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The Cell Activation Phenomena 
in the Cold Atmospheric Plasma 
Cancer Treatment
Dayun Yan1, Wenjun Xu2, Xiaoliang Yao1, Li Lin1, Jonathan H. Sherman3 & Michael Keidar1

Cold Atmospheric Plasma (CAP) is an ionized gas with a near room temperature. CAP is a controllable 
source for reactive species, neutral particles, electromagnetic field and UV radiation. CAP showed 
the promising application in cancer treatment through the demonstration in vitro and in vivo. In this 
study, we first demonstrate the existence of an activation state on the CAP-treated cancer cells, which 
drastically decreases the threshold of cell vulnerability to the cytotoxicity of the CAP-originated reactive 
species such as H2O2 and NO2

−. The cytotoxicity of CAP treatment is still dependent on the CAP-
originated reactive species. The activation state of cancer cells will not cause noticeable cytotoxicity. 
This activation is an instantaneous process, started even just 2 s after the CAP treatment begins. The 
noticeable activation on the cancer cells starts 10–20 s during the CAP treatment. In contrast, the de-
sensitization of activation takes 5 hours after the CAP treatment. The CAP-based cell activation explains 
the mechanism by which direct CAP treatment causes a much stronger cytotoxicity over the cancer cells 
compared with an indirect CAP treatment do, which is a key to understand what the effect of CAP on 
cancer cells.

CAP is an ionized near-room temperature gas, composed of reactive species, neutral particles and molecules, 
electrons and other physical factors such as electromagnetic field, weak ultraviolet radiation and weak heating 
effect1. CAP has been widely used in many branches of modern medicine, including wound healing and steriliza-
tion2. Over the past decade, CAP showed the promising application in the cancer treatment3,4. CAP can effectively 
and selectively kill dozens of cancer cell lines in vitro through a direct CAP treatment on the cells or through an 
indirect CAP treatment on the medium or other biologically adaptable solutions which will be further used to 
affect the growth of cancer cells. In some cases, it is also observed that CAP treatment does not show selective 
on tumor cells5. The growth of nonmalignant cells can also be noticeably affected by the CAP treatment6. CAP 
treatment can also significantly inhibit the growth of xenografted tumors in mice through a direct CAP treatment 
on the skin above the tumorous tissue7. The chemical factors in CAP such as reactive species have been regarded 
as the main anti-cancer factors during CAP treatment8,9. This conclusion is strongly supported by the observation 
that the CAP-treated medium, a solution containing most long-lived reactive species originated from CAP, can 
cause similar strong and even selective anti-cancer effect in vitro and in vivo10,11. The long-lived reactive species at 
least include H2O2, NO2

−, and NO3
−. The key role of these long-lived reactive species in the cytotoxicity of CAP 

treatment has been extensively investigated over the past decade10–12. Using specific scavengers such as cysteine 
and catalase in the medium can completely eliminate the cytotoxicity of CAP treatment in many cases, which may 
be due to the consumption of the CAP-generated ROS or RNS by these scavengers13,14. Renewing the medium 
immediately after CAP treatment will also completely inhibit the killing effect of CAP treatment15. Clearly, the 
cytotoxicity of CAP must be depended on these reactive species. However, these studies give us an impression 
that a CAP treatment, either the direct treatment or the indirect treatment using the CAP-treated medium, is just 
a reactive species-based treatment particularly the treatment just based on the long-lived reactive species.

However, the direct CAP treatment should be different from the indirect CAP treatment at least in terms of 
the short-lived reactive species and potential other effects such as physics effects of CAP treatment on cells. The 
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fact is that the comparison between the direct and indirect CAP treatment under the same experimental condi-
tion is rare in plasma medicine. In a few comparison that performed under the same experimental conditions, the 
direct CAP treatment showed a much stronger killing effect on cancer cells compared with the treatment using 
the CAP-treated medium16,17. The chemical components particularly H2O2 and NO2

− in the medium are the same 
regardless of the chosen treatment strategy, direct or indirect16. Therefore, there must be some unknown factors 
significantly affect the cytotoxicity of the reactive species on cells.

We propose that there exists an activation state of cells after the direct CAP treatment (Fig. 1). Such an acti-
vated state is the unique response of cells to CAP treatment. The activation state of cells will not cause an observa-
ble inhibition on the cell growth. It simply activates the CAP-treated cells into a unique state, in which cancer cells 
are very sensitive to the CAP-originated reactive species. Here, we first demonstrate the experimental evidence 
about the existence of such activation state of cells after a CAP jet treatment. Even a low concentration of H2O2, or 
NO2

− can cause a noticeable killing effect on the CAP-activated cancer cells, though these reactive species will not 
cause significant killing effect on the same cancer cells without such activation. This discovery drastically changes 
our previous understanding of the anti-cancer mechanism of CAP treatment. It should be pointed out that plasma 
activation reported here is somewhat analogous to sensitizing cells utilized widely in chemotherapy18.

Materials and Methods
CAP device. The CAP jet device was designed and assembled in Dr. Keidar’s lab. It has been used in many 
studies in vitro and in vivo. The detailed description of this device has been illustrated in previous investiga-
tion10,16,19. The experimental setup is just simply introduced at here. Helium was used as the carrying gas to trig-
ger the discharge process and the formation of CAP jet. The CAP jet was formed through the discharge (Pk-Pk: 
5.8 kV) between a ring grounded cathode and a central anode and was flowed out (4.7 L/min) by the carrying gas 
in a glass tube with a diameter of 4.5 mm. The discharge process was driven by an AC high voltage (3.16 kV) with 
a frequency of 12.6 kHz.

Cells culture. Human pancreas adenocarcinoma (PA-TU-8988T) cells were provided by Dr. Murad’s lab at 
the George Washington University. The Dulbecco’s modified Eagle’s medium (DMEM, 11965-118) was purchased 
from Life Technologies. DMEM was mixed with 1% (v/v) antibiotic (penicillin and streptomycin) solution (Life 
Technologies). The media used in cell culture were composed of DMEM supplemented with 10% (v/v) fetal 
bovine serum (ThermoFisher Scientific). The cells were cultured in a 96-well plate (61406-081, Corning). 100 μL 
of the cells-harvesting solution (3 × 104 cells/mL) were seeded in each well. Cancer cells were grown for 1 day 

Figure 1. A schematic illustration of the CAP-based cell activation during the direct CAP treatment. In 
two cases, the concentration of reactive species in the CAP-treated medium is the same. The CAP-treated 
(activated) cells are sensitive to the cytotoxicity of the CAP-originated reactive species. In contrast, the indirect 
CAP treatment based on the CAP-treated medium on the cancer cells without the activation will only cause a 
noticeable weaker cytotoxicity. This model explains the stronger anti-cancer effect of a direct CAP treatment 
on cancer cells compared with an indirect CAP treatment. A CAP treatment not only provides the dozens of 
reactive species in the extracellular environment, but also decreases the threshold of the cancer cells to the 
cytotoxicity of the reactive species through the activation. This is a fundamental feature of the CAP treatment. 
The activation state of the CAP-treated cancer cells may be due to the short-lived reactive species or other 
unknown factors.
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under the standard culture condition (a humidified, 37 °C, 5% CO2 environment). The media that have been used 
to culture cells overnight were removed before any experiments.

Making CAP-stimulated medium (PSM), H2O2/NO2
−/NO3

−-containing DMEM (H2O2/NO2
−/

NO3
−-DMEM) and treating cancer cells. To make PSM, DMEM in multi-well plate was treated by 

CAP. Then, the CAP-treated DMEM was immediately (<20 s) removed to affect the growth of cancer cells in 
96-well plate. To make H2O2-DMEM, 9.8 M H2O2 standard solution (Sigma-Aldrich, 216763) were added in 
DMEM with a designed concentration. Similarly, to make NO2

−-DMEM and NO3
−-DMEM, NO2

− standard 
solution (Sigma-Aldrich, 72586) and NO3

− standard solution (Sigma-Aldrich, 74246) was added in DMEM with 
a designed concentration, respectively. Then, these DMEM was transferred to affect cancer cells in a 96-well plate. 
For the control group, cancer cells were just cultured in the untreated DMEM. Cancer cells were cultured 3 days 
after the treatment. The sample number in the direct CAP treatment and the indirect CAP treatment was 3 and 
6, respectively. The sample number in the H2O2, NO2

−, or NO3
− treatment was 3. Each experiment was inde-

pendently repeated for at least three times.

Cell viability assay. The cell viability was measured by using MTT (3-(4,5-Dimethyl-2-thiazol)-2, 
5-Diphenyl-2H-tetrazolium Bromide) assay according to the standard protocols provided by the manufacturer 
(Sigma-Aldrich, M2128). The 96-well plate was read by an H1 microplate reader (Hybrid Technology) at the 
absorbance of 570 nm after a 30 s of shaking in the reader. To facilitate the data analysis, the measured absorbance 
at 570 nm was processed to be a relative cell viability by the division of absorbance between the experimental 
group and the control group. In the figures, the relative cell viability was expressed as ‘cell viability (fold)”.

Experiments and Results
The indirect CAP treatment has shown a strong anti-cancer effect on several cancer cell lines in vitro and subcu-
taneously xenografted tumors in vivo. However, a comparison between the direct CAP treatment and the indirect 
CAP treatment under the same experimental conditions shows that a direct CAP treatment will result in a much 
stronger cytotoxicity (Fig. 2a). The detailed experiment protocols were illustrated in the legend. This trend has 
also been observed in our previous report and many other studies16,17. Many reactive species are formed in the 

Figure 2. The reactive species cannot explain the cytotoxicity of a direct CAP treatment on pancreatic 
adenocarcinoma cell line PA-TU-8988T. (a) A direct CAP treatment caused a stronger killing effect on PA-
TU-8988T cells than an indirect CAP treatment under the same experimental conditions. The direct CAP 
treatment was performed by treating cancer cells on a 96-well plate. These cells were immersed in 50 μL DMEM. 
The indirect CAP treatment was performed by treating 50 μL DMEM in a 96-well plate. The 50 μL of treated 
DMEM was immediate transferred to affect the growth of cancer cells in an another 96-well plate. (b) Unknown 
cell-based protective factors existed in the medium after the direct CAP treatment. The direct CAP treatment 
was performed by treating the cancer cells immersed in 55 μL DMEM on a 96-well plate. After the treatment, 
50 μL of these DMEM was immediately (<30 s after the treatment) transferred to affect the cancer cells grown 
in a new 96-well plate. These DMEM contains the CAP-originated reactive species and all known cell-based 
production during the CAP treatment. In contrast, the indirect CAP treatment was performed by treating 55 μL 
DMEM in a 96-well plate without touching any cells. 50 μL of these DMEM was immediately (<30 s after the 
treatment) transferred to affect the new cancer cells grown in a new 96-well plate. These DMEM just contained 
the CAP-originated reactive species. All cells were cultured 3 days before the cell viability assay. All experiments 
were performed in triplicate and were independently repeated for at least three times. The results are shown as 
the mean ± standard deviation (sd).
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CAP-treated medium. Other unknown factors may also affect the cytotoxicity of CAP treatment on cells. To 
get a complete picture about the instantaneous change in the CAP-stimulated medium (PSM) with or without 
touching cells during the CAP treatment, we further investigated the cytotoxicity of PSM made in the direct CAP 
treatment and in the indirect CAP treatment. The detailed protocols were illustrated in the legend. The medium 
after the indirect CAP treatment will only contain the CAP-originated reactive species. In contrast, the medium 
after the direct CAP treatment will contain not only these reactive species but also all cell-related products upon 
the CAP treatment. One example is the cell-based H2O2 generation during the CAP treatment16. It is found that 
the medium after the direct CAP treatment showed a weaker cytotoxicity than the medium after the indirect CAP 
treatment (Fig. 2b). Our previous studies found that the instantaneous H2O2 concentration in the CAP-treated 
medium would be noticeably increased due to the appearance of cancer cells during the CAP treatment16. Though 
the decomposition of ROS by cancer cells during the CAP treatment may noticeably exist, the experimental 
results demonstrated that at least H2O2 did not show degradation during the CAP treatment process. Thus, some 
unknown protective factors might be generated during the direct CAP treatment.

Clearly, the reactive species or other factors in medium could not explain the trend shown in Fig. 2a. It is rea-
sonable to assume that there must be a third factor to cause the stronger cytotoxicity of a direct CAP treatment on 
pancreatic cancer cells compared with the case using the indirect CAP treatment.

We proposed that there was an activation state of cancer cells after the direct CAP treatment, which is the 
primary reason for the strong cytotoxicity of CAP treatment even though the concentration of reactive species 
is not so high. Such activation state sensitized the cancer cells into a specific state, in which the cancer cells were 
very vulnerable to the cytotoxicity of reactive species including ROS and RNS. To demonstrate the existence of 
such activation state, we first investigated the cytotoxicity of three main reactive species (H2O2, NO2

−, and NO3
−) 

and the CAP-treated medium on PA-TU-8988T cells. We displayed that only the H2O2-containing DMEM could 
cause significant and even complete growth inhibition on the cell viability of PA-TU-8988T cells (Supporting 
Materials, Fig. S1a). The growth inhibition has not been observed even though the concentration of NO2

− or 
NO3

− increases to 90 μM (Supporting Materials, Fig. S1b,c).
To clearly observe the activation state of cancer cells, the cytotoxicity of these reactive species on the cancer 

cells without the activation should not be so strong. The activation state will be observed when a cytotoxicity of 
these reactive species on the CAP-activated cancer cells is stronger than that of the same reactive species on the 
cancer cells without a CAP treatment. Thus, we intentionally prepared these reactive species-containing DMEM 
without a relative low concentration to reveal the activation state.

To that end, we developed a novel research strategy, which has not been used in previous studies. The research 
strategy was based on four basic experimental cases, which served as the framework of the protocol (Fig. 3). Case 
1: The direct CAP treatment was performed on a well of a 96-well plate. The cancer cells were immersed in 50 μL 
of DMEM. In this experiment, the cancer cells were activated by the CAP jet. The reactive species from CAP 
were accumulated in DMEM to further affect cancer cells in the following 3 days of culturing. Case 2: The direct 
CAP treatment was performed first similar to the Case 1. After that, 50 μL of DMEM was quickly (<20 s after the 
CAP treatment) removed and was renewed by the 50 μL of new DMEM. In this experiment, the cancer cells were 
still activated by the CAP jet. However, the reactive species generated by CAP were removed. Thus, the effect of 
CAP-originated reactive species could be neglected in this case. Case 3: The cancer cells were treated by the CAP 
jet first. The medium was also immediately (<20 s after the CAP treatment) removed. After that, a 50 μL of reac-
tive species-containing DMEM such as H2O2 - containing DMEM, NO2

−-containing DMEM, NO3
−-containing 

DMEM, or the CAP-treated DMEM, was used to affect the activated cancer cells. Case 4: Without the CAP 
treatment, these cancer cells were cultured in a 50 μL of reactive species-containing DMEM such as H2O2 - con-
taining DMEM after the initial 50 μL medium was removed. The control in each case has not been shown here. 
The final cell viability (fold) was obtained by the division of the absorbance between the experimental group and 
the control group. All these cells were cultured for 3 days before the final cell viability assay. The cell viability was 
obtained using the methods mentioned in Materials and Methods.

We first demonstrated that the pancreatic cancer cells could be activated into a sensitized state, in which the 
CAP-treated cancer cells were much more sensitive to the reactive species compared with the cancer cells without 
such CAP treatment. First, the reactive species were necessary for the cytotoxicity of CAP treatment, though it 
could not explain the cytotoxicity of the direct CAP treatment. The direct CAP treatment caused a noticeable 
damage on PA-TU-8988T cells (blue bars in Fig. 4). The H2O2 generation in 96-well plate was 26.7 μM after a 
1 min of CAP treatment (Supporting Materials, Fig. S2a). According to the data in Supporting Materials, Fig. S1a, 
the H2O2 with such concentration only caused about a 40% killing effect on PA-TU-8988T cells. In contrast, a 
1 min of CAP treatment caused about 80% killing effect on cancer cells (blue bars in Fig. 4). In addition, a quick 
removal of the medium after the CAP treatment nearly completely counteracted the cytotoxicity of the CAP treat-
ment on PA-TU-8988T cells (orange bars in Fig. 4). As we proposed above, the activation state would not cause 
noticeable damage on cancer cells studied. Recall that a quick removal of the medium cannot 100% counteract 
the cytotoxicity of a CAP treatment lasting adequately long. Thus, the CAP jet might cause other cellular damage 
to cancer cells just during a 1 min or 2 min of treatment. Such damage was not reversable and was different from 
the effect related to the activation state.

When we used H2O2 to treat these CAP-treated cancer cells, the strong sensitivity of these cells to the cytotox-
icity of H2O2 was first demonstrated. The H2O2 – DMEM (15 μM and 22 μM) did not cause strong killing effect 
on PA-TU-8988T cells without an activation (yellow bars in Fig. 4). In contrast, the same H2O2 treatment on the 
CAP-activated PA-TU-8988T cells will cause a strong killing effect (gray bars in Fig. 4). For example, the killing 
effect of 22 μM H2O2 on the cancer cells activated by CAP and the cancer cells without activation was about 10% 
(yellow bar) and 50% (gray bar), respectively. Similar trend was observed on other H2O2 treatments in Fig. 4. 
We named such enhanced sensitivity or vulnerability during the CAP treatment as ‘the activation of cells due to 
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CAP treatment’. It is not only a new conception in plasma medicine, but also a novel cellular response to the CAP 
treatment.

When the independent cytotoxicity of a single reactive species such as H2O2 or NO2
− or the combination of 

reactive species such as H2O2 with NO2
− could not explain the observed cytotoxicity of a direct CAP treatment 

generating the same amount of H2O2 or NO2
−, the potential unknown but important CAP-originated reactive 

species were proposed to explain these puzzles20. We proposed these puzzles might be due to the sensitization of 
the CAP-activated cancer cells to even so-named safe chemicals with a safe dose. We found that the CAP-activated 
cells were not only sensitive to H2O2, but also to other reactive species. Here, we further demonstrated the cyto-
toxicity of NO2

− and NO3
− on the CAP-activated PA-TU-8988T cells. It is found that NO2

− (50 μM) and NO3
− 

(50 μM) did not have any cytotoxicity on the PA-TU-8988T cells without an activation due to the CAP treatment 
(Fig. 5a). However, after the activation of CAP treatment, the NO2

− with a safe dose (50 μM) were also obviously 
toxic to PA-TU-8988T cells (Fig. 5a). The cytotoxicity of NO3

− did not significantly affected by the activation of 
PA-TU-8988T cells by CAP treatment (Fig. 5a).

Other chemicals or reactive species are also formed in the CAP-stimulated medium (PSM). Thus, we further 
investigated the cytotoxicity of PSM on the CAP-activated cells. We intentionally treated DMEM with a relatively 
short time length to decrease the cytotoxicity of PSM on the cancer cells without activation. The concentration 
of H2O2 in PSM was shown in Supporting Materials, Fig. S2b. PSM was used to affect the growth of cancer cells 
with or without the CAP activation, following the protocols illustrated in Fig. 3. It is found that PSM could cause 

Figure 3. The research strategy to demonstrate the existence of the activation state. The activation state of the 
cancer cells was achieved by a direct CAP jet treatment. A quick (<20 s after the CAP treatment) removal of the 
medium after the CAP treatment was used to eliminate the effect of long-lived reactive species in the medium. 
The quick removal of the medium sustained the cell’s growth and retained the activation state of cancer cells. 
The comparison between the cytotoxicity of the reactive species-based treatment such as a H2O2 treatment 
on the cancer cells activated by CAP jet and that on the cancer cells without the CAP activation revealed the 
existence of the activation state. The protocols in each case was the same throughout the whole manuscript. 
Case 1, Case 2, Case 3, and Case 4 responded to ‘One step CAP treatment’, ‘Activated cells cultured in DMEM 
without reactive species’, ‘H2O2 treatment on the cells with activation’, and ‘H2O2 treatment on the cells without 
activation’, respectively.



www.nature.com/scientificreports/

6ScIEnTIfIc REPORTS |  (2018) 8:15418  | DOI:10.1038/s41598-018-33914-w

much stronger cytotoxicity on the CAP-activated PA-TU-8988T cells than that on the PA-TU-8988T cells without 
a CAP treatment (Fig. 5b). This result clearly explained the puzzle that a direct CAP treatment causes a much 
stronger cytotoxicity over the cancer cells compared with an indirect CAP treatment did16,17. The data of the Case 
1 and Case 2 in this experiment were shown in Supporting Materials, Fig. S3.

Furthermore, we investigated the whole-time length of the activation state. We first investigated the minimum 
CAP treatment time that would be enough to sensitize the cancer cells. According to the protocols illustrated in 
Fig. 3, the CAP treatment was first performed for 1 s, 2 s, 3 s, 4 s, 6 s, and 8 s. The CAP treatments with these time 
lengths have been investigated through comparing the sensitization of cancer cells to H2O2 (22 μM) treatment. 
Comparing the data of the activated cells (gray bar) versus the non-activated cells (yellow bar) in Fig. 6a, we iden-
tified that as short as 2 s of CAP treatment could also sensitize the cancer cells to H2O2 at a relative weak level. The 
10 s, 20 s, 30 s, 40 s, 50 s, and 60 s of CAP activation was also performed on cancer cells. Using the same protocols 
illustrated above, we found that the activation effect on these cancer cells became clear when the CAP treatment 
time was longer than 10 s (Fig. 6b). The observation of the activation state was based on the comparison between 
the data of Case 3 (gray bars) and Case 4 (yellow bars). We further calculated the cell viability ratio of Case 3/
Case 4 and was shown in Fig. 6c, which would more clearly demonstrate the evolution of the activation on cells. 
The cell viability ratio of Case 3/Case 4 would decrease from 1 to a smaller value, once the activation state could 
be observed. The general trend was that the longer CAP treatment formed a stronger activation effect. Based on 
these observations in Figs 4 and 6, we proposed that the activation on PA-TU-8988T cells would have at least two 
stages: a slow activation stage in the initial 10 seconds during the CAP treatment and a fast activation stage after 
the initial 10 seconds of the CAP treatment.

In contrast, the de-sensitization of the CAP-activated cancer cells lasted much longer than the sensitization 
process. We further investigated the evolution of the activation state of cancer cells after the CAP treatment. The 
protocols were illustrated in Supporting Materials Fig. S4. The H2O2 treatment was also used as the probe to 
detect the existence of the activation state. The CAP jet was still used to treat PA-TU-8988T cells first. Then, the 
medium was quickly (<20 s after the CAP treatment) removed and renewed by the new DMEM. Different from 
the previous protocols shown in Fig. 3, H2O2 were not immediately added into DMEM to affect cells. We added 
H2O2 (22 μM) into DMEM every 30 minutes after the CAP treatment. Ultimately, these cancer cells were cultured 
for 3 days prior to the cell viability assay. The results were shown in Fig. 7a. To facilitate the understanding on 
these data, the ratio between the cell viability of Case 3 and the cell viability of Case 4 was calculated and was 
shown in Fig. 7b. A full de-sensitization meant that a H2O2 treatment would not cause stronger cytotoxicity on 
the cancer cells with activation than the cancer cells without activation. The complete de-sensitization meant that 
the cell viability ratio of Case 3/Case 4 was 1. Based on this definition, it is found that the whole de-sensitization 
process lasts 5 hours after the CAP treatment. The de-sensitization process had two stages. Over the first hour 
after the CAP treatment, there was a quick de-sensitization process. Another stage was a slow de-sensitization 
stage, starting from the initial first hour to the fifth hour after the CAP treatment.

Figure 4. The demonstration of the existence of the activation state after the direct CAP treatment. The 
activation state of cells will significantly weaken the threshold of cancer cells to the cytotoxicity of H2O2. The 
“1 or 2 min CAP activation” means that a direct CAP treatment was performed on cancer cells in 96-well plate 
for 1 min or 2 min. The “15, 22, or 30 μM H2O2” means that a specific H2O2 concentration of H2O2-DMEM is 
used to affect the growth of the cancer cells with or without an activation. The data of Case 1, Case 2, Case 3, 
and Case 4 were shown in blue, orange, gray, and yellow, respectively. The protocols were illustrated in text. All 
experiments were performed in triplicate and were independently repeated for at least 3 times. The results were 
shown as the mean ± sd. Student’s t-tests were performed and the significance was indicated as ***p < 0.005, 
**p < 0.01, *p < 0.05, respectively.
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Discussions
In plasma medicine, a basic concept is the role of CAP during the CAP treatment. This is the foundation of 
understanding any cellular responses to a CAP treatment. The previous studies mainly focused on the long-term 
effect of CAP treatment, which was mainly about the cellular response several hours or even several days after a 
CAP treatment21. These responses include cellular damage due to the rise of intracellular ROS, such as the dam-
age on the cellular membrane and membrane proteins, the damage on the extracellular matrix, damage to the 
genome, the mitochondrial damage, as well as the cell cycle arrest7. The death of cancer cells is mainly due to the 
CAP-triggered apoptosis, though necrosis and autophagy have also been observed22,23.

These cellular responses to CAP treatment are thought to be just due to the effect of long-lived reactive species. 
Generally, ROS may play a more important role than RNS in the cytotoxicity of the CAP treatment on cancer 
cells. The CAP-originated H2O2 has been regarded as the major reactive species causing the death of many can-
cer cell lines in vitro24. However, in view of results presented in this paper and other previous observations, this 
conclusion is not completely accurate. For example, a CAP treatment can still result in noticeable cytotoxicity on 
H2O2-resistant cell lines such as melanoma cells. Clearly, other factors during the CAP treatment also play the 
dominant role in some cases. Scientists in plasma medicine tend to assume some unknown reactive species may 
just be the other factors mentioned here.

The short-term or the instantaneous cellular responses to the CAP treatment has been completely neglected 
for years in plasma medicine. We defined the instantaneous response to being the response occurring within 
several seconds to minutes after the CAP treatment. The discovery of the cell-based H2O2 generation was the first 
experimental evidence about such instantaneous cellular response to a CAP treatment16. Many cancer cell lines 
can generate micromolar (μM) level H2O2 during just a 1 min of CAP treatment16. The activation state of cells is 
another instantaneous cellular response to a CAP treatment. As revealed in this study, the observable activation 
state can be observed even just 2 s during the CAP treatment (Fig. 6b). The activation state is obviously present 
about 10–20 s into the CAP treatment (Fig. 6a). In contrast, the de-sensitization process of the activated cancer 
cells is much longer than the sensitizing process. The cancer cells will gradually lose their sensitivity to H2O2 due 
to the slow loss of the activation state over the initial 5 hours post the CAP treatment (Fig. 7). The quick sensi-
tization and the slow de-sensitization are the unique features of the CAP activation. But, we need to point out 

Figure 5. CAP can activate the cancer cells into a sensitized state, in which the cells are very sensitive to the 
reactive species. (a) The cytotoxicity of NO2

− (50 μM) and NO3
− (50 μM) on the activated cancer cells. (b) The 

cytotoxicity of PSM on the activated cancer cells. The basic research strategy was the same as that illustrated in 
Fig. 3. The protocols to prepare the NO2

-DMEM and NO3
-DMEM were illustrated in Materials and Methods. 

PSM was made by treating DMEM (1 mL/well) in 12-well plate by the CAP jet following the method in 
Materials and Methods. PSM was quickly moved to affect cancer cells’ growth. The experiments in triplicate was 
dependently repeated for three times. The results are shown as the mean ± sd. Student’s t-tests were performed 
and the significance was indicated as ***p < 0.005, **p < 0.01, *p < 0.05, respectively.
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that most ROS including H2O2 will be consumed by PA-TU-8988T cells in the initial 3 hours after the CAP treat-
ment10,15. Thus, if the whole de-sensitization process lasts more than 3 hours, its contribution to the cytotoxicity 
of CAP treatment in vitro may be not so strong, because of the clearance of ROS in the medium. However, such 
a long and slow de-sensitization process may have important biological impact in vivo. In addition, we need to 
emphasize that we just investigated the de-sensitization process occurring in the new DMEM without reactive 
species. In the direct CAP treatment, the CAP-originated reactive species exist in the extracellular environment 
over at least several hours after the treatment. Whether these reactive species will affect the de-sensitization is still 
unknown.

Our discovery did not overturn the commonly accepted conclusion about the key role of reactive species in 
this field. Our finding just demonstrated that the previous understanding was somewhat a simplified picture. In 
our new view of the anti-cancer mechanism of CAP treatment, CAP plays two important roles in vitro (Fig. 1). 
The first role is providing abundant reactive species in the extracellular environment. These reactive species need 
an accumulation time such as several minutes to reach a relatively high concentration to exert an observable effect 
on cancer cells. For RNS such as NO2

− and NO3
−, the cytotoxicity on some cell lines will not be observed even 

though their concentrations are as high as 1 mM16. Due to the consumption by cells, at least ROS such as H2O2 
will only exist in the medium for several hours after a CAP treatment16. The CAP treatment will be regarded as a 
simple chemical treatment based on reactive species if we just consider the first role mentioned here. Clearly, the 
CAP-treated medium mainly affects cells via this mechanism.

The unique feature of CAP treatment relies on its second role, that is activating the cancer cells during the 
direct CAP treatment. As we revealed in this study, the activation of cells drastically decreases the threshold of 

Figure 6. The activation starts at the very early stage of CAP treatment. (a) 1 s to 8 s of CAP activation. (b) 
10–60 s of CAP activation. (c) The calculated cell viability ratio of Case 3/Case 4. Since the initial 10–20 s during 
the CAP treatment, the cells would have observable activation state. The longer CAP treatment, the stronger 
activation effect. The experiments in triplicate was dependently repeated for at least three times. The results were 
shown as the mean ± sd. Student’s t-tests were performed and the significance was indicated as ***p < 0.005, 
**p < 0.01, *p < 0.05, respectively.
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these cancer cells to the cytotoxicity of several ROS and RNS. The chemical effect of these reactive species has 
been drastically magnified through the sensitizing cancer cells to these reactive species. For example, 50 μM NO2

− 
can cause strong inhibition on the growth of the CAP-activated cancer cells. On the contrary, 50 μM NO2

− cannot 
cause observable growth inhibition on the same cancer cell line without an activation. The activation state of cells 
also direct demonstrates that even some safe chemicals such as RNS will also be toxic to the cancer cells during 
the CAP treatment. Similar analysis has been neglected in all previous references.

Based on these results, a direct CAP treatment definitively displays stronger cytotoxicity over cancer cells 
compared with an indirect CAP treatment (Figs 1 and 2a). Furthermore, the activation effect of CAP treatment is 
a fundamental difference between CAP treatment and other common chemical treatments. We still do not know 
the essence and the underlying mechanism of such an activation state based on CAP treatment. It may be due to 
the activation of specific pathways or the expression of specific proteins in the CAP-treated cells. The activation 
may be also due to the instantaneous physical change on the CAP-treated cells. Thus, there are many questions 
that need to be answered in the future through systematically analyzing the instantaneous change on cells due to 
CAP treatment.

Conclusions
In this study, through the demonstration of the activation state of the pancreatic carcinoma cell line PA-TU-
8998T after the direct CAP treatment, we provided a new perspective to understand the basic question about the 
CAP cancer treatment. A CAP treatment plays at least two important roles in its cytotoxicity on cancer cells. One 
is activating the cancer cells into a sensitive state, in which the cancer cells become sensitive to ROS and RNS, 
including H2O2 and NO2

−. However, the activation on these cells will not cause the noticeable growth inhibi-
tion or cell death without the presence of reactive species in the extracellular environment. The activated cells 
will gradually de-sensitize over the initial 5 hours after the CAP treatment. The quick sensitization and the slow 
de-sensitization are the two basic features of the activation state on the CAP-treated cancer cells. The accumula-
tion of the reactive species in the extracellular environment is another important role of CAP treatment on cancer 
cells. Due to the activation on cancer cells, the reactive species with a low concentration will also able to cause 
strong cytotoxicity. In addition, these reactive species alone will not cause observable damage on the cancer cells 
without such activation. Further research looks to analyze this activation state of cancer cells as we look to better 
understand the anti-cancer mechanism of CAP treatment.

Figure 7. The de-sensitization of the CAP-activated cancer cells lasted 5 hours after a 1 min of CAP treatment. 
(a) The evolution of the activation state after the CAP treatment. (b) The calculated cell viability ratio of Case 3/
Case 4. The 22 μM of H2O2 treatment was used as a probe to detect the existence of the activation state after a 
1 min of CAP treatment. All protocols were the same as we introduced in Fig. 3. The data of Case 1, Case 2, Case 
3, and Case 4 were shown in blue, orange, gray, and yellow, respectively. The H2O2 treatment was performed at 
a specific time after the CAP treatment, such as 0.5 hr, 1.0 hr, 1.5 hr, etc. The experiments performed in triplicate 
have been independently repeated for at least 3 times. The results were shown as the mean ± sd. Student’s t-tests 
were performed and the significance was indicated as ***p < 0.005, **p < 0.01, *p < 0.05, respectively.



www.nature.com/scientificreports/

1 0ScIEnTIfIc REPORTS |  (2018) 8:15418  | DOI:10.1038/s41598-018-33914-w

References
 1. Lu, X. et al. Reactive species in non-equilibrium atmospheric-pressure plasmas: Generation, transport, and biological effects. Phys. 

Rep. 630, 1–84 (2016).
 2. Fridman, G. et al. Applied plasma medicine. Plasma Process. Polym. 5, 503–533 (2008).
 3. Keidar, M. et al. Cold atmospheric plasma in cancer therapy. Phys. Plasmas 20, 057101 (2013).
 4. Keidar, M. A prospectus on innovations in the plasma treatment of cancer. Phys. Plasmas 25.8, 083504 (2018).
 5. Yan, D. et al. Toward understanding the selective anticancer capacity of cold atmospheric plasma–a model based on aquaporins 

(Review). Biointerphases 10, 40801 (2015).
 6. Hirst, A. M. et al. Low-temperature plasma treatment induces DNA damage leading to necrotic cell death in primary prostate 

epithelial cells. Br. J. Cancer 112, 1536–1545 (2015).
 7. Yan, D., Sherman, J. H. & Keidar, M. Cold atmospheric plasma, a novel promising anti-cancer treatment modality. Oncotarget 8.9, 

15977–15995 (2017).
 8. Graves, D. B. The emerging role of reactive oxygen and nitrogen species in redox biology and some implications for plasma 

applications to medicine and biology. J. Phys. D Appl. Phys. J. Phys. D Appl. Phys 45, 263001–42 (2012).
 9. Keidar, M., Yan, D., Beilis, I. I., Trink, B. & Sherman, J. H. Plasmas for treating cancer: opportunities for adaptive and self-adaptive 

approaches. Trends. Biotechnol. 36.6, 586–593 (2018).
 10. Yan, D. et al. Principles of using cold atmospheric plasma stimulated media for cancer treatment. Sci. Rep. 5, 18339 (2015).
 11. Adachi, T. et al. Plasma-activated medium induces A549 cell injury via a spiral apoptotic cascade involving the mitochondrial-

nuclear network. Free Radic. Biol. Med. 79, 28–44 (2015).
 12. Laroussi, M., Lu, X. & Keidar, M. temperature plasma sources used in plasma medicine Perspective: The physics, diagnostics, and 

applications of atmospheric pressure low temperature plasma sources used in plasma medicine. J. Appl. Phys. 122.2, 20901 (2017).
 13. Vandamme, M. et al. ROS implication in a new antitumor strategy based on non-thermal plasma. Int. J. Cancer 130, 2185–2194 

(2012).
 14. Ahn, H. J. et al. Atmospheric-pressure plasma jet induces apoptosis involving mitochondria via generation of free radicals. PLoS One 

6, 6–12 (2011).
 15. Yan, D. et al. The Specific Vulnerabilities of cancer cells to the cold atmospheric plasma-stimulated solutions. Sci. Rep. 7.1, 4479 

(2017).
 16. Yan, D. et al. The Strong cell-based hydrogen peroxide generation triggered by cold atmospheric plasma. Sci. Rep. 7, 10831 (2017).
 17. Saadati, F., Mahdikia, H., Abbaszadeh, H. & Abdollahifar, M. Comparison of direct and indirect cold atmospheric-pressure plasma 

methods in the B16F10 melanoma cancer cells treatment. Sci. Rep. 8.1, 7689 (2018).
 18. Fiorini, C., Cordani, M., Gotte, G., Picone, D. & Donadelli, M. Onconase induces autophagy sensitizing pancreatic cancer cells to 

gemcitabine and activates Akt/mTOR pathway in a ROS-dependent manner. Biochim. Biophys. Acta - Mol. Cell Res. 1853, 549–560 
(2015).

 19. Yan, D. et al. Stabilizing the cold plasma-stimulated medium by regulating medium’s composition. Sci. Rep. 6, 26016 (2016).
 20. Yan, D., Sherman, J. H. & Keidar, M. The Application of the Cold Atmospheric Plasma-Activated Solutions in Cancer Treatment. 

Anticancer. Agents. Med. Chem. (2018).
 21. Gjika, E. et al. Adaptation of operational parameters of cold atmospheric plasma for in vitro treatment of cancer cells. ACS Appl. 

Mater. Interfaces. 10.11, 9269–9279 (2018).
 22. Fridman, G. et al. Floating electrode dielectric barrier discharge plasma in air promoting apoptotic behavior in melanoma skin 

cancer cell lines. Plasma Chem. Plasma Process. 27, 163–176 (2007).
 23. Shi, L. et al. Non-thermal plasma induces a stress response in mesothelioma cells resulting in increased endocytosis, lysosome 

biogenesis and autophagy. Free Radic. Biol. Med. 108, 904–917 (2017).
 24. Ahn, H. J. et al. Targeting cancer cells with reactive oxygen and nitrogen species generated by atmospheric-pressure air plasma. PLoS 

One 9.1, e86173 (2014).

Acknowledgements
This work was supported by National Science Foundation, grant 1465061 and grant 1747760.

Author Contributions
D.Y. and M.K. designed all experiments and supervised the whole project. W.X., D.Y., X.Y. and L.L. performed 
all experiments. J.S. contributed to the materials and manuscript preparation. All authors contributed to the data 
analysis. D.Y. and M.K. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33914-w.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-33914-w
http://creativecommons.org/licenses/by/4.0/

	The Cell Activation Phenomena in the Cold Atmospheric Plasma Cancer Treatment
	Materials and Methods
	CAP device. 
	Cells culture. 
	Making CAP-stimulated medium (PSM), H2O2/NO2−/NO3−-containing DMEM (H2O2/NO2−/NO3−-DMEM) and treating cancer cells. 
	Cell viability assay. 

	Experiments and Results
	Discussions
	Conclusions
	Acknowledgements
	Figure 1 A schematic illustration of the CAP-based cell activation during the direct CAP treatment.
	Figure 2 The reactive species cannot explain the cytotoxicity of a direct CAP treatment on pancreatic adenocarcinoma cell line PA-TU-8988T.
	Figure 3 The research strategy to demonstrate the existence of the activation state.
	Figure 4 The demonstration of the existence of the activation state after the direct CAP treatment.
	Figure 5 CAP can activate the cancer cells into a sensitized state, in which the cells are very sensitive to the reactive species.
	Figure 6 The activation starts at the very early stage of CAP treatment.
	Figure 7 The de-sensitization of the CAP-activated cancer cells lasted 5 hours after a 1 min of CAP treatment.




