
RESEARCH ARTICLE

Inhibitory effect of helium cold atmospheric plasma on cariogenic biofilms
Leandro Wagner Figueira a, Ana Bessa Muniz a, Anelise Cristina Osorio Cesar Doria b, 
Thalita Mayumi Castaldelli Nishime c, Konstantin Georgiev Kostov d and Cristiane Y. Koga-Ito a

aDepartment of Environmental Engineering and Oral Biopathology Graduate Program, Institute of Science and Technology, São Paulo State 
University, UNESP, São José dos Campos, São Paulo, Brazil; bBiotechnology and Electric Plasma Laboratory (Biotechplasma) - Research and 
Development Institute – IPD - Universidade Do Vale Do Paraíba. Av. Shishima Hifumi, São José dos Campos, Brazil; cLeibniz Institute for 
Plasma Science and Technology, Greifswald, Germany; dDepartment of Physics, Guaratinguetá Faculty of Engineering, São Paulo State 
University/ UNESP, Guaratinguetá, Brazil

ABSTRACT
This study aimed to determine the effects of low-temperature plasma jet produced in gas 
helium (LTP-helium) on cariogenic biofilms composedby Streptococcusmutans, Streptococcus 
sanguinis and Streptococcus gordonii, and also by the combination of Candida albicans, 
Lactobacillus acidophilus and S. mutans. Biofilms were treated for 1, 3, 5, and 7 minutes. A 
0.12% chlorhexidine solution was used as the positive control and sterile physiologic solution 
was the negative control. Biofilm viability was analyzed by viable cell recovery, scanning 
electron microscopy, and confocal laser scanning microscopy. All assays were performed 
intriplicate in three independent experiments. Multispecies biofilms exposed to LTP-helium 
had a significant reduction in viability when compared to the negative control (p < 0.0001). 
For biofilm formedby S. mutans, S. sanguinis, and S. gordonii, LTP treatments for 5 and 7 
minutes caused similar reduction of morethan 2 log10. Also, a significant reduction in the 
viability of biofilms formedby C. albicans, L. acidophilus, and S. mutans was detected (p < 
0.0001). In conclusion, LTP-helium reduced theviability of cariogenic biofilms with different 
microbial compositions, which indicates that LTP-helium is a potential tool for developing 
new protocols for dental caries prevention and treatment.
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Introduction

Caries is a disease caused by frequent carbohydrate 
intake and increased oral levels of acidogenic and acidu-
ric species [1–4]. Host susceptibility and lack of ade-
quate oral hygiene also influence the caries risk. The 
occurrence of caries is related to the presence of poly-
microbial cariogenic biofilms that are formed on dental 
surfaces due to an imbalance in the oral microbial 
community [5–9]. When the concentration of acids 
produced by the micro-organisms is higher than the 
capacity of the saliva to neutralize them, demineraliza-
tion of dental enamel occurs, leading to the formation 
and progression of caries lesions [10–13].

Sucrose is considered the most cariogenic dietary car-
bohydrate [14], which can be fermented by the cariogenic 
bacteria and is an excellent substrate for the synthesis of 
extracellular and intracellular polysaccharides [15–17].

Streptococcus mitis, Streptococcus sanguinis, and 
Streptococcus gordonii are initial colonizers [18,19]. 
Streptococcus mutans, Veillonella spp., and 
Fusobacteria spp. are involved in the late colonization 
[19], which initiates the development of the mature 
cariogenic biofilm [20, 21–23].

Candida albicans has been frequently associated 
with a synergistic relationship with S. mutans in the 
dental biofilm [24–26]. In this sense, some studies 
were conducted to identify, quantify, and explore 
the interaction between C. albicans and S. mutans 
and its impact on the pathogenesis of dental caries 
[25,27–29].

It is already known that lactobacilli interact with S. 
mutans in the biofilm during the cariogenic biofilm 
formation process by different mechanisms [30–34]. 
As reported in the literature, the pathogenesis of 
dental caries may be associated to S. mutans and 
lactobacilli growth, and a decrease in the diversity 
of other microbial species in the oral cavity [34,35].

In the last decades, the treatment of caries lesions 
has evolved and the minimally invasive dentistry 
(MID) protocols were highlighted [36]. These proto-
cols include different treatment techniques, such as 
cavity preparation by laser, air abrasion, and chemo-
mechanical procedures [37,38]. The atraumatic 
restorative technique (ART) is one of the methods 
aligned with MID that includes the use of manual 
instruments for removing carious tissue [39–41].
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Plasma is commonly considered the fourth state of 
matter. It is defined as an ionized gas, composed of 
electrons, ions, neutral particles, and molecules in the 
ground or excited state [42,43]. Plasmas are classified 
into equilibrium and non-equilibrium according to 
the relative temperature of electrons, ions, and neu-
tral particles [44,45]. Non-equilibrium plasmas, also 
known as low-temperature plasmas (LTP) [46,47] are 
suitable for biomedical applications.

Some previous studies investigated the action of LTP 
on cariogenic biofilms. Yang et al. (2011) and Blumhagen 
et al. (2014) reported the high effectiveness of LTP in 
reducing the counts of S. mutans and L. acidophillus in 
monospecies biofilms after a few seconds of treatment 
[48,49]. Another recent study showed that polymicrobial 
cariogenic biofilms formed by S. gordonii, S. mutans, and 
S. sanguinis were significantly reduced after 30, 60, and 
120 seconds of LTP exposure [50].

This study aimed to evaluate the effects of helium- 
LTP on cariogenic multispecies biofilms with differ-
ent microbial compositions (S. sanguinis, S. gordonii, 
S. mutans and C. albicans, L. acidophillus, S. mutans).

Materials and Methods

Plasma generating device and parameters

The plasma jet was generated using the experimental 
setup reported in Kostov et al. (2015) [51]. It consists of 
a syringe-like dielectric enclosure made of Delrin, ending 
with a 1-mm-thick nozzle. Inside it was centered a thin 
Ni-Cr wire (0.45 mm), which is encapsulated in a quartz 
tube. The wire was connected to an AC high voltage 
generator (Minipuls4 from GBS, Elektronik, Dresden, 
Germany) capable of generating repetitive bursts, with 
repetition period of 1.5 ms, each with 10 sinewave voltage 
oscillation with an amplitude of 12.0 kV pp and fre-
quency of 31.7 kHz. The working gas was He with 
99.5% purity. The flow rate of 2.0 L minute−1 was con-
trolled by a rotameter. The discharge power in pulsed 
voltage mode (Mp) reached 1.2 W. Under these condi-
tions, the plasma jet ejected from the device nozzle 
reached a length of approximately 2.5 cm. In this work 
the distance from the nozzle tip to the biofilm surface was 
set to 1.5 cm (Figure 1). It was determined by a previous 
optimization study [52] in a way to ensure a low degree 
of cytotoxicity and the best plasma action on biofilms.

Microorganisms

Streptococcus mutans (ATCC 35688), Streptococcus gor-
donii (ATCC 10558), Streptococcus sanguinis (ATCC 
10556), Lactobacillus acidophilus (ATCC 393), and 
Candida albicans (SC 5314) were used to form multi-
species biofilms. Stock cultures were maintained at −80° 
C and reactivated onto a specific medium. Species of 
Streptococcus and Lactobacillus were activated on BHI 

5% sheep blood agar, and Sabouraud dextrose (SD) was 
used for Candida albicans.

The microorganisms were incubated at 37°C for 
48 hours. Cultures of Streptococcus and Lactobacillus 
were kept in a CO2 atmosphere.

A sucrose solution (20%) was prepared, and then 
the Tryptic Soy Broth (TSB) supplemented with 1% 
sucrose was also previously made and stored in a 
fridge (−20°C). The supplemented medium (TSB 1% 
sucrose) was prepared at the time of use. After that, 
to form the inoculum, 10 isolated colonies were col-
lected with the aid of a sterile loop and subsequently 
transferred to a centrifuge tube containing 50 mL of 
TSB sucrose 1% and incubated at 37°C for 18 hours. 
The same procedures were carried out for each 
microorganism separately. The protocol was based 
on Figueira et al. (2021) [50].

Multispecies cariogenic biofilm

Multispecies biofilms were formed by C. albicans, L. 
acidophilus, S. mutans, S. gordonii, S. sanguinis, 
according to Arthur et al. (2013), with modifications 
[53]. Two different microbial combinations were 
adopted. Firstly, multispecies biofilms were formed 

Figure 1.Low-temperature plasma (LTP) jet applied on multi-
species biofilms inside a 96-well plate using a distance of 
1.5 cm from the plasma outlet to the sample surface.
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with S. mutans, S. gordonii, and S. sanguinis. All 
microorganisms were activated on 5% sheep blood 
agar and incubated at 37°C, 5% CO2 for 48 hours. 
Subsequently, the microorganisms were inoculated in 
BHI broth and incubated at 37°C, 5% CO2 for 
24 hours.

After the incubation period, the inoculum was 
centrifuged at 2,000 rpm for 5 minutes and washed 
twice with sterile saline solution (NaCl 0.9%). The 
suspensions of each microorganism were standar-
dized at 107 cells mL−1 using a spectrophotometer 
(B582, Micronal, São Paulo, Brazil). After that, each 
microbial suspension was diluted to 8 × 106 cells 
mL−1. An equal part of each suspension was depos-
ited in a sterile tube to form a multispecies suspen-
sion and the tube was also homogenized. To form a 
multispecies biofilm, 40 µL of multispecies suspen-
sion and 160 µL of TSB supplemented with 1% 
sucrose were added to each experimental group well 
and the biofilms were formed into the plate surface. 
The plate was incubated at 37°C, 5% CO2 for 
48 hours and fresh culture medium was replaced 
after 24 h.

The same procedures were applied to form the 
biofilms with C. albicans, L. acidophilus, and S. 
mutans. Firstly, S. mutans was activated on 5% 
sheep blood agar, BHI agar for Lactobacillus, and 
SD agar for yeasts. Lactobacillus and S. mutans were 
incubated at 37°C, 5% CO2 for 48 hours. C. albicans 
was incubated for 24 hours at 37°C. The inoculum 
was formed as described above. Then, the inoculum 
was centrifuged at 2,000 rpm for 5 minutes and 
washed twice with sterile saline solution (NaCl 
0.9%). Each microbial suspension was standardized 
at 107 cells mL−1 in a spectrophotometer (B582, 
Micronal, São Paulo, Brazil). After that, S. mutans 
was diluted to 8 × 106 cells mL−1 and C. albicans to 
105 cells mL−1. The L. acidophilus suspension was 
maintained 107 cells mL−1. Equal parts of each sus-
pension were transferred to a sterile tube to form a 
multispecies suspension. A volume of 40 µL of multi-
species suspension and 160 µL of TSB broth supple-
mented with 1% sucrose were added to each well of 
each experimental group and the biofilms were 
formed into the plate surface. The plate was incu-
bated at 37°C, 5% CO2 for 48 hours and fresh culture 
medium was replaced after 24 h.

Scanning electron microscopy (SEM) on 
multispecies biofilm

Based on the methodology proposed by de Oliveira 
et al. (2021) [54], standardized polystyrene specimens 
(5 mm2) were pre-sterilized (overnight) with 2% glu-
taraldehyde solution, rinsed 10 times with sterile dis-
tilled water, then stored in 24-well plates and used for 
this experiment.

The multispecies biofilms were formed on top of 
those polystyrene test specimens, as previously 
described. The plate was incubated at 37°C, 5% CO2 
for 48 hours and fresh culture medium was replaced 
after 24 hours. Each well was washed with PBS twice, 
then the biofilm formed on top specimens was fixed. 
Glutaraldehyde solution (0.25%), paraformaldehyde 
(4%), and PBS (ratio per mL: 125: 400: 475 μL) 
were used in the fixation. After 20 minutes of fixa-
tion, the specimens contained in each well were 
washed with PBS and exposed to different dehydrat-
ing solutions, such as 70% alcohol (10 min), 90% 
alcohol (10 min), and 100% alcohol (10 and 
20 min) [54]. The samples were dried at room tem-
perature overnight. Finally, each sample fixed on the 
stub was metalized in vacuum with golden powder. 
The specimen analysis was performed in SEM (LEO 
1460Vp, Carl Zeiss, USA).

Confocal scanning electron microscopy (CSLM)

Biofilms were stained using the Live/Dead 
BacLightTM Bacterial Viability kit (Invitrogen- 
Molecular Probes, USA) to reveal the ratio of viable 
(green fluorescent) and dead (red fluorescent) cells. 
The labeling of live and dead cells was performed 
with a mixture of dyes A and B. For that, biofilms 
were first formed on the surface of sterile 13 mm 
diameter coverslips, distributed in sterile 24-well 
plates. For each well, live and dead cell marker dye 
was prepared by mixing 7.5 µL of staining component 
A (SYTO 9) and 7.5 µL of staining component B 
(propidium iodide). After washing the wells 3 times 
with sterile PBS at 1% phosphate buffer (PBS-pH 7.4), 
the samples were covered with 15 μL of the reagent 
mixture and incubated for 20 minutes at room tem-
perature, protected from light. A series of images 
were obtained in the z section using a confocal 
microscope (LSM 700, Zeiss).

Treatment with LTP and biofilm processing

The methodology was based on Borges et al. (2017) 
with modifications [52]. After 48 hours of biofilm 
formation, multispecies biofilms were exposed to 
LTP for 1, 3, 5, and 7 minutes according to the 
parameters described above (section 2.1). A 0.12% 
chlorhexidine digluconate solution and a physiologic 
solution (0.9% NaCl) were used as positive and nega-
tive controls, respectively. The biofilms were recov-
ered from each well in 200 µL of sterile 0.9% NaCl 
solution using a pipette tip. The content was trans-
ferred to an Eppendorf ® tube with 600 µL of sterile 
0.9% NaCl solution. The suspension was sonicated 
for 30s at an amplitude of 40 W (Vibra Cell™, 
Sonics, and Materials Inc., Newtown, USA). The 
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same procedures were performed for each experi-
mental group and control.

For the multispecies biofilm formed by S. mutans, 
S. gordonii, and S. sanguinis, the microorganisms 
were plated on BHI 5% sheep blood agar and the 
total number of microorganisms recovered were 
counted and converted to CFU mL−1 [50]. For bio-
films composed of C. albicans, L. acidophilus, and S. 
mutans, the suspensions obtained were plated on 
selective agar. Sabouraud dextrose agar supplemented 
with chloramphenicol (0.1 mg mL−1) was used for C. 
albicans and Mitis salivarius bacitracin (MSBS) (0.1 
units ml−1) supplemented with sucrose (1%) was used 
for S. mutans. For L. acidophilus, suspensions were 
plated in Rogosa agar supplemented with glacial 
acetic acid (1.32 mL L−1) using the pour plate tech-
nique. After the incubation period, the number of 
colonies were counted. Sabouraud agar plates were 
incubated for 24 hours at 37°C. The MSBS agar plates 
were incubated for 48 hours at 37°C and 5% at CO2. 
Finally, Rogosa agar plates were incubated for 
72 hours at 37°C and 5% CO2.

Statistical analyses

The normal distribution of data was verified by the 
Shapiro-Wilk test and the homogeneity of variance 
was checked by the Levene test (α = 0.05). To analyze 
the normality and homogeneity, the IBM SPSS statis-
tical software package (version 25) for Windows 
(IBM Corp., New York, NY, USA) was used. Results 
were presented in mean values (± standard devia-
tion), analyzed by ANOVA and Tukey’s post-hoc 
test, considering α = 0.05. For this analysis, the 
GraphPad Prism 5.0 program was used.

To calculate the surface ratio between dead and 
living cells, a quantification of colored pixels (red and 
green) from the CSLM images was performed auto-
matically via a python (version 3.11) code (Pillow and 
NumPy libraries). The calculated ratio considered the 
percentage of red pixels (dead cell) among all 
detected stained pixels (dead and living) within one 
image.

Results

Multispecies biofilms – S. gordonii, S. mutans 
and S. sanguinis

Figure 2 shows a significant log10 CFU mL−1 reduc-
tion in the counts of total microorganisms (S. gordo-
nii, S. mutans, and S. sanguinis) in relation to 
negative control after exposure to LTP for 1, 3, 5, 
and 7 minutes (p < 0.0001). The LTP treatments for 5 
and 7 minutes showed similar effects leading to a 
reduction of more than 2 log10 CFU mL−1 (2.546 
and 2.548 log10 CFU mL−1, respectively). These 
reductions were similar to the observed after treat-
ment with 0.12% chlorhexidine digluconate (Chx1) 
for 1 minute (p < 0.0001). Significant reductions in 
biofilms viability were detected after exposure to 
0.12% chlorhexidine digluconate for 1, 3, 5, and 
7 minutes (p < 0.0001).

Multispecies biofilms – C. albicans, L. acidophilus 
and S. mutans

A significant reduction in the counts of C. albicans 
recovered from the multispecies biofilm was 
observed after exposures to LTP for 3, 5, and 

Figure 2.Mean values and standard deviations log10 (CFU/mL) of polymicrobial biofilms composed by S. mutans, S. gordonii, and 
S. sanguinis treated with low-temperature plasma (LTP) or chlorhexidine digluconate (0.12%) (Chx). Different letters indicate 
significant statistical difference (n = 9; p ≤ 0.05; ANOVA, Tukey’s Test). Chx1, Chx3, Chx5, and Chx7 (0.12% chlorhexidine 
digluconate treatment for 1, 3, 5, and 7 minutes), LTP1, LTP3, LTP5, and P7 (LTP treatment for 1, 3, 5 and 7 minutes), NC 
(negative control).
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7 minutes when compared to the negative control 
(p < 0.0001) (Figure 3). The exposure to 0.12% 
chlorhexidine digluconate for the same periods 
also showed statistically significant cell counts 
reduction (p < 0.05) in relation to the negative 
control.

Similarly, significant reduction in L. acidophilus 
counts were detected after exposures to LTP for 1, 
3, 5, and 7 minutes (p < 0.0001). The same results 
were observed after exposure to 0.12% chlorhexidine 
digluconate (p < 0.05). The cell count reductions after 
exposure to 0.12% chlorhexidine digluconate (Chx5 
and Chx7) and LTP (P5 and P7) were similar.

The exposures to LTP for 1 and 3 minutes lead to 
1.3 and 1.6 log10 CFU mL−1 reduction, respectively. 
When the exposure durations were increased to 5 and 
7 minutes, reductions higher than 2 log10 CFU mL−1 

were detected.
For S. mutans counts recovered from the multispe-

cies biofilm, significant reduction in viable cell counts 
was detected after the exposure to LTP for 1, 3, 5 and 
7 minutes. Treatment with chlorhexidine digluconate 
(0.12%) for 1 and 3 minutes (Chx1 and Chx3) showed 
statistically similar results when compared to the nega-
tive control (p = 0.196 and p = 0.137, respectively). 
However, the exposures for 5 and 7 minutes was sig-
nificantly different when compared to the negative con-
trol (p = 1.183 and p = 1.795, respectively).

Scanning electron micrography (SEM) images

The SEM images showed the effect of LTP on 
biofilms formed by C. albicans, L. acidophilus, 
and S. mutans (Figure 4a-c). Figure 4a presents 
the biofilm with no applied treatment and an intact 
surface can be observed. However, when compar-
ing Figure 4a with Figure 4b (LTP treatment for 
7 min), the damage caused by the LTP jet and its 
reactive oxygen species to the biofilm structure can 
be easily observed. The aggression caused by Chx 
7 min of treatment on the biofilms is also visible 
when comparing Figures 4a,c. The damage caused 
by LTP was better observed or greater when com-
pared with damages caused by Chx. Besides that, 
Figure 4 also shows the effect on biofilm formed by 
S. gordonii, S. mutans, and S. sanguinis (D, E, and 
F). A similar scenario was observed for this bio-
film. Figure 4d represents the intact biofilm and no 
aggression is observed, once no treatment was 
applied. When comparing Figure 4d with 
Figure 4e (LTP treatment for 7 min) the damage 
caused by the LTP jet and its reactive oxygen 
species to the biofilm structure can also be 
observed. The aggression of Chx after 7 min 
(Figure 4f) of treatment can also be clearly 
observed when compared with Figure 4d. Here, 
the damage caused by LTP was also better observed 
when compared with the one caused by Chx.

Figure 3.Mean values and standard deviations log10 (CFU/mL) of polymicrobial biofilms composed by C. albicans, L. acidophilus, 
and S. mutans treated with LTP or chlorhexidine digluconate (0.12%) (Chx). Different letters indicate significant statistical 
differences (n = 9; p ≤ 0.05; ANOVA, Tukey’s Test). Chx1, Chx3, Chx5, and Chx7 (0,12% chlorhexidine digluconate treatment for 
1, 3, 5, and 7 minutes), LTP1, LTP3, LTP5, and LTP7 (LTP treatment for 1, 3, 5, and 7 minutes), NC (negative control).
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Confocal scanning electron microscopy (CSLM) 
imagens

Figure 5 presents the confocal scanning laser micro-
scopy (CSLM) representative images, which show the 
morphology and structural organization of multi-spe-
cies biofilm after treatment with LTP for 7 minutes. 
CSLM images show the morphology and structural 
organization of multispecies biofilms formed by S. 
mutans, S. gordonii, and S. sanguinis (A, B, and C) 
and C. albicans, L. casei, and S. mutans (D, E, and F) 
after treatment of biofilms by LTP-helium or chlor-
hexidine (0.12%).

Figure 5 shows the images of live cells stained 
green, whereas dead cells are stained red. The images 
obtained are of biofilms formed on the surface of 
sterile 13 mm diameter coverslips. Samples treated 
for 7 minutes with LTP-helium or also with chlor-
hexidine (0.12%) (Chx) showed a higher number of 
dead cells (stained in red) when visually compared 
with the negative control (NC) (higher number of 
living cells that are stained green).

An evaluation of the surface ratio between dead 
and living cells was carried out using the confocal 
microscopy images in Figure 5. The analysis was 
performed by quantifying the amount of red and 
green pixels and calculating the percentage equivalent 
to dead cells among all detected stained pixels (red 
plus green). This approach was preferred given the 
high amount of built cell clusters and overlap of cells 
that can be observed in Figure 5, hampering the 

identification of single cells and increasing the asso-
ciated measurement uncertainty. For multispecies 
biofilms formed by S. mutans, S. gordonii, and S. 
sanguinis (A, B, and C), the evaluation resulted in 
an average surface dead ratio of 1.30% ± 0.22% for 
the negative control and up to 99.24% ± 0.35% and 
98.54% ± 0.26% for multispecies biofilms treated with 
Chx7 and LTP for 7 minutes, respectively. The results 
for multispecies biofilms formed by C. albicans, L. 
casei, and S. mutans (D, E, and F), the evaluation 
resulted in an average surface dead ratio of 0.83% ± 
0.23% for the negative control and up to 91.81% ± 
0.39% and 88.54% ± 0.26% for multispecies biofilms 
treated with Chx7 and LTP for 7 minutes, 
respectively.

Discussion

The results obtained in this work, suggest that helium 
LTP has the potential to reduce the viability of car-
iogenic biofilms.

Caries is caused by a highly organized polymicro-
bial structure biofilm that is embedded in a matrix 
formed by extracellular exopolysaccharides (EPS) 
[55,56]. In this study, the biofilms were formed by 5 
different microbial species that are commonly found 
in cariogenic biofilms.

The viability of polymicrobial biofilms formed by 
S. gordonii, S. mutans and S. sanguinis reduced sig-
nificantly after helium-LTP treatment compared to 
the negative control. This finding is in accordance 

Figure 4. Scanning electron micrograph images of polimicrobial cariogenic biofilms formed by different microorganism’s 
association C. albicans, L. acidoppillus, and S. mutans (a, b, and c); and S. gordonii, S. mutans, and S. sanguinis (d,e,f) exposed 
or not to LTP (×2000). Cariogenic biofilm formed by C. albicans, L. acidophillus, and S. mutans: negative control (A), LTP 7 
minutes (b), and chlorhexidine digluconate (0.12%) (c), 7 minutes of treatment. Cariogenic biofilm formed by S. gordonii, S. 
mutans, and S. sanguinis: negative control (d), LTP 7 minutes (E), and chlorhexidine digluconate (0.12%) (f), 7 minutes of 
treatment.

6 L. W. FIGUEIRA ET AL.



to a previous study that tested the action of a com-
mercially available LTP device (kINPen09™ – Leibniz 
Institute for Plasma Science and Technology, INP, 
Greifswald, Germany) [50] and observed inhibitory 
effects on single and multispecies biofilms formed by 
S. mutans, S. sanguinis and S. gordonii formed on 
hydroxyapatite disk. In this previous study, the expo-
sure periods were 30, 60 and 120 seconds, but the 
working gas was argon and the parameters of opera-
tion of the devices were different.

Hong et al. (2016) investigated the effect of argon 
plasma treatment on S. mutans monospecies biofilms 
using an LTP brush. Argon flow and 4 mm of dis-
tance from the plasma tip to the sample were applied. 
The effect of LTP brush was analyzed on S. mutans 
biofilms formed on the surfaces of hydroxyapatite 
discs. After 1 minute of LTP brush treatment, a 90% 
reduction in biofilm viability was detected. Compared 

with the present study in which a different plasma 
source and LTP jet instead of LTP brush, our results 
were also significant [57]. Firstly, the plasma brush 
can treat a larger surface [57]. Secondly, the distance 
used in our study was bigger (15 mm), and lastly, the 
plasma jet can treat just a specific point, penetrating 
less than LTP brush [58] and also possibly forming 
less reactive oxygen species [59] compared with the 
plasma brush.

Another study that investigated the action of LTP 
argon/oxygen (distance of 5 mm from the plasma tip 
to the sample) on dual-species biofilms formed by S. 
mutans and S. sanguinis in polystyrene plates. After 
120 seconds exposure time, viable cells reduced by 
99% when compared with the negative control [60]. 
The total of viable cells in this study was lower than 
in our study, but the device, gases, and parameters 
used were different. A mix of different gases was used 

Figure 5.Confocal Scanning Laser Microscopy (CSLM) of cariogenic multispecies biofilms exposed to LTP-helium and 0.12% 
chlorhexidine (CHX 7) both for 7 min. The images represent the morphology and structural organization of the multispecies 
biofilm, negative control (NC), chlorhexidine (0.12%) (CHX 7), and exposure to LTP-helium for 7 min (LTP 7). Live cells are stained 
green, and non-viable cells are stained red.
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and the distance from LTP tip to the sample was 
smaller.

Our investigation showed a significant reduction 
in total viable cells in all exposure times on multi-
species biofilm formed by S. mutans, S. gordonii, and 
S. sanguinis. The longest exposure times (5 and 7 min-
utes) showed a reduction of more than 2 logs of log10 
CFU/mL. Hirano et al. (2019) also analyzed the effect 
of a LTP prototype device on biofilm formed by S. 
mutans [61]. The distance between the LTP tip to 
biofilm surfaces was 1, 3, and 5 mm. The treatment 
times were 1, 3, 5, and 7 minutes. The treatment with 
LTP caused a significant reduction starting from 
3 minutes of treatment. Our results showed a reduc-
tion of more than 2 log10. The comparison with the 
results reported by [61] with S. mutans monospecies 
biofilm, suggests the significance of our results since a 
multispecies biofilm is considered more resistant to 
anti-biofilm therapies [62]. Also, a greater distance 
from the LTP tip to the biofilm surface was adopted 
in our study, and this can be interesting to clinical 
application.

All microorganisms on polymicrobial biofilms 
formed by C. albicans, L. acidophilus, and S. mutans 
were significantly reduced after plasma exposure com-
pared with the negative control. For C. albicans, in a 
study where the authors also used helium as the working 
gas, the biofilm viability had 2-log reduction from 5 min-
utes of exposure [52]. Our results corroborate with these 
previous observations with similar C. abicans reduction 
(approximately 2-log) in the multispecies biofilm after 5 
and 7 minutes of treatment.

Another study analyzed the capacity of the 
kINPen09 to disrupt C. albicans cell structure using 
argon gas and LTP applying 10 mm distance from the 
tip of the plasma outlet to the biofilm surface. The 
authors reported, after LTP-treatment for 60 seconds, 
significant viability reduction in log10 CFU mL−1 and 
changes in microbial morphology compared with 
controls [63].

The viability of L. acidophilus on multispecies car-
iogenic biofilm was also significantly reduced. 
Lactobacilli interact with S. mutans by different 
mechanisms [64] during the cariogenic biofilm for-
mation process [33,34,65]. Carious process installa-
tion on the dental surface may be associated with the 
growth of S. mutans and lactobacilli and also with a 
decrease in the diversity of other species that can 
colonize the oral cavity [35,36,66]. Blumhagen et al. 
(2014) analyzed the action of argon plasma brush on 
L. acidophilus and S. mutans biofilms. The LTP treat-
ment was performed with approximately 5 mm from 
the nozzle tip to sample surface for 3, 9, 12, 13, 15, 
and 18 seconds. Thirteen seconds of exposure time 
eliminated all the bacteria, when the biofilm was 
formed by low concentration of the inoculum, for 
both L. acidophilus and S. mutans. However, when 

the biofilms were formed by a high concentration of 
the inoculum, the biofilms showed higher resistance 
to LTP, and the reductions resulted in 2 log and 2.5 
log for L. acidophilus and S. mutans, respectively. 
Compared with our study, they used different gas, 
smaller distance, and other parameters that could 
have contributed to their results [67]. In the present 
study, a significant reduction of 3.0 and 3.2 log10 was 
detected after 5 and 7 minutes exposure, respectively. 
Besides that, in our study, the equipment that gen-
erates plasma was able to form just a single plasma jet 
different from the plasma brush used by them. 
Nevertheless, our study showed higher log reduction, 
for both L. acidophilus and S. mutans.

In this study, we compared the LTP biofilm treat-
ments with 0.12% chlorhexidine digluconate that is 
considered the gold-standard with wide antimicrobial 
spectrum [68]. In this sense, we can observe that 
treatment with chlorhexidine reduced the number of 
viable cells according to the exposure time. The anti-
microbial effect was directly correlated to the period 
of exposition, corroborating the good effect of chlor-
hexidine on mature biofilm [69].

The choice of the combinations of microorganisms 
(S. sanguinis, S. gordonii, and S. mutans and C. albi-
cans, L. acidophilus, and S. mutans) was based on the 
primary colonization on the surface of the teeth and 
on the potential of these microorganisms to metabo-
lize dietary sugars, transforming the microbiota that 
normally resides in the oral cavity into an acidogenic, 
aciduric, and cariogenic population [70].

Some questions remain unanswered and the lim-
itations of the basic research cannot clarify them. In 
our research, 96 wells plate was used as a substrate, 
which does not replicate natural teeth and the com-
plex environment of the mouth, like the interactions 
between dental plaque with the salivary flow, pH, 
temperature, friction and interaction with other spe-
cies of microorganisms.

In the future, better clarification of the LTP effect 
on other multispecies cariogenic biofilms formed in 
situ and in vivo will be necessary. Also, the effect of 
LTP on the activity of microbial virulence factors has 
not been investigated yet. The effect of LTP on the 
surrounding tissues and on restorative materials must 
be investigated as well. However, the results obtained 
in this work, which analyzed the effect of LTP on 
cariogenic biofilms, can contribute to the develop-
ment of an in situ study in the future.

Conclusion

Low-temperature helium plasma jet showed a signifi-
cant inhibitory effect against multispecies cariogenic 
biofilms formed by two different associations of spe-
cies: S. mutans, S. gordonii, and S. sanguinis; and C. 
albicans, L. acidophilus, and S. mutans.
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The viability of biofilms formed by S. mutans, S. 
gordonii, and S. sanguinis was significantly reduced by 
3 minutes of plasma treatment. When biofilms com-
posed by C. albicans, L. acidophillus, and S. mutans 
were exposed to LTP, significant reduction in the viabil-
ities of L. acidophillus and S. mutans were detected.
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