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Abstract

A helium cold atmospheric pressure plasma jet (HCAPPJ) driven by a commercial neon power supply was designed and
utilized for inactivation bacteria. The generated reactive spices by HCAPPJ were investigated by optical emission spectros-
copy. The reactive species of OH, OI, OI, N 2”, N21+ and He were identified in the UV-Vis wavelength region. The reactive
species was not detected between 200 nm and 300 nm, as the flow rate of helium gas increased that led to the plasma tem-
perature reducing to a value near to the room temperature. In this work, we studied the impact of HCAPPJ on Gram-positive
and Gram-negative bacteria. The survival amounts of the two types of bacteria were decreased vastly when the rate flow

rate was equal to 10 L/min.
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Introduction

The expression ‘plasma’ indicates a quasi-neutral ionized
gas, composed initially of free electrons, ions and ground- or
excited-state atoms. Furthermore, the comprehensive com-
ponents of plasma exist in a net neutral charge [1]. How-
ever, plasma is the fourth state of matter and forms more
than 99% of the universe. Plasma consists of active particles
(e.g., electrons, ions and photons), reactive species (e.g.,
free radicals) and temporary fields (e.g., heat, acoustic wave,
electromagnetic fields). Thus, plasma is a very complicated
and active medium. In plasma applications like treating bio-
logical materials, plasma components work harmonically.
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This phenomenon has the appropriate effect on materials
in contact with the plasma. However, according to the ther-
modynamic equilibrium between electrons and ions, plasma
can be divided into two categories, thermal and nonthermal
plasma. In the case of cold plasma, the electron tempera-
ture (Te) is much higher than the global gas temperature
(Te > Tg) and the constituting ions, but, being TexTg with
concerning hot plasma, this is the reason for the terms equi-
librium and non-equilibrium plasma are referred to hot and
cold plasma, respectively.

Nonthermal plasma has drawn enormous attention
because of their common potentials for biomedical appli-
cations like sterilization, bio-decontamination and cancer
handling [2-6]. Moreover, nonthermal (cold) plasma is an
ionized gas generated under atmospheric or low-pressure
conditions. At atmospheric or low pressures, nonthermal
plasma can be induced and sustained using an electric dis-
charge in a gas, using various methods such as the corona,
dielectric barrier discharge, or the gliding arc discharge con-
figurations. The generation of a stable plasma plume is con-
sidered as an important feature of cold atmospheric pressure
plasma jet (CAPPJ) [7]. Many researchers have been studied
the effect of cold atmospheric pressure plasma on the ther-
mally sensitive materials using different plasma jet devices
[8—-10]. CAPPJ has been used in inactivation or death bac-
teria [11], cancer cells [12, 13], fungi [14, 15], spores [16],
parasites [17], phages and viruses [18, 19].
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The main importance of cold atmospheric plasma is the
ability to generate reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS). Furthermore, these species are
considered as active biological agents. On the other hand,
the temperature of these species can be saved at room tem-
perature. Moreover, CAPPJ has become a novel and safe
technology to use for biological applications [20]. The
design of a plasma device, gas type, applied voltage, opera-
tion time and air conditions play an essential role in the
reactive species type and its concentration [21].

After Gram-negative bacteria were exposed to the non-
thermal plasma, the cell wall and the outer membrane have
been destroyed, a decrease in ATP intracellular and leak-
age of nucleic acid and protein from the cells of bacteria
[22]. Most of the inactivation bacteria impacts regarding
nonthermal plasma are attributed to the production of reac-
tive oxygen and nitrogen species (RONS). Recent evidence
recommends that RONS are essential agents in antimicrobial
and anti-parasitic drugs, tumor medications and wound heal-
ing [23]. Therefore, cold atmospheric pressure plasma as a
generator of RONS has high promise to be utilized success-
fully in these vital fields. RONS has a direct influence on the
membrane and cell wall of microorganisms. ROS triggers an
oxidative stress response leading to lipid peroxidation [24],
inactivation of Fe-S-dependent dehydratases, inactivation of
mononuclear iron proteins and DNA damage, which ulti-
mately cause detrimental oxidative cell damage [25].

RONS generated by CAPPJ plays a significant role in
wound healing, inactivation of microorganism, tumor medi-
cation and cardiovascular therapies. Previous research has
shown that RONS has a therapeutic role in addition to their
destructive role in living cells. On the other hand, it is being
necessary for the immune system and serves as signaling
molecules [22]. Moreover, the concentration of RONS must
remain balanced in the biological systems. There is no doubt
that CAPPJ affects this balance by generating a free radical
at the treatment site, so that adjustment of the RONS con-
centration, plasma dose and exposure time are essential con-
dition for the success of using plasma in many applications.
Another advantage of cold atmospheric pressure plasma is
the control of plasma dose according to the type of applica-
tion. A low dose of CAPP can achieve the inactivation of
bacteria while not damaging mammalian cells. On the other
hand, a medium dose of CAPP can be used for wound heal-
ing, cell proliferation, growth factor release and apoptosis
in cancer. Furthermore, mammalian cell death and necro-
sis can be operated at a high dose of CAPP. The principal
aim of this work is to investigate the impacts of a helium
cold atmospheric pressure plasma jet (HCAPPJ) on bacte-
rial decontamination. This study compared the inactivation
of HCAPPJ against E. coli and Staphylococcus aureus as
an example for Gram-negative and Gram-positive bacteria,
respectively.
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Materials and methods

In the current study, the helium cold atmospheric pressure
plasma jet (HCAPPJ) system was designed and used in bac-
teria inactivation. The HCAPPJ is mainly composed of a
commercial neon power supply, voltage controller, stain-
less steel electrodes, dielectrics and helium gas. The design
of the CAPPJ as can be seen in Fig. 1 was described in an
earlier study [26-28]. The high-voltage power supply is a
commercially available transformer for neon light. The neon
power supply is appropriated in the cold atmospheric plasma
to produce the plasma jet to cut the overall cost of the sys-
tem by substituting the expensive RF power supply which
representing the major cost. The output of the high-voltage
neon power supply is 30 mA, 10 kV, and 20 kHz, which
lie in the range of very depressed frequency of RF. This
power supply has an overload, open circuit, earth leakage
and short-circuit protection. The input of this power supply
is connected to 220 V, 12 A voltage controller. The voltage
controller regulates the primary voltage of the high-voltage
transformer. The electrode system of the HCAPPJ made up
of two parallel stainless steel disks detached by Teflon insu-
lator. The external electrode and the inside electrode have
represented the cathode and the anode, respectively. How-
ever, the cathode and the anode have similar thickness and
diameter of 15 mm and 2 mm, respectively, but the Teflon
disk has a 1 mm thickness and 15 mm in diameter.

The two electrodes and Teflon disk have center hole of
1 mm and 1.2 mm diameter, respectively, though center hole
helium gas is flowing. The gas flow system is liable for trans-
porting the gas to the plasma jet at the convenient flow rate.
It is composed of the gas storage cylinder, binary-stage gas

Fig. 1 Cold atmospheric pressure plasma jet system
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flow controller and gas connection rubber hose. In this work,
helium gas with a commercial grade of 99.998% was used
to operate the plasma jet system. The helium flow rate was
controlled by the binary-stage gas flow controller. Once the
helium gas is introduced through the two electrodes and the
suitable high voltage is applied between them, the helium
atoms are ionized by driving off electrons so that the ioniza-
tion of neighboring helium species occurred by a collision
with free electrons. After the series of these reactions, the
helium gas converts to the plasma state.

An optical emission spectrometer detects photon emis-
sion in this region. Spectra obtained provide valuable infor-
mation about species present within the plasma and their
electron excitation, which in turn enables the calculation
of vibrational and electron temperature within the plasma.
The UV-visible emission spectra from the plasma reactor
were obtained with a spectrometer which consists of a lens
connected to a detector via fiber optic cable. In this work,
the spectroscopy with the model number of HR4000CG-
UV-NIR (Ocean Optics) was employed. The spectra were
registered in the longitudinal geometry with the device probe
in an axial position, at a distance of 10 mm from the nozzle
outlet with an acquisition time of 1 s. However, the voltage
measurement was taken using a high-voltage probe P6015
Tektronix HV probe with a digital oscilloscope (Tektronix
MS04032).

The Reynolds number (Rn) is defined for many various
conditions in which a fluid is in relative motion to the inte-
rior surface of the tube. The Reynolds number in a tube is
commonly represented as the subsequent equation [29, 30],
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where v is the fluid velocity (m/s), p is the fluid density (kg/
m?), D is the diameter (m) of the tube, and y is the viscosity
(kg/m.s).

However, the fluid velocity can be determined by the fol-
lowing equation,

-4

v=- @
where ¢ is the flow rate in units of m?/s, and the following
equation calculated the tube cross section,

A=7r<§>2 3

The fluid velocity is calculated by the following equation,

v=2.12x101<22> )
p

where Q is the volumetric flow rate in liters per minute (Ipm)
and rp, is an inner diameter in (mm)

In this experiment to study the impact of HCAPPJ on
inactivation microorganism, Staphylococcus aureus and
Escherichia coli were used. Several colonies were picked
up from an overnight culture of each isolate, suspended into
3 ml of brain heart infusion broth (BHI), and then kept for
24 h at 37 °C. Howeyver, after 24 h of incubation, the bacte-
rial suspension was diluted with the sterile physiological
solution to 5x 108 CFU/ml, which was compared with 0.5
McFarland standard tubes. After the suspension was pre-
pared, 0.1 ml of this suspension, containing 5 X 108 CFU/ml
bacteria, was spread on the nutrient agar via the spreading
method by a sterile swab in a standard Petri dish. The dishes
were stored in an aseptic location to dry for 10 min and then
exposed to the plasma jet.

After the plasma treatment, the samples were put into
test tubes containing 5 mL of germ-free water and mixed for
5 min by a vortex mixer. The obtained suspensions were then
serially diluted and dispersed onto agar plates, and the CUF
number was counted after incubation for 36 h at 37 +C. In
this work, two independent kits of specimens were prepared,
and each dilution was dispersed onto two agar dishes, which
indicates that each colony counting result was an average of
the four agar dishes [31].

Result and discussions

In this work, to determine the optimum conditions to use
the HCAPPJ in biological applications a thermocouple was
used to determine the plasma temperature. The effect of the
distance from the jet nozzle, the helium flow rate and the
applied voltage on the plasma temperatures was examined.
The effect of the distance from the jet nozzle on the plasma
temperatures at 3.5 kV and 14 I/min as a constant applied
voltage and constant helium flow rate, respectively, can be
seen in Fig. 2. As was expected, the plasma temperature
decreases continuously by increasing the axial position.
However, the gas temperatures of the plasma jet at different
helium flow rates at 3.5 kV and 7 mm as a constant applied
voltage and constant distance from the jet nozzle, respec-
tively, can be shown in Fig. 3. From this figure, the gas tem-
perature decreases continuously as the flow rate of helium
increases from 10 1/min to 16 I/min. On the other hand, the
effect of the applied voltage on the plasma temperatures
at 7 mm and 14 I/min as a constant of the distance from
the jet nozzle and constant helium flow rate, respectively,
can be illustrated in Fig. 4. However, from this figure, the
increase in the applied voltage to the carrier gas will produce
an increase in ionizing rate, which will lead to a higher gas
temperature [32].
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Fig.2 The plasma jet temperature at different distances from jet noz-
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Fig.3 The plasma jet temperature at different helium flow rates

By increasing the input voltage, the higher ion cur-
rent increases which led to the increase in temperature of
gas plasma so that plasma temperature can be controlled
by varying the applied voltage which applied to the gas
between the two electrodes. Plasma temperature decreases
to near room temperature when the gas flow rate increases
[33]. However, the helium plasma plume entirely depends
on the high flow rates of feed gas to help reduce the gas
temperature. Furthermore, it was evident that the current
plasma has a low temperature near the nozzle at the most
discharge conditions concerning DC plasma plume using
the same electrodes design. The DC plasma produces higher
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Fig.4 The plasma jet temperature at different input voltages

gas temperature near the jet nozzle because the cathode heat
occurred by the continuous high ion current [34]. Moreover,
cold atmospheric plasma can be used in sensitive surface
treatment by choosing suitable conditions.

Furthermore, the gas temperature of nonthermal plasma
depends on: (1) the input voltage which applied between
cathode and anode, (2) the distance from the nozzle and (3)
the gas flow rate. The region near the plasma nozzle is an
ideal area for treating biological cells because it contains a
high concentration of reactive species and the low plasma
temperature, resulting in effective nondestructive treatment
[35, 36]. Furthermore, the gas temperature increases con-
tinuously for all conditions by increasing the operation time.

The plume plasma of HCAPPJ was observed by Ocean
optical emission spectroscopy to investigate the behavior of
atomic and molecular helium and other constituent species.
The optical emission spectrum of the helium plasma jet at
3.5kV, 14 L/m and 7 mm, which represented applied volt-
age, helium flow rate and distance from nozzle, respectively,
is illustrated in Fig. 5. In this figure, the active species of
OH, OII, OI, N,'*, N,!* and He are indented in the UV-Vis
wavelength range. The interaction between the helium
plasma jet and the surrounding air leads to form these active
species [37].

From this figure, it can be observed that there is no obvi-
ous UV emission between 200 nm and 300 nm. The disap-
pearance of these peaks infers that the UV radiation did not
contribute to the inactivation process and did not share in
any damage which will be caused to the cells of bacteria
using this jet. The spectral lines of the hydroxyl group and
nitrogen second positive system can be found in the UV
region only. Typically, the emission lines at wavelengths
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Fig.5 Emission spectra from 200 to 900 nm corresponding to 14 1/
min, 3.5 kV and 7 mm as helium flow rate, the applied voltage and
distance from the jet nozzle, respectively

391 and 354 nm correspond to OH and N,?*, respectively.
However, the spectral lines of OII only can be found in the
UV-Vis region, this reactive species can be observed at 337,
406 and 459 nm. Moreover, the reactive species of N21+,
OI and He can be found in the Vis region only. The reac-
tive atomic oxygen OI can be detected at 645 and 777 nm
[38, 39]. The 580, 654 and 677 nm observed peaks are
represented in the N, first positive system (Nz”) [38, 40].
Besides, the reactive species of He can be found at 587 and
706 nm.

The change in the intensity peaks of OH, OlII, OI, N21+,
N,!* and He species by varying the applied voltage, the dis-
tance from the nozzle and the helium flow rate was exam-
ined. The change in the intensity peaks of reactive species by
varying the distance from the jet nozzle at 3.5 kV and 14 1/
min as a constant applied voltage and constant helium flow
rate, respectively, is represented in Fig. 6. From this figure, it
can be shown that as the distance from the nozzle increased,
the spectral line intensities of five species decreased. These
results agree with the result obtained by Mashayekh et al.
2015; they concluded that, by increasing the distance from
the nozzle, the active species radicals will be recombined
and their concentration will diminish with distance [32].
However, from Fig. 7, the intensity peaks of reactive spe-
cies increase by increasing the applied voltage at 7 mm and
14 I/min as a constant of the distance from the jet nozzle and
constant helium flow rate, respectively. This behavior can be
attributed to the effect of increasing the applied voltage lead-
ing to enhanced discharge current by creating higher reactive
species concentrations when more intense ionization wave
enters inside the plasma plume [41].

Distance from Nozzle(mm)

Fig.6 Emission intensities of a OH, O I, O II, N2*!, He and N2+2 as
a function of distance from nozzle

On the other hand, from Fig. 8, the intensity peaks
of reactive species increase as the helium flow rate is
increased at 3.5 kV and 7 mm as a constant applied volt-
age and constant distance from the jet nozzle, respectively.
This behavior can be attributed to the decrease in air con-
centration, which lies in the plasma region by increasing
helium flow rate. The lower air concentration can lead
to higher local electron concentration. These explain the
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Fig.7 Emission intensities of a OH, O I, O II, N2*!, He and N2*2 as
a function of applied voltage
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Fig.8 Emission intensities of a OH, O I, O II, N2*!, He and N2*2 as
a function of helium flow rate

higher emission intensity from the excited species [42,
43]. As observed from this figure, the intensity peaks
have reached the maximum at 14 1/min, and then, the drop
of intensity has occurred after that. These results can be
attributed to the effect of Reynolds number. If the R is
relatively small, such as Rn <2000, the flow is laminar. If
itis large, i.e., R, > 4000, the flow is turbulent [44]. In this
experiment at 16 1/min, the R is 4125, and this causes the
flow rate to become turbulent and results in instabilities
and deformations of the gas flow rate. However, it can be
concluded that the decrease in reactive species intensity
can be attributed to the deformations, which have been
occurred in the gas flow rate.

Reactive species, which was generated by nonthermal
plasma, play an essential role in cell death of microorganism
[45]. These reactive species are such as ozone (Oj), atomic
oxygen (O), superoxide (O, "), hydroxyl radicals (OH), nitric
oxide (NO), hydrogen peroxide (H,0,), and other reactive
molecules, all of which are known to have bactericidal
effects [46]. The particles listed above attack the bacterial
structure in various ways. Reactive species such as atomic
oxygen and OH physically etch the outer cell capsule, thus
exposing the cellular membrane [47]. Nonthermal plasma-
induced radicals also attack the unsaturated fatty acids trans-
ported by the phospholipid bilayer, which are susceptible to
attack by most reactive species [48]. Oxidation of the protein
content of cellular components, by atomic oxygen, OH, or
O, alters their structure and causes functional changes that
may disrupt cell metabolism, preventing necessary protein
replication and hence stunting cellular metabolism [49].

@ Springer

Through this work, the optimum conditions of inactiva-
tion bacteria using HCAPPJ have been determined. The
optimum conditions were obtained by study of helium cold
plasma characterization. The irradiation time of helium
atmospheric plasma to the same kinds of bacteria was 60 s.
At these conditions, the high concentration of reactive spe-
cies can be obtained; also, we can avoid the hyperthermia
effect. Moreover, the first mechanism by which tissue is ther-
mally affected can be attributed to conformational changes
of molecules. These effects, accompanied by bond destruc-
tion and membrane alterations, are summarized in the single
term ranging from approximately 42 to 50 °C [50]. The treat-
ment temperature in this work was in the range of 26-36 °C.
From this result, it can be observed that the survival amounts
of the two bacteria decrease vastly when the rate flow rate
equals 10 I/min, as can be seen in Fig. 9, which means the
numbers of alive cells decrease rapidly in the two samples.

Table 1 shows the effect of flow rate of helium at 3.5 kV
as applied voltage and 7 mm as a distance from the nozzle
on the number of survivors for the two types of bacteria.
Further, as the flow rate increases, this led to the decrease
in numbers of alive cells decrease. The maximum decrease
in alive cells has been recorded at 14 1/min. The higher
value of reactive species at 14 1/min of atmospheric helium
plasma can be interpreted by the decrease in alive cells. On
the other hand, the numbers of alive cells increase at 16 1/
min of the helium atmospheric plasma flow rate. The bacte-
ricidal effects occur when the particular reactive molecules
are present in high concentrations.

Fig.9 The effect of HCAPPJ on No. 1: S. aureus and No. 2: E. coli

Table 1 The survivors number

. Flow rate Number of survi-
of E. coli and S. aureus as a

function of helium flow rate (L/min) vors (CFU/ml)
E. coli S. aureus
0 5%10% 5x10%
10 2%x10*  6x10*
12 3x10° 1x10*
14 6x10> 7x10°
16 2x10°  6x10°
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In low concentrations, most of the reactive species have
beneficial effects on the cell functionality, e.g., inhibiting
peroxidation or neutralization of other reactive compo-
nents [51]. Reactive species either reacted with the cell
envelope or damaged intracellular components. Gram
negative was inactivated by cell envelope damage-induced
leakage, while Gram positive was mainly eliminated by
intracellular damage [52]. The results obtained show that
HCAPPJ is more effective against Gram-negative than
Gram-positive bacteria. The differences in cell wall struc-
ture can be critical for the differential sensitivity of Gram-
negative and Gram-positive bacteria. The structure of the
cell envelope concerning Gram-negative bacteria consists
of a thin layer of peptidoglycan and lipopolysaccharide,
while in the case of a Gram positive the cell envelope
consists of a thick rigid layer of peptidoglycan. However,
these differences in the cell envelope confer different prop-
erties to the cell, in particular response to external stresses,
including heat, UV radiation and antibiotics [53]. That
means, HCAPPJ induced biological effects which are cell-/
bacteria-type dependency [54].

Conclusions

A helium cold atmospheric pressure plasma jet (HCAPPJ)
was designed and operated to study the effect of nonther-
mal plasma on bacteria inactivation. This design exhibits
many advantageous features, including i) the production
of a large amount of reactive species, ii) operate at low
temperature and iii) a simple design and operation. To
study the effects of HCAPPJ on bacteria inactivation,
initially, the plasma temperature was measured to make
sure that the used cold atmospheric pressure plasma jet
is safe and has powerful impacts. This measurement is
essential and required in the biological application. The
plasma temperature and the concentration reactive spe-
cies depend on the applied voltage, the distance from the
nozzle and the helium flow rate. The concentration of reac-
tive species increased by increasing the flow rate from
10 to 14 1/min, and the decrease in the reactive species
concentration has occurred when this value is exceeded.
The bacteria exposed to plasma showed a decrease in the
survival amounts of the two types of bacteria with increas-
ing flow rate of helium gas, suggesting that the RONS
played a significant role in the inactivation process. The
result revealed that HCAPPJ has more effective against
Gram-negative than Gram-positive bacteria. The optimum
condition of our HCAPPJ system to bacteria inactivation
is 14 I/min, 3/5 kV and 7 mm, which represent the helium
flow rate as the applied voltage and the distance from the
nozzle, respectively.
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