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Abstract 

 

 

The Application of the Plasma Discharge Tube and Cold Plasma in Cancer 

Treatment 

 

Cold Plasma Therapy has been shown to have a significant effect in the treatment 

of dozens of cancer types in both in vitro and in vivo models. Cold Plasma Therapy is 

based on the therapeutic effect of Cold Atmospheric Plasma (CAP). CAP is a kind of 

ionized gas close to room temperature, and it provides both electromagnetic radiation as 

well as Reactive Oxygen Species and Reactive Nitrogen Species (RONS), which are 

cytotoxic to cancer cells.  Glioblastoma (GBM) is a fatal human brain tumor with a low 

survival rate. Temozolomide (TMZ) has been widely used in GBM therapy with noticeable 

side effects. Here, we demonstrated the enhancement of therapeutic efficacy of TMZ via 

using a novel cold plasma source based on non-equilibrium plasma in a sealed glass tube, 

named radial cold Plasma Discharge Tube (PDT). PDT affected glioblastoma cells’ 

function by its electromagnetic (EM) emission rather than any chemical factors in plasma. 

PDT selectively increased the cytotoxicity of TMZ on two typical glioblastoma cell lines, 

U87MG and A172, compared with normal astrocyte cell line hTERT/E6/E7. Furthermore, 

based on a patient-derived xenograft model, our preliminary in vivo studies demonstrated 

the drastically improved mean survival days of the tumor-barrier mice by more than 100% 

compared to control. PDT is not only independent of continuous Helium supply but also 

capable of resisting the interference of environmental changes. Thus, PDT was a stable and 

low-cost cold atmospheric plasma source. In short, this study first demonstrated the 

promising application of PDT in GBM therapy as a non-invasive and portable modality. 
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A comparative study of the Tumor-Treating Fields treatment, cold atmospheric 

plasma treatment, and PDT treatment was performed. Tumor Treating Fields (TTFields) 

therapy has been well known and approved by the FDA for the treatment of adult patients 

suffering from glioblastoma. The method utilizes “low intensity” and “intermediate 

frequency” alternating electric fields to produce an inhibitory effect on cancerous cells. 

However, it involves a treatment time of 24 hours to show the anti-cancer effects.  In this 

study, through the investigation of the anti-cancer effect of TTFields, CAP, and PDT on 

glioblastoma cells, we have found that CAP and PDT had a superior ability to inhibit  cancer 

growth. 

 

 Moreover, a 3D bioprinted skin tumor model with vascular channels was 

fabricated with gelatin methacryloyl (GelMA) bioink using a stereolithography-based  

bioprinting technique. Our 3D bioprinted skin tumor models can facilitate the integration 

of skin, skin tumor, and vascular channel structure to mimic the four stages of skin cancer 

development in the human body for studying the anti-cancer effect of CAPJ. The cell 

studies of the 3D bioprinted skin tumor model indicated that B16 and L929 cells 

proliferated well in the tissue model with time, suggesting this tissue model had good 

cytocompatibility to mimic the native skin cancer development. More importantly, the 

results demonstrated that CAPJ could drastically reduce the cell viability of cancer cells 

without damaging the normal cells in a 3D tissue microenvironment. It is expected that our 

bioprinted tumor model can be used for other cancer treatments, such as the plasma 

discharge tube, in future studies. 
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Chapter 1  -  Sensitization of Glioblastoma Cells to Temozolomide by A Helium Gas             

Discharge Tube 

 

1.1 INTRODUCTION  

Cold atmospheric plasma (CAP) is a near room temperature ionized gas1, which can 

interact with organic materials without causing thermal damage to the cells2. Traditional 

CAP sources produce a highly reactive environment, composed of a large number of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS)3. Physical factors such 

as electromagnetic (EM) emission, ultraviolet irradiation (UV), and thermal irradiation are 

also generated in CAP 4. However, the biological response to these physical factors, 

particularly the EM emission, is largely unknown. Such a response may be due to a 

chemically-based cellular response, such as the selective anti-cancer capacity and the 

sterilization application of CAP 5–7.  

So far, nearly all studies only focused on the description of the cytotoxicity of CAP 

treatment via several identified pathways 1. Recently, we found that the cancer cells would 

enter the activation state after a direct CAP treatment, which drastically changed the 

previous understanding 8,9. In this activation state, the CAP-treated cancer cells will 

introduce a unique state that does not cause noticeable cytotoxicity but enhances the 

sensitivity of cancer cells to ROS. The activation phenomenon just occurs during a direct 

CAP treatment. In contrast, just the treatment based on long-lived reactive species such as 

H2O2 cannot trigger the cells to enter the activation state. Thus, the short-lived reactive 

species and the physical factors should be potential candidates to generate the activation 

phenomenon. The activation by a nanosecond-pulsed magnetic field generator was also 
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reported recently 10–13. It suggests that the activation of cancer cells in a physical way is 

possible.  

To date, the demonstration of the activation phenomenon is limited to the cytotoxicity 

of reactive species. Based on current literature, it is still unknown whether CAP can 

sensitize the cancer cells to chemotherapy drugs. Chemotherapy is one of the most common 

anti-glioblastoma treatments in recent decades. However, the use of temozolomide (TMZ), 

as an example, is limited due to its severe side effects on normal brain tissue 14 and lack of 

sustained efficacy with a high recurrence rate. In addition, glioblastoma in deep and critical 

areas within the brain is difficult to resect by traditional surgical methods without causing 

damage to the normal tissues. If there is a non-invasive way to increase the effective dose 

of TMZ, it will drastically decrease the potential damage to normal tissue of the current 

glioblastoma therapy. In this study, we used the helium gas discharge tube as a new tool to 

activate the glioblastoma cells into a unique state, in which they were sensitive to TMZ. 

The discharge tube overcomes many disadvantages of the traditional CAP sources and 

provides a non-invasive strategy to improve traditional glioblastoma therapy.  

1.2 MATERIALS AND METHODS 

1.2-1 The plasma discharge tube system 

The structure of the discharge tube is shown in Fig.1.1a. The glass tube was 100 mm 

long, and on one end, it contained an electrode connected to DC output. Helium gas with a 

99.995% purity (Roberts Oxygen, grade 4.5, size 300) was filled into a glass tube, followed 

by an immediate sealing on both ends. The copper wire electrode located at one end of the 

tube was grounded. The discharge voltage was 5.18 kV (peak-to-peak). The frequency was 
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18 kHz. The treatment was performed by placing a 96-well plate above the discharge tube 

with a gap (Fig. 1.1b). To prevent the potential heating effect, the gap between the plate 

and plasma discharge tube was tested at both 1 mm and 5 mm. The cells were cultured for 

72 hr after the treatment. The measured temperature of the CAP-treated 96-well plate was 

summarized in Fig. 1.2a. The maximum temperature after 7 min of treatment was 32.4°C. 

This temperature was lower than the standard culture temperature (37°C) in the incubator. 

Therefore, the potential thermal effect of the helium gas discharge tube should be ignored . 

The UV irradiation of the discharge tube was also measured using a UV radiometer. As 

shown in Fig. 1.2b, the bottom of the 96-well plate blocked 80% UV irradiation. The UV 

irradiation from the lighting fluorescent lamp at the lab was the background UV level, 

which was even much higher than the UV intensity of the discharge tube. Thus, such an 

extremely weak UV irradiation from the discharge tube is not likely to affect the cells’ 

normal function. 

 

Figure 1.1 The helium gas discharge tube.  

(a) The schematic illustration of setup; (b) The photo of the discharge tube in operation 
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Figure 1.2 Heating effect and UV irradiation of the discharge tube.  

(a) The temperature of the plate treated by the discharge tube. An HT-02D Handheld 

Digital IR Infrared Thermal Imaging Camera Thermometer was used for the thermal 

imaging of the 96-well plates during the discharge tube treatment. The infrared thermal 

images of 96-well plates were recorded for the case with a 1 and a 5-mm gap. (b) The UV 

intensity measured by a UV radiometer (UV340B, KONGZIR). From left to right, the UV 

intensity directly from the discharge tube, the UV intensity after the blockage of the bottom 

of the 96-well plate, and the UV intensity of the lighting fluorescent lamp at the lab were 

1.0 μW/cm2, 0.2 μW/cm2, and 1.1 μW/cm2, respectively.  

 

 

The EM emission was measured by using a heterodyne setup for the radio 

frequency (RF) range (Fig. 1.3a), which has been used in our recent study 15. Briefly, the 

hardware includes a WR75 horn antenna, waveguide, coaxial cables, frequency multiplier, 

and frequency mixer. All these components work in 10-40 GHz. The HV circuit of the 

plasma generator works at 18 kHz, which emits the RF radiation with the same frequency. 



 

5 
 

The wavelength of such RF radiation is too long for the heterodyne system; therefore, it is 

not able to interfere with the measurement. The GHz radiations should be due to the plasma 

oscillations. The 18 kHz is the discharge frequency. During every discharge period, there 

is a streamer propagation in the discharge tube, which is also known as the ionization wave. 

The streamer propagates along with plasma in the discharge tube. However, the cells were 

exposed to the side of the discharge tube in this study. There may not be an electric field 

on the side of the plasma discharge tube. Here, we just focused on the relatively short-range 

effect of the radial emission rather than the axial emission. Considering the significant 

electric field decay of the streamer, we can neglect such an effect when we place our cells 

at a short radial distance from the tube. The electric field due to the ionization wave 

propagation may not trigger the observed cellular response 16–18. 

 

The electron density at around 1012-1013 cm-3 is common for cold atmospheric 

plasma, which gives plasma frequency in the 10-15 GHz microwave range. When a 

streamer is propagating, the discharge tube can be considered as a combination of several 

regions, and each of them has its own electron density: the plasma column between the 

streamer and anode, the streamer itself, the region between the cathode and streamer, and 

the weakly ionized region behind the cathode. Note that once the streamer reaches the 

cathode, the entire region between the electrodes becomes a plasma column. Therefore, 

there are 5 peaks in the microwave power spectrum (Fig. 1.3b).  



 

6 
 

 

Figure 1.3. The EM spectrum of the discharge tube.  

(a) The schematic illustration of the heterodyne setup for RF power spectrum 

measurement15. (b) An electromagnetic spectrum measurement of the ionized helium in 

the discharge tube. There are 5 main peaks (8.4GHz, 9.5GHz, 16.4GHz, 19.4GHz, and 

23.8GHz) in the microwave power spectrum. 
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1.2-2 Cell culture and cell viability assay 

Human glioblastoma cancer cell lines U87MG, A172, and normal astrocyte cell 

line hTERT/E6/E7 were cultured in Dulbecco's Modified Eagle Medium (Life 

Technologies) supplemented with 10% fetal bovine serum (GE Healthcare, SH30396) and 

1% penicillin-streptomycin solution (Life Technologies) under standard cell culture 

conditions (humidified environment with 5% CO2 at 37 ̊C). After one passage, 10,000 cells 

in a 100 μL/well medium were seeded in a 96-well plate. The cells were cultured for 24 

hours before any test. 

 

Cell viability was measured by using an MTT assay according to the protocols 

suggested by the manufacturer (Sigma-Aldrich, M2128. The absorbance at 570 nm was 

measured using an H1 microplate reader (Hybrid Technology). A 100 μL/well of MTT 

solution was added to perform the first step of the assay. Cells were cultured for 3 hr. The 

second step was performed by using a 100 μL solvent solution to replace the first -step 

solution. All experiments were performed in triplicate and were independently repeated. 

The cell viability was normalized by the division between all the experimental groups and 

the control group.  
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In each experiment, the number of samples was 15. Each experiment was repeated 

at least 6 times. Results were expressed as the mean value ± standard deviation (S.D.) of 6 

independent experiments. The significance of all data was analyzed using the student's t-

test with (p<0.05) considered statistically significant.  

 

1.2-3 Experimental design 

The sensitization of cells by the discharge tube is a new concept. To facilitate 

understanding, we illustrated our general experimental design in Fig. 1.4. In all cases, the 

overnight media were renewed by 10 μL fresh media before the test. Specifically, the first 

experimental case was just the control group. For each well of plates, 90 μL/well of fresh 

cell culture media for each well was added to the cells after the test. The second 

experimental case was the group just treating cells by the discharge tube-only, in which the 

cells would be sensitized. In this case, cells were treated by placing the plate above the 

discharge tube with a gap of 1 or 5mm for 1, 4, or 7 min with 10 μL/well of fresh cell 

culture media. After that, 90 μL/well of fresh cell culture media was added to keep 

culturing cells. The third experimental case was the group just using the drug TMZ. In this 

case, 100 μL/well of fresh media with 180, 250, and 320 μM of TMZ was added to culture 

cells. The last case was designed to test the sensitization state of cells to the cytotoxicity of 

TMZ. Cells were treated by the discharge tube for 1, 4, and 7 min with a gap of 1 or 5mm 

with 10 μL/well of fresh cell culture media with 180, 250, and 320 μM of TMZ. After that, 

90μL/well fresh cell culture media with 180, 250, and 320 μM of TMZ was added to culture 

the treated cells. 
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Figure 1.4. The schematic illustration of experimental design. 

 

1.3 RESULTS AND DISCUSSION 

It was found that the discharge tube alone did not cause noticeable growth inhibition 

in glioblastoma cells. As shown in Fig. 1.5a, even 7 min of treatment just caused only about 

a 10% growth inhibition.  The TMZ treatment alone caused noticeable inhibition on 

U87MG cells. The growth of U87MG cells was inhibited by 21%, 37%, and 50% by the 

TMZ treatment with a concentration of 180 μM, 250 μM, and 320 μM TMZ, respectively 

(Fig. 1.5b, 1.5c, and 1.5d). The cytotoxicity of TMZ on U87MG cells could be considerably 
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enhanced by the discharge tube treatment (Fig. 1.5b, 1.5c, and 1.5d). For example, 180 μM 

TMZ alone caused a 21% growth inhibition rate on U87MG cells (Fig. 1.5b). The pre-

treatment by the discharge tube of 1 min, 4 min, and 7 min caused 24%, 38%, and 72% of 

growth inhibition rate, respectively. A similar pattern was also observed with the TMZ 

concentrations was 250 μM and 320 μM (Fig. 1.5c and 1.5d). Furthermore, when the gap 

increased from 1 mm to 5 mm, the sensitization strength decreased (Fig. 1.5e). The same 

sensitization was also observed on the discharge tube treated A172 cells (Fig. 1.5f). The 

discharge tube treatment alone also did not cause a noticeable impact on A172 cells.  
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Figure 1.5. The sensitization of the glioblastoma cells to the cytotoxicity of TMZ by the 

discharge tube.  

(a) The impact of discharge tube on U87MG cells. (b) The cytotoxicity of TMZ (180 μM) 

on the sensitized U87MG cells. (c) The cytotoxicity of TMZ (250 μM) on the sensitized 

U87MG cells. (d) The cytotoxicity of TMZ (320 μM) on the sensitized U87MG cells. (e) 
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The case with a larger gap (5 mm) with TMZ (250 μM). (f) The cytotoxicity of TMZ (250 

μM) on the sensitized A172 cells. The gap was 1 mm for all figures except Fig. 1.5e. 

 

More importantly, the discharge tube is the primary driver of the selective 

sensitization toward the glioblastoma cells. The same tests were performed on the normal 

astrocyte cell line hTERT/E6/E7. Like two cancer cell lines, the discharge tube treatment 

alone did not cause a noticeable impact on hTERT/E6/E7 (Fig. 1.6a). The pre-treatment of 

the plasma discharge tube has not increased the cytotoxicity of TMZ on hTERT/E6/E7 

cells (Fig. 1.6b). This trend suggests that the discharge tube is very promising for 

decreasing the side effect of TMZ on the normal brain tissue without sacrificing its anti-

glioblastoma efficacy.  

 

Figure 1.6. The limited side effect on normal astrocyte cell line hTERT/E6/E7.  

(a) The discharge tube treatment alone. (b) The cytotoxicity of TMZ (250 μM) on the 

tube-treated cells. The gap was 1 mm. 

 

The previous publications primarily focused on investigating the effect of the direct 

cold plasma treatment on cancer cells and associating this effect with the plasma-produced 
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chemical factors such as reactive species. In this study, we investigated the sensitization 

effect of the electromagnetic emission generated by the plasma discharge tube on 

glioblastoma cells to a widely used drug TMZ. UV will not be able to penetrate the bottom 

of the 96-well plate. In addition, the thermal effect was also deemed to be inconsequential 

in this study. The EM emission of the discharge tube also shows a 19GHz peak and a 24 

GHz peak, which suggests a microwave effect on the cancer cells (19GHz and 24 GHz are 

in the microwave range) (Fig. 1.3). However, the underlying mechanism is still unknown. 

The EM field has been demonstrated to lower the number of metastatic tumor sites and 

slow tumor growth rate when compared to the control group, without showing harmful side 

effects 19,20. EM emission may weaken the glioblastoma cells' DNA repairing function 

because TMZ mainly affects brain cancer by causing serious DNA damage 21.  

 

Compared with the traditional CAP source, the helium gas discharge tube shows much 

better stability. Due to the sealing of helium in the isolated space, the local experimental 

environments, such as the humidity, do not affect the discharge process. It is found that the 

stabilization of CAP can be affected by the change in local environments, particularly the 

relative humidity 22. As the relative humidity increases, the electron density will decrease. 

As a result, a shift in the electron energy distribution function will happen. Thus, the 

precision of the biomedical CAP treatment will be affected as the local environment 

changes. In contrast, the local environment in the plasma discharge tube will not change 

since the Helium is isolated within the discharge tube. Thus, the stabilization of the plasma 

discharge tube will be drastically improved compared with CAP. This provides an 

approach to realizing its precise application in medicine. The discharge tube also does not 
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need the continuous supply of helium or other noble gases, which will drastically decrease 

the research cost. The small size and the portable nature of the discharge tube also make it 

a potential wearable device for patients.  

 

 1.4 CONCLUSION 

In summary, through the demonstration of the sensitization of glioblastoma by the 

helium gas discharge tube, we provided a new modality to enhance the selective anti-

glioblastoma effect of TMZ. The discharge tube alone did not cause significant cancer cell 

growth inhibition. It activated two glioblastoma cell lines to be very sensitive to the 

cytotoxicity of a widely used anti-glioblastoma drug TMZ, which would decrease the side 

effect of such drugs without sacrificing their efficacy. The discharge tube used its physical 

factors to achieve these promising effects, which is a non-invasive approach and might 

have wide translational applications in the treatment of glioblastoma as well as other solid 

tumors. 
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Chapter 2 - Cold Plasma Discharge Tube Enhances Anti-tumoral Efficacy of 

Temozolomide  

 

2.1 INTRODUCTION 

Cold plasma is an ionized gas generated at room temperature and under 

atmospheric pressure conditions, which contains electrons, ions, neutral particles, 

ultraviolet (UV) emission, and the EM effect.23–27 Chemical components, particularly 

reactive species in cold atmospheric plasma, have been regarded as the key players in the 

biological response of cells and tissues to both direct and indirect treatment.27,28 In 

particular, the promising cold plasma-based cancer therapy has been largely regarded as 

the therapy based on reactive oxygen species (ROS) and reactive nitrogen species 

(RNS).29–31 However, the potential role of physical factors in cold plasma has been ignored, 

mainly because of lacking direct experimental demonstration of any cellular responses.32,33 

 

Recently, a novel experiment demonstrated the strong anti-cancer capability of cold 

plasma treatment based on physical factors, probably just the EM effect, which was 

observed in 6 cell lines, including brain cancer cells, bladder cancer cells, and melanoma 

cells.34–36 EM effect in cold plasma has at least three advantages compared with chemical 

factors in terms of anti-tumoral performance: the trans-barrier nature, the reactive species 

independent nature, and the necrotic fate of the damaged cells.12 Among them, the trans-

barrier nature means the physical factors in cold plasma can affect cells through a physical 

barrier and provide a routine to kill cells in a contactless way. The reactive species-
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independent nature means that physical factors can also kill reactive species-resistant  

cancer cells.  

 

Previous demonstration of physically-based treatment was based on traditional cold 

plasma source design. Here, we demonstrate the promising anti-tumoral capability by a 

novel designed low-cost source, a radial cold Plasma Discharge Tube (PDT). The 

fundamental difference between PDT and cold plasma jet is illustrated here. Take a helium-

based cold plasma jet as an example. Its discharge occurred in an environment that contains 

both helium and air components such as Oxygen (O2) and Nitrogen (N2) (Fig. 2.1a). Helium 

flow is necessary to sustain the continuous generation of the cold plasma jet. Thus, plenty 

of helium input is necessary, which results in a high research cost for the cold plasma jet. 

Besides, environmental factors (environmental gas composition, humidity, and airflow) 

drastically affect the stability and composition of a cold plasma jet in operation.37 Another 

vital concern is that the continuous gas flow cannot be accepted when a cold plasma 

treatment needs to be performed in tissue with very limited space, such as in the bladder or 

in other organs. The sealed space in PDT overcomes all these dilemmas simultaneously 

(Fig. 2.1b). The discharge only occurred in an isolated space. Once helium gas has been 

renewed, it can be used multi-times until the leakage of Helium, which a better sealing 

approach can improve. Obviously, only physical factors in PDT are allowed to affect cells 

or tissues, and more importantly, in a contactless way. Thus, PDT is also a prototype of a 

wearable device such as a treatment helmet. More attractively, PDT can be made into a 

tiny size, even at micro or sub-micron scale, which is a prototype of micro/nano cold 
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plasma source, might have wide application in nanomedicine with the help of 

nanogenerator.38 

 

Figure 2. 1. Schematic illustration of the basic design of two cold plasma sources.  

(a) Cold plasma jet source: both chemical factors and physical factors can affect targets. 
However, the contact blockage between the plasma body with targets can filter all chemical 

factors. (b) PDT source: only physical factors can affect targets. 

 

 

Glioblastoma (GBM) is the most common, malignant, and fatal human brain tumor. 

Most patients pass away within a year after the diagnosis.39 Temozolomide (TMZ) is a 

widely used oral alkylating agent to treat GBM.40 TMZ has advantages over other existing 

alkylating agents due to its unique chemical structure and pharmacokinetic properties. For 

example, TMZ can cross the blood-brain barrier because of its low molecular weight.41 

However, TMZ works for less than 50% of patients with noticeable side effects, such as 
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vomiting and nausea.42 Thus, there is a clear need to find novel approaches to 

simultaneously improve the efficacy of TMZ but reduce its side effects, particularly the 

damage to normal cells 43.  

 

Here, we demonstrated that a PDT source could cause growth inhibition on 

glioblastoma cell lines and enhance the anti-tumoral capability of TMZ in vitro and in vivo. 

In particular, in vivo studies were performed on an intracranial tumor xenograft model, 

which was based on a primary patient-derived GBM xenograft model. Compared to 

previous studies using established cell lines, this work shined more light on its translational 

and clinical potentiality. Furthermore, PDT-TMZ treatment caused noticeable weaker 

growth inhibition on normal astrocytes than on cancer cell lines, which suggests PDT is a 

promising modality to improve the side effect of TMZ. PDT treatment was performed in a 

contactless approach, which shines a light on the probability of using PDT as a non-

invasive anti-tumoral modality in the future.  

 

2.2 METHODS AND MATERIALS  

2.2-1 Radial PDT setup 

  PDT source was mainly composed of a cylinder quartz glass tube (ACS Pharma) 

filled with pure Helium (99.995% purity, Roberts Oxygen, grade 4.5, size 300), where two 

electrodes triggered the discharge with a voltage of 5.8 kV and a frequency of 12.5 kHz 

(Fig. 2.2a). The Cylinder glass tube had a radius of 21.5 mm and a height of 85 mm. The 

central anode had a radius of 2 mm. The annular cathode had a radius of 21 mm and a 

https://www.amazon.com/s/ref=bl_dp_s_mapp_0?ie=UTF8&search-alias=aps&field-keywords=ACS+Pharma
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height of 20 mm. Two 12 V DC cooling exhaust fans (GOSTIME) were added on both 

sides to inhibit overheating (Fig. 2.2b and 2.2c). The temperature on the top center of PDT 

was measured using a Hti-HT-02D handheld digital infrared thermal imaging camera 

thermometer, where 24-well plates were placed. The bottom temperature of the 24-well 

plate increased from 24°C to 31°C after a 7 min of treatment (Fig. 2.2d). Even though the 

treatment time increased to 10 min, the bottom temperature of the plate was still lower than 

35°C, which is still lower than the standard cell culture temperature of 37°C. Obviously, 

the heating effect of PDT will not affect cells. Electric potential distribution was measured 

by probes placed on the top surface of PDT, which gradually decreased towards the top 

radial edge (Fig. 2.2e). Plasma composition in PDT was characterized by Optical Emission 

Spectroscopy (OES, StellarNet EPP2000). As shown in Fig. 2.2f, a typical spectrum has 

the largest peak between 500 mm and 750 nm, corresponding to Helium components. In 

contrast, there are only weak peaks between 300 nm and 400 nm, corresponding to 

ROS/RNS components in plasma. UV generation from cold plasma is very weak, which 

has been demonstrated in previous studies.34,44 Thus, the ignorable UV generation in PDT 

will not affect cells.  
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Figure 2. 2 PDT source.  

(a) Schematic illustration of PDT source. (b) Front view. (c) Top review. (d) Heating effect 

of PDT treatment on 24-well plate (n=5). (e) Electric potential distribution of PDT: from 
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the center to the edge (n=5). (f) OES of plasma in PDT with a voltage of 5.8kV and a 

frequency of 12.5 kHz.  

 

2.2-2 Cell culture and PDT treatment 

Human glioblastoma cell lines U87MG, A172, and human astrocyte cell line 

hTERT/E6/E7 cells were obtained from ATCC (Manassas, VA) and were cultured in 

DMEM (Gibco, 11965118) supplemented with 10% (v/v) fetal bovine serum (Atlantic 

Biologicals, S11150) and 5% (v/v) penicillin-streptomycin solution (Life Technologies, 

15140122) under standard culture conditions (37°C, a humidified, 5% CO2/95% air 

environment). Temozolomide was purchased from Life Sciences (ALX-420-044; 

Farmingdale, NY). The entire study was performed based on 4 cases (Fig. 2.3). Case 1: 

control, in which neither PDT treatment nor TMZ treatment was performed on cells. Case 

2: PDT treatment (1, 4, 7 min) alone, in which PDT only treated cells without TMZ 

treatment. Case 3: TMZ treatment alone, in which cells were only treated by TMZ (Enzo 

life science, 400 µM) without PDT treatment. Case 4: TMZ (400 µM) treatment on the 

PDT-treated cells. For a typical PDT treatment (1, 4, 7 min), 1.5 x 104/well of cells were 

seeded in a 24-well plate for 24 hours. Before PDT treatment, the overnight supernatant 

was replaced by 20 µL/well fresh DMEM. After treatment, the medium was replaced by 

500 µL/well fresh DMEM or DMEM containing TMZ, followed by 72 hr of culture before 

the final cell viability assay using thiazolyl-blue tetrazolium bromide (MTT) (Sigma-

Aldrich, M2128). Absorbance at 570 nm was read using an H1 multi-function microplate 

reader (Hybrid Technology). All cell viability data were normalized by the division 

between the experimental and control group.  
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Figure 2. 3. Basic research strategy.  

Case 1, 2, 3, and 4 was named as Control, PDT, TMZ, and PDT +TMZ, respectively. Such 

appellation was used throughout the whole study. EM emission was generated from the 

underneath PDT source.  

 

 

2.2-3 Fluorescent dye 

Cells were gently resuspended in suitable dyes and incubated for 45 min at 37°C. 

Then, cells were centrifugated to remove CellTracker™ (Invitrogen) working solution. In 

the monoculture case, 5,000/well U87 cells or hTERT/E6/E7 cells were seeded in 96-well 

plates for 24 hr. In the co-culture case, the mixture of 5,000/well E6E7 cells and 5,000/well 

U87 cells were cultured in 96-well plates for 24 hr. Relative fluorescence units (RFU) were 

measured using a Synergy H1 Hybrid multi-mode microplate reader 72 hr after treatment. 

The final fluorescence data were normalized by the division between experimental and 

control groups.  
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2.2-4 Animal studies 

Female athymic mice (nu/nu genotype, Balb/c background, 6–8 weeks old) were 

used for in vivo antitumor study. Animals were maintained in filter top cages in Thoren 

units (Thoren Caging Systems, Inc., Hazelton, PA). All animal procedures conformed to 

Institutional Animal Care and Use Committee and National Institute of Health guidelines.  

 

2.2-5 Tumor xenograft and implantation 

D09-0394MG, a patient-derived human GBM xenograft line, was used for this 

intracranial study. This line was established and maintained at the Preston Robert Tisch 

Brain Tumor Center at Duke University. For intracranial studies, subcutaneous xenografts 

passaged in athymic mice were excised from host mice under sterile conditions in a laminar 

flow containment hood. The xenograft was minced, and cells were separated with a 60-

mesh tissue cytosieve (BioWhittaker Inc., Walkersville, MD) into a Zinc Option solution 

(Sigma Aldrich, Allentown, PA), allowing for passage through a 25-gauge needle. After 

centrifugation, the supernatant was removed, and cells were mixed 1:1 with 

methylcellulose. This mixture was then loaded into a repeating 250-/J Hamilton syringe 

(Hamilton, Co., Reno, NV) dispenser and injected intracranially into the right cerebral 

hemisphere of the athymic mouse at an inoculation volume of 5 μl. The intracranial 

injections were done by placing a mouse into a stereotactic frame. A 1/2″ midline skin 

incision was made. When performing an intracranial injection, the bregma served as the 

point of origin for the coordinate system. The injection site was 0.5 mm anterior and 2 mm 
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lateral of the bregma. Once at that point, the needle was inserted into the brain at 3.7 mm. 

Then, the needle was pulled back up to 3.4 mm deep. This created a well for the injection. 

The bregma was located, and the coordinates (2 mm lateral) were determined. A mounting 

holder on the frame held the syringe containing the cells. A sterile 25-gauge needle attached 

to the syringe was introduced through the calvaria and into the brain at a depth of 3.5 mm. 

The xenograft homogenate was injected, and after 1 min, the syringe was pulled up, and a 

small amount of bone wax was placed to occlude the hole. The mouse was removed from 

the frame, and surgical glue was used to close the skin. Lidocaine and Bupivacaine were 

used to control pain.45 

 

2.3 RESULTS 

2.3-1 Enhancing TMZ’s cytotoxicity  

PDT treatment has shown a remarkable enhancing effect on TMZ’s efficacy. PDT 

just caused a weak impact on two cell lines. For U87MG cells, PDT alone decreased cell 

viability by 4%, 13%, and 31%, respectively (Fig. 2.4a). TMZ (400 µM) alone decreased 

cell viability by 18%. In contrast, TMZ could cause a decreased cell viability on the PDT-

treated (1, 4, 7 min) cells by 25%, 34%, and 55%, respectively (Fig. 2.4b). For A172 cells, 

a similar trend has also been observed. PDT alone (1, 4, 7 min) decreased the cell viability 

by 2%, 15%, and 28%, respectively (Fig. 2.4c). TMZ alone decreased cell viability by 20%. 

In contrast, the TMZ treatment on the PDT -treated (1, 4, 7 min) cells decreased cell 

viability by 27%, 33%, and 58%, respectively (Fig. 2.4d). More importantly, PDT just 

shows a much weaker effect on normal astrocyte hTERT/E6/E7. PDT alone (1, 4, 7 min) 
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caused a weak effect on hTERT/E6/E7 cells via decreasing cell viability by 3%, 3.5%, and 

15%, respectively (Fig. 2.4e). TMZ alone decreased cell viability by 19%. The 

pretreatment of PDT just caused a decreased cell viability by 19%, 30%, and 33%, 

respectively (Fig. 2.4f). Obviously, via the physical factors in PDT, the cytotoxicity of 

TMZ could be more strongly enhanced in glioblastoma cells than in normal astrocytes.  

 

Figure 2. 4. Enhanced cytotoxicity of TMZ by PDT.  

(a) U87MG cells after PDT treatment. (b) U87MG cells after PDT +TMZ treatment. (c) 

A172 cells after PDT treatment. (d) A172 cells after PDT +TMZ treatment. (e) 

hTERT/E6/E7 cells after PDT treatment. (f) hTERT/E6/E7 cells after PDT +TMZ 

treatment. Student t-test was performed, and statistical significance was indicated as * 

p<0.05, ** p<0.01, *** 

PDT’s in vivo effect has been studied using an intracranial xenograft model. The 

schematic illustration was presented in Fig. 2.5a and 2.5b. Groups of 3 mice were 
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randomized into the following groups 10 days post tumor implantation: vehicle control 

group, ‘TMZ alone’ group, ‘PDT alone’ group, and ‘combination’ (PDT+TMZ) group. 

TMZ was administered IP using a dosing strategy below its maximum tolerated dose at 10 

mg/kg IP x 3 days. PDT treatment was performed for 4 min. The dosing schedule was as 

follows: Day 0, tumor implantation; Day 10, 10% DMSO in normal saline (NS) 

administered to the vehicle control group, 10mg/kg TMZ administered to ‘TMZ alone’ 

group and ‘combination’ group; Day 11, 10% DMSO in NS administered to the vehicle 

control group, 10 mg/kg TMZ administered to TMZ alone and ‘combination’ group, PDT 

treatment was administered for a total of 4 minutes to ‘PDT alone’ group and ‘combination’ 

group; Day 12, 10% DMSO in NS administered to the vehicle control group, 10mg/kg 

TMZ administered to ‘TMZ alone’ group and ‘combination’ group.  

 

Intracranial xenograft response was evaluated following the below protocols. The 

response of the intracranial xenografts to treatment was assessed in two ways.  The primary 

endpoint was weight loss; once animals lost 15% of their body weight, they were removed 

from the study. A secondary endpoint includes the percentage of increase in time to a 

specific neurologic endpoint (i.e., seizure activity, repetitive circling) or to moribund status. 

Statistical analysis was performed using the Wilcoxon rank order test, as previously 

described.46–47 All animals were observed twice daily for signs of distress or development 

of neurological symptoms, at which time they were removed from the study and euthanized. 

As shown in Fig. 2.5c and 2.5d, combination treatment of PDT+TMZ increased the mean 

survival days of the tumor-barrier mice by more than 100% compared to the control group 
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(110+ days vs. 51 days). Different from previous studies, this work was the first 

demonstration of the human-originated primary xenografted tumor in vivo.  

 

Figure 2. 5. PDT drastically improves the survival of tumor-bearing mice. 

 (a) Schematic illustration of the patient-derived xenograft model. Detailed protocols were 

illustrated in Methods and Materials. (b) Schematic illustration of experimental design. 

Detailed protocols were illustrated in the main text. (c) Mice survival rate curve. (d) 

Quantitative analysis.  

 

2.3-2 Factors to affect PDT’s biological effect 

The volume of supernatant (medium) surrounding cells is a crucial parameter to 

affect the efficacy of PDT treatment. Here, we increased the volume of DMEM from 20 

µL/well to 500 µL/well during the treatment. To ensure an identical culture condition, the 

supernatant in all cases was replaced by 500 µL/well fresh DMEM after the treatment. As 
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shown in Fig. 6a, PDT could strongly inhibit the cell viability only when the volume of the 

medium was adequately small such as 20 µL/well. A large volume medium such as 500 

µL/well completely blocked its killing effect. A similar trend was also observed in PDT-

TMZ treatment. The enhanced cytotoxicity of TMZ by a PDT pretreatment could be 

completely inhibited when there were enough medium surrounding cells (Fig. 2.6b).  

 

Figure 2. 6 Medium volume affects PDT's effect on U87MG cells. 

 (a) Different volumes of the medium. PDT treatment lasted for 7 min. (b) PDT-TMZ 

treatment lasted for 7 min. Student t-test was performed, and statistical significance is 

indicated as * p<0.05, ** p<0.01, *** p<0.001.(n=5). 

 

Unlike chemically-based cold plasma treatment, which was fully determined by the 

concentration of reactive species, the physically-based cold plasma treatment is drastically 

affected by the relative spatial position between the cold plasma source and target. Physical 

factors in cold plasma can affect an area much larger than the treated site. For instance, 

chemical factors such as reactive species cannot penetrate the walls in multi-well plates. 

Thus, only the plasma-touched single well will be affected.34,44 In contrast, physical factors 

such as EM emission can penetrate dielectric materials such as polystyrene to affect many 

surrounding wells of the plasma-touched single well.34,44 PDT treatment owns a similar 
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feature. As shown in Fig. 2.7a, a PDT treatment on a single well of a 24-well plate could 

affect wells surrounding the treated well ‘2C’. Here, all cell viability data on a 24-well 

plate were presented simultaneously using 3D cell viability maps, which had been used in 

previous studies.34,44 Briefly, all absorbances at 570 nm in 24 wells were divided by the 

value of the control group. The obtained relative cell viability was drawn in 3D, in which 

the valley-shaped contour represented the largest growth inhibition that occurred at a 

specific well or area (Fig. 2.7b). Obviously, the strongest growth inhibition occurred at the 

well ‘2C’. Furthermore, the gap between source and target is another important factor 

affecting PDT’s performance. When the gap increased from 4 mm to 40 mm, the killing 

effect of both PDT and PDT-TMZ treatment drastically decreased (Fig. 2.7c and 2.7d). 

Naturally, an EM emission will have attenuation during the transmission from its source. 

Therefore, the gap’s effect should be due to the natural EM emission’s attenuation.  

 

Figure 2. 7. Relative spatial position between PDT and targets determines the anti-

tumoral activity in U87MG cells. 

(a) Schematic illustration of setup. Treatment was performed on the well ‘2C’ (in green). 

(b) A PDT treatment (7 min) at a single well ‘2C’ can affect numerous surrounding wells. 
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Following the protocols in reference 34,44, the cell viability of all wells in a 24-well plate 

was presented in a 3D cell viability map using MATLAB. The projection of 3D maps was 

also presented here. (c) Cell viability of the well ‘C2’ after PDT treatment (7 min), gap: 4 

to 40 mm. (d) Cell viability of the well ‘C2’ after PDT-TMZ treatment (7 min), gap: 4 to 

40 mm. Student t-test was performed, and statistical significance is indicated as * p<0.05, 

** p<0.01, *** p<0.001.(n=5). 

 

Metal can block the transmission of EM emissions from plasma sources.34,44 We 

further investigated whether the exposure of a single well in PDT or PDT-TMZ treatment 

would still result in a noticeable anti-tumoral activity. A copper sheet (McMaster-Carr, 

9709k704) was used to cover the whole bottom of the 24-well plate during PDT treatment. 

The copper sheet was removed after the treatment, and cells were cultured under the 

standard condition for 72 hr. As shown in Fig. 2.8a and 2.8b, a copper sheet with a circular 

hole of 12 mm diameter could still allow EM emission to strongly affect U87MG cells just 

in the treated well but not in any other surrounding wells. When PDT moved away from 

cells, the anti-tumoral effect was weakened, the same trend observed in the treatment 

without copper sheets (Fig. 2.8c and 2.8d). A complete copper sheet without a hole could 

completely inhibit the anti-tumoral effect (Fig. 2.8e and 2.8f). The thickness (1 or 2 mm) 

of the copper sheet does not affect the anti-tumoral effect in both PDT and PDT-TMZ 

treatment (Fig. 2.8g and 2.8h).  
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Figure 2. 8. Copper sheet blocks PDT’s physical effect on glioblastoma cells (U87MG).  
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(a, b) A copper sheet can completely block PDT’s effect on cells. Following the protocols 

in reference 34,44, the cell viability of all wells in a 24-well plate was presented in a 3D cell 

viability map. (c, d) A copper sheet just exposed to a single well ‘2C’ in PDT treatment 

(gap 4 mm, 7 min). (e, f) A bigger gap between PDT source and target caused a weaker 

killing effect (gap 31 mm, 7 min). (g, h) The effect of copper sheets thickness (1, 2 mm) 

on PDT and PDT-TMZ (400 µM) treatment (7 min). Just the cell viability at the well ‘C2’ 

was shown here. Student t-test was performed, and statistical significance is indicated as * 

p<0.05, ** p<0.01, *** p<0.001.(n=5). 

 

Another important relative spatial position is where to locate PDT treatment. In the above 

studies, all treatment was performed underneath the bottom of 24-well plates. EM emission 

from PDT may be able to affect cells just above cells. As shown in Fig. 2.9a, PDT treatment 

was performed on the inverted 12-well plate, which allowed PDT to treat cells from a 

different direction with a gap of 17 mm. It is found that PDT alone still decreased cell 

viability by 8%, 22%, and 32%, respectively (Fig. 2.9b). Likewise, PDT-TMZ treatment 

achieved a noticeable anti-tumoral effect (Fig. 2.9c). This trend clearly demonstrated that 

PDT treatment could be performed in different directions to achieve a similar anti-cancer 

effect, which may be an important guideline for designing and using PDT.  
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Figure 2.9. PDT treatment above U87MG cells.  

(a) A schematic illustration of PDT treatment with different directions. (b) Cell viability of 

the well ‘2C’ after PDT treatment. (c) Cell viability of the well ‘2C’ after PDT-TMZ 

treatment. Student t-test was performed, and the statistical significance is indicated as * 

p<0.05, ** p<0.01, *** p<0.001.(n=5). 

  

2.3-3 Multi-time PDT treatment 

 Multi-time treatment of drugs has been used widely in chemotherapy and radiotherapy. 

However, in plasma medicine, a similar strategy has been rarely used. Here, we 

investigated the anti-tumoral efficacy of PDT using a multi-time treatment strategy. 1.5 x 

104 cells/well were seeded in a 24-well plate and cultured for 24 hr before a PDT or PDT-

TMZ treatment. For double treatment, PDT or PDT-TMZ treatment was performed on the 

first and the second day after the initial culture. The triple treatment followed the same 

protocols. Experimental conditions were identified as the previously described. Briefly, the 

overnighted supernatant was replaced by 20 µL/well fresh DMEM before PDT or PDT-

TMZ treatment. After that, 20 µL/well fresh DMEM was immediately replaced by 500 
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µL/well DMEM or TMZ-DMEM (400 µM). For double and triple treatment, cells were 

cultured 48 hr and 24 hr before the final cell viability assay, respectively.  

 

Figure 2. 10. Multi-time treatment selectively enhances anti-tumoral efficacy. 

Only the cell viability data of the well ‘2C’ are shown here. (a) U87MG after a double 

treatment. (b) U87MG after a triple treatment. (c) hTERT/E6/E7 cells after a double 

treatment. (d) hTERT/E6/E7 cells after a triple treatment. Student t-test was performed, 

and the statistical significance is indicated as * p<0.05, ** p<0.01, *** p<0.001.(n=5).  
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Compared with a single treatment strategy, a multi-time treatment drastically 

increased the killing effect on glioblastoma cells. For double treatment, PDT alone (1, 4, 7 

min) caused a decrease in cell viability of U87MG cells by 8%, 16%, and 29%, respectively. 

Though TMZ alone just decreased cell viability by 19%, PDT-TMZ treatment (1, 4, 7 min) 

decreased cell viability by 19%, 32%, and 54%, respectively (Fig. 2.10a). The triple 

treatment had a stronger anti-tumoral efficacy. PDT alone just reduced cell viability by 6%, 

18%, and 32%, respectively. PDT-TMZ treatment obtained a decreased cell viability by 

16%, 62%, and 67%, respectively (Fig. 2.10b). In contrast, these strongly enhanced effects 

have not been observed in the treated hTERT/E6/E7 cells. For double treatment, PDT alone 

(1, 4, 7 min) reduced cell viability by 4%, 13%, and 26%, respectively. PDT-TMZ 

treatment (1, 4, 7 min) increased cell viability by 26%, 48%, and 50%, respectively (Fig. 

2.10c). Triple treatment did not cause noticeable stronger cytotoxicity on hTERT/E6/E7 

cells. PDT alone (1, 4, 7 min) reduced the cell viability of hTERT/E6/E7 cells by 10%, 

14%, and 39%, respectively. PDT-TMZ treatment (1, 4, 7 min) decreased cell viability of 

hTERT/E6/E7 cells by 40%, 50%, and 51%, respectively (Fig. 2.10d). In short, PDT 

selectively increased the cytotoxicity of TMZ on glioblastoma cells compared with normal 

astrocyte cells to some extent. 

 

2.3-3 Co-culture of glioblastoma cells with astrocytes: 

Co-culture of two cell lines provides an in vitro condition which is closer to the 

microenvironment in vivo than the single-cell line culture. Previous studies have 
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demonstrated that chemically-based cold plasma treatment has shown selectivity on the co-

cultured liver cancer cell line HepG2 and normal cell line L02 in vitro.48 Here, we used a 

co-culture system composed of glioblastoma U87MG cells and normal astrocyte 

hTERT/E6/E7 cells stained by CellTracker™ deep red dye and CellTracker™ green 

BODIPY™ dye, respectively (Fig. 2.11a). The fluorescent emission at 660 nm and 529 nm 

was used to quantify the cell viability of U87MG cells and hTERT/E6/E7 cells, 

respectively.  

 

Figure 2. 11. Selective anti-tumoral effect in a co-culture system. 

 (a) Schematic illustration of PDT treatment on U87MG cells and hTERT/E6/E7 cells. 

U87MG cells and hTERT/E6/E7 cells were stained by CellTracker™ Deep Red dye 

(Invitrogen, 25 µM) and CellTracker™ Green BODIPY™ Dye (Invitrogen, 10 mM), 

respectively. (b) TMZ effect on two cell lines. (c) PDT treatment (1, 4, 7 min) on two cell 

lines. (d) PDT-TMZ treatment (1, 4, 7 min) on two cell lines. Statistical significance is 

indicated as * p<0.05, ** p<0.01, *** p<0.001.(n=5)).  
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The co-culture cases demonstrated a much better selectivity towards U87MG cells 

than the above studies involving a single cell line. TMZ (400 µM) alone caused a similar 

but weak growth inhibition on both U87MG cells and hTERT/E6/E7 cells (Fig. 2.11b). 

PDT alone already showed a weak selectivity towards U87MG cells. As shown in Fig. 

2.11c, PDT alone decreased the viability of U87MG cells and hTERT/E6/E7 cells by 21% 

and 8%, respectively. In contrast, PDT-TMZ treatment obtained a strong selectivity 

towards U87MG cells. 7 min of PDT-TMZ treatment decreased the viability of U87MG 

cells by 55%. Surprisingly, the viability of hTERT/E6/E7 cells was increased by 20% 

compared with the control group shown in Fig. 2.11c. Such a drastic difference should be 

due to the better growth of normal cells when the neighboring cancer cells have been killed 

during PDT-TMZ treatment.  

 

2.3-4 Cold plasma jet treatment 

The cold plasma jet is the most widely used cold plasma source in plasma medicine-

related studies.49 Here, we investigated whether the physically-based cold plasma treatment 

could enhance the cytotoxicity of TMZ on glioblastoma cell line A172. This cold plasma 

jet source has been used many times in previous studies (Fig. 2.12a). A detailed 

introduction can be found in previous references.50,51 Physically-based cold plasma 

treatment uses cold plasma jet to affect cells by blocking the contact between all chemical 

factors and cells.34,36,44 One simple approach was using cold plasma jet to treat the bottom 

of an inverted multi-well plate or dishes, in which the bottom of the plate or dish will block 

all reactive species.34,36,44 In fact, only this strategy has been used so far. Another potential 

approach is treating cells from the lid rather than from the bottom. However, this strategy 
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has no killing effect because there is a too large air gap between lid and target, which will 

cause a very weak EM effect on cells’ viability.  

 

 

 

Figure 2. 12. Physically-based cold plasma jet treatment on glioblastoma cells (A172). 
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 (a) Cold plasma jet source and basic structural illustration. (b) Two treatment strategies. 

(c) Cold plasma jet treatment on the lid. (d) Cold plasma jet treatment on the lid followed 

by TMZ treatment (80 µM). (e) Cold plasma jet treatment on the bottom. (f) Cold plasma 

jet treatment on the bottom followed by TMZ treatment (80 µM). (g,h) Cold plasma jet 

treatment on the bottom followed by TMZ treatment (200 µM, 300 µM). (n=3) 

 

Here, we compared two strategies of physically-based cold plasma jet treatment: 

the treatment from the bottom of a 12-well plate and the treatment above the lid of a 12-

well plate (Fig. 2.12b). 7.5 x 104 cells/well of A172 cells were seeded in a 12-well plate 

and cultured 24 hr before cold plasma jet treatment. The overnighted supernatant was 

removed before treatment. Subsequently, 1mL/well fresh DMEM or TMZ-DMEM (80 µM, 

200 µM, 300 µM) was immediately added to culture cells for 72 hr before the final MTT 

assay. It was found that cold plasma jet treatment on the lid with or without TMZ did not 

show any impact on A172 cells (Fig. 2.12c and 2.12d). Cold plasma jet treatment on the 

bottom strongly inhibits the growth of A172 cells (Fig. 2.12e). However, cold plasma jet 

treatment did not enhance the cytotoxicity of TMZ (80 µM, 200 µM, 300 µM) on A172 

cells (Fig. 2.12f, 2.12g, and 2.12h). Cold plasma jet alone caused a strong killing effect on 

A172 cells. In contrast, PDT alone just caused a weak effect. However, PDT rather than 

cold plasma jet can enhance the cytotoxicity of TMZ on glioblastoma cells. Thus, the 

biological effect of physical factors from cold plasma jet was different from that of PDT. 

2.3-5 TTField treatment  
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We further compared PDT’s performance with other physically-based anti-tumoral 

modalities, tumor treating fields (TTFields). FDA has approved TTFields as a physically-

based modality in diagnosis and therapy of glioblastoma. TTFields utilizes alternating 

electric fields with low intensity and intermediate frequency to selectively disrupt mitosis 

in cancer cells. It targets crucial proteins participating in cell cycle regulations and finally 

triggers apoptosis. Here, we investigated the anti-tumoral performance of TTFields 

treatment following the same research strategy used in PDT treatment. TTFields treatment 

was performed using the device assembled at our lab (Fig. 2.13a). Briefly, 1.5 x 104 

cells/well were seeded in a 24-well plate and cultured for 24 hr. For all cases, the 

overnighted supernatant was replaced by 1mL/well of fresh DMEM before TTFields 

treatment (60, 180 min, 5, 10 V) alone. For TMZ treatment, 1mL of fresh DMEM-TMZ 

(400 µM) was used to culture cells. For TTFields-TMZ treatment, DMEM-TMZ (400 µM) 

was used to culture cells when TTFields treatment was already performed. After these 

treatments, cells were cultured for 72 hr before a final MTT assay. It is found that TTFields 

treatment (180 min) alone or TMZ treatment alone did not have a significant anti-tumoral 

effect (Fig. 2.13b). In contrast, TTField-TMZ treatment drastically decreased the cell 

viability by 45% when the voltage was 10 V. This trend is a typical feature of sensitization 

of cancer cells to drugs (31). The higher voltage generated a better sensitization effect. 

Furthermore, a longer treatment caused a stronger sensitization effect (Fig. 2.13c).  
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Figure 2. 13. TTFields can enhance the cytotoxicity of TMZ on glioblastoma (U87MG) 

cells. 

 (a) Schematic illustration of TTField treatment. (b) Different voltages' effects (5, 

10 V). The treatment time was 120 min. (c) Different treatment time effects (60, 120, 180 

min, 10 V). Student t-test was performed, and statistical significance is indicated as * 

p<0.05, ** p<0.01, *** p<0.001.(n=5). 

 

 

2.4 DISCUSSIONS 

Traditional plasma medicine is based on the biological response to chemical 

components in a cold plasma source, such as cold plasma jet.27,28 As a result, direct contact 

between cold plasma and the target is always necessary, particularly for the case involving 

a solution layer covering cells or tissues during the treatment.52 This is a limitation of 
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chemically-based cold plasma treatment. In contrast, physical factors in cold plasma can 

penetrate a physical barrier such as a dielectric material and affect cells in a contactless 

way.34–36,53 This distinct nature shines a light on using the physically-based cold plasma 

treatment as a novel non-invasive modality. Here, PDT not only demonstrates its strong 

anti-tumoral activity in GBM by a contactless treatment method but also demonstrates its 

ability to selectively enhance the therapeutic performance of the widely used alkylating 

agent in GBM, TMZ. These results suggest that it is possible to build a cold plasma source 

to improve the current chemotherapy efficacy of glioblastoma in a non-invasive way. One 

way to bring this into the clinic is through the development or use of a multi-functional 

therapeutic helmet.  

 

This study provides several guidelines for using PDT in clinical practice. (1) PDT's 

biological effect will be counteracted when too much liquid surrounds cells or tissues. This 

feature has been widely observed in the physically-based cold plasma treatment.34–36, 53 (2) 

Like the chemically-based cold plasma treatment, a smaller gap between PDT source and 

target will cause a stronger killing effect. (3) Conductive materials such as copper sheets 

can completely block the biological effect of PDT treatment by blocking the transmission 

of EM emissions. (4) PDT can affect the biological targets such as cells from multiple 

directions, which is also a typical feature of physically-based cold plasma treatment. (5) 

Multi-time treatment on cells causes a much stronger killing effect than a single treatment.  
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PDT shows advantages over the existing physically-based cold plasma treatment. 

As we demonstrated, just a 7 min of PDT treatment can achieve even a strong efficacy. 

Though cold plasma jet is also a non-equilibrium plasma, it has not shown any 

enhancement in TMZ's cytotoxicity. On the contrary, cold plasma jet alone can cause a 

much stronger killing effect than PDT. Thus, the cold plasma jet is more likely to kill 

glioblastoma cells rather than sensitizing them to TMZ. Such different cellular responses 

can be regarded as an advantage of PDT over cold plasma jet sources.  

 

The underlying mechanism is still largely an open question. First of all, the effective 

EM emission range to cause these growth inhibitions and selective enhancement of the 

drug's cytotoxicity is still unknown. What is the difference between PDT source and cold 

plasma jet source in terms of EM emission or other physical factors? Besides, it is 

completely unknown why there is a selective biological effect to cold plasma treatment, 

which may be due to the distinct biological response of cancer cells and normal cells to the 

EM effect at a specific wavelength range. A satisfactory answer to these questions is crucial 

for the application of PDT in plasma medicine. Because TMZ mainly affects the DNA-pair 

pathways in glioblastoma cells, the EM emission from PDT may selectively affect these 

pathways or main modulators in glioblastoma cells, such as DNA repair protein O6-

methylguanine-DNA methyltransferase.54 Despite these confusions, the published studies 

based on physical factors in cold plasma clearly demonstrate that plasma medicine is not a 

field solely based on reactive species.  
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2.5 CONCLUSIONS 

In summary, here we designed a novel cold plasma source, PDT, which will only 

affect cells by its physical factors. We demonstrated the strong anti-tumoral capability of 

PDT in vitro and in vivo. More importantly, PDT drastically and selectively enhanced the 

cytotoxicity of TMZ on two glioblastoma cell lines U87MG and A172 but less so on 

astrocyte cell line hTERT/E6/E7, particularly in the co-culture experiment. These results 

suggest the potentiality of using PDT in glioblastoma therapy as a non-invasive and safe 

modality. Furthermore, PDT does not require a continuous noble gas supply compared with 

traditional cold plasma sources, which drastically decreases operational costs. More 

attractively, the noble gas is in an isolated and sealed space in PDT. Thus, environmental 

factors will not interfere with such a source and achieve a much better operational stability 

compared with cold plasma jet source. All these features shine a light on using PDT as a 

portable medical device.  
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Chapter 3 - Comparative Study of the Cancer Treatment Potential Effect of Tumor-

Treating Fields and Cold Atmospheric Plasma 

 

3.1 INTRODUCTION 

Cancer is the second most common cause of death in the United States. In 2017, there 

were 688,780 new cancer cases diagnosed and 600,920 cancer-related deaths in the U.S. 

55. There are more than 100 types of cancer have been identified, including lung cancer, 

skin cancer, and brain cancer56-58. Several methods of cancer treatment exist59, including 

surgery, chemotherapy, radiation therapy, and immunotherapy. Some relatively recent 

innovations in the field of cancer treatment have been created, such as Cold Atmospheric 

Plasma (CAP), which kills cancer cells through the creation of electromagnetic waves, 

reactive oxygen species (ROS) and reactive nitrogen species (RNS)61-63. Recent research 

has shown that the electric field with 200-300 MHz frequency could act on rapidly dividing 

cells of cancerous tumors64. Therefore, in this study, we performed a comparative study to 

evaluate the effect Tumor-Treating Fields and CAP treatment on glioblastoma. 

 

Plasma is the fourth state of matter, essentially consisting of ionized gas with 

electrons, ions, and uncharged particles. There are two kinds of plasma, “thermal” and 

“nonthermal”. Thermal plasma has electrons and gas at approximately the same 

temperatures, whereas nonthermal plasma has electrons that are at a much higher 

temperature than heavy particles. The nonthermal plasma used in this experiment is known 

as Cold Atmospheric Plasma (CAP), so-called because it is not significantly hotter than 

room temperature65-67. Cold atmospheric plasma is popularly used in the medical field, for 
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applications such as antibacterial treatment and wound healing66. Research has also been 

done on the use of CAP as a potential cancer treatment69-71. There are a variety of gases 

that can be used to generate CAP, such as air, Argon, Helium, and Nitrogen. Additionally, 

there are multiple methods to produce CAP, such as Dielectric Barrier Discharge (DBD) 

and the Atmospheric Pressure Plasma Jet (APPJ)72. Over the last decade, CAP has shown 

an extremely promising application in cancer treatment due to its selectivity for cancer 

cells over normal cells seen in vivo applications73-77. 

 

Tumor Treating Fields (TTFields) is a low intensity and intermediate frequency 

electric fields which can inhibit the growth of cancer cells 78. Research has shown that, by 

using the implanted electrodes, TTFields can successfully inhibit the growth of tumors in 

mice. Electric activity plays a vital role in this biological process. The electric field ranges 

mostly between 0 to 20 V/cm. Electric fields stimulate ion flow, which causes polar 

molecules to orient themselves along the lines following the uniform field. However, the 

non-uniform fields affect polar forces which may let them move to higher field intensity 79. 

The mechanism by which TTFields affects cells occurs when the frequency of the field 

reaches between 100 kHz and 1 MHz, at which point it will begin to act on dividing cells. 

This manifests through a disruption of the spindle tubulin orientation during cytokinesis, 

inducing dielectrophoretic. The TTFields approach requires long treatment taking 

anywhere for 24 hours80. On the other hand, the CAP approach generally only requires a 

treatment time of several minutes based on the in vivo pre-clinical data81.  
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In this study, we examined both approaches, CAP and TTFields, and determined 

the comparative efficacy of both techniques.  

 

3.2 EXPERIMENT AND METHOD 

 

3.2-1 TTFields Device Set Up 

The device used for the TTFields experimental setup is shown in fig. 3.1. The size 

of the plate was the same as a 24-well-culture plate, with 127 mm in length, 85mm in width, 

and 20 mm in height. The lid has 48 electrodes (2 electrodes in each well with a distance 

of 1 cm). The surface for each well was 2 cm2. . There were two electrodes with 0.377-inch 

length and 0.08-inch diameter made of gold placed in each well to produce the TTFields 

with controlled by a power supply. For the 1st and 2nd row of each plate, frequency and 

intensity were controlled by changing the power supply settings. The 3rd and 4th rows of 

the plate were used as “control” (not connected to the power supply and , as such no 

TTFields). 

 

Figure 3. 1. Schematics of the TTFields device setup based on 24-well cell culture plate 
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3.2-2 CAP Set Up 

The CAP jet in this experiment was designed and assembled in the MpNL lab (Fig. 

3.2)81. This plasma jet used the Helium gas as the carrying gas to trigger the discharge 

process and form the cold atmospheric plasma with a flow rate of 8L/min. The electrodes 

were connected to a high voltage resonant transformer (8kV peak to peak, frequency: 

12.5kHz). 

 

Figure 3. 2. Schematics of the CAP device setup  

 

 

3.2-3 Cells Cultures  

The cell line U87, a human primary glioblastoma cell line, is used in this experiment. 

Cell cultures were grown in high-glucose Dulbecco’s modified Eagle’s medium (DMEM, 

with L-glutamine), supplemented with 10% (vol/vol)) fetal bovine serum (FBS) and 1% 
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abs media in a 5% CO2 incubator at 37°C. Cells (2 ml; total 18 000 cells per well) are 

placed in each well of the 24-well plate. The cells were incubated for 24 hours.  

 

3.2-4 Optical Emission Spectroscopy 

In this experiment, the range of the wavelength was set to 191-851.5nm. It was 

investigated on the CAP jet to a calculated intensity ratio of 391.4nm over 337.1nm. The 

spectroscopy meter and optical probe were from Stellar Net Inc. The optical probe was set 

at 5cm below and 2.5 cm in front of the nozzle.  

 

3.2-5 Ansys Fluent 

Ansys Fluent was used to simulate the CAP composition of each species (N2, O2, He, 

H2O) at the tip of the plasma jet. For this simulation, we assumed the inlet is all Helium. 

Therefore, the composition of Helium was 100% at the inlet, and the other gas species were 

0. The distance from the 24-well culture plate on the table to the floor is 1.2m, and the 

distance from the tube to the plate is 5cm. The composition of each species in the air is 

78.09% nitrogen, 20.95% oxygen, 0.04% carbon dioxide, helium for 0.0005%, and 0.92% 

for other gases.  Molar mass for nitrogen is 28.01 g/mol, oxygen is 31.99 g/mol, carbon 

dioxide is 44.01 g/mol, and helium is 4 g/mol.  

 

3.2-6 Cell Viability Assay 
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The cell viability was measured by using the MTT assay (Sigma-Aldrich, Inc.). The 

MTT assay is a colorimetric assay used to measure cell metabolic activity and to reflect 

the number of viable cells. It includes the use of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), which cellular enzymes in living cells reduce to 

formazan, giving them a purple color. The cells were cultured in an incubator for 72 hours 

after the TTFields and CAP experiment. After 72 hours, DMEM in each well was aspirated 

and 300 μl of MTT solution (7 mg Thiazolyl Blue Tetrazolium Blue in 10 ml medium for 

one plate) was added into each well. After that, the cells were incubated for another 3 hours 

for the reaction of MTT. The MTT solution was aspirated and another 300 ul of  MTT 

solvent (0.4% (v/v) HCl in anhydrous isopropanol) was added into each well to dissolve 

the crystals formed from the reaction. Then, each plate was measured by the Synergy H1 

Hybrid Multi-Mode Microplate Reader with a frequency of 570nm. 

 

3.2-7 Statistical Analysis 

The results were plotted using Microsoft Excel as the mean ± standard deviation. The 

student t-test was used to check the statistical significance, and p<0.05 was required for 

statistical significance. 

3.3 RESULT  

3.3-1 Power delivered to cells in case of CAP treatment 

The calculation of plasma power was based on a Joule heat estimation (Eq. 3.1) which 

requires the calculation of the current near the DMEM-cell target and the impedance of 

DMEM with cells 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bromide
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                     P=  𝑍𝐼2                                                                    ,( Eq. 3.1) 

where P is the power delivered to cells, Z is the impedance, and I is the current.  

The current at the plasma jet tip was measured using a Rogowski coil, and it is about 0.15 

A. The impedance of the plasma is calculated as 

                     Z=  
1

𝜎
 ,                                                                     (Eq. 3.2) 

where 𝜎 is the conductivity that can be calculated as: 

                                               I/A =σE,                                 (Eq. 3.3) 

                                         

where I and A is the current at the plasma jet tip and the cross-area of it, and E is 

the local electric field.  The cross-area of the plasma jet is about 3.5 mm2. The electric field 

can be estimated from the optical emission spectrum (OES). To this end, we can use the 

ratio of intensities82: 

 

𝑅𝐼391 /𝐼337
(𝑈𝑑𝑖𝑠) = 5.4938 × 𝑅𝑘391 /𝑘337

(𝑇𝑒),                       (Eq. 3.4)   

 

where 𝑅𝐼391 /𝐼337
(𝑈𝑑𝑖𝑠) is the intensity ratio of 391 nm over 337 nm measured at the 

tip of the helium cold plasma jet and 𝑅𝑘391 /𝑘337
(𝑇𝑒) is the ratio of rate coefficients of 

electron impact excitations. The reduced electric field can be estimated based on the ratio 

of intensities vs. rate coefficients generated from Eq 4 [28]. Let us consider OES of helium 

CAP jet interacting with the ambient air and having a flow rate of about 4.7 L/min and the 



 

52 
 

sinusoidal discharge voltage of about 8 kV peak to peak at 12.5 kHz frequency. The 

intensity ratio of 391nm over 337 nm is 0.49. Therefore, the value of 𝑅𝑘391 /𝑘337
(𝑇𝑒) was 

calculated to be 0.087. The relationship between the 𝑅𝑘391 /𝑘337
  and E/N can be found from 

the Boltzmann solver BOLSIG+ based on a fluid simulation of helium jet in the air using 

3D ANSYS Fluent (details are discussed in Appendix 2)83. As a result of this analysis, E 

was estimated as 1.37x104  kV/m, and σ is about 0.0035 Ω−1 m2 . Therefore, the power in 

the plasma jet tip is about 6.43 W. However, the plasma discharge period is 80 µs, and the 

streamer propagation only takes about 2 µs. We assume that the plasma energy only 

delivered to the cells during the streamer propagation period. Therefore, the actual power 

of the plasma jet was calculated to be 6.43W× (2 µs /80 µs) =0.16W84.  

 

3.3-2  Power delivered to cells in case of tumor treating field 

Since the frequency of the tumor treating field is constant, the power delivered to cells was 

estimated as 

                                                             𝑃 =
𝑈2

𝑍
 ,                                                 (5) 

where U is the voltage applied between the two electrodes and Z is the impedance of the 

of DMEM with cells, which was measured to be 330 Ω, and the frequency was about 300 

kHz.  

 

 

3.3-3 TTfields Treatment 
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 Five voltage levels (2, 4, 10, 15, 19 V) were chosen to treat the U87 cells cultured in 24 

well plates. Treatment time was kept universally at about 4 hours. The calculated energy 

delivered to cells from the TTFields is shown in Fig. 3.3. The results of the MTT assay 

shows the effects of TTFields on the cell viability, shown in Fig. 3.4a. All cell viability 

data were normalized relative to the control. It demonstrates that higher voltage leads to 

decreased cell viability and a greater effect on the TTFields. It suggests that the 

electromagnetic field generated by the TTFields contributes to the death of U87 cancer 

cells. Therefore, we conclude the power of the TTFields contributes significantly to the 

death of U87 cancer cells shown in Fig. 3.4a.  As such, in all experiments, the maximum 

voltage we used was 19 V to avoid the negative effect of high temperature caused by higher 

voltage. 

 

Figure 3. 3. Energy delivered to cells by the TTFields over 4 hours. 
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Figure 3. 4. Cell viability  

(a) dependence on the applied voltage and the calculated energy input.   

(b) Cell viability-dependent treatment time with constant voltage (19V). 

 

 

     The effect of treatment duration of TTFields on cell viability was also tested by keeping 

the voltage of the TTFields constant. The treatments were performed for 1, 2, 3, and 4 

hours while keeping the voltage constant at about 19 V, as shown in Figure 4b. The total 

energy for the TTFields was calculated.  All viability data were normalized relative to the 

control. The experiment of the MTT assay shows that increasing the time of the TTFields 

treatment also increases efficacy (Figure 3.4b). While the energy of the TTFields remains 
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constant, increased treatment time applied to the cancer cell increases efficacy with 

decreased cell viability.  

 

 

3.3-4  CAP Treatment 

The U87 cells were treated by using CAP for 30, 60, and 90 s at room temperature. The 

MTT assays were performed 72 hours after treatment. All viability data is normalized  

relative to control. The energy delivered to the cells during CAP treatment was calculated 

based on the optical emission spectrum peak ratio, gas composition, and the current in the 

CAP jet.   

 

Figure 3. 5 Cell viability dependence on the CAP treatment time and associated with that 

energy delivered by CAP jet to cells. 

 

Details of these calculations can be found in Appendix 1. The results of the MTT 

assay showed that CAP affects cell viability in a time-dependent manner and that the 

addition of energy leads to an increase in the effect of CAP on the cancer cells. The cell 
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viability was decreased by 48% after 9.6 J was applied to the cancer cell compared with a 

decrease of 71.7% after 24 J was applied.  

Through the investigation of the anti-cancer effect of TTFields and CAP on 

glioblastoma cells, we found CAP had a superior ability to inhibit cancer. As shown in Fig. 

4a,b and Fig 3.5, the treatment time for TTFields had to be 4 hours compared with the CAP, 

which only requires 30 seconds in order to have the same cell viability value. Moreover, 

CAP is significantly energy efficient. As shown in Fig. 3.4 and 3.5, the energy required for 

the cell viability value of TTFields to 80% is about 15.7 kJ which is more than 3000 times 

compared with CAP, which requires about 5 J. 

 

3.4 CONCLUSIONS 

In this study, we directly compare CAP and TTF treatment of U87 glioblastoma cancer 

cells. We aimed to assess the relative merits of both technologies as potential approaches 

for brain cancer treatment. In both cases, the energy we applied was varied for both 

methods, and the resulting cell viability changes were measured. For both methods, it was 

demonstrated an increased use of energy resulted in a decreased cell viability for cancer 

cells. Results indicated the rate of cancer cell viability under CAP treatment was 80% of 

the original viability after using 4.8J, compared with TTFields treatment which requires 

15.7 kJ. This data indicates that the CAP is significantly more energy-efficient. 

Additionally, the CAP treatment was completed in 30 seconds, whereas the most effective 

TTFields treatment took 4 hours. These results indicated CAP treatment is a more favorable 

and effective method of cancer therapy.  



 

57 
 

Chapter 4 - 3D Bioprinted Skin Tumor Model for Cold Plasma Treatment 

 

4.1INTRODUCTION 

Melanoma is considered the most dangerous type of skin cancer that begins in cells 

known as melanocytes85. Although melanoma is less common than basal cell carcinoma 

(BCC) and squamous cell carcinoma (SCC), it is more dangerous because it can spread to 

other organs rapidly if it is not detected and treated at an early stage86.  Sun exposure is the 

major risk factor for melanoma87. Fair-skinned people show a higher risk for melanoma 

and other types of skin cancer as well if they have too much exposure to sunlight. The 

estimated number of new cases of skin melanoma in 2022 is 99,780, which represents 5.2% 

of all new cancer cases88. 

 

In recent years, cold atmospheric plasma (CAP), a kind of fully or partially ionized gas 

at room temperature, has shown its promising application in cancer therapy89. Cold 

atmospheric plasma jet (CAPJ) is a nonequilibrium plasma in which ions and molecules 

are at room temperature while the electron temperature remains high90. CAPJ is a 

controllable source for reactive oxygen species (ROS), reactive nitrogen species (RNS), 

neutral particles, electromagnetic fields, and UV radiation. It showed a promising 

application in cancer treatment through the demonstration in vitro and in vivo91-93. One of 

the main advantages of CAPJ is its ability to selectively kill cancer cells94.   
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Currently, most studies involve two-dimensional (2D) cultured cells as cancer models 

for plasma treatment research. However, 2D cultured cells can not resemble the three-

dimensional (3D) morphology and cellular heterogeneity of the tumor that occurred in the 

human body. Recently, some 3D cultured models have been developed and showed 

promising results for plasma cancer research and therapeutic development95,96. 

Nevertheless, there remains a scarcity of efficient 3D models to study this treatment 

process in vitro due to the limitation of biomimetic complexity. Moreover, these existing 

models cannot accurately reflect the actual anti-cancer efficiency in the human body. An 

effective in vitro 3D cancer model should not only provide a physiologically relevant 

microenvironment for the 3D growth of cells, but also be efficient in mimicking the cancer 

pathophysiology for studying cancer biology and exploring new therapeutic methods. 

 

Novel biofabrication techniques, such as 3D bioprinting, have been developed to 

generate 3D objects using a 3D bioprinter from 2D virtual data using biomaterial that is 

either fused or deposited layer-by-layer from the ground up97. 3D bioprinting made it 

possible to precisely place different cell types, biomaterials, and biomolecules together in 

a predefined position to generate printed composite architectures98. It can also create 

customized cancer tissue and the surrounding environment of the tumor that affects its 

development through predesigned computer programs. Recently, Stereolithography-based 

3D bioprinting has been considered one of the advanced technologies for tissue fabrication. 

The stereolithography-based bioprinting system requires a digital micromirror array or a 

laser beam to control the light intensity of printing areas in which light-sensitive 

(photocrosslinkable) polymer bioinks are polymerized by the light99. The advantage of this 
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method is its ability to incorporate different bioactive and biomimetic components into 

photocurable bioink solutions to fabricate 3D tissue scaffolds.100 Some photocrosslinkable 

polymers have been widely synthesized; for example, it is reported that the excellent 

biocompatibility of gelatin methacryloyl (GelMA) hydrogels makes them highly suitable 

as cell culture matrices to mimic skin and skin tumors.101 

 

To address the current challenges, in this study, a 3D bioprinted skin tumor model with 

vascular channels was fabricated with GelMA bioink using a stereolithography-based  

bioprinting technique. This 3D bioprinted skin tumor model can facilitate the integration 

of skin tissue (fibroblast cell line (L929)), skin tumor (melanoma cells (B16-F10)), and 

vascular channel structure to mimic the skin cancer development in the human body for 

studying the anti-cancer effect of CAPJ. 

 

4.2 MATERIAL AND METHOD 

4.2-1 Synthesis of GelMA 

The GelMA was synthesized by using a previously reported protocol with minor 

modifications102. In this study, 20 g of gelatin (Type A, Sigma-Aldrich) was dissolved in 

200 mL of phosphate-buffered saline (PBS) at 60 °C for 1 h. 8 mL of methacrylic anhydride 

was then added into the gelatin solution at 50 °C for 3h.  After that, the mixture was 

dialyzed in distilled water using an 8−14 kDa cutoff dialysis bag for 3 d at 40 °C to 

completely remove the low-molecular-weight impurities. Finally, the dialyzed solution 

was freeze-dried and stored. 
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4.2-2 Characterization of bioprinted tissue model 

The compressive modulus of the bioprinted samples (8mm diameter and 5mm 

thickness) was determined by the standard flat compression plate on a universal mechanical 

testing system (MTS Systems Corporation) with a crosshead speed of 3mm/min. Young’s 

modulus was calculated based on the stress-strain curves based on Equations 4.1 and 4.2.  

 

 

 

 

 

 

4.2-3 Cell culture 

Murine melanoma cells (B16-F10) and Mouse fibroblast cells (L929) were 

obtained from American Type Culture Collection (ATCC). Both cell lines were cultured 

using RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) 

penicillin and streptomycin. All cells were incubated at 37 °C, 5% CO2, and 95 % relative 

humidity. Additionally, both cell lines were seeded at a density of 1 × 106 cells/mL.  

 

4.2-4 Cell viability  

𝐸 =
𝐹𝐿0

𝐴 ∆𝐿
=

F/A

∆𝐿/𝐿0
                                                     Equation 4.1 

E is the Young's modulus. 

L0 is the original length of the object. 

A is the actual cross-sectional area. 

F is the force exerted on an object under tension. 
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Cell proliferation in the 3D bioprinted tissue was quantitatively investigated  using 

a Cell Counting kit-8 (CCK-8) kit (Dojindo). After the predetermined period, the cell 

culture medium was changed with 500 µl of CCK-8 solution (10% v/v in medium) for the 

samples of each layer. Following 3 h of incubation, the absorbance was measured at a 

wavelength of 450 nm on a photometric plate reader (Thermo Scientific). 

4.2-5 Confocal image 

The Live-Dead assay kit (BioVision) was used to evaluate cell viability and 

proliferation. Each layer of the 3D bioprinted tissue model was separately placed onto a 

glass substrate and then treated with calcein-AM (2 μM) and propidium iodide (4 μM) for 

20 min. After that, a laser scanning confocal microscope (Carl Zeiss LSM 710) was used 

to observe the cells in the 3D bioprinted model. 

To visually evaluate the distribution of various cell types in the 3D bioprinted tissue 

model, the cocultured cells were identified with double staining of cancer cells (red) using 

CellTracker™ Red CMTPX Dye (Invitrogen) and fibroblast cells (green) using 

CellTracker™ Green BODIPY™ Dye (Invitrogen), respectively. Cells were fixed in 10% 

formalin for 15 min, and images were taken by a confocal microscope (Carl Zeiss LSM 

710). 

4.2-6 CAPJ 

The helium CAPJ device was designed and assembled in Dr. Keidar's lab at the 

George Washington University. For this device, Helium was used as the carrying gas to 

trigger the in-equilibrium discharge and generate plasma with the flow rate of 2L/min.  The 

discharge voltage (peak to peak) between the ring grounded cathode, and the central anode 
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was 4.95 kV at an input frequency of 12.5 kHz. The highest temperature of the CAPJ was 

36 °C during all experiments. The distance between the glass tube and the top layer of the 

3D bioprinted tissue model was 15.5 mm.  

4.2-7 Reactive oxygen species (ROS) measurement in cell culture medium 

The H2O2 concentration in DMEM after the CAPJ treatment was measured by using 

PierceTM Quantitative Peroxide Assay Kits (Thermo Scientific) following the protocols 

provided by the manufacturer.  After soaking each layer of plasma-treated tissue in a 250 

μL medium for 30 min at room temperature, the absorbance was measured by a 

photometric plate reader (Thermo Scientific). 

 

4.2-8 ROS release simulation from 3D bioprinted tissue to the culture medium  

A numerical 2-D COMSOL model was developed to study ROS release from each 

layer of the bioprinted tissue model to the cell culture medium on the mass conservation 

equation (Equation 4.2).  

  
∂𝑐𝑖

∂𝑡
+ ∇ ∙ 𝐽𝑖 + ∇𝑐𝑖 ∙ 𝑢 = 𝑅𝑖                                                                         (Equation 4.2) 

   𝐽𝑖 = −𝐷𝑖∇𝑐𝑖 

𝑐𝑖  is the concentration of the species (SI unit: mol/m3 ) 

𝐷𝑖  denotes the diffusion coefficient (SI unit: m2 /s) 

𝑅𝑖  is a reaction rate expression for the species (SI unit: mol/ (m3 ·s)) 

𝑢 is the mass averaged velocity vector (SI unit: m/s) 
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𝐽𝑖is the mass flux diffusive flux vector (SI unit: mol/ (m2 ·s)) 

  For this simulation, it is assumed that the initial concentration of the H2O2 is 0, in 

the RPMI-1640 medium. The diffusivity of the H2O2 in the water is 1.0×10−9 (m2 s−1). The 

temperature of both tissue and medium was set to be 310K.  The thickness of each layer of 

the tissue was ~1 mm, and the thickness of the medium was 3.4 mm.  The diameter of the 

whole tissue model was 8 mm. the diameter of the container is 10 mm, which is the same 

as the 48-well plate. 

 

4.2-9 Statistical analysis 

For quantitative experiments, data are presented as the mean ± standard deviation; the 

sample size is greater than or equal to 6. Moreover, all experiments were replicated at least 

three times. The student's unpaired t-test was used to calculate statistical significance. The 

statistical significance of the difference was marked as *p<0.05, **p<0.01, and 

***p<0.001. 

 

4.3 RESULTS AND DISCUSSIONS 

4.3-1 Design of 3D bioprinted skin tumor model 

Melanoma is generally classified into four stages based on the tumor size, as shown 

in Fig.4.1a. Therefore, four types of cancer models were prepared to mimic these four 

stages in this study. Each layer of the skin tissue and skin tumor was separately printed 

with different stiffness, and then assembled into the 3D skin tumor models. Additionally, 

channel structures were also printed for each layer of bioprinted samples to mimic the 
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blood vessels in the native tissue. For stage 1, one layer of the skin tumor sample with a 

thickness of 1mm was printed since the actual thickness of the tumor is around 1 mm. After 

that, two layers of the skin tissue were assembled under the tumor layer to mimic the 

normal skin tissue below the tumor. Similarly, for stage 2, the actual thickness of the tumor 

is about 2 mm; therefore, two layers of the tumor tissue with a thickness of 1mm for each 

were assembled with two layers of skin tissue. To mimic stage 3 of melanoma, three layers 

of the tumor tissue and two layers of skin tissue were printed as the natural thickness of the 

tumor is about 3 mm. Finally, four layers of the tumor tissue were printed onto two layers 

of skin tissue to mimic the 4 mm tumor within normal skin tissue in stage 4. The multi-

layer tissue design could facilitate the study of the penetration diffusion ability of CAPJ 

treatment in the skin tissue, which better explores the effect of melanoma stages and tissue 

thickness on the anti-tumor CAPJ treatment.  

 

 

Figure 4. 1. Design of model 

(a) Schematic diagram of four stages of melanoma and their 3D skin tumor models for 
CAPJ study. (b) Diagram of the fabrication process of a 3D bioprinted skin tumor model, 

including GelMA bioink synthesis, bioprinting, and 3D assembly. 
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The concentration of GelMA for our bioprinting use was determined by the 

compressive modulus of the human skin and melanoma tumor (table 1)103,104. Young’s 

modulus for different concentrations of the GelMA hydrogels was calculated based on the 

linear regions of the stress-strain curves, as shown in Fig.4.2. Mechanical testing results 

and the calculation of Young’s modulus indicated that the compressive modulus of 14% 

(weight vs. the volume of cell culture medium) GelMA was close to the compressive 

modulus of melanoma tumor; in comparison, the compressive modulus of 9% GelMA was 

relative to the compressive modulus of normal skin. After the optimization of the 

mechanical modulus, inks containing 9% GelMA were selected to print normal skin tissue, 

and inks containing 14% GelMA were chosen to create melanoma tumor tissue.  

 (a) Stress-strain curves of GelMA hydrogels with different concentrations. (b) Young’s 

modulus of GelMA hydrogels after calculation.  

 

To visualize the cell distribution in the 3D bioprinted tumor tissue models for all 

four stages of melanoma, B16 cells were prelabeled with a CellTracker™ Green 

BODIPY™ Dye and bioprinted with 14% GelMA. L929 cells were prelabeled with a 

CellTracker™ Red CMTPX Dye and bioprinted with 9% GelMA. As shown in Fig.4.3, 

Figure 4. 2 Young’s modulus simulation 
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confocal fluorescence images of different stages of cell distribution in the tissue model 

showed the clusters of melanoma cells and normal skin cells were precisely placed in our 

designed model through the utilization of the 3D printing approach. Moreover, the channels 

within the bioprinted tissue were clear and well-defined during 3D bioprinting, indicating 

that our structure could better mimic the perfusable blood vessel networks. Vasculatures in 

bioprinted tissue models are critical for the sustained growth and survival of encapsulated 

cells and the investigation of the therapeutic effect of CAPJ treatment on melanoma, when 

considering that tissues in the human body are highly vascularized to allow for nutrition 

diffusion and waste disposal along with gas exchange through the tissue. 

 

Figure 4. 3. Confocal micrographs (cross-sectional view) of B16 and L929 cells in 3D 

bioprinted tissue models 

 (a) Stage 1, (b) Stage 2, (c) Stage 3, and (d) Stage 4 of melanoma after 24 hours of culture. 
At each time point, the B16 cells were dyed red, and L929 cells were dyed green.  

Table 4.1. Stiffness-Young’s Modulus of normal skin and melanoma tumor 

 

 
Stiffness-Young’s Modulus (Kpa) 

Normal Skin 23 

Melanoma Tumor 52 
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4.3-2 Cell proliferation in 3D bioprinted skin tumor model 

To evaluate the cytotoxicity and biocompatibility of 3D bioprinted tissue models, 

cell proliferation of B16 or L929 cells in the tissue model was qualitatively and 

quantitatively evaluated after 1, 4, and 7 days of tissue fabrication, respectively. As shown 

in Fig.4.4, the live/dead assay showed the viable cells (colored green) and dead cells 

(colored red) within the tissue. This result indicates that the encapsulated B16 and L929 

cells had excellent proliferation ability in our 3D bioprinted skin tumor models. Although 

cells were directly printed by UV laser in the stereolithography printer, the cell viability 

was not significantly affected due to the short printing time. For quantitative analysis, cell 

densities for both 3D bioprinted normal skin tissue and melanoma were increased after 1, 

4, and 7 days of culture (Fig. 4.4a and 4.4b). Cell viability of 3D bioprinted melanoma was 

increased by 35% after 4 days of cell culture and 180 % after 7 days of cell culture. Cell 

viability of 3D printed normal skin tissue was increased by 50% after 4 days of cell culture 

and 98% after 7 days of cell culture. Confocal micrographs of B16 and L929 cells in 3D 

bioprinted tissue models were also measured after 1, 4, and 7 of culture. The results showed 

the increased cell density and aggregation, indicating that these tissue models had good 

cytocompatibility (Fig.4.4c-h). Successful survival of cells within the tissue model is 

essential for the ultimate success of model design because these models will support cell 
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growth in the 3D tissue microenvironment to replicate the pathophysiological features of 

native melanoma development.  

 

Figure 4. 4. The proliferation of B16 cells 

 (a) and L929 cells (b) in the tissue models after 1, 4, and 7 days of culture. Confocal 

micrographs of B16 and L929 cells in the 3D bioprinted tissue models after 1, 4, and 7 
days of culture. At each time point, the live and dead cells were stained by calcein-AM 

(green) and propidium iodide (red), respectively. L929 cells in the normal skin tissue after 
(c) 1, (d) 4, and (e) 7 days of culture. B16 cells in the melanoma tumor tissue after (f) 1, 

(g) 4, and (h) 7 days of culture.  

 

4.3-3 Optimal time of anti-tumor CAPJ treatment  

To optimize the time of CAPJ treatment, 3D bioprinted tissue models were cultured 

in the culture medium for 24 h, and then a single CAPJ treatment with different treatment 

time periods was applied to evaluate the anti-tumor effect. After the CAPJ treatment, the 

cell viability of each layer in the tissue model was separately measured using CCK-8 after 

72 hours of culture. Normalized cell viability by the ratio of absorbance between the 
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experimental group and the control group (without treatment). As shown in Fig.4.5a, the 

results indicated that the cell viability of B16 cells at stage 1 of melanoma was decreased 

by 25%, 41%, 42%, and 61% after 1, 3, 5, and 7 min of CAPJ treatment, whereas cell 

viability of L929 cells was reduced by 1%, 22%, 41%, and 62% respectively. Although 

CAPJ treatment aims to kill cancer cells, the optimal treatment should not only kill cancer 

cells but also have minimal damage to normal cells. Therefore, 1 min of treatment is 

considered the optimal treatment time for stage 1 of melanoma. 

Cell viability at stage 2 of melanoma after the CAPJ treatment is shown in Fig.4.5b. 

The B16 cells of the first layer were decreased by 31%, 45%, 58%, and 52% after 1, 3, 5, 

and 7 min of CAPJ treatment, and cells of the second layer were decreased by 11%, 20%, 

29%, and 45% after 1, 3, 5, and 7 min of CAPJ treatment. Comparatively, the viability of 

L929 cells in the normal tissue was reduced by -5%, 4%, 5%, and 24%, respectively. 

Therefore, 5 min of treatment is regarded as the optimal treatment time for stage 2 of 

melanoma. 

As shown in Fig.4.5c, B16 cells in the first layer of tumor tissue at stage 3 of 

melanoma were decreased by 14%, 24%, 48%, and 55%, and cells in the second layer were 

decreased by -1%, 24%, 33%, and 40%, and cells in the third layer were decreased by 6%, 

0%, 19%, 35% after 1, 3, 5, 7 min CAPJ treatment. The viability of L929 cells was reduced 

by -5%, 4%, 5%, and 24%, respectively. Therefore, 5 min of treatment was selected as the 

optimal treatment time for stage 3 of melanoma. 

In Fig.4.5d, the B16 cells in the first layer at stage 4 of melanoma were decreased 

by 16%, 33%, 55%, and 55% after 1, 3, 5, and 7 min of CAPJ treatment, the cells were 

decreased by 10%, 12%, 44%, and 55% in the second layer, cells were decreased by 8%, 
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8%, 20%, and 49% in the third layer after 1, 3, 5, and 7 min of CAPJ treatment, and the 

cells in the fourth layer was decreased by 8%, 6%, 18%, and 33% after 1, 3, 5, and 7 min 

of CAPJ treatment.  The viability of L929 cells was reduced by 0%, 1%, 1%, and 6%, 

respectively. Therefore, 7 min of treatment was the optimal treatment time for stage 4 of 

melanoma. 

 

Figure 4. 5. Viability of B16 cells and L929 cells 

 (a) stage 1, (b) stage 2, (c) stage 3, and (d) stage 4 of melanoma in the 3D bioprinted cancer 

models after CAPJ treatment.  

 

 

4.3-4 ROS concentration after CAPJ treatment 

It is essential to measure the concentration of hydrogen peroxide in the 3D printed 

tissue models after the plasma treatment since hydrogen peroxide is crucial for killing 

cancer cells as a ROS source during the CAPJ treatment. However, it is challenging to 

measure hydrogen peroxide in the hydrogel because it is a solid material. Therefore, a 

numerical COMSOL model was developed to study ROS (hydrogen peroxide) release from 

the hydrogel-based tissue model to the cell culture medium (Fig.4.6a-b). After being 



 

71 
 

soaked in the cell culture medium for 30 min in a 250 μL medium, the concentration of 

hydrogen peroxide in the cell culture medium for each layer of the 3D bioprinted models 

at different stages was obtained (Fig.4.6c-f). After that, the release concentration of 

hydrogen peroxide in the 3D bioprinted tissue models after the CAPJ treatment was 

simulated using our COMSOL model to demonstrate the tissue thickness-dependent ROS 

concentration (Fig. 4.7).   

 

Figure 4. 6. ROS detection in DMEM 

(a) An COMSOL model to study ROS release from hydrogel-based tissue model to the 

culture medium at 0 s after CAPJ treatment. (b) ROS release profile in an COMSOL model 
from hydrogel-based tissue model to the culture medium at 30 s after CAPJ treatment. ROS 
concentration in cell culture medium vs. tissue thickness at Stage 1 (c), Stage 2(d), Stage 

3 (e), and Stage 4 (f) of melanoma after CAPJ treatment. 
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Figure 4. 7. ROS simulation 

(a) Estimated ROS concentration in the 3D printed tissue models at stage 1 of melanoma 
after 1 min of CAPJ treatment. (b) Estimated ROS concentration in the 3D printed tissue 
models at stage 2 of melanoma after 5 min of CAPJ treatment. (c) Estimated ROS 

concentration at stage 3 of melanoma after 5 min of CAPJ treatment. (d) Estimated ROS 

concentration at stage 4 of melanoma after 7 min of CAPJ treatment. 

 

4.3-5 Multidose anti-tumor CAPJ treatment  

Multi-time or multi-dose treatment of medical applications has been used 

commonly in chemotherapy and radiotherapy due to its advantages in long-acting therapy 

and low side effects. In this study, we explored the antitumoral effect of CAPJ using the 

multidose-treatment strategy to achieve an optimal therapeutic effect. The procedure was 

similar to the single treatment used above, where 3D tissue models were printed and 

cultured in the culture medium for 24 h before the CAPJ treatment (the initial cell culture 

is day 0). The tissue models with different stages of melanoma were treated by CAPJ on 

days 1, 2, and 3 (so-called CAPJ triple treatment below). The optimal treatment time 

described in section 3.3 was selected to treat various stages of melanoma. And then, the 

cell viability of each layer was measured separately using CCK-8 on day 4. Normalized 
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cell viability was calculated by the ratio of absorbance between the experimental group and 

the control group (without treatment).  

 

As shown in Fig.4.8a, the results indicated that the viability of B16 cells at stage 1 

of melanoma was decreased by 61% after 1 min of CAPJ treatment, and the viability of 

L929 cells in the normal skin tissue (bottom) was reduced by 1%. For stage 2 of melanoma, 

after 5 min of the CAPJ triple treatment, the viability of B16 cells in the first layer of 

melanoma tissue was decreased by 52%, and the cell viability in the second layer was 

reduced by 45%, as shown in Fig.4.8b. Oppositely, the viability of L929 cells in the normal 

skin tissue was only reduced by ~10%. As shown in Fig.4.8c, the viability of B16 cells in 

the first layer at stage 3 of melanoma was decreased by 55%, in the second layer was 

decreased by 40%, and in the third layer was decreased by 35% after 5 min of CAPJ triple 

treatment, whereas the viability of L929 cells was reduced by ~10% in the normal skin. 

Additionally, the viability of B16 cells at stage 4 of melanoma after the CAPJ triple 

treatment is shown in Fig.4.8d. The viability of B16 cells in the four layers of melanoma 

tissue was decreased by ~70% after 7 min CAPJ triple treatment, respectively.  By 

comparison, the viability of L929 cells in the two layers of normal skin was reduced by 6% 

and 30%, respectively.  
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Figure 4. 8. Cell viability of B16 cells and L929 cells 

(a) stage 1, (b) stage 2, (c) stage 3, and (d) stage 4 of melanoma in the 3D bioprinted 

cancer model after multiple CAPJ treatments.  

 

A live/dead assay of B16 and L929 cells in the bioprinted tissue model was used to 

qualitatively evaluate the antitumoral effect of CAPJ using a multidose-treatment strategy. 

As shown in Fig. 4.9-4.12, the confocal micrographs showed the viable cells (colored green) 

and dead cells (colored red) within the tissue models at different stages of melanoma. 

Similar to the CCK-8 results, the confocal results demonstrated that after CAPJ triple 

treatment, most of the B16 cells died while L929 cells maintained relatively high viability, 

suggesting our CAPJ treatment could drastically reduce the cell viability of melanoma 

without damaging the normal skin cells.  
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Figure 4. 9. Confocal micrographs of B16 and L929 cells in 3D bioprinted tissue model at 

stage 1 of melanoma after CAPJ triple treatment. 

 (a) Layer 1 (B16 cells). (b) Layer 2 (L929 cells). (c) Layer 3 (L929 cells). 

 

Figure 4. 10. Confocal micrographs of B16 and L929 cells in 3D bioprinted tissue model 

at stage 2 of melanoma after CAPJ triple treatment. 

 (a) Layer 1 (B16 cells). (b) Layer 2 (B16 cells). (c) Layer 3 (L929 cells). (d) Layer 4 

(L929 cells). 
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Figure 4. 11. Confocal micrographs of B16 and L929 cells in 3D bioprinted tissue model 

at stage 3 of melanoma after CAPJ triple treatment. 

 (a) Layer 1 (B16 cells). (b) Layer 2 (B16 cells). (c) Layer 3 (B16 cells). (d) Layer 4 

(L929 cells). (d) Layer 5 (L929 cells). 
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Figure 4.12. Confocal micrographs of B16 and L929 cells in 3D bioprinted tissue model 

at stage 4 of melanoma after CAPJ triple treatment. 

 (a) Layer 1 (B16 cells). (b) Layer 2 (B16 cells). (c) Layer 3 (B16 cells). (d) Layer 4 (B16 

cells). (e) Layer 5 (L929 cells). (f) Layer 6 (L929 cells). 

4.4 CONCLUSIONS 

In this study, photocurable GelMA bioinks, containing L929 cells and B16 cells, 

were successfully prepared for 3D bioprinting skin tumor models. Results indicated that 

B16 and L929 proliferated well in the tissue model, suggesting our tissue model had good 

cytocompatibility to support cell growth in a 3D tissue microenvironment. More 
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importantly, we proved that CAPJ could drastically reduce the cell viability of cancer cells 

without damaging the normal cells in a biomimetic tissue model. It is expected that our 

bioprinted skin tumor model can also be used for other cancer treatment studies in the 

future, such as the plasma discharge tube. 
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Chapter 5 - Summary and Future Work 

In this study, a novel cold plasma source, Plasma Discharge Tube (PDT), was 

designed to enhance the antitumoral efficacy of temozolomide. Unlike traditional CAP, 

this device will only affect cells by its physical factors. We demonstrated the strong anti-

tumoral capability of PDT in vitro and in vivo. The cytotoxicity of TMZ on two 

glioblastoma cell lines, U87MG and A172, was significantly and selectively enhanced after 

PDT treatment but reduced on astrocyte cell line hTERT/E6/E7, particularly in the co-

culture experiment.  

More attractively, the noble gas is in an isolated and sealed space in PDT. Thus, 

environmental factors will not interfere with such a source and achieve a much better 

operational stability compared with cold plasma jet source. All these features shine a light 

on using PDT as a portable medical device. Moreover, a direct comparison of PDT, CAP 

and TTF treatment of U87 glioblastoma cancer cells was performed. We aimed to assess 

the relative merits of both technologies as potential approaches for brain cancer treatment. 

These results suggest the potentiality of using PDT in glioblastoma therapy as a non-

invasive and safe modality. Furthermore, PDT does not require a continuous noble gas 

supply compared with traditional cold plasma sources, which drastically decreases 

operational costs.  

Moreover, based on the result of our 3D bioprinted vascularized skin tumor and 

surrounding tissues model, it is proved that CAPJ can drastically reduce the cell viability 

of cancer cells without damaging the normal cells. Moreover, this 3D bioprinted 

vascularized skin tumor can be used for other cancer treatments such PDT and TTFields 

treatment. 
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In the future, PDT will be updated again to improve its portability.  PDT has the 

potential to be designed as a wearable device for patients to treat brain cancer. It is because, 

unlike the CAPJ, PDT does not need a continuous supply of helium or other noble gases. 

The cells required for the PDT are sealed in the tube. However, today, the size of our PDT 

is not suitable for it to be a wearable device. Our plan is to design a wearable helmet, which 

has multiple PDTs with different angles to target the same area of the tumor. In the 

meantime, it is important to verify if PDT can be applied to other cancers, such as 

Pancreatic cancer, or skin cancer. Moreover, the 3D bioprinted skin tumor model we 

developed in this study can also be applied to test the antitumor effect of PDT. In the future, 

the skin penetration ability of PDT should be further investigated. As skin can be 

considered a conductor, it may block the electromagnetic field generated by the PDT.  

 

.  
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Appendix  

Appendix 1. 24-well plate uniformity 

Despite adding the same number of cells to each well, it is possible that the cell number in 

distinct wells at the edges of the plate may be different because of the edge effect. The 

impacts of the edge effect were checked by comparing the cell number at different positions 

of the plate. In this experiment, 12,000 cells were added to each well of the plate, and the 

cells are incubated for 96 hours afterward. The advantage of cultivation for 96 hours is that 

it is approximately the same amount of time as the total time that cells were incubated. 

Normally cells were already incubated for 24 hours before the experiment began, then 

incubated for another 72 hours after the experiment was finished. The below figures show 

the result for testing the edge effect of the 24-well plate. Figure A1 shows the Edge effect 

check for different rows, and Figure A2 shows the edge effect check for different layers. 

Analysis of the data led to the conclusion that the edge effect did not significantly affect 

this experiment, meaning that if cells were incubated without any treatment, the cell 

numbers would be at the same level. 

 

Figure  A1 Cell viability at different collumns.  
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Figure A2 Cell viability at different rows.  

 

Appendix 2. 

The relationship between the 𝑅𝑘391 /𝑘337
  and E/N can be found from the Boltzmann 

solver BOLSIG+ based on a fluid simulation of a helium jet in the air using 3D ANSYS 

Fluent. The Boltzmann solver BOLSIG+ required the gas composition of each species at 

the tip of the plasma jet. Therefore, the 3D ANSYS Fluent was used to simulate the gas 

composition at the tip of the plasma jet, as shown in Figure(A3). The location used to 

estimate the CAP jet composition was about 5 cm under the plasma nozzle, which is also 

the center of the plate. The simulated CAP jet was assumed to be 100% helium at the inlet, 

while the other gas species are 0. At about 5 cm, it was calculated that the volume ratio for 

Nitrogen is 78.08%, Oxygen is 20.95%, Carbon dioxide is 0.03%, and Helium is 0.0005%, 

as shown in Table A1. The location used to simulate the CAP jet composition was 5 cm 

from the plasma nozzle, which is also the center of the plate, as shown in Fig. A3. It is 

necessary to mention that the steady-state was achieved about 100 seconds after the start 

of the simulations (Fig. A3). This result also explained the reason that a great number of 
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researchers found the CAP was not stable during the first two minutes after it started 

(Fig.A4). The result of CAP jet gas composition at a steady state is shown in Table 1. 

𝑅𝐼391 /𝐼337
(𝑈𝑑𝑖𝑠) is the intensity ratio of 391 nm over 337 nm was measured from 

OES at the tip of the helium cold plasma jet (Fig. A5), which is 0.48. 𝑅𝑘391 /𝑘337
(𝑇𝑒) was 

calculated to be 0.087 based on Eq. 4.  Moreover, with the fraction of each species at the 

tip of the plasma jet, the resulting rate coefficients versus electron temperature(Fig. A6), 

and electron temperature versus E/N(Td) were both calculated by using the Boltzmann 

solver BOLSIG+ (Fig. A7). After that, the relationship between 𝑅𝑘391 /𝑘337
(𝑇𝑒)  and 

E/N(Td) could be estimated, as shown in Fig. A8. 

 

After we did a polynomial fitting of Fig. A8, and took the value of 𝑅𝑘391 /𝑘337
(𝑇𝑒) 

into the polynomial fitted equation in Fig. A8. The reduced electric field was found to be 

525. Then, the electric field was calculated to be 1.37x107 V/m. Therefore, the power of 

the plasma jet at the tip of the plasma jet was estimated as 6.43W. However, the plasma 

discharge period is 80 µs, and the streamer propagation only takes about 2 µs. We assume 

that the plasma energy is only delivered to the cells during the streamer propagation period. 

Therefore, the actual power of the plasma jet was calculated to be 6.43W× (2 µs /80 µs) 

=0.16W [30]. 
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Figure A3 3D ANSYS Fluent analysis of the CAP jet composition  

  

 

 

 

Figure A4 Simulation by ANSYS for CAP jet composition showing fraction of each 

species as a function of time. 
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Figure A5 Spectrum of helium plasma jet interacting with ambient air at the bottom of 

the jet (5 cm from the nozzle).  

 

Figure A6 The resulting rate coefficients of electron impact excitations calculated in 

BOLSIG+  
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Figure A7 E/N(Td) vs. Electron temperature (eV) 

 

 

 

 

Figure A8 Ratio of coefficients of electron impact excitations vs. E/N(Td) 

 

Table 1 Composition of the plasma jet. Relative fraction of varuous species at the steady 

state 

 

Species Fraction 

N2 69.71% 
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O2 16.29% 

He 13.83% 

CO2 0.17% 

 

 

Appendix 3. Toxicity of the TTFields Treated DMEM  

Two samples are used for this experiment. Sample 1 was the control. Cells (1.8x104 per 

well) are cultured in DMEM overnight and replaced with a 1.5mL fresh medium. 

Subsequently, cells were plasma treated. For sample 2, Cells (1.8x104 per well) were 

cultured in DMEM overnight and replaced with fresh medium. Then, the cells were treated 

by EMF for 1, 2, 3, and 4 h with 200k frequency with a dose rate of 1, 2, 5, 10, 15, and 

19V at room temperature. 

 

It is necessary to test whether we have any ongoing transformation to form toxic 

substances only by using EMF through the electrodes to treat DMEM. Therefore, we 

composed an experiment to only treat the DMEM by using the EMF with 19V with a 

frequency of 200 kHz for 4 hours. And then, we used the treated DMEM to culture cancer 

cells. Afterward, we compared the cell number with the untreated DMEM, and the result 

is shown in Fig. A9. It shows the EMF-treated DMEM is not toxic to the U87 cells used in 

this experiment. 
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Figure A9 Result of toxicity check 

Appendix 4. 

Temperature change during the TTFields treatment                                                 

The temperature could be another problem that caused the inhibition of cell growth 

when the temperature was above 43 °C[32]. The temperature was measured before the TTF 

experiment, at the 2-hour and 4-hour of the experiment. This tracking did not detect any 

temperature change through the course of the experiment. As a result, it can be concluded 

that the anti-tumor effect of TTF is not caused by temperature difference if the voltage is 

lower than 19 V. 
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