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ABSTRACT 
 

 
Aims: Verify the effect of non-thermal atmospheric plasma on biofilms under different conditions. 
Study design:  In vitro laboratory, Experimental, Randomized.  
Place and Duration of Study: Federal University of Ceará, 2 years 
Methodology: Biofilms of Streptococcus mutans UA159 were formed on human enamel slabs submitted 
to episodes of sucrose exposure for 5 days and were submitted to daily treatment or one time treatment of 
the biofilms. The samples were divided in nine groups as follows: NT (No treatment), CHX (chlorhexidine 
0.12%), NaF (sodium fluoride 0.05%), ARG1 (1 minute argon flow), ARG5 (5 minutes argon flow), ARG10 
(10 minutes argon flow), PLA1 (1 minute plasma jet), PLA5 (5 minutes plasma jet), PLA10 (10 minutes 
plasma jet). 
Results: The groups CHX, ARG 1, ARG 5, ARG 10, PLA1, PLA5, PLA10 significantly reduced the bacterial 
viability in the daily treated biofilms (p <0.001). The same results were only observed in mature biofilms 
submitted to one time treatment only for the groups PLA5 and PLA10 (p <0.005). The results showed a 
reduction in soluble extracellular polysaccharides in CHX, ARG and PLA dairy treatments. The percentage 
of the superficial hardness loss demonstrated a significant reduction only for the CHX group (p <0.05) in 
daily treatment. In addition, no statistically significant differences were found between the groups before 
(p = 0.6978) or after treatments (p = 0.8904) in the mineral profile of the specimens by Raman 
Spectroscopy. Also, scanning electron microscopy showed no difference in the topographic of the treated 
enamel surface. 
Conclusion: Dairy ARG or PLA treatments were effective in reducing the number of viable bacteria and 
the concentration of water-soluble polysaccharide in the S. mutans biofilms.  For the one-time treatment of 
mature biofilms only PLA5 and PLA10 treatments were effective. No alteration in the surface of the enamel 
was observed on tested conditions.  
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1. INTRODUCTION 
 
Dental caries is a biofilm-dependent disease [1] and the only cause is dietary sugars [2]. In addition, it is the 
most common noncommunicable disease worldwide, according to the [3]. It is well established that after 
ingestion of fermentable sugars (glucose, sucrose or fructose), the pH in the plate falls from neutral to pH 5.0 
or lower [2]. 
 
The biofilm is composed of complex structures, formed on the oral tissues, incorporated in a matrix of 
extracellular polysaccharides [4, 5, 6, 7]. Bacteria in biofilms show a higher virulence compared to their 



 

 

planktonic counterparts [5]. Polysaccharides promote adherence and accumulation of cariogenic 
Streptococcus on the tooth surface, enhancing their pathogenic potential and contributing to the bulk and 
structural integrity of the matrix, besides hindering the diffusion of antimicrobial agents. [8]. 
 

An estimated number of more than 700 bacterial species were found within the oral biofilm. Cariogenic 
bacteria, such as Streptococcus mutans, can degrade various carbohydrates, synthesize EPS and acids, and 
reside in biofilms [9]. The resistance of S. mutans in the biofilm occurs, therefore, the EPSs produce 
exoenzymes, such as glucosyltransferases (Gtfs) derived from S. mutans present in the acquired film [10, 
11]. In the presence of sucrose, the Gtfs bound to different microorganisms produce large amounts of glucans 
in situ [12, 13, 14]. Glucans with most α1-6 bonds are called dextrans (with flexible chains) and those with 
α1-3 predominance are called mutanos (highly insoluble and rigid chains) [15, 16], making it difficult to 
disorganize the biofilm. 
 
Currently, in dentistry, new methods have been selectively killing pathogenic microorganisms present in oral 
biofilms [17] using technologies that do not result in the emergence of resistant strains. In this context, non-
thermal atmospheric plasmas (NTAP) appear as a promising alternative treatment with several biomedical 
applications [18, 19]. One of that is working as a potent anti-biofilm agent [20, 21] by presenting antiseptic 
properties against many microorganisms [22] such as Candida albicans biofilms [23]. Also, plasma treatment 
has effect in healing periodontal wounds [24] and is a treatment option for a variety of dermatological diseases 
[25]. 
 
Plasma is the fourth state of matter, consisting of a neutral ionized gas, generated from a variety of gases or 
gas mixtures such as argon, helium, ozone or oxygen gas. It consists of particles in permanent interaction, 
which include photons, electrons, positive and negative ions, atoms, free radicals and excited and unmoved 
molecules [26, 27], which may contribute to its antibacterial properties. Reactive species are transiently 
generated by NATP through various pathways of collisions and dissociations. These reactive oxidant species 
have strong effects on the outer structures of cells. Since the cell membrane and spore coatings have been 
partially degraded, reactive species can damage the genetic material and the molecules within the 
microorganism, leading to its destruction [28, 29]. 
 
NTAP have shown no adverse effects and provide evidence of the safety of the technology for various 
biomedical and medical applications [30, 31]. A previous study shows that NTAP treatment can completely 
inhibit the formation of a matrix-rich biofilm [30, 32]. NTAP could also be used in several oral care situations 
in which mechanical removal of the biofilm is indicated. Therefore, this work was developed to test the effect 
of NTAP in oral biofilms under formation and in mature biofilms and its possible effect in human dental enamel 
under the irradiated material. 
 

2. MATERIAL AND METHODS 
 

2.1 Experimental design 
 
In order to analyze the plasma effect on viability of tested biofilms, the treatments were performed in two 
different experimental situations: 1- treatment performed on biofilms twice a day during the five days of biofilm 
formation; 2- treatment performed only once on mature biofilms on the fifth day of biofilm formation. For each 
treatment condition, 162 human enamel specimens (4x4x2 mm) were randomly allocated into 9 groups (18 
specimens per replicate). Six specimens of each group were used to microbial viability (CFU/ml) followed by 
RAMAN Spectroscopy and Scanning Electron Microscopy (SEM) analysis. Another six specimens were used 
for Extracellular Polysaccharide (EPS) measurement and three specimens were used for Confocal 
Microscopy analysis. To minimize the inherent bias related to microbiological procedures, three independent 
biological replicates were performed at different time points. The treatment conditions in which biofilms were 
exposed are as follow: NT (No treatment), CHX (chlorhexidine 0.12%), NaF (sodium fluoride 0.05%), ARG1 
(1 minute argon flow), ARG5 (5 minutes argon flow), ARG10 (10 minutes argon flow), PLA1 (1 minute plasma 
jet), PLA5 (5 minutes plasma jet), PLA10 (10 minutes plasma jet). 
  
The NTAP was generated through ionization of argon gas (Ar) at atmospheric pressure using the device 
Kinpen (INP, Germany) developed by Leibniz Institute for Plasma Science and Technology (INP) [20]. The 
device consists of a hand-held unit (170 mm in length, 20 mm in diameter and 170 g) for generation of plasma 
jet, a dc power supply (system power: 8Wat 220 V, 50/60 Hz), and a gas supply unit. The non-thermal 
atmospheric plasma jet was generated from the top of the centered electrode and expanded to the 
surrounding air outside the nozzle [33]. The treatment of biofilm samples was conducted at plasma tip-to-



 

 

sample distance of 3 mm during the previously set times (1, 5 or 10 minutes) in continuous working mode 
[20], in the center of the samples. The experiment was conducted by two calibrated operators (HSFS and 
ASGHL) that was trained to perform the experiment in a standardized manner to minimize bias. The plasma 
plume emerging at the exit nozzle is about 1.5 mm in diameter. The argon gas flow was set to 5 L/min and 
the flow rate was controlled by a flow controller (MKS Instruments, Germany). 
 

2.2 Specimen preparation 
 
For this randomized in vitro experiment, 324 human third molars extracted for reasons other than this 
research were stored in 0.01% (v/v) thymol solution at 4°C for 30 days until be used [34, 35]. Teeth with 
fractures and cracks were excluded. Enamel specimens with 4x4x2mm were obtained using a water-cooled 
Diamond discs (Extec Corp. ®, Enfield, CT, USA) and a cutting machine (Isomet Low Speed Saw, Buehler, 
Lake Bluff, IL, USA) [36]. The adjustment of the enamel to obtain flat specimens was done with the aid of a 
low-speed polishing machine (Arotec, Aropol 2v-PU, Sao Paulo, SP, Brasil) and 320 grift paper (Carbimet 
Paper discs, Buehler-Met ®, IL, USA) under water-cooling. Afterwards, the specimens were polished using 
waterproof papers (Buehler, Lake Bluff, IL, USA) 400, 600 and 1200 grift followed by felt disc with 1µm 
diamond paste (Buehler®, lllinois, 125 USA). The specimens were stored in humidity until be used. 
 

2.3 Selection of specimens 
 
The Surface Microhardness (SMH) test was performed using a Knoop indenter with a 25g load for 5s in a 
Future-Tech FM Microhardness Tester coupled to the FM-ARS software (Future-Tech Corp., Tokyo, Japan). 
Initial SMH measurements were made in the center of the enamel surface in a row of five indentations. For 
selection purposes, enamel specimens with SMH values ranging from 274 and 335Knoop (305 ± 10%, 
respectively) hardness number were selected [37]. The selected specimens were randomically distributed in 
9 groups using Excel software. 
 

Frame 1 – Description of treatments 

Code Treatment  

NT No treatment for 10 minutes (negative control) 

CHX Chlorhexidine 0.12% for 10 minutes (anti-plaque control) 

NaF Sodium fluoride 0,05% for 10 minutes (anti caries control) 

ARG1 1 minute argon flow 

ARG5 5 minutes argon flow 

ARG10 10 minutes argon flow  

PLA1 1 minute plasma jet 

PLA5 5 minutes plasma jet 

PLA10 10 minutes plasma jet 

 

2.4 Formation of the acquired film 
 
Initially, a pool of stimulated human saliva was collected from 2 health donators, was diluted 1:1 v/v in 
adsorption buffer (KCl 50mM, KPO4 1,0 mM, CaCl 1,0 mM, MgCl2 0,1 mM, pH = 6,5) and 
Phenylmethylsulphonyl fluoride - PMSF in the proportion of 1:1000 v/v. The solution was vortexed and 
clarified by centrifugation at 8,500 rpm, 10 minutes, 4 °C followed by vacuum filtration in a 0.22 μm pore filter 
(Stericup, Millipore, St Louis, MO, USA) [38]. To form the acquired enamel pellicle, the specimens were 
incubated for 1 hour at 37 °C in an orbital agitator (Te-145, Tecnal, Piracicaba, SP, Brasil). 
 

2.5 In vitro biofilm formation 
 
S. mutans inoculum was prepared from 5-8 isolated colonies inoculated in tryptone yeast-extract broth 
(DIFCO, Detroit, Michigan, USA) containing 1 % glucose (w/v) and incubated for 18 h at 37°C under 
microaerophilic conditions in partial atmosphere of 5 % of CO2.  Saliva coated enamel specimens were 
transferred to a 24 well-plate containing Tryptic Soy Broth and Yeast extract (TSB-YE - DIFCO, Detroit, 
Michigan, USA) media with 1% of sucrose inoculated with S. mutans inoculum and incubated as previously 
described.  The biofilms were then formed on specimens surfaces for 120h with the culture medium being 
replaced at each 24 hours [38]. 
  



 

 

2.6 Biofilms Treatments 
 
Twice-daily treatment (Experiment 1) or one time treatment (Experiment 2) formed biofilms were washed in 
NaCl 0.89% solution and then submitted to treatments. The biofilms of experiment 1 were exposed to the 
different treatments twice daily (8 a.m. and 4 p.m.) until the fifth day of the experimental period to analyze the 
effects of NTAP on the biofilm formation. To evaluate the effect of NTAP on mature biofilms, treatments were 
held only one time on the fifth day of biofilm formation. The biofilms of the groups ARG1, ARG5, ARG10, 
PLA1, PLA5 and PLA10 were exposed to treatment described in Frame 1 based on a previous study [39]. 
The specimens of the CHX and NaF treatments were immersed in 2mL of the respective solution for 10 
minutes and the specimens of the NT group did not pass any treatment, waiting at room temperature for 10 
minutes. Next, the specimens of all groups were dipped 3 times in 1mL of saline solution (NaCl 0.89%), to 
remove the weakly adhered biofilm, and transferred to a new culture medium (in the case of biofilms treated 
daily) [38]. 
 

2.7 Bacterial viability 
 
The biofilms were then scraped with a sterile spatula and transferred to a sterile tube containing 5 ml of NaCl 
0.89% solution. The samples were vortexed and to disperse the biofilm, 3 pulses of 15 s with a 15 s interval 
were performed (on ice) at an output of 7 W (Sonifier450D, São Bernado do Campo, SP, Brazil). Ten-fold 
serial dilutions were carried out into a pre-weighed microtube containing 1 ml of NaCl 0.89% solution and 
aliquots of pure and diluted samples were plated onto blood agar and were then incubated at 37 ° C, 5% CO2 
for 48 h before enumerating the viable microorganisms. The results were expressed as colony-forming units 
(CFU) per milligram of biofilm [41, 42]. 
 

2.8 Dry weight 
 
For the dry weight determination, three volumes of cold ethanol (-20°C) were added to 1 ml biofilm 
suspension, and the resulting precipitate was centrifuged (8,500 rpm for 10 min at 4°C). The supernatant was 
discarded, and the pellet was washed with cold ethanol, and then lyophilized and weighed [38]. 
 

2.9 Polysaccharide analysis 
 
Soluble and insoluble extracellular polysaccharides (EPS-soluble and EPS-insoluble, respectively) were 
analyzed. The polysaccharide content was expressed per µg. Briefly, 5 ml of the suspension was sonicated 
for 30-s pulses at an output of 7 W and centrifuged at 8,500 rpm for 10 min at 4°C. The supernatant was 
collected, and the biofilm pellet was resuspended and washed in 4 mL of milli-Q water; this procedure was 
repeated three times. The supernatant was used for the EPS-soluble assay and biofilm pellet was used for 
the EPS-insoluble. All the supernatants were pooled, three volumes of cold ethanol were added, and the 
resulting precipitate was collected by centrifugation and resuspended in 4 mL Milli-Q water and the total 
amount of carbohydrate was determined by the phenol–sulfuric acid method [43] by spectrophotometry with 
wavelength of 490nm. The EPS-insoluble was extracted using 1 N NaOH (1 mg biofilm dry weight/0.3 ml of 
1 N NaOH) under agitation for 1 h at 37°C. The supernatant was collected by centrifugation, and the 
precipitate was resuspended again in 1 N NaOH; this procedure was repeated three times. The total amount 
of carbohydrate was also determined by the phenol–sulfuric acid method [43]. The polysaccharide content 
was expressed by mg of dry weight of the biofilm. The readings were performed at triplicate. 
 

2.10 Confocal Electronic Microscopy 
 
The enamel specimens were placed into 24-well plate, biofilms upwards, and 1 mL of Milli-Q water containing 
3 µL of live/dead stain containing SYTO 9 and propidium iodide (PI) (Molecular Probes, Eugene, OR, USA) 
carefully added without disturbing the samples [20, 44]. After incubation in the dark for 30 min, the biofilms 
were examined with ZEISS LM 710 confocal laser-scan (Microscopy GmbH, Oberkochen, Baden-
Württemberg, Germany) at wavelengths of 488 nm equipped with a 20x lens. The resulting collections of 
confocal optical sections were collected ZEN 2.3 SP1 (Black) software as stacks of images. The images were 
subsequently analyzed using ImageJ (National Institutes of Health, Bethesda, MD, USA) to produce xy 
projections (the sum of pixel brightness in the z-axis). Each sample was processed and analyzed individually 
and five images from each biofilm were selected from randomly chosen areas [45]. 
 

2.11 Surface Microhardness analysis 
 



 

 

For the determination of changes in the enamel surface after exposure to the different treatments, the 
specimens of enamel (from experiment 1 and from experiment 2) were again subjected to the hardness test 
using a Knoop indenter with a 25 g load for 5 s. Afterwards the treatments SMH measurements were repeated 
on the right side of the five baseline indentations. Also, the percentage of surface microhardness change 
(%SMC) was calculated (%SMC = SMH after treatment – SMH baseline x 100/ SMH baseline) [39, 46]. 
 

2.12 Raman Spectroscopy 
 
The Raman spectra were acquired on a Raman spectrometer (Xplora HORIBA, 212 Kyoto, Japan). For 
excitation of the samples, it was used a laser operating at 638 nm wavelength, 1% and grid 600 in the 
LABSPEC6 program (HORIBA). The enamel slab sample was placed onto a plate, the laser beam was 
focused on the slabs surface using a microscope (OLYMPUS, Japan) with lens of 100x and numerical 
aperture 17mW forming a spot approximately 1 μm over the surface of the sample and three points were 
chosen for Raman measurement with an exposure time of 10s. The first point was in the central region of the 
enamel specimen, and the others were located 1 mm to the right and left of this first point [47]. The Raman 
system was calibrated with a silicon semiconductor using the Raman peak at 521 cm−1. All spectra were 
taken and collected in the region from 800 to 2000 cm−1 and allowed a characterization of mineral content 
(phosphate and carbonate). To normalize the measurements and allow their comparison, the area formed by 
the peaks in each analysis was calculated. Six specimens of each group of the microbiological analysis, were 
subjected to this test totalizing 54 specimens from each experiment. The curve was identified for each band 
using an OriginPro 9.0 32 bit software system (Operating System: 7, Copyright 2012 by OriginLab 
Corporation, Northampton:MA. USA). 
 

2.13 Scanning Electron Microscopy (SEM) 
 
For SEM, samples from human enamel specimens rinsed with distilled water, were vacuum dried for 24h and 
then mounted on a SEM stub (aluminum discs), fixed with double sided adhesive carbon tape, coded, and 
mounted onto aluminum stubs with Acheson silver DAG (Agar Scientific, U.K.) and then coated with a 20 nm 
thick layer of gold, using a Polaron SEM coating unit. The specimens were then examined using an SEM 
(Inspect™ S50, Jeol, Tokyo, Japan), operating at 20 kV [48] and working distance 10mm. Images were taken 
on magnification of 10000x in surface of enamel specimens and captured using a specific software (EDS 
Software for SEM, Oxford instruments). The images were analyzed visually. 
 

2.14 Statistical analysis 
 
The sample size was calculated using data from a pilot study, assuming an average effect size of 0.5%, 
significance level of 5% and statistical power of 95%. The BioEstat5.3 software program for Windows (version 
5.3, 2007, Belém, Pará, Brazil) was used. Initially, the distribution of normality was verified in the Kolmogorov-
Smirnov statistical test. The mean and standard deviation (SD) of the number of surviving microorganisms 
for each treatment were calculated. The colony forming units (CFU) were transformed into CFU log10 with 
the objective of reducing the variance heterogeneity. To determine the difference between the values of the 
test groups with the controls, the Kruskal-Wallis non-parametric test followed by the Dunn test (multiple 
comparison test) was performed. The final surface microhardness data underwent linear transformation to 
perform one-way ANOVA variance analysis, followed by the Tukey test. In Raman spectroscopy, to 
standardize the measurements and allow comparison among groups, the area of the peaks was used as a 
parameter. Peak area averages were compared through one-way ANOVA variance analysis. 
 

3. RESULTS AND DISCUSSION 
 

This study evaluated the antimicrobial effect of NTAP on the formation of oral biofilms and mature biofilms 
formed in vitro on human tooth enamel and investigated the potential use of this therapy in the prevention 
and control of biofilms. A cariogenic model of biofilm formation was used in this study, with periodic nutrient 
exchange. 
 

3.1 Bacterial viability 

Figure 1 shows the results of log10 CFU/ml of S. mutans biofilms daily treated and the figure 2 shows the 
results of one treatment on the mature biofilms. The results showed no significant difference between the NT 
group and the NaF group. Daily treatment with 0.12% chlorhexidine completely inhibited the formation of S. 
mutans biofilm in the daily treatment, but as expected, did not reduce the amount of CFU in mature biofilms. 



 

 

The treatments with argon gas or plasma significantly reduced the viability of the bacteria during biofilm 
formation (p <0.0001). In the mature biofilms, the reduction of S mutans counts was observed when plasma 
treatment was applied during 5 and 10 minutes (p <0.0001). 
 
 

 

 
 
 
 
Fig. 1. Microbiological results of the daily treatment - biofilms in formation. Data represent mean values 

and the error bars represent the standard deviation. Different letters indicate a statistically significant difference (p <0.05) 
in the reduction of the Streptococcus mutans count. 
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Fig. 2. Microbiological results of the one treatment - mature biofilm. Data represent mean values and the 

error bars represent the standard deviation. Different letters indicate a statistically significant difference (p <0.05) in 
the reduction of the Streptococcus mutans count. 

 
The NTAP proved to be an effective therapy against oral biofilms, since it significantly reduced the viability of 
bacteria present in biofilms when compared to the negative control [31]. In the biofilm in formation, CHX was 
the best treatment, considered the gold anti-plaque standard, due to its antimicrobial effect and its great 
substantivity [40]. However, in the mature biofilm, 0.12% chlorhexidine was ineffective inactivating the mutans 
group bacteria even after 10 minutes of treatment. There was no difference between the treatments with 
argon gas or NTAP in biofilms in formation; while in mature biofilms, argon plasma treatment for 5 and 10 
minutes presented better [33]. 

 
3.2 Biochemical Analysis - Extracellular Polysaccharides (EPS) 
 
Figure 3 shows the results of the analysis of the water-soluble EPS in the biofilm with daily treatment. CHX, 
ARG1, ARG10, PLA1, PLA5 and PLA10 groups significantly reduced the number of EPS (p<0.05). In the 
mature biofilm, a statistical increase of water-soluble polysaccharide was only observed to 0.12% CHX group 
(p <0.0001) as observed in figure 4. There was no statistical difference (p = 0.5132) among all groups when 
water-insoluble polysaccharide was analyzed. (Figures 5 and 6).  

 

 
 
 
Fig. 3. Water-soluble EPS of the daily treatment - biofilms in formation. Data represent 

mean values and error bars represent standard deviation. Different letters indicate a statistically 
significant difference between the groups (p< 0.05). 

 

 
 
 

Fig. 4. Water-soluble EPS of the one treatment - mature biofilm. Data represent mean values 

and error bars represent standard deviation. Different letters indicate a statistically significant difference 
between the groups (p< 0.05). 
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Fig. 5. Water-insoluble EPS of the daily treatment - biofilms in formation. Data represent 

mean values and error bars represent standard deviation. Different letters indicate a statistically 
significant difference between the groups (p< 0.05). 

 

 
 
 
Fig. 6. Water-insoluble EPS of the one treatment - mature biofilm. Data represent mean 

values and error bars represent standard deviation. Different letters indicate a statistically significant 
difference between the groups (p< 0.05). 

 
The analysis of the biofilm in formation reveled that the groups CHX, ARG1 and ARG10 and PLA 1, PLA5 
and PLA10 reduced water-soluble polysaccharides when compared to groups ST, NaF and ARG5 (p<0.05). 
In the mature biofilm, it was possible to observe a reduction of the soluble polysaccharides of the NTAP 
treated groups compared to the CHX group (p<0.0001). However, for water-insoluble EPS there was no 
significant difference among all groups. This may indicate that in both daily treatment (p = 0.5132) and single 
time treatment (p = 0.9844) NTAP has effect on prevention of the formation of EPSs with more flexible bonds 
of type α1-6 (dextrans). This ability to reduce polysaccharides is important, since the polysaccharides formed 
on microbial surfaces improve the adhesive interactions between Streptococcus mutans and other 
organisms, while increasing global cell cohesion [38], which is essential for the maintenance of cariogenic 
biofilms [45]. The (α 1-3 bond) of water- insoluble EPS has a more complex structure [46], with may be harder 
to reducing this type of polysaccharide. 
 
3.3 Laser Confocal Microscopy – CLM 
 
The representative CLM images after the treatments of the biofilms in formation are shown in figures 7 and 
of the treatments of the mature biofilms in figure 8. The total area of the images was 415 x 415μm, using the 
Plan-Apochromat 20x / 0.8 M27 lens. In the samples of the biofilms in formation, the groups NT, NaF and 
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ARG10 showed a greater amount of areas stained in green (live). Although the effectiveness of the treatments 
by CLM images cannot be quantitatively compared, red (dead) stained areas can be seen more clearly in the 
biofilms of the CHX, PLA1 and PLA10 groups. A single treatment of chlorhexidine for 10 min on cells of 
mature biofilms had no significant effect on the number of live cells, while the treatments of ARG10, PLA1 
and PLA10 produced characteristic images of cell death by the qualitative analysis used. 
 

 
 
 
Fig. 7. Confocal Microscopy images of the daily treatment - biofilms in formation 

Treatments indicated in the image by group code. 

 

 
 
 
Fig. 8. Confocal microscopy images of the one treatment - mature biofilm 

Treatments indicated in the image by group code. 

 
Although this is a qualitative analysis, biofilm images exposed to NTAP treatment for 1 and 10 minutes seems 
to have large reddish areas indicating cell death populations. The images also suggest differences in viability 
in PLA10 treatment as found in the quantitative analysis performed. A study by [44] also showed reduction in 
bacterial viability for the plasma group. The SEM scanning results showed that the NTAP jet inactivated C. 
albicans biofilm mainly via disrupting cell envelopes and then leading the release of cellular components, thus 
resulting in loss of cell viability [23]. 
 
 

3.4 Surface Microhardness (SMH) 
 
Regarding the microhardness, all the specimens started the experiment in similar conditions, and all suffered 
mineral loss by the biofilm model, confirming that it is an effective cariogenic model under tested conditions. 
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In the daily treatment biofilme, only the group treated with chlorhexidine (0.12%) was able to reduce the 
percentage of loss of surface hardness (% LSH), according to Table 1. In the mature biofilm treated at the 
end of experimental period, there was no statistically significant differences of% LSH were observed between 
groups (p = 0.2207), as can be seen in Table 2. Figure 9 shows the initial and final indentations of after biofilm 
formation and daily treatments. 
 
Table 1. Surface microhardness analysis of enamel blocks treated daily according to treatments 
(mean ± SD) 
 

Treatment Surface Microhardness %LSH 
 

Initial Last 
 

NT 328,66 ± 43,18 a 13,64 ± 5,14c -95,92 ± 1,02A 

CHX 300,66 ± 17,89 a 123,18 ± 107,85b  -57,54 ± 39,56B 

NaF 296,66 ± 6,02 a 46,25 ± 15,52c -84,47 ± 4,88A 

ARG1 289,33 ± 9,07 a 29,76 ± 26,50c -89,47 ± 8,85A 

ARG5 309,00 ± 10,58 a 19,25 ± 9,17c -93,69 ± 3,24A 

ARG10 308,00 ± 12,48 a 16,77 ± 12,28c -94,46 ± 4,21A 

PLA1 306,66 ± 11,01 a 48,98 ± 9,26c -83,94 ± 3,61A 

PLA5 304,66 ± 18,71 a 55,29 ± 31,60c -81,72 ± 10,85A 

PLA10 319,00 ± 22,60 a 42,12 ± 24,96c -86,86 ± 7,30A 

Different letters indicate statistically significant differences (p <0.05). Capital letters compare the initial readings with the 
endings; lowercase letters compare the groups in the same period. LSH = loss of surface hardness. 

 
Table 2. Surface microhardness analysis of treated enamel blocks of the mature biofilm, according to 
treatments (mean ± SD). 
 

Treatment Surface Microhardness %LSH 
 Initial Last  

NT 316,4 ±6,59a 14,9±0,46b -92,1±0,24A 

CHX 306,3±29,80a 21,4±11,78b -93,1±3,62A 

NaF 298,3 ±22,57a 71,9±34,51b -75,6±12,4A 

ARG1 300,4 ±22,59a 46,8±21,34b -84,0±7,98A 

ARG5 286,7±10,29a 28,9±16,98b -89,8±6,01A 

ARG10 305,3±16,70a 19,6±3,14bb -90,6±5,26A 

PLA1 308,3±14,8a 31,6±8,33b -89,6±6,01A 

PLA5 317,8±26,88a 83,6±96,73b -71,8±34,38A 

PLA10 314,07±16,51a 33,4±35,61b -89,5±11,12A 
 

Different letters indicate statistically significant differences (p <0.05). Capital letters compare the initial readings with the 
endings; lowercase letters compare the groups in the same period. LSH = loss of surface hardness. 

 
 



 

 

 
 
 

Fig. 9. Surface Microhardness 
Images of the longitudinal microhardness of the enamel surface, where A and B represent the 
initial and final indentation of the daily treatment, respectively, while the C and D images 
represent the initial and final indentation of mature biofilm treatment. 

 
Human enamel demineralization was observed after 5 days of plaque accumulation at high frequency of 
exposure to sugar. The same result was found by [49] when they conducted an experiment using a continuous 
flow biofilm model acting as an artificial mouth. The reduction in the superficial microhardness of the enamel 
was observed due to the cariogenic challenge to which the enamel specimens were submitted. In the biofilm 
treated daily, the treatment with NTAP or argon gas result in similar mineral loss percentage to those treated 
with NaF. The group treated with 0.12% chlorhexidine obtained the lowest mineral loss, as it completely 
prevented the formation of biofilm on the enamel surface. In the group treated once after 5 days of biofilm 
formation. the different tested treatments did not affect the enamel hardness in the tested conditions. Loss of 
surface hardness is considered a very sensitive method of assessing early lesion of caries and [46] suggest 
that it takes about 3 to 4 days for dental plaque to show its cariogenicity on the dental substrate. Thus, the 
percentage of hardness loss resulting in our study resembles the results found by [49]. These results indicated 
that plasma treatment did not induce damage to the surface of the enamel, although the enamels had 
demonstrated alterations due cariogenic challenge. 
 

3.5 Raman Spectroscopy 

 
The mean Raman spectra in the 800 to 2000 cm-1 region of the enamel specimens of the daily treatment, are 
shown in figure 10 and the spectra of the treatment of mature biofilm groups are shown in figure 11. For this 
purpose, phosphate (958 cm-1) and carbonate (1070 cm-1) measurements at three points in the block were 
performed. No significant difference between the groups in both daily (p = 0.6978) and one final treatment (p 
= 0.8904) was observed. 
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Fig. 10. Raman Spectroscopy results of the daily treatment - biofilms in formation 
Raman Spectroscopy graphs showing that there was no difference between the peaks of the groups treated daily before 
(A) and after (B) treatments. NT - black lines, CHX - green lines, NaF - gray lines, ARG1 - pink lines pink, ARG5 - purple 
lines, ARG10 - light pink lines, PLA1 - red lines, PLA5 - brown lines and PLA10 - orange lines; Blue arrow = 958cm-1 
Peak; Black arrow = 1070cm-1 peak. 
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Fig. 11. Raman Spectroscopy results of the one treatment - mature biofilm 
Raman spectroscopy graphs showing that there was no difference between the peaks of the groups before (A) and after 
(B) of the treatments of the mature biofilm. NT - black lines, CHX - green lines, NaF - gray lines, ARG1 - pink lines pink, 
ARG5 - purple lines, ARG10 - light pink lines, PLA1 - red lines, PLA5 - brown lines and PLA10 - orange lines; Blue arrow 
= 958cm-1 Peak; Black arrow = 1070cm-1 peak. 

 
Micro-Raman spectroscopy has already been applied in the field of dental research to investigate dental hard 
tissue. The reading at three different points allows us to compare all treatments statistically. In this study, no 
significant difference was observed in the mean area under the analyzed peaks for phosphate and carbonate 
(v = 958cm-1 and 1070 cm-1, respectively), differing from another study [47], which found a decrease in the 
same organic matrix bands for enamel. 

 

3.6 Scanning Electron Microscopy (SEM) 
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The qualitative analysis of the SEM showed that, in the daily treatment as well as the treatment after the 
biofilm maturation, the surface of the dental enamel under the treated biofilm was not significantly altered by 
the argon and plasma treatments. A smooth and homogeneous surface in the 10000x increase can be 
observed in figure 12 (daily treatment) and in figure 13 (treatment mature biofilm). 
 

 
 
 
Fig. 12. SEM results of the daily treatment - biofilms in formation 
MEV of the human enamel blocks treated daily according to the treatments NT, CHX, NaF, ARG 1, ARG5 and ARG 10, 
PLA1, PLA5 and PLA10 in the increase of x10000. 

 

 
 
 
Fig. 13. SEM results of the one treatment - mature biofilm 
MEV of the human enamel blocks treated daily according to the treatments NT, CHX, NaF, ARG 1, ARG5 and ARG 10, 
PLA1, PLA5 and PLA10 in the increase of x10000. 

 
In this study, no visible changes were observed by the SEM in the enamel surface structure among specimens 
submitted to the different treatments [48]. Also it was not observed any significant alteration in the surface of 
the tooth even after 10 minutes of exposure to low temperature plasma which confirms that NTAP does not 
alter the structure of the enamel [48], an important aspect to be considered when using it in vivo [19]. Thus, 
the results demonstrated that the treatment with NTAP was effective in reducing the viability of S. mutans 
inserted in forming and mature biofilms without damaging the enamel surface under tested conditions, being 
a promising technique in the control of oral biofilms. 
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4. CONCLUSION 
 
A daily treatment with NTAP during the formation of Streptococcus mutans biofilms as well as a single 
treatment on mature biofilm seems to be effective in reducing the bacterial viability and the water-soluble 
extracellular polysaccharides production without altering the amount of water-insoluble polysaccharides. 
NTAP do not alter the biochemical properties of the enamel under the biofilms, do not affect its topographic 
surface and is not effective in reducing mineral loss during cariogenic challenger under tested conditions.   
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