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Helium and argon cold plasma
effects on the 4T1 cancer cells and
a triple negative mouse model of
breast cancer

Mahdiyeh Bakhtiyari-Ramezani'*, Meysam Nasiri?> & Mansoureh Baniasadi?

Nowadays, cold atmospheric plasma (CAP) technology has developed as an innovative tool for cancer
therapy. Although many studies have reported the antitumor effects of plasma in vivo and in vitro,
there are many challenges, including standardization of plasma devices and treatment time for
different tumors. For the first time, we aimed to evaluate and compare optimal exposure time and
direction-dependent cellular effects of helium and argon plasma on the 4T1 cancer cells and a triple-
negative mouse model of breast cancer. This study used two types of helium and argon plasma jet
devices with different input parameters. In vitro evaluations on 4T1 cell line using the MTT assays and
flow cytometry analysis demonstrate CAP-induced apoptosis in all treated groups, especially in the
direct approach. These changes were concurrent with increased intracellular reactive oxygen species
levels and decreased total antioxidant capacity in these cells. In vivo studies concurrent with in vitro
results revealed that CAP therapy reduces tumor size, decreases Nottingham histological score,
prevents weight loss, and increases the survival rate in all treated groups. These results suggest that
plasma therapy may overcome the adverse effects of approved cancer therapeutic strategies and
seems to be a significant issue for cancer patients in the clinical stage, alone or in combination with
current therapeutic programs.
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Abbreviations

CAP Cold atmospheric plasma
PAM Plasma activated medium
OES Optical emission spectroscopy
H&E Hematoxylin and eosin

ROS Reactive oxygen species

RNS Reactive nitrogen species

RONS  Reactive oxygen and nitrogen species
NHG Nottingham histopathological grading

According to statistics, there will be 297,790 new cases of invasive breast cancer diagnosed in American women.
A lifetime risk of breast cancer is about 1 in 8 women and 1 in 833 men'. Surgery is the first option for most
solid tumors; however, complete removal of cancerous tissue is challenging, and residual microscopic or
macroscopic tumors at the surgical site can lead to local regional recurrence. On the other hand, chemotherapy
and radiotherapy have many side effects due to being non-selective>’. Therefore, less invasive and more
selective therapeutic strategies are needed for tumor cell elimination. Plasma is an ionized gas containing free
electrons, photons, ions, neutrals, and electromagnetic fields*. Due to the characteristics of plasma, it has wide
applications, from generating energy’, food safety®, materials processing’, electronics®, and agriculture’ to
medicine and biology'°. The emerging application of plasma in biology consists of the sterilization of living
and non-living surfaces!!, dermatology'?, wound healing'?, tissue cutting'®, dentistry'®, blood coagulation'®,
and oncology'’. The initial plasma applications in medicine have basically relied on thermal effects on the
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surface of the biological target'®-2!. Nowadays, non-thermal plasma can be produced at atmospheric pressure
and room temperature??-28, known as cold atmospheric plasma (CAP), and is supposed to be safe for biological
application?*-*’. Theoretically, any gas can be used to generate CAP. However, most of the literature has focused
on using helium and argon because they produce stable plasma due to their monatomic nature, chemical
inertness, and lower ionization potential*®*. The results of these studies showed cytotoxic or growth-inhibiting
effects of helium and argon plasma in various breast cancer cell lines and an animal model of breast cancer®-*.

As a whole, plasma can target tumor cells in direct (direct exposure) and indirect (plasma-activated medium,
PAM). In the direct approach, plasma directly interacts with targets. In contrast, in the indirect approach, a
medium is activated by a plasma device, and then the activated medium is added to the target**-%°.

While numerous studies have documented the antitumor properties of plasma in vivo and in vitro®>!, the
therapeutic outcomes achieved with a specific plasma source cannot be directly extrapolated to another plasma
device. This is attributed to the diverse range of biological effects elicited by the complex interplay of reactive
species, radiation, electrical current flow, working gas flow, and heat transfer to the treated surface, which vary
significantly depending on the plasma generation technology. Therefore, to avoid the risk of adverse effects
such as toxicity, mutagenicity, or other harmful consequences, a comprehensive evaluation of the physical and
biomedical performance parameters of each plasma device is imperative before its clinical application as a
medical product. This study aimed to assess the optimal exposure duration and direction-dependent cellular
effects of helium and argon plasma jet devices on 4T1 cancer cells and a triple-negative mouse model of breast
cancer. Given that each configuration of plasma jets and their respective input parameters (such as power)
generate a variety of reactive oxygen and nitrogen species (RONS), we focused our evaluation on the effects of
helium and argon plasma on the 4T1 cancer cells by calculating the IC50 values. Consequently, the investigation
of the effects of plasma jets has not been performed under an identical setup.

Materials and methods

Configuration of CAP jet device

Helium and argon plasma jets produced by a Plasma Technology Development Company (Tehran, Iran) were
used in this research. The plasma jets comprise the handpiece, the power supply, and the argon or helium gas
cylinder. A plasma jet based on dielectric barrier discharge (DBDjet) produced helium plasma. A notable
characteristic of this configuration is the lack of arc discharge, which facilitates the generation of cold plasma
and medical applications. Figure 1A shows the details of the helium plasma jet. As shown in Fig. 1A, a high-
voltage electrode made of stainless steel (inner diameter =4 mm, thickness=1 mm, length=15 mm) is placed
coaxially on the dielectric tube. The dielectric tube is made of quartz with an outer diameter of 4 mm and an
inner diameter of 2 mm. As presented in Fig. 1B, the argon plasma jet is composed of a high-voltage rod-shaped
electrode made of stainless steel (thickness=0.1 mm) inside a quartz tube with an inner diameter of 2 mm and
an outer diameter of 3 mm. The parameters and operating frequency of the argon plasma jet power source used
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Fig. 1. Schematic cross-section of the (A) helium and (B) argon plasma jets.
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in this research were carefully adjusted to prevent arc discharge. This precise calibration ensures that the system
operates solely to produce micro discharge, thereby promoting a more stable and uniform configuration of the
plasma jet. The helium gas was powered by an AC source at a voltage of 4.5 kV and a frequency of 20 kHz. The
argon gas was powered by a pulse source at a voltage of 6 kV, a frequency of 50 kHz, and a duty cycle of 5%.
A flow rate of 5 L per minute was set and controlled by a mass flow meter. An IR Thermometer (Fluke, US)
monitored the CAP temperature on targets. The temperature was measured below 40 °C.

Optical emission spectroscopy measurement (OES)

The optical emission spectra of the argon and helium plasma jet devices were separately recorded using a single-
channel spectrometer with a resolution of 0.6 nm manufactured by OPTC (Iran). The optical emission spectrum
of each plasma jet was measured in the 200-980 nm range under ambient conditions using an optical fiber

positioned 2 cm from the handpiece™.

Experimental design

This research was done in two sections: in vitro (cell line) and in vivo (animal model). Breast cancer induced by
the 4T1 cell line is very similar to human breast cancer®. This cell line is a triple-negative breast cancer (TNBC)
molecular type. We know that molecular subtype, stage, and tumor location are key factors in therapeutic strategy
selection®. Unfortunately, inherent or developed resistance of breast cancer cells to chemotherapy, especially in
the TNBC molecular type, hinders therapeutic efficacy in many cases®>*®, and more research is needed to find
alternative or complementary therapies for this type of cancer.

Cell line part

Cell culture

The 4T1 cell line, a triple-negative mouse breast cancer cell line, was purchased from the Iranian Biological
Resource Center (Tehran, Iran). The cells were cultured in a 6-well plate (BioFil, Spain) in RPMI-1640 Medium
(Sigma-Aldrich, USA, R8758) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, USA, F2442)
and 1% Pen Strep (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C with 5% CO2 and 95% humidity.

Plasma treatment of 4T1 cancer cells

Two general strategies were followed for CAP therapy. In the direct approach, the 4T1 cells were seeded in a 96-
well plate (BioFil, Spain) at a density of 1 x 10° cells per well. After removing the medium, cancer cells in a well on
a 96-well plate were covered by 20pL RPMI-1640 Medium. Then, the CAP jet was used to treat the cells vertically
(Fig. 2A). In the indirect approach, 100uL of medium without cells was irradiated by plasma and then added to
the cells seeded in 96-well plates at a density of 1 x 10°cells per well (Fig. 2B). According to the study design, five
groups were defined as follows: (a) Control group of untreated 4T1 breast cancer cells; (b) The 4T1 cells treated
with direct helium plasma; (c) The 4T1 cells treated with indirect helium plasma; (d) The 4T1 cells treated with
direct argon plasma; (e) The 4T1 cells treated with indirect argon plasma. Based on our previous research, the
tube-target distance was fixed at 2 cm™2.

Cell viability assay

IC50, or the half maximal inhibitory concentration, is a quantitative measure of the potency of a substance
in inhibiting a specific biological process or response®”*%. Regarding chemotherapy drugs, the 50% inhibitory
concentration is the anticancer drug concentration, causing a 50% reduction in cell viability. Determining the
IC50 dose is a fundamental aspect of preclinical and clinical pharmacology, contributing to the effective and safe
use of chemotherapy drugs in cancer treatment®*%. For IC50 calculation, different substance concentrations
are tested, and the degree of inhibition is measured. The resulting data generates a dose-response curve, and the
IC50 value is calculated using statistical methods®-%2. Given that differing durations of plasma exposure lead
to varying concentrations of RONS, the IC50 values were employed to investigate the optimal exposure time to
achieve a 50% reduction in cell viability.

After 2 passages, cells were detached using 0.25% trypsin-EDTA (Life Technologies, USA). The 4T1
cells (at a density of 5x 10°per well) were seeded into a 96-well polystyrene microplate (BioFil, Spain) with
100pL of culture medium per well. The cells were cultured for 24 h to ensure appropriate stability and cell
adhesion. After removing the medium, dead cells were eliminated by a single wash with phosphate-buffer saline
(PBS) (Sigma-Aldrich, USA, 806552), and fresh medium was added. For the IC50 dose determination, cells
were exposed to different plasma gases for 20, 40, 80, 160, and 320 s, using direct and indirect approaches.
After that, cancer cells were incubated for 24, 48, and 72 h at 37 °C. To assess cell viability at these times, an
MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide) assay (DNAbiotech, DMA100) was
conducted according to the manufacturer’s protocol. After washing with PBS, 100 puL of MTT solution was
added, and cells were incubated at 37 °C in a humidified incubator with 5% CO2 for 3 hours. Then, the MTT
solution was removed, and 100uL of MTT solvent (0.4% (v/v) HCl in anhydrous isopropanol) was gently added
to each well. All the measurements were done either after 10 min or within half an hour using a microplate
reader (Spectrostarnano, Germany) at an absorbance of 570 nm, following 30 s of linear shaking. For accuracy,
all of the measurements were repeated three times in triplicate.

Apoptosis and cell cycle analysis by flow cytometry

After treating cells with CAPs IC50 doses, the 4T1 cells were incubated for 24 h, 48 h, and 72 h, based on
cultivation time obtained from the MTT assay. Early and late apoptosis quantification was assessed using the
Annexin V-FITC/PI apoptosis detection kit (Sigma-Aldrich, USA, CBA059), following the manufacturer’s
instructions. Briefly, CAP-treated cells were washed with PBS, resuspended in 100 ul of binding buffer, and
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Fig. 2. (A, B) Schematic representation of direct and indirect CAP treatment in vitro, respectively, (C, D)
Schematic representation of direct and indirect CAP treatment in vivo, respectively.

stained with 5 pl FITC-conjugated Annexin-V for 15 min in darkness at room temperature. Then, cells were
washed, resuspended in 250 ul binding buffer, and incubated with 5 pl Propidium Iodide (PI) (Sigma-Aldrich,
MO, USA) for 10 min. Additionally, the DNA content was determined to quantify the G1, S, and G2/M phases of
the cell cycle. Following treatment, the plasma-treated cells were separated using 0.25% trypsin-EDTA (Sigma-
Aldrich, USA, T4049). After detachment, the cells were washed with PBS and fixed with ice-cold 70% ethanol
for 2 h. Then, the cells were washed with PBS, treated with 50 pug/ml RNase A (Sigma-Aldrich, USA, R6148) for
30 min, and incubated with Propidium Iodide. The results were analyzed using the BD FACSCalibur cytometer
(BD Biosciences, San Jose, CA, United States).

Ferric ion reducing antioxidant power (FRAP) assay

Sample preparation

The 4T1 cells were harvested from the wells and centrifuged at 1500 rpm at 4 °C for 5 min. After discarding the
supernatant, 200 pl of Triton X-100 (Sigma-Aldrich, USA) was added to the cells, and the mixture was pipetted
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and shaken for 30 min on ice. Then, the cells were lysed using a sonicator device (frequency 50 Hz, amplitude
80, half cycle per second) (Ultrasonic Technology Development Company, Iran). After that, the mixture was
centrifuged for 15 min at 14,000 rpm at 4 °C, and the supernatant comprising the cell lysate was collected for
future testing.

FRAP assay protocol

The FRAP assay method was performed to detect total antioxidant capacity (TAC). The FRAP reagent was
prepared as follows: 300mM acetate buffer solution (ACS reagent, =99%, Merck, Germany,236500), with a pH
of 3.6, 10mM 2,4,6-tripyridyl-s-triazine (TPTZ) solution (Sigma-Aldrich, USA, T1253) in 40mM hydrochloric
acid (Merck, Germany, H1758), and 20mM iron (III) chloride (Merck, Germany, 157740) were mixed in a 10:1:1
ratio. A 150pL of the FRAP reagent was mixed with 20uL of the sample, 20uL of ascorbic acid (Merck, Germany,
A1300000) as a positive control, and 20uL of distilled water as a blank. The absorbance was measured using a
microplate reader (Spectrostarnano, Germany) at an absorbance of 593 nm. The FRAP value was calculated
using the following equation: FRAP value = [(A1-A0)/ (Ac—A0)] x 2, where Al is the absorbance of the
sample, A0 is the absorbance of the blank, and Ac represents the absorbance of the positive control.

Reactive oxygen species (ROS) assessment

A fluorescence spectrophotometer (Perkin Elmer LS-55, USA) was used to assess the total ROS. Initially, a fresh
solution of 237’- dichlorofluorescein diacetate (DCFDA) (ab-113851) was prepared in sterile Dimethyl sulfoxide
(DMSO, Merck). The cancer cells were incubated with DCFDA at 37 °C for 45 min in the dark. To remove cell
membranes, the mixture was centrifuged at 12,000 rpm for 30 min, and the sample’s absorbance was measured
at wavelengths of 488 and 593 nm.

Animal part

Laboratory animals

Twenty 8-week-old female Balb C mice weighing 20-25 g were purchased from the Pasteur Institute of Iran. The
animals were kept in standard condition (light-dark cycle 12:12 h, temperature 22 +2 “C, and humidity 45-55%).

Breast tumor implantation

The 4T1 mouse model of breast cancer is a well-established model to mimic human mammary carcinoma,
especially Stage IV triple-negative breast cancer®®. Cancer cells were cultured in RPMI-1640 Medium, enriched
with 10% FBS and the antibiotics penicillin and streptomycin (1% pen/strep). Cells were maintained at 37 °C
in 5% CO2 under 90-95% humidity and subjected to sequential passages using trypsin (Gibco, Thermo
Fisher Scientific Inc, Rockford, USA) and PBS. Animals were anesthetized by intraperitoneal (i.p.) injection of
ketamine (Bremer Pharma, Germany) (100 mg/kg of body weight) and xylazine (Alfasan, Woerden, Holland)
(10 mg/kg of body weight) mixture. For tumor induction, 5x 10° cells were injected subcutaneously into mice
at a total volume of 10uL. After 2 weeks, the animals were randomly divided into 5 groups (n=4) as follows:
(a) the control group (with no treatment), (b) the direct helium plasma-treated group, (c) the indirect helium
plasma-treated group, (d) the direct argon plasma-treated group, and (e) indirect argon plasma-treated group.
All animal protocols of this study were reviewed and approved by the Ethics Committee of Shahid Beheshti
University of Medical Sciences (ethics code: IR.SBMU.CRC.REC.1401.039) under the ARRIVE guidelines.

CAP therapy in an animal model of breast cancer

Fifteen-day post-tumor induction, a single plasma therapy session was administered to the tumor region, either
directly (Fig. 2C) or indirectly (Fig. 2D). The gas flow rate, exposure time, tube-target distance, and voltage of the
CAPs jet were designated based on in vitro cell culture results. The duration of plasma therapy was determined
based on IC 50 doses obtained from the MTT assay, and the tube-target distance was maintained at approximately
2 cm. In the direct approach, plasma was irradiated onto the tumor region at a constant frequency. In the indirect
approach, plasma-activated media were injected into the center of the tumor at a dose of 50 ul. No significant
temperature change was observed during the plasma treatment.

Tumor size and mice weight evaluation
Tumor size was measured using calipers on days 1 (pre-treatment) and 7 (post-treatment). Body weight was also
monitored.

Histological evaluation

One day after the last plasma treatment, the mice were anesthetized via intraperitoneal injection of ketamine
(50 mg/kg) and xylazine (5 mg/kg), then euthanized by cardiac exsanguination. The tumor tissue of all mice was
separated and fixed with 10% formalin (Sigma-Aldrich, USA, HT501128). After 48 h, the steps of dehydration
with alcohol, clarification with xylol, impregnation with paraffin (Bio Optica, Italy), molding, and then sectioning
were performed. Hematoxylin -Eosin (QUELAB, Canada) staining was done, and slides were analyzed by light
microscope (OPTICA, B-383Plj, Italy). The Nottingham Grading System was used to determine histological
scores in breast tumors in all groups. The Nottingham histological grading score gives a score of 1 to 3 for each
parameter: degree of mitosis, nuclear pleomorphism, and tubular formation. The final histological grade is based
on a summation of the individual scores of the three parameters as follows: Grade 1 =the sum of the individual
scores in Grade 1 is 3, 4, or 5; 6 or 7 in Grade 2; and 8 or 9 in Grade 3%
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Statistical analysis

The statistical significance level was set at p<0.05, and all data analysis was performed using SPSS Statistics
27.0, PRISM 9.5.1 (GraphPad software) and TIBCO' Statistica. Statistical analyses were performed on three
replicates of data obtained from each treatment. Following the assessment of normality, the results were analyzed
using analysis of variance, and the study presents descriptive statistics expressed as means+ SD. The trends in
mouse weight, tumor size, and the results of the plasma therapy test were evaluated through a two-way ANOVA
repeated-measures analysis of variance followed by post-hoc Duncan testing. To analyze the variables among
different study groups (TAC, ROC, cell cycle, histological score, and apoptosis), a one-way analysis of variance
and Duncan post hoc test were utilized.

Results

In vitro results

OES assessment of CAP jets

Figure 3A, B shows the optical emission spectrum (OES) diagrams of helium and argon plasma jets. The presence
of emission lines corresponding to the excitation of helium atoms® (characteristic helium peaks around 587 nm,
667 nm, 706 nm, and 728 nm) and argon® (the characteristic argon peaks as shown in Fig. 3B) confirms that gas
ionization has occurred and plasma has been generated. A strong peak at approximately 309 nm®’, corresponding
to hydroxyl (OH) compounds, is apparent in both diagrams; this indicates that such radicals are produced in the
plasma environment of both jet devices. The appearance of a series of peaks in the 310-380 nm range in both
diagrams is related to the excitation of nitrogen molecules, particularly the transitions of the second positive
system (SPS)%®%. In addition, the peaks related to the excitation of atomic oxygen appeared in both plasma
jets. The visible peak at 777 nm in the helium plasma jet and 844 nm in the argon plasma jet confirmed the
excitation of atomic oxygen”’. In the optical emission spectrum of the helium plasma jet, the peak at 285 nm is
observed, which corresponds to nitrogen oxide (NO) species’’. The nitrogen oxide (NO) species are produced
from reactions among radicals and active oxygen, and nitrogen species are generated through the interaction of
plasma with ambient air. Also, hydrogen atoms may be produced by dissociating some hydroxyl (OH) radicals®.

The effects of helium and argon plasmas on 4T1 tumor cell viability

MTT assay was performed to assess the best exposure time for helium and argon CAP therapy in direct and
indirect approaches. The cancer cells were treated at five times of 20, 40, 80, 160, and 320 s, and cell viability was
evaluated 24, 48, and 72 h after continuous culture following plasma exposure. The exposure times were selected
based on our previous study®. Our data showed that the cell death rate is influenced by plasma exposure time
and the duration after cultivation. Based on the calculated IC50 values, the optimal exposure times were 66.52 s
at the 24-hour post-treatment time point, 110.6 s at the 48-hour post-treatment time point for indirect helium,
155 s at the 72-hour post-treatment time point for direct argon, 214.8 s at the 72- hour post treatment time point
for indirect and indirect argon CAPs, respectively (Fig. 4). Based on these results, it can be concluded that direct
helium plasma has a faster onset of action and induces cell death in a shorter exposure time. These data align
with previous studies demonstrating the time-dependent cytotoxic effects of CAP on cancer cells.

Evaluation of early and late apoptosis and necrosis in 4T1 cells exposed to various CAPs

The effect of CAPs on early, late, and total apoptosis was measured by flow cytometry using annexin V-FITC/PL
The apoptosis rate of 4T1 cells significantly increased in all CAP-treated groups compared to the control group
(P<0.001). As shown in Fig. 5 and B, direct helium (54.96 +2.55) and direct argon CAPs (43.73 +3.89) induced
more total apoptosis in 4T1 cells compared to the control group (4.68 £0.45), respectively. These results suggest
that helium plasma exhibits a faster onset of action than argon plasma and demonstrates greater efficacy in
inducing apoptosis in the 4T1 cancer cells. Interestingly, plasma has no significant effect on the rate of necrotic
cell death.
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Fig. 3. Optical emission spectra of cold atmospheric(A) helium and (B) argon plasma jets.
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Fig. 4. Relative viability of 4T1 cells after treatment for 20, 40, 80, 160, and 320 s with different gas plasmas
and 24, 48, and 72 h of culture after treatment with plasma. * Means followed by the same letter are not
significantly different (p <0.05).

Since failure in cell-cycle control contributes to cancer incidence, we studied the effect of plasma treatments
on cell cycle progression in 4T1 cells. Fragmentation of internucleosomal DNA is accepted as one of the best-
characterized biochemical markers of apoptosis. The sub-G1 phase is an abnormal phase in the cell cycle that
is usually associated with the occurrence of apoptosis. As mentioned, we observed increased cell death in all
treated groups. This increase in apoptotic cell death was correlated with a rise in the percentage of cells in the
sub-G1 phase, especially in the direct helium (90.59 + 1.88) and direct argon (83.9£1.13) CAP groups compared
to the control group (7.45+0.65). In addition, CAP therapy significantly decreased DNA content in the G1 phase
in all treated groups, especially in the direct helium CAP (3.85+0.88) and direct argon CAP (6.31+0.6) groups
compared to the control group (80.44+2.61), which can indicate the effects of plasma in preventing cells from
entering the cell cycle and preventing cell division (Fig. 5C, D).

Total antioxidant capacity and reactive oxygen species level assessment in different CAP groups

The levels of intracellular ROS and TAC were analyzed to explore the possible mechanism of plasma therapy on
4T1 cancer cells. Plasma therapy significantly increased the concentration of reactive oxygen species, while TAC
levels significantly decreased in all treated groups (P <0.001). The highest increase in ROS was observed in the
helium direct CAP (175+6.24) and the argon direct CAP group (168.67 +4.51) compared to the control group
(91.67 £7.64) (Fig. 6A). Although helium plasma produced higher levels of ROS compared to argon plasma,
this difference was not statistically significant. The greatest decrease in TAC levels was also observed in the
direct helium CAP (12.78 +0.44) and direct argon CAP (13.44+1.16) groups, compared to the control group
(19.09 +2.05) (Fig. 6B).

The effect of plasma therapy on tumor size in the different groups

To investigate the direct and indirect effects of helium and argon plasma on the tumor in vivo, the size of the
tumor was measured on the first day (before treatment) and after seven days (after the last treatment). As
observed in Fig. 7A and B, while the tumor size increased in the control group (2753 £349.11) on the seventh
day, a single CAPs treatment prevents breast tumor growth in all treated groups, especially in the direct helium
(687.25+118.88), and direct argon (505.5+18.07) CAP groups. While the direct argon plasma-treated group
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plot of flow cytometry data. Comparing the rate of apoptosis and necrosis of 4T1 cells due to CAP therapy.

(C) Evaluation of cell cycle distribution in response to various plasma jet treatments. (D) A quantitative
comparison of the CAPs effect on the proportion of cell cycle arrest in 4T1 cells. * Means followed by the same
letter are not significantly different (p<0.05).

exhibited a greater tumor size reduction than the direct helium group, this difference was not statistically
significant.

The effects of plasma jets on the animal weight
As shown in Fig. 8, the animal weight in the control group on day 7 significantly decreased compared to day in
the control group, and plasma therapy prevents weight loss in all studied groups.

The effects of plasma jets on animal survivability

Kaplan-Meier analysis showed that plasma therapy significantly increased the median survival of animals
compared to the control group (Fig. 9). The highest survival rate was observed in the direct helium (56 +0) and
direct argon CAP (50.33 +5.67) groups compared with the control group (30.17 +5.90). While the survival time
in the direct helium plasma-treated group was longer than that of the direct argon plasma-treated group, this
difference was not statistically significant.

H&E staining of tumor tissues

Hematoxylin and Eosin (H&E) staining was done to determine histological scores in breast tumors in all groups.
As shown in Fig. 10A, most of the cells had high proliferation and were mainly in the mitosis phase, which
indicated the high activity of tumor cells in the control group. However, the cell proliferation rate decreased in all
CAP-treated groups. Overall, the results showed that plasma therapy caused a significant decrease in the degree
of mitosis, nuclear pleomorphism, and tubular formation, defined as Nottingham’s histological score, compared
to the control group (Fig. 10B). The most significant reduction in histological score was observed in the direct
helium and direct argon groups, with no significant difference between them. Furthermore, angiogenesis and, as
aresult, blood supply decreased in the treated groups compared with the control group (Fig. 10A).
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Fig. 6. (A) Evaluation of the reactive oxygen species level (ROS), and (B) The total antioxidant capacity (TAC)
in 4T1 cells exposed to different CAPs. * Means followed by the same letter are not significantly different
(p<0.05).
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Fig. 7. (A) Schematic representation of tumor measurement by caliper on 1st day, and (B) Comparison of
tumor size (mm?) in different studied groups on 1st and 7th day. * Means followed by the same letter are not
significantly different (p <0.05).
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Fig. 8. The weight of mice in different studied groups on the 1st and 7th day. * Means followed by the same
letter are not significantly different (p <0.05).

1.0 s o o peseay e e paeip o 5 == control
4 =%« Direct helium CAP
= ) ~4— Indirect helium CAP
E 4 =%+ Direct argon CAP
@»n
s 0.5 1 , = indirect argon CAP
] o
=
Q e :
i Estimate
Control 30.17°+5.90
1 Direct helium  56.00*0.00
0.0 T T T T T Indirect helium ~ 46.50°+3 43
0 10 20 30 40 50 Direct argon
Indirect argon  45.00°+5.75

Time of survivavility (days)

Fig. 9. Kaplan-Meier plot to analyze the difference in Mean survival time of mice treated with different
plasmas therapy 8 Weeks Post-Treatment. * Means followed by the same letter are not significantly different
(p<0.05).

Discussion

Breast cancer is the most common cancer in women worldwide and the second cause of death from cancer.
In 2020, 2.3 million women were diagnosed with breast cancer, and 685,000 deaths were recorded globally.
Approved therapeutic strategies, including surgery, radiotherapy, chemotherapy, immunotherapy, hormone
therapy, or a mixture of these options, are effective in cancer treatment and increase patient overall survival’!.
Surgery is the primary treatment due to its minimal side effects and complications. Additional therapies are
used to prevent disease recurrence. Nevertheless, inherent or acquired resistance of tumor cells to cell death-
induced by additional therapies and their ability to invade host tissues and metastasize to distant sites impedes
therapeutic efficacy, especially in the aggressive triple-negative breast cancer molecular type®®’2 The increase
in mortality from breast cancer and the occurrence of various severe side effects such as organ damage and
reduction in overall quality of life indicate that more research is needed to find complementary or alternative
therapeutic strategies™.

CAP technology has emerged as an innovative tool for various biological and medical sciences””*.
Applications of CAP in cancer therapy have been recommended for more than 15 years, leading to the
establishment of a new field in medicine called “plasma oncology”. Although many studies exhibit specificity of
CAP for in vitro and in vivo treatment of breast cancer, our study, for the first time, aims to compare the optimal
exposure time, duration, and direct or indirect dependent effects of two CAPs based on helium and argon gases,
in a triple negative cell line and an animal model of breast cancer.

Based on the calculated IC50 values, the optimal exposure times were 66.52 s at the 24-hour post-treatment
time point for direct helium, 110.6 s at the 48-hour post-treatment time point for indirect helium, 155 s, and
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Fig. 10. (A); Tumor tissue hematoxylin and eosin (H&E) stain of five animal groups, and (B); Quantitative
plot of histological score of tumor samples. * Means followed by the same letter are not significantly different
(p<0.05).

214.8 s at the 72-hour post-treatment time point for direct and indirect argon CAPs, respectively. These data,
consistent with previous studies, revealed that CAP has time-dependent toxicity on cancer cells®>7>7°,

Our results also showed that CAP induces sub-G1 arrest in the 4T1 cell line and increases apoptotic cell
death in direct and indirect approaches. An extensive array of plasma devices and feed gas settings was used
across different studies to investigate the toxicity in breast cancer in vitro*"**77-7° and in vivo®8%8!, Intensive
literature has focused on using helium and argon because they produce stable plasma due to their monatomic
nature, chemical inertness, and lower ionization potentia182’83. All studies showed cytotoxic or growth-inhibiting
effects of plasma in the breast cancer cell lines and an animal model of breast cancer®-*°. In this regard, Mirpour
et al. reported that the direct helium plasma treatment reduces metastatic behavior, increases apoptosis, and
delays DNA fragmentation in the sub-G1 phase of 4T1 cells**. Although plasma therapy in direct and indirect
approaches induced apoptosis, our results showed that the total apoptosis rate was higher in direct helium
and direct argon groups, respectively. In confirmation of our results, many studies also report the therapeutic
advantages of direct gas plasma on various molecular subtypes of breast cancer cell lines and animal models
of breast cancer?*34-86, While the direct application approach had the highest apoptosis rate, indirect plasma
treatment also induced a significant level of apoptosis compared to the control group. Some studies aligning
with our data also state that solutions activated by cold plasma can induce cancer cell apoptosis and reduce
the number of metastatic nodules®®%”. This makes it a clinically compatible treatment modality, especially for
treating less accessible tumors or those with high metastatic potential.

The precise mechanisms of CAP’s oncological advantage are not completely clear; however, more research
confirms that gas plasma-induced ROS/RNS, both in vitro and in vivo, are responsible for the cellular responses
induced by CAP in atmospheric air or solution®®%. The balance between the extent of the induced oxidative
stress and the antioxidative mechanisms in the cells would render the cells toward death or survival’>?. In the
normal state, an antioxidant system of the cell simultaneously detoxifies ROS and maintains redox balance”!.
Elevated levels of reactive species produced by cold plasma disrupt redox homeostasis and induce oxidative
stress®®?3. Consistent with the literature, our results also showed that after CAP therapy, intracellular ROS levels
significantly increased, while TAC levels significantly decreased. The highest levels of ROS and the lowest levels
of TAC were reported in direct helium and direct argon CAPs treated cell lines, consistent with the apoptosis rate
and more potent cell cytotoxicity of the direct approach.

CAP-induced RONS initiate lipid peroxidation, compromising membrane integrity and facilitating ROS
influx. This intracellular oxidative stress triggers a cascade of cellular events leading to cell death®**. It has been
known that the interaction between ROS signaling and calcium signaling increases mitochondrial membrane
permeability, elevating the release of cytochrome c (a key pro-apoptotic protein), and triggers the activation of
apoptotic signaling in cancer cells via the mitochondrial pathway®®”. Besides the interaction between ROS and
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calcium signaling, ROS can cross the nuclear membrane and induce DNA damage in cancer cells, leading to cell
death?>%7.

It is a fact that differences in ionization potential among gases lead to plasmas characterized by unique
concentrations and compositions of reactive species®!>. For example, the higher electron temperature of helium
plasma, facilitated by its superior excitation energy and lower mass, enables efficient nitrogen ionization. In
contrast, the lower metastable energy of argon limits its ionizing capacity. Additionally, the reduced electron
density of helium prolongs the lifetime of excited species, enhancing NO formation®®-1%1. Although total levels
of reactive species were similar between the helium and argon plasmas, the composition and concentration of
these species differed significantly, which may account for the varying rates of apoptosis between the two types
of plasma.

As mentioned, plasma ROS is responsible for plasma-induced cancer cell death. Various parameters control
plasma jet output (ROS, UV, ozone, ion, etc.), including plasma jet source design, capillary tube geometry, gas
flow characteristics, target geometry, tube-target distance, and electrical characteristics. Manipulating these
parameters changes CAP composition and RONS concentration, which can cause different effects on the
cancer cells!®2, In addition, as we know, the CAP cytotoxicity is due to short-lived species, long-lived species,
and physical factors!®. It has been reported that short-lived species and physical factors after production in a
medium were decreased or eliminated compared to direct treatment®*1%%, In confirmation of our results, some
studies state that the direct treatment approach is more effective than the indirect approach, emphasizing the
importance of CAP-generated short-lived species and physical factors for growth inhibition and cell cytotoxicity
of tumors®>8%193, Since the presence of various free radicals, their concentration, and their type (long-lived or
short-lived species) play crucial roles in CAP anti-cancer properties, it seems that differences in the geometry of
the plasma jet, the kind of gas input, and the type of treatment approaches can change these parameters and be
the possible cause of the difference in our treated groups.

In line with in vitro findings, plasma therapy with direct and indirect helium and argon gases significantly
reduced tumor size. Tumor shrinkage in CAP-treated groups confirmed the efficacy of CAP alone in preventing
breast tumor growth in vivo. In addition to reducing tumor size, CAP prevented weight loss and increased overall
survival in all treated groups. These data, consistent with previous studies, demonstrate CAP’s selective targeting
of cancer cells over normal cells and its safety profile®>®3. Standard cancer treatments such as chemotherapy and
radiotherapy target both cancer cells and healthy cells, leading to numerous side effects, including weight loss
and decreased survival®>%, Differences in the number of aquaporins and the amount of membrane cholesterol
between malignant and non-malignant cells may explain the potential selectivity of CAP?’.

Although apoptosis induction is the main reason for the antiproliferative effect of CAP on cancer cells,
reduced angiogenesis can be another possible reason for decreased tumor volume in plasma-treated groups of
our study and can considered a promising therapeutic approach of CAP in the field of oncology®*.

Our histological results showed that plasma therapy led to a significant decrease in Nottingham’s histological
score. The stage and grade of breast cancer tumors affect the type of treatment and prognosis. Studies confirmed
that a decrease in histological score resulted in a better prognosis for breast cancer®*!%. The down-scoring of
breast cancer and tumor size in response to plasma therapy may be promising for breast-conserving surgery
instead of mastectomy in the clinical stage. The main challenge in presenting this therapeutic approach is
verifying its safety. Involuntary weight loss is one of the main side effects of cancer and its treatment®”. Our
results showed that plasma therapy prevented significant weight loss in all treated groups, especially in direct
CAP helium and direct CAP argon groups. The lack of weight loss, along with the increased survival rate, can
confirm the safety of this treatment protocol.

The potential of gas plasma for selectively targeting breast tumor cells and its safety highlight the promising
potential of CAP in breast cancer therapy alone or in combination with other therapeutic protocols in the clinical
stage!9>106. However, there are challenges for the clinical implementation of gas plasma medicine, and only a few
clinical trial studies have been registered. For the first time, Canady et al. evaluated the CAP’s ability to prevent
tumor recurrence in a clinical trial study. The promising findings of their study demonstrated the device’s ability
to control residual disease and improve patient survival (Clinical Trials identifier: NCT04267575)°. Additionally,
Metelmann et al. reported that direct exposure of the head and neck tumors or their bed to gas plasma has
therapeutic advantages'”’. However, more studies with a larger sample size are needed to approve CAP therapy
as an approved cancer protocol.

Conclusion

For the first time, we aimed to evaluate and compare the optimal exposure time and direction-dependent cellular
effects of helium and argon gas plasma on 4T1 cancer cells and a triple-negative mouse model of breast cancer.
Our findings indicate that direct helium plasma treatment significantly enhanced apoptosis in 4T1 cancer cells
within a shorter exposure time and also led to a higher proportion of cells arrested in the sub-G1 phase. These
results, along with the reduction in tumor size and prolonged survival in animals provide a possible rationale for
the clinical application of direct helium plasma. Although the direct treatment approach demonstrated higher
cancer cell cytotoxicity compared to the indirect approach in our study, it may be challenging to apply deep
within certain subjects. One of the greatest advantages of PAM is its potential for storage at room temperature
or frozen while retaining its anti-cancer properties. This makes it a clinically compatible treatment modality,
especially for treating less accessible tumors or those with high metastatic potential.

Data availability
Data used and/or analyzed in the current study are available from the corresponding author upon request.
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