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Plasma is generated by ionizing of neutral gas molecules, resulting in a mixture of energy
particles, including electrons and ions. Recent progress in the understanding of non-thermal
atmospheric plasma has led to applications in biomedicine. Studies investigating the inter-
action of plasma jets with living cells have shown eradication of pathogens, blood coagula-
tion, and the ablation of cultured cancer cells. The effects of cold atmospheric plasma are
thus not due to heat, but to active species, mainly oxygen/hydroxyl radicals and nitric oxide,
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structure and function.
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generated in the plasma or in the tissue brought into contact with the plasma. Plasma treat-
ment offers the possibility of modifying tissues at the cellular level and removing diseased
sections without inflammation and damage, as well as suppressing infections. Our study
showed that non-thermal atmospheric plasma induced growth inhibition and cell death in
cancer cells. This study supports the hypothesis that non-thermal atmospheric plasma con-
stitutes a new biologic tool with the potential for therapeutic applications that modulate cell
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Fig. 1. Schematic view of the plasma system. Plasma may per-
mit a flux of various active uncharged species of atoms and mol-
ecules. These active uncharged species generated in plasma will
typically include ozone (O;), NO, OH radicals, etc (A). Nonther-
mal atmospheric pressure plasma (B).
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Table 1. Various plasma sources of atmospheric pressure plasma
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Plasma type

Features Use

Corona discharge

Dielectric barrier
discharge (DBD)

Streamer discharge

Atmospheric pressure glow discharge

(APGD)

Ferroelectric bed discharge (FBD)

Capillary discharge

Microhollow cathode discharge
(MHCD)
Atmospheric pressure plasma jet (APPJ)

Weak lonization
Difficult control

Air purification
Ozon generation
Surface processing
Simple structure
Non-uniform
Uniform plasma
High efficiency
Difficult control

Light (zenon, neon sign)

Surface discharge
Complicated structure
High efficiency
Non-uniform

Small plasma volume

3D plasma
High efficiency
High cost (RF, He)
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Fig. 2. Schematic view of the plasma torch (A) and photograph of
plasma jet used in this study (B).”
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Fig. 3. Bacterial sterilization results of plasma. Plasma steriliza-
tion leads roughly to a 6-log reduction in bacterial load in 30 s of
the treatment.
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Fig. 4. Blood coagulation of plasma. Blood drop treated by plas-
ma: control (nontreated, left) and 15 s of plasma (right); photo
was taken 1 min after the drops were placed on brushed stain-
less steel substrate; blood was treated immediately after it was
placed on metal. Plasma was experimentally confirmed to signifi-
cantly hasten blood coagulation in vitro. Visually, a drop of blood
drawn from a healthy donor and left on a stainless steel surface
coagulates on its own in about 15 min, while a similar drop treat-
ed for 15 s by plasma coagulates in under 1 min.
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Fig. 5. Plasma emission spectra with different gases.” Comparison of He vs. He+0O, gases. All emission peaks have O |, O Il, He |, He
I, N1, C I, NV, meaning the spectral lines of neutral (I), singly ionized (Il), and quadruply ionized (V) atoms, over the measured wave-
length range, in which the peaks include signatures from air molecules, i.e., nitrogen, oxygen and even carbon. In particular, different
intensities appear in the range of 475 nm to 575 nm (A). Plot of peak ratio vs. wavelength [Iratio, (He+O,)/He] at 5 kV. To better illus-
trate the spectral differences, the plasma emission spectra ratio [(He+0O,)/He] is shown Fig. 2B. There were three particularly large
peak changes with O Il (0,—0,"+e  or O0—0"+¢’) at 488.5 nm, 507.8 nm, and 539.4 nm wavelengths, showing 110% increase at 488.5
nm for the (He+0O,) as compared with only He gas. On the other hand, between 625 nm and 800 nm, the oxygen peaks, and even the
nitrogen and carbon peaks have the same ratio, indicating that the most of gas peaks between 625 nm and 800 nm are associated with
contributions from the air ambient (B). Comparison of atmospheric pressure plasma emission spectrum of He+O, gases with different

voltages at 5 and 10 kV (C).
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Fig. 6. Cell migration of colorectal cancer cells.” Photographs of the SW480 cells at 24 and 48 h after treatment. 100 x magnification
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(A). Quantification of cell migration assay from three independent experiments. *p<0.05, tp<0.01, and tp<0.001 by student t-test

compared to control (B). NS: no significant, AU: arbitrary unit.

www.jkorl.org 597



Korean J Otorhinolaryngol-Head Neck Surg 12010;53:593-602

ghznte] 8 7)AL A EAPES] ol M0 Zahx
ool ofa A7} SA| Es A9 AlEe
BA 5 AEARE Al Yehts EA2QI ek RistE B
oAl ck” vt obH7A] A
dallAls Azt ol BEe Adejolct webA 2 At
= YAIEA Zehzmto] 5]
ojet TAH AZAPEZIH Fofl gt AFE 2leysigict
B A AREE A A EEk2rhs “torch with
spray type® & AHSEl= A 4 2 kvo|il, il 13
kVE AHESH=E Fo| 9lar, HAEs Setznto] 2h
ek 30CE SAE0], Hofl o3t avk= wiAIE 4= e
(Flg 2).9.22)

¢
o_|>: i
2
]
i)

X

o
=
1o
N
)
=

o
1
i)
rir
=
|
>
=)
el
ﬁ

Control Gas

100 -

No. Invaded cells/field
I o 38
o o o o
T T T
-
-

w

Control Gas Plasma (He) Plasma (He+O,)

Control

598

H Azt AFESE Zet=utof thell optical emission
spectroscopy® 5743 A1} g7 (He)E AHEAll tf
OF3t emission peak(O I, O1II, He I, He II, NI, CI, N
V., I-neutral, II-singly ionized, V—quadruply ionized
atoms)o] AL of7]of] AkA(0,)E Tletd A4St A
%7171 o wol Wgsts AS & 4= Qth(Fig. 5A).”
AHEEE gasoll e zfolE & HolA s17] 99 Fig. 5B
ol A spectra ratio[(He+0,)/HelZ &3¢t} o] At
AF He@t 0,2 37 AHE3F-S o singly ionized O II
0,0, +e” or O—0O"+e )7} 488.5 nm, 507.8 nm, 539.4
nm wavelengthsolA] He @50 & AL-&3}151S wjof B3|

o

S
ReRe7 17t Relepl S7hs A4S # 4 Qe A

Plasma 5k-2's (He)

Fig. 7. Invasion assay for SW480.” Photographs of the SW480 cell at 48 h after
treatment. 100 x magnification (A). Quantification of invasion assay from three in-
dependent experiments. *p<0.01, tp<0.001 by student t-test compared to control
(B). NS: no significant.
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Fig. 8. A void created in a cell cul-
ture, grown on a Petri dish. Treat-
ment with plasma allowed focal lo-
calized cell detachment and cells

typically displayed a void that was
completely free of cells.



T gaso] WE xjolMolg}, £l
= FEanh 94 A AgEs A

U] Zalznlo] of 2jo)7}

AckFig. 50).”

ARG AbafE]7] 71 Ao = o
SA5I9Th Fig, 62 YA2E9] FAl} o]
%l wound healing assay= HeZ 5}

Hob= Hedt O, 5 FAloll AHERE FHollAl SAZC 2

>

pask

Rl

T

oAl Al FA T} o5& AAEe Ao g Yepgrt?
E3E Fig, 79 Transwell chambero]4] Matrigel& ©|-&

Plasma Medicine I Kim CH

3l invasion assayA¥= He @EHECH= Hedl 0,5 7
AHgSkgle W A oR Ao HES AAse A&
2 5 Qodrk? olgjet Auhe AHgSHE Zhao] whet ob
£ T4, ol Hgol 9= & F ke T8 2

¥ Behzulg o84 A7 Alo] S5 mdop

ment)7} Z7[GA A w9~ Fa7E Aok, A Fhef £

| COs B 2s mm s |

1.2 1.2 4 iﬂ
14 14 iﬁ
08 + 0.8
*
0.6 0.6
0.4 -, * % % 0.4 * ok ok £ x % * k%
T T T
A Control Gas 6k 8k 10k B Control Gas 6k 8k 10k
2 4 24
ER 1 s B0 25 W 4s | 181 | COs B3 2s mm s |
164 | 164 T
1.4 1.4
1.2 1.2 4 *
1 . 14
08 * x * ok * 0.8
0.6 H 0.6
0.4 + 0.4
0.2 + 0.2
T T
C Control Gas 6k 8k 10k D Control Gas 6k 8k 10k
1.6 o 1.6 4
s C s :]25-45‘ L + ‘:Ils [ 2s [ 4s
1.2 1 % 1.2 4 j—‘}
17 - 1 * k% % ¥ % * ok %
*
0.8 + * ok 0.8 1
* %k
0.6 I 0.6 -
0.4 1 0.4
0.2 § 0.2 4
T T
E Control Gas 6k 8k 10k F Control Gas 6k 8k 10k

Fig. 9. Effect of non-thermal atmospheric plasma on growth of HCT-116.?? (A and B), LoVo (C and D), and SW480 (E and F) cells. The
cells were seeded at a concentration of 20,000 cells/well in 96-well tissue culture plates in five replicates. Cells were exposed to 6, 8 and
10 kV for 1, 2 and 4 second (s) in the presence of thin media. At 2 h (A, C and E) or 24 h (B, D and F) after treatment, 20 uL of CellTiter
96 aqueous one solution was added to each well, and the plate was incubated for 1 h at 37°C. *p<0.001 by student t-test compared to
gas alone. Y-axis represents optical density at 490 nm.
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Fig. 10. Effect of non-thermal atmospheric plasma on apoptosis and caspase-3 activity in HCT-116 cells.??

HCT-116 cells were ex-

posed to 8 kV for 1 and 2 s in the presence of media. DAPI staining was performed and apoptotic cells were (magnification: 200 x ) vi-
sualized under a fluorescence microscope. Arrow indicates apoptotic cells (A). TUNEL assay. Cells were grown and treated with plas-
ma at 8 kV for 1 s. TUNEL assay was performed using an in situ cell detection kit (magnification: 100 % )(B). DNA content for the sub G,
population was determined using Pl staining followed by flow cytometry. Plasma treatment resulted in a significant enrichment in the
number of cells in the sub G, phase, representing the apoptotic cells. *p<0.01, 1p<0.001 by student t-test compared to gas alone (C).
The Caspase-Glo 3/7 Assay kit was used to measure apoptosis in cells according to the manufacturer’s protocol. Plasma increased
caspase-3/7 activity in cells treated with plasma at 8 kV for 1 s (p=0.0079). *p<0.01 by student t-test compared to control (D).
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Fig. 11. Effects of non-thermal atmospheric plasma on apoptosis
and cell cycle related genes.”” HCT 116 cells were treated with
plasma at 8 kV for 1 s and cell lysates were prepared at indicated
times for up to 24 h and then analyzed for protein expression of
p53, p38, JNK, Erk, cyclin D1 and B-catenin. The data are repre-
sentative from two independent experiments.
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