
Abstract. Background/Aim: Plasma medicine is a new field
that provides great potential for the treatment of human
diseases including cancer in addition to sterilizing the
surface of skin and facilitating wound healing. Recently, non-
thermal atmospheric plasma (or cold atmospheric plasma,
CAP) was introduced, not only for denaturing cells and
tissues, but also for operating under the threshold of thermal
damage and for chemically inducing a specific response or
modification. Materials and Methods: Microwave-mediated
CAP was used in this study. Results: CAP increased high-
mobility group box 1 protein (HMGB1) expression, thereby
increasing HMGB-1 secretion. In addition, we observed that
the calreticulin (CRT) protein was concentrated at the
cellular membrane when plasma was treated, representing
immunogenic cell death. Conclusion: Overall, plasma
treatment induces apoptosis via immunogenic cell death in
cancer cells, implying a potential application to human
cancer therapy and for the treatment of other human
diseases.  

Cancer is the second leading cause of death in the USA, and
conventional therapeutic approaches including chemo/radio
therapy could not face the current crisis. New technologies,
concepts, or combination therapies are needed to improve the
current situation. Plasma is an energy that consists of active

electrons and ion radicals from gases. Plasma was originally
proven to be an effective alternative to many existing
sterilization methods, and it became commercially available
for medical use in the 1990s. The temperature of non-thermal
atmospheric plasma, so-called cold atmospheric plasma
(CAP), is low at room temperature and does not require a
vacuum system, making it possible to use in nanotechnology
and biomedical applications (1). Subsequently, several
devices have been developed using cold plasma ejectors (2).
When a substrate is treated with CAP, chemical reactions are
induced and active radicals are generated (3). 

Exposure of mammalian cells and tissues to CAP can
result in: mitochondrial membrane depolarization (4),
changes in gene expression (5), cellular senescence (6),
disruption of cell-=cycle progression (3, 7, 8) and migration
(9). Recent studies have shown that CAP induces tumor
regression in vivo at high doses (8). Thus, plasma treatment
offers the possibility of modifying tissues at the cellular level
and removing diseased sections with minimal inflammation
and damage, as well as suppressing infections (10).
Interestingly plasma selectively triggers apoptosis of cancer
cells without damaging the adjacent normal cells (11). Thus,
it is clear that plasma with charged species could influence
cell growth and cell homeostasis; however, the molecular
mechanisms by which the active species of plasma (radicals
and ions) interact with living cells and induce specific
responses at the cellular level, remain to be determined. A
recent review related to plasma applications in oncology
medicine has reported that its clinical use strongly needs the
development of standardized and reliable protocols,
determination of the more efficient type of plasma for each
type of cancer, and assessment of its efficacy in combination
with conventional treatments (12).

Immunogenic cell death (ICD) is a type of tumor cell
death which primes an anticancer immune response. In
response to ICD, tumor cells expose calreticulin (CRT) on
cell surface prior to death, and release damage-associated
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molecular pattern (DAMP) molecules, such as ATP during
apoptosis or HMGB-1 upon secondary necrosis. These
DAMPs stimulate the recruitment of dendritic cells into the
tumor bed, the uptake and processing of tumor antigens, and
the optimal antigen presentation to T cells. Therefore, the
hallmarks of ICD include plasma-membrane translocation of
CRT and extracellular HMGB-1 release. Furthermore,
intercellular HMGB-1 has been linked to a novel tumor
suppressor activity in prostate cancer (13). 

In this study, CAP was found to increase apoptosis in
colon and thyroid cancer cells by CRT translocation to the
plasma membrane and HMGB-1 release to the extra cellular
matrix. CAP induces, at least in part, immunogenic cell death
and thus may be applied to cancer therapy. Overall, if plasma
technology is combined with current cancer therapy
including general surgery, it would greatly enhance prognosis
of cancer patients.

Materials and Methods
Cell culture and reagents. HCT-116 and BCPAP cells were cultured
in McCoy’s 5A and RPMI 1640, respectively, supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA
USA) and 1% penicillin/streptomycin (Gibco life technologies,
Carlsbad, CA, USA). All cells were cultured at 37˚C in humid
conditions with 5% CO2. Ant-HMGB-1 (sc-56698), anti-CRT (sc-
373863), and anti-β-actin (sc-47778) antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA).
Anti-HSP 90 (#4877) was purchased from Cell Signaling
Technology (Danver, MA USA). Anti-Lamin A/C (mab636) was
purchased from Invitrogen (Carlsbad, CA, USA). Anti-α-tubulin
(PM054) was purchased from Medical & Biological Laboratories
(Nagoya, Japan). 

Microwave plasma. Microwave plasma system provides a great deal
of flexibility for research and small-scale processing applications.
Microwave power is easily supplied through coaxial cables and
connectors to plasma device. In this machine, microwave electric
field inside the microwave devices collide with the argon gas
molecules to make corona discharge in atmosphere pressure. The
discharge is generated and argon gas is ionized and it becomes
Plasma. The typical forwarded power to plasma device is about 
100 Watt, whereas measured reflected power is 0 Watt.

Apoptosis assay. Apoptosis was measured by using the Annexin V-
FITC apoptosis kit (K101, BioVision, Milpitas, CA, USA). HCT-
116 and BCPAP cells were seeded in 60 mm plates, treated with
plasma, and further incubated at 37˚C for 24 h. Cells were prepared
according to the manufacturer’s protocol and apoptotic cells were
detected by Lab™ Quanta SC flow cytometer (Beckman Coulter,
Brea, CA, USA). The apoptosis results were analyzed by Flowing
Software 2.5.1 (Centre for Biotechnology, Turku, Finland). Annexin
V positive cells were considered as apoptotic cells.

Semi-quantitative reverse transcription-polymerase chain reaction
(RT-PCR). HCT-116 cells were grown in 60 mm plates and treated
with plasma. Following further incubation for 24 h, total RNA was
isolated from the cells using TRIzol®LS reagent (Invitrogen).

Subsequently, cDNA was synthesized from total RNA by Verso
cDNA synthesis kit (Thermo Fisher Scientific). PCR was conducted
using GoTaq®G2 Green Master mix (Promega, Fitchburg, WI,
USA) with hHMGB-1 and hGAPDH primers (hHMGB-1 forward,
5’- TTTTGTGCAAACTTGTCGGGAGG-3’; hHMGB-1 reverse,
5’-GCGATACTCAGAGCAGAAGAGG3’; hGAPDH forward, 5’-
GACCACAGTCCATGCCATCA-3’; hGAPDH reverse, 5’-TCCA
CCACCCTGCTGTA-3’). The amplicon was electrophoresed on a
1.5% agarose gel with NEOgreen (NeoScience, Seoul, Korea).

Western blot analysis. Cells were lysed using RIPA buffer
(GenDEPOT, Barker, TX, USA) supplemented with 100 μM of
phenylmethylsulfonyl fluoride and sodium orthovanadate.
Cytoplasmic and nuclear fractions were prepared using cyto/nucl
buffer composed of 50 mM Tris-HCl (pH 7.5), 0.5% triton X-100,
137.5 mM sodium chloride, 10% glycerol, 5 mM EDTA, 1 mM of
phenylmethylsulfonyl fluoride and sodium orthovanadate. To
prepare the cytoplasmic fraction cells were lysed in 1 ml of
cyto/nucl buffer, incubated on ice for 15 min, and cell lysates were
centrifuged at 13,000 rpm for 5 min. The cytoplasmic fraction was
the supernatant. The pellet was sonicated using Bandelin Sonopuls
in 150 μl of cyto/nucl buffer and centrifuged at 13,000 rpm for 5
min, and the supernatant containing the nuclear fraction was
aliquoted to a new tube. HMGB-1 secretion was measured after
concentrating media using Amicon® ultra-15 (Merck Millipore,
Burlington, MA, USA). The lysates were electrophoresed on a 10%
SDS-PAGE gel and transferred onto nitrocellulose membrane. The
membrane was then blocked with 5% skim milk in Tris-buffered
saline (TBS) with 0.5% Tween-20 (TBS-T). Primary antibodies
(1:1,000) were diluted in 5% skim milk in TBS-T. The membrane
was incubated overnight with the primary antibody at 4˚C or at
room temperature for 2 h. After washing, the membrane was
incubated for 1 h at room temperature with secondary antibody
conjugated with HRP (1:10,000) diluted in 5% skim milk in TBS-
T. Target protein was detected using PierceTM ECL blotting
substrate (Pierce, Waltham, MA, USA). Proteins were visualized by
Alliance Q9 mini system (UVITEC, Cambridge, UK).

Immunofluorescence. HCT-116 cells were seeded as 5x105 cells
onto confocal dish (SPL Life Science, Pochen-si, Korea) and 12 h
later were treated with plasma. Cells were washed with phosphate-
buffered saline (PBS) and fixed by 4% paraformaldehyde for 10
min. After washing 2 times, the cells were blocked with 5% bovine
serum albumin (BSA) in PBS for 1 h. The cells were incubated with
primary antibody (1:50) in 5% BSA in PBS for 1h and then
incubated for 1 h with 4 μg/ml secondary antibody conjugated with
Tetramethylrhodamine (TRITC) in 5% BSA in PBS. After
counterstaining with 4,6-diamidino-2-phenylindole, fluorescence
was visualized using an LSM700 confocal microscopy (ZEISS,
Oberkochen, Germany).

Statistical analysis. Statistical analysis was conducted with the
student’s unpaired t-test. The statistical significance of difference
was marked as *p<0.05, **p<0.01, and ***p<0.001. 

Results
Cold atmospheric plasma (CAP) induces apoptosis.
Microwave plasma is a type of plasma, that has high
frequency electro-magnetic radiation in the GHz range,
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Figure 1. CAP induces apoptosis of cancer cells. (A) Physical comparison of middle frequency plasma and microwave plasma (Cold atmospheric
Plasma). (B) Schematic diagram of the microwave CAP used in this study. (C) HCT-116 colorectal cancer cells and (D) BCPAP thyroid cancer cells
were either treated with control (no treatment), gas only (30 sec), or plasma (30 sec, 100 Watt) and further incubated for 24 h. The top panel, cells
after 24 incubation and bottom panel, apoptosis analysis using the annexin V/PI kit. The percentages indicate the early and late apoptosis population.



which is capable of exciting electrodeless gas discharges. In
this study, we used CAP induced by a microwave power,
which provides a unique means of efficiently, transferring
energy directly into the electron bonds in gas molecules. In
this argon gas generated-plasma, ionization and chemical
processes are directly determined by electron temperatures,
and therefore is not as sensitive to thermal processes and the
gas ion temperature compared to thermal plasma (14) (Figure

1A and B). It has been reported that CAP induces apoptosis
in several cancer cells mediated by immunogenic cell death
(15-17). First, the effects of microwave CAP on the viability
of colorectal and thyroid cancer cells, HCT-116 and BCPAP,
respectively, were examined. The generation of plasma is
controlled by Watt as described in Material section. After
inducing CAP with 100 Watt for 30 sec (3 kJ), followed by
incubation for 24 h, cell morphology and apoptosis was
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Figure 2. Expression of immunogenic cell death marker proteins upon CAP treatment. (A and B) HCT-116 and BCPAP cells were treated with 100-
Watt CAP for 1, 10, 30 sec and further incubated for 24 h. Cell lysates were subjected to western blot analysis using the indicated antibodies.
Western blot results are representative of three independent experiments. (C and D) HCT-116 and BCPAP cells were treated with 0, 45, 60, 80, or
100-Watt CAP for 30 sec and further incubated for 24 h. Cell lysates were subjected to a Western blot analysis using the indicated antibodies.
Values are expressed as mean±SD of three replicates. *p≤0.05 and ***p≤0.001 versus control cells.



measured. As seen in Figure 1C and D, the viability of both
HCT-116 and BCPAP cells was dramatically decreased.
Measurement of apoptosis by the annexin V/propidium
iodide kit, indicated that CAP induced early and late
apoptosis. Treatment with gas only had no effect on
apoptosis, indicating that apoptosis induction was mediated
by plasma treatment. 

CAP induces HMGB-1 expression, resulting in the
immunogenic cell death in cancer cells. It has been reported
that the CAP-induced apoptosis is related with immunogenic
cell death (ICD) (16, 18). When immunogenic cell death is
induced, several ICD marker proteins are secreted in the

extracellular environment or presented on the cell membrane
(19). Therefore, HMGB-1, CRT, and HSP90 expression was
measured after treatment of HCT-116 and BCPAP cells with
plasma. Following CAP treatment, HMGB-1 expression was
increased in HCT-116 and BCPAP cells in a dose- and time-
dependent manner, whereas CRT and HSP90 expression was
not altered. When cells were exposed to plasma at 100 Watt,
HMGB-1 expression was increased in HCT-116 cells
following treatment for 1, 10, or 30 sec and in BCPAP cells
following treatment for 10 or 30 sec; however, CRT and
HSP90 expression was not affected following CAP treatment
(Figure 2A and B). Significantly higher expression of
HMGB-1 was observed following treatment with 80 and
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Figure 3. HMGB-1 expression and secretion are controlled by CAP. HCT-116 cells were treated with either control (no treatment), gas only 
(30 sec), or plasma (30 sec, 100 Watt) and was further incubated for 24 h. After total RNA isolation, cDNA was synthesized and RT-PCR was
conducted using specific primers. The results are representative of two independent experiments. (B) HCT-116 cells were treated with CAP as
described above, and cytoplasmic (cyto) and nuclear (nucl) fractions were isolated as described in the Materials and Methods” section. Lamin A/C
or α-tubulin was used as nuclear marker and cytoplasmic marker, respectively. (C) HCT-116 cells cultured in serum free media were treated with
gas only (30 sec) or plasma (30 sec, 100 Watt) and further incubated for 24 h. The media was concentrated using Amicon® ultra-15 (Merck
Millipore) and the concentrated proteins were subjected to Western blot analysis. Representative Western blot from three independent experiments
is shown. **p≤0.01 versus gas only sample.
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Figure 4. Effect of CAP on CRT localization. (A and B) HCT-116 and BCPAP cells were treated with control (no treatment), gas only (30 sec), or
plasma (30 sec, 100 Watt) and further incubated for 24 h. The cells were fixed with paraformaldehyde and stained by an anti-CRT antibody, followed
by a secondary antibody conjugated with TRITC. Nuclei were stained with DAPI.



100-Watt CAP for 30 sec in both HCT-116 and BCPAP cells
(Figure 2C and D). Similar results were obtained using Hur7
human liver cancer cells (data not shown).

CAP induces HMGB-1 protein levels. The increase in the
levels of HMGB-1 protein by CAP was not at the result of
activation of transcription (Figure 3A). It has been reported
that HMGB-1 translocate to the cytoplasm in the process of
immunogenic cell death (20) and that the release of HMGB-
1 is one of the key features immunogenic cell death capable
of triggering a cognate immune response in vivo (19).
Therefore, HMGB-1 expression in cytoplasmic and nuclear
fractions was assayed. As seen in Figure 3B, CAP treatment
resulted in decreased nuclear expression of HMGB-1
compared to control and gas-only treatment, whereas CRT
expression was observed in the cytoplasmic fraction.
Expression of HMGB-1 was also measured in the media.
Plasma treatment resulted in increased secretion of HMGB-
1 d (Figure 3C). 

CAP treatment results in increased expression of CRT at the
cell surface. CRT exposure at the cell surface is essential as
an ER immunogenic signal for the induction of tumor-
associated immune responses (21, 22), including dendritic cell
maturation which activates secondary immune response (19).
Since, no changes in the total levels of CRT were observed by
western blot analysis any, subcellular localization of CRT in
CAP-treated cells was assayed by immunohistochemistry.
Without plasma treatment, CRT was barely detected in HCT-
116 and BCPAP cells; however, plasma treatment of HCT-116
and BCPAP cells resulted in detectable levels of CRT protein
at the cell membrane (Figure 4A and B).

Discussion

Medical applications of plasma include hospital hygiene,
antifungal treatment, dental care, skin diseases, chronic
wounds, and cosmetics (23). Previous efforts have focused
on detecting and identifying the basic processes of plasma
production and delivery with the aim to design specific
plasma machines for specific applications. It is time to move
forward to elucidate the molecular mechanisms by which
plasma affects biological systems in a specific manner. It has
been shown that plasma induces apoptosis in cancer cells,
whereas it leaves normal cells (endothelial cells) unaffected
or even promotes their growth (24), indicating that plasma
can be used in cancer treatment. Along these lines, in the
current study, the optimum amount of plasma power and
time of plasma exposure were determined in colorectal and
thyroid cancer cells, HCT-116 and BCPAP, respectively,
allowing us to use these cells in future experiments. 

Considering the varying abundance and combinations of
reactive oxygen species or reactive nitrogen species, the

choice of gas is a crucial factor that may influence the
efficacy of the treatment. In this system, argon gas and
microwave-generated plasma was used to test the efficacy of
the ablation of cancer cells upon plasma treatment. Since
radicals induce cell death in cell culture systems (11), it is
likely that these radicals contribute to plasma-induced
apoptosis in cancer cells. Indeed, we have reported that using
helium and oxygen gases results in the reduction of cell
migration and invasion of human colorectal cancer cells (25).
Oxygen addition to the helium plasma appears to improve
the efficiency of the inhibition of migration and invasion of
SW480 cells (3). In vitro results are consistent with the
spectral data showing that increasing the input power and the
addition of oxygen produces reactive oxygen radicals that
affect cellular functions. In this study, the use of argon gas
generated data similar to those of oxygen and helium gas.
Argon gas was chosen to generate plasma because it is cheap
and comparably easy to ionize; however, argon gas-
generated plasma with low energy may be used with a
combination of other therapeutic strategies in superficial
lesions (premalignant lesions, or early superficial cancer),
hemostasis, disinfection and removal of microscopic residual
cancer.   

In addition to plasma energy, a plasma machine also
produces UV and some ground-state molecules such as
peroxides and ozone. Since these molecules and atoms play
an important role in biology, the possibility that HMGB-1
induction is the result of their effects cannot be excluded.
However, hydroxyl radicals radiate near a UV wavelength of
300-350 nm, while oxygen radicals can radiate visible light
with a wavelength of 570-660 nm. It is well known that UV
with a range of 230-240 nm is the most effective for cell
treatment and therefore, the UV magnitude may not have a
significant consequence in our system. Instead, ozone may
be considered a better component to treat cancer since it
activates anti-oxidant enzymes. It has recently been reported
that ozone may be a promising agent in anti-cancer therapy
in head and neck squamous cell carcinomas (26). Since there
is no report related to ozone and ICD, further analysis is
needed to elucidate what molecules mediate the biological
effects of plasma.

A limitation of plasm use is its tissue penetration.
However, ROS generated by plasma may penetrate cells and
affect cellular processes. ROS can induce DNA damage,
which leads to the induction of apoptosis in cancer cells (27).
Despite the limited data, there is every reason to assume that
plasma is able to generate paracrine effects that propagate
far into the cellular tissue. There may be unidentified side
effects for long-term treatment with plasma; however, since
the treatment will last at most 30 sec and applied at low
temperature, no significant side effects are expected.

Overall, plasma was found to increase total cellular levels
HMGB-1 as well as its secretion to the extracellular matrix.
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This is interesting because HMGB-1 is key regulator of
immunogenic cell death and an increase in HMGB-1 may
enhance recruitment of immune cells near cancer cells. 
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