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Abstract: Cold atmospheric plasma (CAP) has gained attention as a non-invasive therapeutic option in 

oncology due to its selective cytotoxicity against cancer cells. CAP produces a complex mixture of reactive 

oxygen and nitrogen species (RONS), which induce oxidative stress, leading to various forms of cell death, 

including apoptosis, necrosis, autophagy, and ferroptosis. These mechanisms allow CAP to target cancer cells 

effectively while sparing healthy tissue, making it a versatile tool in cancer treatment. This review explores the 

molecular pathways modulated by CAP, including PI3K/AKT, MAPK/ERK, and p53, which are crucial in the 

regulation of cell survival and proliferation. Additionally, in vivo, in vitro and clinical studies supporting the 

efficacy of CAP are collected, providing additional evidence on its potential in oncological therapy. 

Keywords: cancer; cold plasma; oxidative stress; reactive oxygen and nitrogen species; death cell; 
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1. Introduction 

Cancer treatment is continuously evolving, and researchers are seeking more effective, targeted 

therapies that minimize damage to healthy tissue and overcome resistance to traditional treatments 

[1,2]. Despite advances in chemotherapy, radiotherapy, and targeted molecular therapies, many 

cancers remain resistant, and the side effects of these treatments can be debilitating for patients [3]. 

The emergence of alternative therapies, such as immunotherapy and photodynamic therapy, along 

with cold atmospheric plasma therapy, offers new hope to address these limitations. [4–6]. 

CAP, a partially ionized gas generated at room temperature, has garnered significant interest in 

oncology due to its ability to selectively attack cancer cells while preserving normal tissue. This 

selectivity is primarily due to the production of reactive oxygen and nitrogen species (ROS and RNS), 

which induce oxidative stress and damage cellular components, initiating various forms of cell death 

in malignant cells. CAP consists of a mixture of reactive species, charged particles, and 

electromagnetic fields, creating a microenvironment capable of interacting with biological tissues in 

complex ways [7–9]. 

This review aims to provide a comprehensive overview of the current state of re-search on CAP 

as a cancer treatment, focusing on the molecular mechanisms of action and key signaling pathways 

involved. It is crucial to understand how oxidative stress and signaling pathways regulate survival, 

proliferation, and cell death in the context of oncological treatment. In addition, in vitro, in vivo, and 

clinical studies are analyzed to assess CAP’s efficacy and safety across different stages of research. 

2. Fundamentals of CAP 

2.1. Definition and Properties of CAP 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
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CAP is a partially ionized gas that operates at room temperature. It consists of a mixture of 

reactive species, including ions, electrons, neutral atoms and molecules, combined with 

electromagnetic fields. When energy is applied to a gas, it induces ionization, leading to the formation 

of charged particles, excited molecules, and free radicals. Unlike thermal plasmas found in the sun 

or lightning, CAP functions at near-ambient temperatures, making it particularly suitable for 

biological applications, as it minimizes thermal damage to tissues and can safely interact with living 

cells [10,11]. The properties of the CAP are described below. 

 Temperature Disparity: 

Cold atmospheric plasma (CAP) exhibits a significant temperature difference among its 

components. While electron temperatures can exceed 10,000 K, the heavy particles (ions and neutral 

atoms) remain relatively close to room temperature, approximately 25 °C to 100 °C. This state is 

known as non-local thermodynamic equilibrium, where distinct temperatures exist among different 

species within the plasma. This disparity enables selective and controlled interactions with biological 

targets, minimizing the risk of thermal damage to surrounding tissues [12]. 

 Ionization and Reactive Species: 

The application of energy to a neutral gas in CAP results in ionization, producing a variety of 

reactive species, including reactive oxygen species (ROS) and reactive nitrogen species (RNS). 

Together, these are commonly referred to as reactive oxygen and nitrogen species (RONS), which 

play a crucial role in various applications, such as sterilization, cancer treatment, and material surface 

modification. Further discussion on the role and mechanisms of RONS in these applications will be 

provided in subsequent sections. 

 Low Power Requirement: 

Unlike thermal plasmas, which require high power inputs (up to 50 MW), CAP (a type of non-

thermal plasma) can be generated with significantly lower power levels, typically in the range of a 

few watts to kilowatts. This substantial difference in power requirements makes CAP a more cost-

effective and practical option for a wide range of applications, as it eliminates the need for complex, 

high-powered equipment [16]. 

 Operation Under Ambient Conditions 

CAP can be generated at room temperature and atmospheric pressure, providing practical 

advantages for real-world applications. This ease of generation is particularly beneficial for use in 

fields such as medicine, food safety, and environmental science, where the ability to operate in 

ambient conditions enhances its utility [12]. 

 Surface Interaction and Modification 

CAP can modify the properties of surfaces, including altering surface chemistry and improving 

adhesion. This is especially advantageous in biomedical applications, such as the preparation of 

implants and tissue engineering, where enhanced surface compatibility can significantly improve 

outcomes [12]. 

2.2. CAP Generation and Technology 

CAP is generated from several technological methods, each with specific characteristics and 

applications. Figure 1 shows an overview of the most prominent methods. CAP based experiments 

typically involve the use of plasma jets, dielectric barrier discharge systems, or plasma-activated 

solutions to deliver reactive species to cancer cells or tissues [13]. The methodologies applied in cold 

atmospheric plasma research vary between preclinical and clinical studies. 
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Figure 1. CAP generation methods. 

Other promising technologies in the field of CAP include plasma-activated water (PAW) and 

plasma-activated saline solutions (PASS), both of which are gaining attention for their diverse 

applications. In both PAW and PASS technologies, plasma is brought into direct contact with the 

liquid solution, facilitating the transfer of reactive species from the plasma to the liquid, which 

imparts bioactive properties to the solution [16,19]. 

A flow of ionized gas generates cold plasma, which is then brought into contact with a liquid 

solution, such as water. This interaction transfers various RONS into the liquid, endowing it with 

bioactive properties. This plasma-activated water (PAW) has potential applications in areas such as 

disinfection, cancer treatment, and other biomedical fields that will be discussed in detail later Figure 

2. 
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Figure 2. Representation of the generation of PAW. 

Also, PASS are generated by treating salt solutions with plasma, which produces a variety of 

reactive chlorine/oxygen-chlorine species (RCS). 

In recent years, PAW has also been confirmed to possess outstanding biological activity in 

biomedical and agricultural sectors [20]. Typically employed as an antimicrobial or disinfectant 

solution. It is particularly beneficial for heat-sensitive samples, as it excludes heat, electric fields, and 

UV rays associated with direct plasma treatment. Furthermore, the reactivity and antimicrobial 

properties of PAW can remain stable over time, contingent upon the storage conditions [21,22]. 

PASS have several advantages. First, they offer great application versatility, such as cells, tissues 

and biomaterials, without the need for direct contact with plasma. Furthermore, these solutions are 

easy to store and transport, which facilitates their implementation in clinical settings. Finally, they 

are generally considered biocompatible, which reduces the risk of adverse side effects, contributing 

to their safety in biomedical applications [23,24]. 

2.3. CAP Applications 

CAP has emerged as a versatile technology with a wide range of applications across various 

fields, including medicine [25–27], industrial [28–30] and environmental science [31]. Figure 3 shows 

a diagram of the main applications 
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Figure 3. Schematic representation of CAP Applications. 

3. Mechanisms of Action of Cold Plasma in Cancer Cells 

3.1. Generation of RONS 

In CAP, the generation of RONS is crucial for various processes, including applications in 

medicine. ROS, such as hydroxyl radical (.OH), hydrogen peroxide (H₂O₂) and superoxide (O₂⁻), are 

products of chemical reactions initiated by the ionization of oxygen and water molecules in the 

plasma [32] . 

On the other hand, RNS, which include molecules such as nitric oxide (NO) and peroxynitrite 

(ONOO⁻), are also generated in plasma. RNS are produced from interactions between gaseous 

components in plasma, especially when nitrogen reacts with oxygen. Like ROS, RNS are highly 

reactive and have a significant role in cell signaling and induction of oxidative stress [33]. Table 1 

describes the main RONS. 

Table 1. Classification of Reactive Species and generation mechanism. 
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Type of Reactive Species Name Generation Pathway 

ROS [33,34]. Atomic Oxygen (O) 

Generated by collisions 

between oxygen molecules 

and electrons in the plasma. 

 
Hydroxyl Radicals 

(OH•) 

Originates from the 

dissociation of water 

molecules, enhanced by UV 

radiation. 

 Superoxide O2•− 

Produced by collisions 

between electrons and 

oxygen molecules, and 

reactions between OH and 

ozone. 

 
Hydrogen Peroxide 

(H2O2) 

Results from the combination 

of OH radicals in the plasma. 

 Ozone (O3) 

Formed from collisions 

between atomic oxygen (O) 

and oxygen molecules (O2) in 

the plasma. 

RNS [33,34]. 
Nitrogen Oxides 

(NOx) 

Includes nitrite (NO2− ) and 

nitrate (NO3−), generated by 

reactions between 

dissociated nitrogen and 

oxygen. 

 Nitric Oxide (NO) 

Formed by dissolution from 

the gas phase or through 

secondary reactions in the 

plasma. 

Figure 4 shows a schematic of the effects of CAP exposure on cells, highlighting the cascade of 

events triggered by the generation of RONS, which in turn causes a state of oxidative stress in the 

cells [35]. This oxidative stress results in three main pathways of cellular damage: 

 Lipid Peroxidation: The generation of RONS triggers the peroxidation of cell membrane 

lipids, especially polyunsaturated fatty acids. This process increases the porosity of the 

membrane and compromises its structural stability, facilitating a cycle of continuous 

oxidative damage by allowing an exacerbated entry of more RONS into the cell. This 

sustained damage to the membrane not only destabilizes its function but can also lead to 

cell death [35]. 

 Protein Oxidation: RONS attack intracellular proteins, altering their structure and 

functionality, which leads to their inactivation. This protein damage causes stress in the 

endoplasmic reticulum (ER), which attempts to manage misfolded or damaged proteins 

through the misfolded protein response (UPR). If the damage is irreparable, ER stress 

affects cellular homeostasis and can activate signaling pathways that promote apoptosis, 

thus contributing to programmed cell death. 

 DNA damage: RONS cause genotoxic damage to DNA, causing mutations through direct 

modifications in nitrogenous bases, such as the formation of 8-oxoguanine. This damage 

activates DNA repair mechanisms in an attempt to maintain genetic integrity, but if the 

damage is extensive, these mechanisms may be insufficient. The accumulation of 

mutations and redox imbalance can drive the cell towards apoptosis or, in the case of 

normal cells, potentially contribute to carcinogenesis. 
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Figure 4. Representative scheme of the effects on cells due to exposure to CAP on cells. 

The mechanisms of RONS generation by CAP induce oxidative stress that damages lipids, 

proteins and DNA, which is relevant for its potential application in oncology 

3.2. Selective Induction of Oxidative Stress in Cancer Cells 

CAP exposure differentially affects normal and cancer cells, which can be exploited for a 

selective therapeutic approach in cancer treatment [36]. 

Cancer cells, due to their higher metabolic rate and proliferation, tend to have higher basal levels 

of RONS than normal cells. This difference in ROS levels is a crucial factor underlying the selectivity 

of CAP toward cancer cells. Figure 5 shows a comparison of RONS susceptibility between cancer cells 

and normal cells when exposed to CAP. 

Cancer cells generate more ROS under basal conditions, and CAP exposure increases ROS levels 

beyond a critical threshold, causing DNA damage, cell cycle arrest, and apoptosis. In contrast, normal 

cells, with lower basal ROS levels, can better handle CAP-induced oxidative stress, which reduces 

their rate of cell death [37–39]. Also, normal cell membranes contain higher levels of cholesterol, 

which act as a barrier and reduce permeability to RONS and sensitivity to CAP. In cancer cells, 

membrane cholesterol levels are lower, which increases their permeability and sensitivity to CAP, 

allowing greater entry of RONS and promoting more significant damage. In addition, cancer cells 

have a higher expression of aquaporins, which facilitates the absorption of H₂O₂ generated by CAP 

and amplifies intracellular oxidative stress [40–43]. 

Catalase expression: Catalase is an enzyme that breaks down H₂O₂ and protects cells from 

oxidative damage. Normal cells typically have normal or high expression of catalase, which allows 
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them to neutralize H₂O₂ and better resist oxidative stress. In contrast, cancer cells typically have 

reduced expression of catalase, making them more vulnerable to H₂O₂-induced damage generated 

by CAP [44–47]. 

 

Figure 5. Differences in the effects of CAP applications on cancer cells and normal cells. 

3.3. Modulation of Apoptotic Pathways 

Several studies have highlighted the differential activation of these pathways in response to cold 

atmospheric CAP treatment in cancerous versus normal cells. Table 2 summarizes the varying effects 

of CAP on key signaling pathways involved in cell survival and apoptosis in both normal and cancer 

cells. The activation of these pathways is critical in shaping cellular responses to the oxidative stress 

induced by CAP [48]. 

Table 2. Effects of CAP on key signaling pathways involved in normal and cancer cells. 

Pathway  Normal Cells Cancer Cells Reference  

Nrf2  

- Activation of the Nrf2 

pathway, a master 

regulator of the 

antioxidant response. 

- Promotes cell survival 

and enhances the ability 

to manage oxidative 

stress. 

- Suppression of the Nrf2 

pathway, compromising 

antioxidant capacity. 

- Increases sensitivity to oxidative 

stress, predisposing to DNA 

damage and apoptosis. 

 

[49]. 

PI3K/Akt  

- Transient activation of 

the PI3K/Akt pathway, 

favoring cell survival and 

proliferation. 

 

- CAP does not 

significantly impact 

normal cell survival 

signaling. 

- Inhibition of the PI3K/Akt 

pathway by cold plasma reduces 

AKT phosphorylation, promoting 

apoptosis and decreasing 

proliferation. 

- Synergistic effects with 

chemotherapy enhance drug-

induced apoptosis. 

 

[50]. 

MAPK  

- Less pronounced or 

transient activation of 

MAPK pathways, 

- Activation of stress-related 

kinases (e.g., JNK and p38) while 

inhibiting ERK1/2, leading to 

 

 

[51]. 
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minimizing detrimental 

effects. 

increased apoptosis and reduced 

proliferation. 

- CAP-induced activation of JNK 

promotes apoptotic cell death in 

cancer cells. 

p53 

Activation 

- Typically unaltered in 

normal cells, maintaining 

regulatory functions of 

cell cycle and apoptosis. 

- CAP treatment can restore p53 

function, increasing expression 

and activation of apoptotic 

pathways. 

- Enhanced p53 activation leads 

to DNA damage response, 

promoting cell death. 

 

[52]. 

4. Dual Applications of CAP: From Tissue Regeneration to Apoptosis Induction in Cancer Cells 

The application of CAP produces RONS, which have profound effects on cellular behavior, 

depending on exposure time and dosage. Prolonged exposure to CAP generates significant redox 

imbalances that can hinder cell proliferation or lead to cell destruction, an effect beneficial in 

preventing tumor regrowth [53]. 

Conversely, shorter exposure times of CAP can stimulate cell proliferation, enhance motility and 

migration, and activate inflammatory signaling pathways. These effects are particularly 

advantageous in healthy skin and immune cells, playing a crucial role in wound healing and tissue 

regeneration [54]. 

RONS have been shown to effectively regulate various biological processes, including 

antibacterial actions, apoptosis induction in cancer cells, and promotion of wound healing [55]. The 

ability of CAP to elicit a spectrum of biological effects is influenced by the dosage and exposure 

duration, which allows for its versatile application across multiple medical fields, from dermatology 

to oncology. 

In the context of wound healing and cancer treatment, CAP exerts differential effects on cells, a 

phenomenon explained by the principle of "hormesis." Low and controlled doses of CAP can enhance 

cell regeneration and facilitate tissue repair in healthy tissues. In contrast, in malignant tissues, CAP 

can induce oxidative stress and activate mechanisms that lead to cancer cell apoptosis [56]. 

The therapeutic efficacy of CAP primarily stems from the generation of RONS, including free 

radicals, neutral molecules, and electromagnetic radiation such as UV light. These reactive species 

inflict direct damage on critical cellular components, including lipids, proteins, and DNA, thereby 

promoting the destruction of tumor cells. In wound healing applications, the ROS and RONS 

produced help modulate the cellular environment, enhancing the healing response and reducing 

microbial load [57–59]. 

The generation and concentration of these reactive species during CAP treatment depend on 

several factors: equipment configuration, gas type, power settings, exposure mode, and the distance 

between the plasma discharge and the target tissue. The electron energy distribution function (EEDF) 

is another crucial parameter, directly influencing plasma chemistry and, consequently, the type and 

quantity of ROS and RNS generated [34,60]. 

These differentiated effects of CAP are pivotal for its clinical applications, enabling the 

customization of dose and exposure time according to the therapeutic goals. This maximization of 

benefits in healthy tissues, alongside selective targeting for the destruction of malignant cells, 

underscores the significance of precise dose control in optimizing treatment efficacy. Figure 6 

illustrates these effects and clinical applications, highlighting the importance of the hormesis 

principle in the therapeutic landscape of CAP. 
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Figure 6. Differentiated effects of CAP depending on the dose: Low doses healing; High doses of 

apoptoss in cancer cells. Artificial intelligence generated image from OpenAI." ChatGPT, OpenAI, 

2024. 

5. Preclinical Evidence of CAP in Cancer Treatment 

5.1. In Vitro Studies on the Anti-Cancer Effects of CAP 

Numerous in vitro and in vivo studies have explored CAP's ability to selectively induce cell 

death (apoptosis for example) in cancer cells while sparing healthy tissues, aiming to establish its 

efficacy and safety profile for clinical applications. Table 3 presents a compilation of in vitro studies 

examining the effect of CAP on different types of cancer, revealing its ability to induce selective 

cytotoxicity and enhance the effectiveness of conventional treatments. 

Table 3. Compilation of in vitro studies examining the effect of CAP on mechanism ROS and others 

in different types of cancer. 

Studie 

Type 

Cancer 

Type 
Study Description 

Mechanism (ROS, 

Apoptosis, 

Others) 

Specific 

Signaling 

Pathway 

Referenc

e 

In Vitro 

Glioblasto

ma 

CAP increased the 

cytotoxicity of 

temozolomide in 

glioblastoma cells, 

suggesting 

chemosensitization

. 

ROS, Apoptosis, 

Direct DNA 

damage 

p53, PI3K/Akt [61–63] 

Colon 

cancer 

Induction of cell 

death by oxidative 

stress via CAP; 

potential use as an 

adjuvant therapy. 

ROS, Apoptosis, 

Stress on the 

endoplasmic 

reticulum  

Caspasa-9, 

caspasa-3, PARP 

y Bax/ Bcl-2 

[63,64] 
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Breast 

cancer 

Antiproliferative 

and apoptosis-

inducing effect; 

potential for 

chemotherapy 

sensitization. 

 

Sensitization by 

epidermal growth 

factor (EGF) 

enhances the 

response of triple-

negative breast 

cancer (TNBC) 

cells to CAP cold 

  

Apoptosis, 

Signaling pathway 

alteration 

 

 

 

This activation 

increases the 

production of 

reactive ROS and 

apoptotic 

signaling, 

 

  

Increased 

Bax/Bcl-2 ratio 

and cleavage of 

PARP-1.  

 

 

EGFR(Y992/1173

) 

 

 

 

 

  

[67–69] 

 

 

 

 

 

[70] 

 

 

  

Lung 

cancer 

Reduction of 

viable cells and 

anti-metastatic 

activity observed. 

 

Inhibition 

proliferation, 

reduced migration 

 

Cell death in 

tumor cells PC9 

expressing high 

levels of 

Gasdermin E 

(GSDME) in a 

dose-dependent 

manner  

ROS, Apoptosis, 

Microenvironment 

modulation 

 

 

ROS, Ferroptosis, 

 

 

 

ROS, Pyroptosis  

p38 MAPK, 

PI3/Akt  

 

 

Downregulation 

of the 

HOXB9/SLC7A1

1K 

 

JNK/cytochrome 

c/caspase-

9/caspase-3  

[71] 

 

[72] 

 

 

 

 

[73] 

 

 

Pancreatic 

cancer 

Reduction of 

metabolic activity 

and cell migration; 

favorable 

modulation of 

inflammatory 

profile. 

ROS, 

Inflammatory 

regulation 

NF-κB, IL-6 

[74,75] 

 

 

Melanoma 

CAP combined 

with nanoparticles 

enhanced selective 

toxicity towards 

cancer cells 

without damaging 

normal cells. 

ROS, 

Microenvironment 

modulation 

UPR signalling, 

Notch, Wnt/β-

catenin 

[76] 

 

       

As for the results presented in Table 3, the therapeutic potential of CAP is highlighted. This not 

only induces direct DNA damage through the generation of RONS, but also activates signaling 

pathways such as p53 and PI3K/Akt, promoting apoptosis and modulating the tumor 
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microenvironment. Furthermore, the versatility of CAP to induce four types of cell death: apoptosis, 

autophagy, pyroptosis and ferroptosis, positions it as a promising strategy in the treatment of cancer 

Figure 7. 

 

Figure 7. Representation of the types of cell death induced by CAP and the associated signaling 

pathways, highlighting the role of ROS and other mechanisms in different types of cancer. 

5.2. In Vivo Studies on the Anti-Cancer Effects of CAP 

To validate these findings, it is essential to move towards in vivo studies that evaluate the 

efficacy and safety of CAP in animal models. The following Table 4 presents a compilation of in vivo 

studies investigating the effects of CAP on various animal models of cancer. 

Table 4. Compilation of in vivo studies examining the effect of CAP on different models of cancer. 

Study 

Type 
Cancer Type Description 

Mechanism of Action 

and Signaling Pathways 
Reference 

In vivo 

studies 

Glioblastoma 

CAP increased ROS 

production, 

sensitizing tumor cells 

to chemotherapy with 

temozolomide. 

ROS, Apoptosis, p53, 

PI3K/Akt pathways; 

Significant reduction in 

tumor growth. 

[77] 

Colon cancer 

CAP promoted danger 

signal release and 

stimulated adaptive 

immune response in 

mouse models. 

ROS, Immune activation; 

Specific T cell response 

against GUCY2C. 

[78,79]   

Myeloid leukemia 

CAP blocked three 

key cancer survival 

pathways: redox 

ROS, Apoptosis, 

AKT/mTOR, HIF-1α 

pathways; Reduced 

[80]   
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deregulation, 

glycolysis, and 

AKT/mTOR/HIF-1α 

signaling. 

tumor growth and 

improved survival. 

Multiple myeloma 

CAP inhibited tumor 

implantation in mice, 

significantly 

prolonging survival 

time. 

ROS, Apoptosis, Notch 

pathway inhibition; 

Reduced tumor cell 

proliferation. 

[81]   

Pancreatic cancer 

A plasma-activated 

lactated Ringer's 

solution was 

developed to evaluate 

its antitumor effects. 

ROS, Cytotoxic effects 

derived from activated 

lactic acid; Tumor volume 

reduction. 

[82]   

Cholangiocarcino

ma 

CAP induced DNA 

damage and apoptosis 

in subcutaneous 

xenografts of cancer 

cells. 

ROS, DNA damage, 

Apoptosis; Activation of 

CHK1, p53, and 8-

oxoguanine 

accumulation. 

[83]   

Head and neck 

cancer 

CAP induced 

apoptosis and reduced 

cell viability in head 

and neck cancer 

models. 

ROS, Apoptosis; 

Mitochondrial membrane 

potential modification 

and MAPK pathway 

activation. 

[84]   

In vivo studies have shown promising results in animal models. However, for CAP to become a 

viable therapeutic option in clinical practice, it is essential to conduct clinical trials that evaluate its 

efficacy and safety in human patients. 

The following Table 5 presents a compilation of clinical studies that investigate the use of CAP 

in the treatment of different types of cancer. 

Table 5. Compilation of in vivo studies examining the effect of CAP on different models of cancer. 

CAP 

APPLICATION 

DEVICE 

Study Description Result Reference 

kINPen 

The study demonstrated that CAP 

treatment delivered using the kINPen 

MED device is safe, well tolerated, and 

effective in reducing tumor size in 

patients with head and neck cancer. 

CAP induced selective tumor cell 

death through oxidative stress without 

damaging surrounding healthy 

tissues. 

Tumor size 

reduction in head 

and neck cancer. 

[85]   

Plasma jet, 

kINPen(®) MED 

(neoplas tools 

GmbH, 

Greifswald, 

Germany). 

This study concluded that the use of a 

cold plasma device, specifically a 

dielectric barrier discharge (DBD) 

system, in patients with head and neck 

cancer showed visible responses on 

the tumor surface and significant 

apoptotic cell death. The treatment 

was well tolerated, with a favorable 

Induction of 

apoptotic death in 

head and neck 

cancer. 

[86]   
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safety profile and no significant 

adverse effects. 

Canady Helios 

Cold Plasma 

(CHCP) 

The CHCP device was investigated in 

the first phase I clinical study, 

primarily to demonstrate safety. 

Preliminary findings were 

encouraging, showing that CHCP can 

control residual disease and improve 

patient survival. Ex vivo experiments 

on patient tissue samples confirmed 

CHCP-induced cancer cell death 

without harming normal cells, 

indicating its potential to control 

residual cancer cells at surgical 

margins. 

Control of residual 

tumor cells in 

surgical margins in 

combination with 

surgery. 

[87]   

kINPen 

This study concluded that CAP use in 

advanced head and neck cancer 

patients is safe and may induce 

positive clinical responses, such as 

pain reduction and improved quality 

of life. Two patients achieved partial 

remission, suggesting CAP's potential 

as an effective therapeutic option; 

however, further research is needed to 

fully understand its long-term 

mechanisms and efficacy. 

Improving quality 

of life and reducing 

pain in patients 

with advanced head 

and neck cancer. 

[88]   

VIO3/APC3 (Erbe 

Elektromedizin) 

This study concluded that noninvasive 

physical plasma (NIPP) is a safe and 

effective method for treating cervical 

intraepithelial neoplasia (CIN) grades 

1 and 2. Using the cold plasma device, 

VIO3/APC3, with precise application 

control, the treatment preserved tissue 

while inducing lesion regression, 

making it a promising alternative to 

current excisional and ablative 

treatments. 

Conservative 

treatment of CIN in 

women. 

[89]   

Clinical studies described herein suggest the potential of CAP as an alternative in cancer 

treatment, highlighting its ability to induce selective death in tumor cells and preserve healthy tissue. 

Devices such as the INPen and CHCP have shown clinical benefits, including tumor size reduction, 

pain relief, and control of residual cells in surgical margins, suggesting that CAP could be an excellent 

complementary tool in oncological treatment protocols. Furthermore, its application in precancerous 

lesions, such as in the case of the treatment of CIN, opens the possibility of using CAP in a preventive 

and therapeutic context to preserve tissue and reduce the invasive impact of other procedures. 

However, further research is required in larger-scale and long-term studies to fully understand 

the molecular mechanisms of CAP and establish its effectiveness and safety in combined treatment 

protocols. 

6. Future Perspectives of CAP Use in Oncology 
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Device and Dosing Optimization: Further studies are needed to define optimal CAP dosing and 

application parameters in different cancer types. This includes adjusting the intensity, duration, and 

frequency of treatment, as well as tailoring devices to maximize safety and efficacy in specific tissues. 

Research into Combination Therapies: Combining CAP with conventional treatments such as 

chemotherapy, radiotherapy, and immunotherapy promises to improve cancer cell response and 

reduce drug resistance. Future research could focus on how to effectively integrate CAP into current 

protocols, enhancing clinical benefits and reducing side effects. 

Long-Term Studies and Advanced Clinical Trials: Although preliminary studies are 

encouraging, advanced phase clinical trials evaluating the long-term safety and effectiveness of CAP 

in cancer patients are needed. These studies will help establish guidelines for its use in clinical 

practice. 

Understanding Molecular Mechanisms: Delving deeper into the mechanisms by which CAP 

induces different types of cell death (such as apoptosis, autophagy, pyroptosis, and ferroptosis) will 

allow us to identify new therapeutic targets and personalize the use of CAP according to tumor and 

patient characteristics. 

Preventive Application and in Early Cancer: Since CAP has been shown to be effective in 

precancerous lesions such as cervical CIN, the possibility of using CAP in preventive contexts and in 

early stages of cancer opens. This could contribute to avoiding tumor progression and reducing the 

risk of cancer in high-risk patients. 

7. Conclusions 

CAP especially in combination with conventional therapies, could establish a new paradigm in 

cancer treatment. Its ability to selectively induce oxidative stress in cancer cells and key modular 

signaling pathways make it a versatile and effective anti-cancer tool. In vitro, in vivo, and clinical 

studies support these findings; However, it is essential to continue with deeper investigations. 

Conducting rigorous clinical trials is essential to better understand its effects and optimize its 

application alongside conventional therapies. 
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