplished in 15 s while it took 5 min for
Lactobacillus acidophilus.

It can safely be concluded that disinfection of dental cavities using
cold plasma is extremely desirable due to its many advantages, the most
important being the elimination of the drill. Direct treatment with plasma
can disinfect the dental cavities because of their reactive oxygen species,
however, it can be said to have a limitation of having the soft dentine
tissue left after the treatment. This ultimately helps in reducing the level
of the patients’ anxiety and fear, as well as potential pain during the
treatment procedures, thereby making them very compliant. Of course,
its extreme potency in reducing the bacterial load as well as its conser-
vative approach in preparing dental cavities and the elimination of heat
production are added advantages when compared to the conventional
methods, as both serve to protect the surrounding healthy living tissues.

3.3. Root canal disinfection

Root canal disinfection is the most important step of root canal
therapy. Cleaning and sanitizing the canal's walls and the lumen is critical
to achieving a good treatment outcome. Canals with bacterial infection
are known to fail. This means germs that remained in a canal after
chemical and mechanical preparation must be maintained to a minimum
to provide successful therapy and treatment.

It is widely believed that efficient bacterial eradication necessitates
first cleaning the canal by removing the smear layer and then breaking up
the biofilm, allowing the germs to be exposed to the disinfectant. A va-
riety of items can be used to remove the smear and/or disrupt the biofilm
formation. Sodium hypochlorite, EDTA, citric acid, polyacrylic acid, and
others are examples. Most doctors now prefer sodium hypochlorite over
other irrigants because it has a proteolytic action along with being a
disinfectant.
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Fig. 4. Application of Non-thermal plasma in removal of caries in tooth; The prepared cavity in decayed tooth is sterilised through inactivation of bacteria by applying

non-thermal plasma.

However, sodium hypochlorite's bactericidal efficacy is largely reliant
on the length of time the solution is kept in the canal and the usage of
large volumes of the solution because the disinfection ingredient is free
chlorine, which depletes quickly. A little amount of product applied for a
short period will have a limited amount of impact. The hypochlorite is
also inefficient against any pathogenic bacteria, notably Enterococcus
faecalis, which is related to recalcitrant canals [30].

Toxicity and microbial resistance are important issues with conven-
tional disinfectants, as most of those with efficient bactericidal action is
utilized at dosages where normal tissue toxicity becomes a significant
concern. This can result in negative tissue responses.

As the concentration of a solution increases, the surface tension of the
solution also increases, preventing the solution from effectively moist-
ening canal walls. There is a risk that the biofilm layer on the canal wall
will not be sufficiently disrupted, and the solution will not penetrate as
far into the lateral canals or dentinal tubules as it should.

Recently a novel disinfecting system has been tested using non-
thermal plasma for the disinfection of root canal systems (Fig. 5),
which overcomes the drawbacks of the conventional methods, yet has the
potential to achieve a greater amount of disinfection.

Lu et al. used a reliable and easy-to-use plasma jet device that could
generate plasma inside the root canal. Without causing any pain, the
plasma could be touched with bare hands and manually directed into the
root canal for disinfection. Isthmus, deltas, ramifications, specific
dentinal tubules, and abnormalities are all part of the root canal system.
Bacteria have been reported to enter dentinal tubules as deep as
500-1000 pm [53]. The results showed a rotational temperature of
roughly 300 K and a vibrational temperature of approximately 2700 K

Bacteria

Plasma
application

Decayed tooth with
infected root canal /|

((( 7

b / /

when NTP comprising Helium/Oxygen (20%) gas was utilized. A peak
current discharge of 10 mA is commonly found. at this condition. Pre-
liminary inactivation study results showed plasma produced at this level
can completely kill Enterococcus faecalis which is one of the main bacteria
responsible for failure of root canal treatment within few minutes [54].

Li et al. performed an in-vitro study and found that 12 min of exposure
to non-thermal plasma for three weeks completely kill E. Faecalis [54].
Pan et al. in his in-vitro study checked the feasibility of NTP for disin-
fection of root canal. NTP, according to the authors, has a high rate of
destroying harmful microorganisms in the root canal [55].

In our opinion, the biggest advantage of non-thermal plasma in
treating root canal infections that can be depicted is its ability to reach
small spaces that cannot be instrumented normally however clinical
studies and proof are yet to come. These areas are the niche of the bac-
terial that cause reinfections, ultimately causing root canal treatment
failures. Its gaseous nature gives it an enormous advantage over tradi-
tional instrumentation methods, apart from its highly efficient antibac-
terial properties.

3.4. Tooth bleaching

Teeth that were discoloured and had no pulp were bleached for the
first time in 1864 using a range of medicines, including chloride and
other hypochlorite-based agents as well as sodium perborate and
hydrogen peroxide.

Enamel surfaces can be damaged by bleaching chemicals due to their
acidity. The microhardness, structure, and morphology of enamel are
affected by the penetration of bleaching chemicals. Surface porosity

Inactivation of bacteria
and disinfection of the

root canal space

A

//~ » \ ;
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; |7 4 | Al ‘
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Sterile root canal

Fig. 5. Application of Non-thermal plasma in Root canal disinfection of an infected tooth. Once a root canal is opened, it is treated with non-thermal plasma for a

specific time for the disinfection.



S. Lata et al.

increases as a result of protein breakdown in the enamel matrix and
mineral loss. Hydrogen peroxide produced from bleaching chemicals at
higher concentrations might cause larger alterations and perhaps deepen
microporosities in the surface enamel structure. The physical and/or
chemical characteristics of enamel surfaces can also be affected by tooth
whitening methods employing light sources. Because of this, the process
of whitening enamel surfaces can induce substantial morphological
structural alterations. Dentin becomes rougher and bacterial adherence
to the enamel surface increases as a result. Due to an increase in surface
roughness and bacterial adherence, dental plaque can develop, which
raises the risk of dental caries and periodontitis. To circumvent these
disadvantages, a plasma-based tooth bleaching technique has been
offered as a solution (Fig. 6).

Lee et al. described the use of NTP for teeth bleaching. When atmo-
spheric pressure plasma is used with hydrogen peroxide, OH radicals are
released, and surface proteins are removed [56]. They also claimed that
mixing plasma with hydrogen peroxide erased coffee or alcohol staining
from extracted teeth [57]. Tooth whitening can also be done with direct
current plasma jet and hydrogen peroxide [58]. During teeth whitening,
intrinsic stains are always a major concern [57,59]. According to Park
et al. a low-frequency plasma source combined with hydrogen peroxide
can be employed to eliminate the intrinsic stain [60]. Using a
radiofrequency-driven gas-liquid hybrid plasma system, Kim et al. used
plasma to generate plasma treated liquid in 2012. In this work, the RF
plasma jet was submerged in deionized water with the target tooth. On
the treated tooth's surface after 8 min, a color change (bleaching) was
noticed. Radical OH was identified as the primary source of bleaching in
this study [61]. Nam et al. employed a plasma jet to bleach teeth in
in-vitro research. It consisted of forty human molar teeth that had been
removed and had their crowns intact. n = 10 teeth were randomly
separated into four groups and treated with carbamide peroxide +
plasma arc lamp (PAC), carbamide peroxide + CAP, carbamide peroxide
+ diode laser, or carbamide peroxide by itself (control). The authors
discovered that CAP, rather than carbamide peroxide alone or a combi-
nation of carbamide peroxide and diode laser, was the most successful in
tooth bleaching without causing dental damage [58]. Claiborne et al.'s
in-vitro work backs up this conclusion [62]. D. Claiborne et al. used a
plasma plume to treat removed human teeth. When CAP +36% hydrogen
peroxide gel was used instead of just 36% hydrogen peroxide, they
noticed a considerable boost in tooth whitening. According to Jamali
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et al. extended plasma therapy without bleaching removed just a little
amount of blue-stain, while a combination of plasma treatment and
bleaching eliminated most of the blue stain [63]. In research by Zhu et al.
the initial bond strength of resin-enamel treated with cold plasma was
not altered when compared to conventional tooth whitening [64].

We can thus deduce from the above studies and their findings that
cold atmospheric plasma has great potential in tooth bleaching proced-
ures and can either be safely used with the conventional methods of tooth
whitening to give better and faster results without causing any undesir-
able toxic damage to the tissues.

3.5. Clinical removal of biofilms

Bacterial biofilms are made up of adhering consortia of microorgan-
isms encased in self-produced polymer matrixes made up of poly-
saccharides, proteins, lipids, and extracellular DNA. Biofilms may grow
on nearly any living or non-living surface, and they are a common
occurrence in natural, industrial, and medical environments. Dental
biofilms are important etiological components in dental illnesses that are
a global public health concern. Microbial succession and maturation
occur if the dental biofilm is kept undisturbed. When the biofilm un-
dergoes this transformation, its bacterial makeup shifts from cocci to
filamentous organisms to spirochetes, and from gram-positive bacteria to
gram-negative bacteria. As a result, biofilms grow on teeth and other
surfaces in the mouth, including the tongue. Caries, gingivitis, peri-
odontitis, oral mucositis, and peri-mucositis, and peri-implantitis are all
caused by the acquisition of bacteria and the growth of the biofilm
microbiota. Caries and periodontitis, which are caused by oral biofilms,
are global public health concerns. Several substances and technologies
with antibacterial effects have been created to prevent the production of
oral biofilms. For oral biofilm management, antimicrobial chemicals can
be added to items like dentifrices and mouthwashes or integrated into
dental-restorative materials. Bacterial adherence can be decreased by
engineering materials and tooth surfaces. Biofilm bacteria, on the other
hand, are much more resistant to antibacterial agents than planktonic
bacteria. This characteristic of biofilm presents a problem to dentists in
their everyday job, and it may explain why many oral preventive medi-
cations that are anticipated to be effective in vitro only have a minimal
impact in vivo. There is a need for more efficient biofilm eradication
because of the prevalence and costs associated with the prevention and
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Fig. 6. Application of Non-thermal plasma for bleaching of tooth. The surface of the tooth is treated with non-thermal plasma which breakdown the carbon particles
present as a dirt on the surface. The carbon particles are then easily get washed away.
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Fig. 7. Application of Non-thermal plasma for disruption of biofilm on surface of teeth. The wall of the bacteria and extracellular matrix get distorted due to ionized

non-thermal plasma eradicating the presence of biofilm on the surface of teeth.

treatment of biofilm-induced dental disorders, and NTP offers promising
prospects (Fig. 7).

NTP can break down the biofilm matrix without harming the oral
tissue [65]. Rupf et al. discovered that combining plasma therapy with a
non-abrasive air/water spray is efficient in removing biofilms from
dental implants [66]. The in vitro treatment of S. mutans comprising
dental biofilms with NTP was shown to be more successful than the
treatment with chlorhexidine in another study by Koban et al. [67]. NTP
is also efficient for the decontamination of biofilms on root canals and
dental slices. Jiang et al. employed a plasma plume to disinfect the root
canals of removed human teeth at room temperature in their in-vitro
investigation [68]. Plasma disinfected the root canal better than the
control, according to the authors. In vivo biofilm removal effectiveness of
plasma needle on root canals of removed teeth was studied by Schaudinn
et al. [69]. Teeth were separated into three groups: those who received
the plasma needle, those who received 6% sodium hypochlorite (an
antiseptic), and control. They found that eliminating biofilms from
removed teeth with 6% sodium hypochlorite was more effective than
using a plasma needle.

The findings reveal that non-thermal plasma may be used in the
effective removal of biofilms from both, the surfaces of the tooth, as well
as the root canals (i.e. surfaces within the tooth). The removal of biofilms
is crucial to a healthy oral cavity, preventing the failure of treatments of
various diseases like gingivitis, irreversible pulpitis, periodontitis,
mucositis. The application of NTP, causing successful elimination of
these biofilms goes a long way in quickening the treatment pace and in
resulting in a better prognosis.

3.6. Polymerization

Non-thermal plasma can also help in polymerization [70]. High
cross-linking and polymerization levels are caused by plasma exposure
[71]. Plasma are curing units, used for curing composite resin because
they cure faster than traditional devices [72,73]. Plasma polymerization
characteristics, however, have been reported to be less than optimal due
to an increase in the development of residual stresses as well as poly-
merization shrinkage [74]. The non-thermal plasma brush was recently
used to successfully polymerize self-etch adhesives [75].

We found that studies have shown various effects of cold atmospheric
plasma of polymerization. While there is an increased advantage in terms
of the polymerization procedure, there are also drawbacks that cannot be
overlooked like increased development of residual stresses. More studies
are required to confirm findings and find optimal solutions to these
disadvantages.

3.7. Adhesive restorations

Plasma therapy raised bonding strength at the dentin-composite
interface by almost 60%, and this enhanced interface bonding
improved composite performance, lifespan, and durability. Chemical
bonding is less common in clinical practice than mechanical bonding.
The main culprit for the failure of mechanical bonding is the smear layer
which is composed of type I collagen that develops at the dentin/adhe-
sive junction. The etch techniques create a porous surface for adhesive
infiltration. The smear layer inhibits adhesive diffusion throughout the
prepared dentin surface. Dentin/adhesive interface is exposed, allowing
bacterial enzymes to penetrate and further damage the composite-to-
tooth contact due to insufficient bonding [49].

Plasma treatment increases the number of free radicals and ions on
tooth substrate creating increased bond strength. A reported increase in
durability and longevity of the bond (due to removal of smear layer and
better exposure of type I collagen fibers) has made its use more attractive.

Dong et al. examined the effect of NTP on composite restoration. They
found that the application of plasma modifies the dentin surface and
increases dentin/adhesive interfacial bonding [76]. This was collabo-
rated by Kong et al. who also reported the effects of plasma treatment on
dental composite restoration. They investigated that atmospheric cold
plasma brush (ACPB) treatment can modify the dentin surface and in-
crease the dentin-adhesive interfacial bonding [13]. Ritts et al. also
assessed the effect of NTP brush on composite restoration [77]. They
reported that interfacial bonding strength of peripheral dentin surface
was increased by plasma treatment, while over 100 s of prolonged
treatment decreased the interfacial bonding strength. It was concluded
that NTP can alter the surface characteristics of dentin, which results in
increased bonding between dentin and adhesive restorations. However,
no improvement was observed in the bonding strength of plasma-treated
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inner dentin probably due to the variation in the composition of dentin
[78]. Chen et al. suggested that plasma brush treatment resulted from
super - hydrophilic enamel, dentin surface for composite restoration
[79]. Yavirach et al. in their study found that plasma treatment of
fiber-reinforced composite and resin composite has more tensile shear
bond than traditional core build-up [80].

Based on the experimental studies done at lab scale, it can be deduced
that NTP treatment alters the surface proteins and thus the surface
characteristics of dentin. This results in increased bond strength, it pre-
vents the incidence of microleakage and thus secondary caries. It also
leads to a more retentive and longer-lasting restoration.

3.8. Post and core

The shear bond strength between fiber-reinforced composite posts
and resin composite for core building was examined by Yavrich et al.
According to their findings, plasma treatment enhanced the binding
strength between the post and composite [80]. As Costa Dantas et al.
observed, plasma treatment enhanced the post's wettability [81]. Argon
plasma treatment did not affect adhesion, whereas ethylenediamine
plasma treatment resulted in substantially rougher surfaces. Plasma
surface therapy, according to studies, has an anti-aging impact [82]. In
their study, Ye et al. found that non-thermal plasma therapy caused
post-surface aging. After being treated with plasma, the fiber posts were
exposed to air for 1 h or more, and the bond strength improved [82].
Non-thermal plasma treatment of posts has thus shown significant ad-
vantages in terms of strength and retention. However, the amount of
strength is subjective to time and thus NTP treatment of posts appears to
be technique sensitive. An added disadvantage is the aging effects of
non-thermal plasma treatment of posts that have been noted. Further
research is required to assess the viability of NTP treatment on posts.

3.9. Implant modification

Modification focuses upon the interaction of implant to body fluid
which helps in bone healing. Plasma increases surface roughness and
wettability which help in cell adhesion [83,84]. Chairside application of
non-thermal atmospheric pressure plasma (NTAPP) before placement of
the implant is recently reported, which helps in reducing contact angle
and supporting the spread of osteoblastic cells [85,86]. It is known to aid
in osteoblastic proliferation and osseointegration, thus increasing the
success rates of implants. One of the advantages of using plasma is that no

Surface treatment
of implant with NTP

Non thermal
plasma

Dental implant
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residue is present after plasma treatment. Some physicochemical char-
acteristics were changed like surface free energy, functional hydroxyl
groups, component of hydrocarbon [87].

We conclude that cold plasma treatment immensely increases the
success rate of implants as it helps in increasing the integration of the
implant within the alveolar socket (Fig. 8). Thus, the implant is accepted
by the body, and it forms a stable, non-mobile unit of the human
dentition.

3.10. Periodontal diseases

It has been shown by Koban et al. that direct application of NTAPP
reduces the contact angle of untreated dentin surface, which leads to
greater osteoblast proliferation on the dentin. In the future, these dis-
coveries might be used to regenerate periodontal tissue [88]. Miletic
et al. established the interaction between NTAPP and human periodontal
ligament mesenchymal stem cells [89]. However, NTAPP did not alter
cell viability, according to the researchers. In addition, the plasma
dramatically reduced the proliferation of the cells, while promoting their
osteogenic differentiation [89].

We may derive that cold plasma may be beneficial in the treatment of
periodontal diseases like the elimination of pocket. It may also be used to
treat and reduce the mobility of teeth and periodontitis, due to its po-
tential of inducing osteogenic differentiation in cells.

3.11. Wound healing

Wounds in the mouth cavity are frequent and can be caused by
trauma or surgery. Soft tissue healing in the mouth cavity follows the
same principles as soft tissue healing in other parts of the body, such as
the skin. Wound healing is a normal biological process in the human
body. This process involves a variety of cell types, including leukocytes,
lymphocytes, monocytes, neutrophils, fibroblasts, and keratinocytes.
Wound healing is a complicated and well-orchestrated system. Wound
healing is divided into three stages: inflammation, proliferation, and
remodelling. During these overlapping periods, the cells release a variety
of cytokines, including growth factors and interleukins, to stimulate the
surrounding tissue and aid in wound healing [90]. Despite the enormous
amount of data available about wound healing in general, molecular
features of healing in different areas of the oral cavity are still emerging.
Chronic wounds are extremely difficult to heal. There is a global demand
for innovative and more effective treatment options.

NTP increases surface
roughness and wettability

—=pr
(]

Y /7;7‘

Placement of the dental implant
post implant modification

Fig. 8. Application of Non-thermal plasma for implant modification. Implant surface when treated with non-thermal plasma increases their roughness and wettability,

which helps in perfect placement of the implant in sterilised condition.
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The treatment of wounds using atmospheric pressure plasma may be a
new alternative [91-94]. Human skin and immunological cells have been
demonstrated in vitro to respond in a dose-dependent way following
plasma therapy. Long treatment periods cause apoptosis in the cells,
whereas brief treatments encourage normal growth. This impact is
accompanied by a change in gene expression as well as a change in
protein activation or secretion.

ROS, RNS, UV-radiation, and an electric field are all produced by the
plasma [95]. The complex mixture of reactive species, which includes
H0,, O3, O2*, NO, NO», No*, and OH, promotes wound healing. ROS
and RNS, electric fields, and UV radiation are all known to hasten healing
processes by increasing cytokine production in various cell types. As a
result, plasma medicine, particularly wound healing, emerges as a po-
tential study topic.

From the above data, we conclude that plasma generates free radicals
well within the physiologic range of the body during natural tissue repair
allowing for a higher cell turnover rate. So it has the potential to facilitate
the wound-healing procedure, reducing the incidence of complications
like dry socket after extraction procedures or infected unhealed tissues
after flap surgeries. However, a large number of studies need to be car-
ried out, under varying conditions, to support this hypothesis.

3.12. Intraoral diseases

Candida albicans causes denture stomatitis, angular stomatitis, me-
dian rhomboid glossitis, and gingival erythema. Koban et al. and
Yamazaki et al. reported that plasma jet can cure these diseases which are
caused by C. albicans [96,97].

Therefore, NTP has the potential to treat several intraoral diseases,
however, extensive research is required incorrectly determining its ef-
fects on a large variety of oral and dental diseases.

3.13. Oncology

The major treatment method for oral cancer is typically decided by
the disease's stage, with surgical treatment constituting the backbone of
multimodal treatment. Early-stage illness is largely handled with surgery
or brachytherapy without functional morbidity, but multimodal treat-
ment is suggested for an advanced-stage disease, not only for better
survival but also for improved quality of life. Reconstructive surgery is
necessary after the excision of big primary tumors. Postoperative radia-
tion or chemoradiotherapy is suggested for patients with multiple node
metastases or extracapsular dissemination, with the lymph nodes located
outside the limits of the radical neck dissection, such as the lingual and
retropharyngeal nodes, getting special care. Because numerous possible
adverse effects have been documented, targeted treatment for oral cancer
is still a relatively novel idea, and additional research is needed to
establish the clinical efficacy of these medicines. A relatively safer and
non-invasive approach with minimal to no side effects has been proposed
by using non-thermal plasma therapy as an alternative to chemotherapy
and other conventional methods.

In a study by Hoffmann et al. [10], it was reported that CAP induces
necrosis, cell detachment, apoptosis, and deterioration of tumour cells by
disrupting the 'S' phase of cell division. The effective result of CAP was
obtained from in vivo and in vitro studies in oncology. NTP has shown
great potential in the removal of infected cells, and preservation of
healthy tissue in necrotic areas of teeth. It is no wonder that these find-
ings may be extended beyond the tooth and be applied to the remaining
oral cavity, especially in cancerous lesions. Oncology too requires the
eradication of the infected cells with the preservation of the healthy
tissues. This may be used in adjunct to, or maybe someday, as a
replacement of chemotherapy as it has the advantage of not leaving
behind toxic residues. However, many more studies are needed for
proper technique and implementation.
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4. Discussion

Plasma can undoubtedly enter unpredictable pits, fissures, and crev-
ices where files or burs will be unable to reach since it is a vaporous
medium. Plasma offers several benefits over laser beams when it comes
to treating oral tissues. Due to its target specificity, it exclusively kills
bacteria in bacterial plaque. Further, the absence of pain during plasma
treatment as thermal damage to tissues is evaded is an added advantage.
Additionally, it does not leave behind any toxic residues. It has minimal
potential side effects and appears to be extremely biocompatible.

Plasma delivery system in the dental tissue is designed as an oppor-
tunity in the future [98-101]. In light of known physical and biological
properties of plasma some dental applications are conceivable, yet
further examination is needed to know the mechanism of how plasma
impacts cells [102,103]. Considering all qualities of plasma, the utiliza-
tion of plasma in dental health care is a novel procedure [104]. Be that as
it may, we are as yet distant from dental and medical plasma application.
Further study is required to develop a safe, efficient, and eco-friendly
plasma sources.

5. Limitations

The limitations are those that are perhaps associated with any inno-
vation. In addition to cost and availability, other concerns are also being
addressed, including marketing and promotion. Maintenance of such
expensive devices is an added liability.

Moreover, the direct clinical implication of the Non-Thermal Plasma
on oral cavities is also a major concern. An antimicrobial effect of plasma
has been proved on agar plates or on a substrate, as they are usually
performed in the laboratory. Hence, it is not easily applied to the treat-
ment of caries, where bacteria are hidden in the spongy enamel of the
tooth, or that the gas flow cannot reach further depth even if the channels
are blocked. Depending on the type of construction, the gas discharge
does not occur at the site where the microorganisms are located, which is
problematic issue on accessibility with the plasma source to the tooth.
One more considerable aspect is also the formation of ozone during the
production of plasma, which the patients and the practitioner inhale
during clinical procedure. Other limitations also include the release of
severity due to the electric current when no anaesthesia is given. The
requirement of humidity during the clinical procedure also limits the
direct application of plasma. Moreover, the reactive oxygen species
(ROS), that is created during the bleaching and other procedures may
also show the toxicity to the healthy tissues and can create further
complications.

A part from this, the effect of plasma on tooth and oral tissues which
has been operated previously should also be taken in to consideration.
The released ROS can affect the implant or the operated tooth.

The method is quite important with this technique since it is greatly
dependent upon it. In instances when amalgam restorations are present
in the oral cavity, it is less effective. NTP is now being studied for its
influence on cancer cells, with some promising results. A study of the
effects of the drug on regular cells is necessary before it can be used
effectively [105-107].

The most important drawback is the lack of availability of the ma-
terial and equipment, due to which its use in research, as well as clinical
practice, is extremely limited. Developing a safe, efficient, and
environmentally-friendly plasma technology that can be utilized in
clinical settings in a cost-effective, efficient, and predictable way requires
more research. Despite its potential, plasma needle technology has a way
to go before it can be widely used.

6. Conclusion
The effects of NTP on human and animal cells are not yet well un-

derstood. Further research should be conducted in this area. This may be
related to the fact that plasma dentistry is still in its development. As
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plasma dental technology advances, this misunderstanding will certainly
be clarified up shortly. As a result of the availability of hand-held
equipment designed for clinic use, the method is expected to increase
in popularity. Researchers and doctors might potentially benefit from a
better knowledge of the cellular and molecular mechanisms involved.
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