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ABSTRACT: Fungal biofilms represent a constant and predominant cause of chronic infections.
They exhibit increased tolerance to antifungal agents and immunological variations, making them
difficult to treat with conventional therapeutic agents. The technology of nonthermal plasmas at
atmospheric pressure has been increasingly used in studies aimed at eradication and control of
fungal contamination. Here, we evaluate the action of a plasma jet that is generated by a surfatron
source, using different gas compositions on polyurethane (PU) samples that are contaminated
with biofilms of Candida albicans and Candida parapsilosis. Samples were treated using plasma
with 4 standard liters per minute (SLM) argon + 6 SLM air in 100 W of applied power (group 1),
4 SLM argon + 9 SLM argon with water vapor in 50 W (group 2), and 4 SLM argon + 9 SLM
argon with water vapor in 150 W (group 3). We performed treatments in the postdischarge region
(30 mm) for 10 min. We characterized plasmas using optical emission spectroscopy and scan-
ning electron microscopy on samples by infrared images of the surface during plasma treatment,
determining colony-forming units (CFU) and surface morphology. Results showed that for C.
albicans, groups 1 and 3 plasmas were reduced by 100%, whereas for C. parapsilosis, groups 2
and 3 showed reductions of 92.41% and 97.85% CFU/mL, respectively. Morphological changes
were observed in the biofilm cells, and thermal analyses of substrate surface showed that process
parameters were adequate to control Candida contamination, because parameters resulted in a
small increase in PU surface temperature (< 40°C) during sterilization.

KEY WORDS: atmospheric plasma jet, surfatron, water vapor, argon, Candida albicans, Can-
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I. INTRODUCTION

Candida yeasts are the fourth most-frequent cause of hospital infections worldwide.
Considered as commensals in humans, they can lead to opportunistic infections in the
growing population of immunocompromised patients.! Such infections are often asso-
ciated with formation of biofilms, which makes them difficult to treat, contributing to
alarming mortality rates.’

Biofilm formation can occur on a wide variety of surfaces, including living tissue, med-
ical devices, drinking-water systems, etc.® Such formation impacts the pharmaceutical and
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food industries, environment, and medical and dental care, among others. Adhesion and
biofilm formation in medical devices is a serious public health problem. In recent decades,
the incidence of microbial infections associated with biofilms has reached 65% of all cases.*
Biofilm formation gives microorganisms greater protection against host immune defenses
and antimicrobial action, ultimately favoring establishment of pathogenic processes.’

Due to the medical importance of controlling these microorganisms, use of new tech-
nologies is necessary. Nonthermal electrical plasmas operated at atmospheric pressure
(~ 101 kPa) are gaining attention as a potential approach to eradicate and control bacte-
rial or fungal infection and/or contamination.®® As an antimicrobial strategy, advantages
of nonthermal plasmas operated at atmospheric pressure include simple design, low
construction/operation costs, use of nontoxic gases, gas conditions at or near ambient
temperature, and absence of harmful residues.®® Efficacy is attributed to plasma-derived
products such as reactive oxygen species (ROS), reactive nitrogen species (RNS), ultra-
violet (UV) radiation, and charged particles.””!° The exact mechanism of inactivation
is not well elucidated, but hypotheses converge on the importance of ROS and RNS
in vital physiological microorganism processes. At low doses, reactive species act to
promote cell survival, proliferation, and migration. At high doses, they cause oxidative
stress that is related to cellular aging, initiation, and execution of apoptosis.’ Much effort
and progress has been made in recent years to elucidate exact mechanisms that lead to
bacterial or fungal inactivation by the action of electric plasma.®!'-13

Several geometries generate nonthermal plasmas at atmospheric pressure, namely,
corona discharge, dielectric barrier discharge, microplasmas, and plasma jets. Among
discharge geometries for generating plasma jets, we mention here surface wave—sus-
tained discharge. The advantages of using this type of discharge are high plasma den-
sity and rapid treatment capabilities in a postdischarge environment, resulting in a wide
range of processing applications such as thin-film deposition, gas decontamination,
plasma sterilization, light sources and lasers, particle production, and material process-
ing.'® Hnilica et al. presented results of polyamide 12 surface treatment using a micro-
wave plasma jet, operating in argon at atmospheric pressure.!” The authors observed that
plasma treatment of polyamide to improve surface wettability was quite rapid (25 ms).!”
In another work, Hnilica et al. used an atmospheric-pressure surfatron plasma jet to
perform surface treatment of silicon, polyamide, and wood. Some results show a fairly
fast treatment time, probably due to high-power density in the surfatron device.'® In rela-
tion to microbiological studies, Hury et al. reported on inactivation of spores that were
exposed in Ar/O, microwave-sustained plasmas at low pressures." Ricard and Monna
used microwave N /O, that flowed postdischarge for Escherichia coli inactivation.”
Straniak et al. reported on bactericidal effects of Ar/O, and Ar/N, microwave discharges
under open atmosphere on bactericidal cultures Neisseria sicca, Deinococcus radio-
durans, Enterococcus feacium, and Stenotrophomonas maltophilia.?! This latest work
presents possibilities for a surfatron plasma jet source. In the majority of works that use
microwave sources for applications in thermosensitive substrates, sources remain under
low pressure. Thus, further research is needed on possibilities for this type of plasma
source, especially for microbial inactivation.
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In this work, we present results on inactivation of Candida albicans and Candida
parapsilosis biofilms that are grown on a polyurethane (PU) substrate by atmospheric
surfatron plasma jet, with mixtures of argon, air, and water vapor. The motivation for
the use of PU material is its application as the main constituent of the central venous
catheter, whose traditional methods of sterilization cannot be used, and so this type of
biomedical device gets discarded. Herein, we perform characterization of plasmas us-
ing optical emission spectroscopy (OES) and scanning electron microscopy (SEM) on
samples of infrared (IR) surface images during plasma treatment, determining colony-
forming units (CFU) and surface morphology.

II. EXPERIMENT

We prepared fungal suspensions of standard strains of American Type Culture Collection
(Manassas, VA) C. albicans (10231) and C. parapsilosis (22019) at a concentration of 10°
CFU/mL in Sabouraud Dextrose Broth (Difco; Sparks, MD USA). Under sterile conditions,
we inserted PU plates (3R Plasticos; Sdo Paulo, SP, Brazil) measuring 2 mm thick and 2
cm? in area. Samples were then incubated for 48 h at 37°C under constant agitation (110
rpm) in an incubator shaker (Marconi MA 420; Piracicaba, SP, Brazil) and then washed
with phosphate-buffered saline (PBS) at a pH of 7.2 + 0.1 to remove nonadherent cells.?
Figure 1 shows the experimental setup. Treatment of the contaminated PU surface
was carried out using an atmospheric-pressure microwave electrode-free jet—surfatron
(Sairem; Neyron, France). Surfatron design consists of a coaxial resonant cavity with a
narrow gap around a discharge tube that is located in the center of the surfatron. Surface
wave discharge is produced by applying high-frequency electric field (that is intensified
by a narrow slit) to gas that is flowing in the discharge tube. The discharge tube was
made of quartz, with an inner diameter of 4 mm and an outer diameter of 6 mm. The end
of the discharge tube was 30 cm from the launching gap. The system was cooled with
compressed air during treatments to maintain the integrity of the quartz tube and to avoid
overheating the thermosensitive samples. IR images (IR camera model TiS 10, Fluke;
Everett, WA USA) evaluated substrate heating during treatment. In this study, we used
different flow rates of argon (99.95% purity) and/or air that were supplied by a medical/
orthodontic compressor (Schulz MSV6-30; Joinville, SC, Brazil) to generate the plasma
jet. Rotameters controlled gas flow rate (measured in standard liters per minute [SLM]).
To intercalate water vapor into plasma, we inserted argon using another gas line in a flask

FIG. 1: (A) Surfatron reactor scheme; (B) image of the system in operation; (C) experimental setup
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containing liquid water, for which the outlet was connected to the perpendicular quartz
tube external connection, as shown in Fig. 2. Experiments were performed with applied
power that ranged from 50 to 150 W at atmospheric pressure. Treatments were performed
for 10 min at a distance of 30 mm between sample and end of the quartz tube. All experi-
ments were performed in triplicate, and samples were divided by plasma process param-
eters (Table 1).

We used OES to determine optimal plasma conditions for treatment and to investi-
gate plasma species in a UV-visible range of 200-340 nm. We used an Acton Spectra Pro
SP-25001 monochromator with a Pixis 256 charge-coupled device camera (Princeton
Instruments; Trenton, NJ), which allowed resolution of 0.05 nm. The optical spectrum
was obtained using a Lightfield program. This allows determination of integration time
for composing the spectrum that is then displayed on a computer screen.

After treatment, we detached sample biofilm plaques in PBS using a vortex stirrer
(AP56 Phoenix Luferco; Araraquara, SP, Brazil). We plated 100 pL of the control group
inoculum and that of the treated groups on Sabouraud agar and incubated for 48 h at 37°C,
after which CFU/mL counts were performed. Results are expressed as percentages of re-
duction of colony number after treatment, with respect to initial number before treatment.?

We then interpreted results by calculating percentage of reduction in number of
colonies after treatment versus number of control colonies, considered to be 100%.2> A
statistical analysis was performed using an analysis of variance (ANOVA), followed by
application of a post hoc test (Tukey’s multiple comparison test) to compare treatment
groups against the negative control. We considered a level of 5% to be significant (p <

]~| Gas flow control ‘
Microwave ’

U-' - ‘.1 ]‘ Power Source

Carrier gas

FIG. 2: Water-vapor carrier apparatus; experimental scheme
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TABLE 1: Experimental groups

Group | Gas composition Power (W)
A Untreated (control) —
B 4 SLM argon + 6 SLM air 100
C 4 SLM argon + 9 SLM argon with water vapor 50
D 4 SLM argon + 9 SLM argon with water vapor 150

0.05). We used SEM model EVO MA 10 (Zeiss; Oberkochen, Germany) to collect mi-
crographs of cells/hyphaes on samples before and after plasma treatment.

I1l. RESULTS AND DISCUSSION

Before performing treatment of PU samples contaminated with Candida spp., we per-
formed OES analyses to establish optimized treatment conditions. Figure 3 presents
optical emission spectra in the UV range for plasmas generated in the surfatron reactor,
at different values of microwave power, for pure argon gas and its mixtures with air and
water vapor. The proportion of 6:4 for the air:argon mixture originates from our previ-
ous study.?? Optical spectra for pure argon plasma generated in the surfatron reactor for
microwave powers of 25, 50, 100, and 150 W are shown in Fig. 3(a). A greater number
of bands and peaks can be noted at wavelengths <300 nm (UVC range), corresponding
to NO and OH radicals. Many of these species arise when microwave power is > 100
W. In addition, we observed that most UVC radiations (especially NO,) originate from
inside the surfatron cavity. Relative to the main OH peaks (between 305 and 310 nm), an
increase in peak intensity by > 1.5x was observed when plasma was operated at 150 W.
The opposite occurred when air was mixed with argon in the proportion of 6:4 in a total
flow of 10 SLM (Fig. 3[b]). In this case, OH intensity was high but contained a smaller
amount of reactive species compared to pure argon gas. This may be due to the reduction
in argon flow.

Figure 3(c) presents optical spectra for argon/water vapor plasma generated in the
surfatron reactor for microwave power of 25, 50, 100, and 150 W. In Fig. 3(c), we see
a drastic increase in OH intensity with increasing plasma power. Thus, higher plasma
power for the argon/water vapor mixture could be interesting for treatment of Candida
spp.—contaminated surfaces. An outstanding case in Fig. 3(c) is the marked increase in
the band between 250 and 260 nm, referring to the band NO (A?X" — X?I1) for 150 W.
In this condition, OH intensity is reduced compared to that for the condition at 100 W.
Additional studies are needed to understand this change in plasma chemistry.

Figure 4 presents IR images of sample surfaces during treatment after 180 s. Ther-
mal images show that the substrate temperature did not exceed 37°C for the investigated
experimental conditions. These results demonstrate that heating of the substrate, which
could cause inactivation of the microorganism, was not observed.
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FIG. 3: Optical emission spectra in the UV range for plasmas generated in the surfatron reactor
at different values of microwave power for gases argon (a), argon + air (b), and argon + water
vapor (c)

FIG. 4: IR images of sample surfaces during treatment. Group B: 4 SLM argon + 6 SLM air,
discharge power = 100 W; group C: 4 SLM argon + 9 SLM argon with water vapor, power = 50
W; and group D: 4 SLM argon + 9 SLM argon with water vapor, power = 150 W
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Figure 5 shows the box plot for CFU/mL values for all studied groups. In addition,
Table 2 presents the percentage of reduction in CFU/mL of Candida spp. after plasma
exposure. It is possible to visualize, through the results in Fig. 5 and Table 2, that treat-
ments using the surfatron system showed promise for contamination control of both
evaluated microorganisms, and the greatest reduction occurred in C. albicans, reaching
100%. However, it should be noted that for the two microorganisms, treatment conditions
showed reductions of ~ 80%, such as those for group C for C. albicans and group B for
C. parapsilosis, which presented a higher distribution of results and a lower percentage of
reduction (~ 79.76% and 81.54%, respectively). In a study using the same plasma system
in water contaminated with strains of E. coli, Judée et al. obtained a reduction of 97.67%
after 300 s of treatment with argon plasma and also confirmed the role of photons that
were emitted (mainly by UVC radiation) in antibacterial efficiency of the plasma jet.?
In another study using the surfatron system in Gram-positive (E. feacium and S. malto-
philia) and Gram-negative (N. sicca and D. radiodurans) bacteria for up to 8 min with-

100 C. albicans C. parapsilosis
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FIG. 5: Dispersion and distribution of CFU/mL counts of control (group A); plasma-treated
group at 4 SLM argon + 6 SLM air, discharge power = 100 W (group B); 4 SLM argon + 9 SLM
argon with water vapor, discharge power = 50 W (group C); and 4 SLM argon + 9 SLM argon
with water vapor, discharge power = 150 W (group D)

TABLE 2: Percentage of CFU/mL reduction of Candida spp. after plasma exposure

Reduction (%)
Group C. albicans C. parapsilosis
A - -
B 100.00 81.54
C 79.76 92.41
D 100.00 97.85

CFU/mL, colony-forming units per milliliter.
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cAr/O, or Ar/N, plasma, and evaluating the inhibition zone formed after treatment and
due to incubation, we did not obtain any inhibition for E. feacium and found 176 mm? of
inhibition zone area for Ar/O,-treated S. maltophilia (and this was the composition with
better results).’ Moreau et al. achieved total inactivation of Bacillus subtilis spores in 40
min with power of 100 W, using a gas mixture in the proportion of 2% O,/98% N,.** A
comparison of results with groups B and C showed that increasing discharge power dur-
ing treatment improved the percentage of reduction of CFU, but consumption of argon
gas was higher and not of interest for possible large-scale application. Thus, the best gas
composition is that of group B, because when adding air with argon, the amounts of ROS
and RNS increase. On the other hand, when analyzing results in relation to reduction of
contamination by species of Candida sp., we must consider that species differentiation
is in the morphological and physiological characteristics (biochemical reactions) and the
capacity of biofilm and extracellular matrix formation. These genus differences justify
the variation in CFU reduction percentages and demonstrate the difficulty of creating a
unique methodology for all species. There is even greater difficulty when creating for dif-
ferent types of microorganisms of clinical interest.?>*

In addition, results in Fig. 5 were verified by means of ANOVA and Tukey’s test
(Table 3). When comparing values obtained in groups treated with their respective con-
trol groups, all results were statistically significant, except for C. parapsilosis treated
with 4 SLM argon + 6 SLM air at 100 W (group B).

Figure 6 shows SEM micrographs of the control and groups treated with plasma
surfatron. In all of the micrographs, we can see the presence of Candida spp. contamina-
tion. In the micrographs of the plasma-treated groups, occurrence of structural morpho-
logical alterations was verified, with some cells presenting irregularities or volumetric
deformation, and others appeared to have been lysed or even completely devoid of struc-
ture, forming a “mass.”

IV. CONCLUSION

This study investigated the action of plasma jet generated by a surfatron source us-
ing three different gas compositions on PU samples contaminated with biofilms of C.

TABLE 3: Comparison between treated groups and control with 5% significance level using
Tukey’s test

Microorganism | Comparison between groups | Standard error Value (p)
Aand B 12.24972 0.00939

C. albicans Aand C 12.24972 0.0313
Aand D 12.24972 0.00939

Aand B 8.47873 0.07153

C. parapsilosis Aand C 8.47873 0.04112
Aand D 8.47873 0.03127
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Candida albicans Candida parapsilosis

FIG. 6: SEM micrographs of all four groups and samples before and after treatment

albicans and C. parapsilosis. Results show that treatment parameters were efficient
to reduce contamination, except in the group of C. parapsilosis treated with 4 SLM
argon + 6 SLM air at 100 W, which presented no statistically significant difference as
compared to the control group. SEM micrographs confirm the presence of biofilm in
all samples and suggest some morphological changes in cells after treatment, but these
findings are not conclusive, because the technique is qualitative. IR images did not
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show significant heating in the samples during treatment, discarding a thermal effect
for inactivation of biofilms.
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