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Featured Application: Low exposure times of low-temperature plasma (LTP) affects single- and
multi-species cariogenic biofilms, which makes it a promising candidate to contribute to the de-
velopment of new protocols for the treatment and control of dental caries.

Abstract: This study aimed to determine how low-temperature plasma (LTP) treatment affects
single- and multi-species biofilms formed by Streptococcus mutans, Streptococcus sanguinis, and
Streptococcus gordonii formed on hydroxyapatite discs. LTP was produced by argon gas using the kIN-
Pen09™ (Leibniz Institute for Plasma Science and Technology, INP, Greifswald, Germany). Biofilms
were treated at a 10 mm distance from the nozzle of the plasma device to the surface of the biofilm per
30 s, 60 s, and 120 s. A 0.89% saline solution and a 0.12% chlorhexidine solution were used as negative
and positive controls, respectively. Argon flow at three exposure times (30 s, 60 s, and 120 s) was also
used as control. Biofilm viability was analyzed by colony-forming units (CFU) recovery and confocal
laser scanning microscopy. Multispecies biofilms presented a reduction in viability (log10 CFU/mL)
for all plasma-treated samples when compared to both positive and negative controls (p < 0.0001).
In single-species biofilms formed by either S. mutans or S. sanguinis, a significant reduction in all
exposure times was observed when compared to both positive and negative controls (p < 0.0001). For
single-species biofilms formed by S. gordonii, the results indicate total elimination of S. gordonii for
all exposure times. Low exposure times of LTP affects single- and multi-species cariogenic biofilms,
which indicates that the treatment is a promising source for the development of new protocols for
the control of dental caries.

Keywords: antibacterial; dental caries; Streptococcus mutans; Streptococcus gordonii; Streptococcus sanguinis

1. Introduction

Even though dental caries have become less prevalent in developed countries and
are delimited to some sectors of the population [1], it is still prevalent in underdeveloped
countries, especially in children up to six years of age [2–4]. Dental caries are caused
by a combination of factors, including the frequent consumption of sucrose combined
with a dental biofilm composed of acid-producing microorganisms [5,6]. The cariogenic
dental biofilm is formed by highly organized diverse microbial communities enmeshed in a
polysaccharide-rich matrix and adheres to the dental surface [7]. The microbial community
is linked to a chain of interactions that can regulate pathogenicity and resistance to antibi-
otics [8]. The extracellular matrix can function as the first line of defense against the effect
of antibiotics and for the transfer of genes among microorganisms [9]. Microorganisms in
the biofilm can be up to a thousand times more resistant to antibiotics when compared to
free-floating cells [10]. The formation of the cariogenic biofilm is an ongoing process with
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numerous stages. First, the acquired pellicle is formed, followed by the primary coloniza-
tion, later proliferation of adhered microorganisms, secondary co-aggregation, and finally
the biofilm maturation process [11]. For disease progression to occur, microorganisms need
a source of carbohydrates from the diet, exposure time to acidic pH, and a susceptible host.
Oral bacteria ferment these carbohydrates, producing acids, thus beginning the disease
stage. Thereafter, acid-producing and low-pH-tolerant bacteria begin to increase their
population within the acidic environment, causing demineralization of the tooth surface
and, eventually, the formation of cavities [12–15].

Sucrose is a cariogenic carbohydrate obtained from the diet capable of stimulating
biochemical and physiological changes in oral biofilm. Moreover, carbohydrates can alter
the formation of the cariogenic biofilm. Carbohydrates may also change the phenotype
during the formation of the cariogenic biofilm [16,17]. The pH reduction causes a selection
of acidophilic and acidogenic microorganisms, which results in an even more cariogenic
environment [18]. In addition, sucrose can participate as the substrate for extracellular
polysaccharides production [19]. Some studies have proven the ability of sucrose to
reduce concentrations of calcium (Ca), inorganic phosphorus (Pi), and fluoride (F) in oral
biofilms [20]. These ions are of crucial importance and are linked to the remineralization of
enamel and dentin [20,21].

Streptococci make up more than 80% of the initial constituents of biofilm and are
responsible for the initial colonization process. S. sanguinis and S. gordonii are amongst the
initial species to inhabit the dental surface [22]. These microorganisms can express adhesin
molecules on the cell surface with binding capabilities [23]. Furthermore, they are capable
of adhering through their fimbria in the saliva-coated hydroxyapatite layer [24]. For this
reason, they compete for attaching to the same receptors offered by the host [23]. The de-
velopment of caries may be associated with the growth of S. mutans and lactobacilli, as well
as a decrease in the general diversity of other species that colonize the oral cavity [25–27].
Interactions between species of oral streptococci can play a significant part in this change.
When in large quantities in dental biofilm, some streptococci may have a beneficial charac-
teristic capable of antagonizing S. mutans [28]. This antagonism can be demonstrated when
these microorganisms are identified and listed by molecular identification methods, which
allows greater clarity in the study of the microbiota associated with dental caries [28]. An
in vitro experiment using molecular biology techniques demonstrated this antagonism, in-
dicating that S. sanguinis and S. gordonii are directly involved with S. mutans for dominance
over a given niche [19]. While S. mutans is not considered an early colonizer, it has unique
mechanisms to metabolize carbohydrates, which results in acids and generate an adherent
extracellular polysaccharide matrix involved in the progress of dental caries [29].

Another important fact to question is how we can improve the current protocols
existing today in the treatment of dental caries. In this sense, minimally invasive dentistry
(MID) has been presented as an alternative treatment for dental caries disease. MID aims
to control or paralyze disease activity using non-operative (non-invasive) techniques that
prevent unnecessary tissue loss and cause less damage to the dentin pulp complex [30–32].
Recently, plasma therapy has been suggested as a potential therapeutic tool in the treatment
of dental caries due to its antimicrobial efficacy against cariogenic bacteria [33,34].

Plasma is considered the fourth state of matter, consisting of a mixture of atoms,
molecules, and ions at different densities and temperatures. It is conductive and responds
to electric and magnetic fields [35]. Plasma is produced by applying an electric field to noble
or molecular gases, such as argon, helium, oxygen, and nitrogen [36–38]. Cold plasmas that
reach temperatures below 40 ◦C are known as biologically viable sources of energy [36,38].
In addition, plasma can be generated under different pressures. Biologically applied cold
plasmas are produced at atmospheric pressure and are named cold atmospheric pressure
plasmas [39]. Among different types of plasmas, low-temperature plasma (LTP) is the most
promising for biomedical applications.

Delben et al. [40] determined the effects of LTP on mono- and dual-species biofilms
composed by Candida albicans and Staphylococcus aureus. Biofilms were exposed to LTP
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for 60 s, and all plasma-treated biofilms showed a significant reduction in comparison
to the negative control. Furthermore, LTP showed low cytotoxicity based on a test with
reconstituted oral epithelium [40]. Chiodi et al. [41] reported that LTP reduced the viability
of C. albicans biofilms after 5 min of LTP exposure, with low cytotoxicity to Vero cells.
In the same study, LTP was used to treat experimentally induced oral candidiasis and
the histological analysis showed a remarkable decrease in candidal tissue invasion [41].
The effect of LTP on Porphyromonas gingivalis biofilm grown on titanium discs was also
reported [42]. After 1 min and 3 min of treatment, a significant reduction in P. gingivalis
viability was observed when compared to the negative control. Moreover, low toxicity
to cells of the gingival epithelium was observed in the same study [42]. Another study
demonstrated that S. mutans sown on the agar plates can be inactivated by needle LTP [43].
Culture of S. mutans that was sown on the agar surface was treated with plasma. After
plasma application and incubation, a spatially resolved biological diagnosis was performed,
and the pattern of the bacterial colonies present in the sample was photographed. The
images of this biological diagnosis revealed that S. mutans was killed in a solid circle of
5 mm diameter, showing that a precise treatment of the site is possible [43].

Experiments were conducted to test the sterilizing capability of LTP against oral
microorganisms (Streptococcus mutans, Candida albicans, and Enterococcus faecalis) to translate
its potential for clinical application by a direct exposure test on a solid surface, indirect
exposure test in a liquid phase, and inhibitory test of reactive oxygen species (ROS) [44].
This study showed that the LTP jet inactivates oral microorganisms present in both solid
and liquid phases and that ROS influenced this sterilization effect [44].

Thus, considering the effect of LTP on a different range of oral biofilms, and the
potential therapeutic effect on oral diseases, the goal of this present study was to determine
how LTP treatment at different exposure times affects single and multi-species cariogenic
biofilms formed by S. mutans, S. gordonii, and S. sanguinis. In the present work, multi-
species biofilms of S. sanguinis, S. gordonii, and S. mutans were treated with low-temperature
plasma (LTP). To date, there are no available data regarding the formation of a multi-species
cariogenic biofilm composed of these three streptococci and subsequent treatment with
LTP jet under atmospheric pressure.

2. Materials and Methods
2.1. Plasma Device and Parameters

Low-temperature plasma (LTP) was generated using argon (AR) gas with the device
kINPen09™ (Leibniz Institute for Plasma Science and Technology, INP, Greifswald, Ger-
many) [45]. The device (Figure 1) comprised a hand-held unit (170 mm in length, 20 mm in
diameter, and 170 g) that generated a plasma jet, a DC power supply (system power: 8 W
at 220 V, 50/60 Hz), and a gas supply unit. The LTP jet was produced from the top of the
central electrode and expanded to the surrounding air outside the nozzle [45]. Biofilms
formed on the top of hydroxyapatite discs (Clarkson Chromatography Products, Inc., South
Williamsport, PA, USA) were treated with a distance of 10 mm from the biofilm surface
to the tip of the plasma device for 30 s, 60 s, and 120 s of exposure in continuous working
mode [45]. A support developed by the laboratory collaborators and a calibrated operator
trained to conduct the experiment in a consistent approach was used to guarantee the
standardization of the distance between the plasma tip and the sample. The specimens
were moved horizontally using sterile tweezers during LTP application to scan the whole
surface. Argon gas flow was set to 5 slm, and the flow rate was controlled using a flow
controller (MKS Instruments, München, Germany).
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Figure 1. Low-temperature plasma (LTP) device kINPen09™ (Leibniz Institute for Plasma Science
and Technology, INP, Greifswald, Germany).

2.2. Microorganisms

S. mutans UA159 (ATCC 700610), S. gordonii (ATCC 10558), and S. sanguinis (ATCC 10556)
strains were used to form single- or multi-species biofilms. Growth curves were performed to
standardize the inoculum for the biofilm, and the equivalent colony-forming units (CFU) were
determined. Stock cultures were maintained at −80 ◦C, reactivated onto a specific medium
(BD BBL™ CDC anaerobe 5% sheep blood agar, Becton, Dickinson and Company, Sparks,
Maryland 21152, USA), and incubated at 37 ◦C for 48 h. After that, for the formation of the
pre-inoculum, 10 isolated colonies were collected with the aid of a sterile loop and subsequently
transferred to a centrifuge tube containing 50 mL of tryptic soy broth (TSB) supplemented with
1% glucose at 37 ◦C, 5% CO2 for 18 h. Then, 1 mL of the pre-inoculum was transferred to a
centrifuge tube containing 9 mL of TSB supplemented with 1% glucose. The same procedures
were done for all microorganisms separately. The growth of microorganisms was monitored
aseptically every hour (0–24 h) by employing subsequent absorbance readings (optical density)
in a spectrophotometer using the 600 nm wavelength to ensure the reproducibility of the
biofilm model.

2.3. Single- and Multi-Species Cariogenic Biofilm

Single- and multi-species biofilms composed by S. mutans, S. gordonii, and S. sanguinis
were formed as previously described [46], with modifications. Microorganisms were
activated on anaerobe 5% sheep blood agar and incubated for 48 h. To prepare the pre-
inoculum, the microorganisms were transferred separately from the agar plate to a cen-
trifuge tube containing 10 mL of TSB (Becton Dickinson France SA, Le Pont de Claix,
France) supplemented with 1% glucose. Tubes were incubated at 37 ◦C in 5% CO2 for
18 h. Then, 1 mL of the pre-inoculum was transferred to another tube containing TSB
supplemented with 1% sucrose and incubated for 6 h, corresponding to 108 CFU/mL
of each microorganism. The suspensions were standardized in a spectrophotometer to
confirm the number of microorganisms after 6 h of growth. Suspensions were diluted to
8 × 106 CFU/mL according to Arthur et al. [12]. The same procedures were performed
for each microorganism separately. For the multi-species biofilms, an equal part of each
standardized suspension was deposited in a sterile centrifuge tube, and the suspension was
homogenized using a vortex. For single- and multi-species biofilms, the microorganism’s
suspensions were added to the wells of 24-well plates containing sterile hydroxyapatite
discs [13]. For each well, 200 µL of the single- or multi-species inoculum and 800 µL of
TSB broth supplemented with 0.2% sucrose were added. To find the ideal concentration
of sugar in which all the three strains (S. mutans, S. gordonii, and S. sanguinis) would be
recovered after 48 h of biofilm growth, preliminary tests were conducted using concentra-
tions of 0.2%, 0.5%, 0.75%, and 1% sucrose. The best sucrose concentration in which all
microorganisms could be recovered was 0.2%. Biofilms were then formed for 48 h, and
fresh culture medium was replaced after 24 h (37 ◦C, 5% CO2) [46].



Appl. Sci. 2021, 11, 570 5 of 12

2.4. LTP Treatment and Biofilm Processing

After 48 h of biofilm formation, single- and multi-species biofilms were treated with
LTP and flow control (argon gas) for 30 s, 60 s, and 120 s. The positive control (PC) chosen
for the study was chlorhexidine (C9394, Sigma-Aldrich, St. Louis, MO, USA), which is a
gold-standard antiseptic commonly used as an anti-plaque mouthwash. Biofilm samples
were dipped in a well containing 1 mL of 0.12% chlorhexidine (PC) for 1 min. For the
negative control (NC), a 0.89% NaCl solution was applied for the same amount of time. The
total number of treated samples for each group was 9 (n = 9), and assays were performed
on three different occasions (three triplicates). The biofilms were scratched from the top
of the hydroxyapatite discs using a sterile spatula and diluted in 5 mL of sterile 0.89%
NaCl solution. Biofilm suspension was sonicated for 10 s pulses at an output of 9 W (Sonic
Dismembrator model 100, Thermo Fisher Scientific, Waltham, Massachusetts, USA). The
same procedures were performed for each experimental group and controls. The obtained
suspensions were serially diluted and plated on blood agar (BD BBL™ CDC anaerobe 5%
sheep blood agar). After incubation in 5% CO2 at 37 ◦C for 48 h, the numbers of CFU/mL
of recovered S. mutans, S. gordonii, and S. sanguinis from the biofilm were recorded.

2.5. Confocal Laser Scanning Microscopy (CLSM) of Single- and Multi-Species Biofilm

Multi-species biofilms composed by S. mutans, S. gordonii, and S. sanguinis (formed as
described in Section 2.3) were stained with LIVE/DEAD® BacLight™ Bacterial Viability Kit
(L13152; Molecular Probes, Inc., Thermo Fisher Scientific, Waltham, MA, USA) and incu-
bated in the dark at room temperature for 15 min to allow penetration of the fluorophores
inside the bacterial cells. Specimens were then washed twice with 0.89% NaCl solution and
examined under a Leica SP8 Resonant-scanning confocal/multiphoton microscope using
Leica Fluotar VISIR 25x/0.95 water objective (Leica Microsystems, Wetzlar, Germany), with
a free working distance of 2.3 mm. Serial sessions on the XYZ plane were observed.

2.6. Statistical Analysis

The Shapiro–Wilk test was used to verify the data’s normal distribution, and homo-
geneity of variance was confirmed by the Levene test (α = 0.05). Analyses were performed
using IBM SPSS statistical software package (version 25) for Windows (IBM Corp., New
York, NY, USA). Results are in mean values (±standard deviation), being analyzed by
Analysis of Variance (ANOVA) and Tukey’s post hoc test, considering α = 0.05. GraphPad
Prism 5.0 for Windows (GraphPad Software, La Jolla, CA, USA, www.graphpad.com) was
used to analyze the data.

3. Results
3.1. Single-Species Biofilms

Figure 2 shows the results for single-species biofilms formed by S. mutans. For the
LTP-treated groups, a significant reduction in all exposure times (p < 0.0001) was observed
when compared to both negative and positive controls, and there was no statistically
significant difference between the exposure to LTP for 60 s and 120 s (p > 0.05). Figure 3
shows the results obtained for single-species biofilms formed by S. gordonii. No S. gordonii
CFUs were recovered in the biofilms after treatment with plasma in all of the tested
exposure times. Figure 4 shows the results obtained for single-species biofilms formed by
S. sanguinis. Treatment with LTP for the three exposure times significantly reduced biofilm
viability when compared to the negative and positive controls (p < 0.0001), and the effect
was proportional to the increase in exposure time. For all the single-species biofilms, the
negative and positive controls were not statistically different from each other (p ≥ 0.05)

www.graphpad.com
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Figure 2. Mean values and standard deviations log10 CFU/mL of single-species biofilms composed of
S. mutans treated with LTP, 0.12% chlorhexidine (positive control), or 0.89% saline solution (negative
control). Different letters indicate significant statistical difference (n = 9; p ≤ 0.05; Analysis of Variance,
ANOVA, Tukey’s test). F30, F60, and F120 (argon gas—flow control treatment for 30 s, 60 s, and
120 s); P30, P60, and P120 (LTP treatment for 30 s, 60 s, and 120 s); PC (positive control); and NC
(negative control).

Figure 3. Mean values and standard deviations log10 CFU/mL of single-species biofilms composed of
S. gordonii treated with LTP, 0.12% chlorhexidine (positive control), or 0.89% NaCl solution (negative
control). Different letters indicate significant statistical difference (n = 9; p ≤ 0.05; ANOVA, Tukey’s
Test). F30, F60, and F120 (argon gas—flow control treatment for 30 s, 60 s, and 120 s); P30, P60, and
P120 (LTP treatment for 30 s, 60 s, and 120 s); PC (positive control); and NC (negative control).

Figure 4. Mean values and standard deviations log10 CFU/mL of single-species biofilms composed
of S. sanguinis treated with LTP, 0.12% chlorhexidine (positive control), or 0.89% saline solution
(negative control). Different letters indicate significant statistical difference (n = 9; p ≤ 0.05; ANOVA,
Tukey’s Test). F30, F60, and F120 (argon gas—flow control treatment for 30 s, 60 s, and 120 s); P30, P60,
and P120 (LTP treatment for 30 s, 60 s, and 120 s); PC (positive control); and NC (negative control).



Appl. Sci. 2021, 11, 570 7 of 12

3.2. Multi-Species Biofilm

Figure 5 shows the log10 CFU/mL results for the multi-species biofilms formed by
S. mutans, S. gordonii, and S. sanguinis. A significant log10 CFU/mL reduction was ob-
served in all plasma-treated samples in comparison to the negative and positive controls
(p < 0.0001) for the recovery of the three tested microorganisms. For S. mutans, recovered
from the multi-species biofilm, no statistically significant difference was observed in the
group treated with argon gas flow for 30 s compared to the positive and negative control
groups (p = 0.0054, 0.0031). LTP treated biofilms showed significant log10 CFU/mL reduc-
tion in all exposure times in comparison to the negative and positive controls (p < 0.0001).
There was no recovery of S. gordonii after treatment with LTP in all of the tested exposure
times, which indicates that LTP treatment eliminated S. gordonii in the tested model. In con-
trast to the results from single-species biofilms, there was also no recovery of S. sanguinis
after LTP exposure for 30 s, 60 s, and 120 s, which indicates that LTP treatment also
eliminated S. sanguinis in the tested model.

Figure 5. Mean values and standard deviations log10 CFU/mL of multi-species biofilms formed
by S. mutans, S. gordonii, and S. sanguinis, chlorhexidine (positive control), or 0.89% NaCl solution
(negative control). Different letters indicate significant statistical difference (n = 9; p ≤ 0.05; ANOVA,
Tukey’s Test). F30, F60, and F120 (argon gas—flow control treatment for 30 s, 60 s, and 120 s); P30, P60,
and P120 (LTP treatment for 30 s, 60 s, and 120 s); PC (positive control); and NC (negative control).

3.3. Confocal Scanning Laser Microscopy (CSLM)

To demonstrate the effect of LTP treatment, Figure 6 presents the confocal scanning
laser microscopy (CSLM) representative images, which show the morphology and struc-
tural organization of multi-species biofilm after treatment with LTP for the highest tested
exposure time (120 s) or exposed to the negative control. The images show live cells, which
are stained green (SYTO 9), and dead cells, which are stained red (propidium iodide).
Samples treated with LTP for 120 s present a visually larger area covered in dead cells
when compared to the negative control, which can be visualized in the overlaid images
(P120 live/dead).

Figure 6. Confocal laser scanning microscopy (CLSM) of multi-species biofilms formed by S. mutans,
S. gordonii, and S. sanguinis exposed to the negative control or treated with LTP for 120 s; 25X 0.95
zoom. Biofilms are stained with Live/Dead BacLight Viability kit. Live cells are in fluorescent green
(SYTO 9) and dead cells in fluorescent red (propidium iodide). (A) Negative control (NC), live/dead
overlaid images and (B) LTP for 120 s (P120, live/dead overlaid images).
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4. Discussion

Dental caries can cause partial or total destruction of dental hard tissues by (acidic) by-
products of biochemical processes in the fermentation of carbohydrates from the diet [15,47].
It also relies on microorganisms and other host factors, such as dental surface [47]. Dental
caries is considered a biofilm-dependent disease [48]. Dental biofilm is a highly organized
polymicrobial structure embedded in an extracellular matrix formed by extracellular ex-
opolysaccharides (EPS) [49,50]. In this study, different species that are commonly related to
the formation of the cariogenic biofilm on the tooth surface were used.

The results of this study show that multi-species cariogenic biofilm treated with LTP
had a significant log10 CFU/mL reduction in all plasma-treated samples compared to
when exposed to the negative and positive controls. A previous study that treated S.
mutans and S. sanguinis dual-species biofilms formed on the bottom of polystyrene plates
with atmospheric non-thermal argon/oxygen plasma for 120 s observed a reduction of
99% of viable cells when compared to their exposure to the negative control [51]. Our
results corroborate this previous report because a significant reduction in the viability of a
multi-species biofilm formed by S. mutans, S. gordonii, and S. sanguinis was detected after
exposure to LTP for as low as 30 s.

Argon gas was the choice for the plasma-generating device; the distance from the
plasma outlet to the sample surface was 10 mm; and the biofilms were treated for 30 s,
60 s, and 120 s. Hirano et al. [52] analyzed the effect of a plasma-generating laboratory-
developed device, which was different from the one used in our work, on free-floating
planktonic cells. Bacterial cell suspensions containing 107 CFU/mL of either S. mutans,
Porphyromonas gingivalis, or E. faecalis were treated. The treatment with LTP caused a
significant reduction of more than 4 logs in the number of S. mutans after 3 min of treatment,
and almost all the bacteria were killed after 5 min. The gas used in their study was
compressed air with a pulsed energy generator. The distances of 1 mm, 3 mm, and 5 mm
were set between the plasma outlet and the single-species S. mutans biofilm surface, and
the samples were treated for 1, 3, 5, and 7 min [52].

Remarkably, in our study, in addition to using a greater distance from the output
of the plasma device to the surface of the sample and less time of exposure, we treated
a multi-species biofilm, which is known to be more resistant to anti-biofilm therapies
than single-species biofilms [10]. Furthermore, there was no recovery for S. gordonii
log10 CFU/mL after treatment with LTP in all exposure time tested in this work for both
single- and multi-species biofilms. S. gordonii is one of the early stage colonizers of the
oral cavity that can bind directly to salivary proteins on the tooth surface, establishing
a basis for the construction of microbial communities of the cariogenic biofilm [53,54].
The reduction of these microorganisms in the oral cavity can impair the formation of the
cariogenic biofilm.

Argon plasma produced by kINPen09™ was also reported as a treatment option for
biofilms formed by S. sanguinis, where the biofilms were grown in a European biofilm
reactor (EUREBI) as well as in 24-well plates [55]. For both biofilms formed in the different
model systems, substrate for biofilm formation was the surface of titanium plates and
the number of CFU were determined at 0, 24, 48, and 72 h (per exposure time). Using
this model, the authors defined that, after 72 h, a mature biofilm was established. They
concluded based on this study that EUREBI was the most effective system. Subsequently,
biofilms were treated with a plasma jet for 180 s at 10 mm of distance between the top of the
disc and the plasma source. The work showed a significant reduction (0.6 log10 CFU/mL
or 0.5 log10 CFU/mL) in biofilms compared to the control in either the EUREBI produced
biofilm model or in 24-well plates [55]. The methodology we used uses hydroxyapatite
discs as the substrate for biofilm formation, which closely represents the tooth mineral. Our
results indicate that, for the treatment of multi-species biofilms formed on a hydroxyapatite
disc surface, and treated with LTP for 30 s, 60 s, and 120 s at a 10 mm distance from
the tip of the plasma to the sample, S. sanguinis was not recovered. For single-species
biofilms formed by the same microorganism, there was CFU recovery of S. sanguinis after
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LTP treatment with significant CFU reduction observed in all tested exposure times when
compared to their exposure to the positive and negative controls. S. sanguinis is typically
associated with the formation of the cariogenic biofilm in the oral cavity [56,57]. Like
S. gordonii, S. sanguinis is a pioneer colonizer that is closely related to the further binding
of other microorganisms on the tooth surface and subsequent development of a mature
cariogenic biofilm [25,58].

Chlorhexidine is a gold-standard antiseptic [59] that was chosen as a positive control
for the present study. However, a single treatment with 0.12% chlorhexidine, as expected, is
not able to reduce the CFU amount when compared to the negative control on both single-
and multi-species biofilms. However, as a mouthwash, 0.12% chlorhexidine is used twice
daily as an anti-plaque agent for oral infections due to its effectiveness in reducing bacteria
present in the saliva and on the tongue [60,61].

The low efficacy of a single treatment of chlorhexidine on mature biofilms [62,63] is
associated with the resistance that a well-established and mature biofilm presents, which
protects the microorganisms against desiccation, oxidizing, or charged biocides, some
antibiotics, and metallic cations, ultraviolet radiation, some protozoan grazers, and host
immune defenses [64].

Plasmas produce electromagnetic radiation, such as ultra-violet radiation and light
in the visible spectrum, and comprise excited gas particles, charged ions, free electrons,
free radicals, neutral reactive oxygen (ROS) and nitrogen species (RNS), and molecule
fragments. LTP-reactive species are rapidly produced and are good sources of reactive
oxygen and nitrogen species including singlet oxygen, ozone, hydroxyl radicals, nitrous
oxide, and nitrogen dioxide [65]. The antibacterial effects of LTP mediated by ROS have not
been demonstrated to increase bacterial resistance when bacteria are continuously exposed
to it. Plasmas can reach good gas-phase chemistry deprived of high gas temperatures. This
happens because plasmas display much higher electron energies than that of the ions and
the neutral species. The energetic electrons collide with the background gas, producing
higher dissociation, excitation, and ionization levels. Since ions and neutrals continue
to be quite cold, as there is no contact thermal damage caused by the plasma [65]. The
unique characteristics of LTP have opened a new era in dental care. Even though this study
has limitations, such as the lack of analysis of the action of LTP in biofilm formed in situ
and the absence of more complex cytotoxicity tests, it has shown promising results in oral
biofilm-related disease. Dental treatments with LTP are painless and drill-less, thus making
them patient-friendly. These findings indicate that LTP is potentially a good candidate for
future clinical treatments [65].

5. Conclusions

Low-temperature plasma showed significant antibiofilm effect against single-and
multi-species biofilms formed by S. mutans, S. gordonii, and S. sanguinis, eliminating
S. gordonii in both single- and multi-species biofilms and S. sanguinis in the multi-species
biofilm. The biofilm model used in this work is representative of an oral cariogenic
biofilm containing two species (S. gordonii and S. sanguinis) that are critical on initial col-
onization of the dental surface. Both microorganisms were inactivated (approximately
6.2 log10 CFU/mL and 5.5 log10 CFU/mL of reduction, respectively) by LTP treatment in
exposure times as low as 30 s. Even without complete inactivation, S. mutans viability was
also significantly reduced in both single- and multi-species biofilms. In conclusion, low
exposure times of LTP affects single- and multi-species cariogenic biofilms, which makes
LTP treatment a promising candidate to contribute to the development of new protocols
for the treatment and control of dental caries.
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