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Abstract
Candida spp are present in 70%–90%of invasive infections and non-thermal plasmas operated at
atmospheric pressure have been gaining attention as a new antimicrobial strategy formedical devices.
This work presents studies on the inactivation efficacy of biofilms ofCandida albicans grown in
polyurethane (PU), main constituent of central venous catheter, by atmospheric gliding arc plasma jet
operated at different process parameters: gas chemistry/flow (argon, helium, or itsmixture with air)
and plasma pulsing. The investigationwas performed in the post-discharge region of the plasma jet.
After plasma treatment, the colony-forming units (CFU)were counted, and the chemical bonding
(FT-IR) andmorphological (SEM) analyses of the surface of the biofilm plus PU substrate were
investigated. Furthermore, optical emission spectroscopy (OES) techniquewas applied to characterize
the plasma chemistry andmeasure theOHconcentration and rotational temperature, together with
thermal analyses of the substrate during treatment. CFU results showed that gliding arc plasma jet was
efficient for the inactivation ofC. albicans biofilms. It obtained amaximumCFU reduction of 100%
and 98% for 4 Lmin−1 air/6 Lmin−1He and 99% and 98% for 4 Lmin−1 air/6 Lmin−1 Ar in
continuous and pulsedmode, respectively. SEMand FT-IR analyses corroborate with results of%
CFU reduction, showing a reduction of the biofilm constituents on the substrate surface. FromOES
and substrate thermal analyses, it was possible to verify that, although theOHconcentration and
rotational temperature of air/Heplasma jet are lower in comparison to the air/Ar, a drastic increase of
the substrate temperature during the treatment (up to 70 °C)was observed for this plasma chemistry.

1. Introduction

TheCandida albicans, a commensal yeast of the humanmicrobiota, is one of themost significant causes of
nosocomial infections of fungal origin [1–3]. Systemic infection byC. albicans shows amortality rate of 30%–

50%, being the immunocompromised patientsmore susceptible [1]. Infections beginwith the adhesion of
microorganisms to invasivemedical devices and implants, initiating the formation of treatment-resistant
biofilms [1]. These biofilms consist ofmicroorganisms adhered to a surface associatedwith extracellularmatrix
polymers, being thereforemore resistant to antibiotics and to immunological factors when compared to
planktonic cells [4]. The prevention of the formation of biofilms needs to be focused on twomain aspects:
(a) control of the presence ofmicroorganisms in the environment and (b) creation of newproducts with surfaces
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or conditions that hinder the primary adhesion ofmicroorganisms [5–7]. In the case of contamination,
sterilization processes using physical and chemicalmethods have been adopted for the complete destruction of
microorganisms [5–9]. All traditionalmethods show efficacywhen applied to free-livingmicroorganisms, but
are not as effective when applied to biofilm [5]. Therefore, the study of new technologies for the control of
microbial contamination becomes important due to the number of deaths caused by nosocomial infections each
year, as well as the environmental problems caused by the large amount of hospital waste that can be reprocessed
through a safe, inexpensive and environment clean technique. In this scope, the plasma technology for the
sterilization process is growing and gaining attention.

Atmospheric plasmas have shown great potential inmany applications in the biomedical and dentalfields,
such as induction of apoptosis in cancer cells, wound sterilization and surgical instruments [10]. Another
current application is the sterilization of heat-sensitivemedical devices such as catheters and endoscopes
[11, 12]. In this field of research, promising results on the efficacy of non-thermal plasmas inmicrobial
inactivation have been demonstrated formicroorganisms in the formof biofilm or planktonic cells from
bacteria, fungi, viruses and spores [13–15]. It is believed that the effectiveness is due to plasma derived products,
such as reactive oxygen species (ROS), reactive nitrogen species (RNS), UV radiation and charged particles
[13, 16, 17]. The exactmechanismof inactivation is not well elucidated; hypotheses converge to the presence of
ROS andRNS, which play an important role in the vital physiological processes ofmicroorganisms. At low
doses, reactive species act to promote cell survival, proliferation andmigration. At high doses, they cause
oxidative stress related to cellular aging, initiation and execution of apoptosis [13].

There are several geometries that generate non-thermal plasmas at atmospheric pressure, such as corona
discharge, dielectric barrier discharge (DBD), micro plasmas and plasma jets. Among the discharges geometries
for generating plasma jets, we canmention the gliding arc (GA) discharge. It is a self-oscillating discharge that
starts between the electrodes of divergent geometry; through the force of the laminar or turbulent flow, is
elongated and cooled until it is extinguished. At the same time, a new discharge arc is created in the smallest gap
between the electrodes [18]. TheGAoperates at atmospheric or higher pressure and the power dissipated under
non-equilibrium conditions can reach values of the order of tens ofW to kWper pair of electrodes. The
advantage compared to other devices is the low cost and simplicity of construction [10, 13].

The number of studies on the application of plasma inmicroorganisms of the genusCandida has emerged in
the last decade,mainly due to the clinical importance of this fungus. Figure 1 shows the distribution of articles
published per year in the themes ‘atmospheric plasma+Candida’ and ‘inactivation+Candida’. Among these
studies,Wang et al tested the application of a plasma jet as an alternative to the resistance of biofilms to drugs
using anAr andO2 plasma jet in biofilm ofC. albicans formed on the base of resin denture [17]. The results
showed that∼100 μmthick biofilmswere completely inactivated after 8 min of treatment. Rahimi-Verki et al
studied the effect of cold plasma on the growth ofC. albicanswith emphasis on biofilm formation, ergosterol

Figure 1.Number of articles published per year in the subjects ‘atmospheric plasma+Candida’ and ‘inactivation+Candida’
(database: Scopus).

2

PlasmaRes. Express 1 (2019) 015001 ACOCDoria et al



formation, activities and phospholipid secretion of proteinase enzymes, which are virulence factors of the
fungus [19]. The plasma usedwasHe/O2 (2%)with irradiation times of 90, 120, 150, and 180 s. Their results
showed a reduction of growth from31% to 82%, based on the determined exposure times. The ergosterol
biosynthesis was exhibited between 41% to 91%; and biofilm formationwas reduced from43% to 57%.The
activities of the phospholipid and proteinase enzymewere reduced from4% to 45%. Recently, Borges et al
analyzed the effects of cold atmospheric pressure plasma jet operatedwithHelium (He-CAPPJ) onC. albicans
virulence traits and biofilms [20]. They concluded thatHe-CAPPJwas able to attenuate fungal adhesion and
morphogenesis with low cytotoxicity after short periods of treatment. Effective exposure periods against
biofilmswere cytotoxic toVero cells. He-CAPPJ did not present genotoxic effect. In another recent study,
Simomura et al evaluated the influence of exposure time to argon/water vaporGAplasma jet on surface
sterilization of aC. albicans contaminated silicone substrate [21]. The results indicated aCFU reduction of up to
97.5% for treatment time of 20 min.

In a recent study, Doria et al have demonstrated that the treatment of biofilms ofC. albicans in the post-
discharge region of an atmospheric GAplasma jet is an interesting alternative for the treatment of surfaces
contaminated bymicroorganisms [22]. Basically, the effect of air insertion on the argonGAdischarge has been
investigated, and further investigations are required. This work presents studies on the inactivation efficacy of
C. albicans biofilms, grown in vitro, on polyurethane (PU) substrate by atmospheric plasma jets operated in
different process parameters: gas chemistry (argon, helium, or itsmixture with air) andflow, and plasma
operation in continuous or pulsedmode. Themotivation for the use of the PU substrate is its application as the
main constituent of the central venous catheter, whose traditionalmethods of sterilization cannot be used and,
therefore, this type of biomedical device is discarded.

2.Materials andmethods

2.1.Microorganisms preparation
The preparation of the fungal suspensions of a standard strain ofC. albicansATCC10231 (ATCC is American
TypeCultureCollection,Manassas, VA,USA)was performed in vitrowith the SabouraudDextrose broth
(DIFCO) at a concentration compatible with 0.5 inMacFarland turbidity scale (106 CFU/mL). The strainswere
kept frozen at –20 °C in glycerol, subsequently peaked in Sabouraud, and incubated at 37 °C in an oven for 48 h
before being used in experiments, respecting all biosafety standards.

2.2. Biofilm growth and samples group
Polyurethane plates (3 RPlásticos, São Paulo, SP, Brazil) of 2 mm thickness and 1 cm2 areawere used as
substrates. These plates werewashedwith amultienzyme detergent and dried. Subsequently, the PUplates were
placed in vials containing 20 ml of the previously prepared fungal suspension and incubated at 37 °C for 48 h
under constant stirring at 110 rpm in an incubator shaker (MarconiMA420, Piracicaba, SP, Brazil). After the
first 24 h of incubation, the culturemediumwas replaced formaintenance of the nutrients required for fungal
growth. At the end of the incubation period, the samples were removed from the vials and transferred to new
bottles which contained phosphate buffer solution (PBS pH7.2±0.1) to remove non-adhered cells and
preserve the integrity of the biofilm on the surface of the substrate [22].

2.3. Experimental setup
The experimental system setup included: the plasma reactor, the high-voltage power supply, the pulsing circuit,
the oscilloscope, and the optical emission spectrometer (figure 2). TheGAplasmawas generated in a forward
vortexflow reactor (FVFR) type [18] and this is composed of plasma jet and post-discharge regions. The gases
used in this studywere argon (purity of 99.95%), helium (purity of 99.5%) and dry air generated bymedical/
orthodontic compressor (SchulzMSV6-30, Joinville, SC, Brazil). The gases were inserted into FVFRwith a total
flow rate of 10 L min−1 using separated rotameters. To generate the plasma, a high-voltage transformer (7.5 kV,
60 Hz)was connected to the electrodes. A high-voltage resistance (1 kΩ) protects the transformer in the event of
electric arc. AVariac transformer (VARIAC,Cleveland, OH,USA)was used to control the electrical voltage. The
applied voltage and current signals weremeasuredwith a numerical oscilloscope (Tektronix TDS2024B;
Tektronix, Beaverton,OR)with a high-voltage probe (Tektronix P6015A) and a self-adjustable probe (Agilent
N2869B). For the case of current signal, this was inferred from shunt resistor in series with grounded electrode.
In addition, it is important to note that as plasma plume goes out from the nozzle, thismeans that aflux of
charged particles escapes the supply system circuit. Therefore, a part of the current cannot bemeasured by the
evaluation of the currentflowing in the supply circuit, which consequently increases the error in the
measurement of discharge power.
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Figure 3 shows the typical waveform for the voltage and current cycles. The discharge power is defined by
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whereT2−T1 is the period (T ),V(t) the voltage (V) and I(t) the current (A). Figure 4 illustrate the discharge
power as a function of the fraction of gasflow. The discharge power varied between 15–25W for all investigated
air/Ar or air/He gasmixture conditions. For the case of pure argon and heliumplasmas the discharge powerwas
of 6.9Wand 9.8W, respectively. These values were obtained for afixed position of Variac transformer, i.e. the
electrical parameters were influenced only by the gasmixture. A point to be highlighted from figure 3 is relative
to the change of thewaveformof themeasured signals, especially for voltage. Zhang et al observed a similar effect
using aGA systemwith pin-to-pin electrodes [23]. This condition of changing thewaveformof the voltage, and
also of the current, occurs when a nonstable discharge was obtained at a certain gap spacing in several seconds
after the discharge went into a stable stage, whose appearance changed from a spark to a glow-like discharge [23].
Additionally, they emphasized that this discharge regime is highly dependent on the type of electric circuit used
for plasma generation. The behavior of thewaveformobtained inGA systemused herewill be better explored in
a futurework.

In addition, a homemade voltage pulsing circuit (figure 2(c))was connected between theVariac and the
high-voltage transformer to pulse theGAplasma. So, the difference between continuousmode and pulsedmode
is related to the fact that in continuousmode the plasma is kept connected continuously throughout the
treatment, whereas in pulsemode the plasma is pulsed at a frequency of 60 Hz by switching the electrical signal
from the network to the transformer using the electric circuit shown infigure 2(c). This apparatus basically

Figure 2. (a)Photo of the plasma plume. The distance between biased-electrode and grounded electrodewas around 10 mm, and the
hole diameter in grounded electrode is 5 mm. (b) Scheme of the experimental setup used in the treatments and plasma/electrical
diagnostics. (c) Scheme of the voltage pulsing circuit.
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reduces the exposure of the substrate to the plasma, because it is constantly being switched on and off along the
treatment period. The purpose of the use of this apparatus was to reduce the heat caused by the continuous
exposition of the PU substrate to the plasma effluent.

Optical emission spectroscopy (OES)was used to investigate plasma species in aUV-visible range of
200–500 nm.Weused anActon Spectra Pro SP-2500imonochromator with a Pixis 256 charge-coupled device
camera (Princeton Instruments, Trenton,NJ), allowing a resolution of 0.05 nm. The optical spectrumwas
obtained through the Lightfield program,which allowed the determination of integration time to compose the
spectrum,whichwas then displayed on a computer screen.

Finally, thermal imaging of the substrate surface during plasma treatment was done using an IR camera
(model TiS 10, Fluke).

2.4. Experimental procedure and sample characterization
Treatments withGAplasmawere performed immediately after washing the samples with PBS for a period of
10 min.Here, the sample holder was placed at 10 mmbelow the reactor, so the samplewas treated in the post-
discharge region because the plasma jet has amaximum length of 5 mm.All experiments were performed in
triplicate and the samples were divided by the following plasma process parameters: gasflow/chemistry and
plasma pulsemode, as presented in table 1.

After plasma application, the PU samples were placed in fresh tubes containing 10 ml of PBS and held for
biofilm detachment using a vortex stirrer. Then 0.1 ml of this suspensionwas seeded on SabouraudDextrose
agar by spreading technique and incubated at 37 °C for 48 h. The number of CFU/mLwas counted using an
electronic colony counter (Phoenix Luferco, Araraquara, SP, Brazil). The results were compiled for the

Figure 3.Waveforms of the discharge voltage and current for gliding arc reactor operatingwith gases argon (a), helium (b) and
dry air (c).
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calculation of the colony reduction percentage using equation (2).

CFU count of control CFU count after treatment

CFU count of control
% of reduction 100. 2=

-
´ ( )

Weused the statistical inferentialmethod to calculate the one-way analysis of variance (ANOVA), followed by
application of a post hoc test (Tukey’smultiple comparison test), to compare the treatment groups against the
negative control. A level of 5%was considered significant (p<0.05) [24].

Themorphologicalmodification of the treatedC. albicans biofilm/PU substrate surfacewas analyzed by
scanning electronmicroscopy (SEM) (model EVOMA10; Zeiss, Oberkochen, Germany). To investigate the
chemical bonds of biofilm/substrate, the infraredmeasurements were performedwith attenuated total
reflectance (ATR) Fourier transform infrared spectroscopy (FT-IR) on a 400 IR spectrometer (PerkinElmer,

Figure 4.Discharge power as a function of the fraction of gasflow for air/argon (a) and air/helium (b) plasmas.

Table 1.Groups and respective plasma process parameters: gasflow/
type and plasma pulsemode.

Gasflow (Lmin−1)

Group Argon Helium Air Plasma pulsemode

A — — — —

B1 6 — 4 Continuous

B2 — 6 4 Continuous

B3 — 10 — Continuous

B4 10 — — Continuous

B5 — 1 9 Continuous

B6 1 — 9 Continuous

C1 6 — 4 Pulsed

C2 — 6 4 Pulsed

C3 — 10 — Pulsed

C4 10 — — Pulsed

C5 — 1 9 Pulsed

C6 1 — 9 Pulsed
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Waltham,MA,USA) at a resolution of 2 cm−1. Each FT-IR spectrumwas recordedwith the blankATR cell as the
background.

3. Results and discussion

3.1. Colony reduction
C. albicans biofilm inactivation experiments were carried out to observe themicrobicidal efficacy of atmospheric
GAplasma jet. The percentage of colony reduction is found to be dependent on various process parameters,
such as gas chemistry/flow and gas pulsemode. The previous work [22] demonstrated the inactivation capacity
of theGAplasma jet source in the biofilm ofC. albicans and allowed us, in the present work, to optimize the
process parameters inwhich the plasma efficacy is greater.

TheCFU/mLbefore and after treatmentwith plasma are summarized in table 2. In addition, for
comparison, the percentage of colony reduction obtained for each group, the p-value of ANOVAof each group
with a significance level (α) of 5%and themean surface temperature of the substrate during treatment are
presented. Figure 5 shows a comparison of theCFU/mLbetween the control groupA and the groups treated
with different plasma process parameters. Each group is represented by its box plot showing the distribution of
sampling results, including theminimumandmaximumextremes.

In general, all treatment groups tested had a significant reduction of CFU.Groups B presented themean
reduction percentage of 95% (±0,019)while groups Cpresented themean of 94% (±0,02). Infigure 5, all groups
maintained their dispersion close to zero. In addition to the counts shown in table 2, reductions up to 3 orders of
magnitude in comparison to the control groupwere observed. Even though the results are positive, it is still
possible to highlight Group B2 (4 Lmin−1 air+6 Lmin−1He, continuousmode) that presented the highest
percentage reduction, 100% (3,80×101 to 1,7980×104 CFU/mL), and the fourth quartile (upper limit 75%
of the sample) is the closest to zero. It is believed that the relatively positive value usingHewas due to the
combined action of the generation ofOH species and the surface temperature achieved during treatment
(about 64 °C).

Through the box plot was possible to identify that the groups B1, B2, C1 andC2 presented better
homogeneity in the reduction ofmicroorganisms, which shows that the treatments aremore likely to produce
good results when applied on a larger scale. In relation to groups B5, B6, C5 andC6, it was possible to graphically
observe a greater dispersion of the results, although they are statistically significant. Themean reduction in the
CFU count of the treated groupswas 95%,with only the groups B3, B5, B6, C5 andC6 achieving lower than
average reductions. It is also observed that in these groups smaller proportions of noble gases were used in the
gasmixture to generate the plasmas, a fact that influences the generation of reactive species,mainlyOH, as
discussed in topic 3.4.

Considering that the significance level (p)was set at 5%, it was found that all groups presented significantly
differentmean values in relation to control groupA, indicating that the plasma treatments were effective in the
control of biofilm contamination.

Table 2.CFU/mL, percentage of reduction, p-value of the groups compared to the control
population andmean temperature of the substrate during plasma treatment.

Group CFU/mL %ofReduction T (°C) during treatment p-value

A 1.798×104 — — —

B1 1.980×102 99% 39 1.221×10−08

B2 3.800×101 100% 67 2.196×10−08

B3 1.257×103 93% 32 1.440×10−08

B4 5.290×102 97% 31 1.325×10−08

B5 1.732×103 90% 49 1.541×10−08

B6 1.367×103 92% 51 1.463×10−08

Average B 95% (±0.019)
C1 4.220×102 98% 35 1.847×10−08

C2 3.170×102 98% 35 3.694×10−08

C3 9.090×102 95% 32 5.126×10−08

C4 7.340×102 96% 29 4.538×10−08

C5 1.774×103 90% 30 2.225×10−08

C6 2.079×103 88% 32 2.160×10−07

Average C 94% (±0.020)
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3.2. Surfacemorphology
After determining thatwewere able to reduce the colony number in theC. albicans biofilm by up to 90%–100%
with a higher significance level, we performed SEM to visually observe the effects of plasma treatment on biofilm
morphology.

Figure 6 shows SEMmicrographs of theC. albicans biofilm on the PU surface for the control (positive and
negative) and plasma-treated groups. One can observe from the positive control a dense biofilm thatfillsmost of
the area investigated. In fact, the biofilm growth period of 48 h and the surface roughness of the PU substrate
allow a high adhesion ofC. albicans cells and subsequent biofilm formation [6]. For plasma-treated biofilm/PU
samples, SEManalyzes showed damaged cells, including hyphae, for all process parameters investigated. This
possibly occurs due to oxidation, degradation or rupture of the cell wall. Cellular nonconformitiesmay be
related to the action of the hydroxyl radical on protein linkages in the outer cellmembrane [25]. Consequently,
extravasation of the cytoplasmic content to the extracellularmediumoccurs. Similar results of themorphology
of plasma-treatedC. albicans biofilmwere obtained byKoban et al using the kINPen09 apparatus [24]. In
addition, otherworks also observed biofilm remnants in the samples after plasma treatment [26, 27].

Comparing the different plasmas parameters used in our study, the antifungal efficacy of groupB2was
significantly better than other conditions investigated. For this condition, a high reduction of the biofilm
components present on the PU surface was observed. Groups B1 andC1–C5 also exhibited this behavior,
although the respective%of colony reductionwas lower than B2. The ‘flattening’ of the hyphae observed in
some samples is believed to be a result of treatment with plasma.

3.3. Chemical bonds of non-treated and treatedC. albicans biofilm/PU substrate
The FT-IR spectra resulting from the analysis of groups A, B andC are shown infigure 7. Figure 7(a) shows the
spectra of the positive (biofilm+PU substrate) and negative (PU substrate) control groups. Figures 7(b) and (c)
show the spectra of the treatedmaterial with plasma jet operated in continuousmode and different flow rate of
He, Ar and itsmixturewith air. Figures 7(d) and (e) present the spectra of the treatedmaterial with plasma jet
operated in pulsedmode in the same conditions offigures 7(b) and (c).

First, the typical bonds observed in PU substrate (negative group)were studied. The absorbance band at
3296.8 cm−1 is assigned to theN–Hstretching vibrations. The peaks at 2940 and 2854 cm−1 can be attributed to

Figure 5.Box plot of theCFU/mL for groups: (a)AandB; (b)A and (C).
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the asymmetric and symmetric stretching vibrations of CH2, respectively. The band at 1728 cm
−1 is assigned to

the stretching vibrations of hydrogen-bondedC=Ogroups. The band at 1530 cm−1 is from amide II (urethane
N–Hbending+C–Nstretching) and the bands at wavenumber of 1228 cm−1 and∼1100 cm−1 are assigned to
valence vibration of C–O–C (C–Osingle bond stretchingmodes) [6]. Secondly, the FT-IR spectrumof the
biofilm+PU substrate (positive group)was analyzed.Note that bands related to the PU substrate are not
identified, indicating the presence of a thick biofilm. As highlighted by Essendoubi et al, FT-IR spectroscopy is a
whole-cell ‘fingerprinting’method bywhichmicroorganisms can be identified [28]. The FT-IR spectrumof a
biological system likeCandida is relatively complex and consists of broad bands (see figure 7(a)) that arise from
the superposition of absorption peaks of various contributingmacromolecules (3200–3100 cm−1: NH from
proteins; 2800–3000 cm−1: CH from lipids and proteins; 1720–1750 cm−1: C=O from lipid esters; 1500–1700
cm−1: C=OandN–H fromproteins; 1200–1250 cm−1: PO2

− fromnucleic acids, 900–1200 cm−1: various
polysaccharide absorptions) [29].

After the plasma exposure, the bands related to PU appear togetherwith the bands related toC. albicans. The
intensity of each band shows to be dependent on the plasma condition used. For the condition of treatment with
plasma operated in continuousmode, analyzingfigure 7(b), it can be observed that the groupB2 caused the
highest reduction of the absorption bands relative toCandida.While from figure 7(c), it was found that groups

Figure 6. SEMmicrographswithmagnification of 1500× for group control positive and negative, groups B and groups (C).
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B1 andB4were equally effective. These results corroborate with SEMmicrographs, which show a reduction of
the biofilm on the substrate surface. A point to be highlighted from figures 7(b) and (c) is for groups B5 andB6,
where 90%of air was used in themixture withHe andAr, respectively. Note that under these conditions the
bands relative toCandida are still evident, confirming the results of CFU reduction and SEM.

For the pulsedmode, groups C1, C2, C3, C5, C6 showed good reduction of the bands related toCandida.
This result is interesting, since for groupC4was observed by SEM that a good part of the biofilmwas
decomposed by the action of the plasma, besides the biofilm reductionwas very close to the groupC6 and higher
than the groups C3 andC5. Therefore, the FT-IR technique is an important complement for CFU analysis and
may be used as an indicator of the inactivation of biofilm.

3.4.Optical emission spectroscopy of plasma jets and thermal analysis of the PU substrate
The last part of this studywas the optical emission characterization of theGAplasma jets and thermal analysis of
the contaminated PU substrate during plasma treatment.

OESwas used tomeasure the optical emission of the plasma jets. Figures 8(a)–(c) show the emission spectra
(200–500 nm)produced by the plasma jet of Ar and itsmixture with air. As shown in thefigure 8(a), the emission
spectrumof the pure Ar plasma contains ArII states andNH,N2 and aweak signal of theOH, that are coming

Figure 7. FT-IR spectra of group control positive and negative (a), groups B (b), (c) and groups (C) (d), (e).
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frommixing of Ar plasmawith the surrounding air.With the addition and increase of dry air fraction
(figures 8(b) and (c)), one can see thatNO,OH,NH,N2 andN2

+ are present in the air/Ar plasma plume. The
emission bands of theNOγ (A

2Σ+-X)-system at 200–280 nmwere detected, butwith low intensity [30]. The
most intense emissions are observed between 300–500 nm,which are attributed toOH (A2Σ+-X2Π3/2)
system, by argon atomic lines and by strong emissions fromNH system (A3Π+-X3Σ, 336 nm). Another
prominent spectral feature is the second positive system (C3Πu-B

3Πg) ofN2, especially the bands
corresponding to the vibrational transitions 0–0 (band head at 336.9 nm), 1–0 (315.8 nm) and 0–1 (357.6 nm).
Also, we can cite the first negative system (B2Σu

+-X2Σg
+) ofN2

+ at 389 nm.Also, in the region of 400 to 500 nm,
generally are observed several lines of ArII that correspond to higher states of ionized argon [31]. The intensity of
these spectral bands depends of the gas chemistry, in special, the amount of airmixedwith noble gas.

In argon/nitrogen plasma, the population of theN2 (C
3Πu) excited statemay also result from the transfer of

the internal energy fromametastable state of argon atoms to the ground state of the nitrogenmolecules [32].
Themetastable states of argon have the higher energies 11.55 and 11.72 eV than the threshold excitation energy
(11.1 eV) of nitrogenmolecule [32]. Therefore, by adding argon in air plasma a significant increase in the
emission intensities and consequently the concentration of the active species can be expected by Penning
effect [31, 32].

Figure 8.OES spectra of plasmas in the chemical conditions: (a) pure argon plasma, (b) 4 L min−1 air+6 L min−1 Ar, (c) 9 L min−1

air+1 L min−1 Ar, (d)pure heliumplasma, (e) 4 L min−1 air+6 L min−1He, (f) 9 L min−1 air+1 L min−1He.
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Figures 8(d)–(f) show the emission spectra produced by the plasma jet ofHe and itsmixturewith air. For
pureHe plasma jet, the length of the plume is around 1–2 mm, besides the light intensity is smaller as compared
with the argon plasma. So, the emission spectrumwas obtained for a longer integration time. The dominant
emission lines illustrate the presence of themetastable helium atom,OH radical, NO radical and excitedN2

(figure 8(d)).With the addition of air, we can observe that the spectrumwas totally dominated by air species,
with a chemistry, in the range of 200–500 nm, very close to that observed for argon plus air plasma. Themain
difference can be observed in the intensities of the plasma species, especially forOH.

Themain spectral lines of theOH radical (λ=306.7 nm, 307.12 nmand 309.3 nm) as a function of Ar or
He in airmixture are presented infigure 9. It can be observed from figure 9(a) that the highest OH intensity is
between 2 and 4 L min−1 of air in themixture withAr, whereas for theHe gaswas around 7–10 L min−1. This
result shows the great difference between the argon and helium gases when applied in atmospheric plasmas,
showing that for practical applications the use of helium gas could bemore interesting due to its low
consumption.However, although it has a highOHconcentration at higher content of air, when observed the
results offigure 5 (samples B5 andB6 orC5 andC6), we can conclude that the argon gas allows a greater%
reduction of CFUofC. albicans. This shows that other effects are occurring to cause inactivation of the
microorganism. In fact, for samples B1 andB2 andC1 andC2, although the concentration ofOH is higher in the
range of gasflow investigated, the best inactivation conditionwas observed forHe/air plasma.

The gas temperature is usually estimated from rotational temperature of somemolecular species present in
the plasma such asOH,N2

+ orCNbecause of the highly favorable energy exchange between heavy particles and
the internal rotational-vibrational states of themolecular species involved [33]. If admixturemolecules are in
equilibriumwithmost of the gas atoms, the rotational temperature (Trot) derived from the ro-vibrational spectra
can be considered equal to the gas temperature (Tgas). In this work, the Trot was calculated using the intensities of
particular selection ofOH lines (see table 3 of [33]). Using the Boltzmann plotmethod [33] the Trot of the
plasmas generated in argon, helium and itsmixture with air was determined. Although Zhao et al and
Bruggeman et al evidenced that the rotational temperature fromOH (A2Σ+-X2Π3/2)was remarkably larger than
that fromN2 (C

3Πu-B
3Πg) andN2

+ (B2Σu
+-X2Σg

+) [34, 35], themain idea of the calculation of the Trot is to
comparewith the results of thermal analysis of substrate surface. Figure 10 shows the rotational temperature as a
function of the fraction of gasflow for air/argon and air/helium. As can be seen, with the increase of the airflow
rate in gasmixture, there is an increase of the Trot and subsequent saturation for fraction of air/argon from3/7

Figure 9.MainOH spectral lines as a function of the fraction of gasflow for air/argon (a) and air/helium (b) plasmas.
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(around 2300 K) and for air/helium from8/2 (around 2350 K). Note that for a conditionwithout air, the pure
He plasma has a rotational temperature of the order of 1200 K. This temperature causes poor heating of the PU
substrate (seefigure 11(a)) and is therefore of interest for biological treatments. On the other hand, for a
condition above 3 L min−1 air, the gas rotational temperaturewas of the order of 2300 K, promoting a heating of
up to 70 °C in the PU substrate during the treatment (figure 11(b)).

Comparing substrate temperature and%ofCFU reduction data (table 2), we can observe a correlation
between the results. However, the high substrate temperature observed for the 6He/4 air condition does not
show to be related to the rotational temperature as well as theOHconcentration. Further studies are being
carried out to explain this result.

Finally, through the thermal analysis of the substrate (figure 11), it was possible to verify that the pulsed
mode of the plasma allowed a considerable decrease of the temperature of the substrate during the treatment
period,maintaining the trend of the results obtained in the continuousmode.

Figure 10.Rotational temperature as a function of the fraction of gasflow for air/argon and air/heliumplasmas.

Figure 11.Thermal images of substrate surface during treatment (10 min). (a) 4 L min−1 air+6 L min−1He. (b) 10 L min−1He.
(c) 4 L min−1 air+6 L min−1 Ar. (d) 10 L min−1

’Ar.
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4. Conclusion

In this work, we used an in vitromodel to compare the efficacy of different plasma process parameters on
inactivation ofC. albicans biofilm grown onPU substrate. The plasma source usedwas a vortexGAplasma jet
and the investigated parameters were: gas chemistry/flow and plasma operation in continuous or pulsedmode.
The investigationwas performed in post-discharge region using argon, helium and/or itsmixture with air. CFU
results showed that GAplasma jet was efficient for inactivation ofCandida albicans biofilms. It obtained a
maximumCFU reduction of 100%and 98% for air/He and 99%and 98% for air/Armixture in continuous and
pulsedmode, respectively. SEMand FT-IR analyzes corroborate with results of%CFU reduction, showing a
reduction of the biofilm constituents on the substrate surface. It is worthmentioning that the FT-IR technique
may be used as an indicator of the inactivation of biofilm. FromOES and substrate thermal analyzes, it was
possible to verify that although theOHconcentration and rotational temperature of air/Heplasma jet is lower in
comparisonwith air/Ar, a drastic increase of substrate temperature during treatment (up to 70 °C)was observed
for this plasma chemistry. Further studies are being carried out to explain these last results. In general, the
plasma equipment investigated hereinwas optimized for the treatment of PU substrates contaminatedwith
C. albicans biofilmwithout damaging its integrity. For the case of treatment of polymers with greater thermal
sensitivity or biological surfaces the pulsedmode can be used, but longer treatment periodswill be required.
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