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ABSTRACT  

Cancer poses significant challenges to global health, 
necessitating the exploration of innovative therapies. CO2 plasma 
activated water (PAW) holds promise as a novel therapeutic agent 
due to its selective cytotoxicity against cancer cells while sparing 
healthy tissues. This study investigated the in-vitro cytotoxic 
activity of CO2 PAW against human hepatocarcinoma (HepG2) 
cells. The cytotoxic effect of CO2 PAW on HepG2 cells was 
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay. Cells were seeded in 96-well 
plates, treated with varying volumes of PAW. Morphological 
changes induced by PAW treatment were assessed using phase-
contrast microscopy. The total RNA isolated from HepG2 cells, 
treated with PAW using the GF-1 total RNA extraction kit, qRT-PCR 
was performed using SYBR-green master mix with cDNA 
templates and synthesized primers. Data were analyzed using 
GraphPad Prism (ver. 9.5, USA, 1992) and presented as mean ± 
standard error of means. The results revealed dose-dependent 
cytotoxic effects, with higher concentrations inducing 
pronounced cell death. Morphological changes in HepG2 cells 
post-PAW treatment and gene expression analysis showed 
significant (P<0.05) alterations in Bax and Bcl-2 mRNA levels, 
indicative of intrinsic apoptotic pathway activation. 
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CO2 Plasma Activated Water (PAW), a Novel Weapon for 
Hepatocellular Carcinoma 

Introduction 

Cancer continues to pose significant challenges to 
global health, exerting a profound impact on 
individuals, families, and healthcare systems globally  
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[1]. Characterized by uncontrolled cell proliferation 
and dissemination, cancer manifests diversely, each 
form portraying distinct diagnostic and therapeutic 
challenges [2]. Notably, hepatocellular carcinoma 
(HCC) emerges as a formidable adversary, linked 
closely with chronic liver diseases and often evading 
discovery until advanced stages [3]. 

The liver, playing a critical role in various 
physiological functions such as metabolism, 
detoxification, and nutrient storage, is particularly 
susceptible to malignancies [4]. Hepatocellular 
carcinoma, the predominant form of primary liver 
cancer, frequently arises in the setting of underlying 
liver pathologies including viral hepatitis, alcoholic  
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liver disease, and non-alcoholic fatty liver disease 
[5]. Despite advancements in medical science, the 
prognosis for HCC patients remains dismal, with 
limited therapeutic options and poor overall survival 
rates. 

Conventional therapies for HCC, such as surgical 
resection, liver transplantation, chemotherapy, and 
radiation therapy, are faced with various limitations. 
Tumor recurrence, drug resistance, and 
compromised liver function among others pose 
significant challenges, thwarting effective disease 
management. Furthermore, the systemic toxicity 
associated with chemotherapy and the scarcity of 
donor organs for transplantation complicates the 
quagmire, necessitating innovative, targeted, and 
less invasive therapeutic approaches [6]. 

Plasma is generated by electrical discharges at 
atmospheric pressure and is capable of triggering 
different physical phenomena as well as chemical 
reactions [7,8]. The kernel of plasma production and 
its existence is the transformation of gas molecules 
into an approximately electrically neutral ionized 
gas consisting of a population of electrons and ions 
after they have acquired high energy under the 
effect of heating or strong electromagnetic fields.  

In medical innovation, plasma-based therapies 
present a ray of hope in cancer treatment [9]. Plasma 
often referred to as the fourth state of matter, 
comprises a complex array of charged particles and 
reactive species with potential for selective cancer 
cell eradication [10]. Cold atmospheric pressure 
plasma has garnered attention for its ability to 
induce apoptosis in cancer cells while sparing 
normal tissues. Within this domain, CO2 plasma 
activated water (PAW) emerges as a promising 
agent for cancer therapy [11]. 

Derived from subjecting carbon dioxide to non-
thermal plasma, CO2 plasma water is enriched with 
reactive oxygen species (ROS) and bioactive 
molecules. This unique composition enables CO2 
plasma water to unleash cytotoxic effects on cancer 
cells, triggering oxidative stress and disrupting 
critical cellular processes 1[12]. The 
biocompatibility and versatility of CO2 plasma water 
offer exciting prospects for targeted cancer therapy, 
signaling a paradigm shift in the management of 
hepatocellular carcinoma [13]. 

Materials and Method  

Preparation of CO2 Plasma Activated Water 
(PAW) 

CO2 plasma activated water (PAW) was prepared 
using a non-thermal micro-hollow cathode 

discharge (MHCD) system, following a setup 
described by Chen et al. [14]. The MHCD operated 
at atmospheric pressure, employing air and oxygen 
as working gases. Gas flow and discharge power 
were controlled at 4 L per minute and 100 W, 
respectively. Deionized water served as the base for 
generating PAW. The discharge plasma was 
initiated by positioning the discharge probe 
approximately 5.0 mm away from the surfaces of 
deionized water contained in 50-mL conical tubes. 
PAW was generated for specified durations (10, 15, 
and 30 minutes) and promptly utilized or stored in 
15-mL conical tubes at refrigerated temperatures. 

Cell Line and Culture Conditions 

Human liver cancer cell line (HepG2) obtained from 
the American Type Culture Collection (ATCC), USA, 
was revived and maintained in a CO2 incubator with 
5% CO2 at relative humidity. Cells were cultured in 
Roswell Park Memorial Institute (RPMI) 1640 
medium supplemented with 10% fetal bovine serum 
(FBS), penicillin (100 U/ml), and streptomycin (100 
μg/ml). Sub-culturing was performed at 70-80% 
confluence by detaching cells with trypsin and 
plating in new T-25 culture flasks. 

Cell Viability Assay (MTT) 

The cytotoxic effect of CO2 PAW on HepG2 cells 
was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. Cells 
were seeded in 96-well plates, treated with varying 
volumes of PAW, and incubated for 48 hours. MTT 
solution was added, and formazan crystals were 
solubilized using DMSO. Absorbance was 
measured at 570 nm using a microplate 
spectrophotometer. 

Assessment of Apoptotic Morphological 
Changes 

Morphological changes induced by PAW treatment 
were assessed using phase-contrast microscopy. 
HepG2 cells were cultured and treated with PAW 
samples for 24 hours. Changes in cell morphology 
were observed and compared with the negative 
control. 

RNA Isolation 

Total RNA was isolated from HepG2 cells treated 
with PAW using the GF-1 total RNA extraction kit. 
Isolated RNA was stored at -20°C for further analysis. 

cDNA Synthesis 
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Isolated RNA was reverse transcribed into cDNA 
using ReverTraAceTM qPCR RT Master Mix with 
gDNA Remover. cDNA was stored at -20°C for 
subsequent assays. 

Primer Design 

Primer sequences for apoptotic genes (BAX and Bcl-
2) were designed using the NCBI website Primer 
Blast. Bax (F: 5'- GAG TGT CTC AAG CGC ATC GG -
3' R: 5'- AGT AGA AAA GGG CGA CAA CCC -3') and 
bcl-2 (F: 5'-CGT CCG TGC CTG CAT TTA GC -3' R: 
5'-GTA TCC ACC GGA CCG CTT CA-3’). 

Quantitative Real-Time PCR (qRT-PCR) Analysis 

qRT-PCR was performed using SYBR-green master 
mix with cDNA templates and synthesized primers. 
β-Actin was used as the reference gene. Relative 
quantification was determined using the 2-ΔΔCT 
method. 

Statistical Analysis 

Data were analyzed using GraphPad Prism (ver. 9.5, 
USA, 1992) and presented as mean ± standard error 
of means. One-way analysis of variance (ANOVA) 
was used to determine the level of significance at a 
95% confidence interval. 

Results 

Result of In-vitro Cytotoxicity Activity of CO2 
PAW 

The cytotoxic effect of CO2 plasma activated water 
(PAW) on liver (HepG2) and breast (MCF7) cancer 
cell lines after 48 hours of exposure is summarized 
in Table 1. Treatment with both concentrated and 
diluted PAW at different volumes resulted in 
measurable cytotoxicity on both cell lines. At 200 µL 
exposure, HepG2 cells exhibited insignificant 
cytotoxic effect (p > 0.05) of 57.88% ± 1.18 and 
59.14% ± 1.14 for concentrated and diluted PAW, 
respectively. Conversely, at 100 µL exposures, 
significant low cytotoxic effect (p < 0.05) was 
observed with mean values of 11.53% ± 1.10 and 
38.74% ± 0.97 for concentrated and diluted PAW, 
respectively. Notably, there was a significant 
difference in the cytotoxic effect with concentrated 
PAW at 200 µL PAW against MCF7 cells (56.65% ± 
1.18), to that of the dilute (15.41±10.12). The same 
trend was observed at 100 µL for both concentrated 
and dilute PAW. However, diluted PAW at both 
concentrations, showed better cytotoxic effects on 
HepG2 cells to that of MCF7 cells; hence it was 
selected for gene expression analysis. 

Effect of CO2 PAW on HepG2 Cell Morphology 

Phase contrast micrographs of HepG2 cells treated 
with CO2 plasma activated water (PAW) are 
presented in Figure 1. This includes untreated 
HepG2 cells (negative control) showing typical cell 
morphology under normal conditions, HepG2 cells 
treated with diluted PAW, revealing slight distortion 
of HepG2 cell morphology and HepG2 cells treated 
with concentrated PAW, exhibiting gross distortion 
in cell morphology. Cellular aberrations observed 
include cell shrinkage, rounding, loss of adherence, 
and nuclear condensation, indicative of apoptosis. 

Table 1. In-vitro Cytotoxicity Effect of CO2 PAW on HepG2 Cells. 

Groups Cancer Cell Lines 

HepG2 (Liver) MCF7 (Breast) 

Concentrated CO2 PAW (200µL) 
Diluted CO2 PAW (200µL) 

57.88±1.18c 

59.14±1.14c 
56.65±1.18c 

15.41±10.12a 

Concentrated CO2 PAW (100µL) 
Diluted CO2 PAW (100µL) 

11.53±1.10a 

38.74±0.97b 
48.84±2.38e 

29.53±8.83d 

Results are presented as mean ± SD, and values with different superscript within a column indicate statistically significant 
difference at 95% confidence interval and probability value of 0.05. 

Table 2. Fold Change in Bax and Bcl-2 Genes Treated with CO2 PAW. 

Groups Fold Change in Gene (2-ΔΔCt) 

    Bax    Bcl2 

Control (Untreated Cancer Cells) 

Concentrated CO2 PAW  

Diluted CO2 PAW 

1.00±0.00a 

33.13±1.18c 

1.68±0.32b 

1.00±0.00c 

0.05±0.01a 

0.15±0.06b 

Results are presented as mean ± SD, and values with different superscript within a column indicate statistically significant 
difference at 95% confidence interval and probability value of 0.05. 
 



Frederick UO et al 2024 Biological Sciences, 2024, Vol. 04(02), Page 643-649 

 

Result of Gene Expression Study 

Table 2 presents the mRNA levels of HepG2 cells 
treated with CO2 PAW. Treatment with PAW 
significantly (p<0.05) increased the expression of 
the Bax gene in HepG2 cells, with concentrated 
PAW exhibiting a higher fold change (33.13 ± 1.18) 
compared to control. Conversely, treatment caused 
a significant (p < 0.05) decrease in the expression of 
the Bcl2 gene, with concentrated PAW showing the 
lowest fold change (0.05 ± 0.01) compared to 
control. 

Discussion 

Cancer remains a formidable challenge in modern 
medicine, characterized by the uncontrolled 
proliferation and dissemination of abnormal cells 
within the body [2]. This devastating disease exerts 
a profound impact on individuals, families, and 
societies, exacting both physical and emotional tolls 
while straining healthcare systems globally[15, 16]. 
In the pursuit of effective cancer therapies, 

researchers have explored a myriad of approaches, 
including the investigation of novel agents derived 
from natural sources [17, 18]. Plasma-activated 
water (PAW) has emerged as a promising avenue in 
cancer research, leveraging the unique properties 
of plasma to generate biologically active species 
within water. CO2 plasma-activated water, in 
particular, has garnered attention for its potential 
anticancer properties, with studies suggesting its 
cytotoxic effects against various cancer cell lines [11, 
19]. The underlying mechanisms of PAW-induced 
cytotoxicity remain under investigation, with 
proposed involvement of oxidative stress, DNA 
damage, and modulation of apoptotic pathways. 
This study aimed at investigating the cytotoxic 
effects and underlying molecular mechanisms of 
CO2 PAW in hepatocarcinoma. 

The investigation into CO2 PAW's cytotoxicity on 
HepG2 and MCF7 cell lines unveiled a promising 
avenue for cancer therapy. The dose-dependent 
response observed, with higher concentrations 
inducing more pronounced cytotoxic effects, aligns 
with previous studies on plasma-activated water in 

 
Figure 1. Phase contrast micrographs of HepG2 cells treated with PAW 
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various cancer models [20]. Notably, the greater 
cytotoxicity observed in HepG2 cells compared to 
MCF7 cells underscores the importance of 
considering cell line specificity in evaluating PAW's 
efficacy. This phenomenon might be attributed to 
differences in genetic makeup, metabolic activity, 
and membrane properties between cancer cell lines 
[21]. 

The morphological changes observed in HepG2 
cells following PAW treatment provide valuable 
insights into its mode of action. The apoptotic-like 
features, including cell shrinkage, rounding, loss of 
adherence, and nuclear condensation, suggest the 
activation of programmed cell death pathways. 
These findings corroborate previous research 
demonstrating the ability of plasma-activated water 
to induce apoptosis in cancer cells through various 
mechanisms, including oxidative stress, DNA 
damage, and mitochondrial dysfunction [22]. 

Comparatively, it is evident that CO2 PAW shares 
similar cytotoxic effects with other plasma-activated 
mediums against different cancer types [ 23]. 
Studies by Bai et al. [24] and Tanakaet al., [25] have 
reported comparable alterations in cell morphology 
and cytotoxicity in response to plasma-activated 
media treatment in hepatocellular carcinoma and 
glioblastoma models, respectively. This consistency 
across diverse cancer types highlights the broad 
applicability of plasma-activated water as a potential 
anti-cancer therapy. 

The gene expression study revealed significant 
alterations in the mRNA levels of Bax and Bcl-2 
genes- key regulators of apoptosis, in HepG2 cells. 
The up regulation of Bax and down regulation of 
Bcl-2 gene expression indicates the activation of 
intrinsic apoptotic pathways in response to PAW 
treatment. This molecular mechanism aligns with 
the observed morphological changes which are 
indicative of apoptosis, further supporting PAW's 
cytotoxic activity against HepG2 cells. This finding 
agrees with similar studies on anticancer activity of 
plasma activated medium and/or water on selected 
cancers [17, 26, 27]. This consistency underscores 
the potential of PAW as a modulator of apoptotic 
pathways across different cancer types. 

Conclusion  

The study demonstrates the potent cytotoxic activity 
of CO2 plasma-activated water (PAW) against 
human hepatocarcinoma (HepG2) cells, as 
evidenced by dose-dependent cytotoxicity and 
morphological changes indicative of apoptosis. 
Furthermore, the up regulation of Bax and down 
regulation of Bcl-2 gene expression highlights the 
activation of intrinsic apoptotic pathways by PAW 

treatment. These findings underscore the potential 
of CO2 PAW as a promising therapeutic modality for 
hepatocellular carcinoma. 

Contribution of authors 

This work was carried out in collaboration between 
all authors. Author FOU designed the study, 
performed the statistical analysis, wrote the 
protocol, and FOU, AAM wrote the first draft of the 
manuscript. Authors AAM and ATI managed the 
analyses of the study. Authors ANS, AAM, ATI and 
FOU managed the literature searches. All authors 
read and approved the final manuscript. 

Acknowledgments 

We wish to acknowledge Mr. Daniel Tyoapine and 
the staff of Molecular Biology Laboratory, 
Department of Biotechnology, Kaduna State 
University, Taafawa Balewa Way, Kabala Coastain, 
800283, Kaduna Nigeria. 

Conflict of Interest 

Authors have declared that no conflicting interests 
exist 

Funding 

Self-funded 

References 

1. Song, Z., Wu, Y., Yang, J., Yang, D., Fang, X. 
Progress in the treatment of advanced 
gastric cancer. Tumor Biology, 2017, 39(7), 
101. 

2. Nguyen, P. L., Je, Y., Schutz, F. A., Hoffman, 
K. E., Hu, J. C., Parekh, A., Choueiri, T. K. 
Association of androgen deprivation 
therapy with cardiovascular death in 
patients with prostate cancer: a meta-
analysis of randomized trials. Jama. 2011, 
306(21), 2359-2366. 

3. Abida, F., Saleema, M., Legharid, T., Rafid, I., 
Maqboole, T., Fatimad, F., Arshadd, A.M., 
Khurshidb, S.,  Nazf, S.,  Hadie, F.,  Tahire, M., 
Akhtare, S., Yasirh, S., Mobasharb A., 
Ashrafe M., Evaluation of in vitro anticancer 
potential of pharmacological ethanolic plant 
extracts Acacia modesta and 
Opuntiamonocantha against liver cancer 
cells, Brazilian Journal of Biology. 2021 (84):  

4. Losic, B., Craig, A. J., Villacorta-Martin, C., 
Martins-Filho, S. N., Akers, N., Chen, X., 
Villanueva, A. Intratumoral heterogeneity 



Frederick UO et al 2024 Biological Sciences, 2024, Vol. 04(02), Page 643-649 

 

and clonal evolution in liver cancer. Nature 
communications. 2020, 11(1), 291. 

5. Mohammadian, M., Mahdavifar, N., 
Mohammadian-Hafshejani, A., Salehiniya, H. 
Liver cancer in the world: epidemiology, 
incidence, mortality and risk factors. World 
Cancer Research Journal, 2018, 5(2), e1082. 

6. Dong, M., Pang, X., Xu, Y., Wen, F., Zhang, 
Y.. Ubiquitin-conjugating enzyme 9 
promotes epithelial ovarian cancer cell 
proliferation in vitro. International journal of 
molecular science. 2013, 14(6), 11061-
11071. 

7. Park, J.H.; Park, J.S.; Lee, J.H.; Jeong, B.H. 
Space Sterilization Effect Through High-
Density Plasma Ozone Using DBD Device. 
Journal of Electrical Engineering and 
Technology. 2022, 17, 2771–2778. 

8. Zhang, Y.; Du, X.; Shi, Q.; Xiao,W.; Li, H. 
Precise Control of Glioma Cell Apoptosis 
Induced by Micro-Plasma-Activated Water 
(PAW). Micromachines  2022, 13, 2145.  

9. Tanaka, H., Mizuno, M., Ishikawa, K., 
Toyokuni, S., Kajiyama, H., Kikkawa, F., Hori, 
M. New hopes for plasma-based cancer 
treatment. Plasma, 2018 1(1). 

10. Mitra, S., Nguyen, L. N., Akter, M., Park, G., 
Choi, E. H.,  Kaushik, N. K. Impact of ROS 
Generated by Chemical, Physical, and 
Plasma Techniques on Cancer Attenuation. 
Cancers. 2019, 11(7), 1030.  

11. Murillo, D., Huergo, C., Gallego, B., 
Rodríguez, R., Tornín, J. Exploring the Use of 
Cold Atmospheric Plasma to Overcome 
Drug Resistance in Cancer. Biomedicines, 
2023, 11(1), 208  

12. Chen Z, Chen G, Obenchain R, Zhang R, Bai 
F, Fang T, Wang H, Lu Y, Wirz RE, Gu Z. Cold 
atmospheric plasma delivery for biomedical 
applications. materials today. 2022 Apr 
1;54:153-88. 

13. Prior R. The Long Haul: How Long Covid 
Survivors Are Revolutionizing Health Care. 
MIT Press; 2024 Mar 5. 

14. Upenieks L, Ellison CG. Changes in 
religiosity and reliance on god during the 
COVID-19 pandemic: A protective role 
under conditions of financial strain? Review 
of religious research, 2022 Dec; 64(4):853-
81. 

15. Mao JJ, Pillai GG, Andrade CJ, Ligibel JA, 
Basu P, Cohen L, Khan IA, Mustian KM, 
Puthiyedath R, Dhiman KS, Lao L. Integrative 
oncology: Addressing the global challenges 
of cancer prevention and treatment. CA: A 
Cancer Journal for Clinicians. 2022 
Mar,72(2):144-64. 

16. Dehelean CA, Marcovici I, Soica C, Mioc M, 

Coricovac D, Iurciuc S, Cretu OM, Pinzaru I. 
Plant-derived anticancer compounds as new 
perspectives in drug discovery and 
alternative therapy. Molecules. 2021 Feb 19; 
26(4):1109. 

17. Subramanian, P. G., Jain, A., Shivapuji, A. M., 
Sundaresan, N. R., Dasappa, S., Rao, L. 
Plasma‐activated water from a dielectric 
barrier discharge plasma source for the 
selective treatment of cancer cells. Plasma 
Processes and Polymers, 2020, 17(8), 
1900260. 

18. Chen, T. P., Su, T. L., Liang, J. Plasma-
activated solutions for bacteria and biofilm 
inactivation. Current Bioactive Compounds, 
2017, 13(1), 59-65. 

19. Veronico, V., Morelli, S., Piscioneri, A., 
Gristina, R., Casiello, M., Favia, P., Sardella, 
E. Anticancer Effects of Plasma-Treated 
Water Solutions from Clinically Approved 
Infusion Liquids Supplemented with 
Organic Molecules. ACS omega, 2023, 
8(37), 33723-33736. 

20. Ando, T., Suzuki-Karasaki, M., Suzuki-
Karasaki, M., Ichikawa, J., Ochiai, T., 
Yoshida, Y., Suzuki-Karasaki. Synergistic 
anticancer effect of plasma-activated 
infusion and salinomycin by targeting 
autophagy and mitochondrial morphology. 
bioRxiv, 2020-10. 

21. Mansoori, B., Mohammadi, A., Davudian, S., 
Shirjang, S., Baradaran, B. The Different 
Mechanisms of Cancer Drug Resistance: A 
Brief Review. Advanced pharmaceutical 
bulleti, 2017, 7(3), 339–348.  

22. Raud S, Raud J, Jõgi I, Piller CT, Plank T, 
Talviste R, Teesalu T, Vasar E. The 
production of plasma activated water in 
controlled ambient gases and its impact on 
cancer cell viability. Plasma Chemistry and 
Plasma Processing. 2021 Sep; 41(5):1381-
95. 

23. Mahdikia, H., Shokri, B., Majidzadeh-A, K. 
The Feasibility Study of Plasma-activated 
Water as a Physical Therapy to Induce 
Apoptosis in Melanoma Cancer Cells In-
vitro. Iranian journal of pharmaceutical 
research: International journal 0f production 
and research. 2021, 20(3), 337–350.  

24. Bai, Y., Dai, C., Chen, N., Zhou, X., Li, H., Xu, 
Q., Xu, Y. Plasma-activated medium exerts 
tumor-specific inhib-itory effect on 
hepatocellular carcinoma via disruption of 
the salvage pathway. Journal of Clinical 
Biochemistry and Nutrition, 2024, 23-112. 

25. Tanaka, H., Mizuno, M., Ishikawa, K., 
Nakamura, K., Kajiyama, H., Kano, H., Hori, 
M. Plasma-activated medium selectively kills 



Frederick UO et al 2024 Biological Sciences, 2024, Vol. 04(02), Page 643-649 

 

glioblastoma brain tumor cells by down-
regulating a survival signaling molecule, 
AKT kinase. Plasma Medicine, 2011, 1(3-4). 

26. Yan, D., Sherman, J. H., Keidar, M. Cold 
atmospheric plasma, a novel promising anti-
cancer treatment modality. Oncotarget, 
2017, 8(9), 

27. Li, Y., Tang, T., Lee, H. J., Song, K. Selective 
Anti-Cancer Effects of Plasma-Activated 
Medium and Its High Efficacy with Cisplatin 
on Hepatocellular Carcinoma with Cancer 
Stem Cell Characteristics. International 
journal of molecular sciences, 2021, 22(8), 
3956.  

 


