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ABSTRACT: Plasma synthetic jet actuators (PSJAs) demonstrated their ability to produce a 

Candida 
guilliermondii, 

the passage of charges and their migration toward the sample can either be allowed or prevented 

log colony-forming unit (CFU) reduction were observed for agar substrate and saline solution, 
respectively, at the highest energy dose treatment with the grid grounded. Under the same condi-

1 log CFU. In addition to biological tests, chemical analyses have been carried out to identify the 

C. guilliermondii, both on 
agar substrate and saline solution, and the inactivation properties of free charges advected by this 
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I. INTRODUCTION

Candida species belong to the normal microbiota of mucous membranes in vertebrates 
and may cause systemic infection in an immunocompromised host. In particular, in 
 humans, species of the genus Candida are the agents most frequently implicated in in-
vasive nosocomial fungal infections as a consequence of bone marrow and solid organ 
transplantation, chemotherapy, and immunosuppression. More than 30 species of Can-
dida have been reported to cause invasive candidiasis.1 Candida albicans is usually the 
predominant species found. In a European survey on candidemia, it represented about 
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56% of isolates;2 however, non-albicans Candida (NAC) were the most frequently iso-

these species as causes of life-threatening nosocomial infection. Among NAC species, 
Candida guilliermondii is widely distributed in nature and frequently isolated from soil, 
plants, insects, seawater, atmosphere, exudates of several trees, and processed foods, in 

-
mans3 and also of animals.4 Although it is a rare cause of invasive candidiasis in humans 
and shows a reduced innate virulence compared with C. albicans, C. guilliermondii has 
aroused interest due to its intrinsic resistance to some antifungal drugs.3,5,6 

In recent years, cold atmospheric pressure plasmas are emerging as a promising 
technology into the biomedical domain.7 -
charges are their low operational cost due to operation at room temperature and pressure 
and virtual absence of residual and toxic emissions. Several works demonstrated the 
sterilization ability of cold plasma against bacteria, viruses, yeasts. and parasites.8–11 
Direct and indirect treatments demonstrate the inactivation ability of cold atmospheric 
pressure plasmas against Candida albicans too,12–19 but to the authors’ knowledge, no 
information exists about C. guilliermondii treatment. In direct plasma treatment, the 
surface of pathogens is exposed to reactive oxygen and nitrogen species, UV radiation, 

-
tive and negative ions.20,21

-
ments, more “actors” play together in a synergic way, contributing to the sterilization 

-
regular and large area surfaces must be treated. Moreover, the direct plasma application 

treated sample (organoleptic food properties as an example). Lastly, indirect treatments 
allow the plasma reactor to be developed and optimized without considering the target 
to be treated.

developed a plasma synthetic jet actuator (PSJA) able to produce an ionic wind normal 
to the surface where the dielectric barrier discharge (DBD) is ignited.22 -
gates for about 10 cm at a velocity of several meters per second, enhancing the delivery 
of reactive species onto a target to be treated.23

due to the electro-hydro-dynamic (EHD) interaction. In a surface DBD (SDBD) ions 
are produced within the plasma region and then accelerated by the applied electric 

momentum to them and producing a unidirectional body force parallel to the actuator 
surface.24–27 Actuators featured by annular geometries have shown the ability to pro-
duce a jet normal to the actuator surface.28

now extensively studied for several applications in aeronautics and astronautics,29–33 
and in the turbine blade domain.34,35 Basics physics studies on linear aerodynamics 
plasma actuators showed the presence of charges deposited onto the actuator surface at 
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produced within the plasma volume and subsequently advected by the tangential wall 
jet.36,37 A recent experimental work38 showed that annular actuators can also transport 
and deposit positive charges over a target positioned at several centimeters from the 
surface where the discharge is ignited.

already studied both in direct and semi-indirect treatments.39–42

C. guilliermondii indirectly both 

-

II. MATERIALS AND METHODS

-
etti et al.38

lower one was grounded. A metal mesh was positioned 1 cm from the actuator surface (in 
the “y” direction) to give the possibility to arrest free charges advected by the tubular in-

A sinusoidal supply system constituted by a push-pull high-voltage transformer 
controlled by Arduino has been utilized to feed the discharge. It allows to change both 
voltage and frequency in the range 0–20 kVp and 15–50 kHz, respectively, and can 
ignite the plasma with an arbitrary duty cycle. For the actuator considered in this work, 

-
eters lead to an average power supplying the plasma equal to 14 W. Electrical measure-
ment setup is the same utilized in Neretti et al.38

FIG. 1: PSJA sketch and metallic mesh used to arrest free charges
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experimental setup used in this work is the same described in Neretti et al.43 Con-

by using the same methodology described in Neretti et al.38 Charge distribution was 
evaluated from surface potential measurements by using the numerical approach 
described previously.36

of C. guilliermondii
serial transplants on Sabouraud dextrose agar (DIFCO) with 0.05% chloramphenicol. 
An 80 mL suspension of 48-hour aged colonies of the yeast in saline was obtained (0.5 

-
ony-forming units (CFUs) of untreated suspension was determined performing multiple 
dilution that were plated on Sabouraud dextrose agar (SDA) Petri dishes and incubated 
at 26°C for 48 hours. Aliquots of 100 μl of suspension were spread on the surface of 
6 SDA plates (9 cm diameter); 20 mL aliquots of suspension were put into 6 9 cm plates. 

or water surface, with the metallic mesh connected either to the ground terminal or left 
-

spectively. Electrostatic simulations preformed with FEMM software44 demonstrate that 

2, and 5 min for agar substrate treatments and 5, 10, and 15 min for saline suspension. 

-
ing reactive and charged species onto the whole Petri dish surface. By alternating these 

both discharge and dielectric surface are maintained low and a lower amount of energy 
dose is utilized to treat the sample.

After treatments, the CFU from each saline suspension was determined by multiple 
dilution as described previously; whereas, in the agar-treated plates, the colonies were 
directly counted after incubation at 26°C for 48 hours.

FIG. 2: 
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Chemical analysis was carried out to detect more important species dissolved and 
produced into plasma-treated water. Coumarin-3-carboxylic acid (97%), 7-hydroxycou-
marin carboxylic acid (98%), potassium indigotrisulfonate, and titanium (IV) oxysul-
phate sulfuric acid solution (27–31%) were purchased from Sigma-Aldrich. Ultrapure 

-

For the determination of OH radicals, a 10–3 M solution of coumarin-3-carboxylic acid 
was used instead of Milli-Q water. All of the experiments were repeated at least twice 

-

nitrate ions in solution was measured by ion chromatography using a Dionex-ICS-900 
instrument equipped with a Dionex IonPac AS22 IC Column after proper calibration 

-
–1

hydrogen peroxide in solution was determined by the indigo45 and the titanium (IV) sul-
fate46

47 All of the procedures have 
been described in detail previously.48–50

III. RESULTS AND DISCUSSION

As already mentioned, the PSJA used in this work has been characterized previously.38 
In the present study, a metallic mesh positioned at a distance 1 cm from the actuator sur-

-
tion process. All tests were carried out in open air with a relative humidity of 41 ± 5% 
and a temperature of 25 ± 2°C

distribution of deposited charges.
Figure 3 shows a comparison of Schlieren images of the induced jets generated by 

the PSJA actuator without (Fig. 3a) and with (Fig. 3b) the metallic mesh recorded after 
-

duced jet morphology and speed in a negligible way. When the mesh is added, especially 
in the image captured after 10 ms from discharge ignition, a “comb” spreading of the jet 
is clearly visible suddenly downstream of the metallic grid.

has been detected by following the same procedure described previously.38 -
charge was ignited for increasing time intervals, covering the whole treatment range 
from 30 sec to 15 min. Plasma was operated with the same duty cycle of 1 sec “on” and 
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FIG. 3: Schlieren images of the induced jets generated by the PSJA actuator without (a) and with 
(b) the metallic mesh after 10, 30, and 60 ms from discarge ignition
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with the relatively fast dynamics with which charges are deposited over the target sur-
face. Measurements reported previously38 show that after 500 ms of plasma on time, a 
quasi-steady-state in the charge deposition is achieved. Surface potential distribution 

probe position equal to 0 mm corresponds to the target position in front of the jet core. 

consistent with the tendency of the metallic mesh to create an isopotential surface. Con-
versely, “wings” observed in the charge distribution obtained without the mesh seems to 

the mesh is grounded (magenta line with plus signs), about 90% of the advected charges 
are drained to the ground terminal, strongly limiting the number of charged particles 
reaching the target.

Inactivation results of C. guilliermondii obtained both in agar substrate (red color 
with circle symbols) and water solution (blue color with diamond symbols) are shown 

-

Error bars underline the consistency of results.
When positive charges are left free to reach the sample, a stronger plasma inactiva-

reduction in CFU for longest treatment times. C. guilliermondii CFU reduction in agar 
substrate is subjected to a log 3 decrement after a treatment of 30 sec, reaching complete 
inactivation after 5 min of treatment with a 5 log reduction. Candida inactivation in wa-
ter needs longer treatment times. After a 15-min treatment about a log 3 reduction has 
been achieved. Longer inactivation times for water treatments can be ascribed to longer 
times needed for plasma products to reach Candida -

FIG. 4: Surface potential distribution and charge density measured over the dielectric target slab 

(dashed line), and mesh grounded (plus symbols)
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agar substrate condition, Candida cells are directly in contact with plasma products and 
the inactivation process takes place in shorter times.

It is important to point out that although the induced tubular jet core only has a di-
ameter of about 1 cm (Fig. 3) and thus an area of 0.8 cm2, by hitting the target, it spreads 

64 cm2. As a matter of fact, the Petri diameter is 9 cm, about the same length (and thus 
respective surface) over which charges are deposited by the induced jet and reactive spe-
cies are also transported (see curves where the mesh is present in Fig. 4). In Fig. 6, this 

FIG. 6: C. guilliermondii proliferation on agar substrate in a control sample (a) and after 2 min 
of treatment (b)

FIG. 5: CFU reduction performed on C. guilliermondii in agar substrate (circle symbols) and 
water solution (diamond symbols) with (continuous line) and without charges (dashed line)
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-
ment. By considering the Petri dish area, a plasma average power of 14 W, a 50% duty 
cycle and the treatment time of 5 min, allowing a 5 log CFU reduction, it is possible to 

2 is needed for a reliable sterilization degree. 

because species hitting the surface are then diluted within the whole liquid volume.
Inactivation results already shown, demonstrate that the PSJA presented in this 

C. guilliermondii -

responsible for the additional inactivation potential.

All of the results of these measurements are collected in Fig. 7.
First, we measured the pH of the treated solutions and the nitrate ion concentration 

of the solution drops by increasing the plasma treatment time, reaching a value of about 
3 after 15 min. At the same time, a linear increase of the concentration of nitrate ions is 

3O+ and of NO3
–  ions increase consistently, reaching a 

value of about 1.2–1.3 mM after 15 min treatment, suggesting that both derive by the dis-
sociation of nitric acid in solution.50

or nitrate ions concentration by connecting the metal grid to the ground or by leaving it at 

We used the methods proposed by Bader and Hoigné45 and Eisenberg46 to quantify 
ozone and hydrogen peroxide in solution, respectively (Fig. 7b,c). Ozone concentration 

trend. After 15 min of treatment, we measured a hydrogen peroxide concentration of 
-

gen peroxide in solution due to the application of a non-thermal plasma have already 
been discussed in previous works.48–50 As found for pH and nitrate ions, we did not ob-

in experiments carried out with the metal grid connected to ground or maintained at 

Finally, using the method proposed by Newton,47 we measured the rate of formation 

carboxylic acid (7-CCA-OH) with a known yield of 4.7%. By measuring the concen-
tration of 7-CCA-OH as a function of treatment time (Fig. 7d) and by interpolating the 
data points at short reaction times with a straight line, it is possible to obtain the rate of 
formation of 7-CCA-OH and, consequently, considering the yield of the reaction, the 
rate of formation of OH radicals. We obtained a rate of formation of OH radicals equal 
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–5 M min–1 when the metal grid was connected to ground and (2.26 ± 
–5 M min–1

IV. CONCLUSIONS

C. guilliermondii both in agar substrate and saline solu-

been blocked or left free to reach the sample by interposing a metal mesh between the 

mesh is connected to the ground, only 10% of the charge reaches the sample.

FIG. 7: Species produced in water by plasma treatment as a function of treatment time with the 
-

tion; (b) concentration of ozone in solution; (c) concentration of hydrogen peroxide; (d) concen-
tration of 7-CCA-OH (in these experiments, a CCA aqueous solution was used instead of pure 
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dose of 33 J/cm2 for the log 5 CFU reduction. In saline solution, a log 3 CFU reduction 
was obtained after 15 min of treatment. Charged particles advected by the induced jet 
lead to an additional log 1 CFU reduction for the longest treatment times, pointing out a 
dependence on energy dose of the chemical processes taking place in the treated sample 
and triggered by the presence of charges.

quantify a few important reactive species formed in solution that may be responsible 
-

gen peroxide. In addition, we also measured the solution pH and the concentration of 

-

-
3O+ that 

is detected in the liquid phase is formed mainly by the dissociation in water of nitric 
acid formed from NOx according to reactions described elsewhere.48–50 -
sion, which is supported by the matching concentrations of H3O+ and NO3

–  determined 
in solution, suggests that there is not major contribution due to direct transfer of H3O+ 
from the gas into the liquid phase. Hydronium ion and its water clusters, H3O+ (H2On, 
were indeed shown previously to be the major long-lived positive ions in air non ther-
mal plasma).51–55 It cannot be excluded, however, that these positive ions present in 
the air plasma interact directly with the Candida cells on the surface of the medium, 
saline solution, or agar without dissolving into the medium in the absence of the cells. 
An alternative hypothesis considers that other ionic species or species derived by ionic 

carried out to investigate and understand the nature and the role of charged particles in 
the interaction with biological samples. 

C. guilliermondii -
ture and able to induce diseases in immunocompromised humans and animals, with the 
ability to express a natural resistance to some drugs. Further studies must be carried out 
to understand the role of charged particles on the sample and the processes involved in 

-
creasing the amount of advected charges in an attempt to further enhance the treatment 

C. albicans, the pathogenic 
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