
lable at ScienceDirect

Archives of Biochemistry and Biophysics 608 (2016) 27e33
Contents lists avai
Archives of Biochemistry and Biophysics

journal homepage: www.elsevier .com/locate/yabbi
Inhibitory effects of cold atmospheric plasma on the growth,
ergosterol biosynthesis, and keratinase activity in Trichophyton rubrum

Atena Shapourzadeh a, b, Neda Rahimi-Verki b, Seyed-Mohammad Atyabi c, *,
Masoomeh Shams-Ghahfarokhi d, Zahra Jahanshiri a, Shiva Irani e,
Mehdi Razzaghi-Abyaneh a, **

a Department of Mycology, Pasteur Institute of Iran, Tehran, 13164, Iran
b Department of Biochemistry, Faculty of Basic Science, Islamic Azad University Damghan Branch, Damghan, Iran
c Department of Pilot Nanobiotechnology, Pasteur Institute of Iran, Tehran, 13164, Iran
d Department of Mycology, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran
e Department of Biology, Science and Research Branch, Islamic Azad University, Tehran, Iran
a r t i c l e i n f o

Article history:
Received 22 March 2016
Received in revised form
3 July 2016
Accepted 16 July 2016
Available online 18 July 2016

Keywords:
Cold atmospheric plasma
Trichophyton rubrum
Growth kinetics
Keratinase activity
Ergosterol biosynthesis
* Corresponding author. Department of Pilot
Institute of Iran, Tehran, 13164, Iran.
** Corresponding author. Department of Mycolog
Tehran, 13164, Iran.

E-mail addresses: atyabi@pasteur.ac.ir (S.-M. At
mrab442@pasteur.ac.ir (M. Razzaghi-Abyaneh).

http://dx.doi.org/10.1016/j.abb.2016.07.012
0003-9861/© 2016 Elsevier Inc. All rights reserved.
a b s t r a c t

Background: Dermatophytosis is the most important superficial fungal infection which affects nearly 20%
of human population worldwide. Recurrence of disease and emerging resistance of Trichophyton rubrum
to synthetic antifungals are the main problems in control of dermatophytosis. The purpose of this study
was to evaluate the effect of cold atmospheric plasma (CAP) on T. rubrum growth, ergosterol biosynthesis
and keratinase activity.
Methods: A CAP system, comprised of helium 98% e oxygen 2% (He/O2), was used. Trichophyton rubrum
conidia suspensions were treated with CAP in time periods of 90, 120, 150 and 180 s in 96-well
microplates. Fungal growth was evaluated by counting the colony forming unit (CFU). Fungal dry
weight, ergosterol biosynthesis and keratinase activity were evaluated in CAP-treated T. rubrum and
untreated controls.
Results: T. rubrum growth was significantly inhibited by 62%e91%. CAP strongly suppressed fungal
ergosterol biosynthesis by 27%e54%. The keratinase activity was increased by 7.30%e21.88% up to 120 s
CAP exposure.
Conclusion: Our results demonstrated for the first time that CAP inhibits T. rubrum growth, suppresses
ergosterol biosynthesis and increases moderately keratinase activity in a dose-dependent manner.
Overall, CAP exposure could be a potentially useful method for treatment of clinical cases of human and
animal dermatophytoses.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Dermatophytes are a group of keratinophilic fungi which
contain around 40 species classified into three main genera
Microsporum (skin and hair), Trichophyton (skin, hair and nail) and
Epidermophyton (skin and nail). Dermatophytosis is a superficial
infection in keratinized skin tissue, in nails and hair which is
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prevalent worldwide. In the etiology of dermatophytosis, 5 major
species involved are Trichophyton rubrum, Trichophyton inter-
digitale, Trichophyton tonsurans, Microsporum canis, and Trichophy-
ton violaceum [1]. They have an arsenal of proteases aimed to digest
the keratin network into absorbable oligopeptides or amino acids.
Dermatophytes secrete multiple serine-subtilisins and metallo-
endoproteases (fungalysins), formerly called keratinases, which
are used for penetration into host cellular system [2e5]. The
enzyme reduces disulfide bonds in keratins of skin, hair and nail.
This reduction depends on a sulfite efflux pump, encoded by the
TruSsu1 gene. Keratinase enzyme plays a major role in tinea dis-
eases [6].

According to previous studies, the disease incidence is
increasing every year and approximately 20%e25% of the world
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population is infected by dermatophytes [7,8]. The prevalence of
the disease in different parts of Iran is around 2.1%e74%. Although
dermatophytes are not lethal diseases, they are the most wide-
spread among human infections. Recently development of infec-
tious fungi is on the increase because of various reasons, such as
weakening of immunity factors, overdosing antibiotics, cortico-
steroides and etc. Consequently, it is essential to choose skillful
treatments for the inflicted patients. The common treatments
contain allylamine group drugs specially, terbinafine and various
azoles such as itraconazole, fluconazole and voriconazole but these
have some drawbacks such as long treatment time which may
affect the liver, so it is necessary to periodically monitor liver
function, drugs disability to vanish fungus entirely and other side
effects for instance headache, nausea, dizziness and you name it.
Moreover, it has been reported that some of the strains and
dermatophyte species have developed resistance to drugs and
hence, there is illness recurrence [9].

Todays, scientists try to find the best way to improve the quality
of treatment. Recently, the cold plasma treatment has found many
applications in biomedical fields.

The purpose of this researchwas to use a newmethod with high
quality performance using cold atmospheric plasma (CAP) in order
to treat different kinds of tinea diseases which are caused by Tri-
chophyton rubrum. In the 1970s the first plasma was used in in-
dustrial applications.

Plasma is an ionized gas which is also made of photons, elec-
trons, positive and negative ions, atoms, free radicals and excited or
non-excited molecules that are referred to as the fourth state of
matter (99% of the apparent universe is in the plasma state)
[10e12].

Several groups worldwide are currently investigating the
biomedical effects on cells and tissues induced by different CAP
devices (plasma jets, torches and dielectric barrier discharges)
including cell culture studies, animal models and clinical studies.
Various investigations have shown the efficacy of CAPs against
microorganisms including bacteria and fungi [13e21], biofilms
[22e24] viruses [25], spores [26,27] and yeasts [28]. Nowadays
usage of CAP in biomedical fields such as sterilization, cancer
treatment [29], blood coagulation and tissue repair [30] are
considerable [31e33].

In recent years there have been extensive investigations through
high quality continuous operations and the benefits of atmospheric
discharge, namely economical aspects.

In the present study, we used cold atmospheric plasma jet
treatment which had an electrical power supply with an operating
frequency of 15 MHz, based on 98% helium gas mixed with 2%
oxygen. The diameter of gas tube was 2 cm and the distance of
electrodes was 4 cm. A transformer produced 10 kV (peak-to-peak)
from the transistor. We studied the effect of CAP on growth,
ergosterol biosynthesis and keratinase activity in Trichophyton
rubrum as the most important etiologic agent of human dermato-
phytosis worldwide.

2. Materials and methods

2.1. Plasma device

The working mechanism involved mixes of two gases: helium
and oxygen (volume ratio: 98% He and 2% O2) and a power supply
including electrodes which worked with a radio frequency of
15 MHz and 10 kV with 10 W output power using earth as an
external electrode. The diameter of gas tube was 2 cm and the
distance of electrodes was 4 cm. A transformer produced 10 kV
(peak-to-peak) from the transistor. There was a manometer (a
gauge) in order to check the gas output pressure. At atmospheric
pressure, most plasmas are so hot (thousands of degrees centi-
grade) that they would immediately kill any living cells (healthy or
unhealthy) they come into contact with. However, the CAP has
developed techniques for producing low-temperature plasmas and
has been used in this research. Gas flow and pressure are constant
at 1 L/min and 1.5 bars, in the stated order. By utilizing the radio
waves the electrical discharge began and produced various active
chemicals which spread rapidly in its surrounding environment.
Irradiation was carried out at a distance of 2 cm between the
plasma jet nozzle and sample surface. The central electrodes
accelerated the free electrons with the aid of radio frequency. These
high-energy electrons under the non-elastic effect of charged par-
ticles stimulated the molecules, atoms, free radicals and paired
electron-ions.

2.2. Fungal strain and culture conditions

Trichophyton rubrum PFCC 51431 (PTCC 5143; RI 613), isolated
from human dermatophytosis, was prepared from Pathogenic
Fungi Culture Collection of the Pasture Institute of Iran. The fungus
was identified based on colony and microscopic morphology, ure-
ase test, hair perforation test, and ability to pigment production on
cornmeal agar (CMA) plus 2% dextrose [34]. To prepare and provide
the testing stocks, inoculated cultures were grown for 2 weeks at
28 �C on Sabouraud dextrose agar (SDA) slants with chloram-
phenicol and cyclohexamide. Spore suspensions were prepared by
gently scraping the culture surfaces using a sterile glass rod after
adding adequate amounts of 0.1% aqueous solution of Tween 80.
Afterward, the suspension cellular samples were prepared with
density of 106 -108 cells/mL.

2.3. CAP treatment

For each independent experiment, suspended cellular samples
were divided into 96-well plates and treated with cold atmospheric
plasma jet for 0, 90, 120, 150 and 180 s.

2.4. Effect of CAP on T. rubrum growth

A prepared suspension of 100 mL was pipetted into selected
wells of 96-well microtiter plates. Each well was treated with cold
atmospheric plasma for 0, 90, 120, 150 and180 s. Next the samples
were diluted by 5:95 mL into sterile water, and 5 mL of diluted
suspension was cultured in SDA and incubated statically for 9 days
at 28 �C until the colonies were formed.

2.5. Effect of CAP on T. rubrum weight

First, 100 mL of the fungal spores' suspension, at density of
2 � 106 cells/mL, was prepared and exposed to CAP for 0, 90, 120,
150, 180 s and inoculated in the Sabouraud maltose broth. It was
finally incubated at 37 �C in 150 rpm for 3 days. Fungal mycelia
were separated from the culture media by passing through
Whattman filter No. 1. A known amount of thoroughly washed
mycelia was placed on pre-weighed Petri plates and allowed to dry
at 60 �C for 6 h to reach a constant weight [35].

2.6. Effect of CAP on T. rubrum ergosterol biosynthesis

Ergosterol content in the samples treated with cold atmospheric
plasma and in control samples was measured. In these tests we
used the suspension at density of 2 � 10 6 cells/mL. Then 100 mL of
the Trichophyton rubrum suspension was added into the selected
wells of 96-well microtiter plate and treated with CAP at different
time intervals as follows: 0, 90, 120, 150 and 180 s. In the next step,
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100 mL of untreated and treated suspensions were poured in 30 mL
of Sabouraud dextrose broth. The cultures were incubated for
48e72 h at 30 �C. Then, each sample was washed 3 times and dried
in oven for 1 h at 60 �C. The samples of equal weights were pre-
pared after three milliliters of 25% alcoholic potassium hydroxide
solution added into each and vortex mixed for 1 min and incubated
inwater bath of 85 �C for 1 h. Next, a mixture of 1mL distilled water
and 3 mL hexane was added into each sample and vortex mixed
vigorously for 1 min to extract the sterols. The hexane layer was
separated and stored at �20 �C for up to 24 h. Aliquots of the sterol
extract were diluted by five-fold 100% ethanol and scanned be-
tween 200 and 300 nm with a Perkin Elmer UV/Vis spectropho-
tometer (EZ 301, USA). Ergosterol content was calculated as a
percentage of the net weight of the mycelia mass by the following
equations:

Ergosterol (%) ¼ [(A281.5/290 � F)/sample weight]�[(A230/518 � F)/
sample weight]

Where, F is the dilution factor in ethanol and 290 and 518 are the E
values [36].

2.7. Effect of CAP on keratinase activity in T. rubrum

2.7.1. Screening of keratinolytic activity on agar plates
The isolates were screened for keratinase production based on

the method of Wawrzkiewicz et al. [37]. Chicken feathers were
used as a source of keratin. The keratin, soluble in dimethyl sulf-
oxide (DMSO), was precipitated with acetone. The precipitate,
whichwas the only source of carbon and nitrogen, was added to the
sterile agar medium at a final concentration of 0.06%. This medium
consisted of Bacto agar (15 g), MgSO4.7H2O (0.5 g), KH2PO4 (0.1 g),
FeSO4.7H2O (0.01 g), ZnSO4.7H2O (0.005 g), NaH2PO4 (3.86 g),
Na2HPO4 (3.97 g), cycloheximide (0.5 g) and chloramphenicol
(0.05 g) in one liter of distilled water. The agar plates were inocu-
latedwith 20 mL of fungal suspensions of 5� 105 cells/mL (prepared
by gently rubbing of slants in presence of 0.01% Tween 80). Kera-
tinolytic activity of the isolates was detected as a clear zone around
the colony after incubation at 25 �C for 6 days. The diameter of the
clear zone was measured to quantify the enzyme activity.

2.7.2. Submerged cultivation
A mineral liquid medium, containing all the ingredients of solid

medium except agar, was transferred into 250 mL flasks at 50 mL
aliquots and sterilized at 121 �C for 15 min. At the start, 100 mL of
T. rubrum suspension at density of 1 � 106 cells/mL was added into
the selected wells of 96-well microtiter plate and treated with CAP
in 0, 90, 120, 150 and 180 s. The flasks were inoculated with each
sample (treated and untreated) and were incubated at 28 �C for 14
days.

2.7.3. Keratinase activity assay
Keratinolytic activity of culture filtrates was measured spec-

trophotometrically according to the method of Takiuchi et al. [38],
with some modifications using keratin powder instead of chicken
feathers as a keratin source. A 2.0 mL culture filtrate that had been
treated with cold atmospheric plasma in 0, 90, 120, 150 and 180 s,
keratin powder (20 mg) and 3.0 mL phosphate buffer (28 mM, pH
7.8) was incubated in a shaker water bath of 150 rpm at 37 �C for
1 h. After the addition of 10% trichloroacetic acid (TCA) and
centrifugation at 10,000 g for 15 min, the optical absorption of the
supernatant was measured at 280 nmwavelengths using a double-
beam UV/Vis 1601 Shimadzu spectrophotometer against the blank
in the absence of TCA. The increase of 0.1 unit absorptionwas equal
to one unit of enzyme activity as calculated by the following
formula:

Total activity (U/mL) ¼ D OD/0.1

Protein content was measured following the Bradford method.
First, the Bradford profile was obtained by the absorption of various
concentrations of bovine serum albumin and its corresponding
curve was plotted through Excel program. Next, the absorption of
each plasma-treated sample was recorded and its protein concen-
tration (mg/mL) was calculated. In the following step, the enzyme
specific activity was obtained through Bradford equation.

Specific activity (U/mg) ¼ Total activity (U/mL)/Protein content
(mg/mL)

2.8. Statistical analysis

In order to compare the analytical tests between CAP's different
time flows, a one-way ANOVA statistical test was performed, based
on triplicates which had been tested on each sample, there was
statistically significant difference between various times of plasma
irradiation (P < 0.05).

3. Results

3.1. Effect of CAP on growth and weight of T. rubrum

After incubation for 9 days the number of colonies was counted.
The results (Table 1) indicated that, in comparison to untreated
sample, by increases in cold atmospheric plasma jet flow time the
number of colonies dropped substantially. There were by average
16.11 colonies in untreated samples. After the treatment with cold
atmospheric plasma for 90 s, this counting was reduced to an
average of 6.11and the number of colonies decreased to 2.44 in
120 s. The difference was that at 150 s the number of colonies had
unexpectedly increased to 3.88, though the reduction in the num-
ber of colonies, compared to untreated sample, had been
continued. Finally, the number of colonies reached 1.44 during
180 s irradiation. According to Fig. 1A, depicted from the results of
triplicate tests, significant differences were observed between the
treated and untreated samples (P < 0.05). At the CAP exposure over
the time 180 s (210 s), fungal growth was completely inhibited.

Also, we have observed the results of the samples' dry weights
which have been obtained as in similar colony counting test. The
average dry weight was 96.55 mg in untreated samples. By in-
creases in CAP flow time, dry weights of the samples were
decreased to an average of 83.55mg and 52.88mg in 90 s and 120 s.
Like the colonial test a slight increase of 62.55 mg was obtained for
samples treated for 150 s. Nevertheless the results have been lower
than the control samples. Eventually, the lowest dry weight was
42.11 mg in the CAP flow of 180 s samples (Table 1). There have
been significant differences between the dry weights of control and
each of the treated samples (P < 0.05) (Fig. 1B). Finally our results
showed that CAP significantly inhibited the growth of T. rubrum by
62%e91% and dry weights by 13%e57% at the established times.

3.2. Effect of CAP on ergosterol biosynthesis

As shown in Table 1 the percentage of ergosterol was 33.44 in
the control sample. After plasma treatments during 90 s and 120 s,
the amounts of ergosterol were 24.44% and 18.44%, respectively. At
150 s treatment time there was an increase of 19.77% observed
although it was a drop compared to untreated sample. Fig. 2 shows
that the ergosterol content and inhibition percentage level in



Table 1
The effect of cold atmospheric plasma on the growth and virulence factors of Trichophyton rubrum.

Treatment times(s) Colony number (CFU) (Mean ± StDev) Fungal dry weight (mg) (Mean ± StDev) Ergosterol
(Mean ± StDev)
Content (%) Inhibition
(%)

Keratinase activity
(Mean ± StDev) Total (U/mL)
Specific (U/mg)

0 16.11 ± 1.36 96.55 ± 2.55 33.44 ± 4.69 0.00 8.90 ± 0.01 25.54 ± 0.58
90 6.11 ± 0.60* 83.55 ± 2.78* 24.44 ± 1.13* 26.92 8.92 ± 0.01 25.64 ± 0.31
120 2.44 ± 0.72* 52.88 ± 1.96* 18.44 ± 0.72* 44.86 9.55 ± 0.01* 31.13 ± 0.47*
150 3.88 ± 0.60* 62.55 ± 2.40* 19.77 ± 0.66* 40.88 9.52 ± 0.01* 30.61 ± 0.12*
180 1.44 ± 0.88* 42.11 ± 1.76* 15.55 ± 0.88* 53.50 9.48 ± 0.01* 30.20 ± 0.13*

* Statistically significant difference between plasma-treated samples with non-treated control at the 0.05 level.

Fig. 1. Comparison of Trichophyton rubrum colony numbers after exposure to cold
atmospheric plasma for 0, 90, 120, 150 and180 s then cultured in SDA and incubated
statically for 9 days at 28 �C. Colony numbers (CFU) significant differences were
observed between the treated and untreated samples (P < 0.05) (Fig. 1A).
Samples(100 mL) of the T. rubrum spores' suspension exposed to CAP for 0, 90, 120, 150,
180 s and inoculated in the Sabouraud maltose broth then incubated at 37 �C in
150 rpm for 3 days. Fungal mycelia were dried at 60 �C for 6 h to reach a constant
weight. Dry weights significant differences were observed between the treated and
untreated samples (P < 0.05) (Fig. 1B).

Fig. 2. Comparison between the ergosterol percent content and inhibition percent in
Trichophyton rubrum when suspensions were CAP-treated during times of 90, 120, 150
and 180 s. It was significantly different from the control and all other treatment du-
rations (P < 0.05) (▪ ergosterol content; , ergosterol inhibition).
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T. rubrum were significantly reduced by CAP treatment. CAP
strongly prevented the fungus from ergosterol biosynthesis by
27%e54%, though this response was increased at 150 s, which was
significantly different from the control and all other treatment
durations (P < 0.05) (Fig. 2).
Fig. 3. Keratinase production of T. rubrum PFCC 51431 on solid mineral medium evi-
3.3. Effect of CAP on keratinase activity

3.3.1. Agar plate screening
Screening of T. rubrum isolates for keratinase production on

solidmineral medium showed that the examined isolates were able
to produce extracellular keratinase. Keratinolytic activity was
assessed based on the observation of a clear zone around the fungal
colony of the plate (Fig. 3).
denced by clear zones around the fungal colonies.
3.3.2. Optimization of keratinolytic activity in submerged cultures
The best production of extracellular keratinase was studied in

mineral liquid medium. The maximum keratinolytic activity was
obtained for 14 days cultures maintained at 28 �C. The total (U/mL)
and specific activity (U/mg) of keratinase in treated and control
sampleswere evaluated. Total and specific activities of keratinase in
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untreated sample were an average of 8.90 U/mL and 24.54 U/mg.
After the treatment with CAP for 90 s and 120 s the keratinase total
activities were higher, reaching 8.92 U/mL and 9.55 U/mg and that
of specific activity of keratinase acquired 25.64 U/mg and 31.13 U/
mg. Nevertheless, by cold atmospheric plasma flow, at longer du-
rations of 150 s and 180 s, the keratinase total activities began to fall
by 9.52 U/mL and 9.48 U/mg at specific activities of 30.61 U/mg and
30.20 U/mg. The total and specific activities of keratinase enzyme
were increased meaningfully by additional time of 120 s under
plasma exposure by 7.30% and 21.88% (Table 1). However, there was
statistically significant difference between different plasma flow
durations (P < 0.05) (Fig. 4).
4. Discussion

In this experiment the growth inhibition, ergosterol content and
keratinase enzyme activity (total and specific evaluation methods)
in Trichophyton rubrum were studied by cold atmospheric plasma
(CAP) device. Since it was considered very important that derma-
tophytes, triggered by fungus, especially Trichophyton rubrum, as
one of the main causes of relatively high worldwide occurrence of
superficial infections in human and animals would require a reli-
able method for their treatments. Recently, scientists have studied
plasma antifungal properties extensively. Therefore, a series of at-
tempts have been made on the development and performance of
various atmospheric pressure plasma techniques, such as plasma
jets, dielectric barrier discharges, and plasma needles to combat
fungi causing diseases. In 2013, Heinlin et al. (2013) used SMD
plasma containing ambient air without any active flow on single
colony of Trichophyton rubrum and Microsporum canis, in one
application and daily treatment with single CAP for 5, 8 and 10 min
showing less fungal growth inhibition as compared to a daily CAP
treatment only [19]. In another study, Daeschlein et al. (2011)
showed that with atmospheric pressure plasma jet (APPJ), using
argon gas flowing on colonies of Trichophyton rubrum,
T. interdigitale, and M. canis and the yeast Candida albicans, in vitro
could kill more than 90% of the microorganisms during 30 s [39].
Less than two years ago, Ali et al. (2014) using FE-DBD plasma, with
argon as a working gas, investigated its antifungal activity on Tri-
chophytonmentagrophytes and T. rubrum in saline and in an infected
skin model which showed that a significant inhibition occurred by
both strains in conidia and hyphal growth, in the infected skin
Fig. 4. Comparison of extracellular keratinase activity in Trichophyton rubrum PFCC
51431 cultured at 28 �C for 14 days in control group (time 0) and those exposed to CAP
for 90, 120, 150 and 180 s (▪Specific keratinase activity; , total keratinase activity).
mimicking model. They also produced a time-dependent correla-
tion between the intracellular reactive species (ROS) and the fungal
cell viabilities after plasma treatment [40]. Specially, many research
reports have been published on plasma effect on Candida species.
Sun et al. (2011) used cold plasma microjet that contained helium
and oxygen 2% on Candida albicans, Candida krusei, and Candida
glabratawith fluconazole resistance in air and in water. Their result
showed that 90% inactivation was achieved in 10 min in air and
1min inwater [16]. In 2013, Keidar et al. used cold plasma, working
with helium gas, in cancer therapy. They found that the cold plasma
application selectively destroyed cancer cells in-vitro without
damaging the normal cells and reduced tumor size in-vivo
considerably [33]. “Plasma functions selectively”, implied that it
was able to select between healthy and unhealthy cells in our body;
a characteristics which can help treatments of many diseases.

In the present study, we have examined a number of factors
such as growth, weight changes, ergosterol content and keratinase
activity enzyme in Trichophyton rubrum by cold atmospheric
plasma containing helium (98%) and oxygen (2%) working gases. In
most published articles there is reference made to the attractive
properties of plasma and its effects on fungi, though the
biochemical system and its performance is still in question and
hence we tried to examine the biochemical effects of plasma on
fungi.

Moreover in this project, plasma treatment has been performed
on fungal suspensions instead of direct fungal colonization, to un-
derstand the growth and the enzyme activity and ergosterol
biosynthesis more clearly. The data show that, CAP could affect
suspensions and inhibit the growth of Trichophyton rubrum on SDA
which has been almost stopped by 180 s.

Also, the results of dry weight tests, for indication of CAP treated
non-growing spores, were detected by minimum weight in 180 s
samples. In the following tests, ergosterol biosynthesis experiment
demonstrated that ergosterol percentages were decreased by
higher flow of cold atmospheric plasma. Although as it was stated
and concluded earlier that at 150 s there were higher average
values of all the factors observed relative to 90 s and 120 s treat-
ments, but it was still lower than the control samples. It should be
noted that occurrence could be related to the specific behavior of
cold atmospheric plasma on fungus. In 2015 Rahimi-verki et al.
studied the effects of CAP on Candida albicans. They reported that
within 120 s the decreasing trend in number of fungal colonies has
displayed an ascending and descending currents during irradiation
of plasma in every 30 s, whereas in the current finding this varia-
tion has been observed in 150 s treatments. Since, plasma is the
mixture of ions, radicals, atoms and molecules it can play critical
role in microbial inactivation. In our cold atmospheric plasma, the
He (98%) and electronegative O2 (2%) working gases easily pro-
duced reactive oxygen species (ROS) and hydroxyl radical (�OH).

Based on our investigation, it may be concluded that there is a
correlation between ergosterol and plasma treatment in the Tri-
chophyton rubrum, because the fungal plasma membrane has a
three-phase composition, consisting of a double layer of phos-
pholipids, large amounts of proteins and sterols. Therefore, the
membrane can reduce the amount of ergosterol by cold plasma by
direct effect on the wall and the plasma membrane of the fungus.

The ionization of plasma generates ions, free radicals and hy-
droxyl which lead to disruption of membrane redox system and
potassium ion leaving through the cell wall; followed by cells lysis
and cell death. Finally the growth rate, weight and amount of
ergosterol are low in all samples [41].

In 2011, Peres et al. described the increasing of ergosterol con-
tent by exposed fungi to growth inhibitory activity of antifungal
azoles. Azoles target the ergosterol biosynthetic pathway by inhi-
bition of a key enzyme, the lanosterol 14a-demethylase, encoded as
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ERG11 gene. It seems that exposed fungi try to increase ergosterol
content with overexpression of the major genes of ergosterol
biosynthesis pathway like as ERG11 as a compensatory mechanism
which eventually results in the inducing resistance to the azoles
[41].

In the present study, CAP has inhibition role in 90 and 120 s,
while increasing the CAP flow time to 120 s the fungi resistance
increased. As a result fungi produced and replaced ergosterol
however not reaching the zero control time. The fungi resistance
failed at beyond 120s and died. Similarly, it was observed in growth
and weight results. It is very important that fungi resistance to cold
atmospheric plasma is less than its resistance toward drug.

In the last part of our investigation, we studied the effect of
plasma on keratinase enzyme activities which have reduced di-
sulfide bridges inside the compact keratin network that constituted
keratinized tissues. It has been recently suggested that in T. rubrum
this reduction depends on a sulfite efflux pump, codified by the
TruSsu1 gene. However, these enzymes could not act before. The
sulfite secretion by this transporter allowed the cleavage of the
cystine present in keratin [6].

Martinez e Rossi in 2008 showed that T. rubrum could resist
terbinafin through greater expression of efflux pumps such as ATP
binding cassette transporters [42]. In T. rubrum, two ATP binding
cassette transporters were identified showing importance in
enzyme secretion and probably in the pathogenicity of this
dermatophyte [6].

The present results showed that keratinolytic activity (total and
specific) in all samples increased meaningfully. T.rubrum resisted to
flowing CAP and tried to survive. Therefore, the fungus tried to use
last resort and began to release keratinase enzyme. For instance
through over expression of efflux pumps such as ATP binding
cassette transporters or other agents that needed to secrete en-
zymes the keratinase activity was increased.

Ahmad Khan et al. (2014) investigated the effects of Carum
copticum and Thymus vulgaris oils on the growth of Trichophyton
rubrum and Aspergillus spp. However, these oils appeared to be less
effective in reducing the keratinase activity but it could be inhibited
on virulence in both fungi [42]. Hence in our studies, it was obvious
that potency of CAP inhibits T. rubrum although keratinase enzyme
increased and fungi resistance occurred in 150 s.

Our experiment has shown that our CAP has antifungal speci-
ficity and is able to inhibit the amount of growth in ergosterol.
Today, the use of laser is on the rise despite its complications, such
as inflammation and burning of diseased cells and healthy cells
around the infection; while the cold atmospheric plasma research
so far has shown no side effects and it can cure the infected cells.
With the development of plasma science and further research in
the treatment of patients with cutaneous fungal agent this alter-
native method is very suitable for a variety of medical
complications.

5. Conclusion

Taken together, our results showed that CAP inhibits the growth
of Trichophyton rubrum and suppresses the ergosterol biosynthesis
while increases moderately keratinase activity probably as a
compensatory mechanism by the fungus for CAP-mediated fungal
growth inhibition. Thus, it can be considered as a potentially useful
device to treat clinical cases of superficial dermatophytosis, espe-
cially those not-responding to known synthetic antifungal drugs.
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