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Abstract

Melanoma is one of the most aggressive metastatic cancers with resistance to radiation and most 

chemotherapy agents. This study highlights an alternative treatment for melanoma based on 

nanosecond pulsed dielectric barrier discharge (nsP DBD). We show that a single nsP DBD 

treatment, directly applied to a 5 mm orthotopic mouse melanoma tumor, completely eradicates it 

66% (n = 6; p ≤ 0.05) of the time. It was determined that reactive oxygen and nitrogen species 

produced by nsP DBD are the main cause of tumor eradication, while nsP electric field and heat 

generated by the discharge are not sufficient to kill the tumor. However, we do not discount that 

potential synergy between each plasma generated component (temperature, electric field and 

reactive species) can enhance the killing efficacy.
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1. Introduction

In this study, we show that nanosecond pulsed dielectric barrier discharge (nsP DBD) is an 

effective therapy for the eradication of B16F0 mouse orthotopic melanomas. Melanomas are 

highly aggressive cancers which are extremely resistant to most traditional forms of 

chemotherapy and radiotherapy.[1,2] Therefore, the current challenge is to discover and 

develop new therapies that can overcome this resistance and improve treatment efficacy. NsP 

DBD is different than other ablative therapies in that plasma generation combines ionized 

gases (plasma) containing ions, radicals and reactive oxygen and nitrogen species (ROS/

RNS),[3–5] nanosecond pulsed electric fields (nsPEF), UV radiation and heat; each of which 

have individually shown efficacy in treating cancer and initiating tumor cell apoptosis.[6–16] 

Utilizing these modalities in combination promotes the unique effectiveness of nsP DBD. 

The aim of this study is then to determine if we could isolate the component of the nsP DBD 

that is primarily responsible for nsP DBD-induced tumor cell killing.

In our previous work, we investigated the use of microsecond pulsed (μsP) DBD for tissue 

regeneration, using either low dose, or short treatment times and showed plasma generated 

ROS facilitated cell differentiation, development, and regeneration by activating intracellular 

ROS-sensitive signaling pathways.[18] In the current study, we use nsP DBD with longer 

treatment times to induce cell death. Several studies have reported plasma induces apoptosis 

and DNA damage when used to treat cancer cells[19–44] including melanoma,[22–25,35,45,46] 

ovarian,[26,47] colorectal,[27] liver,[28] lung,[29,36] breast,[30,42] and brain[31] cancers. 

However, most of these studies used in vitro models to study the efficacy of plasma 

treatment on both malignant and normal cells and tissue.[26–28,30,35,38–40] Additionally, in 

these and other studies, a variety of plasma devices (mostly plasma jets) were utilized, as 

summarized by Hirst et al.[37] In another recent review,[48] a comprehensive table lists 

plasma treatment regimes used to treat cancer over the last decade. It is interesting, that so 

many different types of plasma devices and treatment protocols have all been used and 

proved effective as anti-cancer treatments.[48]

Even so, the mechanism of plasma action still remains unclear. While several studies suggest 

that plasma induces apoptosis and not necrosis, other studies report the opposite.[49–51] Still 
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other studies have detailed plasma effects on the tumor cell cycle and the induction of DNA 

damage depending on treatment dose.[52] Even at low, non-ablative doses, plasma has been 

reported to induce senescence in melanoma cells.[25] However, the majority of studies have 

concluded that plasma-generated ROS is the mechanism predominantly responsible for the 

selective killing of cancer cells.[34,53] Preliminary μsP DBD treatment of glioblastoma 

showed that generation of a large amount of ROS resulted in the formation of DNA damage, 

multiphase cell cycle arrest (cellular senescence), and ultimately apoptosis.[7,50,54] The 

effective selectivity of the cancer cells to ROS-induced death has been attributed their higher 

metabolic rate which makes them significantly more susceptible to oxidative stress when 

compared to normal cells.[55] The effective killing of cancer cells using nsP electric field 

treatment has also been attributed to the stimulation of apoptosis, pyknosis, and DNA 

fragmentation both in vitro[56–66] and in vivo. [9,67,68] Studies report nsPEF treatment can be 

used to ablate melanoma,[59,62,66,69,70] with evidence of destruction of the tumor blood 

supply and complete remission after nsPEF treatment. In these studies, the nsPEF device 

generates a current flow through the tumor which causes ablation by heating (hyperthermia). 

Hyperthermia has been reported as an effective cancer therapy and could be produced by nsP 

DBD treatment.[71–75] Heating tumors is an established adjuvant cancer treatment technique 

that improves clinical outcomes of several superficial diseases, including superficial breast 

cancer and melanoma.[76–79] High temperatures result in coagulation necrosis and this effect 

is dependent on heating time. For instance, local heating at 50 °C for 6 min is sufficient for 

direct cell killing, and higher temperatures require less time.[80] Other possibile tissue 

reactions to plasma include tissue reoxygenation and an enhancement of the immune 

response.[81,82]

In this study, we show nsP DBD generated ROS/RNS and radicals create a reaction 

chemistry that is responsible for the elimination of subdermal B16 melanomas. We also 

show that neither the nsPEF, nor the heat associated with nsP DBD is sufficient to induce 

melanoma tumor remission without the presence of reactive species. However, we do not 

discount potential interactions between each of the component within nsP DBD to enhance 

the killing effect.

2. Materials and Methods

2.1. In vivo Subdermal B16 Melanoma Model

Male C57BL/6 mice (6–8 weeks old) were obtained from Charles Rivers Laboratories 

(Malvern, PA, USA) and maintained on a normal diet until use. The melanoma cells from 

B16-F10 mouse (CRL-6475) were purchased from American Type Culture Collection; their 

MAP (mitogen-activated protein) and mycoplasma were tested for purity and kept frozen at 

80 °C under liquid nitrogen until resuscitated for use. For culture, cells were maintained 

with 90% DMEM (Dulbecco’s modified Eagle’s medium) and 10% heat inactivated FBS at 

37 °C and 5% CO2. The cells were suspended at 2 × 106 cells ml−1 in 1× PBS (kept on ice) 

directly before injection. The mice were sedated with AErrane (isofluorane; Baxter) for the 

subcutaneous injection of B16 cells. Both right and left hind flanks were shaved before a 

subcutaneous injection of 50 μl of the cellular suspension on each side. Intradermal tumor 

development was monitored by digital caliper measurement daily for the duration of the 
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experiments. The plasma treatment was applied to the tumor when the average tumor 

diameter reached approximately 5 mm, which occurred 7–9 days after B16 injection. We 

chose B16 cells because they induce tumors that aresimilar in gross and histological 

features.[83] All animal studies were conducted according to the US Public Health Service 

Policy on Humane Care and Use of Laboratory Animals and were approved by IACUC of 

the Thomas Jefferson University.

2.2. Nanosecond-Pulsed Dielectric Barrier Discharge Plasma Treatment

The plasma was generated using a nanosecond-pulsed generator (FID technology, 

FPG20-1NM10) and we applied a positive polarity voltage in a 2 mm gap between the high-

voltage electrode and the tumor. The mouse was placed on its side on a grounded metal plate 

with the tumor facing upward. The treatment conditions were: voltage of 33.6 kV, 20 ns 

pulse duration, 2 ns rise time, 3 ns fall time, and repetition rate of 236 Hz. The treatment 

time was set to 7 min, unless noted otherwise. The planar, high-voltage electrode included 

an inner copper core (1.03 cm diameter) surrounded by an outer insulating acrylic shell 

(1.25 cm diameter).[17,84] The surface electrode area was 0.83 cm2. Discharge waveforms 

were previously reported by Seepersad et al.[85]

2.3. Histology

Representative sets of mice were euthanized using a CO2 chamber. The entire tumor was 

excised, fixed overnight with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO), and 

embedded in paraffin wax. Serial 6 μm transverse sections from the middle of the tumor 

were stained according to the manufacturer instructions with hematoxylin (Thermo Fisher 

Scientific Inc., Waltham, MA) and eosin (Thermo Fisher Scientific Inc., Waltham, MA) 

(H&E), or Trichrome (Sigma-Aldrich, St. Louis, MO).

2.4. Survival Analysis

The health and behavior of the mice were assessed daily for the entire duration of the study. 

The tumors and extent of necrosis were also measured daily (length and width) using a 

digital caliper. Upon presentation of defined criteria associated with tumor burden and 

disease progression (abnormal feeding behavior, diminished response to stimuli, and failure 

to thrive or when one or more tumor reached diameter of 12 mm or more), mice were 

humanely euthanized according to approved IACUC guidelines. The survival time was 

recorded, tumors were excised and weighed. If only one of the tumors reached the critical 

diameter and the other tumor had not reoccurred, we implemented a histological analysis to 

confirm the absence of tumor and counted such studies as a survival statistic. The survival 

distribution presented in the study accounts for successful tumor eradication as the number 

of tumors was greater than the number of mice (two tumors/mouse). Statistical analysis 

between groups was performed using log-rank test to determine the p-value.

2.5. Using a Gel as an Adjuvant Treatment

The main hypothesis of this study is that the production of reactive species, radicals, and 

ions is responsible for the nsP DBD ability to eradicate the melanoma tumor. Thus, we 

prepared a gel composed of glycerol (C3H8O3) and sodium bicarbonate (NaHCO3) to buffer 
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the pH and to prevent ROS/RNS and ions generated within the plasma from directly 

interacting with the skin surface. The sodium bicarbonate acts as a buffer because it is 

dissociated into sodium carbonate, carbon dioxide, and water. We applied 500 μl of gel on 

the tumor surface prior to the nsP DBD treatment and left it turned on for 10–15 min after 

treatment. A solution of hydrogen peroxide (H2O2) was added to the gel (gel/H2O2) at a 

final concentration of 3%. Each gel batch, with or without H2O2, was made freshly prior to 

treatment. In addition, we added 5 μl of 5-Fluorouracil (5FU, InvivoGen, San Diego, CA) at 

concentration of 10 mg ml−1 to 10 ml of the gel. 5FU with and without 3% H2O2 were 

applied daily to the tumor until the mice was sacrificed.

2.6. Temperature Measurement

The thermal component of the nsP DBD was evaluated in two animal models: the mouse 

B16 melanoma tumor and fresh porcine skin (approximately 10 × 10 × 2 cm) obtained from 

the butcher. Temperature was measured every 4 s from fiber optic sensors placed below the 

plasma generation site (Tskin), and at a control site approximately. 5 cm away (Tref) from the 

plasma to account for environmental temperature changes. The mouse tumor temperature 

was measured in situ and postmortem, using a fiber optic temperature sensor inserted in the 

center (approximately 3 mm below the skin surface) of a 6 mm tumor. The porcine skin 

temperature was measured at a depth of approximately 2 mm below the skin surface 

(interface between epidermal and dermal layers). The sensors are 0.56 mm diameter, have 

0.1 °C accuracy (from 0 to 160 °C), and were connected to a 4-channel fluoroptic 

thermometer (Luxtron Model 3100) controlled with Labview software (National 

instruments, Austin, TX). The reference and skin temperatures were subtracted at each 

measurement time to obtain the temperature differential ΔT = Tskin − Tref. We performed 

three experiments for each model and determined the mean and standard deviation for ΔT.

2.7. Image Collection and Analysis

Photographs of the tumor were taken every weekday. The images were acquired with an 

iPhone next to a ruler to calibrate size and also measured with a digital caliper. Some images 

were enhanced to clearly show the tumor. Histology images were taken with Nikon Eclipse 

E800 and Evolution QEi camera for monochrome images and with an LCD filter to acquire 

color images (MediaCybernetics). All analysis was performed with Image Pro Plus Software 

(MediaCybernetics, Silver Spring, MD).

3. Results

3.1. Nanosecond-Pulsed Dielectric Barrier Discharge Treatment Effectively Increases the 
Survival of Mice with Subdermally Injected B16 Melanoma Tumors

Prior to this study, we determined that a nsP DBD treatment of 7 min at 33.6 kV with a pulse 

repetition rate of 250 Hz resulted in complete eradication of greater than 60% of the 

subdermal B16 melanoma tumors (diameter approximately 5 mm when treated). This 

treatment was developed by trial and error testing of multiple, frequencies, voltages, and 

treatment times (data not shown). Figure 1A shows representative images of the tumor 

growth from Day (D) 8 to D19 post-injection (PI), comparing nsP DBD treatment with 

control (untreated) tumors. A significant decrease in tumor size was observed immediately 
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after nsP DBD treatment. At 24 h (D9) after treatment a scab had formed on the skin where 

the tumor had been, while the control tumor continued to grow to 31.3 mm2 (Figure 1A). By 

D12 and D14, the scab on the nsP DBD treated mouse had begun to peel off and no 

reoccurrence of the tumor was visible. On D19, the control tumor had reached 12 mm in 

diameter and the mouse had to be sacrificed. Histological staining with trichrome at D22 PI 

confirmed the nsP DBD-treated tumor had been completely eradicated, with no signs of 

melanoma, while the control (D19 PI) showed a dense tumor mass (brown) below the 

epithelium (Figure 1B). A comparison of the survival distribution between control and nsP 

DBD treated tumors showed significantly increased survival after nsP DBD treatment 

(66.7%; n = 6/group; p <0.005) (Figure 1C). Starting at D15 PI, 83% of control tumors had 

grown above the allowable size and had to be sacrificed, with no control mouse surviving 

longer than D19 PI.

Treatment of the melanoma tumor with nsP DBD in the presence of glycerol/NaHC03 gel 

eliminates the ability of plasma to eliminate the tumor growth.

To test the hypothesis that the production of reactive species, radicals and ions was 

responsible for the ability of nsP DBD to eradicate the melanoma tumor, we prepared a gel 

composed of glycerol (C3H8O3) and sodium bicarbonate (NaHCO3) to buffer the pH and 

quench the ROS/RNS and radical generation. Immediately prior to nsP DBD treatment, 0.5 

ml of the gel was applied to each tumor (nsP DBD and the untreated control). Some of the 

tumors treated with nsP DBD in the presence of the gel showed an initial reduction in size, 

but the nsP DBD no longer showed the ability to eliminate the tumor, which reoccurred in 

all mice. However, nsP DBD treatment with the gel did decrease the growth rate of the 

tumors resulting in an increased survival rate of 33.3% of the mice to D25 (n = 6/group; not 

significant), as compared to D19 in control (Figure 2A). The tumor treated with gel without 

plasma treatment had a survival curve identical to that observed in the untreated control 

(data not shown). No differences in tumor morphology between the two treatments were 

apparent after trichrome staining (Figure 2B).

3.2. Nanosecond-Pulsed Dielectric Barrier Discharge Treatment Causes Absorption of the 
Glycerol into the Tissue

Of note, the nsP DBD treatment of the tumor with gel resulted in a noticeable reduction in 

the aqueous composition of the gel leaving only a residual moist powder at the end of the 

treatment. To determine if the gel evaporated during nsP DBD treatment the same volume of 

gel was placed on paper, weighed, and treated for 1 min with the same nsP DBD treatment 

condition (33.6 kV, 250 Hz). Under these conditions, no changes in the appearance, the 

weight, or the pH (steady at 7.2) of the gel were observed after treatment. This result 

indicates that treatment with nsP DBD does not cause evaporation of the gel and confirms 

the gel penetration into the skin. However, it should be noted that skin and paper have very 

different electrical conductive properties and this will have an effect on the DBD properties. 

To confirm that gel penetration was not specific to tumor physiology, 0.5 ml of the gel was 

placed on normal mouse skin (tumor-less) and treated with nsP DBD (33.6 kV, 250 Hz, 7 

min). After nsP DBD treatment, the moist powder again appeared on the skin surface 

(Figure 2C).
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3.3. Neither the nsPEF nor the Temperature Generated by Nanosecond-Pulsed Dielectric 
Barrier Discharge Treatment Significantly Contributes to the Elimination of the Melanoma 
Tumor in the Absence of Reactive Species

In addition to determining that reactive species, radicals and ions are responsible for the 

ability of nsP DBD to eradicate the melanoma, the results of the nsP DBD treatment with 

NaHC03 gel, addressed the tumor killing ability of the nsP electric field (EF) produced by 

nsP DBD. Treatment with the NaHC03 gel proved unsuccessful and as the application of the 

gel should have little or no effect on the nsPEF produced by nsP DBD, we can conclude that 

this component is notresponsible for eradicating the melanoma tumor. Additionally, as the 

temperature produced by nsP DBD also has the ability to contribute to melanoma cell death, 

we measured the temperature rise associated with nsP DBD treatment. Fiber optic 

temperature sensors were placed in the center of an approx. 6 mm melanoma tumor and the 

temperature rise over the 7 min treatment time is summarized in the table shown in Figure 

3A. The temperature was increased over 27° after 7 min of treatment. This temperature 

increase was enough to significantly contribute to cell death associated with nsP DBD 

treatment. This experiment was repeated on fresh pig skin obtained from the butcher with 

and without the glycerol/NaHCO3 gel. The fiber optic sensor was placed directly under the 

epithelium at a depth of approx. 1 mm. The temperature was measured at 4 s intervals 

throughout the 2 min treatment and showed no significant difference between nsP DBD in 

the presence or absence of gel (Figure 3B). Of note, the differences in the ΔT between the 

tumor measured at 3 mm and the pig skin measured at 2 mm are most likely due to the 

vascular nature of the tumor, as compared to the solid thickness of the pig epithelium.

3.4. The Addition of Hydrogen Peroxide (H2O2) to the Glycerol/NaHC03 Gel Restores the 
Ability of the Nanosecond-Pulsed Dielectric Barrier Discharge Treatment to Eliminate the 
Melanoma Tumor

H2O2 was added into the glycerol/NaHC03 gel (gel/H2O2) to determine if the efficacy of 

nsP DBD treatment could be restored. NsP DBD treatment with gel/H2O2 was compared to 

nsP DBD treatment alone. The survival distributions showed mice treated with nsP DBD 

treatment with gel/H2O2 resulted in a survival rate of 50% as compared to the 66% survival 

of the nsP DBD treatment alone. However, the differences between the two distributions 

were statistically insignificant (p >0.1; Figure 4A). Trichrome staining showed that at D62 

PI the gel/H2O2 coated tumor treated with nsP DBD was no longer present. A comparable 

stained section of the tumor treated with nsP DBD treatment (no gel) at D22 PI also showed 

the tumor had been eliminated (Figure 4B). Therefore, we concluded that the addition of 

H2O2 to the gel restores the efficacy of nsP DBD treatment.

3.5. H2O2, 5-Fluorouracil or a Combination of both in the Glycerol/NaHC03 Gel is not 
Sufficient to Eliminate the Melanoma Tumor

In order to determine if the gel/H2O2 without nsP DBD has any effect on melanoma tumor 

growth, the gel/H2O2 was applied daily to the tumors for the duration of experiment and 

compared to untreated control. By D19 PI, all control tumors had reached maximum size 

and the mice were sacrificed. However, the growth of tumors treated with gel/H2O2 was 

retarded and the last animal was not sacrificed until D25 (Figure 5A). Additionally, we 
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assessed whether the common chemotherapy agent, 5-Fluorouracil (5FU) added to the gel 

either alone or in combination with H2O2 would have an effect on survival or size of the 

melanoma tumor. Both 5FU and 5FU/H2O2 were applied daily for the duration of 

experiment. The survival distributions comparing mice receiving the glycerol/NaHC03 gel 

(control), or the gel with H2O2, 5FU, or 5FU/H2O2 did not show significant differences (p > 

0.1; Figure 5A). However, when comparing the tumor weight distribution, treatments with 

5FU alone, 5FU/H2O2 and H2O2 all resulted in progressively decreased weights, 

respectively, as compared to control (Figure 5B) indicating a slowing of cell proliferation in 

the presence of these agents. Additionally, it should be noted that if the melanoma is not 

completely eradicated it will continue to grow. Therefore, the longer the mouse survives, the 

larger the size of the tumor. Trichrome staining of tumors extracted after each treatment is 

shown in Figure 5C. Only 5FU alone showed some necrosis of the upper tumor layer (white 

arrow, pink area on the top).

4. Discussion

This study reports the ability for nsP DBD to successfully eradicate subdermal B16 

melanoma tumors in the C57BL6 mouse. Additionally, we determined that by blocking the 

effects of nsP DBD generated ROS/RNS and radicals with glycerol/NaHC03 gel, the 

treatment was no longer effective at eliminating the melanoma. In addition to ROS/RNS and 

radicals, nsP DBD simultaneously produces a nsPEF, radiation, and heat. Use of the 

glycerol/NaHC03 gel should not significantly affect the penetration of the nsPEF or, as we 

also show (Figure 3), affect the temperature generation,[86–88] thereby strengthening the 

conclusion that the killing is primarily due to ROS/RNS and radicals. This conclusion does 

not refute other studies reporting nsPEF as a successful treatment for 

melanoma[59,62,66,69,70] but only that the nsPEF associated with the generation of nsP DBD 

is not sufficient. Interestingly, a recent study showed when a μsPEF was applied in addition 

to plasma treatment, an enhanced antibacterial effect was observed.[89] This may indicate the 

nsPEF produced by plasma is not strong enough to have effects on its own but may certainly 

enhance the effectiveness of other plasma components. Additionally, the ability of nsP DBD 

treatment to eliminate melanoma is restored when H2O2 is added to the glycerol/NaHC03 

gel but the glycerol/NaHC03 gel with H2O2 or 5FU alone, or 5FU/H2O2 together does not 

eliminate the melanoma. While taken together the results of this study clearly implicate the 

reaction chemistry generated by nsP DBD treatment as the mechanism of action, but 

importantly the potential interactions between each component generated by nsP DBD is not 

eliminated as a means to enhance the killing effectiveness.

Multiple studies describing the effect of plasma treatment of cells and tissues have detailed 

the effects of ROS/RNS and radicals generated in the plasma to stimulate intracellular ROS. 

Depending on the treatment dose and time, intracellular ROS either initiates signaling 

pathways controlling migration, proliferation, or differentiation. Alternatively, and in 

response to higher plasma doses it causes DNA damage, multiphase cell cycle arrest 

(cellular senescence), and ultimately apoptosis.[7] From our previous studies using μsP 

DBD, we concluded lower doses enhanced cell differentiation in in vitro culture[18] and limb 

autopod survival, growth, and elongation in organ culture.[17]
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The effect of higher dose plasma treatments have been shown to play a crucial role in killing 

cancer cells.[31,90,91] For example, in a successful treatment of glioblastoma using nsP DBD, 

the authors demonstrated that the increased intra-cellular ROS were responsible for the 

treatment effectiveness. In our study, we show blocking ROS with the glycerol/NaHC03, the 

effectiveness of the nsP DBD treatment was lost (Figure 4). These findings are consistent 

with our previous reports[17,86] as well as work by others[5,40,92–96] which identifies the ROS 

production by plasma as the main mechanism of interaction with cells and tissues. Thus, 

taken together with these and other studies, we conclude that he reaction chemistry 

generated by the ROS/RNS and radicals produced in the plasma in an interaction with the 

molecules present in cells and tissues result in the death of cancer cells and the elimination 

of melanoma, to create an effective cancer therapy.

The other two major components generated during nsP DBD treatment are nsPEF and heat. 

Both of these factors individually have had some success in killing cancer cells in vitro and 

tumors in vivo.[71–75] Several differences exist between the nsPEF generated within the 

plasma and the types of nsPEF reported as an effective cancer treatment. First, the nsPEF 

generated in these studies used a special apparatus with electrodes designed to promote the 

flow of electric current through the tumor tissue. The applied nsPEF associated with the 

generation of nsP DBD is created between the high voltage electrode and the tissue which 

serves as the second electrode. Additionally, filaments generated within the plasma generate 

a local EF at their tips. However, the magnitude of a current flow through the tumor tissue 

cannot be compared to that generated by the nsPEF. Finally, the characteristics of the “in 

vivo” second electrode, which may change with the addition of gel, the vascularity the tissue 

composition, etc., can alter the characteristics of the plasma and thereby may create some 

differences in the electric field, temperature, or species production.

Cancer treatment with hyperthermia has also had some success. Goldberg et al. found that 

coagulation necrosis of tissues is induced in vitro when the local temperature is maintained 

at 50 °C for 6 min or longer.[80] While DBD plasmas have been described as non-thermal 

from a physical perspective, nsP DBD treatment can significantly elevate tissue temperature 

and potentially cause thermal damage in a biological sense. After a 7 min treatment, the 

tissue temperature was increased 26 ± 2 °C at 1 mm below the skin surface (Figure 3). 

However, as we show the addition of gel does not affect the ability of nsP DBD to increase 

tissue temperature (Figure 3), the temperature increase alone must be insufficient to 

eradicate the melanoma. While we determined that neither the nsPEF nor the hyperthermia 

generated by nsP DBD are primarily responsible for the successful elimination of the 

melanoma tumor, the combinatory effect of all plasma components most certainly enhance 

treatment effectiveness.

The effectiveness of the nsP DBD treatment was restored by the addition of H2O2 to the 

glycerol/NaHCO3 gel mixture, suggesting that H2O2 has the ability to reestablish/enhance 

the reaction chemistry produced by nsP DBD treatment. Topical gel/H2O2 treatment without 

plasma reduced tumor growth, but did not eliminate the tumor, suggesting that treatment 

with nsP DBD may induce a deeper penetration of the H2O2 (and the associated reaction 

chemistry) into the tumor. The interaction of plasma with H2O2 has the potential to generate 

toxic products including hydroxyl radicals and anions.[97] However, in the tumor tissue 
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environment, the Fenton reaction (Eq. 1) may be the major source of these toxic products, as 

high concentrations of Fe2+/Fe3+ are present due to hemorrhage and red blood cell lysis.[98] 

Thus, in the presence of H2O2 there would be an increase of reaction products as illustrated 

below.

4.1. Equation 1: Fenton Reaction

(1)

Therefore, nsP DBD treatment could induce high concentrations of hydroxyl anions and 

radicals to initiate massive amounts of cellular damage and the effective killing of melanoma 

cells. The addition of the glycerol/NaHCO3 gel without H2O2 could also effectively inhibit 

this reaction. Additional chemical products generated by plasma include superoxide anion, 

ozone, and reactive nitrogen species and these can be involved in the following chemical 

reactions:[3–5,97–99]

4.2. Equation 2: Nitric Oxide Reactivity

(2)

4.3. Equation 3: Carbon Dioxide Reactivity

(3)

4.4. Equation 4: Ozone Reactivity

(4)

5. Conclusion

In conclusion, this study determined that nsP DBD treatment can be used effectively against 

melanoma tumors in the B16 orthotopic melanoma model. Based on the lack of tumor 

suppression in the absence of ROS and the success of the treatment with addition of H2O2, 

we propose that nsP DBD production of reactive oxygen and nitrogen species play a role in 

tumor suppression. We also show that neither the nsPEF nor the heat associated with nsP 
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DBD significantly contributes to remission of the melanoma tumor. Taken together, our 

findings suggest that nsP DBD can be developed as a new therapeutic tool for melanoma and 

other epithelial cancers. Further studies are necessary to investigate the molecular and 

cellular mechanisms underlying the cellular response to nsP DBD and the interaction with 

the immune system as well as which species are most responsible for the tumor eradication. 

Together with other studies, these findings indicate that nsP DBD treatment is an effective 

cancer therapy that deserves further investigation.
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Figure 1. 
The nsP DBD treatment eradicates the melanoma tumor. (A) B16 Melanoma cells were 

injected on the rear flank of C57BL/6 mice. After 8 d, the tumor was treated a single time 

for 7 min with nsP DBD at 236 Hz and 33.6 kV. The control tumor continued to grow up to 

day 19 (D19) post-injection until it was sacrificed. Mice treated with nsP DBD continued to 

heal with a scab up to 22 days and after were tumor free. (B) Trichrome staining of D22 nsP 

DBD treated tumor (top) and Control tumor (bottom) on D19 post injection. Histology of the 

nsP DBD treated tumor shows red skin staining confirming scab formation but no tumor 

below the epithelium is visible. (C) Survival for nsP DBD treated tumors (red triangle) and 

control untreated tumors (black diamond) as a function of time post-injection (n = 6 each). 

The nsP DBD treatment resulted in significant improvement of survival rate (66.7% post-

treatment) compared to control (0%, p <0.005).
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Figure 2. 
The nsP DBD treatment is ineffective in the presence of a gel composed of glycerol and 

NaHCO3. (A) Graph showing survival for nsP DBD treated mice with Gel (red empty 

triangle) and Control tumor (black diamond) as a function of time post-injection (n = 6 

each). The nsP DBD treatment with gel did not significantly prolong mice survival, 

compared to Control: 33% (treated) versus 0% (control) at day 19 post-injection (D19) and 

by D25 survival was 0% for both cases (p >0.01). (B) Trichrome staining of nsP DBD 

treated tumor with gel (top) on D25 and control tumor with gel (bottom) on D19 post 

injection. Histological analysis shows no significant differences between the control and 

treated tumors. (C) Normal mouse skin before (top) and after (bottom) nsP DBD treatment 

with gel. The gel mixture was transformed to moist powder after nsP DBD treatment on 

mouse skin.
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Figure 3. 
Temperature increases associated with nsP DBD treatment are not affected by the presence 

of the gel. (A) Temperature measured in the center of a 6 mm diameter melanoma tumor in a 

postmortem mouse treated with nsP DBD. (B) Measurement of temperature 2 mm below the 

pig skin surface during nsP DBD treatment for 2 min, with or without gel, showed no 

significant differences (with gel – red triangles; without gel – black diamonds).
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Figure 4. 
Tumor killing efficacy of nsP DBD is restored by adding H2O2 to the gel. (A) Mice survival 

for tumors treated with nsP DBD alone (red triangle) and tumors treated with nsP DBD and 

gel/H2O2 (black triangle) as a function of time (n = 6 each). The survival distribution are not 

significantly different (p >0.1). (B) Trichrome staining of nsP DBD treated tumor with 

gel/H2O2 (top, D62 post-injection) and tumor treated with nsP DBD alone (bottom, D22 

post-injection). Histological analysis shows no recurrence of the tumor for either treatment.
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Figure 5. 
Treatments of melanoma tumor with gel containing 5FU, H2O2, or a combination of both 

slow tumor growth, but do not eliminate the tumor. (A) Survival for standard topical 

melanoma treatment 5FU with (empty filled triangle, n = 3) and without H2O2 (red filled 

triangle, n = 5), with gel/H2O2 alone (black empty square, n = 5) and control (black 

diamond, n = 6) as a function of time post-injection. No significant differences were found 

between the treatments (p >0.1). B) Tumor weight upon extraction as a function of time 

post-injection is shown for all treatment options. All the treatments reduce tumor weight as 

compare to control. (C) Trichrome staining of tissue targets comparing all four treatments: 

(1) control, (2) gel/H2O2, (3) gel/5FU without H2O2, and (4) gel/5FU with H2O2.
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