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(57) ABSTRACT

A method for preparing cold atmospheric plasma stimulated
cell culture media with a cold atmospheric plasma system
having a delivery port out of which an inert gas flows. The
inert gas may be helium. The method comprises the steps of
placing a cell culture media in a first well, the first well
having a bottom and having a diameter greater than 20 mm;
wherein the cell culture media placed in the first well has a
volume of 4 ml or less, treating the cell culture media in the
first well with cold atmospheric plasma, wherein the treating
is performed with a gap between the delivery port and the
bottom of the first well is between 2.5 cm and 3.5 ¢cm, and
transferring a portion of the treated media to cultured cancer
cells in a second well. The cold atmospheric plasma may be
applied for 0.5 minutes to 2 minutes.
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1
METHOD FOR MAKING AND USING COLD
ATMOSPHERIC PLASMA STIMULATED
MEDIA FOR CANCER TREATMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of the filing
date of U.S. Provisional Patent Application Ser. No. 62/271,
379 filed by the present inventors on Dec. 28, 2015.

The aforementioned provisional patent application is
hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

None.
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to systems and methods for
preparation and use of cold atmospheric plasma stimulated
media for cancer treatment.

Brief Description of the Related Art

During the past decade, cold atmospheric plasma (CAP),
a near room temperature plasma mainly composed of reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS), has been investigated for its promising application in
anti-cancer therapy. See Kalghatgi, S. et al. Effects of
non-thermal plasma on mammalian cells. PloS ore 6,
e16270 (2011); Ratovitski, E. A. et al. Anti-Cancer Thera-
pies of 21st Century: Novel Approach to Treat Human
Cancers Using Cold Atmospheric Plasma. Plasma Processes
and Polymers 11, 1128-1137 (2014); and Fridman, G. et al.
Floating Electrode Dielectric Barrier Discharge Plasma in
Air Promoting Apoptotic Behavior in Melanoma Skin Can-
cer Cell Lines. Plasma Chemistry and Plasma Processing
27, 163-176 (2007). So far, CAP has shown a significant
anti-cancer capacity over a wide range of cancer cell lines,
including carcinomas, melanomas, neuroectodermal malig-
nancies, and hematopoietic malignancies. See, Ahn, H. J. et
al., “Atmospheric-pressure plasma jet induces apoptosis
involving mitochondria via generation of free radicals,”
PloS one 6, €28154 (2011); Yan, X. et al., “Plasma-Induced
Death of HepG2 Cancer Cells: Intracellular Effects of Reac-
tive Species,” Plasma Processes and Polymers 9, 59-66
(2012); Kim, G. C. et al., “Air plasma coupled with anti-
body-conjugated nanoparticles: a new weapon against can-
cer,” Journal of Physics D: Applied Physics 42, 032005
(2009); Lee, H. 1. et al., “Degradation of adhesion molecules
of G361 melanoma cells by a non-thermal atmospheric
pressure microplasma,” New Journal of Physics 11, 115026
(2009); Tanaka, H. et al., “Plasma-Activated Medium Selec-
tively Kills Glioblastoma Brain Tumor Cells by Down-
Regulating a Survival Signaling Molecule, AKT Kinase,”
Plasma Medicine 1 (2011); Xiaoqian, C. et al., “Synergistic
effect of gold nanoparticles and cold plasma on glioblastoma
cancer therapy,” Journal of Physics D: Applied Physics 47,
335402 (2014); Thiyagarajan, M., Waldbeser, L. & Whit-
mill, A., “THP-1 leukemia cancer treatment using a portable
plasma device,” Studies in health technology and informat-
ics 173, 515-517 (2011); and Barekzi, N. & Laroussi, M.,
“Dose-dependent killing of leukemia cells by low-tempera-
ture plasma,” Journal of Physics D: Applied Physics 45,
422002 (2012). In addition, the CAP also strongly resists
tumor growth in mice. Several general conclusions about the
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anti-cancer mechanism of CAP have been acknowledged.
First, the rise of intracellular ROS always occurs in cancer
cells upon CAP treatment, which causes a noticeable dam-
age on the antioxidant system and subsequently DNA double
strands break (DSB) to a fatal degree. See, Zhao, S. et al,,
“Atmospheric pressure room temperature plasma jets facili-
tate oxidative and nitrative stress and lead to endoplasmic
reticulum stress dependent apoptosis in HepG2 cells,” PloS
one 8,e73665 (2013); Kaushik, N. K., Kaushik, N., Park, D.
& Choi, E. H., “Altered Antioxidant System Stimulates
Dielectric Barrier Discharge Plasma-Induced Cell Death for
Solid Tumor Cell Treatment,” PloS one 9, ¢103349 (2014),
and Koritzer, J. et al., “Restoration of sensitivity in chemo-
resistant glioma cells by cold atmospheric plasma,” PloS
one 8, ¢64498 (2013). Second, serious DNA damage and
other effect of CAP on cancer cells result in the cell cycle
arrest, apoptosis or necrosis with a dose-dependent pattern.
Volotskova, O., Hawley, T. S., Stepp, M. A. & Keidar, M.,
“Targeting the cancer cell cycle by cold atmospheric
plasma,” Scientific reports 2, 636 (2012); Kim, J. Y., Kim,
S.-0., Wei, Y. & Li, 1., “A flexible cold microplasma jet
using biocompatible dielectric tubes for cancer therapy,”
Applied Physics Letters 96, 203701 (2010); and Ma, R. N.
et al., “An atmospheric-pressure cold plasma leads to apop-
tosis in Saccharomyces cerevisiae by accumulating intrac-
ellular reactive oxygen species and calcium,” Jourral of
Physics D: Applied Physics 46, 28540 (2013). Third, among
diverse reactive species generated in CAP, H,O, and NO are
proposed to be key molecules to kill cancer cells. See,
Bekeschus, S. et al., “Hydrogen peroxide: A central player in
physical plasma-induced oxidative stress in human blood
cells,” Free Radical Research 48, 542-549 (2014). Fourth,
untransformed normal cells always show stronger resistance
to CAP than cancer cells do. Such killing preference on
cancer cells is always accompanied with the distinct ROS
levels and DSB among cancer cells and normal cells.
Georgescu, N. & Lupu, A. R., “Tumoral and normal cells
treatment with high-voltage pulsed cold atmospheric plasma
jets,” Plasma Science, IEEE Transactions on 38, 1949-1955
(2010); Zucker, S. N. et al., “Preferential induction of
apoptotic cell death in melanoma cells as compared with
normal keratinocytes using a non-thermal plasma torch,”
Cancer biology & therapy 13, 1299-1306 (2012); and Ja
Kim, S., Min Joh, H. & Chung, T. H. “Production of
intracellular reactive oxygen species and change of cell
viability induced by atmospheric pressure plasma in normal
and cancer cells,” Applied Physics Letters 103, 153705
(2013).

Conventionally, the CAP is directly used to irradiate
cancer cells or tissue. Over past three years, the CAP
irradiated media was also found to kill cancer cells as
effectively as the direct CAP treatment did. Yan, D. et al,,
“Controlling plasma stimulated media in cancer treatment
application,” Applied Physics Letters 105,224101 (2014). In
contrast to the direct CAP treatment, CAP stimulated
(CAPS) media has advantages. The CAPs media can be
stored in the refrigerator and maintain its anti-cancer capac-
ity for at least 7 days. Adachi, T. et al., “Plasma-activated
medium induces A549 cell injury via a spiral apoptotic
cascade involving the mitochondrial-nuclear network,” Free
radical biology & medicine 79C, 28-44 (2014). Thus, the
CAPs media might be a good fit for the condition where a
CAP device is not available. Moreover the CAPs media can
be injected into tissues and effectively prevent tumor
growth. Utsumi, F. et al., “Effect of indirect nonequilibrium
atmospheric pressure plasma on anti-proliferative activity
against chronic chemo-resistant ovarian cancer cells in vitro
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and in vivo,” PloS one 8, 81576 (2013). These tissues may
not be easily penetrated by the CAP jet, which only causes
the cell death in the upper 3-5 cell layers of the CAP touched
tissues. Partecke, L. [. et al., “Tissue tolerable plasma (TTP)
induces apoptosis in pancreatic cancer cells in vitro and in
vivo,” BMC cancer 12, 473 (2012). To date, the anti-tumor
capacity of the CAPs media has been researched less than
the direct CAP treatment. Therefore, basic principles to
guide its application remain elusive.

SUMMARY OF THE INVENTION

In a preferred embodiment of the present invention, cold
atmospheric plasma stimulated media (CAPs) is prepared
and used to treat glioblastoma cells and breast cancer cells.
Specifically, a method in accordance with a preferred
embodiment of the present invention uses larger wells on a
multi-well plate, smaller gaps between the plasma source
and the media, and smaller media volume enabled us to
obtain a stronger anti-cancer CAPs media composition with-
out increasing the treatment time. Furthermore, cysteine was
the main target of effective reactive species in the CAPs
media. Glioblastoma cells were more resistant to the CAPs
media than breast cancer cells. Glioblastoma cells consumed
the effective reactive species faster than breast cancer cells
did. In contrast to nitric oxide, hydrogen peroxide was more
likely to be the effective reactive species.

In a preferred embodiment the present invention is a
method for preparing cold atmospheric plasma stimulated
cell culture media with a cold atmospheric plasma system
having a delivery port out of which an inert gas flows. The
inert gas may be, for example, helium. The method com-
prises the steps of placing a cell culture media in a first well,
the first well having a bottom and having a diameter greater
than 20 mm; wherein the cell culture media placed in the
first well has a volume of 4 ml or less, treating the cell
culture media in the first well with cold atmospheric plasma,
wherein the treating is performed with a gap between the
delivery port and the bottom of the first well is between 2.5
cm and 3.5 cm, and transferring a portion of the treated
media to cultured cancer cells in a second well. In another
preferred embodiment, the gap is 3 cm. In one preferred
embodiment, the cold atmospheric plasma is applied to the
cell culture media for 0.5 minutes to 2 minutes. In another
preferred embodiment, the step of treating the cell culture
media comprises applving cold atmospheric plasma to the
cell culture media for 1.5 minutes or longer. The cell culture
media may comprise Dulbecco’s modified Eagle’s medium
(DMEM) or DMEM supplemented with fetal bovine serum
and an antibiotic solution. In another preferred embodiment,
the cell culture media placed in the first well has a volume
of 2 ml or less.

In the present invention four factors have been found to be
capable of optimizing the anti-cancer capacity of the CAPs
media on glioblastoma cells (U87), breast cancer cells
(MDA-MB-231 and MCF-7): (1) the treatment time; (2) the
well size; (3) the gap between plasma source and liquid; and
(4) the volume of media.

Glioblastoma is the most lethal form of brain cancer.
Parsons, D. W. et al., “An integrated genomic analysis of
human glioblastoma multiforme,” Scierce 321, 1807-1812
(2008). Due to its strong resistance to conventional therapy,
the median survival time of patients is only 15 months.
Eramo, A. et al., “Chemotherapy resistance of glioblastoma
stem cells,” Cell Death & Differentiation 13, 1238-1241
(2006). CAP has shown promising anti-cancer capacity on
glioblastoma cells in vitro and in vivo.
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Breast cancer is the most common women malignancy in
United States. Estrogen receptor-negative MDA-MB-231
cells and estrogen receptor-positive MCF-7 cells are highly
invasive and poorly invasive breast cancer cells, respec-
tively. The vulnerability of these three cell lines to the CAPs
media was compared. In addition, we investigated which
amino acids reacted most significantly with the effective
reactive species by using the amino acids rich DMEM. It
was determined that, compared with NO, H,0, was more
likely to be main effective reactive species. Because the
diffusion speed of H,O, across the cellular membrane might
directly affect the intracellular ROS level, the consumption
speeds of effective reactive species and H,O, by cancer cells
were studied. Ultimately, the anti-cancer effect of H,O, rich
DMEM was investigated to explore whether H,O, was the
only effective reactive species.

Still other aspects, features, and advantages of the present
invention are readily apparent from the following detailed
description, simply by illustrating a preferable embodiments
and implementations. The present invention is also capable
of other and different embodiments and its several details
can be modified in various obvious respects, all without
departing from the spirit and scope of the present invention.
Accordingly, the drawings and descriptions are to be
regarded as illustrative in nature, and not as restrictive.
Additional objects and advantages of the invention will be
set forth in part in the description which follows and in part
will be obvious from the description, or may be learned by
practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and the advantages thereof, reference is now made to
the following description and the accompanying drawings,
in which:

FIGS. 1A and 1B are schematic diagrams of a device
setup (1A) and the general process flow (1B) for making
cold atmospheric plasma stimulated (CAPs) media.

FIGS. 2A-D illustrates the dose-dependent ROS/RNS
accumulation in the CAPs solution. (a) Relative RNS con-
centration in 1 mL. CAPs complete media. (b) Relative H,0,
concentration in 1 mL CAPs complete media. (¢) Relative
MB concentration in 1 mL, CAPs MB solution. (d) Relative
MB concentration in 2 ml. CAPs MB solution. Results are
presented as the meants.d. of three repeated experiments
performed in triplicate. Student’s t-test was performed, and
the significance compared with the first bar is indicated as
*p<0.05, **p<0.01, ***p<0.005.

FIGS. 3A-D illustrate the well size-dependent ROS/RNS
accumulation in the CAPs solution. (a) Relative RNS con-
centration in 1 mL of CAPs complete media. (b) Relative
H,0, concentration in 1 mL of CAPs complete media. (c)
Relative MB concentration in 1 ml. of CAPs MB solution.
(d) Relative MB concentration in 2 ml. CAPs of MB
solution. Results are presented as the mean#s.d. of three
repeated experiments performed in triplicate. Student’s t-test
was performed, and the significance compared with the first
bar is indicated as *p<0.05, **p<0.01, ***p<0.005.

FIGS. 4A-G illustrate the dose-dependent and well size-
dependent anti-cancer capacity of the CAPs solution. The
relative viability of U87 cells (FIG. 4A), MDA-MB-231
cells (FIG. 4B), and MCF-7 cells (FIG. 4C) cultured in 1 mL
of CAPs media with different treatment time. The relative
viability of U87 cells (2x104 cells/ml) (FIG. 4D), MDA-
MB-231 cells (2x104 cells/ml) (FIG. 4E), MCF-7 cells
(2x104 cells/ml) (FIG. 4F), and MCF-7 cells (4x104 cells/
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ml) (FIG. 4G) cultured in 1 mL of CAPs media from
different multi-well plates. The treatment time for FIGS.
4D-4G were 1 min. Results are presented as the meanzs.d.
of three repeated experiments performed in sextuplicate.
Student’s t-test was performed, and the significance com-
pared with the first bar is indicated as *p<0.05, **p<0.01,
*Hp<0.005.

FIGS. 5A-5E illustrate the ROS/RNS accumulation in the
CAPs media and the anti-cancer capacity of CAPs media are
gap-dependent. FIG. 5A illustrates relative RNS concentra-
tion in 1 mL. CAPs complete media versus the gap between
the delivery port in the cold atmospheric plasma system and
the bottom of the well during the treatment. FIG. 5B
illustrates relative H,O, concentration in 1 mL of CAPs
complete media. FIG. 5C illustrates the relative viability of
U87 cells versus the gap. FIG. 5D illustrates the relative
viability of MDA-MB-231 cells versus the gap. FIG. 5E
illustrates the relative viability of MCF-7 cells versus the
gap. For FIG. fC-5E the cells were cultured in 1 mL of CAPs
complete media. The treatment time for all of FIGS. 5A-5E
was 1 min. Results are presented as the meanss.d. of three
repeated experiments performed in triplicate (FIG. 5A-5B)
or in sextuplicate (FIG. % c¢-5E). Student’s t-test was
performed, and the significance compared with the first bar
is indicated as *p<0.05, **p<0.01, ***p<0.005.

FIG. 6A-E. The ROS/RNS accumulation in the CAPs
media and the anti-cancer capacity of CAPs media are
volume-dependent. FIG. 6 A illustrates RNS concentration in
the CAPs complete media relative to the volume of the
media being treated. FIG. 6B illustrates the H,O, concen-
tration in the CAPs complete media relative to the volume
of the media being treated. FIGS. 6C-6E respectively illus-
trate viability of U87 cells (FIG. 6C), MDA-MB-231 cells
(FIG. 6D), and MCEF-7 cells (FIG. 6E) cultured in the CAPs
complete media versus the volume of the media treated. The
treatment time for all figures was 1 min. Results are pre-
sented as the meanss.d. of three repeated experiments
performed in triplicate (a,b) or in sextuplicate (c,d,e). Stu-
dent’s t-test was performed, and the significance compared
with the first bar is indicated as *p<0.05, **p<0.01,
i p<0.005.

FIGS. 7A-C illustrate effectiveness of various amino
acids in CAPs DMEM. Cysteine and tryptophan are the most
reactive amino acids towards the effective species in the
CAPs DMEM. FIG. 7A illustrates relative cell viability of
U87 cells; FIG. 7B illustrates relative viability of MDA-
MB-231 cells; and FIG. 7C illustrates relative viability of
MCF-7 cells. All cells were cultured in the CAPs amino
acids rich DMEM (2.4 mM). The treatment time for all
figures was 1 min. Results are presented as the meanzs.d. of
three repeated experiments performed in sextuplicate. Stu-
dent’s t-test was performed, and the significance compared
with the bar of DMEM is indicated as *p<0.05, **p<0.01,
***p<0.005. Red arrows mark the amino acids which are
significantly weaken the anti-cancer capacity of CAPs media
for three cell lines.

FIGS. 8A-B. In contrast with NO, H,O, is more reactive
with amino acids. The concentration of RNS (FIG. 8A) and
H,0, (FIG. 8B) in the CAPs amino acids rich DMEM (2.4
mM). FIG. 8A is presented as the means.d. of three
repeated experiments performed in sextuplicate. FIG. 8B is
presented as the meants.d. of two repeated experiments
performed in sextuplicate. Student’s t-test was performed,
and the significance compared with the bar of DMEM is
indicated as *p<0.05, **p<0.01, ***p<0.005. Red arrows
mark the amino acids which are significantly weaken the
anti-cancer capacity of CAPs media for three cell lines.
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FIGS. 9A-B illustrates the consumption speed of effective
species in the CAPs media by cancer cells. (FIG. 9A) A cell
probe (MDA-MB-231 cells) was used to discriminate how
fast the effective species in the CAPs media consumed by
three cancer cell lines. The cell probe viability in this figure
represents the ratio of the viability of cell probe (MDA-MB-
231 cells) cultured in the residual CAPs media which has
been used to culture U87 cells, MDA-MB-231 cells, and
MCF-7 cells for a period of time to the viability of cell probe
(MDA-MB-231 cells) cultured in the complete media with-
out CAP treatment. (FIG. 9B) The H,O, concentration in the
residual CAPs media which has been used to culture U87
cell, MDA-MB-231 cells, and MCF-7 cells for a period of
time. Results are presented as the meanzs.d. of three
repeated experiments performed in sextuplicate (FIG. 9A) or
triplicate (FIG. 9B). Student’s t-test was performed, and the
significance compared with the first bar (consumption time
of 0 hr) is indicated as *p<0.05, **p<0.01, ***p<0.005.

FIG. 10. The anti-cancer capacity of the H,O, rich media
on U87 cells, MDA-MB-231 cells, and MCF-7 cells. The
real concentration measured by Fluorimetric Hydrogen Per-
oxide Assay Kit (Sigma-Aldrich) is shown in the parenthesis
following the nominal concentration based on the calcula-
tion in preparation. The equivalent CAP treatment time
(eqT) is shown in the bottom of figure. eqT was calculated
based on the formula that eqT=(measured H,O, concentra-
tion in the H,0, rich media, mC)x(conversion coefficient,
¢C). Here, ¢C is 0.03. For example. eqT of 1.211=mC of
40.35 times cC of 0.03. To obtain ¢C, we first measured the
H,0, concentration in the media which has been treated by
CAP for 0.5, 1, 1.5, and 2 min. Then, the linear fitting
between the measured H,O, concentration and the treatment
time helped us to get ¢C. Results are presented as the
meanzs.d. of three repeated experiments performed in sex-
tuplicate. Student’s t-test was performed, and the signifi-
cance compared with the first bar (nominal concentration of
1 pt M) is indicated as *p<0.05, **p<0.01, ***p<0.005.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Preferred embodiments of the present invention are
described with reference to the accompanying drawings. In
a preferred embodiment of the present invention, the cold
plasma jet generator uses helium as the carrying gas. Helium
in cold atmospheric plasma previously was described in a
study about the CAP effect on the cell surface integrins
expression and the response of glioblastoma cells upon the
CARP treatment. See, Shashurin, A. et al. Influence of Cold
Plasma Atmospheric Jet on Surface Integrin Expression of
Living Cells. Plasma Processes and Polymers 7, 294-300
(2010) and Cheng, X. et al. The Effect of Tuning Cold
Plasma Composition on Glioblastoma Cell Viability. PloS
one 9,¢98652 (2014). As shown in FIG. 1A, the CAP system
100 has a high voltage power supply 110, a gas source 120,
tube(s) 130 to provide for gas flowing from the gas source
130, a Teflon accessory 140, a central electrode 150, a ring
electrode 160, and a quartz tube 170. CAP was generated
between central electrode 150 and ring electrode 160 and the
plasma jet 180 flowed out of the quartz tube 170. A flow
meter 122, for example, may be used to control the helium
flow at a rate. In other embodiments, the gas and electrical
controls may be combined into a single unit. A helium flow
rate of 4.7 L/min was used in the examples. The input
voltage of DC power was 11.5 V. The output voltage was
3.16 kV. The power supply was about 5 W.
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As a preliminary step, cancer cells are cultured overnight.
For example, the cancer cells may be cultured in an incu-
bator under the standard conditions (a 37° C., 5% (v/v) CO,
and humidified environment) for 72 hours. MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide), a
colorimetric assay (Sigma-Aldrich) was harnessed to qualify
the cell viability. The initial media which had been used to
culture cancer cells overnight may be discarded prior to
treatment with CAPs media. In the Examples below, Human
U87 cells and Human MDA-MB-231 cells and MCF-7 cells
were cultured for 24 hours in a complete media composed of
Dulbecco’s modified Eagle’s medium (DMEM) (Life Tech-
nologies) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Atlantic Biologicals) and 1% (v/v) antibiotic (peni-
cillin and streptomycin) solution (Life Technologies) under
the standard cell culture conditions (a humidified, 37° C,,
5% CO, environment).

A general process of treating the media in accordance
with a preferred embodiment of the present invention is
illustrated in FIG. 1B. A plasma jet 180 vertically irradiates
the media 300 in each well 200 in a 6-well plate or tray 410.
After treatment, the CAPs media 300a is transferred to
cultured cancer cells 500, which had been seeded in a
96-well plate or tray 420.

Example 1

The Dose-Dependent NO, H,O, Accumulation in the
CAPs Media.

First, 1 mL of complete media in a well on 6-well plate
(Falcon) was treated by CAP for 0.5 min, 1 min, 1.5 min, and
2 min, respectively. The gap between the bottom of the
quartz tube and the bottom of plate was 3 cm. 50 ul, of CAPs
complete media was immediately transferred to a well on a
black 96-well clear bottom plate (Falcon) in triplicate. As the
control, 50 plL. of untreated complete media was also trans-
ferred to a well on the same plate in triplicate. Next,
according to the standard protocols provided by Promega
and Sigma-Aldrich, the NO and H,O, concentration in the
CAPs media were measured, respectively. The absorbance at
540 nm and the fluorescence at 540/590 nm were read using
a H1 microplate reader (Hybrid Technology).

The Liquid Surface-Dependent NO, H,O, Accumulation
in the CAPs Media.

First, 1 mL of complete media in a well on 48-well,
24-well, 12-well, and 6-well plate (Falcon) were respec-
tively treated by CAP for 1 min. The gap between the outlet
of the quartz tube and the bottom of plate was 3 cm. Then,
50 ulL of CAPs media from different multi-well plates were
immediately transferred to a well on the black 96-well clear
bottom plate in triplicate. For the control, 50 puL, of untreated
CAPs media was also transferred to a well on the same plate
in triplicate. Ultimately, we measured the NO/H,O, concen-
tration in the CAPs media.

The Dose-Dependent OH Accumulation in the MB Solu-
tion.

The MB solution was prepared by dissolving MB powder
into deionized water. Then, 1 mL of 0.01 g/I. MB solution
in a well on 6-well plate was treated by CAP for 0.5 min, 1
min, 1.5 min, and 2 min. The gap between the outlet of the
quartz tube and the bottom of plate was 3 cm. 100 pl. of
CAPs MB solution was immediately transferred to a well on
the black 96-well clear bottom plate in triplicate. As the
control, 100 uL. of untreated MB solution was also trans-
ferred to a well on the same plate in triplicate. Ultimately, we
measured the absorbance at 664 nm using a H1 microplate
reader (Hybrid Technology).
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The Liquid Surface-Dependent OH Accumulation in the
MB Solution.

First, 1 mL of 0.01 g/I. MB solution in a well on 48-well,
24-well, 12-well, and 6-well plate were respectively treated
by CAP for 1 min. The gap between the outlet of quartz tube
and the bottom of plate was 3 cm. Next, 100 uL. of CAPs MB
solution was transferred to a well on the black 96-well clear
bottom plate in triplicate. 100 puL. of untreated MB solution
was also transferred to a well on the same plate in triplicate
as the control. Ultimately, we measured the absorbance at
664 nm using 2 H1 microplate reader (Hybrid Technology).

The Dose-Dependent Anti-Cancer Capacity of CAPs
Media.

For each cell line, the protocol was identical. Here, we
used U87 cells as an example. First, U7 cells were seeded
in 96-well plate with three confluencies (2x10* cells/ml,
4x10* cells/ml, and 8x10* cells/ml) and cultured in an
incubator for 24 hours under standard conditions. Next, 1
ml of complete media in a well on 6-well plate was
respectively treated by CAP for 0.5 min, 1 min, 1.5 min, and
2 min. The gap between the outlet of the quartz tube and the
bottom of plate was 3 cm. 100 pl. of CAPs media were
immediately transfetred to culture U87 cells in a well on the
96-well plate in sextuplicate. 100 pL of untreated complete
media was also transferred to culture U87 cells in a well on
the same plate in sextuplicate as the control. Before this step,
the media that was used to culture U87 cells overnight was
discarded. After that, US7 cells were cultured in the CAPs
media for 72 hours. Ultimately, according to the standard
method, the viability of U87 cells were qualified by MTT
test and were read by a Hl microplate reader (Hybrid
Technology) at the absorbance of 570 nm.

Reactive species accumulate in the CAPs media with a
dose-dependent and liquid surface-dependent pattern.
Among dozens of species, NO in RNS and H,0, in ROS are
thought to play key roles in killing cancer cells. See, Ahn, H.
J. et al. Atmospheric-pressure plasma jet induces apoptosis
involving mitochondria via generation of free radicals. PloS
one 6, ¢28154 (2011) and Ahn, H. J. et al. Targeting cancer
cells with reactive oxygen and nitrogen species generated by
atmospheric-pressure air plasma. PloS one 9, e86173
(2014). In addition, hydroxyl free radicals ((OH) in CAP are
also proposed to kill cancer cells. Ninomiya, K. et al.
Evaluation of extra- and intracellular OH radical generation,
cancer cell injury, and apoptosis induced by a non-thermal
atmospheric-pressure plasma jet. Journal of Physics D:
Applied Physics 46, 425401 (2013). To date, most of these
conclusions are based on the research for the direct CAP
treatment on cancer cells. The understanding on the RNS
and ROS accumulation in the CAPs media is far from clear.
In connection with the present invention, generation of NO
and H,0, in the CAPs complete media (90% DMEM+10%
FBS) was studied via Griess Reagent System (Promega) and
Fluorimetric Hydrogen Peroxide Assay Kit (Sigma-Al-
drich), respectively.

Next, we harnessed methylene blue (Fisher) to qualify the
generation of OH. In contrast to terephthalic acid, and more
convenient probe, MB strongly reacts with OH in the
aqueous solution and changes its color from blue into
colorless, which can be detected by spectrophotometer at
664 nm. See, Riesz, P, Berdahl, D. & Christman, C. Free
radical generation by ultrasound in aqueous and nonaqueous
solutions. Environmental Health Perspectives 64, 233
(1985) and Yan, D., Wang, J. & Liu, F. Inhibition of the
ultrasonic microjet-pits on the carbon steel in the particles-
water mixtures. AIP Advances 5, 077159 (2015). The atmo-
spheric plasma jet is a proven MB decomposition tool.
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Takemura, Y., Yamaguchi, N. & Hara, T. Decomposition of
Methylene Blue by using an Atmospheric Plasma Jet with
Ar, N2, 02, or Air. Japanese Journal of Applied Physics 52,
056102 (2013). We proved that MB was just sensitive to the
species with a short half-life (FIG. S1). Because MB is
strongly absorbed by the proteins in the complete media, we
investigated the generation of OH in the CAPs deionized
water in this study.

Reactive species accumulate in the CAPs media with
different patterns. To better illustrate these patterns, all data
in FIGS. 2A-2D have been normalized to be the relative
values via dividing the data from experimental group by the
data from corresponding control group. RNS (FIG. 2A) and
H,0, (FIG. 2B) in the CAPs media both increase as the
treatment time increases. Because MB will be consumed
after the reaction with OH, corresponding relative absor-
bance of the CAPs MB solution should be less than 1.
However, as shown in FIG. 2C, noticeable OH generation
was not observed even the treatment time was extended to
2 min. We performed the same experiment in the MB
solution with a larger volume (2 mL) and found that the
generation of OH was proportional to the plasma treatment
time again (FIG. 2D). This volume-dependent pattern may
be due to the interaction between plasma jet and solution.
During the CAP treatment, the liquid below the plasma jet
would be extruded, pushing the solution to the perimeter of
well (FIG. 2A). When the volume of liquid was just 1 m[,
the plasma jet could not touch liquid due to the exposure of
the bottom of well. When the volume of liquid was up to 2
mL, the extrusion of liquid would be weaker and enabled the
plasma jet to touch the liquid layer. However, even when the
plasma jet does not touch the liquid, the reactive species are
still able to dissolve into the liquid. Yonemori et al. observed
that when an atmospheric-pressure plasma jet touched a
glass surface, it flowed radically over the glass surface and
formed a large area containing reactive species on the glass
surface. Thus, the reactive species in the plasma jet should
affect an area of liquid that is significantly larger than the
diameter of the jet. The half-life of OH is only a few
microseconds, however, which eliminates the possibility
that OH diffuses over the liquid surface (FIG. 2A). Southorn,
P. A. & Powis, G. Free Radicals in Medicine. 1. Chemical
Nature and Biologic Reactions. Mayo Clinic Proceedings
63, 381-389 (1988). In contrast, H,O, and NO with much
longer half-life may enter the media by the diffusion over the
whole surface of liquid. We denote that H,O,/NO area and
OH area to represent the area mainly affected by H,O,/NO
and OH on the liquid surface covered by plasma flow,
respectively (FIG. 2A). Together, when the volume of media
is relative small, OH will not be a main factor to directly
affect the anti-tumor capacity of the CAPs media. OH may
react with OH to form H,0O, and affects the anti-tumor
capacity indirectly.

If H,0,/NO area and OH area do exist as we depicted in
FIG. 2, it is reasonable to deduce that the surface of media
irradiated by the plasma may affect the accumulation of
H,0,/NO but not OH in the CAPs media. We proved this
deduction by measuring the production of H,O0,/NO and OH
in the CAPs media and CAPs MB solution in distinct
multi-well plates, respectively. The well diameters on
48-well, 24-well, 12-well, and 6-well plate were 10.2 mm,
15.4 mm, 21.4 mm, and 35.0 mm, respectively. We found
that the H,O,/NO concentration in the CAPs media varied
significantly with the well size on the plate. The larger
diameter of well, the more H,0,/NO accumulated in the
CAPs media (FIGS. 3A-3B). By contrast, the OH generation
in the CAPs MB solution doesn’t significantly vary with the
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well size (FIG. 3C), even when the volume of MB solution
1s up to 2 mL (FIG. 3D). The OH generation in the CAPs MB
solution from a 6-well plate is noticeably lower than that
from other plates (FIG. 3C).

A schematic illustration in FIG. 2B depicts the underlying
mechanism of the well size-effect on the reactive species
accumulation. A smaller well creates a smaller H,O,/NO
area on the media surface. More H,O,/NO will diffuse into
the CAPs media when the well size becomes larger. Addi-
tionally, the thickness of media in the well increases as the
well size decreases. The calculated liquid thickness of 1 mL
media in 48-well, 24-well, 12-well, 6-well plate are 12.2
mm, 5.4 mm, 2.8 mm, and 1.0 mm, respectively (FIG. 2B).
Thus, the extrusion of media due to the plasma jet pressure
will be weakened as the diameter of well decreases. When
the volume of MB solution is just 1 mL, compared with the
MB solution in 6-well plate, the MB solution in other
multi-well plates is more likely to contact the OH in the
CAP. Thus, more MB is consumed in the CAPs MB solution
from 48-well, 24-well, and 12-well plate than that from
6-well plate (FIG. 3C). Even when the volume of MB
solution is 2 mL, OH is only able to affect a small area on
the media directly touched by the CAP jet, so the OH
generation in the CAPs MB solution changes little when the
well size is noticeably altered. In short, the distinct half-life
among H,0,/NO and OH underlies the different well size-
effect of reactive species observed in this study.

Example 2

The Well Size-Dependent Anti-Cancer Capacity of CAPs
Media.

The protocols for three cell lines were identical. Here, we
used U87 cells as an example. First, U87 cells were seeded
in a 96-well plate with a confluence of 2x10* cells/ml and
were cultured in an incubator for 24 hours under standard
conditions. Next, 1 mL of complete media in a well on
48-well, 24-well, 12-well, and 6-well plate were treated with
CARP for 1 min. The gap between the outlet of the quartz tube
and the bottom of plate was 3 cm. Then, 100 pulL of CAPs
media were immediately transferred to culture U87 cells in
a well on the 96-well plate in sextuplicate. As the control,
100 pL of untreated media was also transferred to culture
U87 cells on the same plate in sextuplicate. Before this step,
the media that had been used to culture U87 cells overnight
was discarded. After that, U87 cells were cultured in the
CAPs media for 72 hour. Ultimately, the cell viability was
measured.

The Anti-Tumor Capacity of the CAPs Media is Dose-
Dependent and Well Size-Dependent.

We further investigated the anti-tumor capacity of CAPs
media on glioblastoma cells (U87), breast cancer cells
(MDA-MB-231 and MCF-7) with distinet cell confluences.
It was found that the anti-tumor capacity of the CAPs media
increases as the treatment time (dose) increases and
decreases as the cell seeding confluence decreases (FIGS.
4A-4C). Thus, it is the dose of CAP treatment exerting on a
unit cell, rather than the whole CAP treatment dose that
determines the fate of cancer cells. In addition, MDA-MB-
231 cells and MCF-7 cells are more vulnerable to the CAPs
media than U87 cells. The response of MDA-MB-231 cells
and MCF-7 cells to the CAPs media is similar, though
MCF-7 cells are a little easier to be killed.

We further investigated effect of well size on the anti-
tumor capacity of the CAPs media on the same three cancer
cell lines. We found that the anti-tumor capacity of the CAPs
media decreased as the size of the wells decreased (FIG.
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4D-4G). For U87 cells, the residual viahility of cells cul-
tured in the CAPs media from a 6-well plate is about V5 of
the viability of cells cultured in the CAPs media from a
48-well plate (FIG. 4D). In other words, at least % of the
anti-cancer ability of the CAPs media is wasted in the
48-well plate. A similar trend is also observed on MDA-
MB-231 cells (FIG. 4E). However, the well size-effect on
MCF-7 cells only appears when the seeding confluence is as
high as 4x10* cells/ml (FIG. 4G), which may be due to the
fact that even the CAPs media from a 48-well plate is
adequate to kill almost all MCF-7 cells with a seeding
confluence as low as 2x10* cells/m] (FIG. 4F). Accordingly,
the 96-well plate should waste more reactive species. The
dose-dependent and the well size-dependent anti-cancer
features of the CAPs media is consisted with the dose-
dependent and liquid surface-dependent reactive species
accumulation.

Example 3

The Gap-Dependent NO/H,O, Accumulation in the CAPs
Media.

First, when the gap between the outlet of the quartz tube
and the bottom of the plate varied from 2 cm to 4 cm, 1 mL
of complete media in a well on well plate was treated by
CAP for 1 min. Then, 50 uL. of CAPs media was immedi-
ately transferred to a well on the black 96-well clear bottom
plate in triplicate. 50 ul. of untreated complete media was
also transferred to a well on the same plate in triplicate as the
control. Ultimately, we measured the NO/H,O, concentra-
tion in the CAPs media.

The Gap-Dependent. OH Accumulation in the MB Solu-
tion.

First, when the gap between the outlet of the quartz tube
and the bottom of the plate varied from 2 cm to 4 cm, 1 mL
0f 0.01 g/ MB solution in a well on 6-well plate was treated
by CAP for 1 min. Next, 100 uL of CAPs MB solution was
transferred to a well on the black 96-well clear bottom plate
in triplicate. 100 ul, of untreated 0.01 /L MB solution was
also transferred to the same plate in triplicate for the control.
We measured the absorbance at 664 nm using a HI
microplate reader (Hybrid Technology).

The Gap-Dependent Anti-Cancer Capacity of the CAPs
Media.

The protocol for the three cell lines was identical. Here,
we used US87 cells as an example. First, U87 cells were
seeded in 96-well plate with a confluence of 2x10* cells/ml
and were cultured in incubator for 24 hours under standard
conditions. Next, when the gap between the outlet of the
quartz tube and the bottom of plate varied from 2 cm to 4 cm,
1 mL of complete media in a well on a 6-well plate was
treated by CAP for 1 min. Then, 100 pl, of CAPs media were
immediately transferred to culture U87 cells in a well on
96-well plate in sextuplicate. 100 pL of the untreated com-
plete media was also transferred to culture U87 cells in a
well on 96-well plate in sextuplicate as the control. Before
this step, the media that was used to culture U87 cells
overnight was discarded. U87 cells were then cultured in the
CAPs media for 72 hours. Ultimately, the cell viability was
measured.

The Anti-Tumor Capacity of the CAPs Media Varies with
the Gap Between Plasma Source and Media.

For the media in the well with identical volume, when the
well size decreases, the height of the media in the well
increases. Thus, the well size-dependent effect may be due
to the altered size of the gap between the surface of the
media and the plasma source. We investigated the generation
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of NO and H,O, in CAPs media by altering the gap between
the bottom of plate and the nozzle of quartz tube. We found
that the NO and H,0, in the CAPs media shown a distinct
response to a change in gap. As the gap increases from 2 cm
to 4 cm, the concentration of NO in the CAPs media shows
a parabolic response. It reaches a peak at the gap of 3 cm and
then decreases as the gap is increased to 4 cm (FIG. 5a). The
distribution of NO along the axial direction of the atmo-
spheric pressure plasma jet has been measured by laser
induced fluorescence and showed similar trend as we
observed. See, van Gessel, A. F. H. et al. Temperature and
NO density measurements by LIF and OES on an atmo-
spheric pressure plasma jet. Journal of Physics D: Applied
Physics 46, 095201, (2013). In contrast, the concentration of
H,0, shows a stepwise change upon the gap increase. The
concentration of H,O, in the CAPs media remains fairly
constant over the gap of 2 cm to 3 cm. When the gap
increased from 3 cm to 4 cm, the concentration of H,O, in
the CAPs media decreased about 26% (FIG. 5B). Next, we
investigated the viability change of three cancer cell lines
upon the gap change. As shown in FIGS. 5C-SE, the
anti-tumor capacity of the CAPs media dose not noticeably
change until the gap increases to 3.5 cm or 4 cm. The
gap-effect on the anti-cancer capacity is consistent with the
gap-effect on the generation of H,O, but significantly differs
from the gap-effect on the generation of NO. It indicates that
H,0, rather than NO may dominate the death of cancer
cells. Ultimately, FIG. 5 proves that the well size-effect on
the CAPs media is not due the gap-effect. Because the
smaller gap only tends to generate more reactive species, the
actual well size—

Example 4

The Volume-Dependent NO/H,O, Accumulation in the
CAPs Media.

First, 1 mL, 2 ml, 3 mL, and 4 mL of complete media in
a well on 6-well plate were treated by CAP for 1 min. The
gap between the outlet of the quartz tube and the bottom of
the plate was 3 cm. 50 plL of CAPs complete media was
immediately transferred to a well on the black 96-well clear
bottom plate in triplicate. 50 pL. of the untreated complete
media was also transferred to a well on the same plate in
triplicate for the control. Ultimately, we measured the
NO/H,0, concentration in the CAPs media.

The Volume-Dependent OH Accumulation in the MB
Solution.

1ml, 2ml, 3 mL, and 4 ml. of 0.01 g/l MB solution in
a well on 6-well plate were treated by CAP for 1 min. The
gap between the outlet of the quartz tube and the bottom of
the plate was 3 cm. 100 ul. of CAPs MB solution was
transferred to a well on a black 96-well clear bottom plate in
triplicate. 100 puL of untreated 0.01 g/L. MB solution was also
transferred to a well on the same plate in triplicate for the
control. Ultimately, we measured the absorbance at 664 nm
using a H1 microplate reader.

The Volume-Dependent Anti-Cancer Capacity of the
CAPs Media.

The protocols for three cell lines were identical. Here,
U87 cells were used as an example. First, U87 cells were
seeded in 96-well plate with a confluence of 2x10* cells/ml
and were cultured in incubator for about 24 hours under
standard conditions. Second, 1 mL, 2 mL, 3 mL, and 4 mL
of complete media in a well on 6-well plate were treated by
CARP for 1 min. The gap between the outlet of the quartz tube
and the bottom of the plate was 3 cm. Then, 100 ul. of CAPs
complete media was immediately transferred to culture U87
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cells in a well on a 96-well plate in sextuplicate. 100 L, of
the untreated complete media was also used to culture U87
cells in a well on same plate in sextuplicate for the control.
Before this step, the media which has been used to culture
U87 cells overnight was discarded. After that, U87 cells
were cultured in the CAPs media for 72 hours. Ultimately,
the cell viability was measured.

The Anti-Cancer Capacity is Volume-Dependent.

The strong anti-cancer capacity of the CAPs media
always accompanies a high concentration of species in the
media. Because the increase of media depth means the
increase of media volume in the same container, the pro-
tecting role of media may just due to the dilution of reactive
species in the media. We investigated the volume-effect on
the anti-cancer capacity of the CAPs media. It was found
that both the concentrations of H,O, (FIG. 6A) and NO
(FIG. 6B) decreased as the volume of media increased.
Furthermore, the killing capacities of the CAPs media on
three cancer cell lines significantly decreased as the volume
of media increased (FIGS. 6C-6E). In short, the protecting
role of media is due to the dilution-effect of the reactive
species. According to this principle, the optimized anti-
cancer capacity of CAP treatment, direct or indirect, can be
achieved when cells are surrounded by a few media.

Example 5

The Anti-Cancer Capacity of CAPs Amino Acids Rich
DMEM.

The protocol for three cell lines was identical. Here, U87
cells were used as an example. First, U87 cells were seeded
in 96-well plate with a confluence of 2x10* cells/ml and
were cultured in an incubator for 24 hours under standard
conditions. Second, we respectively prepared 2.4 mM spe-
cific amino acids rich DMEM by dissolving specific quan-
tities of amino acids powers (Sigma-Aldrich) in DMEM (1%
ABS). Because some amino acid rich DMEM would be
gradually oxidized by the air during long storage even in the
refrigerator, all prepared amino acid rich DMEM were
discarded and renewed every two weeks. Next, all 20
specific amino acid rich DMEM and normal DMEM were
treated by CAP for 1 min in a well on 6-well plate. The
volume of solution in each well was 1 mL. The gap between
the outlet of the quartz tube and the bottom of the plate was
3 cm. 100 pL of the CAPs amino acids rich DMEM and the
CAPs normal DMEM were transferred to culture U87 cells
in a well on 96-well plate in sextuplicate. As the control, 100
pL of the untreated amino acid rich DMEM and normal
DMEM were also used to culture U87 cells in a well on
96-well plate in sextuplicate. Before this step, the media
which has been used to culture U87 cells overnight was
discarded. After that, U87 cells were then cultured in the
CAPs media for 72 hours. Ultimately, the cell viability was
measured.

Measurement of NO/H,0, in the CAPs Amino Acids Rich
DMEM.

First, all 20 specific amino acids rich DMEM and normal
DMEM were treated by CAP for 1 min in a well on 6-well
plate. The volume of solution in each well was 1 mL. The
gap between the outlet of the quartz tube and the bottom of
the plate was 3 cm. 50 pL of the CAPs amino acid rich
DMEM and the CAPs normal DMEM were immediately
transferred to a well on the black 96-well clear bottom plate
in triplicate. As the control, 50 pL of the untreated amino
acid rich DMEM and normal DMEM were also transferred
to a well on the same plate in triplicate. Ultimately, we
measured the NO/H,O, concentration in the CAPs media.

20

25

40

45

60

65

14

Cysteine and Tryptophan are the Main Targets of Effec-
tive Species in the CAPs Media.

Here, we denote effective species to represent the effec-
tive reactive species which kill cancer cells. Understanding
the chemical essence of the reaction between the effective
species and the intracellular molecules is a prerequisite to
understanding the mechanism underlying the anti-cancer
capacity of CAP treatment. However, to study the intracel-
lular reaction between RNS/ROS with the thousands of
intracellular molecules directly is too challenging to be
performed. We focused on revealing which amino acids
significantly reacted with the effective species. The interac-
tion between CAP and the amino acid solution have been
studied via mass spectra. It was found that the sulfur-
containing and aromatic amino acids in the aqueous solution
were preferentially consumed in the CAP treatment. See,
Takai, E. et al., “Chemical modification of amino acids by
atmospheric-pressure cold plasma in aqueous solution,”
Journal of Physics D: Applied Physics 47, 285403 (2014).
Methionine, cysteine, tryptophan, phenylalanine, and tyro-
sine were the five most Consumed reactive amino acids
upon the CAP treatment. However, some amino acids may
be consumed by the species which do not kill cancer cells.
The revealed reaction types between amino acids and
plasma have not answered the question of which amino
acids tend to react with the effective species.

We harnessed a novel strategy to reveal the reaction
strength among effective species and specific amino acids.
We used cancer cells as a cell probe to investigate whether
the effective species in the CAPs media would be consumed
by particular amino acids via comparing the anti-cancer
capacity of a specific 2.4 mM CAPs amino acids rich
DMEM with the corresponding untreated amino acids rich
DMEM. Each amino acids rich DMEM was prepared by
dissolving specific amino acids powers in DMEM.

Among 20 amino acids, cysteine and tryptophan showed
the strongest reactivity towards the effective species in
CAPs media. In contrast to DMEM, the cysteine rich
DMEM consumes most effective species and almost com-
pletely eliminates the anti-tumor capacity of the CAPs
DMEM on U87 cells (FIG. 7a), MDA-MB-231 cells (FIG.
7B), and MCF-7 cells (FIG. 7C). Tryptophan has a similar
but weaker capacity to consume effective species. A control
group was also analyzed for each amino acid tested, because
if a specific amino acid rich DMEM is toxic to cancer cells,
the corresponding control group has a very low cell viability,
which makes the relative cell viability in FIGS. 7A-C appear
very large. As a result, we may get a delusion that a toxic
amino acid consumes most effective species. In this study,
for U87 cells and MCF-7 cells, tryptophan shows a strong
resistance to growth of cancer cells (FIGS. 4A-4C). The
mechanism underlying this toxicity is unclear. We also
found that the tryptophan-rich DMEM did not resist the
growth of MDA-MB-231 cells (FIG. 4B). Thus, the weak
anti-tumor capacity of the CAPs tryptophan rich DMEM on
MDA-MB-231 cells conclusively demonstrates that trypto-
phan is the second most sensitive amino acid to the effective
species. In addition, the CAP treated DMEM tends to cause
the most cell death among most CAPs amino acid rich
DMEM. Thus, the effective species in CAP reacts with wide
range of amino acids. Other than cysteine and tryptophan,
arginine, lysine, asparagine, and glutamine also react sig-
nificantly with the effective species in the CAPs media.
Thus, they should also be the hot targets of effective species.

Furthermore, we studied the generation of H,O, and NO
in the CAPs amino acid rich DMEM, which will reveal the
species reacting strongly with specific amino acids. In
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contrast to NO, H,0, is more likely to be the effective
species, because no significant difference of NO generation
exists between different CAPs amino acids rich DMEM
(FIG. 8A), while H,0, in the CAP simulated amino acid
DMEM varied specifically with the amino acids in DMEM.
Most of the hot targeted amino acids of effective species are
also capable of consuming H,O, significantly in the CAPs
DMEM (B). There are 15 amino acids that consume the
H,0, generated in the CAPs DMEM, which is consistent
with the conclusion made above that many amino acids react
with the effective species in the CAP treated DMEM.
Among them, cysteine rich DMEM consumes almost all
H,0,. Despite tryptophan is the second most sensitive
amino acids to H,O,, it just consumes about 23% of H,O,
as cysteine does.

Example 6

Cancer Cells Consume the Reactive Species with a Cell
Line-Dependent Pattern.

Due to the obscure essence of the effective species in the
CAP, the consumption speed of the effective species by
cancer cells has not been reported. Briefly, in this study, we
harnessed one cancer cell line (MDA-MB-231) as the cell
probe to investigate how much the effective species were left
in the CAPs media which had been used to culture three
cancer cell lines for a period of time (FIG. 5). We denoted
such CAPs media and such time as residual media and
consumption time, respectively. The viability of cell probes
(MDA-MB-231) was inversely proportional to the concen-
tration of residual effective species in the residual media.
The detailed protocols were illustrated in FIG. 5. It has been
found that the effective species in the residual media are
gradually consumed by all three cell lines, which causes the
viability of cell probe (MDA-MB-231 cells) cultured in
residual media to increase as the consumption time increases
(FIG. 9A). In addition, the cell probe (MDA-MB-231 cells)
cultured in the residual media which has been used to culture
U87 cells obtains higher cell viability than the cell probe
cultured in the residual media which has been used to culture
MDA-MB-231 cells and MCF-7 cells (FIG. 9A). In other
words, U87 cells consume the effective species significantly
faster than MDA-MB-231 cells and MCF-7 cells. For U87
cells, the residual CAPs media almost completely lose its
anti-cancer capacity 3 hours after treatment. In contrast, for
MDA-MB-231 cells and MCF-7 cells, the CAPs media still
maintain significant anti-cancer capacity 3 hours after treat-
ment. MDA-MB-231 cells and MCF-7 cells consumes the
effective species similarly.

Because H,O, was regarded as the main effective species
in the CAPs media, we further investigated the decay speed
of H,0, in the residual media by measuring the evolution of
H,0, in the CAPs media which had been used to culture
three cell lines. We found that the H,O, in the residual media
which had been used to culture U87 cells decayed noticeably
faster than the cells in the residual media which had been
used to culture MDA-MB-231 cells and MCF-7 cells (FIG.
9B). Thus, U87 cells are capable of consuming H,O, faster
than MDA-MB-231 cells and MCF-7 cells.

Example 7

Measurement of the Consumption Speed of H,O, by
Cancer Cells.

The protocol for the three cell lines is identical. Here, we
used U7 cells as an example. First, U7 cells were seeded
in 96-well plate with a confluence of 1x10* cells/ml and
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cultured in the incubator for 6 hours under the standard
conditions. Then, 1 mL of complete media was treated by
CAP in 6-well plate for 1 min. After that, 120 uL of the
CAPs media was transferred to culture U87 cells on a
96-well plate. Since then, until the third hour, 50 pl. of the
residual media that was used to culture U87 cells was
transferred to a well on the black 96-well clear bottom plate
in triplicate. As the control, 100 pL of new complete media
was also transferred to a well on the same plate in triplicate.
Ultimately, we measured the H,O, concentration in the
CAPs media.

The Anti-Cancer Effect of H,O, Rich Media.

The protocol for the three cell lines was identical. Here,
U87 cells were used as an example. First, U87 cells were
seeded in 96-well plate with a confluence of 2x10* cells/ml
and were cultured in an incubator for 24 hours under
standard conditions. Then, 1 uM, 5 uM, 10 uM, 20 uM, 25
uM, 50 uM, and 100 pM H,O, rich media was prepared by
mixing 30 wt % H,O, solution (Sigma-Aldrich) with the
complete media. 100 pL of these H,O, rich media was
transferred to culture U87 cells in a well on 96-well plate in
sextuplicate. 100 uL of normal complete media was also
used to culture U87 cells in a well of the same plate in
sextuplicate for the control. Before this step, the media
which was used to culture U87 cells overnight was dis-
carded. After that, U87 cells were then cultured in the
incubator for 72 hours. Ultimately, the cell viability was
measured.

H,0, Alone does not Equal to the CAPs Media.

To investigate whether H,0O, was the sole factor in caus-
ing the death of cancer cells, we studied the response of three
cancer cell lines to the H,0, rich media. The H,O, rich
media was prepared by adding 30 wt % H,O, solution
(Sigma-Aldrich) into the complete media. Because H,0O,
reacted with proteins in the complete media, the real con-
centration measured by Fluorimetric Hydrogen Peroxide
Assay Kit (Sigma-Aldrich) was much less than the nominal
concentration based on calculation in preparation. As shown
in FIG. 10, the growth of three cell lines presents a similar
concentration (dose)-dependent response to the H,O, rich
media. The growth of three cell lines will not be drastically
suppressed until the concentration of H,O, is adequately
large. It is not surprising, because high dose of H,O,
produces cell death. See, Lopez-Lazaro, M. Dual role of
hydrogen peroxide in cancer: possible relevance to cancer
chemoprevention and therapy. Cancer letters 252, 1-8
(2007)

However, the responses of three cancer cells to H,O, are
quite different. Generally, U87 cells and MCF-7 cells show
stronger resistance to H,O, than MDA-MB-231 cells. U87
cells and MCF-7 cells share a similar response to H,O,
except when the nominal concentration is between 20 to 50
uM. Clearly, the selective anti-tumor capacity of H,O, on
three cells lines are distinct from that of the CAPs media on
these cell lines (FIG. 4 and FIG. 6). U87 cells are more
resistant to the CAPs media than both MCF-7 cells and
MDA-MB-231 cells. MDA-MB-231 cells are a slightly
more Resistant to the CAPs media than MCF-7 cells. These
differences demonstrate that H,O, is not the only reactive
specie to cause the death of cancer cells. Some other species
also play necessary role. Cysteine may react with not only
H,0, but also other effective species in the CAPs media.

Discussion of Examples

So far, the anti-tumor capacity of CAP treatment has been
regulated by controlling the treatment time, the gas sources
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composition, the gas flow rate, and the supply voltages. Gold
nanoparticles and some small molecules such as osmolytes
and 2-deoxy-d-glucose were also used to obtain a synergistic
anti-cancer effect. In the present invention, we demonstrated
several methods to obtain stronger anti-cancer capacity of
the CAPs media. Specifically, the CAP treatment should be
performed in a container with a large diameter. In addition,
the gap between the plasma source and the media should be
adequately small. To obtain high reactive species concen-
tration, the volume of media should be relative small.
Because these principles are fit for all cell lines involved in
this study, they may be universal for other cancer cells.

Because 20 amino acids are the building blocks of all
proteins, cysteine, the most reactive amino acid determined
by cell probes, should also be the main targeted amino acid
residue on the intracellular proteins or other small mol-
ecules. Intracellular ROS levels and redox balance are
tightly regulated by multiple antioxidant defense systems,
including small antioxidant molecules such as glutathione,
NAD(P)H and ROS-scavenging enzymes such as catalase,
superoxide dismutase, glutathione peroxidase, glutathione
reductase, thioredoxin, thioredoxin reductase, and peroxire-
doxin. Redox status of thiol group on the cysteine residue
directly determines the function of glutathione peroxidase,
thioredoxin, thioredoxin reductase, and peroxiredoxin.
When thiold group on the cysteine residue was oxidized,
corresponding normal function of some anti-oxidant
enzymes or small molecules will be completely lost. Here,
we take glutathione, the most abundant small molecular
thiol inside mammalian cells, as an example. Reduced form
of glutathione (GH) is a tripeptide with a cysteine residue in
the middle. When GH is oxidized, the cysteine residue will
form a disulfide bond with the cysteine residue on another
GH. Such product is denoted as GSSG. GSSG loses the
ability to be a anti-oxidant molecule. Actually, the weakened
antioxidant system has been observed in the plasma treated
cancer cells. The weakened intracellular anti-oxidant system
facilitates the attack of extracellular ROS on cells, and
ultimately results in serious ROS rise and oxidative damage
including DSB and carbonyl content formation.

Like other ROS, the toxicity of H,O, to cells are dose-
dependent. Only the high dose of H,O, can produce cell
death. See, Lopez-Lazaro, M. Dual role of hydrogen perox-
ide in cancer: possible relevance to cancer chemoprevention
and therapy. Cancer letters 252, 1-8 (2007). The toxicity of
H,0, is exaggerated by the Fenton reaction between H,O,
and Fe** in cells, which generates high reactive OH and
causes damage to DNA and other important intracellular
molecules®”. H,O, has been proposed as a key species to
cause the death of cancer cells after CAP treatment. How-
ever, the biochemical analysis on the cancer cells following
the treatment of CAP and H,0, demonstrates the distinct
phosphorylation levels on c-Jun amino-terminal kinases and
p38 protein kinases. Our study revealed that the H,O, rich
media could not generate the same selective killing on
cancer cell lines as well as the CAPs media did. Thus, the
CARP treatment can not equate to the H,O, treatment.

In contrast to H,0,, NO was not likely to be the main
effective species. However, the real role of NO in killing
cancer cells was not deeply explored. Theoretically, NO may
result in the general observed ROS increase and the death of
cancer cells after CAP treatment. NO is able to increase
intracellular ROS levels by blocking the electron transport
chain in mitochondria and inactivating the glutathione per-
oxidase. NO reacts with superoxide to generate peroxyni-
trite, which will not only attack DNA but also weaken the
antioxidant system via the inactivation of manganese-super-
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oxide dismutase, glutathione peroxidase, glutathione reduc-
tase, catalase, and peroxiredoxin. In addition, other effective
species which have not been studied may also contribute to
the death of cancer cells. Thus, the number of species that
codetermine the anti-cancer capacity of CAPs media is still
unknown.

Recently, two trends regarding the response of cancer
cells to the CAP treatment have been found. First, the
anti-tumor capacity of CAP on cancer cells is proportional
to the growth speed of cancer cell lines. Naciri, M., Dowl-
ing, D. & Al-Rubeai, M. Differential Sensitivity of Mam-
malian Cell Lines to Non-Thermal Atmospheric Plasma.
Plasma Processes and Polymers 11, 391-400 (2014). Sec-
ond, the cancer cells carrying mutated p53 genes are more
vulnerable to the CAP treatment than the cancer cells
carrying wild p53 genes. Ma, Y. et al. Non-Thermal Atmo-
spheric Pressure Plasma Preferentially Induces Apoptosis in
p53-Mutated Cancer Cells by Activating ROS Stress-Re-
sponse Pathways. PloS one 9, €91947 (2014). The second
trend might explain the first trend to some extent. Cancer
cell lines carrying the mutated p53 gene tend to obtain
malignant or metastasis phenotypes and overcome growth
arrest and senescence. The cancer cells in metastasis stage
own prosperous metabolism and high ROS level. Thus, the
fast growing cancer cells without a normal, functional p53
gene are more vulnerable to the CAP treatment. In the above
example, however, we found a new trend that the cancer
cells that could absorb or eliminate the effective species in
the surrounding environment faster would be more resistant
to the CAPs media. Despite the fact that the intrinsic
relationship between these trends was obscure, we demon-
strated that the absorption capacity on the effective species
and H,O, by cancer cells significantly varied with the cell
lines.

The absorption of reactive species, mainly H,O, in this
study, directly relates to the diffusion speed of reactive
species across the cellular membrane. H,O, has been
regarded as a molecule that is able to freely cross the
phospholipid membrane. Recent investigations revealed that
diffusion of H,0, across phospholipid membrane was lim-
ited by the membrane composition. Bienert, G. P., Schjoer-
ring, I. K. & Jahn, T. P. Membrane transport of hydrogen
peroxide. Biochimica et biophysica acta 1758, 994-1003
(2006). Due to the highly similarity among H,O, and water,
aquaporins (AQPs), a membrane protein family facilitating
the transport of water across the cellular membrane, also
plays an important role in facilitating the passive diffusion of
H,0,. Not all AQPs are able to transport H,O,. So far, only
the transport of H,O, by AQP1 and AQPS8 has been inves-
tigated. AQP1 with a relative smaller pore diameter in the
selectivity filter region ((2.7 A) cannot transport H,O,. By
contrast, due to the larger pore diameter (3.2 A), AQPS is
able to transport H,O, across the cellular membrane. AQPs
are expressed to varying degrees in different types of human
tumors. For example, AQP1, 4, and 5 highly express in
breast cancer cell lines. AQP1, 4, 8, and 9 highly express in
glioblastoma cell lines. The distinct expression pattern of
AQP8 in glioblastoma cells and breast cancer cells can
explain why H,0, is consumed faster by U87 cells than
MCF-7 and MDA-MB-231. Nonetheless, if H,O, is the
main effective species to kill cancer cells, the intracellular
H,0, level should be at least codetermined by the diffusion
speed of H,O, across the cell membrane and the intracellular
H,0, scavenging system. Thus, we may not be able to
predict the vulnerability of cancer cells to the CAPs media
only based on the distinct consumption speeds of cancer
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cells. More research focusing the intracellular H,O, scav-
enging capacity in distinct cancer cells should be carried out
in the future.

CONCLUSIONS

In summary, we demonstrated several principles to opti-
mize the anti-tumor capacity of the CAPs media on glio-
blastoma cells and breast cancer cells. Specifically, a larger
well, a closer gap between plasma source and media, and a
smaller volume of media produce a stronger anti-cancer
CAPs media. Breast cancer cells are more vulnerable to the
CAPs media than glioblastoma cells. In addition, compared
with NO, H,O, in the CAPs media is likely to be the main
effective species to kill cancer cells. The effective species in
the CAPs media mainly react with cysteine, which explains
the rise of intracellular ROS in the CAP treated cancer cells.
H,0, and the CAPs media cause distinct selective killing
patterns in cancer cells, indicating that other reactive species
may also affect the death of cancer cells. Glioblastoma cells
are able to consume effective species and H,O, in the CAPs
media significantly faster than breast cancer cells, which
may relate to the distinct expressions of cell membrane
proteins on cancer cells.

The foregoing description of the preferred embodiment of
the invention has been presented for purposes of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise form disclosed, and modifica-
tions and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiment was chosen and described in order to
explain the principles of the invention and its practical
application to enable one skilled in the art to utilize the
invention in various embodiments as are suited to the
particular use contemplated. It is intended that the scope of
the invention be defined by the claims appended hereto, and
their equivalents. The entirety of each of the aforementioned
documents is incorporated by reference herein.
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What is claimed is:

1. A method for preparing stable cold atmospheric plasma
stimulated cell culture media with a cold atmospheric
plasma system having a delivery port out of which inert gas
flows, the method comprising the steps of:

placing a cell culture media in a first well, said first well

having a bottom and having a diameter greater than 20
mm; wherein said cell culture media placed in said first
well has a volume of 4 ml or less, said cell culture
media comprising an amino acid solution not having
cysteine or tryptophan;

treating said cell culture media in said first well with cold

atmospheric plasma, wherein said treating s performed

with a gap between said delivery port and said bottom

of said first well is between 2.5 cm and 3.5 cm; and
applying a portion of said treated media to cancer cells.

2. The method according to claim 1 wherein said gap is 3
cm.

3. The method according to claim 1 wherein said step of
treating said cell culture media comprises applying cold
atmospheric plasma to said cell culture media for 0.5 min-
utes to 2 minutes.

4. The method according to claim 1 wherein said step of
treating said cell culture media comprises applying cold
atmospheric plasma to said cell culture media for 1.5 min-
utes or longer.

5. The method according to claim 1 wherein said cell
culture media further comprises Dulbecco’s modified
Eagle’s medium (DMEM).

6. The method according to claim 1 wherein said media
further comprises Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) antibiotic (penicillin and streptomycin)
solution.

7. The method according to claim 1 wherein said cell
culture media placed in said first well has a volume of 2 ml
or less.

8. The method according to claim 1 wherein the inert gas
comprises helium from which the cold atmospheric plasma
is formed is helium.
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