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Cold atmospheric plasma treatment promises a targeted cancer therapy due to its selectivity and
specificity in killing tumor cells. However, the current plasma exposure devices produce diverse and
coupled reactive species, impeding the investigation of the underlying plasma-anticancer mechanisms.
Also, the limited mono-sample and mono-dosage treatment modality result in tedious and manual
experimental tasks. Here, we propose a cold atmospheric plasma chip producing targeted species,
delivering multiple dosages, and treating multiple cell lines in a single treatment. Three modules are
integrated into the chip. The environment control module and multi-inlet gas-feed module
coordinately ignite component-tunable and uniformly distributed plasma. The multi-sample holding
module enables multiplex treatment: multi-sample and -dosage treatment with single radiation. By
exposing the HepG2 cell line to nitrogen-feed plasmas, we prove the crucial role of nitrogen-based
species in inhibiting cell growth and stimulating apoptosis. By loading four-type cell lines on our chip,
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we can identify the most vulnerable cell line for plasma oncotherapy. Simultaneously, three-level
treatment dosages are imposed on the cells with single radiation to optimize the applicable treatment
dosage for plasma oncotherapy. Our chip will broaden the design principles of plasma exposure
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devices, potentially help clarify plasma-induced anticancer mechanisms, and guide the clinical
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Introduction

Due to the high mortality rate of cancer, many therapeutic
methods are developed for cancer treatment."”> Among them,
cold atmospheric plasma has emerged as a promising
candidate since it can selectively kill cancer cells without
damaging healthy cells.®® Plasma exposure can exert various
influences on cancer cells, including proliferation reduction,
apoptosis induction, mitochondria dysfunction, DNA damage,
immune cell death, and gene expression abnormality both
in vitro and in vivo.’™* However, the working principles of
plasma-induced anticancer remain unclear due to the lack of
specifically designed plasma exposure devices, hindering its
further clinical application.*?

Plasma is a type of ionized gas, containing abundant
charged ions, radicals, neutral particles, electrical and
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application of plasma-based oncotherapy.

magnetic fields, and ultraviolet radiation."*'® Among them,
the highly reactive oxygen species (O, 0,7, 'O,, OH*, O3,
H,0,) and nitrogen species (NO, NO, , NO;, OONO") are
demonstrated as the main contributors to cell death.'”'®
Specific roles of those reactive oxygen and nitrogen species
(RONS) are extensively analyzed aiming to enhance the
understanding of the plasma anticancer mechanisms. The
directly produced short-lived species including '0,, 0*”, OH¥*,
ONOO™ can kill cells by causing lipid peroxidation or
damaging antioxidant enzymes, functional molecules, DNA,
and RNA."2? The secondly produced 'O, by long-lived
hydrogen peroxide and nitrite capably triggers malignant
cells to generate more intracellular RONS, disrupting the
antioxidant system and terminally provoking apoptosis
pathways.?**® In addition, the elevated-expressed aquaporin
proteins on the cell membrane could sensitize the cancerous
cells to plasma-produced hydrogen peroxide.>” Recently,
physical factors of electromagnetic waves are reported to
cause rapid leakage of bulk solutions from the cells, resulting
in cytoplasm shrinkage and bubbling on the cell
membrane.”®*° Even though the generation, transportation,
and biological effects of the RONS are intensively studied,
their roles still cannot be well testified and explained. This is

This journal is © The Royal Society of Chemistry 2023
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because, on one hand, the species are highly coupled in the
plasma, on the other hand, most of the cell responses are
stimulated by the coordinate work of diverse species.’® To
deeply understand what and how the RONS affect cell
behaviors, the targeted species must be isolated and
investigated separately.’

To date, many devices capable of exciting cold
atmospheric plasma have been developed for cancer cell
treatment,”*>’ but few of them can controllably modulate
plasma composition. The current devices either expose the
noble-gas-sustained plasma plumes to the ambient air or
directly ignite plasma with air. Such open-to-air design
threatens plasma components with air impurities,
challenging the precise adjustment of plasma components.
Several research groups have recognized this tough issue and
are devoted to improving the plasma-exciting modalities to
eliminate air influences. Shielding plasma with a noble
gas®®?? could effectively protect plasma from air species
contamination, but the high-speed gas stream can potentially
dry and mechanically damage the cells.* Igniting plasma in
a sealed climate chamber is another alternative approach to
avoiding the air mixing.*** Without air inflow, deterministic
plasma components are attained by feeding proper source
gases. Also, in this manner, the high-speed shielding gas is
avoided.

Plasma jet is the most prevalently applied modality due to
its convenient and flexible operation. However, the small
dimension of the plasma bullet determines the inefficient
mono-sample treatment capacity, leading to tedious and
manual experimental tasks. Another deficiency of plasma jet
is that the unevenly distributed RONS in the plasma jet
cocktail can result in nonuniform plasma treatment to the
cells. Well-documented reports have proved that -cell
responses can be significantly affected by the treatment
dosages.”® The nonuniform plasma treatment on cells
undoubtedly damages the accuracy of the experiment results,
especially for the mechanism exploration research. By
contrast, surface plasma, ignited between parallel electrodes
with a large discharge area, can produce uniformly
distributed plasma plumps. The evenly distributed plasma
and the relatively large discharge area of surface plasma
enable uniform and multi-sample treatment with one-time
radiation simultaneously.

As indicated by the preceding discussions, precise control
of plasma components, high-efficiency sample treatment
capacity, and uniform treatment of cells are the deterministic
requirements of plasma igniting devices. In this work, by
igniting a surface discharge in the climate chamber, we
develop a composition-tunable cold atmospheric plasma chip
for multiplex treatment on cells. The proposed chip mainly
consists of an environment control module, a multi-inlet gas-
feed module, and a multi-sample holding module. The
environment control module constrains the plasma in a
sealed chamber, eliminating the admixing of air impurities.
Through adjusting feed gas mixtures, oxygen-based and
nitrogen-based species can be separated. The multi-inlet gas-
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fee module scatters the feed gas in the sealed chamber
uniformly, initiating homogeneous and stabilized plasmas.
The evenly dispersed plasma facilitates the uniform
treatment of cells. The multi-sample holding module enables
multiplex treatment: multi-sample and multi-dosage
treatment within one-time radiation. Such a design
substantially improves the sample processing capacity of the
chip. With this chip, we discover that the nitrogen-feed
plasmas worsen cell health more remarkably than oxygen-
feed plasma, denoting the nonnegligible role of the nitrogen-
based species in plasma oncotherapy. As a research tool, our
device potentially enables the subsequent analysis of cell
epigenetic and genetic changes after treatment to unveil
more profound mechanisms. Benefiting from the multiplex
treatment capability, we can efficiently select the most
vulnerable cells from the loaded four-type cell lines. The
applicable dosage can also be efficiently optimized from the
imposed three-level dosages in single radiation. Those
explored target cancer types and treatment conditions can
guide the clinical application of plasma oncotherapy.
Moreover, the rapid development of cancer immune therapy
could take advantage of our device as a promising platform
to produce vaccines, realizing clinical application.>> Our chip
will inspire the development of effective and efficient plasma
exposure devices.
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Fig. 1 Schematic illustrating the design and structure of the plasma
igniting chip. (A) The 3D-sectional view of the high-purity plasma
exciting chip. (B) The 2D-enlarged sectional view of the chip (1. gas
input cavity, 2: discharge cavity, 3: gas channel, 4: observation window,
5: power electrode, 6: quartz dielectric barrier, 7: plasma, 8: ground
electrode, 9: glass receptacle, 10: liquid sample). (C) The multi-inlet
gas-feed module (the top view of the chip). (D) The multi-sample
holding module. (E) Graph of the cold atmosphere plasma chip in
working condition to demonstrate the central-symmetrically arranged
16 sample-holding wells situated on three concentric circles (circle i
with a radius of 30 mm, circle ii with a radius of 22 mm, circle iii with a
radius of 10 mm).
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Results and discussion
Design principles of the plasma igniting chip

The design principles and work mechanisms of the proposed
chip are shown in Fig. 1. To isolate the ignited plasma from
the surrounding atmosphere environment, constituent parts
of the chip are screwed together with seal rings. The sealed
interior cavity of the chip together with a vacuum pump
constitute the environment control module. The environment
control module can controllably modulate plasma
components by adjusting source gases and reducing air
species contamination. Before plasma ignition, the internal
remaining air was first removed. Then plasma feed gases
were injected into the chip with selective switching on valves
1, 2, and 3. Valves 4, 5, and the barometer coordinated to
block air from backfilling into the chip during the process of
gas replacement. This process can be repeated several times
to further diminish the residual air for pure plasma (purple
marked line in Fig. 1A and B:7) generation in the discharge
cavity (slit between the electrodes Fig. 1A and B:2). In this
way, four types of plasmas with controllable components
were obtained by feeding plasma with different gases with
optimized igniting parameters applied (Table 1). For
comparative studies, air plasma without the air replacement
process was also excited in our work (Table 2).

Plasma uniformity is guaranteed by the multi-inlet gas-
feed module (Fig. 1C), implementing uniform treatment
on the cells. This module consists of the gas input cavity
(Fig. 1A and B:1, space between the observation window
and power electrode) and the central-symmetrically
arranged 8 gas inlets. Flowing out of the 8 gas inlets, the
feed gas firstly arrives at the input cavity, while the
suddenly extended space significantly reduces gas flow
velocity (ESIf Appendix, Fig. S1). Through the airholes
both on the power electrode (Fig. 1B:5) and the dielectric
barrier sheet (Fig. 1B:6), the feed gas could diffuse gently
from the gas input cavity to the discharge cavity. Such
structure design, on the one hand, improves the
equilibrium of the produced plasma for uniform treatment
of cells; on the other hand, it alleviates surface agitation
caused by the high-speed gas flow.

The multi-sample holding module includes glass
receptacles and a sample-holding array sheet (Fig. 1D and
ESIt Appendix, Fig. S2), ensuring multiplex treatment. The
receptacles can accommodate 100 ml liquid samples and
protect the samples from direct contact with the metal
surface. The sample holding array sheet allows 16 samples to
be processed simultaneously, enhancing radiation efficiency
significantly. The 16 wells for sample loading can be seen as
situated on three concentric circles, and wells from the same

Table 1 Plasma igniting parameters
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one concentric circle witness identical plasma treatment
dosages (Fig. 1E). This is because the feed gas distribution
inside of the chip largely depends on gas inlet numbers and
display patterns. The 8 central symmetrically assembled gas
inlets result in a radius-dependent gas uniformity. Therefore,
the wells belonging to different concentric circles will own
their unique plasma intensity and the subsequent plasma
treatment dosages. In this consideration, we apply the
central-symmetrical pattern in the sample-holding array
design to hold the receptacles (ESIf Appendix, Fig. S3). In
this manner, the limited space is fully utilized to fabricate
more wells and multiple plasma treatment dosages are
achieved within single radiation. Notably, the pattern of the
sample-holding wells displayed here is merely an example to
show an appropriate structure design can help manipulate
plasma distribution to produce multiple treatment dosages.
More advanced patterns can be optimized to suit the ongoing
research. Compared with the traditional plasma strength
modulation method by adjusting input power, feeding gas
species or flow velocity, and the discharge distances, the
method of utilizing flow fields to control plasma intensity
will make the treatment dosage modulation more efficient
and flexible. A water-cooling system is integrated at the
bottom of the ground electrode to reduce heat accumulation,
as illustrated in Fig. 1A. The cycled flowing ice-cold water
keeps carrying away the cumulative heat on the ground
electrode, protecting the cells from possibly otherwise
damagingly high temperatures. In combination with the
design principles mentioned above, an integrated chip that
can generate high-purity plasma and achieve multiplex
treatment is developed, as shown in ESIf Appendix, Fig. S4.

Tuning plasma components by varying feed gas mixture

To demonstrate the plasma component can be controllably
modulated, the excited species were identified and
characterized by a spectrometer. As expected, air plasma
exhibits the richest plasma chemistry, including nitric oxide
(NO, 200-280 nm), hydroxyl radical (OH, 308 nm), molecular
nitrogen (N,, 296 nm, 310-428 nm), helium metastable (He,
706 nm), atomic oxygen (O, 777 nm, and 844 nm) and atomic
hydrogen (H, 656 nm) (Fig. 2A). When the chip is evacuated
and refilled with pure helium gas, nitrogen-related species
disappear, leaving helium as the main signal (Fig. 2B). The
disappeared nitrogen-related species are caused by excluding
nitrogen gas in the feed gas, while water dissociation
produces the remaining oxygen-related species:** hydroxyl
radicals, atomic oxygen, and atomic hydrogen. With 0.1%
oxygen gas admixed into the helium gas, excitation of
hydroxyl radical, hydrogen, and helium is suppressed, while

Discharge area Input power Power density

Distance between electrodes Dielectric barrier

40.17 cm? 70 W 1.99 W em 2
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Table 2 Source gas constituent of the ignited plasmas
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Plasma definition Feeding gas

Source gas constituent

Helium (4 L min™) + residual air
Helium (4 L min™

Air plasma

Helium plasma
Nitrogen plasma

Oxygen plasma
Oxygen-nitrogen plasma

Helium (4 L min™"

Helium (4 L min~
(7.2 mL min™")

1

atomic oxygen excitation increases remarkably (Fig. 2C). The
electronegative oxygen captures large amounts of electrons,
reducing the available electrons for water dissociation*® and
accordingly, water-derived species. When oxygen is replaced
with 0.18% nitrogen gas, molecular nitrogen and hydroxyl
radical dominate the spectra (Fig. 2D). In addition, the
excitation of nitric oxide is also probed in the nitrogen
plasma. Water dissociation generates hydroxy radicals, and
these water-derived species contribute to the production of
nitric oxide.*® When a mixture of helium with 0.1% oxygen,
and 0.18% nitrogen is fed to the plasma, bands of nitrogen-
related species remain the dominant signal lines (Fig. 2E).
Compared with nitrogen plasma, the introduction of oxygen
gas increases atomic oxygen but suppresses the excitation of
hydroxyl radical and nitric oxide. This suggests eliminating

NOOH N: HHe O O NOOH N: Hi (oo}
2 ) 1t ¢t ? 7 ¢ | IR
10 [ v i: ¥ i
08 | ‘ \ o2
o6 i 1 i z
2: i \ B 0.1
bl ..[LL.. S— w‘,,}‘, i umpa | 0.0
g_g B | 404
- i | T
§ 504 50
E 303 {02 8
14 0.2 5
£ 0.1 [ 1% %
‘; E o AL LV o 3
© st oo 0.0 H
% 201cC H o4 &
2 %10 \ Jo2 8 o
£ 0© .
H 05 A\ 01 =
— L | =
E 00— o / 0.0 .E._
8 eofb ‘ : |1 {50 3
g gael L mea
> o ‘ ‘ [TTTTT {30 & &
3 £30 | 05 s 1.0 € =
2o Ll [t 208§
- 1.0 il 200 220 240 260 280 300 | l‘j“ 1% =
£ 0.0 Pl Wb LW 140 o %
@ §eolE i J 10 1 z 2
O 850 30 &
£ 40 o "5 i P s
E 30 ﬂ?ﬂ 220 240 260 280 3 «z 0 T ’ %
4 |
g 20 | ‘ | | 110 8
gior L W 1%
° A% - VUL ! 0.0

00 k= ke I
200 300 400 500 600 700 800 200 300 400 500 600 700 800 900 (M)

Fig. 2 Graph of the tunable plasma components identified by the
OES. (A) Air plasma without media in the receptacles. (B) Helium
plasma without media. (C) Oxygen plasma without media. (D) Nitrogen
plasma without media. (E) Oxygen-nitrogen plasma without media. (F)
Air plasma with media in the receptacles. (G) Helium plasma with
media. (H) Oxygen plasma with media. (I) Nitrogen plasma with media.
(J) Oxygen-plasma with media. (NO: nitrogen oxide (200-280 nm),
OH: hydroxyl (308 nm), Nj: nitrogen (296 nm, 310-450 nm), He:
helium (706 nm), O: atomic oxygen (777 nm, 844 nm), H: atomic
hydrogen (656 nm)).
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+ oxygen (4 mL min™")

)
Helium (4 L min™") + nitrogen (7.2 mL min™")
)
) + oxygen (4 mL min™") + nitrogen

Unknown content of oxygen and nitrogen
No oxygen and nitrogen

0.18% (w/w) nitrogen

0.1% (W/w) oxygen

0.18% (w/w) nitrogen + 0.1% (w/w) oxygen

air influence is effective in purifying plasma chemistry and
producing required species. Helium plasma inclines to
produce water-derived hydroxyl radical and atomic oxygen,
while oxygen plasma generates strong atomic oxygen species.
Nitrogen-related species can be produced by nitrogen plasma.
Upon radiation, cells are normally protected by either culture
media or some specific buffer solution from dehydration.
Therefore, we also measure the signals when plasma is
excited with media in the receptacles to assess the influence
of the aqueous solution on the plasma components. We find
the main species and their relative intensity in the plasma
ignited with and without media remain the same when
identical feed gases are provided (Fig. 2F-]). The preceding
results confirm that our chip can controllably tune plasma
chemistry and expose cells to targeted reactive species for
studying their biological roles.

Evaluation of plasma stability and uniformity: foundation for
multiplex treatment

The proposed multiplex radiation and equivalent dosage
delivery largely depend on good stability and uniformity of
the plasma. Electrical voltage-current waveform patterns,
intensity evolution of excited species, and temperature
increases were characterized to demonstrate the stability of
the excited plasma. Firstly, monitored by an oscilloscope, we
find the voltage and current waveforms transform
sinusoidally and periodically, and their amplitudes stabilize
at the same value respectively across all probing periods
(Fig. 3A and ESIf Appendix, Fig. S5). Then, identified by a
spectrometer, we calculated the intensity change of the main
excited species to further assess plasma stability. Compared
with the intensity measured 0.5 min before, the percentage
change of excited helium (706 nm) in helium plasma,
molecule nitrogen (337 nm) in nitrogen plasma, atomic
oxygen (777 nm) in oxygen plasma, and molecular nitrogen
(337 nm) in oxygen-nitrogen plasma fluctuate in the range of
0% to 1.25% (Fig. 3B). As for other observed species in the
five types of plasma, their intensity all approaches a constant
value, especially within the last 4 minutes of treatment (ESIT
Appendix, Fig. S6). At last, we measured the temperature
increase of the sample-holding sheet with an infrared
thermometer to estimate the heat accumulation. The
temperature rises less than 3 °C after the plasma treatment
for 5 min, which is completely safe for cell metabolism
(Fig. 3C and ESIf Appendix, Fig. S7).*” So far, the obtained
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Fig. 3 Plasma stability and uniformity evaluation for multiplex
treatment. (A) The waveform of voltage and current of the helium
plasma with media in the receptacles. (B) Signal intensity changes of
the main excited species in the plasmas during the 5 min treatment
duration (excited helium (706 nm) in helium plasma, molecule nitrogen
(337 nm) in nitrogen plasma, atomic oxygen (777 nm) in oxygen
plasma, and molecular nitrogen (337 nm) in oxygen-nitrogen plasma)
(n = 3). (C) The temperature change of sample-holding sheet after
plasma treatment with media in the receptacles for 5 min. (D)
Photograph of the chip in the working station (nitrogen plasma
excited) with all wells marked by the dosage circles (green circle for
dosage i, yellow circle for dosage ii, blue circle for dosage iii). (E) Nitrite
concentration in 100 pL deionized water of the 16 wells after nitrogen
plasma treatment for 3 min. Data was obtained from 3 dependent
experiments and presented as mean + SD. (F) Simulation results of the
gas flow velocity on the sample surface plane and the planes of 1.5
mm and 5 mm above the sample surface.

results indicate good stability of the ignited plasma, which is
an important basis of multiplex treatment.

Benefiting from the arrangement of equidistant sample-
holding wells and gas inlets from the centre, the wells
belonging to the three concentric circles will be exposed to
three different plasma treatment dosages. Here, the three
concentric circles are redefined as dosage i (green circle),
dosage 1ii (yellow circle), and dosage iii (blue circle)
respectively (Fig. 3D). Plasma uniformity was quantified by
measuring the concentration of produced nitrite in 100 pL of
deionized water after nitrogen plasma treatment for 3 min.
Consistently with the expectation that the same-colored
samples produce similar level of nitrite. Green-marked
samples generate the most nitrite (around 120 uM), followed
by yellow-marked (around 80 puM) and grey-marked (around
60 uM) samples in sequence (Fig. 3E). The result that
samples belonging to different circles produce different
concentrations of nitrite matches well with the defined
radium-dependent uniformity of the plasma. COMSOL

584 | Lab Chip, 2023, 23, 580-590
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simulation further demonstrates that this radium-dependent
uniformity is caused by the various gas flow speeds above the
sample-holding wells. Wells located in the largest concentric
circle (dosage i circle) have the highest flow speed, followed
by those located in the medium (dosage ii circle) and the
smallest circle (dosage iii circle) in sequence (Fig. 3F).
Combined with the produced nitrite, a lower gas flow rate
tends to generate more nitrite at the chosen parameters for
this device. Clearly, the above demonstrated radium-
dependent uniformity enables the multiplex treatment:
multi-sample treatment for samples loaded on the same
circle, and multi-dosage treatment for samples loaded on
different circles. The more vulnerable cell lines can be
selected for plasma oncotherapy when different cell lines are
loaded on the same circle. Proper treatment dosages for
plasma oncotherapy can be explored for the target cancer cell
type when loading the same cell line on different circles.

Demonstration of tuning plasma components for cell-death
driver species exploration

The influences of different plasmas on HepG2 cells are
quantified to demonstrate the significance of modulating
plasma components in understanding the roles of the
species. Since nitrite and hydrogen peroxide are typical long-
living species capable of interacting with cells,*®*® we first
measured their generation after plasma treatment. The
samples were loaded, treated, and characterized following
the procedures shown in Fig. 4A. Both the generation of
nitrite and hydrogen peroxide highly depend on treatment
duration: a longer treating period results in higher species
concentration. After 5 min treatment, nitrogen and oxygen-
nitrogen plasma produce much more nitrite (171.42 mm and
148.61 mM respectively) than helium and oxygen plasma
(26.01 mM and 21.32 mM respectively) (Fig. 4B). The same
treatment duration of air plasma results in a concentration
of 46.32 mM, nearly two times higher than the oxygen and
helium plasma, indicating the huge influence of air species
on plasma purity. The nitrogen source gas facilitates nitrogen
and oxygen-nitrogen plasma to produce nitrogen oxide,
resulting in large quantity production of nitrite. While the
small volume nitrite generated by the helium and oxygen
plasma is caused by insufficient air evacuation. By contrast,
only a limited difference in hydrogen peroxide generation
(less than 20 mM) is presented among five-type plasmas after
treatment for the same duration (Fig. 4C). Since water
dissociation contributes to hydrogen peroxide generation
significantly,”* the treated buffer solution with identical
volume could be responsible for the equivalent hydrogen
peroxide generation of different plasmas.

With our wunderstanding of the species-generating
preferences of the purified plasmas, responses of the model
cell line were analysed to investigate cell susceptibility
towards the diversified plasma components. The afterward-
mentioned percentages for cell proliferations rates were all
normalized to the control group. We find that compared with

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Cell response discrimination via tuning the plasma feed gas
mixture for functional species identification. (A) Schematic of sample
loading positions and treatment procedures. (B) NO, generation in 100
uL PBS after plasma treatment. (C) H,O, generation in 100 uL PBS after
plasma treatment. (D) Cell proliferation rate (normal to the control
group). (E) Cell cycle distribution. (F) Cell apoptosis triggering. (G) Cell
morphology transformation after the treatment of different plasmas
for 5 min (the scale bar is the same for the five pictures). Cell
suspension (5 x 10% cells/100 mL DMEM) was transferred into pre-
sterilized glass receptacles before plasma treatment. After the
treatment by the different types of plasmas, cells were incubated for
24 hours for subsequent analysis. Samples in control groups were
treated with the feed gas for the same duration without plasma
excitation. Data are presented as mean * SD. All experiments were
conducted in triplicate and repeated three times. Statistical
significance was calculated via the nonparametric Kruskal-Wallis test
for multiple comparisons. *p < 0.05, °p < 0.05, **p < 0.01.

the control group, the treatment of helium plasma decreases
cell proliferation to 95.92%, 86.54%, and 65.16% for 1 min, 3
min, and 5 min, respectively (Fig. 4D). Oxygen plasma
presents an approximate level of cell growth reduction as
helium plasma (87.6% for 1 min, 80.80% for 3 min, and
67.37% for 5 min). However, the introduction of nitrogen gas
makes the nitrogen and oxygen-nitrogen plasma block cell
growth much more significantly. After the treatment of
nitrogen plasma for 1 min, 3 min, and 5 min, the cell
proliferation is reduced to 67.86%, 32.99%, and 21.34%,
respectively. Similarly, the proliferation rate obtained after
the treatment of oxygen-nitrogen plasma is 70% for 1 min,
42.53% for 3 min, and 33.32% for 5 min. Exposure to a high
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concentration of ROS, such as atomic oxygen, superoxide,
singlet oxygen, and hydrogen peroxide, can damage cells.”*>*
In our experiment, helium and oxygen plasma indeed restrict
cell growth to some extent, indicating the impact of the ROS.
However, the severe effects of the nitrogen and oxygen-
nitrogen plasma strongly indicate that the role of the RNS
(NO, NO, /NO;", ONOO") cannot be neglected. Besides, we
also analysed the cell cycle distribution after plasma
treatment, since regular cell cycle progression drives cell
renewing.>**> We find cell cycle arrests in M/G2 phase with
cells located in the GO/G1 phase reduced after 5 min
treatment compared with the control group (Fig. 4E and ESI
Appendix, Fig. S8). The broken cell phase distribution
balance predicts a decrease of cell growth after plasma
treatment.

Cell apoptosis stimulation has been proposed as one of
the main mechanisms of the anticancer effect of plasmas.
Unlike other types of cell death,”® cell apoptosis does not
cause inflammation, protecting the surrounding healthy cells
or tissues.”” Due to this feature, cell apoptosis stimulation is
preferred in the oncotherapy.”® In our work, after treatment
for 5 min, nitrogen plasma stimulates the most apoptosis
among cells (40 times and 20 times higher percentage of cells
in early and late apoptosis respectively), followed by the
oxygen-nitrogen plasma (10 times and 1.3 times higher
percentage of cells in early and later apoptosis respectively)
compared with the control group (Fig. 4F and ESIT Appendix,
Fig. S9). Cell morphology transformations including cell
detachment, cytosol shrinkage, and apoptotic bodies further
prove the demonstrated cell apoptosis (Fig. 4G and ESI}
Appendix, Fig. S10). No apparent apoptosis has been
triggered after the treatment of helium and oxygen plasma.
Although ROS has been demonstrated to cause cell death, we
argue that the directly produced ROS in plasma here is
insufficient to stimulate cell apoptosis.”®®® The second
produced ROS should most probably be the essential death
driver. Some research results indicate that the singlet oxygen
generated by the series of chemical reactions between
hydrogen peroxide and nitrite should account for cell
death.®™®* Given the higher level of hydrogen peroxide and
nitrite production, the severe influences on cell growth
inhibition and apoptosis stimulation of the nitrogen and
oxygen-nitrogen plasma could also be in support of this
hypothesis. Therefore, to successfully apply plasma
oncotherapy, nitrogen gas should be introduced as part of
plasma source gases. The diverse sensitivity of the HepG2
cells towards the plasmas fed with different gas mixtures
illustrates the effectiveness of tuning plasma constitutions to
study their specific roles. Further development of the
proposed chip could possibly enable further investigation of
new plasma-induced anticancer mechanisms.

Demonstration of multiplex treatment strategies

Since plasma therapeutical effects largely depend on cell
sensitivity,”” it is better to single out the more vulnerable

Lab Chip, 2023, 23, 580-590 | 585


https://doi.org/10.1039/d2lc00951j

Published on 16 January 2023. Downloaded by SUSTech on 2/14/2023 11:59:50 PM.

D) Control Dosage ii Dosage iii

Dosage i

— Circle green - Dosage i
~ Circle yellow - Dosage ii
~— Circle blue - Dosage iii
@ rMC-1 cell loading wells
@ MC3TS3 cell loading wells
© MIHA cell loading wells
© A549 cell loading wells

B o
312 @ MC-
€5
<3 - Me3T3
5508 & MHA
g3
22 -
_g S04 L s
IS
8
§ 0.0
o SO Y
o) oM 50529% g0 pose®®
1.5 by == Control
*_ % mm Dosagei
10 = Dosageii I
= Dosagei |

°
o

Cell proliferation (%)
Normal to the control group

°
°

rMC-1 MC3T3 MIHA  A549

Fig. 5 Illustration of the multiplex treatment strategy. (A) Schematic of
cell loading pattern on the multi-sample holding sheet. (B) The
strategy of multi-sample treatment: compare the susceptibility of
various cell lines with one-time treatment. (C) The strategy of multi-
dosage treatment: optimize the treatment dosage from the imposed
three level dosages. (D) Cell morphology transformation after nitrogen
plasma treatment for 1 min (the scale bar is the same for all the
pictures). 2 x 10° cells suspended in 100 uL PBS were radiated by
nitrogen plasma for 1 min. 1 x 10 cells were seeded in each well in a
96-well plate. Cell proliferation rates were measured after 24 hours of
incubation. All experiments were conducted in triplicate and repeated
three times. Data are presented as mean * SD. Statistical significance
was calculated via the nonparametric Kruskal Wallis test for multiple
comparisons. *p < 0.05.

cells to apply plasma oncotherapy. Also, an appropriate
dosage should be applied for optimal efficacy.®® To apply
plasma oncotherapy, the appropriate treatment dosage must
be optimized. Assisted by our device, at one-time radiation,
we can compare the susceptibility of multiple cell lines
towards plasma treatment. Moreover, we can analyse cell
responses at three treatment dosages to explore the
optimized treatment dosage for plasma oncotherapy. As
shown in Fig. 5A, four types of cell lines including retinal
Miiller cell rtMC-1, pre-osteoblast cell MC3T3, immortalized
liver cell MIHA, and lung cancer cell A549 were loaded
(Fig. 5A) and treated by the nitrogen plasma to demonstrate
the multiplex treatment potentialities. The multi-sample
treatment capability can be demonstrated by the distinct
susceptibility of the four tested cell lines. After 1 min
treatment, we can clearly see that rMC-1 cells are the most
vulnerable to plasma treatment, followed by the MC3T3 cell
line under all the three-level dosages (Fig. 5B). Cell skeleton
disruption and cytosol shrinkage shown in Fig. 5D further
prove the huge influences of the nitrogen plasma treatment.
By contrast, the MIHA and A549 cell lines are relatively
resistant to plasma treatment. The multi-dosage treatment
strategy can be demonstrated by the graded proliferation rate
of the MIHA cell line. After 1 min treatment, we find cell
proliferation rate can be assorted to 3 grades by the current-
settled three dosage levels (Fig. 5C). The defined dosage iii
suppresses cell growth the most (56.2%), followed by dosage
ii (70.6%) and dosage i (102.6%). Referred to desired cell
proliferation rate for target research, the appropriate
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treatment dosage can be chosen. The same rules could be
followed to analyse the MC3T3 and A549 cell lines. In the
case of rMC-1 cell line, we may decrease the input power to
reduce plasma strength overall, allowing cell proliferation to
be graded. The established strategy of multi-sample
treatment can efficiently isolate the more vulnerable cell lines
for plasma oncotherapy. The multi-dosage treatment strategy
can optimize the appropriate dosage for exposed cancer cells
to direct the clinical application of plasma-based
oncotherapy. In addition to the study on standard two-
dimensional cell culture, our device can also be extended to
three-dimensional models and diseased tissue (ex wvivo)
investigation. Treatment results on cellular spheroids or even
organoids can provide more representative guidelines for the
clinical application, due to the more accurate tumor
environment simulation.®* Tissue exposure can help evaluate
the damage of plasma treatment at an ex vivo level and
explore the penetration depth of the different plasma
compositions.®*™%°

Conclusions

Since the existing plasma exposure devices fail to controllably
produce targeted species, experimental verification of the
plasma-induced anticancer mechanisms remains
challenging. The restrained single sample processing capacity
further hampers the appropriate treatment dosage
optimization and the selection of vulnerable cell lines for
plasma oncotherapy application. To elucidate the underlying
anticancer mechanisms and realize the clinical application of
plasma oncotherapy, specifically designed devices are
warranted. This study proposes a composition-tunable cold
atmospheric plasma chip for multiplex treatment on cells.
The environment control module protects the plasma plump
from air species contamination and reduces the surrounding
environmental influences on plasma igniting. Without air
species invasion, the plasma components can be precisely
controlled and modulated. Targeted species exposure on cells
can be achieved and the specific role of different targeted
species can be identified and explained. The multi-inlet gas-
feed module facilitates the uniform distribution of the feed
gas, stabilizing and evenly distributing the produced plasma
along concentric circles. Hence, uniform treatment is
attained to force cells to respond consistently for reliable
results obtaining. The multi-inlet gas feed module and multi-
sample holding module coordinately achieve the multiplex
treatment: multi-sample and multi-dosage treatment at one-
time radiation. Such capacity enables our chip to single out
the more vulnerable cancer type and the applicable treatment
dosages efficiently to apply plasma oncotherapy. By treating
the liver cancer cell line, we find the introduction of nitrogen
in feed gas can effectively inhibit cell proliferation and
trigger apoptosis. Such a result, on the one hand, points out
the nonnegligible role of the nitrogen-based species in
plasma oncotherapy, on the other hand, suggests that tuning
plasma components is imperative to understanding the roles
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of the species. By loading four types of cell lines on wells
standing on the three concentric circles, we prove that cell
susceptibility of the under-analyzed cell lines can be
compared with one-time treatment. Also, three-level
treatment dosages can be imposed to analyze cell responses
for appropriate dosage selection to direct the clinical
application of plasma oncotherapy. As we discussed above,
the current sample layout pattern can be further enlarged or
improved to support the target research. The multi-dosage
and multi-sample design strategy will suggest a new direction
for the development of plasma exposure devices, inspiring
the clinical application of plasma-based oncotherapy.

Materials and methods
Configurations of the cold plasma chip

The plasma igniting chip mainly consisted of power electrode
and ground electrode (PE and GE, Fig. 1B:5 and 8), acrylic
insulator sheet (white sheet between the discharge electrodes,
Fig. 1A), dielectric barrier sheet (Fig. 1B:6), 10 mm thick
quartz sheet (Fig. 1B:4) and cover acrylic sheet (white sheet
above PE), as shown schematically in Fig. 1A and B.
Electrodes were made from aluminum, while the dielectric
barrier sheet was made from quartz. In addition to the
dielectric barrier sheet, all the above-mentioned parts were
fastened tightly by screws to form the outer shell of the
device with seal rings applied to ensure good tightness. The
as-obtained sealed interior cavity of the chip and a vacuum
pump (2546C-02W, Welch, Germany) constituted the
environment module. Before plasma igniting, the residual air
in the chip was removed and the space was refilled with high
purity feed gases. The whole process was monitored by a
barometer (ZSE 30AF-01-N, SMC, Japan). Three types of high
purity (99.999%) gases of helium, nitrogen, and oxygen were
injected into the chip with the flow speed monitored and
modulated by flowmeters (Fujikin, FCST, Japan). 8 central-
symmetrically arranged gas-tube adaptors mounted on GE
worked as gas inlets. Feed gas flew into the chip via the 8
inlets and arrived at the space above PE, which space was
defined as the gas input cavity (Fig. 1B:1). The 8 inlets and
the gas input cavity constituted the multi-inlet gas-feed
module (Fig. 1D). 16 airholes were manufactured on the PE.
Via the airholes, the feed gas could diffuse from the input
cavity to the slim space between the discharge electrodes,
which space was defined as the discharge cavity (Fig. 1B:2).
Under the discharge region was the multi-sample holding
module (Fig. 1C), which contained 16 sample-holding wells
and glass receptacles (Fig. 1B:9) with a volume of 100 mL.
The sample holding wells were manufactured and central-
symmetrically arranged on the GE. While the glass
receptacles were in the wells to accommodate the biological
samples (Fig. 1B:10). In this work, a radio frequency power
(AG 0613 RF POWER SOURCE, T&C Power Conversion, USA)
was connected to the electrodes. When the appropriate
potential was applied, the plasma was excited (Fig. 1B:7) and
the samples in the receptacle were radiated. An oscilloscope
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(MDO34, Tektronix, USA) was used to record current and
voltage variations. Surplus feed gas flew out of the device via
the gas channels (Fig. 1B:3), which connected with another 8
gas-tube adaptors working as gas outlets. At the bottom of
the GE, another aluminum sheet with a water reservoir was
included. Powered by a peristaltic pump, the ice-cold water
kept cycling carrying away the accumulated heat in the GE.
Temperature changes of the electrodes were recorded by an
infrared thermometer camera (T660, FLIR, USA).

Optical emission spectra

The excited species were identified by a spectrometer
(USB4000, Ocean Optics, USA). The optic lens was fixed by a
mechanical arm at 1 mm above the observation window (the
10 mm thick quartz sheet), concentrically with one of the
airholes. The integration time of the spectrometer was set to
100 ms. The average of intensities was calculated from 5
repeated emission spectra.

COMSOL simulation

A three-dimensional gas flow model built in Creo 3.0
software (ESIf Appendix, Fig. Sla) was transferred to
COMSOL 5.0 for gas flow state simulation. In view of the
symmetric feature of the model, a quarter of the gas model
was simulated (ESIf Appendix, Fig. S1b). In simulations, a
500 sccm flow velocity boundary condition was applied at the
inlets, and a pressure of 0 MPa relative to the atmospheric
pressure at the outlets was imposed with backflow
suppressing definition. Standard helium gas defined in the
software was used in this calculation. Navier-Stokes equation
was selected to calculate the model.

Cell culture and plasma treatment

Human liver cancer cell line (HepG2), immortalized liver cell
line (MIHA), retinal Miiller cells (rMC-1), and human lung
cancer cell line (A549) were cultured in a 10 mm culture dish
with high-glucose DMEM (10-013-CVRC, Corning, USA), 10%
fetal calf serum (35-081-CV, Corning, USA), and 1%
penicillin-streptomycin (30-002-CL, Corning, USA). Mouse
pre-osteoblast (MC3T3) cell line was cultured in MEM
(2416807, Gibco, USA) with 10% fetal calf serum and 1%
penicillin-streptomycin. Cells were incubated in a humidified
incubator at 37 °C with 5% CO,. When 70% confluence was
reached, cells were washed with phosphate buffer saline
solution (PBS, 21-040-CV, Corning, USA) and harvested with
Trypsin (25-053-CL, Corning, USA) for plasma treatment.

Quantification of H,0, and NO," generation

The H,0, generation in plasma-activated PBS was quantified
using the fluorometric H,0, assay kit (MAK165, Sigma-
Aldrich, USA). Plasma-activated 50 mL PBS solution was
mixed with 50 mL of the working solution prepared
according to the manufacturer's instructions, and the
mixture was incubated in darkness at room temperature for
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30 min. A microplate reader (EnSpire, PerkinElmer, USA)
detected the fluorescence intensity at the excitation/emission
wavelength of 540 nm/590 nm. The NO, concentration in
plasma-activated PBS was measured using the Griess Reagent
System  (G2930, Promega, USA). According to the
manufacturer's protocol, 50 mL plasma-activated PBS
solution was firstly mixed with 50 mL sulfanilamide solution
and incubated in darkness at room temperature for 7 min.
Then 50 mL NED solution was added to the mixture and
incubated in darkness at room temperature for another 7
min. A microplate reader (SpectraMax 190, Molecular Device,
USA) was utilized to detect the light absorbance at the
wavelength of 530 nm.

Cell proliferation

The cell proliferation rate was quantified using the CCK-8 cell
counting kit (K1018, ApexBio, China). After plasma treatment,
1 x 10" cells were seeded in each well of a 96-well plate for
further incubation. After 24 hours, the original culture
medium was replaced by 100 mL fresh medium (10% CCK-8)
in each well, and cells were further incubated in darkness at
37 °C for 2 hours. The microplate reader (SpectraMax 190,
Molecular Device) was utilized to measure the light
absorbance at the wavelength of 450 nm.

Cell apoptosis assay

Cell apoptosis was characterized with the Annexin V-FITC/PI
Apoptosis Detection Kit (ma0220, Meilumbio, China). After
plasma treatment, 2 x 10> cells were seeded in a 3 mm
culture dish. 24 hours later, cells were harvested. 1 x 10° cells
were suspended in a 500 mL working buffer solution with 5
mL Annexin V and 10 mL propidium iodide (PI) solution
added to stain the cells. The fluorescence was detected by a
Flow cytometer (FACSCanto, BD, USA), and the data were
analyzed by Flow]Jo software (BD, USA).

Cell cycle assay

Plasma-treated cell solution containing 2 x 10° cells was
collected and incubated in a 3 mm culture dish. After 24
hours of incubation, cells were harvested, washed, and fixed
with 1 mL 75% ice-cold ethanol at 4 °C overnight. After fixed,
1 x 10° cells were washed twice and resuspended in a 500 mL
staining solution which contained 10 mL RNase (R1030-1,
Solarbio, China), 10 mL PI (CA1020-20, Solarbio, China), and
480 mL PBS. The same cytometer (FACSCanto, BD, USA) was
used to measure the fluorescence intensity. According to DNA
content, cell cycle distribution was analyzed with the FlowJo
software (BD, USA).

Statistical analysis

All results are presented as means + SD or as means + SEM.
Nonparametric Kruskal Wallis tests were applied for multiple
comparisons. All statistical analyses were carried out with
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Origin software. The threshold for statistical significance was
P < 0.05.
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