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Abstract

Recombinant proteins are essential in various industries, and scientists employ genetic
engineering and synthetic biology to enhance the host cell’s protein production capacity.
Stress response pathways have been found effective in augmenting protein secretion. Cold
atmospheric pressure plasma (CAP) can induce oxidative stress and enhance protein pro-
duction. Previous studies have confirmed the applicability of CAP jets on Phytase and green
fluorescent protein (GFP) production in Pichia pastoris hosts. This study investigates the
effect of CAP treatment on another valuable recombinant protein, Endoglucanase Il (Egll),
integrated into the Pichia pastoris genome. The results demonstrated that plasma induction
via two different ignition modes: sinusoidal alternating current (AC) and pulsed direct current
(DC) for 120, 180, and 240 s has boosted protein secretion without affecting cell growth and
viability. The AC-driven jet exhibited a higher percentage increase in secretion, up to 45%.
Simulation of plasma function using COMSOL software provided a pattern of electron tem-
perature (T,) and density distribution, which determine the plasma cocktail’s chemistry and
reactive species production. Furthermore, electron density (ng) and temperature were esti-
mated from the recorded optical spectrum. The difference in electron properties may explain
the moderately different impressions on expression capability. However, cell engineering to
improve secretion often remains a trial-and-error approach, and improvements are, at least
partially, specific to the protein produced.

1. Introduction

Plasma is generated by applying an electric field, which ionizes the gas and leads to the forma-
tion of a discharge. This process results in the formation of a cluster of free electrons and posi-
tive ions that react with feeding gas and surrounding air molecules [1]. The complex reactions
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happening in plasma create a chemically active medium, reacting with the surrounding envi-
ronment and desired target. The high reactivity of plasma is the primary reason for its wide
range of applications across various fields [2, 3], including biomedical applications. Cold atmo-
spheric pressure plasma (CAP) has made significant strides in the field of biology since the
mid-1990s. Low-temperature CAP has demonstrated remarkable results in various areas, such
as blood coagulation, cancer treatment, skin rejuvenation, and wound healing [4-8]. One pop-
ular configuration of atmospheric plasma production is CAP jets (CAPJ) based on dielectric
barrier discharges (DBD) [9-11]. While most DBD jets are ignited by alternating current (AC)
power supplies, researchers have also established the safe operation of pulsed direct current
(DC) jets [12].

Gaining a comprehensive understanding of gas discharge and fluid flow dynamics is crucial
for the effective utilization of plasma jets across applications. 2D finite element method (FEM)
simulations can provide valuable insight into the gas discharge and fluid flow dynamics within
the plasma jet [13, 14]. Furthermore, experimental analysis of CAP] can leverage optical emis-
sion spectroscopy (OES), a straightforward and cost-effective plasma diagnostic technique
offering reasonably precise outputs.

In this study, we investigate the effects of two operational modes of a plasma jet on the pro-
duction of recombinant Endoglucanase II (EgII) in a recombinant yeast strain, with the aim of
exploring the potential of CAP as an assistant in the recombinant protein industry. Previous
studies have shown the efficiency of CAP in augmenting the production of green fluorescent
protein (GFP) and Phytase in recombinant yeast, and the effects of plasma on the expression
of some genes were investigated [15, 16].

According to market research, the global industrial enzymes market size was valued at USD
6.63 billion in 2022 and is projected to reach USD 11.02 billion by 2030 [17]. The global
enzymes market is expected to grow significantly, with North America leading the market.
The hydrolase segment, which includes cellulases, amylases, pectinases, lipases, phytases, and
proteases, dominates the enzyme market due to its various applications in several industry ver-
ticals [18]. Cellulose, the most abundant natural polymer, is broken down by cellulases
through the hydrolysis process in various industries like foods and beverages, detergents, agri-
culture, paper, and textiles [19, 20]. Furthermore, the demand for biofuels as a replacement for
fossil fuels is increasing, and this requires a significant supply of cellulases for the new era of
energy resources. Cellulases are naturally produced in various microorganisms, such as Tricho-
derma reesei fungi and Bacillus subtilis bacteria [21, 22]. Any potential method that may
decrease the cost of the cellulase production process in the aforementioned industries is highly
appreciated. Trichoderma reesei fungi produce EglI, a key enzyme with high catalytic efficiency
and activity at pH 4-6.7 [23, 24]. Recombinant endoglucanase, with improved thermal stability
and mass production capabilities, is a significant development for increasing commercial effi-
ciency and providing great economic value in cellulase production [25].

In this study, we aimed to investigate different modes of DBD plasma jet operation for the
treatment of recombinant Pichia pastoris yeast, expressing EgII enzyme. 2D FEM simulation
investigations were performed by COMSOL software to compare the plasma parameters
between ignitions by sinusoidal or DC-pulsed power supplies. Moreover, OES spectrum was
utilized to estimate electron temperature (T.) and density in AC mode of the plasma jet.

The EgII gene from Trichoderma reesei has been cloned into the yeast Pichia pastoris for
heterologous production host previously in our research group [24]. In the present work, we
treated the recombinant Pichia pastoris yeast carrying the EgII gene with a single plasma jet
turned on by two different power supplies. The secreted proteins in collected supernatants
were quantified using SDS-PAGE and Bradford tests, and the enzyme activity was assayed
through a reducing sugars colorimetric analysis.
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Fig 1. The plasma jet 2D schematic (A) experimental setup, and (B) simulation modeling.
https://doi.org/10.1371/journal.pone.0303795.9001

The results of this study could provide valuable insights into the use of CAP in the recombi-
nant protein industry.

2. Methods
2.1. The plasma jet description and specification

A CAP jet, based on DBD, was applied (Fig 1A). The jet coaxial configuration is composed of
two electrodes, a ring, and a rod electrode, covered by a quartz tube as a dielectric barrier.
99.999% pure helium is injected into the cavity interior of the insulated jet with three standard
liters per minute flow rate and is ionized to break down by an electric field induction. Here,
two different power supplies were examined as electric voltage applications: an AC power sup-
ply with 4 kV peak-to-peak voltage and 20 kHz frequency; and a DC pulsed power supply with
10 kHz frequency, DC voltage amplitude up to 10.0 kV at a duty cycle of 2%. The generated
plasma is propelled outwards and into the ambient air through the jet nozzle and forms the
plasma plume. The plasma plume, sometimes called effluent, is about 2 cm long and 10 mm in
diameter and is ready for action on target [26].

2.1.1. Simulations by COMSOL software. The gas discharge and fluid dynamics were
simulated using COMSOL software based on the governing equations reported by Nguyen,
Tam, et al. (Fig 1B). The laminar fluid flow in the plasma jet was modeled by solving the
incompressible Navier-Stokes equations, under the assumption that the gas compressibility
term is negligible at the low velocities considered [14, 27]. This incompressible flow assump-
tion is valid since the uniform flow streamlines indicate the absence of vortex currents or tur-
bulence at the jet outlet. The electric discharge physics was modeled by solving the drift-
diffusion equations for charged species transport, the continuity equations for charge conser-
vation, the momentum equations for charged species velocities, and the Poisson’s equation for
the electric potential distribution.
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As a matter of simplicity, only the helium reactions including He (2°S,) = He*, He, (a°’Z,)
=He,* He", He," have been taken into account. Table 1 illustrates the electron impact reac-
tion and the chemistry of helium [13].

According to jet parameters (jet length, gas inlet velocity), electric discharge and chemical
reaction time processes in plasma simulations have dimensions of nanoseconds or microsec-
onds, while gas flow occurs within fractions of a second. Consequently, plasma particles expe-
rience stable fluid during an electric discharge. Thus, the stationary state solver was applied for
fluid flow simulation, and time-dependent solvers were used for electrical discharge and chem-
istry simulation.

2.1.2. OES and the line-ratio method for electron temperature and density estima-
tion. The line-ratio method, applied to the OES spectrum intensities, is based on the depen-
dency of line intensity on electron density (n.) and temperature (T.) through the relative
intensities of two selected emission lines [28]. The line-ratio method is applied in partial local
thermal equilibrium (pLTE) plasmas, assuming the validity of the Saha-Boltzmann equation
for a limited range of excited-level populations. One can say that according to a survey by
Sahin et al. and a modified collisional-radiative (CR) model by Akatsuka, He emission lines
starting from n = 3 levels may satisfy the criteria for using the line-ratio method for the deter-
mination of approximate T, [29, 30]. Briefly, the excitation kinetics CR model is adopted for
atmospheric pressure plasmas where collisional or quenching processes are dominant. Fur-
thermore, it’s assumed that photo-absorption is negligible, meaning the plasma is optically
thin. In the current study, the line ratio method was performed on the spectrum of AC-driven
plasma plumes. The line pair was selected to be 728.1 nm/706.5 nm of He I emission lines
according to Sahin et al.’s preferred alternative of singlet states/triplet states, which has been
proven to be T, sensitive [31].

The equation applied for the T, calculation was as follows, by the assumption of a Boltz-
mann distribution for the population of excited states:

A g/
- El) In mn8n 1; ij ’

mmn”mn

(1)

where E,,, E; are the energies, k is Boltzmann constant (8.617x10~° eV/K), g,,, g; are statistical

Table 1. Helium chemistry used in the simulation.

Index
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14

Reaction

e+ He—e + He

e+ He—e + He*

e+ He—2e + He*

e + He*—2e + He"
e+ He,*—2e + He,"
2He*—e + He + He"
2He*—e + He,"
He'+2He—He, +He
He* + 2He—He,* + He
e+ He*—e + He

2e + He+—e + He*
e+ He+—He

e+ He,"—He* + He
e+ He,"—2He

https://doi.org/10.1371/journal.pone.0303795.t001

Coefficient Activation (eV)
BOLSIG+ -
BOLSIG+ 19.8
BOLSIG+ 24.6
BOLSIG+ 478
1.268 x 108 T.>7" exp(~3.4/T,) 3.4
4.5e-16 -15
2.03e-15 -19.6
le-43

1.3e-45

2.9e-15 -19.8
512 x 1072 T,*° -4.78
2e-18 -24.6
5.386 x 1072 T, % -0.2
9e-15 -20
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weights of the upper levels, and Ij;, I,,,,, are the measured intensities at the wavelength 4;; (706.5
nm) and A,,,,, (728.1 nm) respectively.

To have an estimation of n,, the ratio of a line pair must be taken between a neutral atom or
molecule and the ionized form. The recorded spectrum of our plasma doesn’t include the
noticeable ionized form of helium; therefore, nitrogen molecule peaks are considered for pair
selection. The selected nitrogen lines were 357.6 nm and 391.1 nm from the second positive
system of N, and the first negative system band of N,", respectively. Applying the Saha-Boltz-
mann equation to the line intensities ratio with the assumption of the Boltzmann distribution
of excited states, n. can be calculated employing estimated T, as below:

3/ ) —E;on—Es01 1+Es5
2 391.11E357.6
(2mm ks T,)™ sz 6Aso.183011 435570 ¢ o g ’/

n, =2 kaTe (2)

‘ h? 1391.1A357.Gg357.6;L‘$591.1
where m, is electron mass, E;,, the ionization of nitrogen molecule (15.58 eV) and h Planck
constant.

2.2. Experimental setup

2.2.1. Plasma treatment procedure. The recombinant Pichia pastoris yeast strain express-
ing recombinant EgII was obtained from our previous study [24, 32]. Briefly, a gene encoding
endo-1,4-beta-glucanase (GenBank: JF340120.1) was adapted to the codon bias of Pichia pas-
toris genes and cloned in the pPink-oHC plasmid, directly downstream of an o-factor secre-
tion signal, and under the control of a methanol-inducible promoter, AOX1. The recombinant
plasmid was propagated in DH5a strain of Escherichia coli cells and transformed in the Pichia-
Pink™ expression system strain 2 (ade2, pep4). The yeast cells were initially cultured in YPG
medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (v/v) glycerol). Once the yeast cells
reached a suitable growth phase, they were transferred to YPM medium (1% (w/v) yeast
extract, 2% (w/v) peptone, 0.5% methanol (v/v)) for the induction of recombinant protein
expression under the control of AOX1 promoter. The recombinant protein expression was
sustained for a consecutive period of three days through a regimen of daily 1% methanol feed-
ing. The growth conditions were 28-30°C with 250 rpm shaking.

The plasma treatment was performed by the DBD plasma jet. Fig 1A illustrates a schematic
of a plasma jet as in experiments.

Recombinant Pichia pastoris yeast cells were cultured in YPG medium to reach the desired
optical density (OD). Equal concentrations of culture were inoculated to YPM medium.
Exactly before the expression induction by methanol, the cell culture of 15 milliliters was
treated by CAPJ. A distance gap of 10 mm was kept between the jet nozzle and culture inter-
face as a target in a glass beaker. The beaker is on a magnetic stirrer during the plasma treat-
ment to ensure a homogenous treatment.

2.2.2. Cell health and protein/enzyme quantifications. The cell growth and viability
were monitored during the three days of methanol feeding via MTT assay and ODsg, measure-
ments. The slightly modified colorimetric MTT protocol for yeast according to Ryu et el. is
described in our previous paper in detail [33].

The secreted protein content in the supernatant was quantified via Bradford reagent
(Navandsalamat, Iran) in comparison with BSA standards [34]. To enhance the accuracy of
the Bradford assay for quantifying the recombinant protein of interest in the supernatant, we
implemented a normalization strategy using a non-recombinant strain of Pichia pastoris that
was cultured under similar conditions and with comparable cell concentrations as a control.
Furthermore, a visual analysis of the produced protein was performed by sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE), followed by gel staining with Coomassie
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blue dye. Densitometry analysis was performed using Image]J to complement total protein
quantification. BSA standards enabled the approximation of sample band intensities. The gel
image was inverted to 8-bit grayscale. Individual rectangular regions of interest (ROIs) were
defined for each band and intensity histograms were plotted. Peak areas were measured and
used to generate a calibration curve by linear regression. This enabled the estimation of relative
sample concentrations. While densitometry analysis enables the estimation of relative band
intensities, sources of potential error include variations in ROI selection between analyses and
differences in staining efficiency between gels. To minimize variability, ROIs were defined
with consistent dimensions and positions across samples, and replicate analyses were per-
formed. However, these semi-quantitative estimates should be considered approximations
with uncertainties, which provide complementary data to the spectroscopic assay.

The enzymatic activity of EgII was measured by a reducing sugars colorimetric common
analysis dating back to 1921 [35]. Carboxymethyl cellulose (CMC) 1% was used as a cellulose
derivative with enough accessible B-Glycosidic bonds as enzyme substrate for hydrolysis into
glucose monomers at 50°C for 30 minutes. The yellow 3,5-Dinitrosalicylic acid (DNS) serves
as a detector of produced glucose units, called reducing sugars. DNS is reduced by the free car-
bonyl group of glucose in a boiling water bath for 5 minutes and forms 3-amino-5-nitrosa-
licylic acid with a red-brown color. The absorbance of collected supernatants and glucose
dilution standards (in sodium citrate buffer 2 mM) at 540 nm provides the content of pro-
duced glucose. The resulting quantities along with enzyme concentrations from the Bradford
assay contribute to enzyme activity plots.

3. Results
3.1. Plasma specification

3.1.1. Modeling results. The fluid simulation results, regardless of power supply proper-
ties, are presented in Fig 2A, with an enlarged view available in Fig 2B. It was observed that the
fluid head speed reaches 15 m/s inside the jet and close to the rod electrode, and 10 m/s in the
jet outlet. The speed decreases as a result of adiabatic expansion while exiting the jet. The
velocity profile is symmetric, and flow lines are parallel to each other, resulting in laminar
flow.

Fig 3A and 3B show a two-dimensional pattern of plasma density for sinusoidal AC and
pulsed DC modes, respectively. The n, in sinusoidal mode is 10*°~10*' m (10'*~10"> cm™),
while it reaches 10**~10*> m™ in pulsed DC mode. Higher electron densities are expected in
DC mode due to a higher applied voltage of 10 kV.

Fig 4 shows the T, distributions for AC and pulsed DC modes. According to the observa-
tion, there is a near-equal distribution of T,, leaving out the inner electrode vicinity. Average
T.is 1.2 eV and 0.6 eV for AC and DC operations, respectively. The highest temperatures are
observed on the edges of the rod electrode.

Fig 5 represents the spatial and temporal evolution of the n. of AC discharge, which mani-
fests the movement of the ionization wave front in a cycle. The development of ionization
wave fronts, or, plasma bullets, can be clearly observed in the snapshots. Interestingly, the con-
ventional streamer head shape is evidently noticeable in the continuous AC ignition.

A similar n, distribution for pulsed DC discharge is demonstrated in Fig 6. The larger area
of bullets with electron bunches may explain the averaged higher n. of pulsed operation. The
circular shape of the ionization front may result from the self-propagation of electron ava-
lanches in the absence of electric force as the voltage pulse is terminated in studied time scales.

3.1.2. Electron temperature and density determination using OES spectrum. OESisa
frequent method for plasma diagnostics, with the advantages of being non-intrusive,

PLOS ONE | https://doi.org/10.1371/journal.pone.0303795 May 21, 2024 6/18


https://doi.org/10.1371/journal.pone.0303795

PLOS ONE Recombinant Endoglucanase Il production enhancement by a cold atmospheric pressure plasma jet

Surface: Velocity magnitude (m/s) Arrow Surface: Velocity field

mm T T T T T T T
A
B
55| | ! 4 b
sl N\ /AN i
RS AR -
S3|- R NN .
R (AN
= R AN ] s
s1| RN {1
NERIIEN 6
50 ER N .
)
42 EERIEEN
48 trtafiaa 2
Lrrafira
47 NN IR
-5 0 S mm
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https://doi.org/10.1371/journal.pone.0303795.9002

uncomplicated, and inexpensive. The liberated energetic electrons during discharge occur-
rence collide with atoms and molecules and may excite some bound electrons to higher levels.
As the excited states are unstable, excited, jumped-up electrons make transitions to lower
energy levels to relieve their energy in the form of photons of light. The emitted radiation, cor-
responding to the distinguished transitions between discrete electronic levels, is recorded by
standard optical spectrometers in the ultraviolet (UV), visible, and near-infrared (NIR) ranges,
typically 200-1100 nanometers. Multiple data concerning plasma characteristics can be
extracted based on the recorded spectrum, including T, [36]. Additionally, it demonstrates
information on the present species including reactive oxygen and nitrogen species (RONS) in
plasma and their abundance, as we conducted in our previous study [15]. In fact, the emission
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Time=10.35 ps

lines provide clues concerning reactions occurring in the plasma. OES spectrum is observed in
Fig 7 with a brief designation of lines. The peaks employed in the line ratio method assuming
pLTE for T, and density are assigned by blue and red ovals, respectively.

As mentioned above, the selected ratios were He lines at 706.5 nm and 728.1 nm for T.

rough calculation and neutral and ionized molecular nitrogen at 357.6 nm and 391.1 nm for n,
estimation using calculated T, for plasma jet formed in DBD configuration at atmospheric
pressure. The quantities of statistical weights, Einstein coefficients, and levels’ energy for the
He I line pair are extracted from the NIST spectra databases.
The T, estimation, obtained by the line ratio for singlet and triplet states with the data listed
in Table 2, resulted in T, being 1.4851 eV. The calculated T. is in good agreement with the T,
in simulations of AC mode (Fig 5).
Eq 2 was utilized for n, determination and led to n. = 10" cm™. The required data corre-
sponding to molecular nitrogen (Table 3) for n. estimation were taken from the PLASUS

Electron temperature (eV)

mm

61

Time=3.45 ps

nm

Electron temperature (eV)

T

0.6

60 18 60
sof 59
S8 15 58 0.5
s7- 14 57
S6 56
5SS 1.2 55 0.4
safb
1 54
s3f - 03
521 0.8 52
s1F
0.6 N 0.2
i o
asf = 8 01
arf 02
i 47
-10 -5 0 S 10 mm -10 0 S 10 mm
Fig 4. Surface pattern for T, (eV) distribution. (A) The plasma jet runs with a sinusoidal power supply, and (B) with a pulsed DC power supply.
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SpecLine Database and the precious tables of Gilmore et al. [37] Interestingly, the maximal
modeled n. is in good agreement with the calculated density here from Eq 2, which may dem-
onstrate close to reality assumptions.

3.2. CAP impressions on cell growth and viability, protein production, and
enzyme activity

In a previous study, we reported that AC power supply treatment did not affect yeast cell via-
bility and ODgq, measurement, which proved the safety of AC-driven plasma jet for yeast cells
[15]. Fig 8A and 8B illustrate the impact of a pulsed DC-ignited jet on yeast cells in a culture
medium. The results show that cell viability and growth are not significantly altered. The error
bars in Fig 8 represent the standard deviation of the mean calculated from three independent
measurements for Condition A, and four independent measurements for Condition B.

Table 2. The selected He I electronic transition characteristics.

Transition Wavelength (nm) Statistical weight of upper-level Energy of upper level (eV) Einstein coefficient (s)
2°p-3°S 706.5 3 22.7185 1.5474 x107
2'P-3's 728.1 1 22.9203 1.8299 x107

https://doi.org/10.1371/journal.pone.0303795.t1002
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Table 3. The selected neutral and ionized molecular nitrogen transitions’ characteristics.

Transition Wavelength (nm) Statistical weight of upper-level Energy of upper level (eV) Einstein coefficient (s™)
N,(C’ I, - B’ IT,) 357.6 1 11.05 8.84 x10°
N, (BIT] — XPITY) 391.1 1 3.16 1.14x107

https://doi.org/10.1371/journal.pone.0303795.t003

A Bradford assay was performed on the culture medium to assess the effect of plasma dura-
tion treatment on protein production. Protein concentrations were quantified through absor-
bance measurements at 595 nm and comparison to a standard curve of bovine serum albumin.
As depicted in Fig 9A, both AC pulsed DC plasma configurations resulted in increased protein
production relative to untreated controls, with the pulsed DC plasma yielding higher protein
levels. The error bars represent the standard deviation of the mean calculated from four inde-
pendent repeated measurements.

The results showed that both sets of data demonstrate an increase in protein production
that is dependent on the dose of plasma treatment, which is equivalent to the duration of the
treatment. The increase was observed to be up to 45% and 33% in the plasma jet ignited by AC
and pulsed DC, respectively. This implies that both AC and pulsed DC power supplies can
stimulate yeast cells to produce more protein, however; the AC arrangement has shown a
slightly more productive result.

The results of the normalized enzyme activity (U/ml) measured using a DNS-based colori-
metric protocol after the enzyme’s action on CMC polymer are presented in Fig 9B as column
plots. The error bars represent standard deviations from the means of four independent mea-
surements. The findings indicate that a 1.25-fold multiplication of enzyme activity for maxi-
mum treatment is detected for the AC operation. The increase percentage for pulsed DC was a
bit smaller, 1.19. Overall, plasma induction has increased enzymatic activity.

A B
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Fig 8. CAP impression after three exposure durations on (A) Cell growth by ODg, measurements and (B) viability via MTT assay. The error bars
represent standard deviations.

https://doi.org/10.1371/journal.pone.0303795.g008
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Fig 9. Total protein concentration of culture medium and activity after treatment by AC/Pulsed DC-driven plasma jet evidenced an
increasing trend proportional to the treatment time. (A) Total protein concentration by Bradford assay (B) Normalized enzyme activity
colorimetric measurement. The error bars in the plots represent standard deviations. Total protein concentration by estimation through Image]J
densitometry of SDS-PAGE gel image in (C) AC mode, and (D) Pulsed DC mode (Lines 1-4 collected supernatants, lines 5-7 BSA standards, line 8
molecular ladder).

https://doi.org/10.1371/journal.pone.0303795.9009

Fig 9C and 9D show SDS-PAGE images after Coomassie blue staining, which illustrate
sharp bands of EgII (lanes 1 to 4) at 48 kDa after two different plasma induction, along with
BSA bands (lanes 5 to 7) at the 66.5 kDa position. The Image] analysis of gel images provides
an estimation of expressed concentrations via densitometry. The results exhibit the same trend
as the Bradford measurement. The protein production has grown by plasma treatment with an
increase in treatment duration. The DBD jet in both modes was able to stimulate the yeast cell
for more recombinant protein production, possibly through a chain of reactions in metabo-
lism. A growth percentage of measured protein concentrations can be inferred from the esti-
mated protein densities. The percentages were 47% for AC-driven jet, and 39% for DC-
operated plasma jet.

4. Discussion

Plasma medicine research has shown that plasma can generate RONS that can trigger specific
pathways in cells [15, 38, 39]. Specifically, the RONS induce the activation of stress response
pathways in cells, which, depending on the CAP intensity and cell type, can either be advanta-
geous for cell survival or improvement or lead to cell death [40].

DBD configurations of plasma at the kHz range result in the accumulation of charge on the
dielectric surface. This accumulation of charge leads to the electric field diminishing, which
ensures the low temperature of the plasma plume that can be applied to cells [12]. Sinusoidal
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AC voltage power supplies are widely used in the industry due to their low current and power
dissipation. On the other hand, the DC bias of power supplies is pulsed to reduce direct and
high currents, thereby preventing harm to the target. However, the higher current of DC
pulsed bias compared to AC bias may be a potential drawback in cell-based studies [41].

The purpose of the present analysis was to gain a better understanding of plasma dynamics
and compare the performance of two power supplies in recombinant protein production. The
investigation was conducted on both modes of a single plasma jet to ensure the safety of CAP]J
in a live model organism (a recombinant yeast Pichia pastoris). Pichia pastoris cells were
induced for protein production and then immediately exposed to the plasma treatment, driven
by either an AC field or pulsed DC bias, for 120, 180, and 240 seconds. The presented results
suggest that the atmospheric DBD plasma jet has a constructive role in gene expression, and
that plasma exposure does not negatively affect cell viability or growth. These outcomes indi-
cate that CAP is a robust and scalable tool in the recombinant protein industry. Therefore, it’s
crucial to measure and control the level of reactive species in plasma for proper dosage and
positive impressions. Low doses of reactive species generated by CAP exposure can affect the
gene expression profile of treated cells, which may include an increase in the expression of
recombinant protein production [42].

In a previous study, the authors investigated oxidative stress and found that short plasma
induction has regulatory effects, significantly upregulating oxidative stress genes, including
catalase A (CTAL1), superoxide dismutase (SOD1), and yeast transcription factor (YAP1).
These upregulations are believed to be beneficial in providing elevated energy deposits for
recombinant protein production [15, 43]. The upregulation persisted for up to 24 hours for
some genes, which is a synergistic achievement of plasma-generated stable species like hydro-
gen peroxide and intracellular production of RONS. In other words, exposure to RONS can
initiate counter-regulation processes in cells to maintain redox balance [44, 45].

The findings were consistent with other studies that demonstrate a biphasic cell response
based on the Hormesis model [26, 46]. The model suggests that low doses of stressors can
induce peculiar phenomena with regulating and signaling results, but high doses will overbur-
den the scavenging agents and may initiate cell death [26, 38].

The characteristics of cold plasma, such as treatment duration, input/output voltage, flow
rate, and composition of the feed gas, can be varied to obtain different major species. The col-
lective features are referred to as the "plasma dosage," which is a key factor in the Hormesis
model [47, 48]. Electrons play a significant role in plasma reactions, and therefore, it is essen-
tial to estimate their density and temperature. Here, a 2D FEM simulation of fluid dynamics
and gas discharge was performed to gain insight into the events related to electrons. Simula-
tions provided interesting patterns of n., temperature, and plasma ionization waves for both
modes. Furthermore, a roughly approximated T, and n, was determined using the line ratio
method, applied to selected lines of the recorded OES from plasma ignited by a sinusoidal AC
power supply.

The n. is an important contributor to ionization, plasma chemistry, and reactive species
production [49, 50]. According to simulation outputs, aggregations of electrons are formed
around the inner electrode by voltage application to generate the avalanches and subsequent
discharge. The COMSOL computations provided n, to be 10°°~10** m™ for pulsed operation
and 10*°~10*' m™ for AC mode. The elevated density in a DC-driven jet, up to 10>> m™?,
explicitly transient, makes the average quantity superior to its counterpart in AC mode. The
difference in electron densities between the two jets is caused by the higher voltage applied to
the jet during pulsed operation. The applied voltage in sinusoidal mode is 4 kV, whereas it is
10 kV in pulsed mode. It is important to note that according to 2% duty cycle characteristics of
pulsed DC power supply, the plasma is only turned on for two microseconds during the
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100-microsecond time frame, which may explain the better efficiency of AC mode despite the
higher electron densities of DC power supply that guarantee active plasma chemistry. Besides,
calculated n, from the line ratio method for a pair of helium peaks is a good agreement with
the COMSOL simulation. However, caution should be taken when applying the method, as
the chemistry of mixtures containing nitrogen is complicated, necessitating consideration of
vibrational exchange processes between vibrational levels of nitrogen and atoms and molecules
[51, 52].

It's well accepted that the electric discharge in the plasma jet is composed of a train of high-
speed traveling bullets, as observed for the first time by Teschke et el. in 2005 and later by
other researchers [53, 54]. The plasma plume is visible to the naked eye as a continuous lumi-
nous flow [55], however, bullets are not observable without the aid of high-speed cameras [54,
56, 57]. The ionization wave front in the form of bullets was eye-catching in both cases of sim-
ulation, representing a maximum abundance at the bullet center. Evidence of the ionization
wave’s propagation was provided in Figs 5 and 6 by time snapshots of n,, obtained from simu-
lations. Even in transient pulsed mode, the propagation of bullets won’t stop. The space charge
resulting from charge deposition on the dielectric surface generates an opposing electric field
with regard to the applied electric field, as mentioned above. If the electric field becomes high
enough, it will have strength for a new breakdown formation, and a second discharge can
occur after the initial pulse-induced discharge and sustain the plasma plume even after the
pulse ends [58]. Note that the n. on the dielectric surface is low compared to the discernible,
highly ionizing region.

The T, is another important parameter of plasma that represents the ability for ionization,
excitation, and dissociation processes. Although there are many methods to determine T, in
plasma diagnostics [59], the simple line ratio method was applied in the current study to select
lines of nitrogen in the recorded spectrum of AC mode. Inserting calculated density from Eq 1
into Eq 2 resulted in a 1.4 eV temperature, coinciding with the COMSOL simulations. Fig 4
exhibited the modeled T, with almost uniform energy distribution in both jet ignitions, except
for the rod electrode neighborhood.

The present study confirms that both investigated power supplies could influence the
recombinant yeast in the oxidative eustress range, instigating a prosperous protein yield. In
summary, the AC power supply provides a lower number of electrons at higher temperatures,
while the more populated pulsed DC induction has been hindered from achieving its expected
efficacy due to the long off-state duration in the pulse. Nevertheless, n. and temperature are
high during the applied voltage pulse in pulsed mode, but the average quantities are lower.

Specifically, the AC-driven plasma jet has been successful in enzyme production and activ-
ity improvement, while the pulsed operation of the DC power supply has relieved the target
from high current, making it a potential choice for cell modifications by CAP.

Time-resolved imaging by a high-speed intensified charge-coupled device (ICCD) camera
can provide practical insights about plasma dynamics and validate plasma simulations visually.
A single jet is not efficient considering the mass production complications in biotechnology
industries. However, predictions can be made that an array of optimized plasma jets applied to
a fermentor would provide a worthy productive outcome.

Supporting information

S1 File. The files include excel files of Bradford, MTT, enzyme activity assays, optical den-
sity measurements, optical emission spectrum, and a PDF file composed of original images
of gels.

(RAR)

PLOS ONE | https://doi.org/10.1371/journal.pone.0303795 May 21, 2024 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303795.s001
https://doi.org/10.1371/journal.pone.0303795

PLOS ONE

Recombinant Endoglucanase Il production enhancement by a cold atmospheric pressure plasma jet

S1 Raw images.
(PDF)

Author Contributions
Conceptualization: Seyed Omid Ranaei Siadat, Sareh Arjmand, Babak Shokri.
Data curation: Zeinab Kabarkouhi, Saeed Hasanpour Tadi, Hadi Mahmoodi.

Formal analysis: Zeinab Kabarkouhi, Saeed Hasanpour Tadi, Hadi Mahmoodi, Sareh
Arjmand.

Funding acquisition: Seyed Omid Ranaei Siadat, Babak Shokri.
Investigation: Zeinab Kabarkouhi, Sareh Arjmand.

Methodology: Zeinab Kabarkouhi, Saeed Hasanpour Tadi, Hadi Mahmoodi, Seyed Omid
Ranaei Siadat, Sareh Arjmand, Babak Shokri.

Project administration: Seyed Omid Ranaei Siadat, Sareh Arjmand, Babak Shokri.
Resources: Seyed Omid Ranaei Siadat, Babak Shokri.

Software: Zeinab Kabarkouhi, Saeed Hasanpour Tadi.

Supervision: Seyed Omid Ranaei Siadat, Sareh Arjmand, Babak Shokri.

Validation: Zeinab Kabarkouhi, Saeed Hasanpour Tadi, Hadi Mahmoodi, Seyed Omid Ranaei
Siadat, Sareh Arjmand.

Visualization: Zeinab Kabarkouhi, Hadi Mahmoodi, Sareh Arjmand.
Writing - original draft: Zeinab Kabarkouhi, Saeed Hasanpour Tadi.

Writing - review & editing: Zeinab Kabarkouhi, Seyed Omid Ranaei Siadat, Sareh Arjmand,
Babak Shokri.

References

1. LinL, Keidar M. A map of control for cold atmospheric plasma jets: From physical mechanisms to opti-
mizations. Applied Physics Reviews. 2021; 8(1):011306.

2. Konchekov EM, Gusein-zade N, Burmistrov DE, Kolik LV, Dorokhov AS, Izmailov AY, et al. Advance-
ments in Plasma Agriculture: A Review of Recent Studies. International Journal of Molecular Sciences.
2023; 24(20):15093. https://doi.org/10.3390/ijms242015093 PMID: 37894773

3. Karimzadeh Z, Shokri B, Morsali A. Rapid cold plasma synthesis of cobalt metal—organic framework/
reduced graphene oxide nanocomposites for use as supercapacitor electrodes. Scientific Reports.
2023; 13(1):15156. https://doi.org/10.1038/s41598-023-41816-9 PMID: 37704648

4. Laroussi M, Bekeschus S, Keidar M, Bogaerts A, Fridman A, Lu X, et al. Low-temperature plasma for
biology, hygiene, and medicine: Perspective and roadmap. IEEE Transactions on Radiation and
Plasma Medical Sciences. 2022; 6(2):127-57.

5. Zahedi L, Ghourchi Beigi P, Shafiee M, Zare F, Mahdikia H, Abdouss M, et al. Development of plasma
functionalized polypropylene wound dressing for betaine hydrochloride controlled drug delivery on dia-
betic wounds. Scientific Reports. 2021; 11(1):9641. https://doi.org/10.1038/s41598-021-89105-7
PMID: 33953292

6. Akbari Z, Saadati F, Mahdikia H, Freund E, Abbasvandi F, Shokri B, et al. Antitumor effects in gas
plasma-treated patient-derived microtissues—an adjuvant therapy for ulcerating breast cancer?
Applied Sciences. 2021; 11(10):4527.

7. Ghasemi E, Nilforoushzadeh MA, Khani M, Amirkhani MA, Nouri M, Charipoor P, et al. The quantitative
investigation of spark plasma on skin parameters with skin elasticity, thickness, density, and biometric
characteristics. Scientific Reports. 2023; 13(1):7738. hitps://doi.org/10.1038/s41598-023-34425-z
PMID: 37173354

PLOS ONE | https://doi.org/10.1371/journal.pone.0303795 May 21, 2024 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303795.s002
https://doi.org/10.3390/ijms242015093
http://www.ncbi.nlm.nih.gov/pubmed/37894773
https://doi.org/10.1038/s41598-023-41816-9
http://www.ncbi.nlm.nih.gov/pubmed/37704648
https://doi.org/10.1038/s41598-021-89105-7
http://www.ncbi.nlm.nih.gov/pubmed/33953292
https://doi.org/10.1038/s41598-023-34425-z
http://www.ncbi.nlm.nih.gov/pubmed/37173354
https://doi.org/10.1371/journal.pone.0303795

PLOS ONE

Recombinant Endoglucanase Il production enhancement by a cold atmospheric pressure plasma jet

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Mehrabifard R, Mehdian H, Hajisharifi K, Amini E. Improving cold atmospheric pressure plasma efficacy
on breast cancer cells control-ability and mortality using Vitamin C and static magnetic field. Plasma
Chemistry and Plasma Processing. 2020; 40:511-26.

Lu X, Laroussi M, Puech V. On atmospheric-pressure non-equilibrium plasma jets and plasma bullets.
Plasma Sources Science and Technology. 2012; 21(3):034005.

Hajiani S, Ghassempour A, Shokri B. Improving detection of BSA protein by applying atmospheric pres-
sure plasma jets in MALDI-TOF mass spectrometry. International Journal of Mass Spectrometry. 2021;
466:116615.

Saadati F, Jahanbakhshi F, Mahdikia H, Abbasvandi F, Ghomi H, Yazdani N, et al. Cold Physical
Plasma Toxicity in Breast and Oral Squamous Carcinoma In Vitro and in Patient-Derived Cancer Tissue
Ex Vivo. Applied Sciences. 2023; 13(11):6472.

Brandenburg R. Dielectric barrier discharges: progress on plasma sources and on the understanding of
regimes and single filaments. Plasma Sources Science and Technology. 2017; 26(5):053001.

Lin P, Zhang J, Nguyen T, Donnelly VM, Economou DJ. Numerical simulation of an atmospheric pres-
sure plasma jet with coaxial shielding gas. Journal of Physics D: Applied Physics. 2020; 54(7):075205.

Wang L, Zheng Y, Jia S. Numerical study of the interaction of a helium atmospheric pressure plasma jet
with a dielectric material. Physics of Plasmas. 2016; 23(10):103504.

Kabarkouhi Z, Arjimand S, Ranaei Siadat SO, Shokri B. Cold atmospheric plasma treatment enhances
recombinant model protein production in yeast Pichia pastoris. Scientific Reports. 2023; 13(1):6797.
https://doi.org/10.1038/s41598-023-34078-y PMID: 37100818

Farasat M, Arjmand S, Ranaei Siadat SO, Sefidbakht Y, Ghomi H. The effect of non-thermal atmo-
spheric plasma on the production and activity of recombinant phytase enzyme. Scientific reports. 2018;
8(1):16647. https://doi.org/10.1038/s41598-018-34239-4 PMID: 30413721

team PR. Industrial Enzymes Market (By Product: Carbohydrases, Proteases, Lipases, Polymerases &
Nucleases, Others; By Source: Plants, Animals, Microorganisms; By Application: Food & Beverages,
Detergents, Animal Feed, Biofuels, Nutraceutical, Wastewater, Others)—Global Industry Analysis,
Size, Share, Growth, Trends, Regional Outlook, and Forecast 2021-2030. 2022 November 2022.
Report No.: 1382 Contract No.: 1382.

team Esr. Global Enzymes Market Share, Size, Outlook, Forecast: By Type: Protease, Amylase,
Lipase, Cellulase; By Industry Type: Industrial, Special; By Application: Cleaning Product, Food and
Beverage, Biofuel Production, Animal Feed, Others; Regional Analysis; Market Dynamics; Competitive
Landscape; Industry Events and Developments; 2023-2028. 2022.

Ejaz U, Sohail M, Ghanemi A. Cellulases: from bioactivity to a variety of industrial applications. Biomi-
metics. 2021; 6(3):44. https://doi.org/10.3390/biomimetics6030044 PMID: 34287227

de Souza TS, Kawaguti HY. Cellulases, hemicellulases, and pectinases: Applications in the food and
beverage industry. Food and Bioprocess Technology. 2021; 14(8):1446-77.

Keshavarz B, Khalesi M. Trichoderma reesei, a superior cellulase source for industrial applications. Bio-
fuels. 2016; 7(6):713-21.

Maryanty Y, Wulan D, Hidayati M, Rizal D, Aliffandri F, editors. Literature study of production dry cellu-
lase from Trichoderma reesei, Aspergillus niger, and Bacillus subtilis. IOP Conference Series: Materials
Science and Engineering; 2021: IOP Publishing.

Samanta S, Basu A, Halder UC, Sen SK. Characterization of Trichoderma reesei endoglucanase Il
expressed heterologously in Pichia pastoris for better biofinishing and biostoning. The journal of micro-
biology. 2012; 50(3):518. https://doi.org/10.1007/s12275-012-1207-5 PMID: 22752917

Akbarzadeh A, Ranaei Siadat SO, Zamani MR, Motallebi M, Barshan Tashnizi M. Comparison of bio-
chemical properties of recombinant endoglucanase Il of Trichoderma reesei in methylotrophic yeasts,
Pichia pastoris and Hansenula polymorpha. Progress in Biological Sciences. 2013; 3(1):108-17.

Patel AK, Singhania RR, Sim SJ, Pandey A. Thermostable cellulases: current status and perspectives.
Bioresource technology. 2019; 279:385-92. https://doi.org/10.1016/j.biortech.2019.01.049 PMID:
30685132

Metelmann H-R, Von Woedtke T, Weltmann K-D. Comprehensive clinical plasma medicine: cold physi-
cal plasma for medical application: Springer; 2018.

Nguyen T, Hernandez E, Donnelly VM, Economou DJ. Excitation mechanisms in a nonequilibrium
helium plasma jet emerging in ambient air at 1 atm. Journal of Vacuum Science & Technology A: Vac-
uum, Surfaces, and Films. 2018; 36(4):04F406.

Griem HR. Principles of plasma spectroscopy: Cambridge monographs on plasma physics: 2. 1st ed.
Cambridge University Press; 1997. pp. 281-283.

Sahin N, Tanisli M. Electron temperature estimation of helium plasma via line intensity ratio at atmo-
spheric pressure. The European Physical Journal Plus. 2020; 135(8):1—10.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303795 May 21, 2024 16/18


https://doi.org/10.1038/s41598-023-34078-y
http://www.ncbi.nlm.nih.gov/pubmed/37100818
https://doi.org/10.1038/s41598-018-34239-4
http://www.ncbi.nlm.nih.gov/pubmed/30413721
https://doi.org/10.3390/biomimetics6030044
http://www.ncbi.nlm.nih.gov/pubmed/34287227
https://doi.org/10.1007/s12275-012-1207-5
http://www.ncbi.nlm.nih.gov/pubmed/22752917
https://doi.org/10.1016/j.biortech.2019.01.049
http://www.ncbi.nlm.nih.gov/pubmed/30685132
https://doi.org/10.1371/journal.pone.0303795

PLOS ONE

Recombinant Endoglucanase Il production enhancement by a cold atmospheric pressure plasma jet

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.
51.

Akatsuka H. Optical Emission Spectroscopic (OES) analysis for diagnostics of electron density and
temperature in non-equilibrium argon plasma based on collisional-radiative model. Advances in Phys-
ics: X.2019; 4(1):1592707.

Griener M, Burgos JM, Cavedon M, Birkenmeier G, Dux R, Kurzan B, et al. Qualification and implemen-
tation of line ratio spectroscopy on helium as plasma edge diagnostic at ASDEX Upgrade. Plasma
Physics and Controlled Fusion. 2017; 60(2):025008.

Akbarzadeh A, Ranaei Siadat SO, Motallebi M, Zamani MR, Barshan Tashnizi M, Moshtaghi S. Charac-
terization and high level expression of acidic endoglucanase in Pichia pastoris. Applied biochemistry
and biotechnology. 2014; 172:2253-65. https://doi.org/10.1007/s12010-013-0672-6 PMID: 24347161

Ryu Y-H, Kim Y-H, Lee J-Y, Shim G-B, Uhm H-S, Park G, et al. Effects of background fluid on the effi-
ciency of inactivating yeast with non-thermal atmospheric pressure plasma. PLoS One. 2013; 8(6):
€66231. https://doi.org/10.1371/journal.pone.0066231 PMID: 23799081

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Analytical biochemistry. 1976; 72(1-2):248-54. https://doi.org/
10.1006/abio.1976.9999 PMID: 942051

Sumner JB, Graham V. Dinitrosalicylic acid: a reagent for the estimation of sugar in normal and diabetic
urine. Journal of Biological Chemistry. 1921; 47(1):5-9.

Zaplotnik R, Primc G, Vesel A. Optical emission spectroscopy as a diagnostic tool for characterization
of atmospheric plasma jets. Applied Sciences. 2021; 11(5):2275.

Gilmore FR, Laher RR, Espy PJ. Franck—Condon factors, r-centroids, electronic transition moments,
and Einstein coefficients for many nitrogen and oxygen band systems. Journal of physical and chemical
reference data. 1992; 21(5):1005-107.

Ristow M, Schmeisser K. Mitohormesis: Promoting Health and Lifespan by Increased Levels of Reac-
tive Oxygen Species (ROS). Dose Response. 2014; 12(2):288-341. https://doi.org/10.2203/dose-
response.13-035.Ristow PMID: 24910588

Von Woedtke T, Laroussi M, Gherardi M. Foundations of plasmas for medical applications. Plasma
Sources Science and Technology. 2022; 31(5), 054002.

Martin K, Barrett J. Reactive oxygen species as double-edged swords in cellular processes: low-dose
cell signaling versus high-dose toxicity. Human & experimental toxicology. 2002; 21(2):71-5. https:/
doi.org/10.1191/0960327102ht2130a PMID: 12102499

Joh HM, Kim SJ, Chung T, Leem S. Comparison of the characteristics of atmospheric pressure plasma
jets using different working gases and applications to plasma-cancer cell interactions. Aip Advances.
2013; 3(9):092128.

Lin N-X, He R-Z, Xu Y, Yu X-W. Oxidative stress tolerance contributes to heterologous protein produc-
tion in Pichia pastoris. Biotechnology for Biofuels. 2021; 14(1):1-13.

Chevallier V, Andersen MR, Malphettes L. Oxidative stress-alleviating strategies to improve recombi-
nant protein production in CHO cells. Biotechnology and bioengineering. 2020; 117(4):1172-86. https:/
doi.org/10.1002/bit.27247 PMID: 31814104

Thirumdas R, Kothakota A, Annapure U, Siliveru K, Blundell R, Gatt R, et al. Plasma activated water
(PAW): Chemistry, physico-chemical properties, applications in food and agriculture. Trends in food sci-
ence & technology. 2018; 77:21-31.

Li 'Y, Choi EH, Han I. Regulation of Redox Homeostasis by Nonthermal Biocompatible Plasma Dis-
charge in Stem Cell Differentiation. Oxid Med Cell Longev. 2019. https://doi.org/10.1155/2019/2318680
PMID: 31049127

Szili EJ, Harding FJ, Hong S-H, Herrmann F, Voelcker NH, Short RD. The hormesis effect of plasma-
elevated intracellular ROS on HaCaT cells. Journal of Physics D: Applied Physics. 2015; 48
(49):495401.

Dai X, Zhang Z, Zhang J, Ostrikov K. Dosing: The key to precision plasma oncology. Plasma Processes
and Polymers. 2020; 17(10):1900178.

Khlyustova A, Labay C, Machala Z, Ginebra M-P, Canal C. Important parameters in plasma jets for the
production of RONS in liquids for plasma medicine: A brief review. Frontiers of Chemical Science and
Engineering. 2019; 13:238-52.

Akatsuka H, Tanaka Y. Discussion on Electron Temperature of Gas-Discharge Plasma with Non-Max-
wellian Electron Energy Distribution Function Based on Entropy and Statistical Physics. Entropy. 2023;
25(2):276. https://doi.org/10.3390/e25020276 PMID: 36832643

Fridman A. Plasma chemistry: Cambridge university press; 2008.

Zhu X-M, Pu Y-K. Using OES to determine electron temperature and density in low-pressure nitrogen
and argon plasmas. Plasma Sources Science and Technology. 2008; 17(2):024002.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303795 May 21, 2024 17/18


https://doi.org/10.1007/s12010-013-0672-6
http://www.ncbi.nlm.nih.gov/pubmed/24347161
https://doi.org/10.1371/journal.pone.0066231
http://www.ncbi.nlm.nih.gov/pubmed/23799081
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.2203/dose-response.13-035.Ristow
https://doi.org/10.2203/dose-response.13-035.Ristow
http://www.ncbi.nlm.nih.gov/pubmed/24910588
https://doi.org/10.1191/0960327102ht213oa
https://doi.org/10.1191/0960327102ht213oa
http://www.ncbi.nlm.nih.gov/pubmed/12102499
https://doi.org/10.1002/bit.27247
https://doi.org/10.1002/bit.27247
http://www.ncbi.nlm.nih.gov/pubmed/31814104
https://doi.org/10.1155/2019/2318680
http://www.ncbi.nlm.nih.gov/pubmed/31049127
https://doi.org/10.3390/e25020276
http://www.ncbi.nlm.nih.gov/pubmed/36832643
https://doi.org/10.1371/journal.pone.0303795

PLOS ONE

Recombinant Endoglucanase Il production enhancement by a cold atmospheric pressure plasma jet

52.

53.

54.

55.

56.

57.

58.

59.

Zhu X-M, Pu Y-K. Optical emission spectroscopy in low-temperature plasmas containing argon and
nitrogen: determination of the electron temperature and density by the line-ratio method. Journal of
Physics D: Applied Physics. 2010; 43(40):403001.

Teschke M, Kedzierski J, Finantu-Dinu E, Korzec D, Engemann J. High-speed photographs of a dielec-
tric barrier atmospheric pressure plasma jet. IEEE Transactions on Plasma Science. 2005; 33(2):310—
1.

Lu X, Laroussi M. Dynamics of an atmospheric pressure plasma plume generated by submicrosecond
voltage pulses. Journal of applied physics. 2006; 100(6):063302.

LinL, Yan D, Gjika E, Sherman JH, Keidar M. Atmospheric plasma meets cell: Plasma tailoring by living
cells. ACS applied materials & interfaces. 2019; 11(34):30621-30. https://doi.org/10.1021/acsami.
9b10620 PMID: 31374163

Wu S, Lu X, Pan Y. On the mechanism of acceleration behavior of plasma bullet. Physics of Plasmas.
2014; 21(7).

Dobrynin D, Fridman AA. Planar Helium Plasma Jet: Plasma" Bullets" Formation, 2D" Bullets" Concept
and Imaging. Plasma Medicine. 2018; 8(2).

Jarrige J, Laroussi M, Karakas E. Formation and dynamics of plasma bullets in a non-thermal plasma
jet: influence of the high-voltage parameters on the plume characteristics. Plasma Sources Science and
Technology. 2010; 19(6):065005.

Benedikt J, Kersten H, Piel A. Foundations of measurement of electrons, ions and species fluxes toward
surfaces in low-temperature plasmas. Plasma Sources Science and Technology. 2021; 30(3):033001.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303795 May 21, 2024 18/18


https://doi.org/10.1021/acsami.9b10620
https://doi.org/10.1021/acsami.9b10620
http://www.ncbi.nlm.nih.gov/pubmed/31374163
https://doi.org/10.1371/journal.pone.0303795

