Plasma Medicine, 10(1):45-59 (2020)

Comparative Study of Cancer Treatment
Potential Effects of Tumor-Treating Fields and
Cold Atmospheric Plasma

Xiaoliang Yao,? Isaac Goldstein,’ Li Lin,2 Jonathan H. Sherman,? &
Michael Keidara*

aThe George Washington University, Washington, DC 20052; *University of California at
Berkeley, Berkeley, California 94720

*Address all correspondence to: Michael Keidar, 800 22nd Street, NW, Washington, DC 20052; Tel./Fax: +202-994-
6080, E-mail: keidar@gwu.edu

ABSTRACT: Tumor-treating fields (TTFields) therapy is well known and approved by the Food
and Drug Administration for treatment of adult patients who suffer with glioblastoma. The meth-
od uses low-intensity and intermediate-frequency alternating electric fields to produce an inhibi-
tory effect on cancerous cells. However, it involves 24 h of treatment time to produce anticancer
effects. A new modality of cancer treatment called cold plasma therapy (CPT) has been shown
both in vitro and in mice models to significantly treat dozens of cancer types. CPT is based on
the therapeutic effect of cold atmospheric plasma (CAP), a type of ionized gas that operates at
close to room temperature and provides electromagnetic radiation as well as reactive oxygen and
nitrogen species, both cytotoxic to cancer cells. With this study, after investigating the anticancer
effects of TTFields and CAP on glioblastoma cells, we have found that CAP has superior ability
to inhibit cancer.
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I. INTRODUCTION

Cancer is the second most common cause of death in the United States (US). In 2017,
688,780 new cancer cases were diagnosed, and 600,920 cancer-related deaths occurred
in the US." We have identified > 100 types of cancers such as those occurring in lung,
skin, and brain.>* Several methods of cancer treatment exist® including surgery, che-
motherapy, radiation therapy, and immunotherapy. Some relatively recent innovations
in the field of cancer treatment have been developed, such as the use of cold atmo-
spheric plasma (CAP) to kill cancer cells by creation of electromagnetic waves and
reactive oxygen and nitrogen species.®” Current research has shown that electric fields
at 200-300 MHz frequency can act to rapidly divide cells of cancerous tumors.'” In
this study, we performed a comparative review to evaluate the effects of tumor-treating
fields (TTFields) and CAP treatment on glioblastoma.

Plasma is the fourth state of matter, essentially consisting of ionized gas with elec-
trons, ions, and uncharged particles. The two kinds of plasma are thermal and nonther-
mal. Thermal plasma contains electrons and gas at approximately the same temperatures,
whereas electrons in nonthermal plasma exist at a much higher temperature than that of
heavy particles. The nonthermal plasma that we used for this experiment is CAP, so
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called because it is not significantly warmer than room temperature.'"'> CAP is popular
in the medical field for use in applications such as antibacterial treatment and wound
healing.!* Research has also been performed on the use of CAP as a potential cancer
therapy.'>!7 A variety of gases can be used to generate CAP, including air, argon, helium,
and nitrogen. Additionally, multiple methods produce CAP, such as dielectric barrier
discharge and atmospheric pressure plasma jet.'® During the last decade, CAP has be-
come extremely promising as an application for cancer treatment due to its selectivity
for cancer cells, as seen in in vivo applications.!*>

TTFields therapy uses a low-intensity and intermediate-frequency electric field that
can inhibit cancer cell growth.?* Research has shown that by using implanted electrodes,
TTFields successfully inhibited tumor growth in mice.?* Electric activity plays a vital part
in this biological process. Electric fields, ranging mostly between 0 and 20 V/cm, stimu-
late ion flow and cause polar molecules to orient themselves along lines following the
uniform field. However, nonuniform fields affect polar forces that may allow movement
to increased field intensity.” The mechanism by which TTFields affects cells occurs when
field frequency reaches between 100 kHz and 1 MHz, at which point it can act on dividing
cells. This manifests through a disruption of spindle tubulin orientation during cytokinesis,
inducing dielectrophoresis. The TTFields approach requires lengthy treatment of at least
24 h.* In contrast, on the basis of in vivo preclinical data, the CAP approach generally
requires only several minutes of treatment.”’ In this study, we examined both approaches,
CAP and TTFields, and determined the comparative efficacy of both techniques.

Il. EXPERIMENT AND METHOD
A. TTFields Device Setup

Figure 1 shows the device that we used for the TTFields experimental setup. The size of the
plate was the same as a 24-well culture plate: 127 mm long, 85 mm wide, and 20 mm high.
The lid contained 48 electrodes (two electrodes in each well, at a distance of 1 cm). The
surface for each well was 2 cm?. In each well, we placed two electrodes made of gold and

FIG. 1: Schematic of TTFields device setup based on a 24-well cell culture plate
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measuring 0.377 in long and 0.08 in in diameter to produce TTFields that were controlled
by a power supply. At the first and second row of each plate, frequency and intensity were
controlled by changing power-supply settings. The plate’s third and fourth rows were used as
a control (they were not connected to the power supply and thus did not produce TTFields).

B. CAP Setup

The CAP jet in this experiment was designed and assembled in a micropropulsion and
nanotechnology laboratory (Fig. 2).° The jet used helium as the carrying gas to trig-
ger the discharge process and form CAP with a flow rate of 8 L/min. Electrodes were
connected to a high-voltage resonant transformer (Chirk Industry Co. Ltd., Taoyuan,
Taiwan) (8 kV peak to peak; frequency 12.5 kHz).

C. Cell Cultures

For this experiment, we used cell line U87, a human primary glioblastoma line. Cell cul-
tures were grown in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, with
L-glutamine), supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-strep-
tomycin solution media in a 5% CO, incubator at 37°C. We placed 2 mL of cells in each
well (a total of 18,000 cells per well) of the 24-well plate and incubated the cells for 24 h.

D. Optical Emission Spectroscopy

In this experiment, we fixed the wavelength range to 191-851.5 nm and set the CAP jet
to a calculated intensity ratio of 391.4:337.1 nm. The spectroscopy meter and optical
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FIG. 2: Schematic of CAP device setup
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probe were purchased from StellarNet Inc. (Tampa, FL). We set the optical probe to 5
cm below and 2.5 cm in front of the nozzle.

E. Ansys Fluent Software

We used Ansys Fluent software (Ansys, Inc., Canonsburg, PA) to simulate CAP com-
position of each species (N,, O,, He, and H,0) at the tip of the plasma jet. For this, we
assumed the inlet to be al helium. Therefore, the composition of helium was 100% at
the inlet, and other gas species were at 0%. Distance from the 24-well culture plate from
table to floor was 1.2 m, and the distance from tube to plate was 5 cm. The composition
of each species in air was 78.09% nitrogen, 20.95% oxygen, 0.04% carbon dioxide,
0.0005% helium, and 0.92% other gases. The molar mass for nitrogen was 28.01 g/mol,
and that for oxygen 31.99 g/mol, carbon dioxide 44.01 g/mol, and helium 4 g/mol.

F. Cell Viability Assay

Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (thiazolyl blue tetrazolium blue [MTT]) assay (Sigma-Aldrich Inc., St.
Louis, MO). MTT is a colorimetric assay that is used to measure cell metabolic activity
and reflects the number of viable cells. In living cells, it reduces cellular enzymes to
formazan, giving them a purple color. We cultured cells in an incubator for 72 h after the
TTFields and CAP experiment. After 72 h, we aspirated the DMEM from each well and
added 300 uL MTT solution (7 mg MTT in 10 mL of medium for one plate) to each well.
Cells were then incubated for another 3 h to produce the MTT reaction. We followed
by aspirating the MTT and adding another 300 puL of MTT solvent (0.4% [v/v] HCI in
anhydrous isopropanol) to each well to dissolve the crystals that formed from the reac-
tion. Each plate was then measured using the Synergy H1 hybrid multimode microplate
reader (BioTek Instruments Inc., Winooski, VT) with a frequency of 570 nm.

G. Statistical Analysis

The results were plotted using Microsoft Excel as mean + standard deviation. We used
the student #-test to check for a statistical significance of p < 0.05.

I1l. POWER CALCULATION
A. Power Delivered to Cells with CAP Treatment

The calculation of plasma power was based on a Joule heat estimation (Eq. [1]) that
requires calculation of the current near the DMEM-—cell target and the impedance of
DMEM with cells, as follows:

P=7I" (1)
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where P is power delivered to cells, Z is impedance, and [ is current. We measured
current at the plasma jet tip using a Rogowski coil, and found / to be ~ 0.15 A. Plasma
impedance was calculated as

Zzi’ (2)
()

where is the conductivity that can be calculated as
I/A=CE. 3)

Here, I and A are current at the plasma jet tip and cross-area of the tip, respectfully, and
E is local electric field. The cross-area of the plasma jet was ~ 3.5 mm?. Electric field
can be estimated from the optical emission spectrum (OES). Here, we used the ratio of
intensities, following Yan et al.?® and found

R1391/1337 (Udfs) =5.4938 x Rk391/k337 (Te )’ )

where R, . ._1is the intensity ratio of 391/337 nm measured at the tip of the helium cold
plasma jet, and R, .. (T’) is the ratio of the rate of coefficients of electron impact exci-
tations. Reduced electric field can be estimated based on ratio of intensities versus rate
of coefficients, generated from Eq. (4).%® Let us consider the OES of the helium CAP jet
interacting with ambient air, having a flow rate of ~ 4.7 L/min and sinusoidal discharge
voltage of ~ 8 kV peak to peak at 12.5 kHz frequency. The intensity ratio of 391/337 nm
is 0.49. Therefore, the value of Ry, 4,,,(T)) was calculated to be 0.087. The relationship
between R, ;.. and E/N can be found from the Boltzmann solver BOLSIG+, based
on a fluid simulation of helium jet in air using three-dimensional (3D) ANSYS Fluent
(details are discussed in Appendix B).?’ As a result of this analysis, E was estimated as
1.37 x 10* kV/m, and ¢ ~ 0.0035 Q'm?. Therefore, the power in the plasma jet tip was
~ 6.43 W. However, the plasma discharge period is 80 us, and the streamer propagation
takes only ~ 2 pus. We assume that plasma energy was only delivered to the cells during
the streamer propagation period. Therefore, the actual power of the plasma jet was cal-
culated to be 6.43 W x (2 us/80 us) = 0.16 W.3°

B. Power Delivered to Cells with TTFields Treatment
Because the frequency of TTFields is constant, the power delivered to cells was esti-

mated as

P="", (5)
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where U is the voltage applied between the two electrodes, Z is the impedance of DMEM
with cells (measured to be 330 Q), and frequency was ~ 300 kHz.

IV. RESULTS AND DISCUSSIONS
A. TTFields Treatment

Five voltage levels (2, 4, 10, 15, and 19 V) were chosen to treat the U87 cells that were
cultured in 24-well plates. Treatment time was universally kept at ~ 4 h. Calculated
energy that was delivered to cells from TTFields is shown in Fig. 3. MTT assay results
show the effects of TTFields on cell viability, shown in Fig. 4(A). All cell viability data
were normalized relative to the control. Figure 4(A) demonstrates that higher voltage
leads to decreased cell viability and the increasingly greater effect of TTFields. This
suggests that electromagnetic field generated by TTFields contributes to the death of
U87 cancer cells. Therefore, we conclude that the power of TTFields contributes signifi-
cantly to U87 cancer cell death, shown in Fig. 4(A). As such, in all experiments, maxi-
mum voltage that we used was 19 V to avoid the negative effect of high temperature
caused by higher voltage.

We also tested the effect of TTFields treatment duration on cell viability by keep-
ing TTFields voltage constant. Treatments were performed for 1, 2, 3, and 4 h while
voltage was held constant at ~ 19 V, as shown in Fig. 4(B). Total energy calculated for
TTFields is also shown. All viability data were normalized relative to the control. The

x10*

25}

151

Energy(J)

0571

0 5 10 15 20 25
Voltage(V)

FIG. 3: Energy delivered to cells by TTFields during 4 h
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FIG. 4: (A) Cell viability dependence on applied voltage and calculated energy input. U87 cells
were treated for 4 h, 18,000 cells. (B) Cell viability dependence treatment time with constant
voltage (19 V).

experiment of the MTT assay shows that increasing the time of TTFields treatment also
increases efficacy (Fig. 4[B]). While TTFields energy remained constant, the increased
treatment time that was applied to the cancer cells increased efficacy (decreased cell
viability).

B. CAP Treatment

We treated U87 cells with CAP for 30, 60, and 90 s at room temperature and performed
MTT assays 72 h after treatment. All viability data were normalized relative to control.
We calculated energy delivered to cells during CAP treatment on the basis of the OES
peak ratio, gas composition, and current in the CAP jet. Details of these calculations can
be found in Appendix A. Results of the MTT assay showed that CAP affects cell viabil-
ity in a time-dependent manner and the addition of energy leads to increased CAP effect
on cells. Cell viability decreased by 48% after 9.6 J was applied to the cell, compared to
a decrease of 71.7% after 24 J was applied.

After investigating the anticancer effect of TTFields and CAP on glioblastoma cells,
we found CAP had a superior ability to inhibit cancer. As shown in Figs. 4(a) and (b) and
Fig. 5, treatment time for TTFields needed to be 4 h, compared with CAP, which only
requires 30 s to produce the same cell viability value. Moreover, CAP is significantly
energy efficient. As shown in Figs. 4 and 5, energy required for an 80% cell viability
value of TTFields is ~ 15.7 kJ or > 3000 times that of CAP, which requires ~ 5 J.
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FIG. 5: Cell viability dependence on CAP treatment time and association with energy delivered
by CAP jet to cells

V. CONCLUSIONS

In this study, we directly compared CAP and TTFields treatment of U87 glioblastoma
cancer cells. We aimed to assess the relative merits of two technologies as potential ap-
proaches for cancer treatment. The energy that we applied varied for both methods, and
resulting cell viability changes were measured. For the two methods, we demonstrated
that increased use of energy resulted in decreased cell viability for cancer cells. Results
indicated that the rate of cancer cell viability using CAP treatment was 80% of the original
viability after using 4.8 J, compared with TTFields treatment that required 15.7 kJ. This
data indicate that CAP is significantly more energy efficient. In addition, CAP treatment
was completed in 30 s, whereas the most effective TTFields treatment took 4 h, indicating
that CAP treatment is a more favorable and effective method for cancer therapy.
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APPENDIX A. 24-WELL PLATE UNIFORMITY

Despite adding the same number of cells to each well, it was possible that cell numbers
in distinct wells at the edges of the plate might differ as a result of the edge effect. We
checked the impact of the edge effect by comparing cell numbers at different positions
of the plate. In this experiment, we added 12,000 cells to each well of the plate, and cells
were then incubated for 96 h. The advantage of cultivation for 96 h is that this is approxi-
mately the same amount of time as the total time that cells were incubated. Normally,
cells are already incubated for 24 h before the experiment begins, then incubated for an-
other 72 h after the experiment is finished. Figures A1 and A2 show the result for testing
the edge effect in the 24-well plate. Figure A1 shows the edge effect check for different
rows and Fig. A2 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 have been
incubated without any treatment, cell numbers would be at the same level.

APPENDIX B. RELATIONSHIP BETWEEN Rk391 5 AND E/N

/k3

The relationship between R, 4,,, and E/N could be found by using the Boltzmann
solver BOLSIG+, based on a fluid simulation of helium jet in air using 3D ANSYS
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FIG. A1: Cell viability check at different columns for edge effect
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FIG. A2: Cell viability check at different rows for edge effect

Fluent. BOLSIG+ required gas composition of each species at the tip of the plasma
jet. Therefore, 3D ANSYS Fluent was used to simulate gas composition at the tip
of the plasma jet, as shown in Fig. B1. The location used to estimate the CAP jet
composition was ~ 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, with the
other gas species at 0%. At ~ 5 cm, we calculated the volume ratio for nitrogen at
78.08%, oxygen at 20.95%, carbon dioxide at 0.03%, and helium at 0.0005%, as
shown in Table B1. It is necessary to mention that a steady state was achieved ~ 100
s after starting simulations (Fig. B1). This result also explains the reason why a great
number of researchers found that the CAP was unstable during the first 2 min after
it starts (Fig. B2). Results of CAP jet gas composition at a steady state are shown
in Table B1.

Ry 3,(U,,), the intensity ratio of 391 nm over 337 nm, was measured from
the OES at the tip of the helium cold plasma jet (Fig. B3) to be 0.48. We calcu-
lated Rk391/k337(7’e) to be 0.087 based on Eq. (4). Moreover, with the fraction of each

FIG. B1: CAP jet composition using 3D ANSY'S Fluent analysis
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TABLE B1: Composition of the plasma jet, with relative fractions of various species at the

steady state

Species Fraction
N, 69.71%
0, 16.29%
He 13.83%

o, 0.17%
1.6000 - —
- l—02
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FIG. B2: Simulation by ANSYS for CAP jet composition showing fraction of each species as a
function of time
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FIG. B3: Spectrum of helium plasma jet interacting with ambient air at the bottom of the jet (5
cm from the nozzle)
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FIG. B4: Resulting rate coefficients of electron impact excitations calculated using BOLSIG+

species at the tip of plasma jet, resulting rate coefficients versus electron tempera-
ture (Fig. B4) and electron temperature versus £/N(Td) were both calculated using
BOLSIG+ (Fig. BS). After that, the relationship between ka /k337(Te ) and E/N(Td)
could be estimated and is shown in Fig. B6.

After we performed a polynomial fitting of Fig. B6, we placed the value of
Risoyk5,(T) into the polynomial fitted equation in Fig. B6. The reduced electric field was
found to be 525 Td. Then, electric field was calculated as 1.37 x 107 V/m. Therefore,
the power of the plasma jet at the tip was estimated as 6.43 W. However, the plasma
discharge period is 80 us, and streamer propagation only takes ~ 2 pus. We assume that
plasma energy was only delivered to the cells during the streamer propagation period.
Therefore, the actual power of the plasma jet was calculated to be 6.43 W x (2/80 ps)
=0.16 W.3°
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FIG. B5: E/N(Td) versus electron temperature (eV)
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FIG. B6: Ratio of coefficients of electron impact excitations versus E/N(Td)

APPENDIX C. TOXICITY OF TTFIELDS-TREATED DMEM

Two samples were used for this experiment. Sample 1 was the control, with cells (1.8 x
10* per well) cultured in DMEM overnight and replaced with 1.5 mL of fresh medium.
Subsequently, cells were plasma treated. For sample 2, cells (1.8 x 10* per well) were
also cultured in DMEM overnight and replaced with fresh medium. Then, they were
treated by electromotive force (EMF) for 1, 2, 3, and 4 h using 200 kHz frequency with
dose rates of 1, 2, 5, 10, 15, and 19 V at room temperature.

It was necessary to test whether any ongoing transformation occurred that formed
toxic substances by using only EMF through the electrodes to treat DMEM. Therefore,
we developed an experiment to treat only the DMEM by using the EMF with 19 V at a
frequency of 200 kHz for 4 h. 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. C1. It shows that the EMF-treated DMEM was not toxic to the U87 cells
used in this experiment.

Toxicity check
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90%
80%
70%

60%

Normalized cell viability

50%
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FIG. C1: Result of toxicity check
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APPENDIX D. TEMPERATURE CHANGE DURING TTFIELDS TREATMENT

Temperature could present another problem, causing inhibition of cell growth when tem-
perature was > 43°C 332 Temperature was measured before the TTFields experiment, at
2 and 4 h of the experiment. This tracking did not detect any temperature change through
the course of the experiment. As result, it can be concluded that the antitumor effect of
TTFields is not caused by temperature difference if voltage is < 19 V.
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