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ABSTRACT: The unbalanced lifestyle and rampant use of modern medicine are the lead-
ing causes of life-threatening cancer disease prevalence. In the last few decades, chemo-
therapy and other medication techniques promised to cure cancer. However, cold plasma 
on cancer cell lines gets little attention due to a lack of understanding of the detailed mech-
anism of action. In the contemporary time frame, it is well established that cold plasma 
therapy is one of the best alternatives for treating cancer. The selectivity of cancer cells by 
plasma treatment has a unique potential as therapeutics in future clinical practices. In this 
study, we analyzed the potential of cold atmospheric plasma (CAP) irradiated medium as 
a promising anti-cancer tool by using a high-voltage power source with a 20 kHz operat-
ing frequency. The discharge was generated with argon as working gas and characterized 
by optical emission spectroscopy. Eagle’s minimum essential medium (EMEM) was treated 
with CAP utilizing argon as a plasma source at 2–3 kV for varied time durations (0 min, 1 
min, 2 min, 3 min, 4 min, and 5 min) to demonstrate the anti-cancer capabilities of CAP 
treated media. The treated media culture grows cervical cancer cells (HeLa), breast cancer 
cells (MCF-7), mouse fibroblast cell line (3T3), and the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay was carried out to determine the cell viability 
and inhibition rate. Our results revealed a considerable difference in viability between can-
cer cells and normal cells as treatment time increases from 1 to 5 min. The cell viability 
for HeLa (15.23%) and MCF-7 (16.18%) as compared to 3T3 cells (134.56%). This study 
provides evidence for the potential of CAP-treated media as an avenue for an anti-cancer  
representative.
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I. INTRODUCTION

Cancer is defined as the abnormal growth of cells that might originate from the 
evolution and division of cells, steady growth, evading programmed cell death, un-
controlled cell division, angiogenesis, and invasion of tissue, and creation of me-
tastasis causes dysfunctionalities of normal cells within the human body. All tumor 
cells display these six hallmarks mentioned above of cancer, with these features 
producing a malignant tumor.1 Cancer is one of the leading causes of death in the 
twenty-first century and the most severe impediment to increasing global life expec-
tancy. There are about 200 types of cancer, often triggered through a histological 
level where the disease was discovered for the first time.2 Breast cancer and cervical 
cancer are the two most frequent cancer worldwide. Despite significant advances in 
medical sciences and biology, developing new, practical, and inventive cancer treat-
ment methods remain complicated, requiring diverse collaborations. Chemotherapy 
is well established traditional cancer therapy adapted globally. However, the severe 
side effects of chemotherapy make it urgent to search for alternative cancer treat-
ment methods with high accuracy and economic viability.3 So, cancer researchers 
are constantly trying to identify innovative and practical tools to lessen the severe 
side effects of traditional cancer treatments.

Ionizing different gases produce plasma into an electric field by decomposing 
various reactive species, sub-atomic particles, and neutral particles.4 This electroneu-
tral mixture of particles with quanta of electromagnetic radiation and strong electrical 
fields5–7 makes plasma to be applicable in different fields such as material processing, 
biomedical, environmental remedies, food safety, water treatment, and so on.8 Cold 
plasma; described by specific difference between the electron temperature and other 
species temperature, is generated under slight conditions of atmospheric temperature 
and pressure.9 Cold plasmas can be used as practical tools for the scientific administra-
tion of various organisms ranging from microbes to human beings.10–14 Moreover, the 
application of cold atmospheric plasma (CAP) in cancer treatment is a new area of 
interest in contemporary research, as it has a broad perspective in various biomedical 
applications such as treatment of dermatological disorders, cardiovascular disorders, 
dental problems, wound healing, and multiple types of cancer.11–13,15,16 The scope of CAP 
for cancer therapy is rapidly mounting to address previously untreatable targets, such 
as those with metastatic potential and medication resistance. Integrated research on the 
multi-dimensional effect of CAP in cancer treatment is required to proceed toward a 
widespread clinical application of CAP.17

The science behind plasma cancer treatment and possible clinical implementation 
has been crucial for a better understanding of the application of plasma in cancer treat-
ment. In this work, we analyzed the effectiveness of CAP in cancer treatment. Under 
mild conditions, simple devices such as corona discharges, glow discharges, dielectric 
barrier discharges, and plasma jets are widely used to generate plasmas with predefined 
characteristics.14,18 Nevertheless, due to CAPs’ unusual chemistry and significant reac-
tivity, many chemical reactions can occur that would be difficult or impossible to achieve 
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using other standards methods.14,19,20 Furthermore, numerous previous investigations on 
diverse uses of CAP revealed the rapid evolution and promising source for this new 
interdisciplinary division between physics and medical sciences. Despite several docu-
mentations of plasma disinfection and therapies, the mechanism of actions of plasma 
with biological belongings such as plant seeds, living cells, or microorganisms remains 
unknown to date.21 In this study, we analyzed the application of CAP in potential use as 
an alternative for cancer cell treatment through in vitro MTT assay.

II. MATERIALS AND METHODS

A. Experimental Setup

The experiment was conducted using argon as a principal working gas. The detail of 
the experimental setup is shown in Fig. 1. The plasma jet setup consists of a two-elec-
trode system; the lower electrode was constructed with a copper tape of 1 mm thickness 
wrapped around an outer part of the quartz tube (4 mm in diameter), and the upper elec-
trode was made up of stainless steel with gas inlet fitted in the inner part of the quartz 
tube (3 mm in diameter). A high voltage power supply was connected to the upper elec-
trode, and the lower electrode was grounded. The two electrodes were set at a distance 
of 12.5 mm, while the gap between the nozzle and sample was set at 20 mm. The gas 

FIG. 1: (a) Schematic diagram and (b) working conditions of atmospheric pressure argon plasma 
jet
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flow rate of argon was set at 2 liters/min. The applied voltage and frequency were 2 kV 
and 20 kHz, respectively.

B. Chemicals

Eagle’s minimum essential medium (EMEM), fetal bovine serum (FBS), phosphate 
buffered saline (PBS), glutamine, penicillin, and streptomycin were purchased from 
Caisson Lab, USA. Dimethyl sulphoxide (DMSO) was purchased from Merk, Germany, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye was pur-
chased from Himedia, India, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased 
from Sigma-Aldrich, USA.

C. Cell Culture and Growth Conditions

To maximize the cell harvest, the cells were subjected to various steps to grow and re-
produce correctly, including cell trypsinization, cryopreservation, and cell revival. In a 
water bath, the cryopreserved cells were thawed. The cell suspension was mixed with 
medium and centrifuged at 300 g for 4 min. Then, the suspension was combined with 
EMEM in a T-25 cell culture flask and incubated in a CO2 incubator. Next day, the ap-
propriate media was changed. At the sub-confluent stage, the cells were passaged. In 
a 15 mL centrifuge tube, the trypsinized cell suspension was collected. The cells were 
extracted by centrifuging them for 4 min at 300 g at 25°C.

D. Analysis of Cell Viability

The cell viability of analyzed cell lines against plasma treatment was determined using 
MTT (3-[4, 5-dimethylthiazole-2-yl]-2,5-diphenyl-tetrazolium bromide) colorimetric 
assay with slight modification. HeLa, MCF-7, and 3T3 cells were grown in T-25 flasks 
with EMEM medium supplemented with 10% FBS, 1% penicillin/streptomycin, and 
1% L-glutamine. The culture was incubated at 37°C in a 5% CO2 incubator.22 Following 
80% cell confluence and attachment, the number of cells grown for 48 hours in a 96 well 
cell culture plate was around 1.5 × 104 per well for all the cell lines before introducing 
plasma activated medium (PAM). The number of cells was calculated using a hemocy-
tometer. The PAM was administered at different times (1, 2, 3, 4, and 5 min). After a 
48-hours incubation, the supernatant was collected from each well, and 50 µL of 5 mg/
mL MTT was added. A purple formazan product was generated after 4 hours of incuba-
tion. Around 100 µL of 2.5% DMSO (v/v) was used to dissolve the formazan crystals. 
At 595 nm, the absorbance was measured with a microplate reader (Azure Biosystems) 
as the best absorbance was found in that wavelength.23,24 The following formula was 
used to compute the percentage of cell viability.

	 Percentage of Cytotoxic Activity = At/A0 × 100% �
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where A0 represents the absorbance of cells without PAM, and At represents the absor-
bance of cells with PAM.25

E. DPPH Free Radical Scavenging Assay

The free radical scavenging activity was assessed by DPPH assay.26 In brief, 1 mL of 
plasma-treated media (1–5 min) mixed with 3 mL DPPH (100 µM) and incubated in the 
dark for 30 mins. Then, the reaction mixtures’ absorbance was measured at 517 nm in 
UV-visible spectrophotometer (UV-Shimadzu, 1800).

F. Statistical Analysis

All data were analyzed triplicate and presented as mean ± standard deviation (mean ± 
SD) except for the variability calculation, where data are presented as mean ± standard 
errors (mean ± SE). Data were analyzed by one-way analysis of variance (ANOVA) us-
ing IBM SPSS version 24. All graphical representation were prepared by Origin 2018 
and GraphPad Prism version 6.

III. RESULTS AND DISCUSSION

A. Characterization of Cold Plasma

An optical fiber visual analysis was used to assess our CAP device. At atmospheric condi-
tions, the plasma jet discharge was made to flow through the optical fiber, and the spectra 
were captured by the Ocean Optics (USB 2000+). Figure 2 depicts the discharge spectra as 
a plot of the intensity wavelength at atmospheric pressure. The argon flow rate was 2 L/min. 
The electron temperature Te is determined using the Boltzmann plot method given by Eq. (1).

Moreover, the discharge of plasma was characterized by the Boltzmann plot. A total 
of five suitable lines for Ar II were taken from the optical plot of spectral lines as shown 
in Fig. 2, which represents the optical spectra of the plasma jet taken from the optical 
spectrometer. Assuming a Boltzmann distribution exists, it is a linear plot. Thus, ob-
serving components in the right portion of Eq. 1 demonstrates that the slope (m) of the 
Boltzmann distribution plot represents plasma temperature. The formula to analyze the 
electron temperature (Te) of the plasma was taken from previous studies.27,28

	
T

Cln I
gA

1
K

E
eB

λ = − + � (1)

The selected ArII line’s corresponding energy levels and the statistical weight re-
quired for calculation are presented in Table 1. The values of A, g, and E were taken 
from the National Institute of Standards and Technology (NIST). E is the upper-level 
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energy, KB is the Boltzmann constant, and Te is the electron temperature. The transition 
probability (A), statistical weight (g), and energy levels (E) for the argon II lines were 
obtained from the (NIST) atomic spectra database, and the transition probability, statisti-
cal weight, and energy levels for the argon II lines were derived from the observation. 
The temperature of electrons was calculated during argon discharge at atmospheric pres-
sure, assuming that the local thermodynamic equilibrium (LTE) was achieved.29

The plot of the above equation with E on the horizontal axis and ln(Iλ/gA) on the 
vertical axis. The electron temperature Te determine from the slope of the best fit line. As 
shown in Fig. 2, the electron temperature is 0.79 eV.

B. Anti-Cancer Potential

Cancer has been one of the leading causes of mortality. According to World Health 
Organization (WHO), it accounted for nearly 10 million deaths in 2020.30 With the 

FIG. 2: (a) Optical emission spectra of CAP. (b) The plot between E and ln(Iλ/gA), the slope 
of the linear fit gives the value of 1/KBTe from which, we can obtain the electron temperature of 
the plasma. In this case, we obtain our electron temperature to be 0.79 eV, which is discharged 
with 2.4 kV voltage and 20 kHz applied frequency in an Argon environment (flow rate; 2 liters/
min).

TABLE 1: Data of corresponding lines spectra from the NIST database29

Wavelength (λ) Intensity (I) A*g Energy (eV) ln(Iλ/gA) 
433.707 2030.58 1.4e + 008 21.426 –5.06871
405.292 3849.74 2.7e + 008 20.74 –5.15356
322.597 3519.18 8400000 19.26 –2.00136
723.353 5438.4 1.5e + 007 18.25 –1.33842
738.042 5438.4 2.2e + 007 18.28 –1.70131
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progress of science and technology, there has been a significant improvement in cancer 
therapy and increased quality of life. Nonetheless, the high prevalence of different can-
cers, and each needs a different treatment strategy, makes it challenging to find a par-
ticular treatment. Conventional treatment (chemotherapy) has shown promising results, 
but its toxic nature comes with many sacrifices. Some cancer even develops resistance 
to this treatment method. Besides, the scientific community is working hard to find new 
and efficient alternative treatments to reduce these harmful side effects.31 As cancer is 
unpredictable, holistic, and cost-effective, cancer therapy is critical in justifiable medical 
development.32

In this study, we analyzed the viability of two different cancer cell lines, namely, 
HeLa (Human cervical cancer cell line), MCF-7 (Human breast cancer cell line),33 
and 3T3 (Mouse fibroblast cell line) against the cold plasma treated (1–5 min) growth 
medium. The interaction and activities of cancer cell growth show the inverse relation 
with plasma treatment time. When the medium treatment period approaches 5 min, 
only 15.23% of HeLa and 16.18% of MCF-7 cells remain viable, but in the case of the 
mouse fibroblast cell (3T3), the CAP seems to increase the cell viability by 134.56%. 
Figure 3 depicts the percentage of cell viability of HeLa, MCF-7, and 3T3 cells in vitro 
as a function of treatment time using cold plasma technology. There was no significant 
difference in viability between cancer and mouse fibroblast cell lines when cells were 
grown in 1 min plasma-treated media. In the case of HeLa cells, there are no significant 
decreases in cancer cells for 1 min treated PAM. Similarly, the significant impacts of 
PAM was seen in MCF-7 cell growth. We observed the more cell death in increased 
treatment times of cancer cells. In addition, there is a significant difference in viability 
between cancer cells and mouse fibroblast cells when grown in PAM and treated for 2 
to 5 min. The inhibition percentage of mouse fibroblast cells was negative 34%. While 
the inhibition of HeLa and MCF-7 were acquired up to 84% and 83%, respectively, 
for 5 min treatment time (Fig. 4). Our results revealed a significant change in viability 
impacts of plasma on cancerous and non-cancerous cell lines along with increasing 
treatment time. In the mouse fibroblast cell line, 3T3 cells are less susceptible to CAP 
treated medium than HeLa and MCF-7 cells at all treatment times. This signifies anti-
proliferative impact on cells depended on the duration of CAP treatment of the EMEM 
medium.

Stoffels et al. in 2002 led to the use of plasma jet devices in biomedical applications. 
Their study found that cold plasma has no thermal damage on the surface of organic 
material.34 Laroussi et al. and Lu et al. used helium gas as a carrier and found that it 
can be touched with a bare hand.35–37 Furthermore, Fridman et al. used cold plasma to 
promote blood coagulation and tissue sterilization.38 These findings pave the way for 
cold plasma to be used in the following fields: wound healing, skin disorders, hospital 
hygiene, sterilization, anti-fungal therapies, dental care, cosmetics targeted cell, tissue 
elimination, and cancer treatment.39–43 PAM has cytotoxies properties on cancerous cells 
while having little to no effect on normal cells.44 In this study, we recognized CAP as a 
good alternative for treating cancer cells in vitro. The proliferation percentage of cancer 
cells was restricted to around 15% in 5 min plasma-treated medium.
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In contrast, in the case of 3T3 cells, cold plasma exponentially helped in the prolif-
eration of mouse cells. These results provide evidence of the potential of CAP to have 
anti-cancer properties. Similarly, the absence of 3T3 cell line inhibition by plasma treat-
ment shows the astonishing potential of plasma-treated media to have great ability in 
selective inhibition of targeted cells.

C. �Variability in Impacts of Plasma Treatment in Normal and Cancer 
Cells

The experimentally recorded data points of percent viability of cell lines (y) vs. ex-
posure duration (x) during CAP treatment are best matched with the power function 
provided by Eq. (2).

FIG. 3: (a) Percentage of viability in HeLa cells. (b) Percentage of viability in MCF-7 cells. (b) 
Percentage of viability in 3T3 cells. The results were normalized to 0 min. *p < 0.05.
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	 y = Ax–n� (2)

where A is a constant and x is the exposure duration raised by the power (–n). A = 98.609 
± 1.532 and n = 1.122 ± 0.019 for HeLa cells. In this case, A = 89.029 ± 13.288 and n = 
0.015 ± 0.135 for 3T3 cells and A = 76.355 ± 5.7, n = 0.710 ± 0.172 for MCF-7, where 
the included errors are the standard errors in relevant coefficients of the power functions 
shown in Fig. 4. The coefficient of determination, in this case, is 0.91 for MCF-7 and 
0.99 for HeLa. According to the interpretation of Eq. 2 and Fig. 4, the percent viability 
of 3T3 cell lines declines softly with exposure time. Still, the percent viability of cancer 
cell lines decreases sharply. As seen in Figs. 3 and 4, PAM has significant effects on the 
killing of cancer cells. As a result, we may conclude that CAP selectively kills cancer 
cells (HeLa) rather than mouse fibroblast cells (3T3).

Along with the best fitting curve of a power function, it was discovered that the percent-
age of cell viability varied with the plasma treatment period. After plasma treatment, the 
curve for cancer cells is steeper than for mouse fibroblast cells (3T3). The quicker declining 
curve indicates that cancer cells were selectively killed than mouse fibroblast cells during 
exposure. Thus, using CAP-enabled media as a novel anti-cancer therapy is effective.45

FIG. 4: Power function plot of percentage of cell viability
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We obtained cell viability for 1 min, 2 min, 3 min, 4 min, and 5 min PAM for HeLa 
cells to be 98.42 ± 3.040%, 46.64 ± 12.01%, 29.35 ± 2.833%, 21.35 ± 1.206%, and 15.23 
± 1.362% respectively. Similarly, for MCF-7 we obtained the cell viability as 75.62 ± 
0.9207%, 55.58 ± 3.487%, 51.98 ± 2.02%, 30.37 ± 3.509%, and 16.18 ± 1.295%.

Science has discovered a unique alternative CAP that works against cancer similar to 
chemotherapy and radiation therapy and involves an ionization process with the produc-
tion of ions, electrons, radicals, and exciting species that can eliminate cancerous cells 
and contribute to anti-cancer effects.46–48 Compared to some previous methods, CAP 
may be administered locally, activate numerous signaling pathways in cancer cells, and 
have the potential for cancer cell selectivity while leaving normal cells undamaged.7,20,49 
Some of the critical findings shows that the treatment of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) plays a vital role in selective action against cancer 
cells.48,50 The fact that CAP is very cheap to produce and portable has been one of the 
significant factors that the researchers will use to treat cancer. 

Besides that, the mechanism behind the effectiveness of CAP against cancer is still 
unclear. The more research in this field to use the portability of CAP treatment compared 
to the traditional treatment at a low cost with high accuracy is recommended. The CAP 
technology using argon gas as a working environment can produce cell detachment, 
cause cancer cell death, and battle tumor development by improving the efficacy of 
antitumor treatment agents.7,51

D. Alterations in Radical Scavenging

DPPH is a stable free radical that is commonly used to evaluate the antioxidant activ-
ity of natural extracts or pure chemicals that function as free radical scavengers or 
hydrogen donors. The current investigation analyzed plasma-treated media’s DPPH 
radical scavenging properties. We observed that the percentage of DPPH inhibition 
for 1 min treated PAM was 9.60 ± 11.27%, followed by 16.74 ± 16.10% and 3.342 
± 17.07% for 2 and 3 min of treatment. Whereas in 4 and 5 min, the negative results 
were obtained with –13.80 ± 17.85% and –25.62 ± 17.33% DPPH inhibition. The 
result revealed a slight increase in percentage inhibition of DPPH up to 2 min plasma-
treated medium, but all other plasma-treated samples have shown a significant drop in 
DPPH inhibition (Fig. 5). We believe that the generation and presence of reactive spe-
cies such as ROS, RNS, etc., in the treated media through the plasma discharge is one 
of the reasons for decreasing potential of higher-time plasma-treated media. However, 
various factors should be considered in affecting the activities of CAP, precisely, the 
types and concentrations of the components generated in CAP, which are dependent 
on the electrode configuration, excited voltages, generation modes, and the types of 
feeding gases in generating plasma.15 There are several factors such as plasma treat-
ment time, the different reaction gases (He, air, N2, O2, and gaseous mixture), the gap 
between liquid and plasma source, and the plasma discharge power, which should be 
investigated to optimize and enhance the effects of the CAP on biological activities of 
natural entities.52,53
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IV. CONCLUSIONS

This study presents the development of cancer treatment based on cold plasma technology, 
which covers indirect CAP treatment. These CAP techniques in addition to cancer therapy, 
will most likely help to treat interior tissues. The optical methods are employed to character-
ize CAP. The electron temperature (Te) of cold plasma has been measured to be 0.79 eV using 
the Boltzmann plot method. The experiments reveal that CAP has a considerable anti-cancer 
activity. When normal (3T3 cells) and malignant (HeLa, MCF-7) cells are treated in vitro 
with CAP, the percentage of cell viability follows the shape of a power function during the 
treatment period. The selectivity of plasma-treated media in inhibiting cancer cells provides 
CAP’s great potential to have anti-cancer properties. CAP’s ability in cancer treatment gen-
erates short-lived reactive species, and other characteristics such as physical components 
and biological effects distinguish it for further investigation. Furthermore, it is important to 
investigate CAP–cell interactions using microfluidics and organ-on-a chip devices.54,55
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