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Plasma‑activated medium 
as adjuvant therapy for lung cancer 
with malignant pleural effusion
Yi‑Jing Cheng1,6, Ching‑Kai Lin1,2,3,4,6, Chao‑Yu Chen1,6, Po‑Chien Chien1, Ho‑Hsien Chuan5, 
Chao‑Chi Ho2 & Yun‑Chien Cheng1*

This study compared effects of plasma‑activated medium (PAM) with effects of conventional clinical 
thermal therapy on both lung cancer cells and benign cells for management of malignant pleural 
effusion (MPE). For MPE treatment, chemotherapy, photodynamic therapy, and thermal therapy 
are used but caused systemic side effects, patient photosensitivity, and edema, respectively. Recent 
studies show that plasma induces apoptosis in cancer cells with minor effects on normal cells and is 
cost‑effective. However, the effects of plasma on MPE have not been investigated previously. This 
study applied a nonthermal atmospheric‑pressure plasma jet to treat RPMI medium to produce PAM, 
carefully controlled the long‑life reactive oxygen and nitrogen species concentration in PAM, and 
treated the cells. The influence of PAM treatment on the microenvironment of cells was also checked. 
The results indicated that PAM selectively inhibited CL1–5 and A549 cells, exerting minor effects on 
benign mesothelial and fibroblast cells. In contrast to selective lethal effects of PAM, thermal therapy 
inhibited both CL1–5 and benign mesothelial cells. This study also found that fibroblast growth factor 
1 is not the factor explaining why PAM can selectively inhibit CL1–5 cells. These results indicate that 
PAM is potentially a less‑harmful and cost‑effective adjuvant therapy for MPE.

Lung cancer is one of the leading causes of cancer-related deaths  worldwide1, whose 5-year survival rate remained 
lower than 25% in  20162. The outcome of the disease depends on staging, and so proper staging must be per-
formed to determine the optimal treatment  plan3. A previous guideline classified lung cancer with pleural seeding 
as late-stage disease due to the inoperable condition. In the normal condition, only a minimal amount of pleural 
effusion within the pleural space allows for movement of the lung relative to the chest wall during  breathing4. 
Malignant cells in the pleural space may change the vascular permeability and impede resorption, causes the 
leakage of excessive fluid into the pleural space. The presence of a space-occupying liquid in the pleural space 
results in the compression of normal lung and limits the movement of respiratory muscles, such as  diaphragm5. 
For these reasons, dyspnea is the most common symptom in patients with massive malignant pleural effusion 
(MPE). Porcel et al. reported that 40% of patients with lung cancer develop pleural effusions during their disease 
course, and that the survival rate was much lower for patients with  MPE6.

The conventional treatment for patients with MPE is palliative, consisting of repeating thoracentesis for 
symptom relief, talc pleurodesis for decreasing the production of the effusion, or combining chemotherapy 
for systemic control. Radiotherapy is rarely administered to these patients due to the pulmonary toxicity of its 
hemithoracic  application7. New advanced techniques have been developed for lung cancer patients with isolated 
pleural metastasis. Previous in vitro and in vivo studies have found that heating may enhance the cytotoxic 
effects of  cisplatin8,9. Combining cisplatin and hyperthermia with pleural perfusion resulted in excellent local 
control and better survival for lung cancer with pleural  seeding10,11. Lung edema may occur in some patients after 
applying hot-fluid lavage within the pleura space due to the induction of an inflammatory reaction. Cisplatin 
may diffuse into the circulatory system via the pleura to cause systemic side effects such as nausea, vomiting, 
and nephrotoxicity.

Photodynamic therapy (PDT) uses laser light to activate the photosensitizer and contribute to cytotoxic 
activity to tumor cells. Combining PDT and video-assisted thoracoscopic surgery provides good local control 
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of malignant pleural  tumors12,13. However, PDT has several disadvantages, including skin and eye sensitivity to 
light, pain to nearby healthy tissue, and high cost.

Plasma is an ionized gas composed of positive/negative ions, electrons, radicals, uncharged (neutral) atoms 
and molecules, and UV  photons14. Plasma has been shown to generate both short- and long-lived molecules such 
as reactive oxygen and nitrogen species (RONS) mainly from the oxygen and nitrogen present in atmospheric 
air and  solutions15,16. Nonthermal atmospheric-pressure plasma jet (NTAPPJ) treatments have been shown to be 
effective in inducing apoptosis in a broad range of cancer cell types with few effects on normal  cells17–21. Keidar 
et al. reported that nonthermal plasma treatment selectively inhibits cancer cells in vitro without damaging 
normal  cells18. A prepared medium irradiated by NTAPPJ, termed plasma-activated medium (PAM) and other 
plasma-activated solutions exerts similar  effects22,23. RONS, such as  H2O2, can induce apoptosis in some cancer 
cell  lines24–26. Other RONS that can possibly affect cancer cells include  O27,28, ·OH27–29,  NO30–33,  ONOO–33–35, 
 N2

27,  N+27,  Ar27,  Ar+27,  Ar2
+27,  H2O2

29, and  O2
–29. Additionally, NO can both improve and inhibit the apoptosis of 

cells via mechanisms that are not yet  clear30. Besides, there are recent reports that the co-treatments of NTAPPJ 
and other anti-tumor medicines or nanoparticles contribute to synergistically therapeutic  effects36,37. Plasma can 
also be self-adaptive to adjust plasma interaction with  cells38.

Hence, NTAPPJ and PAM may be a novel and convenient adjuvant therapy for  cancer38–40. RONS which selec-
tively induce apoptosis more in cancer cells than in normal cells have comparatively short lifetimes and thereby 
possibly minimizing the systemic side effects. Also, a plasma system is cost-effective (costing about USD 1,000 per 
system). However, the possibility of applying plasma in the therapy for lung cancer with MPE remains obscure.

In this study, we measured the RONS concentration in the PAM and compared the effects of the PAM at dif-
ferent dosages on both adenocarcinoma cells and benign cells. For future clinical applications, we compared the 
PAM treatment and hyperthermia therapy on cells. We also discussed the microenvironment change of cancer 
after plasma treatment. The purpose of this study was to determine the antitumor effects from PAM in order to 
optimize the conditions of plasma therapy for MPE.

Methods
Setup and characterization of NTAPPJ. The NTAPPJ. The experimental NTAPPJ setup in this study 
and the preparation of PAM are shown in Fig. 1a. The powered electrode was made of tungsten. The grounded 
electrodes comprised aluminum tape installed outside a quartz tube surface. The working gas was Ar (99.99%), 
which flowed at a rate of 3 L/min into the quartz tube via a mass flow controller. The plasma was ignited by a 
portable AC power source whose sinusoidal output as monitored by an oscilloscope was 4 kV at a frequency of 
19.5 kHz Fig. 1b. The holder of the jet was fabricated using ABS material by a 3-D printer (D-Force V3, Synmao 
Technology, Taipei, Taiwan). PAM was obtained by exposing 2 mL of Roswell Park Memorial Institute 1640 

Figure 1.  (a) Schematic and operation of PAM preparation. (b) Voltage and current waveforms of the plasma 
system.
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(RPMI) medium (Gibco, Sigma, Missouri, USA) in a 24-well plate to NTAPPJ. The powered electrode and liquid 
surface were separated by 14 mm.

The species present in the postdischarge jet region was identified using the optical emission spectrum (OES). 
The intensities of the NTAPPJs were measured at 10 mm from the outlet of the jet using a monochromator (Acton 
SP2500, Princeton Instruments, New Jersey, USA) with a photomultiplier tube (R928, Hamamatsu Corporation, 
New Jersey, USA) in air or 2 mm above the interface between the plasma and RPMI medium.

Measurement of ·OH radicals in the NTAPPJ‑treated solution. First the terephthalic acid (TA) solution was pre-
pared, comprising 2 mM TA (Sigma) and 5 mM NaOH (Merck, Darmstadt, Germany), and 2 mL of this solution 
was put into a 24-well plate and then exposed to the NTAPPJ for 0, 10, 20, 30, 40, 50, 60, and 120 s. In the solu-
tion, the generated ·OH radicals reacted with TA to become hydroxyterephthalic acid (HTA). Then 4 mL of the 
NTAPPJ-treated solution with generated HTA was loaded into a quartz cuvette. The HTA was excited at 310 nm, 
and the fluorescence emitted at 425 nm was measured by an optical emission spectrometer (USB2000+, Ocean 
Optics, Edinburgh, UK) and converted to the ·OH-radical concentration using a standard curve.

Preparation of PAM and measurement of its  H2O2 content. PAM is prepared by treating RPMI medium with 
NTAPPJ. However, the RONS generated by plasma can be influenced by the humidity of the working gas, the 
constituents of the ambient air, and even turbulence in the plasma jet. To precisely control the RONS concentra-
tion of PAM applied to the cells, we controlled the temperature and humidity in the laboratory as well as the 
humidity of the working gas. In addition, before each experiment the concentration of the  H2O2 generated by 
the NTAPPJ in PAM was measured to check for the concentration of reactive oxygen species (ROS), since  H2O2 
is an ROS that is easy to measure. The 100% PAM was prepared by treating 2 mL of RPMI medium without phe-
nol red in a 24-well plate with NTAPPJ for 120 s to ensure that the increase in the  H2O2 concentration entered 
a plateau. Afterwards, the following PAM-RPMI mixtures were produced by serially diluting the PAM using 
untreated RPMI medium: 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%. Finally, the cells were 
treated with the PAM-RPMI mixtures but not the RPMI medium treated with the NTAPPJ for different times. 
These processing steps meant that the RONS concentration used to treat the cells could be precisely controlled.

The  H2O2 concentration in PAM was measured using an Amplex Red analysis kit (Thermo Fisher Scientific, 
Massachusetts, USA). Two milliliters of RPMI medium without phenol red was loaded into a 24-well plate and 
exposed to the NTAPPJ for 0, 10, 20, 30, 40, 50, 60, and 120 s to produce PAM. Aliquots (50 μL) of PAM were 
taken to react with Amplex Red in the dark for 30 min. The absorbance of the generated resorufin was measured 
at 570 nm using a microplate reader (Anthos 2020, Biochrom, Cambridge, UK), and the  H2O2 concentration 
was calculated using a standard curve. The  H2O2 concentration of the PAM-RPMI mixtures was measured using 
the same method.

Measurement of nitrite ions in PAM. The concentration of the nitrite ions in PAM was measured to check the 
generation of reactive nitrogen species (RNS) with NTAPPJ treatment. Nitrite ions were measured using a water 
analyzer (DPM-MT-E, Kyoritsu, Tokyo, Japan) with a nitrite assay kit (WAK-NO2(C), Kyoritsu) that imple-
mented the Griess test. The PAM-RPMI mixtures were prepared as described in Sect. 2.1.3. Four-milliliters of 
PAM-RPMI mixtures was added to the nitrite assay agent and allowed to stand for 3 min. The color intensity was 
measured at 525 nm, and then the concentration of nitrite ions was calculated using a standard curve.

Effects of PAM on cells. Cell culture. Benign mesothelial cells from MPE were consecutively collected 
from lung cancer patients at National Taiwan University Hospital (NTUH). Normal fibroblasts and cancer-
associated fibroblasts (CAFs)41 from lung cancer surgical specimens were collected from early stage lung cancer 
patients at NTUH. The CAFs were identified with morphology and α-smooth muscle actin (α-SMA)  staining42. 
The study of these three cell types was approved by the Institutional Review Board of the NTUH Research Ethics 
Committee (approval number: 200804019R and 200912012R). All the patients signed informed consent before 
collection of specimens. All methods in this study were performed in accordance with the relevant guidelines 
and regulations. The CL1–5 and A549 cell lines were also obtained from NTUH.

Two lung adenocarcinoma cell lines (CL1–5 and A549) and the three noncancer cells (benign mesothelial 
cells, normal fibroblasts and CAFs) were cultured in RPMI medium supplemented with 10% FBS (Gibco, Sigma), 
100 U/mL penicillin, and 100 mg/mL streptomycin (Corning, New York, USA) at 37 °C in a 5%  CO2 humidified 
incubator.

Cell growth assay. In the cell growth assay, cells were seeded on 96-well plates at 2 × 104 cells/well. After 1 day, 
the cells were treated with PAM-RPMI mixtures containing PAM at proportions ranging from 0 to 100% and 
maintained at 37 °C for 2 h. The PAM-RPMI mixtures were replaced by 100 µL of fresh medium and the cells 
were further cultured at 37  °C. Cell numbers were quantified on days 0, 2, 4, 6, and 8 by counting trypsin-
detached cells after applying trypan blue staining. The relative growth was determined by cell counts, and dead 
cells were also enumerated.

Cell viability assay. In the cell viability assay, cells were seeded on 96-well plates at 2 × 104  cells/well. After 
allowing 1 day for cell attachment, cells were treated with PAM-RPMI mixtures containing PAM at proportions 
ranging from 0 to 100%. The plates were then left to stand at 37 °C and 43 °C separately for 2 h. The PAM-RPMI 
mixtures were then replaced by 100 µL of fresh RPMI medium. Cells were further cultured at 37 °C for 1 more 
day. The viability of cells was measured using a 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
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(MTT) assay (M6494, Thermo Fisher Scientific). The treated cells were cultured in MTT solution at a concentra-
tion of 0.5 mg/mL for 6 h.

Scratch assay. A scratch was made in the confluent cells cultured in 24-well plates at a time defined as time 0 
(t0). The cells were then treated for 2 h with PAM-RPMI mixtures containing PAM at proportions ranging from 
0 to 100%. After replacing the PAM-RPMI mixtures with fresh medium for 24 h, the cells were washed with PBS, 
fixed with 4% formaldehyde for 20 min, permeabilized with 70% methanol for 10 min, and stained with 0.5% 
crystal violet for 20 min. After washing the cells again, images were obtained using a digital microscope camera 
(DFC420 C, Leica, Wetzlar, Germany). The coverage area relative to the cell-free area at t0 was quantified using 
ImageJ software.

Annexin V staining assay. Cells were treated with and without PAM at 37 °C for 2 h and further cultured for 
18 h. The apoptosis caused by PAM treatment was detected through phosphatidylserine binding with Alexa 
Fluor 488 Annexin V/Dead Cell Apoptosis kit (Thermo Fisher Scientific, USA) by following the standard proce-
dures. Briefly, the treated cells were harvested, washed in PBS and resuspended in 100 µL annexin-binding buffer 
with Alexa Fluor 488 annexin V and propidium iodide (PI). After the incubation, flow cytometry was carried 
out to measure the fluorescent intensity of the stained cells by an imaging flow cytometer (Amnis Corporation, 
WA, USA).

Prolonging the plasma treatment time on medium to shorten the PAM treatment time on cells. To evaluate the 
possibility of decreasing the PAM treatment time for use in clinical applications, we increased the plasma expo-
sure time in order to increase the RONS concentration in PAM. Exposure times of 2, 4, and 6 min were used, 
cells were treated with PAM for 30, 60, 90, and 120 min, and their viability was examined using an MTT assay.

Comparison of PAM therapy with hyperthermochemotherapy. Hyperthermochemotherapy was performed with 
water at 43 °C supplemented with 200 mg/m3 cisplatin. Cells were seeded on a 96-well culture plate 1 day before 
the treatment, and then treated with 43 °C cisplatin-added water for 2 h. The therapeutic effects were evaluated 
by measuring the viability using an MTT assay. The results for treatment with 43 °C cisplatin-added water were 
compared with those for PAM treatment.

FGF‑1 and TGF‑β1 concentration after PAM treatment. To investigate if PAM inhibits cancer cell growth 
by affecting FGF-1 and TGF-β1, CL1–5 cells were cocultured with CAF cells and treated with PAM. Then 
2 × 105  CL1–5 cells were cultured individually or cocultured with 1.5 × 105 CAF cells in a 24-well plate with 
polycarbonate cell culture inserts (Nunc, Thermo Fisher Scientific, USA). The individually cultured and cocul-
tured cells were then treated with PRMI medium and PAM for 2 h. After replacing the medium and allowing 
another day of culturing, the FGF-1 and TGF-β1 concentration in conditioned medium was measured using a 
human FGF-1 ELISA kit (Thermo Fisher Scientific) and TGF β1 human/mouse uncoated ELISA kit (Invitrogen, 
Thermo Fisher Scientific, USA), respectively, via colorimetric reactions.

Statistical analysis. We analyzed the differences between two groups using Student’s t test and the differences 
are considered to be statistically significant when P < 0.05.

Results
OES of free NTAPPJ. The species in the postdischarge region of the free NTAPPJ and at the NTAPPJ–
medium interface was analyzed based on the measured OES (Fig. 2). The spectrum revealed the emission inten-
sities of RONS, including ·OH radicals,  N2, and  N2

+, and of the activated Ar from working gas. The intensity of 
the ·OH-radical emission was significantly enhanced on the liquid surface, which might have been due to the 
dissociation of water molecules.

Measurement of RONS in solutions. Numerous studies have demonstrated that plasma exposure 
is effective at inducing apoptosis in a broad range of cancer cells while exerting only minor effects on nor-
mal  cells43,44. The main factors underlying these effects are considered to be RONS such as ·OH radicals and 
 ONOO–45. It is particularly interesting that indirectly treating cancer cells with PAM reportedly has similar 
effects to direct plasma  treatments46,47, which may broaden the therapeutic application of plasma for therapies 
in the body. We therefore measured the concentrations of RONS in PAM in an attempt to understand the effects 
of the RONS dosage.

·OH radicals generated by NTAPPJ. ·OH radicals play a key role in the plasma effects on cancer cells and are 
related to other plasma species that can influence cancer cells, such as  ONOO– and  O2

–  radicals45. Hence, we 
measured the ·OH radicals generated in the NTAPPJ-treated solution, based on the reaction with TA. The fluo-
rescent intensities and images of the reaction product, HTA, were recorded as an OES and using a CCD camera 
(Fig. 3). In creasing the exposure time to NTAPPJ increased the 425-nm intensity, which revealed the accumula-
tion of HTA increased with exposure time.

H2O2 concentration in PAM and PAM‑RPMI mixtures. RPMI medium without phenol red was exposed to 
NTAPPJ, and the generated  H2O2 was measured using an Amplex Red assay kit (Fig. 4). The  H2O2 concentration 
increased linearly as the exposure time increased from 0 to 60 s, with this increase subsequently slowing down to 
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Figure 2.  OES of free NTAPPJ in air (a) and 2 mm above the NTAPPJ–liquid interface (b).

Figure 3.  RPMI medium was exposed to NTAPPJ for various time periods. The fluorescent intensity of HTA 
was measured using an OES (a), with images taken using a CCD camera (b).
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enter a plateau (Fig. 4a). To control the concentration of RONS in PAM for treatments, PAM prepared using an 
exposure time of 120 s was serially diluted with untreated RPMI medium to produce PAM-RPMI mixtures with 
different proportions of PAM. The  H2O2 concentration increased linearly with the proportion of PAM (Fig. 4b), 
which suggests that the concentrations of other ROS in the PAM-RPMI mixture could also change linearly with 
the proportion of PAM.

Nitrite concentration in PAM‑RPMI mixtures. The nitrite concentration in the PAM-RPMI mixtures was meas-
ured using the Griess test, and was found to increase linearly with the proportion of PAM (Fig. 5). It suggests that 
the concentrations of some other RNS in the PAM-RPMI mixture may also change linearly with the proportion 
of PAM.

Effects of PAM on cancer and benign cells. To clarify the possibility of applying PAM as a lung cancer 
therapy, we investigated the antitumor effects of PAM on lung cancer cells. The effects of PAM on benign cells 
were also analyzed and compared.

Effects of PAM on cell viability, morphology, and apoptosis. Lung cancer CL1–5 cells and primary cultured 
benign mesothelial cells were treated with PAM at 37 °C or 43 °C for 2 h. After replacing the PAM with fresh 
medium, cells were kept in the culture for a further 1 day. Cell viability was assessed using an MTT assay. At 
37 °C, the viability of CL1–5 cells decreased when the proportion of PAM (dosage) increased (Fig. 6a). In con-
trast, the viability of benign mesothelial cells was affected by PAM under the same condition. When the propor-
tion of PAM exceeded 50%  (H2O2 ~ 60; nitrite ~ 1.2 ppm), there was a significant difference in the viabilities of 
the two types of cells. This indicates that PAM exerts selective lethal effects on CL1–5 and benign mesothelial 

Figure 4.  (a)  H2O2 concentration in PAM prepared with different exposure times. (b) PAM produced using 
a 120-s exposure time was serially diluted with untreated RPMI medium, and the  H2O2 concentrations were 
measured for PAM present at different proportions. Data are mean and SD values (n = 3).
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cells. Comparatively, the viabilities of both CL1–5 and benign mesothelial cells were clearly decreased after the 
treatment at 43 °C (Fig. 6b), from which we speculate that the clinical thermotherapy had a side effect of damag-
ing normal cells in the flow path of the 43 °C water.

The morphologies of CL1–5 and benign mesothelial cells was observed before and 1 day after treatments 
with PAM for 2 h (Fig. 6c). The confluency of CL1–5 cells decreased significantly after PAM treatment. A large 
proportion of the CL1–5 cells shrank and exhibited the characteristics of apoptosis. Benign mesothelial cells also 
showed some morphology changes, but their coverage of the culture area did not have change significantly. Com-
bined with the results of the MTT assay, most of the benign mesothelial cells survived being treated with PAM.

The apoptotic CL1–5 cell death induced by PAM treatments was analyzed using the dual labeling of Annexin 
V and PI with flow cytometry 18 h after the treatments (Fig. 6d). The detached cells and attached cells after the 
treatments were harvested separately. The percentages of population R1 referred to as early apoptosis cells and 
R2 referred to as late apoptosis cells of PAM-treated cells significantly were higher in comparison with the cells 
without PAM treatments. Meanwhile, the percentages of population R4 referred to as non-apoptosis dead cells 
did not show obvious change. These results indicated the cancer cells underwent lethal stress which induced 
apoptosis during the treatment.

Effects of PAM on cell proliferation and mobility. Cells were observed and counted on every second day after 
the treatment with PAM for a total of 8 days. Living cells were counted using the trypan blue exclusion method. 
While the number of untreated CL1–5 cells increased about 20-fold from day 0 to 8, there was no increase in the 
number of cells treated with 100% PAM (Fig. 7a). Even treatment with 50% PAM was effective at reducing the 
number of CL1–5 cells. Nevertheless, the proliferation of benign mesothelial cells did not reveal clear differences 
between the untreated and treated cells (Fig. 7b).

The effects of PAM on cell mobility were determined using a scratch assay. ImageJ was used to quantify the 
wound area at 16 and 32 h after the treatment with PAM. CL1–5 migrated to cover about 50% of the wound area 
after 32 h when treated with 0% PAM, with this migration increasing to cover an average of 70% when treated 
with 100% PAM (Fig. 7c). That means PAM decreased the mobility of CL1–5 cells. This effect was not found in 
benign mesothelial cells until 24 h after PAM treatment (Fig. 7d).

Effects of PAM on the viability of various cell types. To further investigate the effects of PAM on cancer therapy 
(in addition to those on CL1–5 and benign mesothelial cells), several cancer and benign cells—including A549 
cells, normal fibroblasts, and CAFs—were also treated with PAM at 37 °C and 43 °C, and their cell viabilities 
were analyzed (Fig. 8). The results showed that PAM was selectively toxic to CL1–5 and A549 cancer cells at 
37 °C (Fig. 8a), with CL1–5 cells being more sensitive than A549 cells at the same dose. At 43 °C, all of the treated 
cells were obviously damaged. (Fig. 8b) A549 cells were more sensitive to thermal treatment than CL1–5 cells 
were for low-dose PAM.

Comparison of PAM treatment with hyperthermochemotherapy. The treatment with PAM was 
demonstrated to selectively exert inhibition effects on cancer cells. To further refine the possibility of applying 
PAM in clinical cancer therapy, we compared the efficacy of PAM treatment with that of clinically applied hyper-
thermochemotherapy. The imitative hyperthermochemotherapy was carried out by treating CL1–5 and benign 
mesothelial cells with 200 mg/m2 cisplatin in saline at 43 °C for 2 h8,9. The cell viability was determined using an 
MTT assay (Fig. 9). Treating hyperthermia with cisplatin was efficient at killing CL1–5 cells, but also seriously 
damaged benign mesothelial cells, which might be indicative of the side effects caused by hyperthermochemo-

Figure 5.  PAM prepared with a plasma exposure time of 120 s was serial diluted with untreated RPMI medium. 
The nitrite concentrations were measured for PAM present at different proportions. Data are mean and SD 
values (n = 3).
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Figure 6.  CL1–5 cells and primary cultured benign mesothelial cells were treated with PAM at 37 °C (a) 
or 43 °C (b) for 2 h. The relative viability is shown comparing to the treatment of 0% PAM (RPMI without 
plasma treatment) at 37 °C. The MTT assay was performed after further culturing for 1 day. Data are mean and 
SD values (n ≥ 3). * P < 0.05; ** P < 0.01; *** P < 0.001 (Student’s t test). (c) Photographs of CL1–5 and benign 
mesothelial cells before and 1 day after receiving treatment with PAM for 2 h. (d) The attached and detached 
CL1–5 cells after PAM treatment were harvested separately. After the dual staining of Annexin V-Alexia 488 and 
PI, the apoptosis of CL1–5 cells with (attached cells and detached cells) and without (blank) PAM treatments 
was analyzed by flow cytometry.
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therapy. In contrast, the viability of benign mesothelial cells was significantly greater for PAM treatment than for 
hyperthermochemotherapy, which implies that PAM treatment has fewer side effects than hyperthermochemo-
therapy.

Reducing the PAM treatment time by prolonging PAM exposure time to plasma. A clinical 
course of hyperthermochemotherapy usually takes 2 h, which can be very stressful for patients because of the 
high temperature and long treatment time. Therefore, we considered the possibility of reducing the treatment 
time by applying PAM at a higher dose. We prepared PAM at higher doses by increasing the exposure time of 
NTAPPJ to RPMI medium from 2 min to 4 and 6 min. CL1–5 cells were treated with PAM for 30, 60, 90, and 
120 min at 37 °C. An MTT assay was performed 1 day after the treatments (Fig. 10). Increasing the exposure 
time to produce PAM with higher dose increased the lethal effects. Meanwhile, 4- and 6-min PAM treatments for 
90 min produced similar lethal effects to 2-min PAM treatment for 120 min with p-value of 0.2772 and 0.1188, 
respectively. This indicates that the treatment time could be decreased by increasing the PAM exposure time to 
plasma.

Effects of PAM on the tumor microenvironment. This study also measured the FGF-1 and TGF-β1 
concentration after PAM treatment, in an attempt to determine why PAM can selectively damage CL1–5 cancer 
cells. Fibroblast growth factors such as FGF-1 can be secreted by CAFs to promote tumorigenesis of many dif-
ferent kinds of  cancers48. To investigate whether the PAM treatment changes only cancer cells themselves or 
also the tumor environment, CL1–5 cells were cultured individually or cocultured with CAFs, and then treated 
with the RPMI medium or PAM. The concentration of human FGF-1 and TGF-β1 in the conditioned medium 

Figure 6.  (continued)
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was detected and quantified (Fig. 11). The results showed that the FGF-1 concentrations were higher in both 
cocultured systems, which was consistent with the previous finding that CAFs secrete FGF-148. We also found 
the PAM treatment slightly increased the CL1–5 secretion of FGF-1. Nevertheless, the FGF-1 concentration was 
always lower than 50 pg/mL in our study, which was lower than the effective FGF-1 concentration (about 400 pg/
mL)49. Hence, PAM can selectively inhibit CL1–5, but not by mediating FGF-1 secretion.

On the other hand, the concentration of TGF-β1 in conditioned media from CAFs was a little higher than it 
from CL1–5 (P = 0.25) but similar to it from cocultured cells (P = 0.63) after RPMI treatments. This also indicated 
the TGF-β1 amount in cocultured amount majorly attributed to the secretion of CAFs. The treatments of PAM 
slightly increased the concentration of TGF-β1 weather in monocultured or cocultured cells in comparison to 
RPMI treatments.

Discussion
The NTAPPJ used in this study generated RONS in free jet and in an RPMI medium. The intensity of ·OH-
radical emissions increased at the liquid–plasma interface, which was inferred to be due to the dissociation of 
water molecules. ·OH radicals enter the liquid and generate  H2O2 or  ONOO–, and  ONOO– is reported to be the 
important factor for cancer cell  apoptosis45. From our results, the ·OH radicals kept generating and reacted with 
TA to result in the accumulation of HTA when the exposure time of the liquid to NTAPPJ was increased from 
0 to 120 s. It indicates effective PAM can be generated.

Based on the limitation of current technology for chemical analysis, there might be effective RONS in PAM 
for cancer therapy that are currently unknown. However, PAM has revealed its advantages for medical applica-
tions. To facilitate plasma clinical applications, measuring the concentrations of all of the RONS might require an 

Figure 7.  Proliferation of CL1–5 (a) and benign mesothelial (b) cells after treatment with PAM. The numbers 
of living cells were counted on days 0, 2, 4, 6, and 8. Data are mean and SD values (n = 3). Mobility of CL1–5 (c) 
and benign mesothelial (d) cells after the treatment with PAM was determined using a scratch assay. Data are 
mean and SD values (n = 3). * P < 0.05; ** P < 0.01 (Student’s t test).
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Figure 8.  Various cell types were treated with PAM at 37 °C (a) and 43 °C (b) for 2 h. Relative viabilities are 
calculated comparing to the treatment of 0% PAM (RPMI without plasma treatment) at 37 °C. Cell viability was 
analyzed using an MTT assay at 1 day after the treatment. Data are mean and SD values (n = 3).

Figure 9.  CL1–5 and benign mesothelial cells were treated with 100% PAM at 37 °C or saline with 200 mg/m2 
cisplatin at 43 °C for 2 h. An MTT assay was performed to determine the cell viability. Data are mean and SD 
values (n = 3). * P < 0.05; ** P < 0.01; ***P < 0.001 (Student’s t test).
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Figure 10.  CL1–5 cells were treated with PAM for 30, 60, 90, and 120 min at 37 °C. An MTT assay was 
performed 1 day after the treatments. RPMI medium was exposed to NTAPPJ for 2, 4, and 6 min to prepare 
PAM. Data are mean and SD values (n = 3). (Student’s t test).

Figure 11.  CL1–5 cells were cultured individually or cocultured with CAFs and treated with normal RPMI 
medium or PAM. The FGF-1 (a) and TGF-β1 (b) concentration in conditioned medium was analyzed using an 
FGF-1 ELISA kit. Data are mean and SD values (n = 3). (Student’s t test).
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objective and easy way to identify the dosage of PAM. Here we used  H2O2 and nitrite concentration as the refer-
ences of RONS concentration. Our results indicated that the concentrations of  H2O2 and nitrite varied linearly 
with the proportion of PAM in the PAM-RPMI mixtures, which might further conjectures that the concentrations 
of  H2O2 and nitrite can be used as easy and fast indexes of the long-life RONS dosage of PAM. Also,  H2O2 and 
nitrite are known as two effective factors for cancer cell inhibition. In this study, we used proportionally diluted 
PAM-RPMI mixture instead of different NTAPPJ treatment time, so that the RONS concentration applied to 
the cells can be carefully controlled.

Hyperthermia with cisplatin exerts strong MPE therapeutic effects, but it can also cause side effects. When 
applied at appropriate dosages, PAM facilitated the lethality to cancer cells while there were only minor effects 
on benign cells in our study. These observations represent strong evidence of the possibility of applying PAM 
in lung cancer therapy. Moreover, the mobility of cancer cells was inhibited by PAM, and so treatment with 
PAM is a promising method for repressing cancer cell metastasis. From our observations of cell morphology, 
we conjecture that the lethality caused by PAM occurred largely via apoptosis. Although apoptosis is not always 
noninflammatory, in comparison with the lethality via cell necrosis that can trigger inflammation, the application 
of PAM in cancer therapy could be a better option. Since the selective lethality of PAM is effective at 37 °C and 
that the lethal effects of PAM are even stronger than thermal treatment with normal RPMI medium, it might be 
possible to treat patients with plural effusion using PAM at 37 °C, which would avoid the endurance required 
for high-temperature thermotherapy.

Many studies have found that CAFs are involved in the crosstalk in tumor microenvironments. CAFs can 
secrete many kinds of protein factors (e.g., VEGF, FGF-1, TGF-β, and IL-6) to promote the proliferation of 
tumor cells, the angiogenesis around tumors, and the invasion and metastasis of  tumors50. Furthermore, the 
ROS level and and TGF-β signaling may have interaction in lung  cancer51. To take a further step to clarify the 
effects of PAM in tumor microenvironments, we also investigated whether PAM affects the secretion of FGF-1 
and TGF-β1. In a result, PAM induced the slight secretion of both FGF-1 and TGF-β1. The amount detected in 
our study was 10 times lower than the effective FGF-1 concentration reported previously (about 400 pg/mL)49. 
Therefore, we assume the selective cytotoxicity of PAM to cancer cells is not through its effect on FGF-1 secre-
tion. On the other hand, the signaling of TGF-β is considered to promote cancer metastasis in advanced cancers 
and in tumor environment. However, one assumption of the selective effect caused by plasma treatment is the 
differently basal cellular ROS level between cancer and normal  cells52. When the inherent ROS in cancer cells is 
closer to the lethal threshold, cancer cells are more susceptible to oxidative stress. TGF-β can also induce redox 
imbalance by raising ROS/RNS  production53. It is still difficult to conclude if the slightly increased TGF-β1 after 
PAM treatment involves in PAM-induced therapeutic selectivity or resistance.

Our results show that using PAM with a higher concentration, as prepared by increasing the exposure time 
to NTAPPJ, has the possibility of decreasing the treatment time or improving the therapeutic effects. However, 
different cancer cells exhibit different responses or sensitivities to PAM. Further studies are therefore required 
to obtain a deeper understanding of the underlying mechanisms and to optimize the curative programs. Along 
with the development of precision medicine, the specific tissues, genetic and cellular backgrounds, and other 
possible factors will need to be considered in decision-making about treatments. More appropriate and effective 
treatments should be applied to patients to improve the therapeutic quality, and PAM has clinical potential as 
an adjuvant or therapeutic formula.

Conclusion
This study has investigated the efficacy of NTAPPJ in lung cancer therapy. The concentrations of RONS related 
to cancer therapy such as  NO2

–, in addition to  H2O2 in PAM and ·OH radicals in solution were measured. The 
selective effects of PAM on cell viability, proliferation, morphology, and migration were studied and compared 
between lung cancer cells and benign cells. A coculture system was utilized to analyze the effects of PAM on the 
secretion of FGF-1 by CAFs, with the aim of understanding the change in the tumor environment when PAM 
is applied as a therapeutic agent.

Compared to hyperthermochemotherapy, treatment with PAM has the potential to effectively decrease the 
high-temperature burden experienced by patients suffering from plural effusion caused by lung cancer. We expect 
that a plasma-based malignant-pleural-effusion therapy will be established to solve the problems of cisplatin 
and PDT therapy.
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