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Abstract 

 

 

Thermal and Non-Thermal Atmospheric Plasma in Cancer Treatment 

 

Thermal atmospheric plasma technologies such as Argon Plasma Coagulation 

(APC), have been widely used in medicine to coagulate, cut and ablate tissues. The main 

effect of these plasmas is created through tissue heating. In contrast, the effect of non-

thermal plasma, also referred to as Cold Atmospheric Plasma (CAP), is based on a 

considerable number of highly reactive chemical species without the presence of heat. 

Thermal and non-thermal plasmas have a wide range of applications in cancer treatment, 

from endoscopic APC treatment of early gastric cancer to CAP treatment of glioma. In the 

past two decades, researchers have focused on further exploring and better understanding 

the interaction of plasma with living cells and tissue. This dissertation offers insight into 

the APC-tissue interactions and the CAP-cell interactions. 

This study demonstrates that the dielectric properties of biological tissue play a 

significant role in how the tissue responds to APC treatment. At the tissue level, the APC 

technique is well-known for thermal non-contact coagulation, with an ability to provide 

treatment for less accessible regions, and without damage to the tissue. The amount of 

power applied is one of the key elements for providing a safe and effective treatment. Our 

results revealed that in the optimal tissue resistance range of 0.8-3.7 kΩ, the majority of 

the applied power was delivered to the tissue with a small percentage (20-40%) being 

consumed by the plasma channel. Our findings suggest that surgeons can safely deliver the 

accurate amount of power by adjusting the power settings based on the expected resistance 

of the tissue being treated. 



 ix 

Roles of the adaptive properties of CAP, including treatment duration and discharge 

voltage, in mediating cancer suppression in vitro, is an additional topic explored in this 

dissertation. A proof-of-principle investigation identified the role of discharge voltage in 

the adjustment of plasma composition and treatment duration in the modification of overall 

plasma action. The effect of CAP in two cancer cell lines, glioblastoma and breast cancer, 

was monitored in real-time by observing cell viability. Apoptosis (programmed cell death) 

was determined to be the likely mechanism initiating a reduction in viable cells via changes 

to the mitochondrial membrane potential. The findings reveal compelling evidence in 

support of the important role played by the adaptive properties of CAP, in mediating cancer 

suppression. The presented discoveries are significant since they will facilitate the future 

development of a novel adaptive CAP platform which will rely on cell response data 

collected in real time. Therefore, the optimization of CAP operational parameters via a 

novel adaptive CAP platform will be essential in providing long-lasting outcomes in cancer 

therapy. 

CAP has also received heightened attention as an alternative therapy due to its 

ability to impact drug resistant tumors such as gliomas. These tumors have played a 

significant role in propelling CAP technology to the front lines as a safer alternative 

compared to more conventional treatment methods such as chemotherapy. This dissertation 

presents the third investigation of biomedical applications of CAP for sensitizing 

glioblastoma cells to temozolomide (TMZ). This is also the very first study which explores 

the role of CAP in cell migration and integrin expression in the presence of TMZ. TMZ 

concentrations of 10 and 50 M were evaluated in vitro over the course of days with a 

plasma treatment of 180 seconds. α6 and αv integrins were considered for their roles in 



 x 

CAP induced cell death, G2/M arrest and decrease in the rate of cell migration. The 

findings reveal compelling evidence in support of the important role played by CAP in 

mediating cancer suppression, through direct treatment or by functioning as a drug 

sensitizing agent.  
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Chapter 1                                                                                                           

Introduction 

1.1 Background and Motivation 

 “Cancer is a major public health problem worldwide” and one of the leading causes 

of death among Americans according to the latest available American Cancer Society 

report published in 2016  [1]. There are still a number of unmet needs that should  be 

addressed even though the mortality rate in the U.S. is among the lowest in the world. In 

certain cancers, development of resistance to therapy has led to inevitable failure of 

treatment and increased drug costs [2,3]. While in other cases, successful approaches to 

treatment have created a number of adverse short- and long- term side effects ranging from 

discomfort at the treatment site to fatigue  while conducting day to day activities [4,5]. 

Altogether these highlight the necessity for the development of novel treatment methods 

encompassing new treatment technologies, combined therapies with existent drugs and 

improved understanding of the efficacy of current treatment modalities. Non-thermal 

atmospheric plasma-based technologies have emerged in the past two decades as treatment 

modalities that possess great potential to address some of these needs and assist in 

immunotherapy [6].  

 

1.2 Atmospheric Plasma 

“A radiant matter,” this is how Faraday, and later in 1879, a British chemist and 

physicist Sir William Crooks, described what is referred to as atmospheric plasma in 

today’s modern physics. Plasma, a partially ionized gas known as the fourth state of matter 

after solid, liquid and gas, was first introduced as a term in l928 by American chemist 
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Irving Langmuir. According to records, Langmuir decided  to use this term because the 

compositions of the strongly ionized gas reminded him of blood plasma [7–9].   

Plasma is formed by applying energy across a gas which leads to an increase in the 

number of collisions between individual constituents, causing their energies to increase 

further and prompt an ionization and dissociation process. This results in a state of matter 

comprised of  a wealth of fascinating chemistry including: ions, free electrons, photons and 

radicals [10]. Most of the visible matter in the universe is in fact in a plasma state; this 

includes the stars, solar corona and the sun. Plasma can also be found on earth in the form 

of flame and lighting and it can be man-made in the form of neon signs and spark plugs. 

Man-made plasma has been exploited in wide range of applications including surface 

modifications, environmental remediation, biotechnology and medicine. 

 

1.2.1 Thermal and Non-Thermal Atmospheric Plasmas 

In medicine, plasma is utilized in thermal and non-thermal forms by employing 

gases such as argon and helium. In both cases it is created by the application of an electric 

field across a gas, which causes the electrons to break free from the atoms. Being lighter 

than ions, electrons receive the applied energy first, and consequently their temperature 

rises several thousand degrees before their surrounding environment. Thermal plasma is 

formed in the case of successful heat transfer from electrons to heavy particles (ions and 

neutrals). This creates what is known as a state of thermal equilibrium, where the 

temperature of heavy particles reaches almost the same order of magnitude as that of the 

electrons. In contrast, non-thermal plasma can be achieved by preventing the transfer of 

heat, creating  a state where the temperature of the electrons continues to remain far greater 
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than that of the heavy particles, resulting in a near ambient temperature plasma (NTP). This 

non-equilibrium plasma is also referred to as cold atmospheric plasma (CAP) because the 

temperature at the point of application does not exceed 40C [7,11–13].  Several methods 

can be utilized to achieve a low temperature plasma including altering the amount of time 

over which the electric field is applied across a gas [14].  

 

1.3 Plasma Medicine Devices   

Plasma devices have been adapted and improved over time to fit the needs of the 

plasma medicine field. Plasma devices can be classified as direct or indirect according to 

the mechanism used for generating them, and within these classes they can be further 

categorized as thermal and non-thermal. Direct plasma sources generate plasma between 

two electrodes with  the living tissue serving as one of the electrodes [15]. APC (in thermal 

plasma) and Dielectric Barrier Discharge plasma (DBD) (in non-thermal plasma) are 

typical examples of direct plasma sources. [13,16]. Plasma generated via DBD is created 

by applying high voltage short duration pulses between two electrodes. The treatment site 

serves as the second electrode. Whereas the first electrode is insulated with a dielectric 

material to prevent current buildup that may occur between the two electrodes [16–21]. 

The FE-DBD developed by researchers at Drexel University is a typical example of this 

[14]. In the indirect approach, plasma is generated remotely between two electrodes and it 

utilizes gas flow to be transported to the targeted treatment area of the biological tissue. A 

typical example of plasma jet generated with an indirect approach include the non-thermal 

plasma pencil developed by researchers at Old Dominion University, the kINPen 
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developed by investigators at the Leibniz-Institute for Plasma Science and Technology, 

INP Greifswald, Germany [22–24]  

 

1.4 Cancer Treatment in Plasma Medicine 

Plasma medicine has become one of the fastest growing fields connecting medicine 

with physics, chemistry, engineering and biology. The first application of plasma in 

healthcare dates back to the 1850s when Siemens generated ozone via dielectric barrier 

discharge for cleaning water from biological contaminants [13,25]. Other applications that 

followed involved the application of plasma in electrosurgery for coagulating and 

devitalizing tissue. An example of this is Argon Plasma Coagulation (APC), first used in 

surgery in the late 1970 and adapted for flexible endoscopy use in the 1990 [26]. APC 

continues to be a very common technique employed in electrosurgery with many 

applications, including tumor debulking, ablation of vascular malformations, and 

coagulation of peptic ulcer bleeding sites [27–31]. In the early 2000s interest started to shift 

to the applications of cold plasma in cancer treatment. In 2004 Eva Stoffels and her group 

were the very first to report on the interactions of plasma with mammalian cells. The group 

showed that following plasma treatment, fibroblast and vascular cells detached from the 

surface of a cell culture dish in a time dependent manner. The detachment occurred in the 

area of plasma impact and was followed by a decreased cell viability resulting from 

applying plasma at higher powers. Although their results were not obtained in cancer cells, 

they were significant because they were the first ones to establish the basic effects of cold 

plasma on mammalian cells [32,33]. Studies that followed corroborated Stoffels’ findings 

in vitro in several types of cancers including: melanoma, cervical cancer, breast cancer, 
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lung cancers and glioblastoma [34–42]. Few years later, some of these findings were also 

investigated in vivo. The first in vivo investigation in mice was reported in 2010 by Marc 

Vandamme and his co-workers. The study examined the role of CAP in the treatment of 

glioblastoma. In 2011 Michael Keidar and co-workers examined the effect of CAP 

treatment in a melanoma mouse model and a heterotopic human bladder cancer xenograft 

model. In both investigations, researchers found that CAP treatment instigated a significant 

reduction in tumor volume and increased survival time [43,44]. These observations were 

later supported by additional in vivo studies in different cancer types [34,45]. After over a 

decade of CAP investigation in oncology, most recent studies are primarily concerned with 

elucidating cellular mechanisms that mediate cell response to CAP treatment with a 

particular emphasis on the role played by CAP generated reactive oxygen and nitrogen 

species [46]. 

 

1.5 Objectives and Specific Study Aims 

Thermal and non-thermal plasma technologies are being explored for medical research 

in the rapidly growing field of plasma medicine. The objective of this study is to: 1) better 

understand the plasma-tissue interactions in APC; 2) emphasize the importance of the CAP 

operational parameters by comparing the effect of CAP in different cancers and; 3) evaluate 

a new application of CAP as a potential method for sensitizing cells to drug treatment. 

Specific Aim 1: Evaluate the role of biological tissue in the operation of an APC device 

during treatment.  

Sub Aim 1.1: Determine the anticipated tissue resistance under which the device 

operates in optimal conditions. 
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Sub Aim 1.2: Evaluate the correlation between tissue conductivity and applied 

power. More specifically investigate what percentage of the applied power is 

delivered to the treatment site.  

Specific Aim 2: Investigate the role of the adaptive properties of CAP, treatment duration 

and discharge voltage, in mediating cancer suppression in vitro.  

Sub Aim 2.1: Identify methods for monitoring cell response in real time so that 

plasma operational parameters can be adjusted to tailor CAP therapy to various 

cancers. 

Sub Aim 2.2: Elucidate on the importance of adapting CAP operational parameter 

by comparing responses to plasma treatment in two different types of cancers in 

vitro. 

Sub Aim 2.3: Investigate the effect of CAP on several cellular processes that are 

linked to apoptosis. 

Specific Aim 3: Determine the role of CAP in cancer cell sensitization to chemotherapeutic 

drug temozolomide (TMZ).  

Sub Aim 3.1: Determine if plasma can improve TMZ treatment outcomes by more 

significantly increasing cell death in comparison to plasma and TMZ as standalone 

therapies.  

Sub Aim 3.2: Evaluate cell response to CAP and TMZ in the context of cell 

migration, integrin expression and cell cycle arrest. 

 

1.6  Dissertation Overview and Organization 

This dissertation is focused on the biomedical applications of thermal and non-

thermal plasma. The findings presented are organized in five chapters. Chapter 1 gives an 
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introduction of plasma and presents the objectives and specific aims of this dissertation. 

Chapter 2 describes the plasma devices utilized in this study. Chapters 3 - 5 present original 

experimental findings. Results described in chapter 3 and 4 have been published in peer 

reviewed journals. Experimental results presented in chapter 5 are been utilized for the 

preparation of a manuscript. Chapter 3 investigated the thermal plasma - biological tissue 

interaction in APC. More specifically it investigates the role of biological tissue properties 

(i.e. resistance and conductivity) during APC treatment. This chapter also inadvertently 

introduces a method for testing the accuracy with which plasma devices operate and it does 

so by comparing the power setting with the measured delivered power. The results 

presented in Chapters 4 and 5 aim to investigate the application of cold plasma in cancer 

treatment and are carried out in vitro in breast cancer and glioblastoma cell lines. Chapter 

4 validates a method for monitoring cell responses in real time. This method will be utilized 

in the near future for the development of a novel plasma platform. Here, microscopy and 

flow cytometry techniques are utilized to characterize how changes in CAP treatment 

parameters influence cell response. Chapter 5 seeks to explore a new application of plasma 

in cancer treatment, that of sensitizing cancer cells to TMZ. The positive effect of plasma 

when combined with Temozolomide (TMZ) is considered as a function of cell migration 

and integrin expression. Chapter 6 concludes the dissertation by summarizing the results 

presented in the previous chapters. 
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Chapter 2                                                                                           

Plasma Devices 

 

2.1 Argon Plasma Electrosurgical System 

The findings presented in Chapter 3 were acquired from experiments conducted 

with the SS-200 E/Argon - 2 electrosurgical system developed by US Medical Innovation. 

The device was operated in coagulation mode [47,48]. A schematic representation of a 

typical APC setup is shown in Figure 3.1(a).  

 

2.2 Cold Plasma Device Set-up 

Two cold plasma devices were built at the Micropropulsion and Nanotechnology 

Laboratory (MPNL) of Dr. Michael Keidar at The George Washington University 

(Washington, DC). The first setup, a prototype of the original plasma gun created by Dr. 

Alexey Shashurin  and assembled by Dr. Olga Volotskova, was utilized for the experiments 

in Chapter 4 [49,50]. The second device is an improved version of the first device and it 

contains a function generator instead of a LM555 circuit. This device was utilized for the 

experiments in Chapter  5 and was built by Li Lin, an MpNL Ph.D. student [51,52]. A 

schematic representation of a typical CAP jet is shown in Figure 2.1 (b).  

The CAP device utilized in chapter 4 consisted of a helium gas supply, DC voltage supply, 

circuit box, and plasma head. The gas supply inlet of the devices is connected to flowmeter 

(Cole-Parmer) that can connect to a helium tank. The utilized DC voltage supply is from 

Insteak (SPS-606 60V/6A). The circuit box consists of three major components: 1) a 

capacitor used to prevent undesirable negative feedback waveforms (high-voltage surges), 
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2) a transistor which acts as a switch between the DC power supply and the plasma jet and 

3) a LM555 timer circuit used to drive the transistor. The LM555 timer is connected in a 

stable operation mode and therefore its frequency is independent of voltage supply. In 

contrast, the CAP device utilized in chapter 5 contained all the above elements with the 

exception of the LM555 timer circuit. In the new and improved device, the LM555 timer 

circuit is replaced with a function generator and a new 3D printed housing unit holds the 

device. 

The plasma head is the main active part of the device where the CAP jet is generated. The 

plasma head is composed of a cylindrical shaped glass tube which serves as the CAP jet 

nozzle and it is connected with two high-voltage electrodes connected with the flyback 

transformer. The first high-voltage electrode is located inside the glass tube and it is 

isolated from direct contact with plasma by ceramic. The second electrode which serves as 

ground, is copped based and it is wrapped around the outside of the glass nozzle in a ring 

shape.   
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Figure 2.1 Schematic representation of two plasma devices. (a) Schematic 

representation of a typical APC setup with argon flowing through a tube containing the 

electrode wire. (b) Schematic representation of the cold atmospheric pressure plasma jet 

configuration. 
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PUBLISHED ARTICLE  

 

 

Chapter 3                                                                                                                        

Plasma-Tissue Interactions in Argon Plasma Coagulation: Effects of 

Power and Tissue Resistance 

 
 

ABSTRACT 

The coagulation properties of the Argon Plasma Coagulation (APC) technique have 

tremendous potential due to a wide range of endoscopic applications. Although there are 

several studies that explore the endoscopic application aspect of this technique, there has 

been no research devoted to the investigation of relevant argon plasma properties during 

coagulation. We investigated the role of power in the interactions between plasma and 

biological tissue and reported on the dielectric properties of APC treated samples. The data 

revealed that at a resistance of 1 𝑘Ω the actual power observed was within 10 – 15% of the 

input power of the system and, the typical resistance for animal samples was in the range 

of 0.8 – 3.7 𝑘Ω. The data also suggested that the amount of power applied could be adjusted 

according to the expected tissue resistance range. Additionally, it was determined that the 

burned surface caused by the APC treatment was on average 2 – 3 times less conductive 

than the untreated surface. The data also revealed that 60 – 80% of the power produced by 

the electrosurgical generator was delivered into the biological tissue and the plasma 

channel consumed the remaining 20 – 40%. This study establishes a guide for the 

investigation of optimal argon thermal plasma properties for biological tissue application. 
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3.1 Introduction 

Argon Plasma Coagulation (APC), first used in surgery in the late 1970s, has 

rapidly become one of the most common techniques employed in electrosurgery. APC 

offers many potential applications, including tumor debulking, ablation of vascular 

malformations, and coagulation of peptic ulcer bleeding sites [27–31]. Some of the most 

common gastrointestinal (GI) diseases treated by APC include: radiation proctitis, Barrett’s 

esophagus and gastric antral vascular ectasia [GAVE] [53–60]. APC is a preferable 

treatment method since it conducts electrical current in a non-contact manner. The ability 

to ablate tissue without direct contact is beneficial as it may mitigate the risk of bleeding 

at the targeted site and the surrounding tissue. The scalpel is positioned 2 – 6 mm from the 

treatment site and thermal heating is achieved by high purity ionized argon gas. The 

produced heat denatures the proteins and evaporates the intra- and extracellular water, 

resulting in tissue destruction and coagulation [28,53,61]. The tissue’s response to thermal 

heating is directly dependent on the amount of power applied. The applied power ranges 

from 20 – 90 Watts based on the type of treatment [62–65]. While the applied power used 

for treatment is under investigation, little is known about the physical properties of plasma 

employed and the plasma-tissue interaction during coagulation. Basic plasma parameters, 

such as argon plasma density and electrical conductivity using the Rayleigh Microwave 

Scattering have been previously reported by our group [61]. Plasma density was 

determined to be in the range of (7.5 – 9.5) ⋅ 1015cm-3  and the electrical conductivity was 

at (1 – 2) Ohm-1 cm-1. In this paper we present data of plasma-tissue interactions during 

APC treatment, which was obtained by determining the accuracy of the power produced 

by the electrosurgical unit based on tissue resistance. To our knowledge, these plasma – 
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tissue interactions have never been investigated before. We also elucidate the power 

distribution between plasma and tissue, and report on the conductivity of APC treated 

samples. A better understanding of these interactions would offer more insight into the 

properties of argon plasma and the amount of power required for an effective treatment. 

 

3.2 Methods 

The experiments were conducted using the electrosurgical system SS-200E/Argon 

2 (ESU) in combination with the electrosurgical scalpel by US Medical Innovations, LLC, 

shown in Figure 3.1. Since power settings and argon gas flow rates vary depending on the 

type of treatment, we selected conditions representative of clinical uses. The SS-

200E/Argon-2 was operated in coagulation mode at 40, 60 and 80 Watts with a 3 LPM 

flow rate of argon. The patient port of the ESU was grounded in all experiments. Several 

raw animal tissue samples were purchased frozen from a local food store and were thawed 

to 18 – 21℃ before being used for the experiment. The scalpel was positioned between 2 

– 6 mm away from the biological tissue for 2-5 seconds to achieve stable and continuous 

flow of argon plasma. The depth of the burn injury was neither considered nor investigated 

in this study. 
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Figure 3.1 USMI Electrosurgical system SS-200E and the argon delivery unit Argon2 

coupled to the Canady Vieira hybrid Plasma Scalpel from US Medical Innovations, LLC; 

Experimental components: Patient port from the ESU connected to a non-inductive thin 

film resistor and USMI patient pad, high voltage probe, and USMI plasma scalpel. 
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Figure 3.2 Electrical schematics: (a) actual power produced by the ESU during coagulation 

across RL of 0.2, 0.5, 1, 5, 10, 15, 20, 30 and 40 𝐤𝛀, (b) equivalent tissue resistance 

experimental set-up, and (c) power distribution experiment with a deionized water sample 

as tissue replica. 

 

3.2.1 Power and tissue resistance 

The power produced by the ESU generator across the RL was measured. Various 

non- inductive thin film shunt resistors (0.2, 0.5, 1, 5, 10, 15,20 30 and 40 kΩ) were placed 

in series to determine the current produced by the circuit. The resistors were connected 

directly to the high voltage generator and the patient port of the ESU as shown in Figure 

3.2 (a). The voltage produced by the ESU was measured with the high voltage probe shown 

in Figure 3.1. The experiment was conducted at the power settings of 40, 60 and 80 Watts 

and the actual power produced was calculated from  

𝑃 = (
𝑈2

𝑅𝐿
) 

where U is the measured voltage produced by the scalpel and (RL) = 0.2, 0.5, 1, 5, 10, 15, 

20, 30 and 40 kΩ.  

The ranges of equivalent resistance for the biological samples during APC 

treatments were determined following observations from the first experiment. Samples 

containing different density levels of muscle and connective tissue were selected. Raw 

animal tissue samples from pork belly, cow pectoral, lamb liver, chicken liver and chicken 

leg were tested as shown in Figure 3.2 (b). A 10 Ω non-inductive thin film shunt resistor 

was used to determine the current generated in the circuit. The distance between the plasma 

scalpel and the tissue was measured and kept between 2 – 6 mm.  
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Additionally, the power distribution between plasma and tissue was investigated 

following the schematic shown in Figure 3.2(c). The replica, comprised of two metal 

electrodes separated by a deionized water gap, was used for testing (Figure 3.3). Voltages 

were measured on both sides of the plasma channel and the current was calculated using 

Ohm’s law and a 10 𝛀 shunt resistor. Measurements were taken at a 3, 4.5, and 6 mm 

distance between the tip of the plasma scalpel and the tip of the replica electrode. The 

distances selected were within the acceptable range for maintaining a stable plasma flow. 

The power delivered to the plasma and tissue replica was determined by numerically 

integrating the instantaneous powers. 

 

 
 

 

Figure 3.3 Plasma scalpel directed at the tip of the tissue replica electrode. 

 

3.2.2 Conductivity Measurements 

A four-point probe method was used to determine the resistance of the fresh chicken 

samples. A set of voltage electrodes spaced 1 – 2 cm apart, was placed in the sample 

between the two current electrodes. A 300 Ω shunt resistor was used to determine the 
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current produced by the power source. The AC power source was set to 5 volts. The specific 

conductance between the inner electrodes was determined by measuring the current across 

the resistor as well as the voltage drop across the inner electrodes that were embedded in 

the sample. The two-point probe method was used to determine the relative conductivity 

between the surface of the untreated and treated tissue. 

 

3.3 Results and Discussions 

 

3.3.1 Power Produced During Coagulation 

Figure 3.4 compares the actual power produced by the ESU generator to the load 

resistance at the power settings of 40, 60 and 80 Watt. It was observed that as the resistance 

approached 1 kΩ, the applied and set powers were similar. The actual power produced by 

the ESU generator ranged within 10-15% from the power setting for all tested conditions. 

The gray bar in Figure 3.4 indicates this trend and shows that the resistance of the biological 

tissue is expected to be close to the 1 kΩ range during APC treatment. The data also 

revealed that the power decreased and neared zero when the load resistance (RL) was 

greater than 10 kΩ. Figure 3.4 reveals that for resistances greater than 1 kΩ the instrument 

was able to produce a power smaller than the one of the power setting. If the resistance of 

the tissue were to be substantially smaller than 1 kΩ, the applied power may lead to 

extensive tissue injury. The difference in power can be attributed to the resistance of the 

instrument since each power setting corresponds to an average resistance, which can be 

limiting. The user cannot modify this characteristic of the APC system, which could prove 

to be a major safety concern. The data suggested that the power setting could be adjusted 

based on the expected resistance of the tissue. 
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Figure 3.4 Graph curve of the actual power produced by the ESU against the load 

resistance (RL of 0.2, 0.5, 1, 5, 10, 15, 20, 30 and 40 𝐤𝛀) for 40, 60, and 80 Watts of 

applied power. 

 

3.3.2 Equivalent Tissue Resistance and Conductivity 

Figure 3.5 compares the resistance of five animal samples during APC treatment. 

The equivalent resistance for each biological sample was calculated by dividing the 

measured voltage by the discharge current for the time periods of the plasma discharge. 

The observed equivalent resistance (Req) ranged from 0.8 – 3.7 𝐤𝛀. We anticipated for 

human and animal tissue to have a similar resistance range. To confirm these findings, the 

conductivity of animal tissue was measured and compared with the conductivity range for 

human tissue that was previously reported in literature. 
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Figure 3.5 Range of equivalent resistance for different types of animal tissue samples. 

 

The reported conductivity for different human and animal tissue encompasses a 

large range (0.02 – 1.4 S/m), in part due to the different methods used for carrying out the 

measurements. For example, Bodakian and Hart reported low values for the conductivity 

of chicken samples varying from 0.02 – 0.025 S/m, which may have resulted from using 

the two-point probe method [66]. With the four-point probe, we observed that the contact 

voltage drop at the probe-tissue interface was higher than the contact voltage drop of the 

tissue. The two-point method does not account for this voltage drop, therefore the literature 

reported values for conductivity might be underestimated. 

The conductivity of our samples ranged from 0.2 – 0.6 S/m. This range was in accordance 

with the values reported in the literature for both healthy and tumor tissue [66–75]. Based 

on these findings we established that during APC treatment the resistance of human tissue 

is similar to that of animal tissue. Figure 3.6 shows the surface of the chicken sample after 

treatment with argon plasma. The electrical conductivity of the cauterized samples was 

determined using relative measurements of the untreated and cauterized surfaces. We 
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established a coefficient (𝛼) to characterize the change in conductivity. We established a 

coefficient (𝛼) to characterize the change in conductivity. 

                                                   α = ( 
σ𝑐

σ𝑛𝑐 
 )                        

(1) 

where (𝜎𝑐) and (𝜎𝑛𝑐) are respectively the conductivities in the cauterized area and non-

cauterized areas of the living tissue. The ratio ( 
𝜎𝑐

𝜎𝑛𝑐
 ) was determined using a current 

probe. The probe, comprised of two conducting electrodes at 3 mm apart, provided stable 

contact with the tissue. The voltage difference between the probe wires was kept at 1 volt. 

Numerous current measurements were recorded to determine the average currents in the 

cauterized (ic) and the non-cauterized areas (inc). The α coefficient was determined as 

follows:  

                     α = ( 
σ𝑐

σ𝑛𝑐 
 ) = ( 

𝑖𝑐

𝑖𝑛𝑐 
 )                        

(2) 

The range for the (α) coefficient was calculated to be from 0.3 – 0.5, which indicated that 

the cauterized area was less conductive than the non-cauterized one. This result was in 

support of the limited depth of injury that the APC treatment offers. 
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Figure 3.6 The surface of a chicken sample after APC treatment. Scar diameter: 1 cm 

3.3.3 Power Distribution 

The power distribution between the tissue and plasma is shown in Figure 3.7. The 

experiment was conducted using a tissue replica as shown in Figure 3.2 (c). In a previous 

study, the waveforms of the discharge voltage and current generated for the chicken 

samples were compared with that of the deionized water replica. It was determined that 

their electrical discharge was similar [76]  and therefore the replica was used for this 

testing. It was observed that 60 – 80% of the power produced by the ESU was delivered to 

the tissue, while the rest was consumed for the production of the plasma. A portion of the 

power applied to the plasma channel was independent of the size of the gap created between 

the replica and the tip of the plasma scalpel in Figure 3.3. These findings are significant 

since, to our knowledge, there are no other studies that report of the power distribution of 

APC systems during treatment. 
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Figure 3.7 Power distribution in plasma and tissue replica for power settings of 40, 60, 

and 80 Watt. 

 

3.4 Conclusions 

Sample conductivity, resistance and the amount of applied power determine the 

type of burn created by APC treatment. A burned surface caused from the brief exposure 

to argon plasma was determined to be 2 – 3 times less conductive in comparison to an 

untreated surface. The amount of power delivered to the treatment site was found to be 

dependent on the resistance of the tissue. If the resistance of the target tissue were to be 

outside the range of 0.8 – 3.7 kΩ, an inconsistent amount of power would be delivered, 

resulting in ineffective treatment or extensive thermal damage. This study suggests that 

surgeons can adjust the power setting based on the expected resistance of the tissue being 

treated. When in the optimal resistance range, the majority of the applied power will be 

delivered to the target area, though a small percentage of it will be consumed by the plasma 

channel. Therefore, it is important to investigate APC units from different companies as 

the accuracy of the delivered power may slightly differ among them. Inaccuracies in 

delivered power may greatly affect the treatment of many diseases. 

PUBLISEHD ARTICLE 
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Chapter 4                                                                                                 

Adaptation of Operational Parameters of Cold Atmospheric Plasma for 

in Vitro Treatment of Cancer Cells 

 

ABSTRACT 

Cold atmospheric plasma (CAP), an ionized gas operated at near ambient 

temperature has been introduced as a new therapeutic opportunity for treating cancers. The 

effectiveness of the therapy has been linked to CAP generated reactive oxygen and nitrogen 

species such as hydrogen peroxide and nitrite. In this study, we monitor in real time cancer 

cell response to CAP over the course of 48 hours. The results demonstrate a correlation 

between cell viability, exposure time (30, 60, 90, 180-s) and discharge voltage (3.16 and 

3.71 kV) while stressing the likely therapeutic role of plasma-generated reactive species. 

A 30-60 second increase in CAP exposure time and/or a discharge voltage adjustment from 

3.16 to 3.71 kV, is consistently accompanied with a significant reduction in cell viability. 

Comparably, levels of hydrogen peroxide and nitrite vary as a function of voltage with 

elevated levels detected at the highest tested voltage condition of 3.71 kV. CAP ultimately 

initiates a reduction in cell viability and triggers apoptosis via damage to the mitochondrial 

membrane while also deregulating protein synthesis. The findings presented in this study, 

are discussed in the context of facilitating the development of an adaptive CAP platform 

which could improve treatment outcomes. 

 

Keywords: Non-thermal atmospheric plasma, reactive oxygen species, reactive nitrogen 
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species, discharge voltage, treatment duration, apoptosis, mitochondrial membrane 

potential, protein synthesis. 

 

4.1 Introduction 

Non-thermal atmospheric plasma, also referred to as cold atmospheric plasma 

(CAP), has emerged in the past two decades as a promising cancer therapy [77–79]. CAP 

is formed by applying a high electric field across a gas. This accelerates electrons into 

nearby atoms and molecules leading to a cascade effect of ionization, excitation and 

dissociation processes, ultimately creating a unique environment of positive and negative 

charges, UV radiation, reactive species and neutral molecules[80]. CAP therapeutic effects 

have been linked to high concentrations of reactive oxygen and nitrogen species (RONS), 

including: atomic nitrogen [81] and oxygen [82,83], hydroxyl (OH) [84], singlet delta 

oxygen (SDO) [85], superoxide [86], and nitric oxide (NO) [87,88]. These active species 

have been extensively reported as key mediators of oxidative damage and cancer cell death 

during plasma treatment [39,89,90]. Furthermore, the interaction of these species with cell 

culture media has played an important role in treatment outcomes. In a previous study it 

was shown that the  efficacy of CAP treatment can be regulated by the concentration of 

FBS in media [91]. 

Recent studies have introduced CAP as a selective therapy with a high affinity for 

triggering death in cancer cells while leaving normal cells unharmed and with no specificity 

to any type of cancer [40,80,86]. Several investigators have reported the successful 

application of CAP for in vitro treatment of approximately 20 cancer types including 

neuroblastoma [92], pancreatic carcinoma [93,94], melanoma [95–97] cervical carcinoma 
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[98][99], lung carcinoma [92][100], head and neck carcinoma [92],  and breast cancer 

[100][101]. 

Results from previous studies reveal that different types of cancers exhibit different 

responses when exposed to the same CAP treatment conditions. Therefore, it is essential 

to identify methods for monitoring cell response in real time so that plasma operational 

parameters can be adjusted to tailor CAP therapy to cancers at various stages. An 

understanding of the role of CAP operational parameters is significant since they control 

the chemical composition of plasma and thereby the quantity of RONS delivered by it. 

Here, we conduct a proof-of-principle investigation to identify the role of two CAP 

operational parameters: 1) discharge voltage in the adjustment of plasma composition and 

2) treatment duration in the modification of overall plasma action. We monitor the effects 

of CAP in breast cancer and glioblastoma cell lines in real-time by observing cell viability 

and levels of exogenous and endogenous H2O2 and NO2
- within each cell culture. 

Programed cell death (apoptosis) is investigated as a likely mechanism initiating a 

reduction in viable cells via changes to the mitochondrial membrane potential [102]. 

Furthermore, our study presents the first experimental evidence concerning the impact of 

CAP in protein synthesis – responsible for disruption in cancer growth and development 

[103]. The presented work is important since it addresses the significance of monitoring 

cell response in real time, the role of CAP discharge voltage and exposure time as key 

factors in the effectiveness of CAP therapy. The operational CAP properties are further 

discussed for their potential application in the development of an adaptive CAP platform. 

The novel platform could enhance selective destruction of cancer cells independent of 

cancer type or CAP treatment condition.  
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4.2  Experimental Section 

4.2.1  CAP Treatment and Device Operation Parameters 

The CAP device was manufactured at the Micro-propulsion and Nanotechnology 

Laboratory of the George Washington University. The device was operated at a frequency 

of 13kHz with a helium flow rate of 4 - 5 L/min. The helium plasma jet was generated via 

the dielectric barrier discharge. The spot size of the plasma jet when in contact with liquid 

media had a diameter of about 10 mm. The distance between the plasma jet outlet and the 

surface of the cell culture medium was fixed at 2 cm. The device was operated in the 

discharge voltage range of 3 – 6 kV with results presented at 3.16 and 3.71 kV. Plasma 

treatment was performed in a direct method with cells treated in culture medium and the 

CAP effect was quantified for different post exposure time points (0 minutes – 48 hour).   

 

4.2.2 Cell Culture  

Human cancer cell lines, U87 (glioblastoma) and MDA-MB-231 (breast 

adenocarcinoma) were obtained from the American Type Culture Collection (ATCC) 

(Manassas, VA). Epithelial cell lines were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) (Life Technologies) supplemented with 10% (v/v) fetal bovine serum 

(ThermoFisher) and 1% (v/v) Penicillin and Streptomycin (Life Technologies). Cell 

cultures were maintained at 37°C in a humidified incubator containing 5% (v/v) CO2.  

 

4.2.3 Kinetic Study: Cell Viability  

CAP-induced cell death was investigated by RealTime-Glo MT Cell Viability 

Assay (Cat. no. G9711, Promega) with a continuous read method for up to 48 hours post 
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CAP exposure. The assay measured cell metabolic activity which served as a proxy for cell 

viability. Adherent cells were plated in tissue culture grade white-walled 96-well plates at 

a density of 5000 cells in 100 μL of DMEM media per well. Cells were incubated overnight 

at 37°C in a humidified incubator. Subsequently at 60% confluency, culture media was 

replaced with 50 μL of fresh media to remove any unbound cells. The 2X RealTime-Glo 

solution was prepared following manufacturer’s protocol by diluting 2 μL of MT Cell 

Viability Substrate and 2 μL of NanoLuc Enzyme in 996 μL of DMEM. Once prepared, 50 

uL of the 2X solution was added to cells in 50 uL of culture medium for a final volume of 

100 uL per well. The plates were incubated overnight to allow complete incorporation of 

the reagents. Following manufacturer’s protocol, the cell culture media was not replaced 

prior to CAP treatment since this would cause the NanoLuc enzyme in the media to be 

removed and the assay to be invalid. Cells were treated with CAP for 30, 60, 90 and 180 

seconds at 3.16 or 3.71 kV. Luminescence was measured with a Thermo Viroskan LUX 

microplate reader at 37°C immediately upon CAP treatment for every 10 minutes up to 1 

hour and at 6, 12, 24 and 48 hours. Luminescence intensities of the CAP treated condition 

were normalized to untreated CAP sample (control). Each condition was performed in 

triplicate and the experiment was repeated three times. 

 

4.2.4 Hydrogen Peroxide (H2O2) Detection 

Extracellular H2O2 present in cell culture after CAP treatment was detected with a 

Fluorimetric Hydrogen Peroxide Assay (Cat. no. MAK165, Sigma-Aldrich). Cells were 

seeded in 96-well culture plates at a density of 5000 cells in 100 μL of DMEM media and 

allowed to adhere overnight. The cell culture media was replaced with 100 μL of fresh 
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media prior to treatment with CAP. At least 50 µL of the culture media from treated cells 

were transferred per well into a black-walled 96-well plate and the assay was conducted 

following manufacturer’s protocol. Fluorescence intensity was quantified at 

excitation/emission wavelengths of 540/590 nm respectively with readings at 0 - 60 min 

and 6, 12, 24, 48 hours post treatment at 3.16 and 3.71 kV with a Synergy H1 Hybrid Multi-

Mode microplate reader. The mean of the optical density values was compared to a 

standard curve and results were expressed in units of μM. 

 

4.2.5 Nitrite (NO2−) Detection 

The concentration of nitrite (NO2−), a stable downstream product of nitric oxide 

(NO) was detected with Griess Reagent Assay (Cat. no. G2930, Promega) according to 

manufacturer's instructions. Cells were seeded in 96-well culture plates at a density of 5000 

cells in 100 μL of DMEM media and allowed to adhere overnight. The culture media was 

replaced with 100 μL of fresh media prior to CAP treatment. After incubation for 0-48 

hours, 50 µL of the treated suspensions were transferred per well into a clear-walled 96-

well plate and the assay was conducted following manufacturer’s protocol. Absorption was 

measured with a microplate reader at 560 nm for the following time points: 0-60 min, 6, 

12, 24 and 48 hours post CAP exposure. The results of a standard curve were utilized to 

translate the optical density values into nitrite concentration expressed in μM. 

 

4.2.6 Apoptosis: Annexin V and Propidium Iodide Assay  

Annexin V assay was performed with a FITC Annexin V Apoptosis Detection Kit 

I (Cat. no. 556547, BD Biosciences) as recommended by the manufacturer. Cells cultured 
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in 24-well plates (25,000 cells per well) were treated with plasma for 60 seconds. At 0, 20, 

40, 60 minutes and 6, 12, 24 and 48 hours post treatment, the cells in the supernatants were 

collected by centrifugation. Adherent cells were harvested by Accutase (Innovative Cell 

Technologies) and added to the cells of the supernatant. Cells were washed once with PBS, 

resuspended in 200 μL of binding buffer (Cat. no. 556454, BD Biosciences) and stained 

with 5 µL of Annexin V FITC and 5 µL of PI. Following a 15 minute incubation, cells 

were washed and resuspended in binding buffer before being analyzed with BD 

Biosciences FACSCalibur DxP8. The instrument was equipped with three lasers with 

excitation wavelengths of 407, 488, and 637 nm and eight detectors for fluorescence. To 

determine number of live, apoptotic and necrotic cells, data were analyzed with FlowJo 

vX.0.7. 

 

4.2.7 Mitochondrial Membrane Potential Assay 

The effect of CAP on cancer cells was visualized with Mitotracker Red CMXRos 

(Cat. no. M7512, Life Technologies) a mitochondrial-specific, non-cytotoxic dye that 

accumulates in the cell’s mitochondria in a membrane potential-dependent manner. 

Briefly, 25,000 cells per well were seeded in 24-well plates and cultured overnight. Cell 

culture media was replaced with 600 µL of fresh media to remove any of the unbound cells. 

The adherent cells were treated with plasma for 60 seconds and incubated for an additional 

6, 12 and 24 hours before staining. After incubation with MitoTracker Red, cells were fixed 

in 4% paraformaldehyde and permeabilized with 0.5% Triton X in blocking buffer (50% 

(w/v) BSA in PBS). They were subsequently stained with Alexa Fluor 488 Phalloidin (Cat. 

no. A12379, Life Technologies) for visualizing F-actin followed by 4’, 6-diamidino-2-
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phenylindole (DAPI) (Cat. no. 62247, ThermoFisher) for identifying the cell nucleus. 

Confocal imaging was performed with an Olympus IX81 laser-scanning microscope 

(Olympus, Tokyo, Japan) for visualizing the cell mitochondria. A decrease in red pixel 

intensity signifies a decrease in mitochondrial membrane potential. 

 

4.2.8 Nascent Protein Synthesis Assay 

Cells were prepared as described in section G, before undergoing 60 seconds of 

plasma treatment and further incubation for 6, 12 and 24 hours before staining. Nascent 

protein synthesis was determined using Click-iT Plus O-propargyl-puromycin (OPP) 

Alexa Fluor 488 protein synthesis assay kit according to the manufacturer’s instructions 

(Cat. no. C10456, Life Technologies). Briefly, cells were incubated with 20 μM Click-iT 

OPP working solution for 30 min, fixed with 4% paraformaldehyde in 1X PBS and 

permeabilized with 0.5% Triton X. Cells were then incubated with Click-iT Plus OPP 

reaction cocktail for 30 min at room temperature protected from light, followed by 

incubation with Alexa Fluor 594 Phalloidin (Cat. no. A12381, Life Technologies) and 

DAPI (Cat. no. 62247, ThermoFisher), a blue stain to label nuclei. Nascent protein 

synthesis was assessed with confocal microscopy (Olympus IX81) by determining signal 

intensity in the green fluorescence channel. Loss of green pixel intensity, indicative of OPP 

expression, signifies a decrease in the rate of protein synthesis. 

 

4.2.9 Image and Statistical Analysis 

All experimental results were obtained from three independent experiments 

performed in triplicate with the exception of the MitoTracker Red assay and the Click-iT 
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Plus OPP protein synthesis assay, which were performed in duplicate. A total of 50 cells 

from 2 frames (25 cells each) were utilized for determining the pixel intensity of each stain. 

Results are expressed as the mean ± SD. Adobe Photoshop was used to manage the images 

collected for protein synthesis and MitoTracker studies. Pixel intensities were determined 

with ImageJ (National Institute of Health, MD, USA). Data plots and statistical analyses 

were performed with Prism 6 (GraphPad software, San Diego, CA, USA). The differences 

between groups were determined by two-tailed unpaired t-tests and data were considered 

significant for (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001. When 

standard deviations between groups were not equal, significance was determined using 

Welch corrected unpaired t-tests. Histograms were generated using mean and standard 

error of the mean (SEM) values. In figures 1-6, statistical significance was determined 

against untreated condition unless otherwise indicated. 

 

4.3 Results    

4.3.1 Real Time Monitoring of Cell Response: Treatment Duration and Discharge 

Voltage  

Figure 4.1 and 4.2 show the effect of plasma treatment duration and discharge voltage on 

cancer cell viability utilizing the RealTime-Glo MT Cell Viability Assay. This assay 

enabled continuous monitoring of cell response via repeated reading of the testing 

conditions over the course of 48 hours. The RealTime-Glo assay involved the addition of 

a proprietary luciferase and a pro-substrate to the culture medium prior to CAP exposure. 

Live cells unaffected by CAP treatment facilitated conversion of pro-substrate into a new 

substrate, which then diffused into the culture media. The newly generated substrate was 
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consumed by luciferase to produce a luminescent signal. The signal correlated with the 

number of viable cells after treatment since dead cells were unable to reduce the pro-

substrate and therefore did not produce a signal.  Percent live cells were determined with 

respect to the untreated control condition. More specifically, percent live cells were 

calculated by dividing luminescent readings of the CAP treated conditions with those of 

the untreated control and multiplying by 100%. Therefore, the cell viability of the untreated 

control was assumed as 100% and is indicated by the dotted line in Figure 4.1 and 4.2. 

The viability of breast cancer (Figure 4.1 (a)) and glioblastoma (Figure 4.1 (b)) 

cells was quantified for up to 48 hours following CAP exposures of 30, 60, 90 and 180 

seconds at 3.16 kV. A greater than 50% reduction in cell viability was recorded 

immediately (0 min) after treatment in both cell lines for most CAP exposure times with 

the exception of 180-s treatment in breast cancer cells. Indeed, data showed that 30 – 90-s 

CAP treatments lead to more significant reductions in viability than 180-s CAP exposure. 

This unexpected outcome may result from CAP generated reactive species needing time to 

fully become incorporated in cell culture media and come in contact with cancer cells. In 

fact, according to the data it is not until 20 minutes after treatment when the differences in 

cell viability became correlated with treatment time duration. The decrease in cell viability 

observed immediately after treatment was followed by a viability increase which lasted up 

to 6 hours. From 6 - 48 hours, cell viability steadily decreased as a function of exposure 

time for most CAP conditions. The delayed effect of plasma in initiating cell death may 

depend on the phase of the cell cycle. A previous study on CAP and keratinocytes 

suggested that increased amounts of reactive oxygen species (ROS) produced by plasma 

might cause oxidative DNA damage and delay the cell cycle (G2/M phase arrest), 
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corresponding to a loss of viability. Therefore, the observed delayed effect in cell viability 

primarily observed between 0 - 6 hours when cell viability seems to be recovering (Figure 

4.1), may be linked to the amount of ROS produced by CAP. The reduction in cell viability 

observed between 6-48 hours is in line with previous findings reporting that the most 

significant CAP effect is observed at 24 and 48 hours post plasma exposure. 

Despite exhibiting a similar cell viability trend in the initial hour after treatment, 

glioblastoma cell response differed significantly from that of breast cancer cells between 6 

and 48 hours. At 24 and 48 hours, the shortest CAP exposure of 30-s ultimately amounted 

to no substantial reduction of glioblastoma cell viability while viability of breast cancer 

cells decreased by 10-30%.  Plasma treatments of 60, 90 and 180-s had a more significant 

effect on cell viability. These results attest to the fact that different cell lines responded 

differently to treatment.  

According to the 24-hour data collected from the 60-s treatment condition, glioblastoma 

and breast cancer cell viability were reported at 95% and 85% respectively. The variation 

in response to treatment between the two cancer cell lines was noted for all CAP exposure 

times. The data provided evidence that the RealTime-Glo assay could detect the cell 

response to plasma treatment in real time with results varying per cell line and in a  CAP-

exposure time dependent manner. 
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Figure 4.1 CAP treatment induces a significant reduction in cell viability over time as 

a function of exposure time. MDA-MB-231 breast cancer cells (a) and U87 glioblastoma 

(b) cells were treated with a CAP output voltage of 3.16 kV for 30, 60, 90 and 180 seconds. 

Immediately following treatment, RealTime-Glo MT Cell Viability Assay (Promega) was 

performed with a continuous read method to evaluate the response of each cell line in real 

time. The data were normalized to the untreated control recorded for each time point. The 

% cell viability of the untreated control assumed as 100% is indicated by the dotted line. 
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Figure 4.2 presents the same cell response pattern corresponding to the 60-s 

treatment in Figure 4.1. The data emphasize the variation in cell response resulting from 

an increase in discharge voltage from 3.16 to a 3.71 kV. Breast cancer data (Figure 4.2 (a)) 

revealed a statistically significant difference in cell viability between 3.16 and 3.71 kV 

conditions in the 6 – 48-hour time range. The earliest detectable variance in cell response 

observed at 6 hours post treatment, corresponded to a 50% final difference in cell viability 

between the two voltage conditions. In glioblastoma cells, the first significant difference 

in cell response was observed as early as 20 minutes after treatment.  

The discharge voltage effect became more pronounced at 24 hours where a 0.55 kV 

increase in voltage resulted in a 70 % reduction in viability. Real time results demonstrate 

the important role of CAP discharge voltage in influencing cell response. Indeed, Figure 

4.2 (c) reveals that a modification in voltage, translated to different cell viability outcomes 

not only within one cancer cell line but also between the two types of cancers investigated. 
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Figure 4.2 CAP effect on cell viability varies as a function of discharge voltage. Breast 

cancer cells (MDA-MB-231) (a) and glioblastoma cells (U87) (b) were treated with a CAP 

output voltage of 3.16 kV and 3.71 kV for 60 seconds. A side-by-side comparison (c) 
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revealed a difference in viability between the two cell lines as a function of discharge 

voltage. RealTime-Glo MT Cell Viability Assay (Promega) was performed with a 

continuous read method for evaluating cell response. The data were normalized to the 

untreated control condition (assumed at 100% viability) indicated by the dotted line. 

 

4.3.2 Evaluation of H2O2 and NO2
− post CAP Exposure 

Figure 4.3, 4.4 and 4.5 elucidate the link between CAP discharge voltage and the 

concentration of reactive oxygen and nitrogen species (RONS) generated by it. The current 

literature in plasma medicine identifies high concentrations of CAP generated RONS as 

one of the primary factors linked to the effectiveness of CAP in cancer therapy. H2O2 and 

NO2
− are two of the most-well reported and major longer-lived species produced by plasma. 

Hence, we monitored the levels of H2O2 and NO2
− in breast cancer cells and glioblastoma 

cells (Figure 4.4 and 4.5). 

Figure 4.3 shows the correlation between the concentration of CAP generated reactive 

species, exposure time and discharge voltage. The concentration of H2O2 and NO2
− 

generated by plasma was qualified in cell culture media (no cells) for exposure times of 30 

- 180 seconds at 3.16 and 3.71 kV CAP discharge voltage immediately after treatment. 

Figure 4.3 (a) and (b) show that the concentration of CAP generated species is well above 

the detection limit of 1.0 μM for H2O2 and 2.0 μM for NO2
- as indicated by the dotted line. 

The lowest detection limit was determined by measuring the amount of H2O2 and NO2
− in 

untreated cell culture media. The data show 30-180 second CAP exposures generating 

similar quantities of H2O2 and NO2
− with concentrations of both species rising as a function 

of increased exposure time and discharge voltage. For instance, in Figure 4.3 (a) a 180-s 

plasma treatment at 3.71 kV generated substantially higher concentrations of H2O2 than a 
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30-s treatment at 3.16 kV. The same observation was noted for the quantity of CAP 

generated NO2
−. Altogether the data demonstrated the important role of operational 

parameters in influencing the amount of reactive species generated by CAP. 

 

Figure 4.3 Levels of H2O2 and NO2
- in cell culture media (no cells) immediately after 

CAP exposure. Concentration of CAP generated H2O2 (a) and NO2
- (b) was measured in 

cell culture media for CAP exposures of 30, 60, 90, 180 seconds with 3.16 or 3.71 kV. 

Levels of CAP generated H2O2 and NO2
- rise with increasing discharge voltage and 
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exposure time. The lowest detection limit indicated by the dotted line is the amount of 

H2O2 and NO2
- in untreated cell culture media. 

 

Figure 4.4 and 4.5 highlight the levels of exogenous and endogenous H2O2 and 

NO2
- within each cell culture. Given that at high delivery power, plasma produces higher 

levels of H2O2 and NO2
-, we investigated the changes in quantities of H2O2 and NO2

- over 

the course of 48 hours in the presence of cancer cells. Cell behavior was evaluated by 

comparing CAP treated conditions with controls. The selected control conditions included: 

1) untreated cells and 2) CAP treated media. The amount of H2O2 and NO2
- in untreated 

cells (Control 1) was reported to be at less than 0.5 μM for all post treatment time points 

ranging from 0-48 hours. The amount of H2O2 and NO2
- in CAP treated media (Control 2) 

decayed over time as these species are highly unstable in aqueous solution. 
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Figure 4.4 CAP generated H2O2 becomes metabolically degraded by cancer cells. 

Cells were treated with a CAP output voltage of 3.16 kV or 3.71 kV for 60-s and the effect 

of H2O2 was observed over the course of 48 hours. CAP treated MDA-MB-231 breast 

cancer cells (a-b) and U87 glioblastoma cells (c-d) metabolically degraded H2O2 starting 

immediately after CAP exposure. Levels measured in the CAP treated cells were compared 

with those of Control 1 (untreated cells) and 2 (CAP treated media).  

 

We showed that the rate of H2O2 consumption varied per cell line as a function of 

CAP discharge voltage (Figure 4.4). A comparison over time of the CAP treated cells with 

CAP treated media control revealed that cancer cells metabolically degrade the generated 

H2O2. The rate of H2O2 consumption varied as a function of CAP discharge voltage. An 
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increase in plasma discharge voltage from 3.16 to 3.71 kV was accompanied with an 

increase in the rate of H2O2 metabolic degradation between 0-40 min after treatment. 

In a similar trend, the rate of CAP generated NO2
- consumption varied over time as 

a function of discharge voltage (Figure 4.5). Significantly higher levels of NO2
- were 

detected at 24 and 48 hours of treatment compared to the CAP treated media (control 2). 

These results reveal that CAP not only delivers NO2
- to cells but may also trigger NO2

-

production. Therefore, it seems likely that the demonstrated success of CAP generated 

RONS is due to the fact that cells consume plasma generated RONS while also perhaps 

secreting small amounts of RONS in cell culture media as indicated by a previous study. 

While the role of extracellular H2O2 and NO2
- in the effectiveness of CAP therapy remains 

to be further evaluated, altogether the data revealed the cellular response to CAP exposure 

in terms of H2O2 and NO2
- uptake or release, varies not only per cell line but also due to 

adjustments in CAP discharge voltage. 
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Figure 4.5 Accumulation of NO2
- in cancer cells. MDA-MB-231 breast cancer cells (a-

b) and U87 glioblastoma cells (c-d) were treated with a CAP output voltage of 3.16 kV or 

3.71 kV for 60-s and were monitored over the course of 48 hours. Accumulation of NO2
- 

in cancer cells post CAP exposure was estimated with by Griess reagent assay. NO2
- levels 

in CAP treated cells were measured and compared with those of untreated cells (Control 

1) and plasma treated media (Control 2).  

 

4.3.3 CAP Induced Apoptosis 

The results of 24-hour plasma treatment has been extensively investigated, while 

there is very little data on the immediate apoptotic effect of CAP. Here we determine the 

overall apoptotic effect of CAP over the course of 48 hours starting immediately after 
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treatment.  The testing was conducted in 24-well plates and therefore the data are not 

directly comparable to the data in Figure 4.1 - 4.5 collected in 96-well plates. CAP induced 

apoptosis was expected to decrease due to the 24-well plates’ larger volume and cell 

number per well. Nevertheless, the effect of CAP in inducing apoptosis is still evident in 

Figure 4.6.  

Apoptosis was investigated by flow cytometric analysis in breast cancer and 

glioblastoma cells stained with Annexin V and propidium iodide. Exposure of cells to CAP 

(3.16 kV) for 60-s resulted in an accumulation of apoptotic cells where apoptosis was 

induced in a slow time-dependent manner as indicated in Figure 4.6 (a) and (b). CAP 

treated cancer cells showed a higher apoptotic activity than untreated control for the 

majority of the post treatment time points. Furthermore, the trend in the rate of apoptosis 

varied per cell line in the first hour after CAP exposure. For instance, immediately (0 min) 

upon treatment, glioblastoma cells revealed a 70% increase in the rate of apoptosis in 

contrast to breast cancer cells. Overall the results in Figure 4.6 attest to the varying effect 

of CAP on different cancer cells.   
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Figure 4.6 CAP exposure and apoptotic cell death. Annexin V assay of MD-MB-231 

breast cancer cells (a) and U87 glioblastoma cells (b) treated with 60-s CAP at 3.16 kV. 

Apoptosis is presented as the percent stained fraction post treatment with respect to the 

untreated control.  

 

4.3.4 CAP-Induced Mitochondrial Dysfunction 

Mitochondria produce ATP, the primary energy source used in cells, via the citric 

acid cycle and oxidative phosphorylation. Their primary role of  cellular energy production 

makes them a major source of cellular ROS  (including H2O2) and oxidative stress which, 

if excessive, will initiate the collapse of the mitochondrial transmembrane potential and 
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apoptosis [102]. Here we use the MitoTracker Red CMXRos dye to investigate possible 

involvement of the mitochondria in the pathways leading to apoptosis. CMXRos is a non-

cytotoxic dye that accumulates in mitochondria in a membrane potential-dependent 

manner; when mitochondrial membrane potential is reduced, less dye enters mitochondria. 

Data are presented in Figure 4.7. While no significant differences in membrane potential 

are observed between 0-60 minutes post CAP exposure (data not shown), mitochondrial 

membrane potential decreases by 6 hours and remains decreased at 24 hours post treatment. 

Data show a 20-50% decrease in pixel intensity at 6 - 24 hours post treatment compared to 

the untreated condition for both cell lines. In Figure 4.7 (b) and (f) cells exhibit a decrease 

in red pixel intensity indicative of loss in mitochondrial membrane potential. Unlike the 

cell viability and ROS studies, this investigation was conducted in 24-well plates instead 

of 96-well plates.  The plasma effect is expected to reduce when the volume of cell culture 

media and cell number are increased but treatment parameters such as discharge voltage 

and CAP exposure time remain the same. The results collected are not directly comparable 

with those of sections 4.3.1 - 4.3.3 however they reflect the overall impact of CAP in 

activating cell signaling pertaining to apoptosis. 
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Figure 4.7 CAP exposure reduces mitochondrial membrane potential in cancer cells. 

Immunofluorescence staining of Actin (phalloidin) green, nucleus (DAPI) blue and 

MitoTracker Red of breast cancer MDA-MB-231 cells (a, b) and glioblastoma U87 cells 

(e, f) at 24 hours.  Subcellular distribution of MitoTracker Red was revealed by confocal 

microscopy. The white arrows in (b) and (f) point to cells exhibiting a decrease in red pixel 

intensity indicative of a loss in mitochondrial membrane potential due to CAP exposure. 

Pixel intensity values of 50 cells (two frames per experiment) reveal the distribution of 

mitochondrial membrane potentials at 6, 12 and 24 hours post CAP exposure (c, d); Scale 

bar (bottom image): 10 μm. 

 

 

4.3.5 CAP in Protein Synthesis 

The overall rate of protein synthesis within cells is highly regulated to meet the 

needs of cells and tissues; it is reduced when nutrients are limited  and when cells die and 

is increased when cells respond to stress [103]. The impact of CAP on the rate of protein 

synthesis in cancer cells, was assessed with a Click-iT Plus OPP assay by incorporating 

(OPP) as a proxy for total protein synthesis (Figure 4.8). O-propargyl-puromycin (OPP) is 

able to tag newly synthesized peptide chains and thus to visualize the proteins being made 

within the time of incubation. OPP fluorescence signal was compared between different 

post exposure time points and the untreated control (no CAP) condition. CAP treatment 

results in a decrease in OPP fluorescence (green) compared to untreated controls. Similar 

to the mitochondrial membrane potential study, the testing was conducted in 24-well plates 

which allowed for a larger cell number and volume of cell culture media. While the plasma 

effect may be reduced in comparison to treatment in 96-well plates, the impact of CAP on 
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the rate of protein synthesis is indisputable. OPP fluorescence decreased significantly 

between 12 and 24 hours in breast cancer cells (Figure 4.8 (c)), and between 6 and 24 hours 

in glioblastoma cells (Figure 4.8 (e)), indicative of a reduction in the rate of protein 

synthesis. Figure 4.8 (a-b) and (d-e) display a decrease in OPP fluorescence at 24 hours 

post CAP exposure compared to untreated condition for both cell lines. These findings are 

indicated with white arrows in Figure 4.8 (b) and (e), which point to cells that have lost 

green pixel intensity indicating a reduction in protein synthesis.  

 The literature reveals that a reduction of protein synthesis activity indicates ongoing stress 

in cells and/or apoptosis [103]. Therefore, the decrease in OPP fluorescence seen at 24 

hours post CAP exposure may be linked to the CAP induced apoptosis. 

 



 

 

49 

 

 

Figure 4.8 CAP exposure reduces protein synthesis in cancer cells. Cells were treated 

with 3.16 kV CAP for 60-s and compared to the untreated (no CAP) control condition. The 

Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis Assay Kit was used to measure 

protein synthesis. Fluorescence intensity of 50 MDA-MB-231 breast cancer cells (a, b) and 

50 U87 glioblastoma cells (d, e) from two experiments were quantified. Subcellular 

distribution of Click-iT Plus OPP staining (green) was revealed by confocal microscopy. 

Expression of OPP decreased between 12 and 24 hrs in MDA-MB-231 cells (c) and 
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between 6 and 24 hrs in U87 cells (f). A decrease in pixel intensity correlates with a 

decrease in the level of protein synthesis. White arrows in (b) and (e) indicate the loss of 

OPP (green) in cells. The cell nucleus is visualized with DAPI in blue. Scale bar (bottom 

image): 10 μm  

 

4.4 Discussion 

In this study, we have demonstrated that instantaneous CAP response can be 

effectively monitored by RealTime-Glo Assay with results interpreted as cell viability 

(Figure 4.1). CAP reduced cell viability as a function of discharge voltage and treatment 

time. The most significant reduction in cell viability was noted under the highest discharge 

voltage and exposure time  (Figure 4.1 and 4.2). This observation is consistent with 

previous findings suggesting that longer CAP exposures result in cancer cells becoming 

increasingly less resistant to treatment. Therefore, the effectiveness of CAP therapy can be 

improved by adjusting discharge voltage or exposure time, which in turn control the 

amount of CAP generated RONS.  

Based on previous studies, the ROS and RNS produced by plasma are essential in 

generating positive treatment outcomes by reducing cell viability and initiating apoptosis 

[104]. Indeed, the chemical similarities between species created in plasma and those known 

to be involved with  actions of the innate immune system suggest that CAP-generated 

RONS are the primary reason for the success of  this therapy in treating cancers [105]. In 

Figure 4.3, the quantity of the H2O2 and NO2
- generated by CAP was dependent on CAP 

exposure time and discharge voltage. Furthermore, the incremental adjustments in 

discharge voltage significantly impacted cell behavior in the context of RONS 
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consumption by cancer cells (Figure 4.4 and 4.5). This suggests that if plasma were to be 

operated at different delivery power and exposure times, the variations in the amount of 

RONS generated would be significant (Figure 4) and therefore the effect on the different 

types of cancer cells may vary (Figure 4.1 and 4.2). Studies have also shown that low 

plasma concentrations are responsible for inducing mutagenesis and cell proliferation in 

tumor cells. Kalghatgi showed that a low plasma concentration enhances endothelial cell 

proliferation due to CAP generated ROS which mediated FGF-2 release [106] . High ROS 

levels not only inhibit cell proliferation, but also induce a high cytotoxic effect to the cell 

and can lead to apoptosis of a wide range of tumors. Therefore ROS is described as  

potentially harmful to cellular metabolism since it impacts cell function by altering cell 

development, growth, survival and  tumorigenesis [107].  

The observed decrease in H2O2 concentration over time (Figure 4.5) was in line 

with recent data suggesting that cancer cells have the ability to  quench ROS more 

effectively [90,108,109].  Different biochemical changes including: generation of reactive 

oxygen species (ROS), calcium flux, caspase activation, loss of mitochondrial membrane 

potential and deregulation in protein synthesis have been reported as essential events that 

commit cells to undergo apoptosis [102]. CAP decreased cell viability and induced 

apoptosis as measured by a loss of mitochondrial potential and deregulation of OPP 

expression – indicative of the rate of protein synthesis (Figure 4.7 and 4.8). The 

investigated cancer cell lines revealed a statistically significant reduction in mitochondrial 

membrane potential at 6, 12 and 24 hours after treatment (Figure 4.7) associating the 

inability to retain mitochondrial membrane integrity to CAP exposure. The mitochondria-

mediated signaling pathway that is responsible for initiating apoptosis is associated with 
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the release of cytochrome c from mitochondria into the cytoplasm. Cytochrome c is able 

to then bind to the adaptor molecule apoptotic protease activating factor-1 (Apaf-1) and 

subsequently activate caspase-9 responsible for the initiating apoptosis [110]. A previous 

study attested to the significant role of ROS in the mitochondrial apoptotic pathway by 

showing that the accumulation of ROS in the mitochondria was able to enhance apoptosis 

via reduction of mitochondrial potential, initiation of mitochondrial oxidation stress, and 

releasing cytochrome c into the cytosol [111]. 

Following CAP treatment, we also observed a general predisposition toward a 

reduction in the levels of protein synthesis. This suggested that CAP therapy may influence 

regulation of protein synthesis, which in turn impacts cancer development and growth.  

The results presented elucidate how discharge voltage and treatment duration play 

a role in modifying plasma composition. The findings offer potential opportunities for 

developing an adaptive plasma system as shown in Figure 4.9. The new platform is 

intended for monitoring the cellular response to CAP in a continuous read method with 

RealTime-Glo assay serving as part of the overall feedback system. The data collected will 

be analyzed by a feedback algorithm which will rely on viability measurements of healthy 

and cancerous cells to predict the optimal amount of 1) delivery power and 2) exposure 

time. These two parameters will regulate the intensity of CAP and therefore the amount of 

RONS delivered to cells during treatment.  

The feedback control algorithm, will be developed according to nonlinear model-

predictive controls (MPC) [112]. MPC or receding-horizon control is a strategy used to 

implement numerical solutions of an open-loop optimization in the form of feedback. MPC 

is particularly desirable for the proposed adaptive plasma platform, as the treatment 



 

 

53 

conditions will be determined in an optimal fashion to maximize the decay rate of the 

tumor. The algorithm has been shown to leverage a model of plasma tumor interactions 

[113]. The proposed adaptive CAP system will rely on findings and methods presented in 

this work and, utilize theory and practice of an innovative modern control system that will 

advance the application of plasma in cancer treatment. The feedback system will employ 

adaptive properties of CAP to yield optimal and appropriate treatments tailored to real-

time diagnostics, while laying a foundation for personalized adaptive cancer therapy. 

 

Figure 4.9 CAP device (a) and adaptive plasma platform (b). The platform monitors 

cellular response to CAP in vitro and in vivo in a continuous read method. A feedback 

mechanism utilizes real-time data to determine the optimal amount of discharge voltage 

and exposure time to improve treatment outcomes and decrease cancer cell viability. 
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4.5 Conclusions 

In summary, the findings reveal compelling evidence in support of the important 

roles played by the adaptive properties of CAP, treatment duration and discharge voltage, 

in mediating cancer suppression. Through the formation of reactive species (NO2
−, H2O2 

and likely others, e.g., OH, O2, ONOO-, NO) in cell culture media, we observed a reduction 

in cell viability dependent on CAP parameters. This ultimately led to apoptosis via changes 

in the mitochondrial membrane potential and the rate of protein synthesis. Therefore, the 

optimization of CAP operational parameters will be essential in providing long-lasting 

outcomes in anti-cancer therapy.  

In addition, we outlined a potential device approach, which will rely on the 

presented adaptive properties of plasma for developing a feedback mechanism and 

optimizing plasma dosage. Following plasma exposure, it will be important to evaluate 

changes in cell response. The feedback mechanism will rely on real-time monitoring of 

cancer cell response in vitro and in vivo. We believe that the work presented here will lead 

to the development of a new CAP platform. This will serve as the foundation to propel 

CAP therapy to the forefront of other well-established therapies associated with cancer 

treatment. Moreover, the findings of this study will serve as a template for plasma medicine 

researchers to develop more robust and efficient devices that offer selective annihilation of 

cancer cells, while leaving healthy cells unharmed. 
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Chapter 5                                                                                                        

Cold Atmospheric Plasma Enhances Sensitivity to Temozolomide in 

Glioblastoma U87MG Cells 

 

ABSTRACT 

 

Despite temozolomide (TMZ) being widely accepted as a key chemotherapeutic 

agent that can prolong glioblastoma patient survival, treatment failures and recurrence 

cases are still observed. We investigate whether Cold Atmospheric Plasma (CAP) can 

enhance TMZ cytotoxicity on U87MG cells. Cell responses to a single CAP treatment 

followed by repeated TMZ treatments was monitored with a cell viability assay. The results 

showed that TMZ combined with CAP inhibits cell viability of U87MG cells by a larger 

measure than treatment with only TMZ. CAP treatment also decreased cell migration, 

inhibited α6 and αv integrin expression and enhanced G2/M arrest. The results suggest that 

CAP could be considered as a combined treatment method against glioblastoma by 

sensitizing U87MG to TMZ. 

 

 

5.1 Introduction 

Glioblastoma multiforme (GBM) is the most common and lethal brain tumor with 

a median survival of 14-15 months. The current standard therapy includes maximum 

debulking surgery, radiation and treatment with the alkylating agent temozolomide (TMZ), 

also referred to as Temodar® [114]. The response to TMZ treatment is often associated 
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with O6-methylguanine-DNA methyltransferase (MGMT) expression. MGMT is a repair 

enzyme that protects cells against DNA damages induced by alkylating agents such as 

TMZ. In patients with positive responses to TMZ treatment, the MGMT promoter gene is 

methylated and the enzyme is not expressed. Since the introduction of this drug, it has 

become clear that not all patients will benefit to the same extent. Overexpression of the 

MGMT gene results in resistance to TMZ. Additional cases in which MGMT is not the 

primary determinant of treatment outcomes also exist [115–120]. Thus, new treatment 

strategies to overcome TMZ resistance and non-cancer specific cytotoxicity are urgently 

needed. One of the strategies involves combining TMZ treatment with Cold Atmospheric 

Plasma (CAP). 

In the last decade, scientists, engineers and physicians have been able to 

characterize CAP, optimize it for medical treatment and validate it in vivo and in vitro as a 

standalone cancer treatment modality [79,94]. A continued interest in this technology is 

fueled by the observation made from several studies suggesting that cancer cells are 

significantly more sensitive to CAP treatment than normal cells [95,101,121,122].  

CAP is formed by applying a high electric current through a gas, a process which 

results in the production of electrons, ions, neutrals, UV light and reactive oxygen and 

nitrogen species (RONS). These reactive species have been presented by several studies as 

one of the key elements that have contributed to the positive outcomes achieved with CAP 

treatment [46,123,124]. Depending on the plasma source properties and device parameters, 

the composition and the concentrations of the produced CAP species vary and therefore, 

initiate different responses from the respective targeted tissue. 
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Interactions between the extracellular matrix (ECM) and cancer cells have been 

shown to play an important role in chemotherapy resistance and invasion [125]. Initial 

experiments of CAP with living cells in wound healing, demonstrated detachment of 

treated cells from the ECM and decreased cell migration linked to DNA damage, cell cycle 

arrest and integrin activation [126,127]. Integrins, have been suggested to play a  protective 

role against chemotherapy in different tumors, including glioblastoma [118,125]. They 

have heterodimeric cell-surface receptors that directly bind to components of the ECM 

and mediate cell–matrix adhesion. Integrins are also composed of transmembrane 

glycoproteins α and β. When integrins are  bound to ECM ligands, they induce a variety 

of intracellular signals including proliferation, survival, migration and invasion [128–130]. 

α6β1 and αvβ5 integrins are described as promoters of glioblastoma cell invasion and 

migration. In addition, they are the main integrins investigated in glioblastoma cell 

response to TMZ treatment [118,131–133]. The role of these integrins has never been 

reported in glioblastoma cell response to CAP or CAP-TMZ treatment. 

In this study we introduce CAP as a treatment modality for increasing cell 

sensitivity to drugs. We show that U87MG glioblastoma cells become significantly more 

susceptible to consecutive temozolomide treatments when they undergo a single CAP 

treatment. In addition to examining the effect of plasma in different TMZ concentrations, 

we report the effect of CAP on cell migration, α6 and αv integrin expression and G2/M 

cell cycle arrest. 
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5.2 Methods 

5.2.1 CAP Treatment and Device Operation Parameters 

The CAP device was manufactured at the Micro-propulsion and Nanotechnology 

Laboratory of the George Washington University. The device was operated at a frequency 

of 12.5 kHz with a helium flow rate of 6 L/min. The helium plasma jet was generated via 

the dielectric barrier discharge31. The spot size of the plasma jet when in contact with liquid 

media had a diameter of about 10 mm. The distance between the plasma jet outlet and the 

surface of the cell culture medium was fixed at 2 cm. The device was operated in the 

discharge voltage range of 6.2 - 6.6 kV. Plasma treatment was performed in a direct method 

with cells treated in culture medium and the CAP effect was quantified for different post 

exposure time points (0 minutes – 48 hour).   

 

5.2.2 Reagents and Cell Culture  

Temozolomide was obtained from Life Sciences (ALX-420-044; Farmingdale, 

NY). It was resuspended at 20 mg/ml in 100% DMSO, aliquoted and stored at -20 °C in a 

concentration of 100 mM. The DMSO concertation in drug and media was maintained at 

0.25% for all experiments.  

The human cancer cell line, U87MG (glioblastoma) was purchased from the American 

Type Culture Collection (ATCC) (Manassas, VA). Glioblastoma cells were passaged in 

cell culture in Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies) 

supplemented with 5% (v/v) fetal bovine serum (ThermoFisher) and 1% (v/v) Penicillin-

Streptomycin (Life Technologies). Cells were harvested after three passages and were 

seeded in 24 well plates for performing experiments. The cell culture media utilized for all 
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experiments was prepared with 1% (v/v) fetal bovine serum and 1% (v/v) Penicillin-

Streptomycin. 

 

5.2.3 CAP and Temozolomide Treatment   

Cells were seeded on 24-well plates at a concentration of 20,000 cells per well, and 

grown overnight with complete DMEM media containing 1% FBS and 1% penicillin-

streptomycin for investigating cell response in the presence of TMZ and plasma. After a 

single plasma treatment of 60 or 180 seconds, the media was replaced with fresh media 

and/or TMZ according to testing conditions and cells were maintained under standard cell 

culture conditions at 37°C and 6% CO2 (Day 0). The drug and media were replaced on 

alternate days (Day 2 and 4) and the cells were incubated for up to 6 days before ending 

the assay on Day 6. The cells were tested in the following conditions: 1) media, 2) plasma 

treatment, 3) TMZ treatment and 4) plasma and TMZ treatment.  

 

5.2.4 Cell Viability Measurement 

TMZ concentrations of 10, 25, 50, 100 and 250 M were evaluated for up to 6 days 

with the drug being replaced every other day. TMZ concentrations of 10 and 50 M were 

evaluated for additional studies on Day 1 and/or Day 6 for plasma treatments of 60 and 180 

seconds. The cell viability experiments were preformed three times in six replicates per 

condition. CellTiter-Glo 2.0 Luminescent Cell Viability Assay (G9242; Promega) was 

utilized for quantifying the effect of the drug and plasma on cell viability. The assay 

determines the number of viable cells based on the quantification of ATP present, an 
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indicator of metabolically viable cells. The CellTiter-Glo 2.0 reagent was added to each 

well in equal volume to that of cell culture media. During the 10 minute incubation at 

room temperature, the reagent leads to cell lysis and generation of a luminescent signal 

proportional to the amount of ATP present, and thus indirectly measures cell number. 

After the 10 minute incubation was complete, 200 uL of reagent in media was transferred 

in triplicate in a 96 white walled plate and the luminescent signal was recorded in Tecan 

microplate reader.  

 

5.2.5 Cell Migration Time-Lapse Studies  

Time-lapse studies were performed on an Olympus IX81 microscope (Olympus 

America, Center Valley, PA) equipped with a motorized stage and a temperature and CO2 

controlled chamber. Using relief-contrast optics, images (10x) were taken every 10 minutes 

per well for an uninterrupted 16 hours and 40 minutes (100 images). Images were analyzed 

with a Metamorph image analysis software (Molecular Devices Corporations, Chicago, IL) 

where velocities and persistent displacement of 10 cells per well were calculated using the 

track cell module. A visual basic program assisted in data analysis. From each cell tracked, 

an average velocity, net displacement, and total displacement were calculated. Cell 

tracking was performed immediately following 180 seconds of plasma treatment (Day 0-

1) and on Day 5-6 for a TMZ concentration of 50 M. The experiments were carried out 

twice and in replicates of three per condition.   
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5.2.6 6 and  Immunofluorescent Staining 

For experiments involving immunofluorescent staining, cells were plated onto 24 

well plates and experiments were performed for cells on Day 1 and Day 6. The cell culture 

media was discarded, and cells were fixed in 4% paraformaldehyde (Thermo; 28906) in 

PBS for 20 min, and then rinsed in PBS. Non-specific staining of cells was blocked by 

incubating the cells for 30 min in blocking buffer (1% Bovine Serum Albumin (BSA), 1 

% horse serum in 1X PBS) with 0.02% Triton-x 100. Cells were incubated overnight at 

4°C in a 1:250 dilution in the appropriate primary antibodies (α3, α6 and αv) followed by 

3X 10 minute washes with PBS the next day. Additionally, cells were incubated with 

blocking buffer for 30 minutes followed by 1 hour incubation in secondary antibody added 

in a 1:500 dilution. α6 was detected with rat derived GOH3 (Santa Cruz; SC-19622) and 

αv integrin was visualized using the goat derived CD51antibody (R&D Systems; AF1219). 

Nuclei were visualized using DAPI (Invitrogen Corp; D21490) in a 1:2000 dilution. Images 

were acquired at 20x magnification using a Nikon Eclipse TS2R and sum pixel intensity 

for each image was quantified using NIS Elements BR v5.00 software. (Melville, NY). 

Fluorescence staining was performed on Day 1 and 6 for cells treated with 180 seconds of 

plasma and 50 M TMZ. The experiments were carried out twice and in replicates of three 

per condition.  

 

5.2.7 Flow Cytometry and Cell Cycle Analysis 

DNA staining was performed for U87MG cells treated with 180 seconds of plasma 

and TMZ concentrations of 10 and 50 M. After 6 days in culture following the procedure 

described in section 4.2.2., U87MG cells were harvested and centrifuged at 1200 rpm for 
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5 min. They were further washed 2X with phosphate-buffered saline (PBS), fixed in ice-

cold 70% ethanol and stored at 4°C for 2-4 days. Cells were then washed twice with PBS 

and incubated in the dark in PBS containing 20 mg/ml RNase A (Thermo; EN0531 ) and 

50 mg/ml propidium iodide (PI) (Thermo; P3566) at 37 °C for 30 min. Flow cytometry  

data collection was performed on a  BD Celesta Cell Analyzer at the George Washington 

University’s Flow Cytometry Core Facility. The analyzer is equipped with three lasers 

providing excitation wavelengths of 488, 640 and 405 nm and twelve detectors for 

fluorescence. Data analysis for DNA content was performed with FCS 6 Express software( 

De Novo; Glendale, CA) for quantifying G1, S and G2/M- phases of the cell cycle. The 

results were reproduced with four sets of U87MG cells per condition.  

 

5.2.8 Imaging and Statistical Analysis 

Data plots and statistical analyses were performed with Prism 6 (GraphPad 

software, San Diego, CA, USA). The differences between groups were determined by 

ANOVA (Analysis of Variance) and data were considered significant for p values of less 

than 0.05. When standard deviations between groups were not equal, significance was 

determined using Welch corrected unpaired t-tests. Potential outlier values for all 

conditions were determined with an online outlier calculator from GraphPad which 

performs the Grubbs' test (ESD method). Adobe Photoshop was used to manage the images 

collected for all figures. 
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5.3 Results 

5.3.1 CAP-Enhances TMZ Induced Cell Death 

 The anti-tumor effect of CAP as a standalone therapy in the treatment of 

glioblastoma and other cancers has been investigated in vitro and in vivo [43,123,134–138]. 

Positive treatment outcomes reported by several studies make CAP a good candidate to be 

evaluated as a new treatment strategy for enhancing sensitivity to TMZ treatment in 

glioblastoma. We evaluate the anti-tumor effect of CAP and TMZ in a U87MG cell line 

often investigated in plasma studies [43,123,139,140]. CellTiter-Glo 2.0 luminesce assay 

was utilized for monitoring cell response to CAP treatment. The utilized luminescence 

assay measures cell metabolic activity which serves as a proxy for cell viability (Sec. 

5.2.4.). Preliminary experiments for establishing optimal CAP treatment duration revealed 

that 60 and 180 seconds of plasma treatment were appropriate for this study. To better 

understand the CAP-TMZ relation, we selected treatments that provided little to almost no 

effect on cell viability. A cell growth inhibition of about 15 percent was observed after 60 

seconds of CAP treatment and a slightly higher reduction of 25 percent after 180 seconds 

of CAP (data not shown). 

Cell viability response to repeated TMZ treatments of 10, 25, 50, 100 and 250 M 

was initially evaluated to determine suitable TMZ doses for additional evaluation. The 

U87MG cell response to different TMZ doses was monitored over the course of 6 days 

with the drug treatment repeated on alternate days (Day 0, 2 and 4). Figure 5.1 (b) reveals 

the cell response to TMZ treatment 24 hours (Day 1) and 6 days from the application of 

the initial drug dose (Day 0). TMZ displayed no significant cytotoxic effect within the first 

24 hours of treatment. On day 6, the impact of TMZ in cell response becomes more 



 

 

64 

pronounced with drug doses of 10 - 250 M causing a significant dose depended inhibition 

in cell growth.  

 

Figure 5.1 Inhibition of cell proliferation by Temozolomide. (a) The plasma device 

utilized for the study.  (a) U87MG glioblastoma cells were treated with 10 M, 25 M, 50 

M, 100 M and 250 M of temozolomide for six days with the drug being replaced in 

alternate days. Cell response was recorded 24 hours and 6 days after plasma treatment. The 

asterisk indicates statistical significance compared to the untreated condition unless 

otherwise noted.  

 

 The role of 60 and 180 seconds CAP in cell sensitization was evaluated on Day 6 

in the presence of a non-cytotoxic and (10 M) and a cytotoxic (50 M) drug dose. To 

better understand the effect of a combined CAP-TMZ treatment, results were compared 

with three control variables which included: 1) untreated, 2) CAP and 3) TMZ treated cells. 

The findings presented in Figure 5.2 (a) reveal that a single CAP treatment of 60 seconds 

did not successfully sensitize cells when combined with a non-cytotoxic drug dose nor did 
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it enhance the effect of a 50 M cytotoxic dose. In contrast, the 180 seconds CAP treatment 

successfully sensitized cells to both TMZ doses (Figure 5.2 (b)). Results for the combined 

therapy of 180s CAP – 50 M TMZ reveal a statistically significant reduction in cell 

viability of 15 % compared to the drug and 30 % compared to untreated. Furthermore, they 

emphasize the application of plasma as a standalone therapy with plasma displaying an 

additional 10% decrease in viability compared to combined CAP-TMZ therapy. The results 

also indicate that a significantly higher plasma dose is needed in order to create an 

irreversible effect in cell sensitization. According to the data presented, the plasma dose 

needs to create at least a 30% reduction in viability as a standalone therapy before it is 

combined with TMZ.  
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Figure 5.2 CAP sensitizes glioblastoma U87MG cells to temozolomide treatment 

U87MG glioblastoma cells were treated with 10 M and 50 M of temozolomide for six 

days with the drug being replaced in alternate days. Cell response six days after treatment 

with (a) 60 and (b) 180s of plasma, 10 and 50 M temozolomide and plasma-temozolomide 

combined. The plasma treatment was performed only on once whereas the drug was 

replaced every two days and cell response was recorded on day 6. The asterisk indicates 

statistical significance compared to the untreated condition unless otherwise noted. 
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5.3.2 Reduced Rate of Cell Migration in CAP-TMZ Treated Cell   

Using time-lapse microscopy, we next assessed the rate of cell migration of 

U87MG cell treated with 180 seconds of plasma (single treatment) and repeated treatments 

of 50 M TMZ. The trend in cell migration was monitored for the initial 16 hours following 

CAP (Day 0-1) and in the last 16 hours (Day 5-6) before the treatment was completed. 

Representative tracks obtained from 10 U87MG cells maintained are shown in Figure 5.3 

(a) and (b). The red tracks indicate the paths taken by the cells during the time in which 

100 images were taken. The tracks from the CAP-TMZ treated cells are shorter than those 

from untreated, CAP and TMZ treated only cells (Figure 5.3) for both time point 

investigated. Quantification of data from 60 cells tracked for each variable are shown 

in Figure 5.3 (c) - (f). The effect of CAP on cell migration can be observed as early as 16 

hours following CAP and TMZ treatment. Cells exposed to a combined treatment of CAP-

TMZ migrated significantly slower than those exposed to only CAP or TMZ treatment. 

This suggests that CAP successfully enhances the anti-tumor effect of TMZ. On the last 

day of treatment, cells exposed to only TMZ and CAP-TMZ combined, migrate with the 

same velocity but have a significantly slower rate of migration than the untreated condition.  

Persistence, which represents the directionality of the cells motion, was also evaluated for 

all tested variables. Persistence was measured as the ratio between net and total 

displacements. Cells treated with CAP-TMZ therapy show changes in persistence 

compared to the control groups.  



 

 

68 

 

Figure 5.3 CAP reduces the rate of cell migration in U87MG cells. Time-lapse 

microscopy studies were performed for U87MG cell treated with 180 seconds of plasma 

(single treatment) and repeated treatments of 50 M TMZ. Tracks of 10 representative cells 

studied over the 16 hour 40 minute time period are indicated in red for (a) Day 0 -1 and (b) 

Day 5- 6. The tracks traveled by cells in the CAP-TMZ condition are shorter than those for 
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the control variables. The graphs display calculated rate of cell velocity (c), (e) and cell 

displacement  (d), (f) of 60 cells per each variable. 

5.3.3 CAP Treatment Alters Expression of αv and α6 Integrins in TMZ Treated Cells 

The expression levels of two cell surface integrins, α6 and αv, were investigated to 

determine if they provide indication/insight on the role of plasma in inducing/enhancing 

TMZ cell response. We assessed integrin expression levels in U87MG cells treated with a 

single plasma treatment (180 seconds) and repeated treatment of TMZ (50 M). 

Fluorescence staining of cells was performed for the 24 hours and 6 day time point 

following plasma treatment. According to Figure 5.4 (a) and (b), CAP and TMZ do not 

trigger any αv and α6 integrin expression up to 24 hours after treatment. Figure 5.4 (c) and 

(e) show that TMZ treatment does not impact αv and α6 integrin expression on Day 6. 

Unlike TMZ, CAP suppresses αv and α6 integrin expression and further mediates 

suppression of these integrin in TMZ treated cells (Figure 5.4 (d) and (f)). These results 

suggest that the αv and the α6 integrin expression is a good indicator for differentiating 

between TMZ and CAP treatment.  
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Figure 5.4  CAP mediated αv and α6 integrin expression in TMZ treated cells. The 

immunofluorescence staining was performed for U87MG cell treated with 180 seconds of 

plasma (single treatment) and repeated treatments of 50 M TMZ. Representative images 

for each variable were taken with a 20x magnification and are shown in (a) and (b). αv 

integrin is shown in green, α6 integrin is shown in red and the nuclei stained with DAPI in 

blue. The graphs display sum pixel intensity for αv and α6 for each of the variables tested 

at the Day 1 and 6 timepoint (c-d). Scale bar: 20 μm  

 

 

5.3.4 Cell Cycle Changes in G2/M phase 

The cell cycle is an intricate sequence of events which enables cells to grow and 

replicate. Cells that undergo replication, move from G1 phase into the S phase for DNA 

synthesis. The S phase is followed by the G2 phase, where cells prepare for duplication in 

the M phase. In glioblastoma, DNA damage is central to the cellular response to 

chemotherapy and radiation and results in cell cycle arrest predominantly at the G2/M 

checkpoint [126,141,142]. TMZ, being a DNA alkylating agent, is also known to induce 

cell cycle arrest at G2/M and to eventually lead to apoptosis. To better understand how cell 

sensitization to TMZ occurs after CAP treatment, the cell response to CAP and TMZ was 

investigated in 10 and 50 M TMZ and 180 seconds of plasma after 6 days in culture. 

Figure 5.5 (a) shows the DNA content measurement of all variables. G1, S and G2 peaks 

are indicated for each histogram. Figure 5.5 (b) presents cell distribution in each phase of 

the cell cycle with the data being characterized by the fraction of the cells in the G2/M–

phase. The results suggest that TMZ treatment induces a delay in the progression of the 

U87MG cells through the cell cycle in a dose dependent manner (10 - 50 M). This leads 
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to an increased number of cells at the G2/M checkpoint. Combined treatment of CAP with 

TMZ results in a slightly larger number of cells undergoing G2/M cell cycle arrest 

compared to the drug however, these results are not statistically significant as well. TMZ 

and CAP-TMZ combined led to a ~ 2-4 fold increase of cells in the G2/M-phase of the cell 

cycle compared to the CAP and untreated variable.   
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Figure 5.5 Cell cycle arrest in G2/M phase. (a) Representative histograms of U87MG 

cells indicating cell distribution in each phase of the cell cycle for each of the variables. (b) 

Cell distribution in each phase of the cell cycle with data characterized by the fraction of 

the cells in the G2/M–phase. Statistical significances of the observed arrest in the G2/M 

phase for U87MG cells six days after treatment with 180 seconds of plasma, 10 and 50 M 

temozolomide and plasma-temozolomide combined. The drug was replaced in alternate 

days. The asterisk indicates statistical significance compared to the untreated condition 

unless otherwise noted. 

 

5.4 Discussions 

Resistance to TMZ in glioblastoma presents a real challenge with only ~50% of 

cases showing a positive response to treatment [120,143,144]. Chemotherapy resistance is 

a common problem, and therefore the need for technologies to overcome resistance is 

always on the rise [145,146]. In the present study we evaluated the role of CAP combined 

with TMZ and report the successful application of this technology in sensitizing cells to 

TMZ treatment. Note that our study is only the third one to evaluate the application of this 

technology in combination with drug treatment [88,147]. Substantial improvements of 

CAP technology over the years and positive treatment outcomes reported from in vivo and 

in vitro studies in glioblastoma, have made CAP an appealing treatment option for 

overcoming resistance to TMZ [79,94].  

We investigated cell viability response to CAP treatment in the presence of 50 M  

cytotoxic  and  10 M  non-cytotoxic drug dose. According to previous studies, the 10 M 

dose results in no significant depletion in MGMT [146] and is within the range of 

equivalent drug doses achieved in the cerebrospinal fluid (CSF) of patients after 
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treatment [148,149]. We observed that CAP could successfully sensitized cells to a non-

cytotoxic drug dose (10 M) and it further enhanced the effect of the cytotoxic dose (50 

M). The study also reveals that the success of this therapy is contingent upon the CAP 

dose. Specifically, CAP needs to create at least a 30% reduction in viability as a standalone 

therapy before it is combined with TMZ otherwise it risks being unsuccessful in the 

treatment of glioblastoma.  

In a previous study it was reported that a CAP-TMZ combined treatment leads to a 

more significant cell viability inhibition than CAP alone [147]. However, our data showed 

a reverse pattern indicating that CAP treatment alone can create a more substantial effect 

on the rate of cell death compared to CAP-TMZ combined treatment. These discrepancies 

in treatment response can be attributed to differences in CAP devices which have presented 

a real challenge within the plasma research community. 

The primary biological features of malignant gliomas include a high rate of tumor 

cell proliferation,  attachment to the normal surrounding brain tissues, and a lower rate of 

cell migration [150]. Cell attachment mediated by cell-surface receptors known as 

integrins, is also crucial for cell invasion and migration [151,152]. Therefore, targeting the 

function of integrins such as α3, α6β1, and αvβ3 which are highly expressed in 

glioblastoma [128,153,154],  may offer insight into the treatment of this tumor. Previous 

studies investigating the role of CAP in integrin expression and activation have been 

primarily concerned with wound healing [155–159]. Here we report for the first time on 

the effect that treatment with CAP-TMZ combined has on α6 and αv integrin expression 

and cell migration. The effect of CAP on cell migration was observed as early as 16 hours 

following CAP and TMZ treatment. Our results indicated that cells exposed to CAP-TMZ 
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combined therapy migrated significantly slower than those exposed to only CAP or TMZ 

therapy. The data also showed that TZM treatment appears to cause no significant 

suppression of α6 and αv integrins when compared to untreated conditions. Whereas CAP, 

even though several days after plasma treatment, appears to inhibit expression of these 

integrins in the presence of TMZ. These results suggest that the effect of plasma even 

though delayed, is permanent. According to previous TMZ studies, inhibition of αv and 

α6-integrin expression in glioblastoma affects the cell cycle checkpoints and the repair 

processes in DNA damage. While treatment with TMZ can induce a G2/M cell cycle arrest 

[153,154,160,161]. In our study, the data suggested that TMZ treatment induced a delay in 

the progression of the U87MG. The delay is caused by increasing the number of cells at 

the G2/M checkpoint 6 days after treatment and in a dose dependent (10-50 M). Unlike 

TMZ, CAP does not create a delay in the progression of the cells at the G2/M checkpoint. 

However, when combined with a drug, it reveals that a larger number of cells are 

undergoing G2/M cell cycle arrest. These results continue to underline the successful 

application of plasma in cancer therapy and the ability that it has to counteract glioblastoma 

cell resistance to TMZ. 

5.5 Conclusion 

 

In conclusion, the cytotoxicity of TMZ was amplified with the presence of CAP. 

For the very first time, we report that TMZ in the presence of CAP induces an inhibition 

in cell migration, suppressed αv and α6 integrin expression, and G2/M arrest. In summary, 

the findings reveal compelling evidence in support of the important role played by CAP in 

mediating cancer suppression through direct treatment or by functioning similarly to drug 

sensitizing agents. 
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Chapter 6                                                                                               

Conclusions 

 

 

1. The biological tissue conductivity, resistance and the amount of applied power play 

a significant role in the type of burn created by APC treatment. If the resistance of 

the target tissue were to be outside the range of 0.8 – 3.7 kΩ, an inconsistent amount 

of power would be delivered, resulting in ineffective treatment or extensive thermal 

damage. This study suggests that surgeons can adjust the power setting based on 

the expected resistance of the tissue being treated. 

2. It was shown that the adaptive properties of CAP, treatment duration and discharge 

voltage, play a significant role in mediating cancer suppression in vitro. 

Optimization of CAP operational parameters will be essential in providing long-

lasting outcomes in anti-cancer therapy. The adjustment of these paraments caused 

a reduction in cell viability, which ultimately led to apoptosis potentially via 

changes in the mitochondrial membrane potential and the rate of protein synthesis.  

3. Data shows that CAP can improve TMZ treatment outcomes by more significantly 

increasing cell death in comparison to plasma and TMZ as standalone therapies. 

The study also presented for the first time the role of CAP in cell migration and 

integrin expression in the presence of TMZ. CAP induced cell death, G2/M arrest, 

decreased the rate of cell migration and expression of α6 and αv integrins. The 

findings revealed compelling evidence in support of the important role played by 

CAP when functioning similarly to drug sensitizing agents.  
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6.1 Contributions 

 

The results of this study are published in the following peer-reviewed journals: 

a. Gjika, E., Pal-Ghosh, S., Tang, A., Kirschner, M., Tadvalkar, G., Canady, 

J., Stepp, MA., & Keidar, M. (2018). Adaptation of operational parameters 

of cold atmospheric plasma for in vitro treatment of cancer cells. ACS 

applied materials & interfaces, 10(11), 9269-9279. 

 

b. Gjika, E., Scott, D., Shashurin, A., Zhuang, T., Canady, J., & Keidar, M. 

(2016). Plasma-tissue interactions in argon plasma coagulation: Effects of 

power and tissue resistance. Plasma Medicine, 6(2). 

 

Relevant work to the topics described in this dissertation published in peer reviewed 

journals include: 

a. Gjika, E., Pekker, M., Shashurin, A., Shneider, M., Zhuang, T., Canady, 

J., & Keidar, M. (2016). The cutting mechanism of the electrosurgical 

scalpel. Journal of Physics D: Applied Physics, 50(2), 025401. 

 

b. Lyu, Y., Lin, L., Gjika, E., Lee, T., & Keidar, M. (2019). Mathematical 

modeling and control for cancer treatment with cold atmospheric 

plasma jet. Journal of Physics D: Applied Physics, 52(18), 185202.  

Manuscript in preparation:  
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a. The Role of Cold Atmospheric Plasma in Sensitizing Cancer Cells to 

Temozolomide treatment. 

6.2 Future Work 

1. Treatment duration and discharge voltage play an important role in adjusting CAP 

composition and inducing cell death. It has been shown that cell response to CAP 

treatment varies among different cell lines, and therefore the development of an 

adaptive CAP platform becomes essential. The concept for this platform was 

introduced in Chapter 4. The novel platform would rely on the adaptive properties 

of plasma to develop a feedback mechanism which could lead to improved 

treatment outcomes. 

Tasks that need to be completed as part of this project include: 

a. Assemble the feedback mechanism platform 

b. Test adaptive platform in vitro with real-time monitoring of cell 

response 

c. Investigate feasibility of utilizing the platform in vivo in a mouse model 

 

2. Another interesting ongoing project involves the application of CAP in 

combination with TMZ in the treatment of glioblastoma in vitro. As part of this 

project it was shown that CAP can successfully enhance the effect of cytotoxic 

TMZ doses and sensitize cells to non-cytotoxic TMZ doses. According to the data, 

CAP in combination with TMZ can affect the expression levels of total α6 and αv 

integrins. According to the literature, α6β1, αvβ3 and αvβ5 are expressed in 

U87MG cells therefore to complete this study, expression levels of α6, β3 and β5 
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will be investigated with flow cytometry. Additional studies will include 

investigation of different cell lines reported as resistant to TMZ treatment and the 

investigation of the effect of CAP in the presence of TMZ in vivo. 
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