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Preface to ”Plasma in Cancer Treatment”

The dynamic nature of cancers poses a challenge for the treatment of oncological diseases. To

date, therapies such as radiation, chemo- and immunotherapy are ubiquitously used, but not without

limitations and negative side effects in patients. In addition, the cost of cancer care puts a toll on

the health care systems due to an ever-growing ageing population and the increase in prevalence

of cancer around the world. As we move further into the 21st century, we must acknowledge the

need to improve the current therapies and develop new and more effective ones, accessible to all

patients. This is the case of cold atmospheric plasma (CAP), a novel physical therapy that relies on

the localized delivery of reactive oxygen and nitrogen species (RONS). CAP has proved to modulate

the cell cycle, activate cell signalling pathways and induce cell death in a variety of cancer cell

types (demonstrated both in vitro and in vivo), as well as to activate the immune response against

cancer cells. In addition, commercial CAP devices are significantly less expensive than radiotherapy

equipment. The collaboration between scientists from different fields has allowed the development of

CAP therapies that if successful, could help overcoming the limitations of current cancer treatments.

This book is written by many authors around a common theme – the advancement of cold

atmospheric plasma (CAP) as a therapy for cancer. It is beyond the scope of this book to include

the application of CAP for every cancer. However, it is the intent of the editors to include a broad

selection of cancers to better portray the possibilities of CAP in oncology. The contributing authors

have written 16 original research papers and two valuable reviews that expand our knowledge on

the possible effects of plasma in cancerous and healthy cells. We are most grateful to all our expert

contributors for bringing their expertise and experience together in this book and we hope you will

find it a helpful contribution towards the advancement of CAP for cancer patient care.

Annemie Bogaerts, Angela Privat-Maldonado

Editors

ix
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Cancer is the second leading cause of death worldwide, and while science has advanced
significantly to improve the treatment outcome and quality of life in cancer patients, there are still
many issues with the current therapies, such as toxicity and the development of resistance to treatment.
The scientific community conducting oncological research is putting significant efforts into finding
new and efficient alternatives in order to reduce the harmful side effects caused by conventional cancer
therapies. One of these is cold atmospheric plasma (CAP), which involves the application of an ionized
gas, rich in ions, electrons, radicals and excited species, able to eliminate cancerous cells and contribute
to healing cancerous lesions [1,2]. Compared to traditional systemic anticancer therapies, CAP can
be administered locally and can modulate and activate multiple signaling pathways in cancer cells,
which contribute to their elimination [3]. Exciting advances made in the past few years in the field
of biomedical plasma have allowed scientists to explore its use in different types of cancer. To date,
some of the key events involved in the response to CAP-derived reactive oxygen species (ROS), such as
cell death, senescence and cell cycle arrest, among others [4–6], have been identified in cancer cells.
However, the response evoked by CAP in different populations of cells (cancerous, stromal, immune
cells) varies greatly and selectivity studies could help to unravel this issue. In addition, it is important
to consider the three-dimensional nature of solid tumors, where the tumor microenvironment plays an
important role in the response to therapy [7].

The scope of CAP for cancer therapy is rapidly expanding to address difficult targets which were
previously untreatable, including those with metastatic potential and resistance to drugs. To progress
towards a widespread clinical application of CAP, an integrated study of the multi-dimensional effect
of CAP in cancer treatment is essential.

This Special Issue on “Plasma in Cancer Treatment” brings together 16 original research
papers [8–23] and two insightful reviews [24,25]. The papers published in the Special Issue
provide valuable information regarding the efficacy of CAP against osteosarcoma, glioblastoma,
cholangiocarcinoma, melanoma, pancreatic, ovarian, breast, cervical and colorectal cancer. The article
collection includes studies on the fundamental mechanisms of action during oxidative stress and
chemotherapy [12], molecular mechanisms of action [24], cell cycle regulation [25], activation of cell
signaling pathways [14], effect on stromal and immune cells [8,17], metastatic potential [23], the tumor
microenvironment [17,25] and selectivity of CAP towards cancer cells [22]. CAP has been used in
combination with chemotherapeutics and radiation therapy to boost their cytotoxic activity [9,10] and
to restore sensitivity to chemotherapeutics [11]. In combination with low pulse electric fields, CAP
improves the permeabilization of cells [19], which could be beneficial for drug delivery. The addition
of gold quantum dots to CAP treatment can further boost the efficacy of the treatment [13]. In addition,
the use of non-thermally operated electrosurgical argon plasma devices for cancer therapy has
been explored [15,16], which presents an opportunity to use existing devices for cancer treatment.
Three reports have used plasma-treated Ringer’s saline and phosphate buffered-saline (PBS) solutions
with anticancer properties, supporting the potential of this alternative treatment modality [18,20,21].

Cancers 2020, 12, 2617; doi:10.3390/cancers12092617 www.mdpi.com/journal/cancers1
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Two review papers complete this Special Issue. The first summarizes the current state of knowledge
on the molecular mechanisms of action of CAP [24] and the second explores the role of the tumor
microenvironment in the response to CAP treatment and presents useful three-dimensional in vitro
culture models for plasma research [25].

In summary, this Special Issue presents the effect of CAP on a wide range of cancer types,
highlighting the versatility of CAP and its future application in the field. The studies presented here
offer an opportunity to consider the application of CAP in the clinic to improve survival rates and
quality of life of cancer patients in the near future.

Conflicts of Interest: The authors declare that the present article also summarizes articles co-authored by them.

References

1. Babaeva, N.Y.; Naidis, G.V. Modeling of Plasmas for Biomedicine. Trends Biotechnol. 2018, 36, 603–614.
[CrossRef] [PubMed]

2. Woedtke, T.V.; Schmidt, A.; Bekeschus, S.; Wende, K.; Weltmann, K.-D. Plasma Medicine: A Field of Applied
Redox Biology. In Vivo 2019, 33, 1011–1026. [CrossRef] [PubMed]

3. Privat-Maldonado, A.; Schmidt, A.; Lin, A.; Weltmann, K.-D.; Wende, K.; Bogaerts, A.; Bekeschus, S. ROS
from Physical Plasmas: Redox Chemistry for Biomedical Therapy. Oxidative Med. Cell. Longev. 2019, 2019, 29.
[CrossRef]

4. Siu, A.; Volotskova, O.; Cheng, X.; Khalsa, S.S.; Bian, K.; Murad, F.; Keidar, M.; Sherman, J.H. Differential
Effects of Cold Atmospheric Plasma in the Treatment of Malignant Glioma. PLoS ONE 2015, 10, e0126313.
[CrossRef] [PubMed]

5. Yang, X.; Chen, G.; Yu, K.N.; Yang, M.; Peng, S.; Ma, J.; Qin, F.; Cao, W.; Cui, S.; Nie, L.; et al. Cold atmospheric
plasma induces GSDME-dependent pyroptotic signaling pathway via ROS generation in tumor cells. Cell Death
Dis. 2020, 11, 295. [CrossRef] [PubMed]

6. Brany, D.; Dvorská, D.; Halašová, E.; Škovierová, H. Cold Atmospheric Plasma: A Powerful Tool for Modern
Medicine. Int. J. Mol. Sci. 2020, 21, 2932. [CrossRef]

7. Roma-Rodrigues, C.; Mendes, R.; Baptista, P.V.; Fernandes, A.R. Targeting Tumor Microenvironment for
Cancer Therapy. Int. J. Mol. Sci. 2019, 20, 840. [CrossRef]

8. Van Loenhout, J.; Flieswasser, T.; Boullosa, L.F.; De Waele, J.; Van Audenaerde, J.R.; Marcq, E.; Jacobs, J.;
Lin, A.; Lion, E.; Dewitte, H.; et al. Cold Atmospheric Plasma-Treated PBS Eliminates Immunosuppressive
Pancreatic Stellate Cells and Induces Immunogenic Cell Death of Pancreatic Cancer Cells. Cancers 2019, 11,
1597. [CrossRef]

9. Liedtke, K.R.; Freund, E.; Hermes, M.; Oswald, S.; Heidecke, C.-D.; Partecke, L.-I.; Bekeschus, S. Gas
Plasma-Conditioned Ringer’s Lactate Enhances the Cytotoxic Activity of Cisplatin and Gemcitabine in
Pancreatic Cancer In Vitro and In Ovo. Cancers 2020, 12, 123. [CrossRef]

10. Lafontaine, J.; Boisvert, J.-S.; Glory, A.; Coulombe, S.; Wong, P. Synergy between Non-Thermal Plasma with
Radiation Therapy and Olaparib in a Panel of Breast Cancer Cell Lines. Cancers 2020, 12, 348. [CrossRef]

11. Park, S.; Kim, H.; Ji, H.W.; Kim, H.W.; Yun, S.H.; Choi, E.H.; Kim, S.J. Cold Atmospheric Plasma Restores
Paclitaxel Sensitivity to Paclitaxel-Resistant Breast Cancer Cells by Reversing Expression of Resistance-Related
Genes. Cancers 2019, 11, 2011. [CrossRef] [PubMed]

12. Freund, E.; Liedtke, K.R.; Miebach, L.; Wende, K.; Heidecke, A.; Kaushik, N.K.; Choi, E.H.; Partecke, L.-I.;
Bekeschus, S. Identification of Two Kinase Inhibitors with Synergistic Toxicity with Low-Dose Hydrogen
Peroxide in Colorectal Cancer Cells In vitro. Cancers 2020, 12, 122. [CrossRef] [PubMed]

13. Kaushik, N.K.; Choi, E.H.; Wahab, R.; Bhartiya, P.; Nguyen, L.N.; Khan, F.; Al-Khedhairy, A.A.; Choi, E.H.
Cold Atmospheric Plasma and Gold Quantum Dots Exert Dual Cytotoxicity Mediated by the Cell
Receptor-Activated Apoptotic Pathway in Glioblastoma Cells. Cancers 2020, 12, 457. [CrossRef]

14. Akter, M.; Jangra, A.; Choi, S.A.; Choi, E.H.; Han, I. Non-Thermal Atmospheric Pressure Bio-Compatible
Plasma Stimulates Apoptosis via p38/MAPK Mechanism in U87 Malignant Glioblastoma. Cancers 2020, 12,
245. [CrossRef] [PubMed]

2



Cancers 2020, 12, 2617

15. Wenzel, T.; Berrio, D.C.; Reisenauer, C.; Layland, S.; Koch, A.; Wallwiener, D.; Brucker, S.Y.; Schenke-Layland, K.;
Brauchle, E.-M.; Weiss, M. Trans-Mucosal Efficacy of Non-Thermal Plasma Treatment on Cervical Cancer Tissue
and Human Cervix Uteri by a Next Generation Electrosurgical Argon Plasma Device. Cancers 2020, 12, 267.
[CrossRef] [PubMed]

16. Feil, L.; Koch, A.; Utz, R.; Ackermann, M.; Barz, J.; Stope, M.B.; Krämer, B.; Wallwiener, D.; Brucker, S.Y.;
Weiss, M. Cancer-Selective Treatment of Cancerous and Non-Cancerous Human Cervical Cell Models by a
Non-Thermally Operated Electrosurgical Argon Plasma Device. Cancers 2020, 12, 1037. [CrossRef] [PubMed]

17. Vaquero, J.; Judée, F.; Vallette, M.; Decauchy, H.; Arbelaiz, A.; Aoudjehane, L.; Scatton, O.; Gonzalez-Sanchez, E.;
Merabtene, F.; Augustin, J.; et al. Cold-Atmospheric Plasma Induces Tumor Cell Death in Preclinical In Vivo and
In Vitro Models of Human Cholangiocarcinoma. Cancers 2020, 12, 1280. [CrossRef]

18. Griseti, E.; Merbahi, N.; Teissié, J. Anti-Cancer Potential of Two Plasma-Activated Liquids: Implication of
Long-Lived Reactive Oxygen and Nitrogen Species. Cancers 2020, 12, 721. [CrossRef]

19. Chung, T.-H.; Stancampiano, A.; Sklias, K.; Gazeli, K.; Andre, F.M.; Dozias, S.; Douat, C.; Pouvesle, J.-M.;
Sousa, J.S.; Robert, E.; et al. Cell Electropermeabilisation Enhancement by Non-Thermal-Plasma-Treated PBS.
Cancers 2020, 12, 219. [CrossRef]

20. Mateu-Sanz, M.; Tornin, J.; Brulin, B.; Khlyustova, A.; Ginebra, M.-P.; Layrolle, P.; Canal, C. Cold
Plasma-Treated Ringer’s Saline: A Weapon to Target Osteosarcoma. Cancers 2020, 12, 227. [CrossRef]

21. Bisag, A.; Bucci, C.; Coluccelli, S.; Girolimetti, G.; Laurita, R.; De Iaco, P.; Perrone, A.M.; Gherardi, M.;
Marchio, L.; Porcelli, A.M.; et al. Plasma-activated Ringer’s Lactate Solution Displays a Selective Cytotoxic
Effect on Ovarian Cancer Cells. Cancers 2020, 12, 476. [CrossRef] [PubMed]

22. Biscop, E.; Lin, A.; Van Boxem, W.; Van Loenhout, J.; De Backer, J.; Deben, C.; Dewilde, S.; Smits, E.L.;
Bogaerts, A. Influence of Cell Type and Culture Medium on Determining Cancer Selectivity of Cold
Atmospheric Plasma Treatment. Cancers 2019, 11, 1287. [CrossRef] [PubMed]

23. Bekeschus, S.; Freund, E.; Spadola, C.; Privat-Maldonado, A.; Hackbarth, C.; Bogaerts, A.; Schmidt, A.;
Wende, K.; Weltmann, K.-D.; Von Woedtke, T.; et al. Risk Assessment of kINPen Plasma Treatment of Four
Human Pancreatic Cancer Cell Lines with Respect to Metastasis. Cancers 2019, 11, 1237. [CrossRef]

24. Semmler, M.L.; Bekeschus, S.; Schäfer, M.; Bernhardt, T.; Fischer, T.; Witzke, K.; Seebauer, C.; Rebl, H.;
Grambow, E.; Vollmar, B.; et al. Molecular Mechanisms of the Efficacy of Cold Atmospheric Pressure Plasma
(CAP) in Cancer Treatment. Cancers 2020, 12, 269. [CrossRef] [PubMed]

25. Privat-Maldonado, A.; Bengtson, C.; Razzokov, J.; Smits, E.L.; Bogaerts, A. Modifying the Tumour
Microenvironment: Challenges and Future Perspectives for Anticancer Plasma Treatments. Cancers 2019, 11,
1920. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

3





cancers

Article

Risk Assessment of kINPen Plasma Treatment of Four
Human Pancreatic Cancer Cell Lines with Respect
to Metastasis

Sander Bekeschus 1,2,*,† , Eric Freund 1,3,† , Chiara Spadola 1,3, Angela Privat-Maldonado 4,5 ,

Christine Hackbarth 3, Annemie Bogaerts 4 , Anke Schmidt 1 , Kristian Wende 1,2,

Klaus-Dieter Weltmann 1,2 , Thomas von Woedtke 1,2,6 , Claus-Dieter Heidecke 3,

Lars-Ivo Partecke 3,‡ and André Käding 3,‡

1 ZIK plasmatis, Leibniz Institute for Plasma Science and Technology (INP Greifswald), Felix-Hausdorff-Str. 2,
17489 Greifswald, Germany

2 National Centre for Plasma Medicine (NZPM), Langenbeck-Virchow-Haus, Luisenstr. 58/59, 10117 Berlin,
Germany

3 Department of General, Visceral, Thoracic, and Vascular Surgery, Greifswald University Medical Center,
Ferdinand-Sauerbruch-Str., 17475 Greifswald, Germany

4 PLASMANT, Chemistry Department, University of Antwerp, 2610 Antwerp, Belgium
5 Solid Tumor Immunology Group, Center for Oncological Research, University of Antwerp, 2610 Antwerp,

Belgium
6 Institute for Hygiene and Environmental Medicine, Greifswald University Medical Center,

Walther-Rathenau-Str. 48, 17489 Greifswald, Germany
* Correspondence: sander.bekeschus@inp-greifswald.de; Tel.: +49-3834-554-3948
† Equally contributed as first authors.
‡ Equally contributed as last authors.

Received: 25 July 2019; Accepted: 19 August 2019; Published: 23 August 2019
��������	
�������

Abstract: Cold physical plasma has limited tumor growth in many preclinical models and is,
therefore, suggested as a putative therapeutic option against cancer. Yet, studies investigating the
cells’ metastatic behavior following plasma treatment are scarce, although being of prime importance
to evaluate the safety of this technology. Therefore, we investigated four human pancreatic cancer
cell lines for their metastatic behavior in vitro and in chicken embryos (in ovo). Pancreatic cancer was
chosen as it is particularly metastatic to the peritoneum and systemically, which is most predictive
for outcome. In vitro, treatment with the kINPen plasma jet reduced pancreatic cancer cell activity
and viability, along with unchanged or decreased motility. Additionally, the expression of adhesion
markers relevant for metastasis was down-regulated, except for increased CD49d. Analysis of 3D
tumor spheroid outgrowth showed a lack of plasma-spurred metastatic behavior. Finally, analysis
of tumor tissue grown on chicken embryos validated the absence of an increase of metabolically
active cells physically or chemically detached with plasma treatment. We conclude that plasma
treatment is a safe and promising therapeutic option and that it does not promote metastatic behavior
in pancreatic cancer cells in vitro and in ovo.

Keywords: cell adhesion; plasma medicine; oncology

1. Introduction

Ninety percent of cancer deaths are not caused by the primary tumor but because of metastasis [1].
For this to happen, individual cancer cells leave the primary tumor (or later: metastatic sites) into
the bloodstream or lymphatic vessels to settle at distance organs or lymph nodes, respectively [2].

Cancers 2019, 11, 1237; doi:10.3390/cancers11091237 www.mdpi.com/journal/cancers5
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Therapies, therefore, should not only be effective in diminishing tumor growth but also avoid spurring of
metastasis due to treatment. In the last decade, traditional therapies such as surgery, chemotherapy, and
radiotherapy have been increasingly complemented with novel therapeutic approaches. This includes
systemic treatments, for example, immunotherapies, small molecules, and other biological [3–5] as
well as local treatments such as electrochemotherapy, photodynamic therapy, and a novel concept
involving the application of cold physical plasma [6–10].

Cold physical plasma is a partially ionized gas that expels a variety of reactive oxygen and
nitrogen species into the ambient air [11]. As these sources can be operated at body temperature,
they can be applied to human tissue without causing thermal damage. Recent in vitro [12–14] and
in vivo [15–17] evidence suggests a tumor-toxic potential of cold physical plasma sources, with reactive
species playing a significant role in the effects observed. First, studies reported on beneficial antitumor
effects of cold physical plasma in the palliation of cancer patients within clinical observational case
studies [18–21]. These results were achieved using an atmospheric pressure argon plasma jet (kINPen
MED) accredited as a medical device in Europe [22].

While such a novel approach generates excitement among researchers and practitioners, new
technologies and therapies should be effective and safe. The kINPen plasma jet has been investigated for
genotoxic safety, and several studies—partially based on genotoxicity testing according to OECD-based
protocols—have shown that there is no evidence of mutagenic effects on human cells in vitro and
in HET-CAM tests using chicken embryos (in ovo) [23–25]. The source can also be applied without
thermal harm and is well-tolerated in patients without any severe adverse events noted [26–29]. At the
same time, we reported a lack of tumor formation in a 1-year follow-up study in mice that had received
six repetitive plasma-treatment sessions [30]. However, a point that has so far not been addressed
is whether cold physical plasma treatment may promote metastasis due to physically or chemically
dislodging cells from their primary tumor or by changing the cell’s adhesion molecule profile.

Using the kINPen plasma jet and four human pancreatic cancer cell lines, we investigated
potentially metastasis-promoting effects in vitro in two-dimensional cultures, three-dimensional
cultures, and three-dimensional cultures grown on chicken embryos, a realistic model allowing
tumor formation with vascularization. Despite each of the cell lines showing an individual behavior
in response to plasma treatment as seen with several biological assays, we could not identify a
metastasis-promoting effect when exposing four human pancreatic cancer cell lines to the plasma of
the kINPen argon jet.

2. Materials and Methods

2.1. Cell Culture

Pancreatic cancer cell lines (MiaPaCa2, PaTuS, PaTuT, and Panc01) were cultured in Dulbecco’s
modified Eagle’s Medium (DMEM, Pan Biotech, Aidenbach, Germany) supplemented with 10% fetal
bovine serum (FCS), 2% glutamine, and 1% penicillin/streptomycin (all Sigma, Steinheim, Germany).
For incubation, cells were placed at 37 ◦C and 5% CO2 in a humidified cell culture incubator (Binder,
Tuttlingen, Germany). For in-vitro experiments with 2D cell cultures, 2 × 104 cells were seeded in
100 μL of Roswell Park Memorial Medium (RPMI, Pan Biotech) also supplemented with FCS, glutamine,
and penicillin-streptomycin, in tissue culture-treated 96-well flat-bottom plates (Eppendorf, Hamburg,
Germany). Cell counting was performed in a highly standardized fashion by determining the absolute
number of cells using the Attune NxT flow cytometer (Thermo Scientific, Waltham, MA, USA) and
propidium iodide (PI; Sigma) for live-dead discrimination. For optimal culture conditions, the rim of
the Eppendorf plates was filled with double-distilled water to prevent excessive evaporation of culture
medium in the outer wells (edge effect).
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2.2. Cold Physical Plasma and Treatment Regimen

For treatment with cold physical plasma, a kINPen atmospheric pressure plasma jet (Neoplas,
Greifswald, Germany) was utilized at room temperature. The device was operated with 99.999% pure
argon gas (Air Liquide, Paris, France) at 2 standard liters per minute (SLM). Mock treatment with argon
gas alone (plasma off) was carried out to control for any potential effect of argon gas on cells alone
(argon controls), while untreated controls were exposed neither to plasma nor to argon gas. In-vitro
treatment of 2D cell cultures in flat-bottom plates or of spheroids (see below) in ultra-low-affinity (ULA)
plates (PerkinElmer, Waltham, MA, USA) were carried out utilizing a computer-controlled xyz-table
(CNC-Step, Geldern, Germany). This table works with specific software (WinPC-NC) that standardizes
the distance of the plasma effluent to the cells (12 mm = distance nozzle to cells), velocity, as well as the
treatment time that was set to 60 s for treatment with plasma or argon gas. During in-vitro treatment,
cells were cultivated in RPMI culture medium that remained on the cells afterward. Evaporation
through the jet effluent was measured via precision balance (Sartorius, Göttlingen, Germany) and
was resubstituted with 12 μL of double-distilled water per treated well. Tumors growing on the
chorion-allantois membrane of eggs (TUM-CAM, see below) were treated manually for 60 s plasma
at 9 mm distance nozzle-to-target (the tip of the plasma effluent touching tumor surface). Detached
cells (floaters) were collected post-treatment immediately, and a separate treatment of them was
not performed.

2.3. Quantification of Metabolic Activity

In-vitro treated cells growing in 2D cultures were incubated for 24 h after their initial exposure
to the plasma effluent or argon gas before the addition of 7-hydroxy-3H-phenoxazin-3-on-10-oxid
(resazurin, Alfa Aesar, Haverhill, MA, USA) that is transformed by viable cells to the fluorescent
resorufin. Fluorescence was measured 4 h after incubation with the dye utilizing a multiplate reader
(Tecan F200, Männedorf, Switzerland) at λex = 530 nm and λem = 590 nm to quantify the number
of metabolically active cells. To validate the importance of plasma-derived reactive oxygen species
(ROS), the antioxidant n-acetylcysteine (NAC, final concentration 2 mM; Sigma) was added to control
experiments. To harvest cells that have detached either naturally or potentially through plasma
treatment (floaters), the cell culture supernatant was collected immediately after treatment and added
to a new plate. This new plate was incubated for 6 further days under optimal growing conditions
before resazurin was added to quantify the amount of metabolically active cells in these wells.
A similar protocol was used to identify the number and metabolic activity of floaters collected during
in-ovo experiments.

2.4. Culture and Analysis of 3D Tumor Spheroids

Before utilizing each of the four human pancreatic cancer cell lines for tumor spheroid formation,
they were stained with the cell tracing reagent 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiL; Thermo Fisher, Waltham, USA). Afterward, 3 × 103 cells were seeded in ULA 96-well
plates in RPMI containing 0.24% methylcellulose (Methocel; Sigma Aldrich, Steinheim, Germany).
To form spheroids, they were centrifuged for 10 min at 1000× g. After 3 days of incubation in the
incubator, the fresh culture medium was added, and the plasma treatment was performed as described
above. After 4 h of incubation, the medium was removed, leaving only 50 μL per well. To this medium,
50 μL of Matrigel (LDEV-free; concentration 2 mg/mL; Corning, New York, NY, USA) extracellular
matrix component was added. The plate was centrifuged and incubated for one further hour before
100 μL fresh medium containing sytox green (Thermo Fisher) dead cell staining solution was added on
top of the Matrigel.
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2.5. High Content Imaging

All images were acquired using a high content imaging device (Operetta CLS; PerkinElmer) that
utilizes a 16-bit sCMOS camera with 4.7 megapixels, laser-based autofocus, high-speed precision
xyz-table, and eight different excitation light sources and emission wavelengths via bandpass filters.
Time-lapse imaging experiments were carried out under environmental conditions set to 37 ◦C and
5% CO2 during a 4-h time course. The water-filed rim of the 96-well plates protected the cells from
excessive evaporation. Bright-field and digital phase contrast (DPC) images were acquired with a 20 ×
air objective (NA = 0.4; Zeiss, Jena, Germany) for 25 fields of view (FOV) per well with six technical
replicate wells. Imaging frequency was every 20 min, which resulted in a quantitative analysis of
around 3 × 104 single cells per cell line, per condition, and per time point. Spheroids were imaged
immediately and at 24 h, 48 h, and 72 h post-plasma treatment with a 5 × air objective (NA = 0.16;
Zeiss, Jena, Germany) in confocal mode with seven z-stacks per spheroid. Brightfield and fluorescence
channels (λex = 530–560 nm and λem = 570–650 nm for detection of the pancreatic cancer cells labeled
with DiL; λex = 460–490 nm and λem = 500–550 nm for dead cell quantification of cells positive for
sytox green; and λex = 435–460 nm and λem = 470–515 nm to detect the spheroids’ autofluorescence)
were acquired. The experimental setup and image quantification were performed with the image
acquisition and analysis software Harmony 4.8 (Perkin Elmer, Waltham, MA, USA). For analysis of
time-lapse experiments, at least 1500 individual cells per condition and cell line were tracked with
their pseudo-cytosolic signal (DPC channel) to assess the individual cell’s motility based on algorithm
detection methods. In parallel, cell counts as well as cell growth area (cell cluster area in PaTuS cells)
were calculated throughout the time course. For spheroid analysis, the brightfield channel was inverted
and merged with fluorescence channels. This calculated image was further processed, and an intensity
cut-off was applied to detect the spheroid area independent of surrounding cells. Quantification
of the metastatic cancer cells outside the spheroid region was performed via segmentation of their
DiL signal, whereas presumable objects with higher sum fluorescence intensities of 2 × 105 were
excluded from analysis (= autofluorescent conglomerates). For calculation of viability, objects with
mean fluorescence intensity of sytox green higher than 3 × 103 were considered to be dead cells. For
investigating the spheroids symmetry, a polynomial function was utilized (Rnm (ρ,ϕ) = ρn e−imϕ).
Threshold compactness was investigated by calculating the relation of objects inside the spheroid (with

intensities of 60% of the maximum) concerning the spheroid border using the formula: c =
2√s body
s border .

The spheroid’s profile is defined by the shortest distance from the border to higher cell intensities.

2.6. Flow Cytometry

Different molecules at the cell membrane important for cell adhesion were quantified via flow
cytometry. Cells were harvested 4 h and 24 h post-plasma exposure with the enzyme accutase
(BioLegend, San Diego, CA, USA) and stained with monoclonal antibodies targeting the anti-cluster
of differentiation (CD) 49b conjugated with phycoerythrin (PE), anti-CD49d PE-Cy7, anti CD324
(E-cadherin) Alexa Fluor (AF) 488, and anti-CD326 (EpCam) Brilliant Violet (BV) 605 as well as
4,6-Diamidin-2-phenylindol (DAPI) (all BioLegend). After washing with phosphate-buffered saline
(PBS, PAN Biotech), cells were acquired with a Cytoflex S (Beckman-Coulter, Brea, CA, USA) flow
cytometer. Following doublet discrimination, cells were gated via their size and granularity with
forward and side scatter (FSC, SSC). Only DAPI- (viable) cells were used for quantification of mean
fluorescence intensities of cell surface integrins (CD49b, CD49d) and cadherins (CD324, CD326) on the
four human pancreatic cancer cell lines. Unstained and treated as well as unstained and untreated
controls helped to create autofluorescence vectors for accurate quantification of expression values. To
enumerate floaters, supernatants were mixed with fixation and permeabilization buffer (BioLegend)
containing DAPI to count all nucleated cells sensitively, accurately, and quantitatively using flow
cytometry. Data analysis of more than 2000 flow cytometry acquisitions across all assays was performed
using Kaluza 2.1.1 software (Beckman-Coulter).
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2.7. In ovo Experiments

After delivery, fertilized chicken eggs (Valo BioMedia, Osterholz-Scharmbeck, Germany) were
incubated at constant temperatures around 37.7 ◦C and 65% humidity in an egg incubator with
automatic turning function. To prepare the chorion-allantois membrane (CAM) for tumor cell
implantation 6 days later, the upper pole was disinfected, and the eggshell was punctured with a sterile
cannula without damaging the inner components. During all steps outside the incubator, a heat block
with a custom-made egg adapter (Stuart Scientific, Staffordshire, UK) was utilized to ensure regular
maturation. The lesion was closed with sticking plaster to prevent contamination, and the egg was
again placed in the incubator but without frequent turning. On day 8, the CAM was well established,
and the plaster and a section of the shell were removed to allow the implantation of a silicone ring.
The ring was placed at the upper pole, and 2 × 106 cells (in 15 μL Matrigel) per egg were filled in that
form to shape solid tumors. On day 12 and 14, these tumors were exposed to cold physical plasma or
argon gas for 60 s or were left untreated. As a positive control for cell detachment, tumors grown on
eggs were incubated with accutase or 0.1% trypsin in PBS (PAN Biotech) for 5 min. To address the
question of whether plasma treatment physically detaches tumor cells during treatment that could
potentially spur metastasis, tumors were rinsed with 150 μL growth medium for both treatment days.
An additional plastic ring placed around the tumor prevented leakage of the solution, and hence the
solution could be recovered after rinsing, and analyzed in downstream assays (on day 12 and day
14), such as absolute cell counting with flow cytometry or metabolic activity of proliferated cells 6
days after collection. Moreover, the toxic effects of plasma treatment were addressed by the surgical
removal of tumors on day 14 and weight analysis using a precision balance (Sartorius).

2.8. Statistical Analysis

All experiments were repeated several times in independent runs (as detailed in figure legends),
and data are displayed as mean with standard deviation (SD) or standard error (SEM), if not indicated
otherwise. For multiple comparisons of effects between different groups, analysis of variance (ANOVA
II) with Dunnet’s post-testing was utilized. Differences between two groups were detected using
unpaired t-test with Welch’s correction to pay attention to unequal SDs. If requirements for parametric
testing were not fulfilled, the Mann-Whitney U-test was utilized. Calculations and graphing were
performed using Prism 8.1 (GraphPad Software, La Jolla, CA, USA). Levels of significance are shown
in the graphs as numerical value or asterisks (*, **, or *** for the p-values < 0.05, < 0.01, or < 0.001,
respectively).

3. Results

3.1. Plasma Treatment Reduced Cellular Metabolism, Growth, and Motility in vitro

Cold physical plasma is known to generate various reactive species that can interfere with cells’
homeostasis and therefore diminish their viability. To test whether this novel treatment may promote
metastasis, four different pancreatic carcinoma cell lines (MiaPaCa2, PaTuS, PaTuT, and Panc01) were
exposed to plasma followed by their experimental analysis (Figure 1A–C). For comparison, these cells
were exposed for 60 s to argon gas or plasma, or were left untreated (Figure 2A). Plasma significantly
reduced the metabolic activity of all pancreatic cancer cell lines, whereas argon gas alone left the
cells overall unaffected (Figure 2B). MiaPaCa2 and PaTuT cells were highly vulnerable to the plasma
treatment, while PaTuS and Panc01 were less sensitive (Figure 2B). Regardless, plasma effects were
mediated via ROS release and deposition to cell culture, as the complete abrogation of cytotoxic plasma
activity with the antioxidant scavenger n-acetylcysteine (NAC, Figure A1A) suggested. Furthermore,
correlations of viable cell count and metabolic activity were observed (Figure A1B–E) and therefore
conclusions can be drawn towards a plasma-mediated reduced viable cell count that is the reason for the
decreased whole-well metabolic activity. To analyze the growth behavior in more detail, high content
image analysis of the four different cell lines’ cytosolic area (Figure 2C) enabled absolute microscopy
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cell counting and showed a significant reduction during a 4 h live-cell time-lapse imaging analysis
post-plasma treatment in MiaPaCa2 (Figure 2D) and PaTuT cells (Figure 2F). Absolute cell counts of the
rather robust PaTuS (Figure 2E) and Panc01 (Figure 2G) cells were unaffected. PaTuS cells in vitro do not
grow as single cells but rather form 2D monolayers/clusters. Exposure to physical plasma significantly
reduced the total cluster area of these cells beginning 1.5 h after plasma treatment (Figure 2H). Such
detached cells are at risk of forming metastasis, but we found a decreased accumulated distance of cells
that were tracked after plasma treatment (Figure 2I). The motility of the other cell lines was unaffected
by the treatment regimen (Figure 2I). Beside these impairments in cell metabolism and growth, the
toxicity of the treatment regimen was validated by the observation of reduced viable cell fraction via
flow cytometry (cells negative for the dead cell dye DAPI), that was significant for MiaPaCa2, PaTuT,
and Panc01, and seen in tendencies for PaTuS cells (Figure 2J).

Figure 1. Schematic overview of the experimental setup. Experimental procedures for analysis of
plasma effects on four human pancreatic cancer cell lines (A) in vitro using 2D cultures, (B) in vitro
using 3D tumor spheroids and (C) in ovo using solid tumors. Time-points of experimental downstream
analysis or high-content imaging are indicated as bars.

3.2. Plasma Treatment Modulated the Expression of Cell Adhesion Markers

The loss of adhesion molecules, such as integrins (CD49b, CD49d) and cadherins (CD324, CD326),
is important for cancer cells to dislodge and form metastasis. To this end, the surface expression of the
markers CD49b, CD49d, CD324, and CD326 was investigated 4h and 24h post plasma treatment. To
analyze baseline expression levels of these molecules first, the staining was compared to unstained
controls and a clear expression of all markers in the viable (DAPI-) cell fraction was found using
five-color flow cytometry (Figure 3A). In all cases (except in the PE channel for plasma treatment of
MiaPaCa2, PaTuS, and PaTuT), the autofluorescence of the unstained control cells was increased after
plasma exposure (Figure A1G–J). This was taken into account in our final results by subtracting the
autofluorescence values from the signal of stained cells matched to the treatment (stained untreated
minus unstained untreated; stained plasma-treated minus unstained plasma-treated). As an early
consequence of exposure of the cancer cells to physical plasma, an upregulation of surface-CD49d
was detected in PaTuS and PaTuT cells. In PaTuT cells, also CD326 was increased 4 h after treatment,
whereas all other markers where unaffected (Figure A1K–N). Analyzing the markers 24 h after plasma
treatment in MiaPaCa2 cells, CD49b was found to be downregulated, but the expression of integrin
CD49d was increased (Figure 3B). This marker was also higher expressed in plasma-treated PaTuS
cells, while CD324 and CD326 were found to be decreased (Figure 3C). PaTuT cells upregulated CD49b
and CD49d following exposure to plasma and showed a decrease in CD326 expression (Figure 3D).
The robust pancreatic cancer cell line Panc01 was modulated to a higher expression of integrin CD49d
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after treatment with physical plasma (Figure 3E). To summarize, the major impact of plasma treatment
was found in the upregulation of CD49d that was uniform through all different cell lines, but also a
downregulation of CD324 and CD326 was detected in two cases (Table 1). The upregulation of integrin
CD49d is positive, as it increases the loco-stability, whereas subtle but significant down-regulation of
cadherins (CD324 and CD326) is not favorable and promoted further investigations in more complex
3D models.

Figure 2. Plasma treatment reduced cellular metabolism, growth, and motility in vitro. (A) treatment
of MiaPaCa2, PaTuS, PaTuT, and Panc01 human pancreatic cancer cells with the kINPen argon plasma
jet utilizing an xyz table for standardization of plasma-treatment conditions (driving directions and
conditions indicated as yellow arrows); (B) metabolic activity of cancer cells 24 h after argon gas or
plasma exposure for 60 s (numerical value of the reduction is shown in red) normalized to each respective
untreated control; (C) digital phase-contrast images of pancreatic cancer cells and representative cell
tracking and cluster detection (light red in PaTuS cells) via quantitative image analysis; cell counts
during a 4 h time course normalized t = 0 of control and plasma-treated (D) MiaPaCa2, (E) PaTuS,
(F) PaTuT, and (G) Panc01 cells; (H) cluster area of PaTuS cell during the time-laps normalized on t = 0;
(I) mean accumulated distance of cells 4 h post-treatment; and (J) DAPI- cells normalized on respective
untreated control 24 h after plasma exposure counted via flow cytometry. All data are mean + or ± SEM
(except J, mean only) and are representatives of four independent experiments; scale bar represents
100 μm.
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Table 1. Type and modulation of adhesion markers analyzed following plasma treatment. Type of
four different adhesion molecules and their ligands, as well as the modulation of their expression 4 h
or 24 h post-plasma treatment in four different human pancreatic cancer cell lines. An increase of the
surface marker expression is indicated as “+”, unaffected markers as “=”, and a reduction of marker
expression as “−“.

Description of Adhesion Markers Analyzed
Modulation of Adhesion Marker

Expression Post Plasma Treatment

CD
Other

Names
Ligand MiaPaCa2 PaTuS PaTuT Panc01

49b
VLA-2α,

α2 integrin
collagen = = = = 4 h

− = + = 24 h

49d
VLA-4α,

α4 integrin
VCMA-1, MAdCAM-1,

fibronectin, CD242
= + + = 4 h
+ + + + 24 h

324
E-cadherin,

CDH1
CD103, E-cadherin, catenins,

internalin
= = = = 4 h
− − = = 24 h

326
Ep-Cam,
TROP1

LAIR-1, LAIR-2, Ep-CAM = = + = 4 h
= − − = 24 h

3.3. Plasma Treatment Altered Tumor Spheroid Morphology, and Induced Toxicity

As a consequence of adhesion, marker modulation seen with plasma treatment in two-dimensional
cultures remained unclear, tumor spheroids—three-dimensional structures in which cells differentiate
and adhere—were utilized for further studies. Consequently, the effect of physical plasma (Figure 4A
V–VIII) was compared with control spheroids (Figure 4A I–IV) up to 72 h post plasma exposure. Using
high content imaging and algorithm-based quantification, stained pancreatic cancer cell spheroids were
segmented, and images were merged and further processed (Figure 4B I–III) to receive information
about the spheroids growing in an extracellular matrix (Matrigel) and of cells within the surrounding
area of spheroids (Figure 4B IV). Immediately after plasma treatment, the number of cancer cells within
the spheroid was not affected in any cell line (Figure 4C). By contrast, 72 h post-treatment, a significant
area decrease in spheroids from MiaPaCa2 and PaTuT cells was observed (Figure 4D), underlining
the results made with two-dimensional cultures (Figure 2B). Quantifying the fluorescence signal of
the dead-cell stain sytox green within the spheroid area (Figure 4E), a time-dependent increase of the
signal was detected in plasma-treated samples of all cell lines (Figure 4F). The MiaPaCa2 pancreatic
cancer spheroid showed the highest toxic response following plasma treatment (Figure 4F). In addition
to cytotoxic parameters, spheroids can be described by distinct morphology parameters. For example,
plasma treatment significantly increased the symmetry of PaTuS spheroids (Figure 4G–H), suggesting
that there is a re-organization of cells growing within the spheroid. The compactness (a relative
measure of cell densities within several areas of the spheroid segmented) increased in tendency with
all four human pancreatic cancer cell lines investigated, and most extremely in PaTuS and Panc01
spheroids (Figure 4I–J). This suggests a contraction of cells in response to plasma treatment, leading to
higher local densities. Moreover, we identified a variation in the spheroids’ edges, and their profile
was found steeper (shorter distance from the spheroid border to high cell intensities) in PaTuT and
Panc01 cells following plasma treatment (Figure 4K-l). All types of analysis were algorithm-based and
quantitative, taking into account thousands of individual images.

3.4. Plasma Treatment Unaffected or Decreased Cell Detachment from Tumor Spheroids

After finding changes in integrin and cadherin expression in plasma-treated pancreatic cancer cell
lines, and identifying changes in viability and morphology of three-dimensional tumor spheroids, the
next step was to analyze cells detached from solid spheroids as a measure to investigate the potential
promotion of metastasis with plasma treatment. This was performed in tumor spheroids being carried
over 4 h after plasma treatment into a three-dimensional matrix (Matrigel) to resemble tumor cell
outgrowth characteristics similar to in-vivo conditions. Hence, we term the cells within the main tumor
spheroid ‘spheroid-cells’ and the cells outside the main tumor spheroid ‘matrix-cells’. A quantitative
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image analysis strategy was designed to detect matrix cells (Figure 5A) as well as to determine their
viability via an intensity cut-off of their sytox green fluorescence signal (Figure 5B). In the latter case,
we found a slight decrease in the viability of matrix-cells from MiaPaCa2, PaTuT, and Panc01 cells with
plasma treatment compared to untreated controls (Figure 5C). The four different pancreatic cancer
cell lines were inherently different in their capabilities of generating micro-metastases in the matrix
as the number of matrix-cells varied between 25 (Panc01) and 100 (PaTuS). Three days after plasma
treatment, the number of matrix cells significantly decreased compared to controls with PaTuT cells.
By contrast, no changes were observed with MiaPaCa2 and PaTuS cells, whereas matrix-cells were
found to be significantly increased with Panc01 cells (Figure 5D). While the total number of cells
outside the spheroid is an important parameter to characterize metastatic potential, it is also important
to investigate the individual cell’s distance to the main spheroid as a measure of migratory capacity
through an extracellular matrix (Matrigel) from satellite metastasis. We designed an image analysis
strategy to calculate individual distances for each matrix cell to address this question. In this respect,
MiaPaCa2 cells (Figure 5E) showed the lowest and PaTuS (Figure 5F) the highest distance, while
60 s plasma treatment significantly and strongly decreased the mean distance of matrix cells to main
spheroids in PaTuT (Figure 5G) and especially Panc01 cells (Figure 5H). Hence, despite the larger
number of Panc01 matrix-cells observed with plasma treatment, these matrix cells were of low viability
and had a limited migratory capacity.

3.5. Plasma Treatment did not Increase Tumor Growth or Number of Viable, Detached Cells in ovo

To investigate these findings further, we used a living model system in subsequent experiments.
To test the safety in terms of promotion of metastasis of plasma treatment, the physical or chemical
detachment of tumor cells exposed to plasma were investigated using a realistic, innervated,
macroscopic 3D-tumor mass grown on chicken embryos. (Figure 6A I). In this model, tumors
were grown on the chorion allantois membrane (CAM) to analyze tumor growth and tumor spread
in a complex and living system. All four human pancreatic cancer cell lines developed solid tumors
that were treated repeatedly at the 12th or 14th-day post-incubation, for 60 s with plasma or argon
gas, or were left untreated (Figure 6A II). On day 14, the tumors were excised, and their weight was
determined. Except for Panc01, plasma treatment decreased tumor weights of all other cell lines in
tendency (Figure 6B–D). Macroscopically, we did not observe metastasis (data not shown). Using the
same model, a second assay was performed. Immediately after plasma treatment, the tumors were
rinsed with culture medium (not draining away due to the ring placed on the egg). This was done to
collect any cells physically or chemically detaching from the main tumor mass due to plasma treatment.
Soon after, the medium was acquired by flow cytometry to quantify detached cells. As a positive
control, solid tumors were incubated with enzymes for 5 min at 37 ◦C, which generated larger numbers
of detached cells (floaters) in all cases (Figure 6F–I). For plasma treatment, tumors from MiaPaCa2 cells
did not show a change in cell counts (Figure 6F). In contrast, in PaTuS (Figure 6G) and PaTuT cells
(Figure 6H), significantly fewer cells were identified in the rinsing medium compared to untreated
tumors. Low counts of floaters were detected in Panc01 tumors in all treatment groups, and no
significant difference was detected between them (Figure 6I). Of note, the frequency of extra-spheroidal
cells was similar in our in-ovo and 3D in-vitro model, providing good coherence and accuracy of
our detection methods. As the total number of cells detached from the tumor mass does not allow
conclusions on their viability and ability to proliferate, the collected medium was added to culture
plates, which were allowed to incubate for 6 d before analysis of total metabolic activity per well.
Detached cells from plasma-treated tumors showed a reduced metabolic activity with MiaPaCa2 (p <
0.25), PaTuS (p < 0.15), and significantly with Panc1, while PaTuT cells remained unaffected (Figure 6J).
These findings are underlined by data investigating detached cells (floaters) immediately after plasma
treatment in two-dimensional cultures (Figure A1F).
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Figure 4. Plasma treatment altered tumor spheroid morphology and induced toxicity. (A) representative
images of DiL-labeled tumor spheroids grown in Matrigel extracellular matrix stained with sytox
green for life-dead cell discrimination 72h after exposure to plasma; (B I) representative merged
image, (B II) calculated pseudo-color image of all channels, (B III) further processed image with
intensity cut-off, and (B IV) spheroid-surrounding area segmented; (C) quantification of DiL intensity
of spheroid immediately after treatment; (D) quantification of spheroid area segmented 72 h post
plasma-treatment; (E) representative images of sytox green signal within the spheroid area (red line)
and (F) their quantification during a 72 h time-course normalized on each cell line’s respective control;
analysis of morphology parameters with representative scheme of (G) spheroid symmetry and (H) its
quantification for all cell lines 72 h post-treatment, (I) spheroid compactness and (J) its quantification,
and (K) spheroid profile and (L) its quantification. Data are mean + SEM (C–D) or mean (F,H,J,L) of
three replicates per cell line and the group as representative of three independent experiments; ns = not
significant. Scale bars represent 450 μm.
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Figure 5. Plasma treatment unaffected or decreased cell detachment from tumor spheroids. (A)
representative image of spheroid stained with DiL, and calculation of shortest distance from spheroid
(yellow lines) to cancer cells spread in Matrigel extracellular matrix; (B) representative scatter dot blot of
single cells detected outside the spheroid and the cut-off (orange bar) of sytox green mean fluorescence
intensity (3 × 103) for discrimination of viable and dead cells; (C) % viable cell cells (normalized to
untreated controls) outside the spheroid at 72 h after plasma exposure; (D) total live cell counts outside
the spheroid at 72 h after treatment, and mean distance of these cells (viable) to the main spheroid of (E)
MiaPaCa2, (F) PaTuS, (G) PaTuT, and (H) Panc01 cells. Data are mean + SEM (C), mean (D) or mean,
minimum and maximum (E–H) of three replicates per cell line and group as representative of three
independent experiments; scale bar represents 450 μm.

Figure 6. Plasma treatment did not increase tumor growth or the number of detached cells in ovo. (A I)
preparation of a chicken egg for tumor implantation on a plastic ring; (A II) scheme of the anatomy
of the chorion allantois membrane (CAM) and treatment of a solid pancreatic tumor tissue with the
kINPen argon plasma jet (day 12 and 14); tumor weight after excision (day 14) of (B) MiaPaCa2,
(C) PaTuS, (D) PaTuT, and (E) Panc01 cells; rinsing of tumors with 150 μL growth medium to collect
cells detached per se or potentially through plasma treatment procedure and (F–I) the quantification
of the counts of detached cells (floaters) via nuclear counterstaining and flow cytometry collected
of tumors immediately after either being left untreated or treated for 60s with argon gas (argon) or
plasma; enzymes (accutase or trypsin) digestion for 5 min served as a positive control (blue horizontal
line); (K) second set of samples from (G–J) but incubated for 6 d following collection from tumors,
and assessment of metabolic activity. Data are displayed as mean with the minimum, maximum, and
single values (B–E) or median with minimum, maximum and quartiles as dashed lines (F–I) of at least
four to five eggs per group and experiment; (J) are mean values ± SEM as representatives of four
independent experiments.
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4. Discussion

Late diagnosis and metastasis are mainly responsible for high mortality in pancreatic cancer
patients [31]. Although significant improvements in surgical and non-surgical treatment modalities
were made, survival rates have only been modestly improving within the last 20 years from < 4%
to 9% [32]. One of the reasons for poor prognosis is high rates of microscopic incomplete resections
(R1-situation) [33]. The tumor side, therefore, requires a local and preferably intraoperative therapeutic
option to eliminate remaining tumor cells. Vice versa, it is of prime importance for anticancer therapies
not only to be effective but also safe in terms of discouraging therapy-induced tumor metastasis.
Pre-clinical research suggested treatment with cold physical plasma being effective against pancreatic
cancer in vitro [34–37] and in vivo [38–41]. We confirmed the cytotoxic effects of plasma treatment and
addressed the question of whether plasma treatment affects pancreatic cancer cell metastasis.

In the late 2000s, it was reported that treatment of human cells with an experimental plasma
jet led to the detachment of the cells [42–44]. Surprisingly, the cells did not die but re-attached after
some time, a potentially deleterious property for plasma cancer treatment, as this may enhance tumor
metastasis. These findings prompted us to perform the current study investigating whether exposure to
an accredited medical plasma jet i) generates detached tumor cells that ii) are viable and proliferate. By
taking off supernatants of plasma-treated 2D monolayers and culturing them for 6 days, we confirmed
that this was not the case, at least in our setting in vitro. More importantly, plasma treatment of solid
macroscopic tumor mass grown on the CAM of chicken embryos failed to generate larger numbers of
detached cells (compared to untreated controls) in three out of four cell lines. Even more, the long-term
culture of the remaining suspended cells from plasma-treated tumors showed a decreased metabolic
activity. For plasma-resistant Panc01 cells, there was a non-significant increase of detached cells with
plasma treatment, which, however, was significantly impaired (>75%) concerning viability.

The in-ovo model has several advantages. It is fast, does not need ethical approval, generates solid
tumors, and vascularizes the tumors. Hence, it provides high accuracy in analyzing cell detachment.
Also, matrix remodeling of solid tumors can be observed in this model [45]. The advantage of animal
models is that they can provide an orthotopic environment and metastatic niche, which more resembles
the in-vivo situation with tumors not being surrounded by air but matrix. However, tracing low
amounts of cells metastasizing in vivo is technically challenging, and the use of human tumor cell
lines requires xenograft animal models, which lack essential immune components possibly critical
to metastasis.

A critical step of tumor metastasis is the active migration of cells away from the primary tumor [46].
To investigate the influence of plasma on pancreatic tumor cell migration, we exposed 3D tumor
spheroids to plasma and embedded them in a three-dimensional matrix to follow the migratory
behavior of individual cells using live-cell high content imaging. Previous findings provided evidence
of plasma-mediated toxicity in 3D tumor spheroids [47–52] with increased apoptosis, mitochondrial
superoxide production, terminal cell death, and subsequent tumor shrinkage. The question was
whether this led to metabolic reprogramming, mediated via oxidative stress, fostering a metastatic
phenotype of pancreatic cancer cells that would evade the primary tumor mass into the surrounding
matrix. Algorithm-based, unbiased quantification of the number and the mean distance of single
and viable (sytox green-negative) cells neither showed an increased number nor increased distance
with plasma treatment in three out of four cell lines. Similar to the in-ovo experiments, there was a
more significant number of Panc01 cells identified in plasma-treated conditions, but these cells had a
significantly reduced mean distance compared to control conditions, arguing for a resting/dormant
phenotype linked to increased integrin expression [53]. These data were supported by algorithm-based
tracking of 2D migration of viable plasma-treated cells showing either no change in motility or
a significant decrease (PatuS). The affected cell motility can be (among others) one reason for the
decreased 3D cell evasion. This phenomenon was previously observed with other cancer cell lines as
well [54–58]. In general, cell motility is strongly linked to the expression of adhesion molecules like
integrins and cadherins [59].
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Moreover, integrins and cadherins are essential molecules in tumor metastasis [60]. E-cadherin
(CD324) mediates cell–cell interaction, and we observed a partial but not full decrease of CD324
expression with MiaPaCa2 and PaTuS cells. Partial loss of CD324 is associated with dislodging of
pancreatic cancer islets (but not single cells that can more easily enter into the bloodstream) [61] and can
also be observed when culture conditions change [62]. However, absolute expression levels of CD324
were similar or increased in all four cell types when compared to non-plasma-treated controls. This was
similar for EpCam (CD326), showing a relative decrease with PatuS and PatuT, while absolute values
were similar or increased in all cell lines with plasma treatment. The role of EpCam (CD326) in tumor
biology and metastasis is less clear, and reports find both anti-metastatic as well as pro-metastatic
activity of CD326, depending on the microenvironment and tumor model [63]. Either way, the changes
observed were significant but rather modest (see histograms in Figure 3, none of the changes were > ±
two-fold) and there does not seem to be a correlation of cadherin expression with histological tumor
grade, stage, or disease progression [64]. For integrins, we observed one increase and one decease
of CD49b with one cell line, and a consistent upregulation of CD49d in all cell lines after plasma
treatment. While in principle integrins mediate attachment as well as intracellular signaling upon
contact with extracellular matrix components, changes in their expression may have different outcomes
on tumor metastasis, depending on the type of integrin, tumor cell, and specific microenvironment [65].
The apparent difference of our data with the literature is that none of our cells are reported to be
positive for CD49d, and MiaPaCa2 is reported to be devoid of CD49b [66]. However, this was reported
more than a decade ago, and antibody clones, as well as fluorescence sensitivity of instrumentation,
have dramatically improved since that time, especially with the use of avalanche photodiodes for the
far-red channel as in our case. Studies on CD49d/α4-integrin in human pancreatic cancer are scarce,
with one study reporting a decrease of tumor inflammation and growth upon the administration of
CD49d-blocking antibodies in a murine, orthotopic model of pancreatic cancer [67].

5. Conclusions

Plasma treatment holds promises in the decelerating growth of tumor cells, including pancreatic
cancer. Testing the safety of this novel therapeutic approach in vitro and in ovo, our preclinical data
show plasma treatment failing to promote tumor metastasis. Future research using, e.g., animal models,
RNA sequencing, and cancer patient tissue biopsies may aid in further deciphering the consequences of
plasma treatment, taking into account the tumor microenvironment with immune and stromal factors.
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Appendix A

Figure A1. Plasma treatment affected cellular morphology and expression of early adhesion markers,
and plasma’s toxicity is quenched with scavenger n-acetylcysteine. (A) decrease of metabolic activity
24 h after exposure to physical plasma and alleviation of toxic plasma effect upon pre-incubation
with n-acetylcysteine (NAC); correlation of metabolic activity and viable cell count for (B) MiaPaCa2,
(C) PaTuS, (D) PaTuT, and (E) Panc01 cells with goodness of fit (R2) of different polynomial functions
of the 2nd degree (quadratic); (F) metabolic activity normalized to respective untreated controls of
detached cells in supernatant following treatment (floaters) subsequently allowed for proliferation in
another plate for 6 days; fold change of autofluorescence 4 h and 24 h after treatment with argon gas or
plasma for 60 s in channels for PE, PE/Cy7, AF488, and BV605 for (G) MiaPaCa2, (H) PaTuS, (I) PaTuT,
and (J) Panc01 cells; fold change of adhesion marker expression 4 h post-treatment normalized to
untreated control and corrected for autofluorescence for (K) MiaPaCa2, (L) PaTuS, (M) PaTuT and (N)
Panc01 cells. Data are mean + SEM (A), mean (B–E,G–J), mean and single values (K–N) or median with
minimum, maximum and SEM (F) of representative data (A) or several independent replicates (B–N).
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Abstract: Increasing the selectivity of cancer treatments is attractive, as it has the potential to reduce
side-effects of therapy. Cold atmospheric plasma (CAP) is a novel cancer treatment that disrupts the
intracellular oxidative balance. Several reports claim CAP treatment to be selective, but retrospective
analysis of these studies revealed discrepancies in several biological factors and culturing methods.
Before CAP can be conclusively stated as a selective cancer treatment, the importance of these factors
must be investigated. In this study, we evaluated the influence of the cell type, cancer type, and cell
culture medium on direct and indirect CAP treatment. Comparison of cancerous cells with their
non-cancerous counterparts was performed under standardized conditions to determine selectivity
of treatment. Analysis of seven human cell lines (cancerous: A549, U87, A375, and Malme-3M;
non-cancerous: BEAS-2B, HA, and HEMa) and five different cell culture media (DMEM, RPMI1640,
AM, BEGM, and DCBM) revealed that the tested parameters strongly influence indirect CAP treatment,
while direct treatment was less affected. Taken together, the results of our study demonstrate that
cell type, cancer type, and culturing medium must be taken into account before selectivity of CAP
treatment can be claimed and overlooking these parameters can easily result in inaccurate conclusions
of selectivity.

Keywords: cold atmospheric plasma; selectivity; plasma-treated liquid; dielectric barrier discharge

1. Introduction

Chemotherapy and radiotherapy are two major pillars in the management of cancer. Significant
efforts to make these treatments more selective are ongoing, with the intention of reducing side-effects
of therapy [1]. Despite the remarkable evolution of conventional cancer therapies, they are still
met with limitations as evidenced by the fact that cancer remains the second leading cause of death
worldwide [2]. As a result, new alternative or additional cancer treatment methods are also under
investigation to support current treatment strategies.

Cold atmospheric plasma (CAP) has been investigated as novel cancer treatment strategy,
and interest in the use of CAP for cancer treatment has been growing [3]. CAP is an ionized gas near
room temperature, composed of various molecules, radicals, ions, electrons, and excited species [4].
Over the past decade, the anti-cancer capacity of CAP has been reported for multiple cancer types
in vitro [5–11], while in animal models, CAP treatment has reduced tumor burden in mice and increased
survival [12,13]. Nowadays, several CAP devices are being used in the clinic for treatment of cancerous
lesions [14–16].
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The current understanding of CAP mechanisms for effecting biological response is that the reactive
oxygen and nitrogen species (RONS) generated by CAP elicit oxidative damage to the cell, resulting
in cell death [17,18]. According to this understanding, CAP treatment has been hypothesized to be
selective for cancer, as the disturbance of the oxidative balance occurs more easily in cancer cells
compared to healthy cells [19,20]. Additionally, cancer cells have more aquaporins and less cholesterol
in their cellular membrane, which contributes to the diffusion of certain CAP-generated RONS through
the membrane and facilitates pore formation, respectively [21–24]. Furthermore, Bauer and Graves
proposed a theory where the initial concentration of singlet oxygen, produced by the plasma, triggers
cells to generate higher concentrations of secondary singlet oxygen, which leads to the inactivation of
catalase in the cell membrane [25]. The inactivation of catalase can also play an important role in the
selectivity, as this allows reactivation of intercellular ROS/RNS-dependent, apoptosis-inducing signaling
within the population of tumor cells [25]. To date, however, the underlying mechanisms of CAP
selectivity are not yet fully understood, and furthermore, the selectivity has not been fully validated.

While several papers claim that CAP selectively kills cancer cells in vitro, retrospective analysis
of these papers reveals that definitive proof is rather scarce. This is largely due to the discrepancies
between treatment conditions for cancerous and non-cancerous cells. In several cases, the cell culture
media used for cancerous and non-cancerous cells were not the same, while in other studies, the cell
culture media was not specified at all [8,26–30]. It is understandable that non-cancerous cells normally
require more advanced cell culture media with additional organic compounds compared to cancer cells,
but the different media have disparate buffering and antioxidant capacities [31]. In fact, the stability of
RONS in different liquids has been thoroughly investigated [32,33] and Yan et. al showed that the
presence of cysteine and methionine can significantly degrade CAP-generated RONS [31]. Since the
working mechanism of CAP involves disrupting the oxidative balance of cells via RONS generation,
changes in media composition could impede their production and delivery, subsequently affecting
biological outcome. Therefore, the observed selectivity of CAP treatment could actually result from
variation in media and not from intrinsic sensitivity of cancerous and normal cells. In other studies,
the selectivity of CAP treatment was claimed, but comparisons were made with different cell types
(e.g., epithelial cancer cells with non-cancerous fibroblast cells) and even tissue types (e.g., comparison
of ovarian cancer cells with non-cancerous lung cells) [27,30,34–36]. Due to the different physiological
characteristics of distinct tissues [37], comparisons between equivalent cell types must also be made
before selectivity of treatment can be claimed [37].

Taken together, in order to avoid false claims of selectivity for CAP treatment, the potentially
confounding factors found in previous work, must be investigated. Therefore, our goals in this study
were to address the following: What are the influences of the cell and cancer types on selectivity
experiments? What are the influences of cell culture medium on selectivity experiments? Finally,
when the proper comparisons are made, is CAP treatment more selective against cancerous cells
compared to their normal, non-cancerous counterparts? In this study, two well-established methods
of CAP treatment were studied—‘direct’ and ‘indirect’ treatment [38]. In the direct case, CAP was
generated directly onto cells, while in the indirect case, a liquid (e.g., saline) was enriched with RONS
following CAP treatment, and this plasma-treated liquid (PTL) was then delivered to cells or tissue.
The selectivity of both treatment methods for three different cancer types (lung cancer, skin cancer,
and brain cancer) was analyzed by comparing their survival 24 hours after treatment with that of
their non-cancerous counterparts. Next, the cytotoxic effects of CAP treatment on cells using five
different cell culture media—i.e., two ‘standard’ cell culture media and three ‘more advanced’ cell
culture media for cancerous and non-cancerous cells, respectively, were analyzed. Our results showed
that both the cell type and cancer type, as well as the cell culture medium, can have a substantial
influence on the outcome of experiments. When analyzing selectivity of CAP treatment in the correct
way (with cancerous and non-cancerous cells from the same tissue, the same cell type, and cultured in
the same medium), appreciable selectivity was not observed in this study.
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2. Results

2.1. Influence of Cell Type and Cancer Type on Cell Viability

Since different cell types have different responses to oxidative stress [39], we first investigated
the cytotoxic effect of CAP on two human malignant melanoma cell types: an epithelial cell line
(A375, derived from skin) and a fibroblast cell line (Malme-3M, derived from a metastatic site on the
lung), according to the American Type Culture Collection (ATCC). As these cells were cultured in the
same medium and under the same conditions, the cell type was the only variable in this experiment.
Our results showed that while there was no significant difference in sensitivity for the cell lines
with direct CAP treatment, the epithelial cells were more sensitive to indirect treatment compared to
malignant fibroblasts (Figure 1a). To further evaluate the cytotoxic effects of CAP on different cancer
types, we treated two additional human epithelial cells, U87 glioblastoma and A549 lung carcinoma.
All cancer types were equally sensitive to direct CAP treatment, but the U87 was less sensitive to
indirect treatment (Figure 1b). Therefore, it is clear that cell sensitivity to indirect CAP treatment is
influenced by both cell type and cancer type, while this impact seems not present with direct treatment.

Figure 1. Analysis of the influence of the cell type and cancer type on both direct treatment (FE-DBD at
two different frequencies) and indirect treatment (pPBS in three different dilutions). (a) Comparison of
an epithelial cell line (A375) with a fibroblast cell line (Malme-3M), which are both skin cancer cell
lines. (b) Comparison of a brain cancer cell line (U87) with a lung cancer cell line (A549). For both
figures, the cells were cultured in the same cell culture medium and treated with exactly the same
conditions. Therefore, the only variables tested were (a) cell type and (b) cancer type. Data are
represented as mean ± standard deviation (SD) of three independent experiments with at least two
replicates. Statistical significance of all treatment conditions was compared to untreated. *p < 0.05,
**p < 0.01, and ***p < 0.005 (one-way ANOVA).

2.2. Influence of Cell Culture Media on Cell Viability

To determine the importance and influence of cell culture medium when assessing selectivity of
treatment, we evaluated the cytotoxicity of both direct and indirect treatment for the A549 and A375
cell lines, in five different media. In order to ensure that the different media alone did not significantly
affect cell growth and death, the cytotoxicity assay was performed on cells 24 hours after incubation
and cell density in the different media was compared to that of their recommended medium: DMEM
for A549 and RPMI for A375 (Figure S1, Supplementary Information). The A375 cells were able to
grow in all media with a similar growth rate to that in RPMI1640. However, there was a statistically
significant decrease in cell growth of the A549 cells in BEGM compared to DMEM. This suggests that
even without CAP treatment, certain cell processes are strongly influenced by the components of

27



Cancers 2019, 11, 1287

the cell culture medium. Due to this discrepancy on cell growth, selectivity of treatment cannot be
determined for cases where normal, non-cancerous cells are grown in the BEGM medium. This was
further validated when A549 and their normal counterparts (BEAS-2B) were cultured in the BEGM
medium and treated with direct and indirect CAP (Figure S2, Supplementary Information). Therefore,
this medium was removed from all subsequent experiments. For the other three media, the difference
in growth rate was not significant (p > 0.05, details in Supplementary Information).

The effect of direct CAP treatment was unaffected by the cell culture medium (Figure 2a), as the
cell culture medium was removed during treatment. These results further indicated that the effect
of direct CAP treatment was initiated during treatment and unaffected by the scavenging effects of
the cell culture media added immediately afterwards. For the indirect treatment, cytotoxicity was
significantly influenced by the cell culture media (Figure 2b). Cancer cells treated in the standard
media (DMEM and RPMI1640) resulted in ≥50% cytotoxicity, but were unaffected when treated in
advanced media used to culture normal, non-cancerous cells (AM and DCBM).

Figure 2. Influence of the cell culture medium on the direct and indirect plasma treatment of two
cancer cell lines. (a) The direct plasma treatment was performed for 10 s, with a frequency of 500 Hz
and a gap of 1 mm. (b) The indirect treatment was performed for 7 min treatment, with a gas flow
rate of 3 slm and a gap of 10 mm. Data are represented as mean ± standard deviation (SD) of three
independent experiments with at least two replicates. Statistical significance of all treatment conditions
was compared to untreated. *p < 0.05, **p < 0.01, and ***p < 0.005 (one-way ANOVA).

2.3. Influence of Cell Culture Media on Selectivity Evaluation of Indirect CAP Treatment

To further validate selectivity of indirect CAP treatment and the influence of cell culture media,
we compared cytotoxicity for the cancerous cell lines with their non-cancerous, complimentary cell
lines (astrocytes and melanocytes for glioblastoma and melanoma, respectively) in both standard and
advanced media. Experiments were performed with cells seeded in their recommended medium
and with cells seeded in the same medium. As non-cancerous cells were incapable of being cultured
in standard media, cancerous cells were grown in the more advanced media of their non-cancerous
counterparts. When cultured and treated in their recommended media (different media), as commonly
done in literature, it would appear that pPBS treatment resulted in significant selectivity (Figure 3).
However, when both cell lines were cultured in the same media, selectivity was diminished. Only
the A375 cell line showed cytotoxic effect in the more advanced media, but this was also reduced
compared to treatment in standard media.
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(aa) (bb) 

Figure 3. Analysis of the selectivity with the indirect treatment for brain cancer and skin cancer.
A 5-min treatment with a gas flow rate of 1 slm and a gap of 6 mm was used to create the pPBS,
which we further diluted. Comparison of (a) brain and (b) skin cancer cells in their common medium
(blue solid bars on the left side) with non-cancerous cells in their common medium (green solid bar
on the left side) appeared to show selectivity in all cases. However, when compared to the cancer
cells in the advanced media (on the right side of the graph), the selectivity was not found. Hence,
this clearly shows that the selectivity was affected by the cell culture medium. This is important to
realize, to avoid drawing false conclusions. Data are represented as mean ± standard deviation (SD)
of three independent experiments with at least two replicates. Statistical significance of all treatment
conditions was compared to untreated. *p < 0.05, **p < 0.01, and ***p < 0.005 (one-way ANOVA).

2.4. Influence of Cell Culture Media on Selectivity Evaluation of Direct CAP Treatment

Following previous Sections 2.1–2.3, it is clear that cell type, cancer type, and culture media are
critical parameters for indirect CAP treatment. These parameters were also standardized for direct
CAP treatment to evaluate their effect on selectivity.

Though we observed that the influence of different cell culture medium was not pronounced
for direct CAP treatment, as described in Section 2.2, to be correct, we still performed our selectivity
analysis of cancerous versus non-cancerous cell lines in both the same and different culture media.
No selectivity was observed when cancerous and normal cells were cultured in their own recommended
medium (Figure 4, different media), but when cancer cells were cultured and treated in the medium
used for their non-cancerous counterparts, slight selectivity was observed in the U87 glioblastoma
cell line, and the A375 melanoma cell line at lower intensity CAP treatment (Figure 4, same medium).
However, at higher intensity treatment (250 Hz), no such selectivity was observed, as the difference was
within error. Interestingly, our results suggest that there is an optimal regime for direct CAP treatment
where selectivity can be achieved, above which the oxidative burden becomes too overwhelming for
even normal cells to manage.

29



Cancers 2019, 11, 1287

(a) (b) 

Figure 4. Analysis of selectivity with the direct treatment for brain cancer and skin cancer. A 10 second
treatment with a gap of 1 mm and a frequency of either 100 Hz or 250 Hz was used to treat (a) brain
and (b) skin cancer and non-cancerous cells. Data are represented as mean ± standard deviation (SD)
of three independent experiments with at least two replicates. Statistical significance of all treatment
conditions was compared to untreated. *p < 0.05, **p < 0.01, and ***p < 0.005 (one-way ANOVA).

3. Discussion

Selectivity of CAP treatment for cancer is an important topic of research, but it has often been
misconcluded. Multiple research groups claim to have found treatment conditions which selectively
kill cancerous cells and leave non-cancerous cells unharmed. When examining those articles in more
detail, we found critical discrepancies between the treatment conditions and origins of the cancerous
and non-cancerous cells [8,26–30,34,35]. To ensure that these comparisons are not confounded by the
discrepancies we identified, we analyzed their influence on cell viability after CAP treatment.

An important parameter often neglected in past studies, is the difference in cell type or cancer
type [27,30,34,35]. For example, in one article, the authors compared ovarian cancer cells with
non-cancerous lung cells [35]. In comparing the responses of two cell lines for both ovarian
adenocarcinoma and non-cancerous lung tissue, they concluded that the cancer cell lines were
more sensitive to the treatment than the non-cancerous cell line. However, Giordano et al. has reported
a difference in gene expression profiles between lung cancer and ovarian cancer [40], which can result
in differential responses to CAP treatment. Furthermore, the cell type of the cancerous cell lines
and non-cancerous cell lines was different. The two ovarian cancerous cell lines used in that study,
SKOV-3 and HRA, were epithelial cell lines, while the two non-cancerous lung cell lines, WI-38 and
MRC-5, were fibroblasts. Epithelial cells and fibroblasts show different gene expression levels and can
therefore give a different response to CAP treatment [41]. To analyze the influence of these parameters,
we examined the difference in cell type and cancer type by comparing an epithelial and fibroblast cell
line from the same cancer type and by comparing two epithelial cell lines from different cancer types.
According to our results, both cell type and cancer type had an effect on sensitivity to CAP treatment.
In light of these findings, it is clear that for analyzing selectivity, cells of the same cancer type and
cell type should be chosen, and discrepancies between these two biological parameters could lead to
misdirected conclusions of selectivity.

The influence of the cell culture medium is another important parameter often overlooked when
determining the selectivity of CAP treatment. Therefore, the influence hereof on cell viability after
CAP treatment was also investigated. The effect of two commonly used cell culture media (DMEM
and RPMI1640) was compared with two more advanced cell culture media required for culturing
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non-cancerous cells (AM and DCBM). Our results showed that, when cells were cultured in the more
advanced media, indirect CAP treatment was ineffective. This was likely in part due to the presence
of more organic components in the advanced media, as non-cancerous cells require more nutrients
and are much harder to grow in vitro [39]. RONS produced by CAP can react with these organic
components before reaching the cells [31]. One component commonly added to most advanced media
is sodium pyruvate, a known H2O2-scavenger [42,43]. For DMEM and RPMI1640, we ensured that
no sodium pyruvate was present, but for the other two cell culture media, the composition was
not specified by the manufacturer [44–46]. This would also explain why the cell culture media did
not significantly influence cell viability following direct CAP treatment, as it was removed prior to
treatment. These results highlight the influence of cell culture media on downstream biological effects
following indirect CAP treatment. Taken together, it is clear that selectivity of CAP treatment cannot
be evaluated for indirect plasma treatment when the cancer cells are cultured in medium different to
that of non-cancerous cells.

Several papers claiming that CAP selectively kills cancerous cells cultured their cells in different
media [8,26–30]. For example, one study cultured the A549 cells in DMEM, while their normal BEAS-2B
cells were cultured in BEGM [30]. Since the authors saw more response to the treatment in their
A549 cell line compared to the BEAS-2B cell line, they stated that their indirect CAP treatment was
more selective. However, as evident from our results above, the sensitivity of A549 cells to indirect
CAP treatment was reduced when cultured in BEGM compared to DMEM (Figure S2, Supplementary
Information). Therefore, the reported selectivity was not cell line specific, but due to the different
medium used to culture the cells. This strongly highlights the fact that cell culture medium plays an
important role in indirect CAP treatment and must be standardized before claims of selectivity can
be made.

Since the influence of the cell culture medium was less important for direct CAP treatment,
we used this treatment method to analyze the selectivity of treatment for two cancer types: melanoma
and glioblastoma. Interestingly, we observed that direct treatment preferentially affected cancer
cells at lower intensity treatments (Figure 4), suggesting that selectivity depends on optimizing
CAP treatment conditions that exploit the differences between normal and cancerous tissue. It is
widely known that cancer cells have a higher proliferation rate, compared to non-cancerous cells.
Healthy cells primarily produce energy through mitochondrial oxidative phosphorylation, while cancer
cells predominantly produce their energy through a high rate of glycolysis followed by lactic acid
fermentation, which benefits this high proliferation rate [47,48]. To sustain this fast growth rate,
cancer cells require a ‘hyper metabolism’, which results in a higher level of basal intracellular
ROS [49,50]. Simultaneously, cancer cells also maintain a high level of antioxidant activity, mainly
reduced nicotinamide adenine dinucleotide phosphate (NADPH) and glutathione (GSH), to prevent
build-up of ROS [47,49]. However, once the levels of ROS become excessively high through the addition
of extra ROS, detrimental oxidative stress can occur, leading to cell death [51,52]. While randomized
control clinical trials using pro-oxidant therapy are still ongoing, increasing evidence suggests that
raising ROS levels through small molecules can selectively induce cancer cell death by disabling
antioxidants [50,53,54]. Taken together with our observations, this would mean that the aim to reach
selectivity of CAP treatment lies in the optimization of parameters and conditions to produce sufficient
ROS to overwhelm the oxidative threshold in cancer cells, without reaching this threshold in the
healthy cells.

It must be noted here that selectivity of CAP treatment may also depend on the RONS generated
and delivered to the biological target. This is particularly important as direct and indirect CAP
treatments generate a different cocktail of reactive species. With the indirect CAP treatment, a liquid is
treated with CAP and then transferred to cells or tissue. Due to the time delay between treatment and
application, only the long-lived species (mostly H2O2, NO2

−, NO3
−) remain in the liquid and reach the

cells [36]. In the case of direct CAP treatment, the liquid is removed before treatment in order for CAP
to be generated directly onto the cells, thereby enabling both the long-lived and short-lived (•OH, 1O2,
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O, O3, •NO, ONOO−) species to interact with the biological target [55]. Several reports have already
demonstrated the importance of these short-lived species in direct CAP treatment for effecting cell
death [55–57], though further fundamental investigations are still required, including the type of cell
death modalities elicited.

The experiments performed in this study used cancer cell lines in 2D cultures. Cancer cell lines are
derived from primary patient material and have provided important knowledge for cancer research.
However, care must be taken when interpreting the results, as cell lines are genetically manipulated and
therefore do not always accurately reflect the responses of primary cells [58]. Furthermore, comparison
between two cell lines often involves comparison between two patient sources. To further investigate
the selectivity in a more realistic manner, the cancer and healthy cells should be derived from the same
patient [58]. Hasse et al. analyzed CAP treatment on cancer and healthy human tissue samples from
head and neck cancer patients [58]. They found that CAP treatment of tumor tissue induced more
apoptotic cells than in healthy tissue. This was accompanied by elevated extracellular cytochrome
c levels in the tumor tissue [59]. Though this is probably the most representative in vitro model,
human tissue samples cannot be preserved long-term and are therefore much more difficult to work
with [60]. Another recently developed in vitro model is organoids [61,62]. These are 3D self-organizing
organotypic structures, grown from tissue-derived adult stem cells. Organoids can be expanded
long-term without losing their genetic and phenotypical stability [61,62]. Such 3D cell culture systems
feature increased complexity for increased faithfulness to the in vivo environment and are above all
fairly easy to work with [60]. When comparing these 3D organoids from healthy and cancerous tissue
from the same patient, more representative results concerning the selectivity can be obtained compared
to those obtained with 2D models.

The results from Hasse et al. are encouraging as it suggests that CAP treatment may indeed be
selective when operated at certain regimes. As more studies using primary patient tissue and the
proper 3D models start to emerge, the selectivity capacity of CAP treatment will become more clear.
However, as it stands, it is evident from this study, several biological factors must be standardized and
the proper comparisons must be made before these conclusions can be made.

4. Materials and Methods

4.1. Cell Culture and Plating

To evaluate the selectivity of the CAP treatment, we used three non-cancerous human cell lines as
a model for healthy tissue (BEAS-2B—lung epithelial cell line, ATCC, Virginia; HA—human astrocytes,
Sciencell, California; and HEMa—human epidermal melanocytes, ATCC, Virginia) and four cancer
human cell lines (A549—Non-Small-Cell Lung Cancer cell line, ATCC, Virginia; U87—glioblastoma
cell line, ATCC, Virginia; and A375, Malme-3M—melanoma cell lines, ATCC, Virginia). A549 and
U87 were cultured in Dulbecco’s modified Eagle medium (DMEM) (Life Technologies, California,
10938025), A375 and Malme-3M were cultured in Roswell Park Memoriam Institute 1640 (RPMI1640)
(Life Technologies, 52400025), BEAS-2B was cultured in Bronchial Epithelial Growth Medium (BEGM)
(Lonza, Basel, CC-3170), the astrocytes were cultured in Astrocyte Medium (AM) (Sciencell, California,
1801) and the melanocytes were cultured in Dermal Cell Basal Medium DCBM (ATCC®, Virginia,
PCS-200030TM). DMEM and RPMI1640 were supplemented with 10% Fetal Bovine Serum (FBS)
(GibcoTM FBS, Life Technologies, 10270098), 2 mM L-glutamine (GibcoTM, Life Technologies, 25030081),
100 units/mL penicillin, and 100 μg/mL streptomycin (Life Technologies, 15140163). According to the
manufacturer’s protocol, BEGM was supplemented with 2 mL Bovine Pituitary Extract (BPE), 0.50 mL
insulin, 0.50 mL hydrocortisone, 0.50 mL GA-1000, 0.50 mL retinoic acid, 0.50 mL transferrin, 0.50 mL
triiodothyronine, 0.50 mL epinephrine, and 0.50 mL human epidermal growth factor (hEGF) (Lonza,
CC-4175), AM was supplemented with 2% fetal bovine serum (Sciencell, 0010), 5 mL astrocyte growth
supplement (Sciencell, 1852), and 5 mL of a penicillin/streptomycin solution (Sciencell, 0503). Finally,
DCBM was supplemented with 5 μg/mL recombinant human insulin, 50 μg/mL ascorbic acid, 1 μM
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epinephrine, 1.5 mM calcium chloride, 1 mL peptide growth factor, and 5 mL M8 supplement (ATCC®,
PCS-200042TM). The cells were incubated at 37 ◦C in a 5% CO2 humidified atmosphere. All media
were prepared according to the recommendation for each cell line [44–46].

For the indirect treatment, the cells were seeded in 96-well plates with a density of 2500 cells per
well for A549, BEAS-2B, and A375; 3000 cells per well for U87; and 6000 cells per well for the astrocytes
and melanocytes, in 150 μL of cell culture medium. The densities were chosen for each cell lines based
on their growth rate, in order to achieve comparable densities for all cell lines at the time of treatment.
For the direct treatment, the cells were seeded in a 24-well plate with a density of 8333 cells per well
for A549, BEAS-2B, and A375; 10,000 cells per well for U87; and 20,000 cells per well for the astrocytes
and melanocytes, in 500 μL of cell culture medium.

4.2. Plasma Sources

We studied both direct and indirect plasma treatment. For the indirect treatment, we used the
kINPen®IND plasma jet (INP Greifswald/Neoplas tools GmbH, Greifswald, Germany). This is an
atmospheric pressure argon plasma jet, made of a central pin electrode (1 mm diameter), shielded by a
dielectric quartz capillary (internal diameter 1.6 mm and outer diameter 2 mm), which is connected
to a grounded ring electrode. The distance from the tip of the central electrode to the exit nozzle is
about 3.5 mm (Figure 5). Plasma is generated by applying a sinusoidal voltage to the central electrode
with a frequency between 1.0 and 1.1 MHz, and a maximum power of 3.5 W. This voltage creates
a gas discharge between both electrodes, which generates the reactive species inside the capillary.
These species are carried out with the argon gas flow, creating a plasma effluent with a length of 9–12
mm and a diameter of about 1 mm.

 
Figure 5. Schematic representation and picture of the kINPen®IND used in the experiments.

For the direct plasma treatment, we used a floating-electrode dielectric barrier discharge (FE-DBD)
operated at atmospheric pressure in air. A DBD normally consists of a pair of electrodes, of which
at least one is shielded with a dielectric material, separated by a small gap filled with a gas [63].
High voltage (HV) is applied to one electrode, while the target, in our case cells in a well on a grounded
metal plate, functions as the second electrode. As the discharge takes place in the gap between the
HV electrode and the target, no additional carrier gas was used with this plasma source (Figure 6).
The plasma was generated by applying microsecond-pulses to the HV electrode from a pulse generator
(Advanced Plasma Solutions, Malvern, PA, USA) with an amplitude in the range of 17 kV and a
varying frequency between 100 Hz and 500 Hz in our experiments.

33



Cancers 2019, 11, 1287

 
Figure 6. Schematic representation and picture of the FE-DBD used in the experiments.

4.3. Indirect Plasma Treatment

We used the kINPen®IND to treat 2 mL phosphate-buffered saline (PBS) (pH 7.3) in a 12-well
plate. A gap of 6 mm between the tip of the plasma source and the liquid, a gas flow rate of 1 slm,
and a treatment time of 5 min was used. In this case, the gap was small enough to have discharges
at the liquid surface, as discharge streamers were visible between the head of the plasma jet and the
liquid interface. Here, the liquid surface acts as a third electrode, and the electrons interact with the
liquid, resulting in electron impact reactions, which affect the generation of RONS. In our experiments
comparing all cell culture media on cancer cells, a gap of 30 mm, a gas flow rate of 3 slm, and a
treatment time of 7 min was used. Here, the gap was sufficiently large to avoid the generation of these
discharges at the liquid surface. Before treatment of cells with plasma-treated PBS (pPBS), the cells
were seeded in a 96 well-plate and incubated for 24 h at 37 ◦C and 5% CO2. For treatment, we applied
30 μL of (diluted) pPBS to each well of the 96-well plate. We also used a control sample, where 30 μL
of untreated PBS was added.

4.4. Direct Plasma Treatment

After cell seeding into 24-well plates and incubating for 24 h at 37 ◦C and 5% CO2, the cells
were treated with the FE-DBD as stated in our previous work [55]. The cell culture medium was first
removed, after which cells were washed with PBS and treated for 10 s at a distance of 1 mm and a
frequency varying between 100 Hz and 500 Hz. Immediately after treatment, 500 μL of fresh cell
culture medium was added to each well. The control sample was handled in exactly the same way,
but without turning on the power source and applying high voltage.

4.5. Cell Viability Assay

After treatment, the cells were incubated for 24 h at 37 ◦C and 5% CO2 before the further viability
analysis with the sulforhodamine B-method (SRB). The cell culture medium was removed from each
well and the cells were first fixed to the plate using 10% trichloro acetic acid (TCA) (Fischer Scientific,
A322), 100 μL for a 96-well plate and 400 μL for a 24-well plate. The plates were placed at 4 ◦C for
1 h, after which the TCA was thoroughly washed away with deionized water. The wells were dried,
and a SRB-solution (0.1 w/v % in 1% (v/v) acetic acid, Sigma-Aldrich®, Missouri, s1402) was added
(100 μL for a 96-well plate and 400 μL for a 24-well plate). After 30 min, the SRB was washed away
with 1% acetic acid. The cells were dried again, and tris(hydrocymethyl)aminomethane (TRIS)-buffer
(Sigma-Aldrich®, 252859) was added to each well (100 μL for a 96 well-plate and 400 μL for a 24-well
plate). After 30 min, the absorbance was measured at 540 nm, using a BIO-RAD iMarkTM Microplate
reader for the 96-well plates and a Tecan Infinite F Plex Microplate reader for the 24-well plates. The cell
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viability was determined by comparing the absorbance of the treated groups with the untreated
control sample.

4.6. Analysis of the Influence of the Cell Culture Medium

Since the cancerous cell lines and non-cancerous cell lines have different optimal culture media,
it was important to analyze the influence of the media on the plasma treatment results. For this purpose,
we tested two of the cancer cell lines—i.e., A549 and A375—with the five different cell culture media
(DMEM, RPMI1640, BEGM, AM, and DCBM). We cultured the cells in their recommended medium,
but at the moment of seeding, we seeded them in the different media. Both the direct (FE-DBD at
500 Hz) and indirect (pPBS, condition 2) treatment were tested.

4.7. Statistical Analysis

All experiments were performed in triplicate, and the results are expressed as the mean with
associated standard deviation. Statistical significance was determined using Students t-test with
Welch’s correction (assuming unequal standard deviation) and displayed on the figure plots as *p < 0.05,
**p < 0.01, and ***p < 0.005.

5. Conclusions

In this study, we evaluated the influence of the cell type, cancer type, and cell culture medium
on the cytotoxic effects of both direct and indirect CAP treatment for cancer. In all cases, we found
that the influence of these biological parameters was more pronounced for indirect CAP treatment
compared to direct CAP treatment.

When analyzing the influence of the cell type, we found that fibroblasts are more resistant to
indirect CAP treatment. Also, the different cancer types gave different responses to CAP treatment,
where the lung cancer cell line, A549, was more sensitive, compared to the brain cancer cell line, U87.

For the indirect CAP treatment, we observed a large influence of the cell culture medium
on cell cytotoxicity, as the more advanced media virtually negated the effects of treatment. Thus,
when comparing the viability of cancerous cells in their standard media with the non-cancerous cells
in their advanced media, it is tempting to conclude significant selectivity of treatment for all the cancer
types. However, when cytotoxicity was compared for cancerous and non-cancerous cells cultured in
the same media, it was obvious that this apparent selectivity was due to the cell culture media and
genuine differential sensitivity to indirect CAP. This is an important conclusion, which must be kept in
mind to avoid drawing false conclusions in cancer cell selectivity studies.

Taken together, the results of our study demonstrate that biological factors—including cell type,
cancer type, and culturing medium—must be taken into account before selectivity of CAP treatment
can be claimed. Overlooking these parameters can easily result in misdirected conclusions and false
claims of selectivity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1287/s1,
Figure S1: Comparison of the cell densities of A375 and A549 in the different cell culture media. The results are
normalized to the recommended media for the cell line (DMEM for A549 and RPMI1640 for A375) indicated by
the blue bars. Data are represented as mean ± standard deviation (SD) of three independent experiments with
at least two replicates. Statistical significance of all treatment conditions was compared to untreated. *p < 0.05
(One-way ANOVA). Figure S2: Selectivity analysis for lung cancer using (a) indirect and (b) direct CAP treatment.
For the indirect treatment we used different dilutions of plasma-treated PBS (pPBS), using the first condition
(5 min treatment with a gas glow rate of 1 slm and a gap of 6 mm) and for the direct treatment we used a 10 second
treatment with a gap of 1 mm and two different frequencies of the FE-DBD.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive cancers with a low
response to treatment and a five-year survival rate below 5%. The ineffectiveness of treatment is partly
because of an immunosuppressive tumor microenvironment, which comprises tumor-supportive
pancreatic stellate cells (PSCs). Therefore, new therapeutic strategies are needed to tackle both the
immunosuppressive PSC and pancreatic cancer cells (PCCs). Recently, physical cold atmospheric
plasma consisting of reactive oxygen and nitrogen species has emerged as a novel treatment option
for cancer. In this study, we investigated the cytotoxicity of plasma-treated phosphate-buffered saline
(pPBS) using three PSC lines and four PCC lines and examined the immunogenicity of the induced
cell death. We observed a decrease in the viability of PSC and PCC after pPBS treatment, with a higher
efficacy in the latter. Two PCC lines expressed and released damage-associated molecular patterns
characteristic of the induction of immunogenic cell death (ICD). In addition, pPBS-treated PCC were
highly phagocytosed by dendritic cells (DCs), resulting in the maturation of DC. This indicates
the high potential of pPBS to trigger ICD. In contrast, pPBS induced no ICD in PSC. In general,
pPBS treatment of PCCs and PSCs created a more immunostimulatory secretion profile (higher TNF-α
and IFN-γ, lower TGF-β) in coculture with DC. Altogether, these data show that plasma treatment
via pPBS has the potential to induce ICD in PCCs and to reduce the immunosuppressive tumor
microenvironment created by PSCs. Therefore, these data provide a strong experimental basis for
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further in vivo validation, which might potentially open the way for more successful combination
strategies with immunotherapy for PDAC.

Keywords: pancreatic cancer; pancreatic stellate cells; cold atmospheric plasma; immunogenic cell
death; dendritic cells

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a five-year survival below
5%, making it one of the seven leading causes of cancer mortality in the world [1–4]. Given its
rising incidence, it is estimated that, by 2030, PDAC will be among the top two most lethal
cancers [5]. Only 10–20% of patients are eligible for curative surgical resection owing to the rapidly
progressive nature of the tumor and, even with adjuvant chemotherapy, the median survival rate is
only 20–23 months [1,2]. The only therapeutic options for the remaining 80–90% of patients are limited
to chemo- and radiotherapy, which have minimal efficacy because of therapy resistance [3].

Although immunotherapy is considered to be a major breakthrough in cancer treatment, it has not
yet achieved promising outcomes in PDAC. The ineffectiveness of immunotherapy may be explained
by these tumors being non-immunogenic [6–9]. The immunosuppressive tumor microenvironment
(TME) is believed to be a major underlying factor for immunotherapy failure. A hallmark of this TME
is a desmoplastic reaction, which results in a dense fibrotic/desmoplastic structure surrounding the
tumor. This dense stroma acts as a mechanical and functional shield, causing diminished delivery
of systemically administered anticancer agents and immune cell infiltration, as a consequence of
intratumoral pressure and low microvascular density, which results in therapy resistance [10–13].
The main orchestrators of this stromal shield are the activated pancreatic stellate cells (PSCs).
These myofibroblast-like cells, also known as cancer-associated fibroblasts, enhance the development,
progression, and invasion of PDAC through extensive crosstalk with pancreatic cancer cells (PCCs),
resulting in reciprocal stimulation. Furthermore, PSC also directly influence immune cells by secreting
immunosuppressive factors, like TGF-β [12,14]. Therefore, new treatment options that could overcome
this stromal shield, and consequently increase tumor immunogenicity in PDAC, are necessary.

One way to enhance immunogenicity is by inducing immunogenic cell death (ICD), a form of cell
death, which causes these dying cells to elicit an antitumor immune response [15]. Cancer cells
undergoing ICD expose proteins on their surface and release immunogenic factors, so-called
‘damage-associated molecular patterns’ (DAMPs). Classically, there are three well-known DAMPs
related to ICD. The first is surface-exposed calreticulin (ecto-CRT), which serves as an ‘eat me‘
signal. This marks tumor cells for engulfment by dendritic cells (DCs), which are professional
antigen-presenting cells [16]. The second DAMP is adenosine triphosphate (ATP), secreted into the
extracellular environment, serving as a chemoattractant for immune cells [17]. The third DAMP is
high-mobility group box 1 (HMGB1), released into the extracellular milieu, which contributes to DC
maturation [18,19]. Conversely, ICD is usually also accompanied by downregulation of the ‘don’t eat
me’ signal CD47, which can inhibit phagocytosis of dying cancer cells [20]. Altogether, these signals
stimulate DC, key players for initiating an adaptive immune response. Activated DC will lead to the
development and activation of effector T cells, capable of specifically and systemically eradicating
cancer cells, and of memory T cells, which provide long-term protection against cancer recurrence [21].

Several physical methods of cancer treatment, including radiotherapy, photodynamic therapy,
and high hydrostatic pressure, are known inducers of ICD [22–25]. The induction of oxidative stress
through the production of reactive oxygen species (ROS) is the common underlying factor of these
therapies. In recent years, cold atmospheric plasma, which is a partially ionized gas consisting of a
variety of reactive oxygen and nitrogen species (RONS), has emerged as a novel cancer treatment [26,27].
For simplicity, cold atmospheric plasma will be further referred to as ‘plasma’ in this paper. These RONS
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can be delivered directly to the tumor or indirectly through plasma-treated liquids [27]. Several studies
have attributed the plasma-induced cancer cell death to the formation of exogenous and endogenous
RONS, which lead to intracellular stress and ultimately cell death [27–30]. Therefore, we hypothesized
that plasma could also be a potent inducer of ICD.

The aim of the present study is to evaluate the potency of plasma-treated phosphate-buffered saline
(pPBS) as an anticancer modality to tackle PCCs and the immunosuppressive PSCs. Therefore, we
evaluated the cytotoxic effect of pPBS treatment on both PCCs and the tumor-supportive PSCs.
Additionally, we examined the immunogenicity of this cytotoxic effect on PCCs and PSCs based on the
release of ICD markers and activation of DCs.

2. Results

2.1. pPBS Induces Cell Death in Both PCCs and PSCs

In order to initially determine a dose of pPBS treatment, which induces a significant amount
of cell death in each cell line, we treated PCC and PSC lines with several dilutions of pPBS (25%,
37.5%, 50%, and 62.5%). After 48 h of treatment, we analyzed cell death with Annexin V (AnnV) and
propidium iodide (PI) flow cytometric staining. All cell lines demonstrated a dose-dependent increase
in AnnV−/PI+, AnnV+/PI+, and AnnV+/PI− cells, with a corresponding decrease in viable AnnV−/PI−
cells (Figure 1a,b, Figures S1 and S2). MIA-Paca-2 cells were most sensitive to the treatment, followed
by Capan-2. Therefore, these two cell lines were treated with the lowest concentration of pPBS for
subsequent experiments compared with all other cell lines. Overall, PSC lines were significantly less
sensitive to pPBS treatment compared with PCC lines (Figure 1c).

Figure 1. Sensitivity of pancreatic cancer cell (PCC) lines and pancreatic stellate cell (PSC) lines
to different doses of plasma-treated phosphate-buffered saline (pPBS) treatment. (a) Percentage of
cytotoxicity 48 h post pPBS treatment in four different PCC lines (MIA-Paca-2, PANC-1, BxPC3, Capan-2)
and three different PSC lines (hPSC128, hPSC21, RLT-PSC). Subdivisions in the percentage Annexin
V+, PI+, and double positive cytotoxic cells are made. (b) Dot plots showing the flow cytometric
analysis of Annexin V and PI staining after 25% pPBS treatment in MIA-Paca-2 (right) compared with
the untreated control (left): Q1 = AnnV−/PI+; Q2 = AnnV+/PI+; Q3 = AnnV−/PI−; Q4 = AnnV+/PI−.
Representative dot plots for all other cell lines are presented in Supplemental Figures S1 and S2. (c) The
difference in sensitivity after 48 h of 50% pPBS treatment for means of all PCC lines and all PSC lines.
Graphs represent mean ± SEM of ≥3 independent experiments. * p < 0.05.
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2.2. pPBS Induces ICD Markers on PCCs

Because therapy-induced tumor ICD is an important component to activate antitumor immunity,
we investigated whether pPBS induces ICD in PCC and PSC lines. To this end, we measured the
surface exposure of CRT as well as secretion of ATP and release of HMGB1 into the supernatant.

We observed a dose-dependent translocation of ecto-CRT in all PCC and two PSC lines after 48 h
of pPBS treatment (Figure 2a, Figure S3). A strong translocation was detected for MIA-Paca-2 and
Capan-2 cells with a mean of 20.1% and 10.5% ecto-CRT+ cells, respectively. Less pronounced, but still
significant effects on the translocation were observed for PANC-1, BxPC3, hPSC128, and hPSC21 cells.
Here, even the highest concentration of pPBS exposed not more than 7.5% ecto-CRT on the cell surface.
No difference in ecto-CRT was observed for RLT-PSC cells.

Next, we measured extracellular ATP levels 4 h after pPBS treatment (Figure 2b). For two PCC
lines, MIA-Paca-2 and PANC-1, accumulation of extracellular ATP up to five-fold from the untreated
control was observed. Similar to ecto-CRT, the trend of secretion was dose-dependent. No significant
accumulation was seen for the other cell lines.

On the basis of our previous cytotoxicity results, we chose one specific dose for every cell line
to evaluate HMGB1 release. As indicated above, MIA-Paca-2 and Capan-2 were the most sensitive
cell lines, and thus received a dose of 37.5% pPBS, as opposed to 50% pPBS for the other cell lines.
pPBS treatment induced significant release of HMGB1 in all PCC lines, with a 1.32- to 1.79-fold increase
compared with the untreated control. Interestingly, no significant release was detected in the PSC lines
(Figure 2c). Additionally, we observed a significant downregulation of CD47 expression in all cell lines
after pPBS treatment, except for Capan-2 and RLT-PSC (Figure 2d).

Collectively, our results show that plasma treatment via pPBS application is able to induce events
that are characteristic of ICD in PCC. Importantly, pPBS-induced cell death in the PSC lines appears
to be non-immunogenic owing to the absence of most DAMPs. For both MIA-Paca-2 and PANC-1,
all four markers of ICD were significantly detected after pPBS treatment. The quantity of the examined
markers was both dose and cell line dependent.
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Figure 2. Release of immunogenic cell death (ICD) markers after pPBS treatment. (a) Percentage
of surface-exposed calreticulin (ecto-CRT) positive cells after increasing the dose of pPBS treatment
(25%, 37.5%, 50% pPBS). (b) Adenosine triphosphate (ATP) secretion 4 h post treatment in the
supernatant. (c) High-mobility group box 1 (HMGB1) secretion 48 h post pPBS treatment in supernatant.
These data demonstrate the fold change of ATP secretion (ng/mL range) against the untreated
control. (d) Difference in mean fluorescence intensity (ΔMFI) of CD47 after 48 h of pPBS treatment.
ΔMFI represents [(MFI staining treated–MFI isotype treated)–(MFI staining untreated–MFI isotype
untreated)]. Different concentrations of pPBS treatment are used (25%, 37.5%, 50% pPBS). In the left
graphs, four different PCC lines are represented (MIA-Paca-2, PANC-1, BxPC3, Capan-2), and in the
right graphs, three different PSC lines are represented (hPSC128, hPSC21, RLT-PSC). Graphs represent
mean ± SEM of ≥ 3 independent experiments. * p < 0.05 significant difference compared with
untreated conditions.
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2.3. pPBS-Treated Cells are Phagocytosed by DCs

In view of the role of ecto-CRT as an ‘eat-me’ signal, we investigated the influence of pPBS-treated
PCC and PSC on the phagocytotic capacity by immature DCs. Flow cytometric analysis revealed that
pPBS-treated MIA-Paca-2, Capan-2, hPSC128, and hPSC21 were phagocytosed by immature DCs more
efficiently than their untreated counterparts (Figure 3a,b, Figure S4). This phagocytotic capacity by
DCs was significantly correlated (R = 0.786, p = 0.036) with the exposure of ecto-CRT on the cell surface
of the cell lines after pPBS treatment (Figure 3c).

Figure 3. Phagocytosis of pPBS-treated PCCs and PSCs by immature dendritic cells (DCs). (a) Percentage
of phagocytosis of four different PCC lines (MIA-Paca-2, PANC-1, BxPC3, Capan-2) and (b) three different
PSC lines (hPSC128, hPSC21, RLT-PSC), with increasing dosage of pPBS treatment. Phagocytosis of
PKH67+ tumor cells by violet-labeled DC is expressed as the %PKH67+violet+ cells within the violet+
DC population. (c) Correlation between exposure of ecto-CRT and phagocytotic capacity of DCs in the
seven cell lines (R = 0.786, p = 0.036). Graphs represent mean ± SEM of ≥3 independent experiments.
* p < 0.05 significant differences compared with untreated control.
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2.4. pPBS Treatment of PCC Increases Maturation of DCs without Affecting Their Viability

In order to initiate an effective adaptive immune response, the expression and release of DAMPs by
dying tumor cells must be followed by DC phagocytosis and DC activation. The ability of DCs to initiate
such an immune response depends on their maturation status upon activation. Therefore, we analyzed
three different maturation markers on the cell surface of DC: CD80, CD83, and CD86. There was a
clear donor-dependent upregulation of CD86 on viable DC after coculturing with pPBS-treated target
cells (Figure 4a). This variability was detected both between the cell lines and between DC from
different blood donors cultured with the same cell line. However, using DC from different donors
in coculture with pPBS-treated MIA-Paca-2 and PANC-1 cells, there was a consistent and significant
upregulation of CD86. The effect was less pronounced or undetectable for CD83 and CD80 maturation
markers in all cell lines (Figure S5a,b). Notably, pPBS treatment of DCs alone without target cells had
no significant effect on the maturation status, meaning that the observed maturation effect was the
result of tumor cells dying in an immunogenic way. Furthermore, we also checked the viability of the
DCs in coculture. We could not detect any significant differences in DC viability after 48 h of coculture
with pPBS-treated cells compared with coculture with untreated target cells. Addition of pPBS to
monocultures of DCs also showed no significant differences in viability compared with their untreated
counterparts (Figure 4b).

 
Figure 4. Maturation and viability of DCs after coculture with pPBS-treated PSCs and PCCs. (a) Box
plot from minimum to maximum value of ΔMFI of the maturation marker CD86. CD86 expression is
examined on immature DCs after 48 h of coculture of pPBS-treated PCCs and PSCs (effector/target
(E/T) ratio, 1:1), and after pPBS treatment on immature DCs without coculture using flow cytometry.
ΔMFI represents [(MFI staining treated–MFI isotype treated)–(MFI staining untreated–MFI isotype
untreated)]. Treatment of 50% pPBS is used for MIA-Paca-2 and Capan-2, while treatment of 100%
pPBS is used for PANC-1, BxPC3, hPSC128, hPSC21, and RLT-PSC. Every dot represents a different
healthy donor and ≥3 donors were used per cell line. * p < 0.05 significant differences compared with
untreated control. (b) Percentage of viability of DCs after 48 h coculture with pPBS-treated PCC lines
(MIA-Paca-2, PANC-1, BxPC3, Capan-2) and PSC lines (hPSC128, hPSC21, RLT-PSC) or pPBS treatment
alone. Graph represent mean of ± SEM of ≥3 independent experiments with different donors. * p < 0.05
significant differences compared with untreated control.

2.5. Secretion of Cytokines after pPBS Treatment

Mostly, maturation of DCs is associated with an increase in the production of proinflammatory
cytokines. Therefore, we evaluated the cytokine production of TNF-α and IFN-γ by DCs in coculture
with pPBS-treated PCCs and PSCs, which are both central players in the process of DC maturation
and antitumoral immune responses. The interaction between DCs and pPBS-treated PCCs or PSCs
induced the release of IFN-γ and TNF-α (Figure 5a,b). The release of both cytokines was significant for
MIA-Paca-2 and PANC-1. In BxPC3 and Capan-2 cells, IFN-γ release was also significantly increased.
In addition to these proinflammatory cytokines, we evaluated a well-characterized immunosuppressive
cytokine, TGF-β, which is often released in the TME [31]. We observed a decrease in TGF-β release
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when DCs were cocultured with pPBS-treated BxPC3, hPSC128, and hPSC21 cells compared with
cocultures with the untreated counterparts (Figure 5c).

Figure 5. Cytokine profile released by DCs in coculture with pPBS-treated PCCs and PSCs. Graphs
show the concentration of TNF-α (a), IFN-γ (b), and TGF-β (c) released in coculture of DCs with
pPBS-treated PCCs (left) and PSCs (right) after 48 h. Graphs represent mean of± SEM of≥3 independent
experiments with different donors. * p < 0.05 significant differences compared with untreated control.

3. Discussion

The purpose of this study was to investigate the ability of plasma treatment via pPBS to create
a more immunogenic TME for PDAC by attacking both PSCs and PCCs and inducing ICD in PCCs.
Figure 6 gives an overview of the immunogenic signals tested after pPBS treatment in four different
PCC lines and three different PSC lines.

PDAC is known to have a low immunogenic TME profile and is often referred to as a ‘cold’
immunogenic tumor [32]. Because of its low immunogenicity, immunotherapy frequently fails in this
type of tumor [6,7,33]. The dense stroma consisting of PSC surrounding the tumor is believed to be a
major underlying factor involved in the failure of immunotherapy by acting as a physical barrier for
drugs and immune cells [12,13]. Additionally, PSC secrete immunosuppressive factors, which prevent
the development of effective immune responses [14]. Several studies showed that stromal depletion
combined with immunomodulation resulted in better outcomes than immunomodulation alone
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in PDAC [34,35]. Therefore, we postulated that tumors can become immunogenically ‘hotter’ by
destroying the tumor supporting PSC with pPBS treatment.

Figure 6. Overview of the p-values for all immunogenic signals tested. p-values are represented
in a heatmap for the signals tested in previous experiments for both PCCs and PSCs. p-values
are calculated using the Kruskall–Wallis or Mann–Whitney U test and are significant when <0.05.
Treated conditions for ecto-CRT, ATP, HMGB1, CD86, phagocytosis, IFN-γ, and TNF-α are significantly
increased compared with untreated controls. Treated conditions for CD47 and TGF-β are significantly
decreased compared with untreated control.

Although the cytotoxic effect of plasma has already been investigated in PCC lines [28,29,36,37]
and a PSC line [37], we demonstrated the first use of pPBS to target the immunosuppressive PSC in
PDAC and investigated its immunogenic potential. Treatment with pPBS induced non-immunogenic
cell death in PSC, as seen by the lack of DAMP emission, except for ecto-CRT and CD47 expression,
and no significant DC maturation. This is in line with the report of Gorchs et al. showing
that cancer-associated fibroblasts in the lung do not undergo ICD after exposure to high dose
radiotherapy [38]. Interestingly, secretion of the immunosuppressive TGF-β decreased in cocultures
of DCs with pPBS-treated PSC lines, compared with their untreated counterparts. TGF-β plays
a major role in immunosuppression within the TME and is often strongly secreted by PSC [39].
TGF-β is responsible for preventing immune cell infiltration into tumor tissue and promoting tumor
cell proliferation [31,40,41]. Therefore, several ongoing efforts in this field are aimed at blocking
TGF-β in the stroma in combination with anti-programmed death (PD)-1 immunotherapy for the
treatment of different cancer types, including pancreatic cancer [31]. Similarly, we showed that
pPBS treatment could kill PSCs and thereby disrupt the physical barrier, and additionally lower
their immunosuppressive capacity. These findings show that plasma treatment can be beneficial in
combination with immunotherapy for PDAC treatment.
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PCCs were intrinsically more sensitive to pPBS treatment compared with PSCs. The delicate
redox balance in PCCs may contribute to this observation. Cancer cells are characterized by increased
production of ROS compared with normal cells, which promotes their tumorigenicity. This altered
redox environment can increase their susceptibility to ROS-promoting therapies like pPBS by disturbing
ROS homeostasis, resulting in lethal ROS levels and ultimately cancer cell death [42]. Furthermore, in
contrast to PSCs, four signals, which play a key role in the immunogenic potential of ICD inducers,
were identified after pPBS treatment in both MIA-Paca-2 and PANC-1 tumor cells. Both Lin et al. and
Freund et al. showed a similar release of DAMPs by plasma treatment using different human and
murine cancer cell lines [43–46]. Recently, Azzariti et al. also showed an increase of ecto-CRT and ATP
in PANC-1 [47]. Our study is the first to evaluate phagocytosis of plasma-treated cancer cells by DCs
and DC maturation, which are both needed to confirm the immunogenic profile of tumor cells [48,49].
Phagocytosis of cancer cells by DCs improved after pPBS treatment in all PCC lines and consistent
upregulation of the maturation-associated marker CD86 on DCs was observed in cocultures with
pPBS-treated MIA-Paca-2 and PANC-1 cells. Both cell lines highly express ecto-CRT and released ATP
and HMGB1 after treatment, and showed a high downregulation in CD47 expression after treatment,
resulting in more phagocytosis and DC maturation. Contrary to PSCs, we also observed an increased
secretion profile of both TNF-α and IFN-γ in cocultures of DCs with pPBS-treated MIA-Paca-2 and
PANC-1 cells. These data indicate a more immunogenic type of phagocytosis with higher production
of proinflammatory cytokines, which is documented to lead to immunostimulatory clearance of
tumor cells [20,50,51]. Furthermore, this complements our past study where mice, inoculated with a
plasma-generated, whole-cell vaccine, were protected against live tumor challenge with melanoma
cancer cells [52]. This strongly suggests that downstream of ICD, an adaptive immune response is
triggered, which ultimately leads to the development of anti-tumor memory.

It has been shown that ATP could amplify the effects of other activators of DCs, such as TNF-α [53].
This could explain the lack of DC maturation after coculture with pPBS-treated BxPC3 and Capan-2 cells,
as both cell lines did not release a significant amount of ATP after pPBS treatment, nor TNF-α in coculture
with DCs. These observations further emphasize the importance of intrinsic differences between cell
types and even cell lines when investigating the immunogenicity of treatment. Similar differences
between tumor cell lines have been documented by Di Blasio et al [48]. Altogether, our data indicate
that cocultures of pPBS-treated tumor cells and DCs are capable of releasing immunostimulatory
signals in the TME, suggesting the induction of a more pronounced antitumoral immune response.

As DCs are important players in inducing specific antitumor immune responses and are potentially
present in the TME, it is also important to identify the direct effects of plasma treatment on this subtype
of immune cells [54,55]. We showed that pPBS treatment had no effect on the viability of DCs in
monoculture or in coculture with PSCs and PCCs. A previous study shows that plasma induces
apoptosis in PMBC in general [56]. However, when looking more specifically into the subpopulations
of PBMC, Bekeschus et al. showed that monocytes are more resistant to plasma treatment. This could
be because of a stronger antioxidant defense system in phagocytes, such as monocytes, macrophages,
and DCs, which, under physiological conditions, protects them against self-production of ROS during
oxidative burst [57].

In this study, we demonstrated that pPBS treatment may be an effective anticancer
immunotherapeutic modality for PDAC by simultaneously attacking both PCCs and PSCs.
Consequently, the physical barrier of PSCs might be disrupted, which could lead to more infiltration of
immune cells. Together with the induction of ICD in PCC and the reduction of immunosuppressive
cytokines released by PSCs, these results may potentially open the way for more successful combination
strategies with immunotherapy in PDAC. In a next step, implementation of an in vivo model
would be warranted. Nevertheless, we are convinced that our data have a high translational
value, though extrapolation of in vitro cell line studies to the clinic should be considered with caution.
Therefore, we believe that our experiments provide a strong experimental basis for further development
of an in vivo model, which can make the translational value even stronger towards a clinical setting.
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4. Materials and Methods

4.1. Cell Lines and Cell Culture

The human PCC lines MIA-Paca-2, PANC-1, BxPC3, and Capan-2 (ATCC) were used in this
study. MIA-Paca-2 and PANC-1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Life Technologies, 10938, Merelbeke, Belgium) supplemented with 10% fetal bovine serum (FBS, Life
Technologies, 10270-106, Merelbeke, Belgium), 1% penicillin/streptomycin (Life Technologies, 15140),
and 2 mM L-glutamine (Life Technologies, 25030). Capan-2 and BxPC3 cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Life Technologies, 52400), supplemented as described
above. The human PSC lines hPSC21, hPSC128 (established at Tohoku University, Graduate School
of Medicine, kindly provided by Prof. Atsushi Masamune), and RLT-PSC (established at the Faculty
of Medicine of the University of Mannheim, kindly provided by Prof. Ralf Jesenofsky) were used,
all cultured in DMEM-F12 (Life Technologies, 31330), supplemented as described above [58,59].
Cells were maintained in exponential growth phase at 5% CO2 in a humidified incubator at 37 ◦C.
Cell cultures were tested regularly for absence of mycoplasma contamination using the MycoAlert
detection kit (Lonza, LT07, Verviers, Belgium)

4.2. Treatment of PCC and PSC with Cold Atmospheric Plasma

Cells (2 × 104 cells per mL) were treated indirectly with cold atmospheric plasma generated using
the atmospheric pressure plasma jet kINPenIND® (Neoplas Tools). Argon gas is used in this setting as
feeding gas [60]. Then, 2 mL of PBS was treated with one standard liter per minute (slm) gas flow rate
at a gap distance of 6 mm for 5 min. This 100% plasma-treated PBS (pPBS) was further diluted in PBS
to final concentrations of 12.5%, 25%, 37.5%, 50%, 62.5% pPBS, which was then directly added in a 1/6
dilution in the media to the cells. Untreated PBS is used as a vehicle control for all experiments.

4.3. Analysis of Cytotoxicity and ICD Markers

Forty-eight hours after treatment, cells were harvested and incubated with 5% normal goat
serum (NGS, Sigma-Aldrich, G9023, Overijse, Belgium), followed by washing and incubation with
an Alexa Fluor 488-conjugated anti-CRT (Abcam, ab196158) antibody for 40 min. Prior to analyzing
the samples, the cells were stained with Annexin V (BD, 550474) and PI (BD, 556463) to distinguish
between early apoptotic and necrotic cells. The percentage of cytotoxicity presents [%AnnV+PI- +
%AnnV-PI+ + %AnnV+PI+]. The surface expression of CRT was analyzed on non-permeabilized cells
(PI-). For every sample, an isotype control was used (Abcam, 199091). Flow cytometric acquisition
was performed on an AccuriTM C6 instrument (BD). Extracellular ATP was measured in conditioned
media (supplemented with heat inactivated FBS) 4 h after treatment via ENLITEN® ATP assay system,
according to the manufacturer’s protocol (Promega, FF2000). The bioluminescent signal was measured
using a VICTORTM plate reader (PerkinElmer). Release of HMGB1 was analyzed 48 h after treatment in
the conditioned media using an enzyme-linked immunosorbent assay (IBL, ST51011). The absorption
was measured using an iMARKTM plate reader (Bio-rad). Surface expression of CD47 (BD, 556046) was
analyzed on non-permeabilized cells (7-AAD-, Biolegend, 420404), 48 h after treatment. Flow cytometric
acquisition was performed on a CytoFLEX (Beckman Coulter) instrument.

4.4. In Vitro Generation of Human Monocyte-Derived DCs

Human peripheral blood mononuclear cells (PBMC) were isolated by LymphoPrep gradient
separation (Sanbio, 1114547) from a buffy coat of healthy donors (Ethics Committee of the University of
Antwerp, reference number 14/47/480) isolated from adult volunteer whole blood donations (supplied
by the Red Cross Flanders Blood service, Belgium). Monocytes were isolated from PBMC using
CD14 microbeads according to the manufacturer’s protocol (Miltenyi, Biotec, 272-01). Purity after
isolation was >90%. After isolation, CD14+ cells were plated at a density of 1.25–1.35 × 106 cells
per mL in RPMI-1640 supplemented with 2.5% human AB (hAB, Sanbio, A25761) serum, 800 U/mL
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granulocyte-macrophage colony stimulating factor (GM-CSF; Gentaur, 04-RHUGM-CSF), and 20 ng/mL
interleukin (IL)-4 (Miltenyi, Biotec, 130-094-117) at day 0, as described before [61]. Immature DCs were
harvested on day 5.

4.5. Coculture of DCs and Tumor Cells

In order to measure the maturation and phagocytotic capacity of the immature DCs, a flow
cytometric assay was used. To make a distinction between target and effector cells, they were
both stained with a different fluorescent dye prior to coculturing. Labeling of immature DCs was
performed as described before with minor adjustments [62]. Briefly, immature DCs were labeled with
2 μM of violet-fluorescent CellTracker Violet BMQC dye (Invitrogen, C10094, Bleiswijk, Netherlands)
at a concentration of 1 × 106 cells per mL at 37 ◦C. PCCs and PSCs were labeled with the green
fluorescent membrane dye PKH67 (Sigma Aldrich, MIDI67). Labeling of tumor cells with PKH67
was carried out according to the manufacturer’s instructions and performed before pPBS treatment.
Four hours after pPBS treatment, effector and target cells were cocultured at a 1:1 effector/target (E/T)
ratio. Forty-eight hours later, supernatant was collected and stored at –20 ◦C for future analysis.
Cells were collected and used immediately for flowcytometric detection of DC maturation markers
and phagocytosis. Expression of CD80 (Biolegend, 400150, San Diego, CA, USA), CD86 (BD, 557872),
and CD83 (BD, 551073) maturation markers was measured on the violet+ DC population. For every
specific maturation marker, an isotype control was used (BD, 555751; BD, 557872; Biolegend, 305232).
Difference in mean fluorescence intensity (ΔMFI) was calculated to evaluate target upregulation after
treatment. ΔMFI represents [(MFI staining treated–MFI isotype treated)–(MFI staining untreated–MFI
isotype untreated)]. Phagocytosis of PKH67+ tumor cells by violet-labeled DCs was expressed as
%PKH67+violet+ cells within the violet+ DC population. Acquisition was performed on a FACSAria
II (BD). Data analysis was performed using FlowJo v10.1 software (TreeStar).

4.6. Cytokine Secretion Profile

Secreted cytokines in cocultures of pPBS-treated target cells and immature DCs were analyzed
using electrochemiluminescence detection on a SECTOR3000 (MesoScale Discovery/MSD) using
Discovery Workbench 4.0 software, as previously described [63]. The human cytokine panel included
IFN-γ, TNF-α, and TGF-β. Standards and samples were measured in duplicate and the assay was
performed according to the manufacturer’s instructions.

4.7. Statistical Analysis

Prism 8.02 software (GraphPad) was used for data comparison and graphical data representations.
SPSS Statistics 25 software (IBM) was used for statistical computations. The non-parametric
Kruskal–Wallis test was used to compare means between more than two groups. The nonparametric
Mann–Whitney U test was used to compare means between two groups. Spearman’s rank correlation
coefficient was used to calculate the correlation between two variables. p-values < 0.05 were considered
statistically significant.

5. Conclusions

We conclude that plasma treatment via pPBS can attack both the PCCs and the PSCs. These data
show that pPBS has the potential to induce ICD in PCCs and to reduce the immunosuppressive tumor
microenvironment created by PSCs. Altogether, these results might potentially open the way for more
successful combination strategies with immunotherapy for the treatment of PDAC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1597/s1,
Figure S1: Dot plots of Annexin V and PI staining of PCC lines, Figure S2: Dot plots of Annexin V and PI staining
of PSC lines, Figure S3: gating strategy of surface exposure of ecto-CRT, Figure S4: gating strategy of phagocytosis,
Figure S5: CD80 and CD83 expression on DC after coculture with pPBS-treated PSCs and PCCs.
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Abstract: Tumours are complex systems formed by cellular (malignant, immune, and endothelial cells,
fibroblasts) and acellular components (extracellular matrix (ECM) constituents and secreted factors).
A close interplay between these factors, collectively called the tumour microenvironment, is required
to respond appropriately to external cues and to determine the treatment outcome. Cold plasma (here
referred as ‘plasma’) is an emerging anticancer technology that generates a unique cocktail of reactive
oxygen and nitrogen species to eliminate cancerous cells via multiple mechanisms of action. While
plasma is currently regarded as a local therapy, it can also modulate the mechanisms of cell-to-cell
and cell-to-ECM communication, which could facilitate the propagation of its effect in tissue and
distant sites. However, it is still largely unknown how the physical interactions occurring between
cells and/or the ECM in the tumour microenvironment affect the plasma therapy outcome. In this
review, we discuss the effect of plasma on cell-to-cell and cell-to-ECM communication in the context
of the tumour microenvironment and suggest new avenues of research to advance our knowledge in
the field. Furthermore, we revise the relevant state-of-the-art in three-dimensional in vitro models
that could be used to analyse cell-to-cell and cell-to-ECM communication and further strengthen our
understanding of the effect of plasma in solid tumours.

Keywords: cold atmospheric plasma; cell communication; extracellular matrix (ECM); reactive oxygen
and nitrogen species (ROS); tumour microenvironment (TME); extracellular vesicles; communication
junctions; three-dimensional in vitro culture models

1. Introduction

Organs are the structural and functional units of the body composed by cells responsible for
their particular function (e.g., enzyme secretion) and the stroma (supportive framework formed by
stromal cells and extracellular matrix (ECM)). In cancer, solid tumours resemble organs with abnormal
function and structure that unlike normal organs, can have detrimental effects on the survival of the
individual. In fact, the multiple cellular (endothelial cells, fibroblasts, inflammatory cells, immune
cells) and acellular components (ECM elements and secreted factors), collectively termed the ‘tumour
microenvironment’ (TME), play an active role in the survival, growth, invasion, and metastasis of
cancer cells. Cancer research has long focused on the development of therapies against tumour cells;
however, it is now acknowledged that the TME plays a key role in modulating the progression of
tumour growth and resistance to chemotherapeutic drugs [1]. Changes in the TME are transmitted to
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cancer cells due to the dynamic and interdependent interaction between cells and TME components.
This communication involves direct physical cell-to-cell interactions (via gap, tight and anchoring
junctions, among others), indirect communication via secreted signals (cytokines, growth factors), and
cell-to-ECM interaction via binding of transmembrane adhesion proteins (cadherins, integrins) with
ECM components. Novel cancer therapies targeting one or more of the TME components could be
beneficial to control and eliminate tumours and could overcome the limitations of current treatments.
An emerging technology from the field of physics, called ‘plasma’, presents as an innovative anticancer
approach, due to its potential to eliminate cancer cells and to activate specific signalling pathways
involved in the response to treatment.

Plasma is the fourth state of matter and it can be generated by coupling sufficient quantities
of energy to a gas to induce ionization [2]. During ionization, the atoms or molecules lose one or
several electrons, resulting in a mixture of free electrons and ions, called “ionized gas”. The free
electrons can furthermore cause excitation and dissociation of the atoms or molecules, resulting in the
generation of a mixture of neutral, excited, and charged species that exhibit collective behaviour [3].
Cold plasma (hereinafter simply referred to as ‘plasma’) is of particular interest in biomedicine.
The high temperature of the electrons determines the ionization and chemical processes, but the
low temperature of heavy particles determine the macroscopic temperature of plasma [4]. Plasma
can be generated at atmospheric pressure and body temperature, below the tissue thermal damage
threshold (43◦C) [3,5–7]. Biomedical plasmas can (mostly) be classified into two groups: dielectric
barrier discharge (DBD) devices that generate plasma in ambient air, and plasma jets that first ionize a
carrier gas that later interacts with molecules present in ambient air. In DBDs, plasma is generated
between a powered electrode (covered by an insulating dielectric material) and the target (tissue
or sample) that operates as the second electrode, placed in close proximity. The dielectric material
accumulates the charge that helps sustaining the generation of plasma, and reduces the current passed
into the tissue to generate a thermally and electrically safe plasma [8]. In the plasma jet configuration,
the system is fed by a constant gas flow (argon, helium, nitrogen) that is ionized around the powered
electrode inside the device. As the ionized gas is transported outside in propagating ionization waves,
it forms a stream of active particles discharging as a jet that can extend up to centimetres away from
the device [9]. Plasma reacts with oxygen and nitrogen molecules present in ambient air to form an
assortment of reactive oxygen species, such as hydrogen peroxide (H2O2), hydroxyl radical (•OH),
superoxide (O2•-), ozone (O3), singlet delta oxygen (1O2), and atomic oxygen (O), as well as reactive
nitrogen species (RNS), such as peroxynitrite (ONOO-), nitrogen dioxide radical (•NO2) and nitric
oxide (•NO) [10–12]. This group of reactive species is collectively referred from hereon as ROS, due to
the presence of oxygen in all the biologically relevant RNS.

ROS are largely considered as the main agents responsible for the biological effects exerted by
plasma in cells and tissues [7,13,14], while other physical components, such as electromagnetic fields
and UV photons, do not significantly contribute to the overall effect on cells individually at the levels
generated by plasma [15–17]. Plasma technology offers the possibility to induce different biological
responses in cells and tissues (e.g., wound healing, coagulation, elimination of cancerous cells) which
is dependent on the nature, location and levels of ROS produced [18]. These effects are believed to be
due to the combination of the direct interaction of plasma-derived ROS with cells (some ROS are able
to penetrate to up to several mm into the tissue, reviewed in [19]) and the consequent generation of
signals that modify the microenvironment at further distances and that activate an immune response.
The effects in cells and tissues can be obtained by delivering plasma directly (plasma rich in short- and
long-lived ROS) or indirectly (plasma-treated solutions rich in long-lived ROS used for treatment),
which adds to the versatility of plasmas [19]. This is particularly important, considering that indirect
treatments could favour the delivery of plasma-derived ROS to hard-to-reach regions of the body
where direct plasma treatments cannot reach.

Cancer cells constitutively present higher levels of ROS than normal cells due to alterations
on their metabolism, genomic instability, mitochondrial disfunction and TME modifications [20,21].
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This makes cancer cells more vulnerable to high ROS levels, increasing their sensitivity and apoptosis
from increased ROS [22]. Current anticancer therapies such as radiotherapy induce intracellular
ROS formation through radiolysis of water and secondary reactions to damage the DNA and lead
to cell death [23]. In the same way, a large number of chemotherapeutic drugs with cytostatic and
cytotoxic activity eliminate cancer cells by generating high levels of intracellular ROS [24]. However,
the sensitivity to treatment is affected by the local levels of O2 required for ROS formation [25] and the
intracellular pathways affected. It has been suggested that therapies providing external ROS, such
as plasma, could raise the threshold beyond which cell death can be induced in cancer cells without
harming normal cells [26,27]. In addition, the localized application of plasma could limit the exposure
of healthy tissue to ROS, an advantage over radiotherapy and chemotherapy.

Multiple studies have demonstrated the cytotoxic effect of plasma on cancer cells using in-house
built, standard, and commercial plasma devices [9,28,29]. The main mechanisms of action involve the
induction of apoptosis, cell cycle arrest and inhibition of cancer cells dissemination [30–35]. To date,
most of the research on plasma treatments for cancer has been focused on malignant cells, even though
ever more often the TME has been shown to contribute significantly to tumour progression and to
the response to chemotherapy [1,36]. Considering that tumours are complex organs formed by more
than cancer cells, it would be expected that plasma-derived ROS would react with all the cellular
and acellular components of the TME. This observation raises some questions: Does the oxidation
of ECM components and binding proteins affect the proliferation, survival, and migratory abilities
of cancer cells? How does plasma affect the endothelial cells, fibroblasts and resident immune cells
present in the tumour? Do plasma-derived ROS participate as messengers of cell communication?
Which mechanisms of communication are involved in the propagation of the plasma treatment effect
at distant places from the treatment site? There is a limited body of literature about the effect of plasma
on the TME and its role in the communication of cells with their surroundings. Understanding the
major events occurring in the tumour upon plasma treatment and how does plasma modulate the
communication between cancer cells and the TME is of outmost relevance to develop efficient plasma
therapies for cancer.

This review aims to discuss the current state of the field on plasma treatments in the context
of the TME, considering the cell-to-cell and cell-to-ECM interactions affected by plasma in tumours.
Additionally, we will discuss relevant three-dimensional (3D) in vitro strategies to explore the effect of
plasma on solid tumours, especially considering the role of the TME. As our understanding of the
mechanisms of action of plasma in cancer cells continues to expand, it is necessary to consider the
complexity of solid tumours to develop more efficient plasma therapies.

2. Plasma-Derived ROS, Cell Death, and the ECM

A significant number of studies have been done to identify the type and spatio-temporal
distribution of ROS produced by biomedical plasmas and the reader is referred to [9,37] for
details. Although the ROS composition between plasma devices may vary, it has been shown
that plasma-derived ROS can oxidize lipids in the cell membrane, reduce the membrane fluidity and
favour pore formation [38–40], a topic thoroughly reviewed in [19]. The permeabilization of the cell
membrane facilitates the access of ROS into the intracellular compartment, as well as the release
of cell contents to the ECM, as observed in necrotic cells [41]. In the same way, plasma can induce
oxidative stress in membranes of intracellular organelles [42]. The transport of plasma-produced H2O2

is also favoured by the increased number of aquaporins present in the plasma membrane of cancer
cells [43]. Furthermore, plasma affects the different proteins forming the ECM, in the plasma membrane
or inside the cells. Changes to the function or structure of ECM proteins or at the cell surface can
activate signalling pathways to alter gene expression, cell growth and maintenance [44]. Within the cell,
plasma-derived ROS can oxidize proteins involved in metabolic pathways, proteasome activity and
mitochondrial respiration [42]. In addition, plasma can cause double-strand DNA breaks [42,45,46]
that if irreversible, can lead to cell death [47].
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There is a growing body of evidence suggesting that the anticancer effect of plasma is predominantly
caused by apoptosis-induction mediated by ROS [48–54]. These ROS will primarily act in the ECM,
even though there are studies verifying the importance of a rise of intracellular ROS levels in successful
plasma treatment of cancer cells [31,48,55–57]. The origin of the ROS triggering apoptosis in cancer
cells after plasma treatment has been under debate: Although it would be logical to assume that the
ROS were generated by plasma and added exogenously, it is true that some of these ROS have a very
short life time and diffusion length due to their highly reactive nature and will not be able to reach
the ECM, particularly not in the bulk of a cancer tumour. A paradigm first proposed in [58] and
recently experimentally verified [59,60], states that the ROS acting in the ECM of cancer cells after
plasma treatment instead are generated by the cells themselves and are part of a system of signalling
pathways used by cancer cells to promote proliferation. In this scenario, the effect that plasma exerts
on cancer tumour is constituted by the transmission and/or creation of one species, 1O2, to the ECM.
1O2 interferes with the system of signalling pathways in such a way that the proliferative signal
turns into an apoptosis-inducing signal. This paradigm also accounts for the observed selectivity of
plasma treatment [56,57,61–70], since the signalling pathways (which are introduced in detail below)
manipulated by plasma do not exist in normal cells. However, it is worth considering the effect of cell
type, cancer type, and culturing medium on the response observed before selectivity can be claimed,
as recently demonstrated [71].

One of the main differences between cancer cells and normal cells that enables a selective
effect of plasma on cancer over normal cells is: a) the generation of O2•- into the ECM and b) the
presence of catalase associated to the external surface of the cell membrane. The generation of O2•-

is found already in transformed cells, i.e., yet not fully developed cancer cells, and is required for
their proliferation [72–83]. However, at this stage, O2•- is also detrimental for the cells since O2•-

furthermore functions as the species from which two apoptosis-inducing signalling pathways originate.
These signalling pathways are the HOCl pathway [84–87] and the ONOO- pathway [84,85,87,88],
respectively, named after the species in each pathway, from which the highly reactive •OH is formed.
When •OH is formed in the vicinity of the cell membrane, it causes lipid peroxidation and subsequent
cell death by apoptosis. The extremely short lifetime and diffusion length of •OH prevent harm on
adjacent cells. Other factors that could contribute to the selective effect of plasma on cancer cells are
the high steady-state of intracellular ROS produced [89], the increased number of aquaporins in the
plasma membrane that can transport H2O2 into the cells [43] and the reduced levels of cholesterol in
the cell membrane of cancer cells that favours the penetration of ROS [38].

For a transformed cell to reach the state of a cancer cell, it needs to protect itself from the
apoptosis-inducing signalling pathways, which is achieved by relocating intracellular catalase into
the outer cell membrane. Indeed, studies show that membrane-associated catalase is crucial for
cancer cell progression [84,85,90–95]. Catalase decomposes H2O2 as well as ONOO- and thus,
removes the substrates for production of •OH in both the HOCl pathway and ONOO- pathway
(Figure 1). In addition, when H2O2 is not decomposed, it may, as already mentioned, also enter the
intracellular compartment through aquaporins in the cell membrane, where it causes depletion of
glutathione [59,96]. The depletion of intracellular glutathione renders the cells more sensitive for •OH
attacking the membrane.
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Figure 1. Proposed set of events underlying the mechanism of apoptosis induction in selective plasma
cancer treatment. Before plasma treatment, catalase prevents formation of •OH in the extracellular
matrix (ECM) from the HOCl and the ONOO- pathway. In the HOCl pathway, this occurs through
decomposition of H2O2 and in the ONOO- pathway it precedes through decomposition of ONOO-.
During plasma treatment, catalase is inactivated by 1O2 that is either contained in the plasma or
generated in the ECM from components transferred from the plasma. After plasma treatment, the
cancer cell’s protection against the HOCl and the ONOO- pathway is lost and •OH is formed in the
ECM. Through lipid peroxidation in the cell membrane, •OH is causing apoptosis induction.

Depending on the plasma treatment conditions, 1O2 could either be generated directly and
transferred from the gaseous phase to the liquid phase of the ECM or generated indirectly from H2O2

and NO2
- (which are transferred from the gaseous phase to the ECM). The latter scenario, where

so-called ”primary” 1O2 is generated in the ECM, has been elucidated to be the most likely [59,60].
Indeed, the formation of such primary 1O2 from a solution of H2O2 and NO2

- has been experimentally
verified [96,97]. Since 1O2 has the capacity to inactivate catalase through reaction with histidine in
the active centre of the enzyme [98], application of plasma to a cancer cell will thus lead to a loss
of the protection against the HOCl and ONOO- pathway, which causes the cancer cells to undergo
apoptosis. However, the generation of primary 1O2 has been found to be below the detection level [97].
Nevertheless, the concentration has been found to be sufficient to inactivate a few membrane-associated
catalase molecules. In the vicinity of the sites where catalase has been inactivated, the non-decomposed
H2O2 and ONOO- will not only enter the apoptosis-inducing signalling pathways (the HOCl and
ONOO- pathway) and cause intracellular glutathione depletion (in the case of H2O2), but they are
also the substrates in a set of reactions where 1O2 is generated [99–102]. This so called “secondary”
1O2 may subsequently inactivate catalase in the cell membrane of the same cell, or the catalase in the
cell-membrane of adjacent cancer cells. The generation of secondary 1O2 occurs in an exponential
manner and creates an amplified apoptosis signal reaching the bulk of the tumour.

The whole set of events—from the generation of primary 1O2, catalase-inactivation, and
subsequently, tumour-generated secondary 1O2 (followed by inactivation of more catalase), to
apoptosis-induction—has been experimentally investigated and verified both in the case of tumour
cells in a solution of H2O2 and NO2

- [96,97] and for plasma-treated tumour cells [59,60]. The selectivity
of the treatment, given that the concentration of H2O2 is below a certain limit, has been confirmed by
control experiments with non-malignant cells [59].

A question that arises when considering the paradigm postulated in [58], is whether or not there
is an explicit relationship between the parameters of the plasma treatment (e.g., ROS composition
and treatment duration) and the concentration of •OH formed to induce apoptosis. The relationship
between the extent of catalase inactivation and the resulting generation of •OH from the HOCl and
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ONOO- pathways was investigated theoretically by mathematical modelling of the reaction kinetics
in [103]. In this context, cancer cells would need very high concentrations of catalase (in the mM order)
to protect themselves from the ONOO- pathway, which was the only pathway found to generate •OH
in a significant amount. In order for a substantial generation of •OH, most of this catalase (about 99%)
has to be inactivated.

3. The Tumour Microenvironment (TME)

The TME consists of malignant and non-transformed cells, tumour vasculature and ECM, all
in constant interaction. Non-malignant cells in the TME dynamically participate in all stages of
carcinogenesis where they often have a tumour-promoting function [104]. The close communication
between cells and ECM via a dynamic network of soluble factors, such as cytokines, chemokines,
growth and angiogenic factors and enzymes, orchestrate the uncontrolled cell growth, resistance to cell
death, hypoxia, and dysplasia in tumours. In addition, this interaction is required for the formation of
new blood and lymph vessels, stroma remodelling, recruitment of immune cells and cancer-associated
fibroblasts, and metastatic processes [1]. The TME presents multiple components that could interact
with plasma-derived ROS and alter the response evoked in the treated tumour cells (Figure 2), therefore
it is critical to identify how plasma affects the TME and how we could modulate these responses to
obtain better therapeutic outcomes.

Figure 2. Understanding the complexity of solid tumours for anticancer plasma treatment. A solid
cancer tumour consists of cancer cells as well as several other components in constant interaction,
collectively referred to as the tumour microenvironment (TME). The TME is formed by endothelial cells,
fibroblasts, inflammatory cells, immune cells in addition to extracellular matrix (ECM) components,
most prominently collagen, fibronectin, polysaccharide chains, glycoproteins, and proteoglycans.
All TME components are susceptible to plasma-derived reactive oxygen and nitrogen species (ROS)
and their response to plasma could affect the treatment outcome.

3.1. Cellular Components of the Tumour Microenvironment

The TME contains a heterogeneous mass of malignant cells, immune cells, endothelial cells,
and fibroblasts. During wound healing, fibroblasts acquire a myofibroblast state that promotes
ECM remodelling, epithelial proliferation and angiogenesis. In fact, plasma treatments for wound
healing have shown to accelerate the healing process by promoting fibroblast activation, migration
and proliferation [105], secretion of angiogenesis-related molecules (angiogenin, endostatin, MCP-1,
EG-VEGF, artemin and FGF-2) [106], activation of PPAR-γ anti-inflammatory pathway [107] and
NF-κβ pathway in fibroblasts [108] without inducing their apoptosis [109]. In cancer; however, the
actions exerted by activated fibroblasts (termed cancer-associated fibroblasts, CAFs) promote tumour
development by initiating ECM remodelling (by the secretion of matrix metalloproteinases, MMPs)
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and secreting cytokines and growth factors [110]. CAFs are considered critical players in the malignant
progression with a complex bidirectional communication mechanism between CAFs and cancer cells
mediated by cytokines and RNA transference via exosomes to favour metastasis, vascular permeability,
and resistance to chemotherapy and radiotherapy [111–113]. It has been proposed that plasma has dual
effects on fibroblasts, as short treatments enhanced the cell viability and collagen production, whereas
longer treatments inhibit them [114]. Exposure to longer plasma treatments of higher plasma-derived
ROS concentrations can induce senescence [115] and necrotic cell death in fibroblasts [116]. As CAFs
are recognized as important targets for cancer treatment, we should consider whether the elimination
or modulation of CAFs activity by plasma is possible to assist tumour control.

Tumours recruit their own vasculature for a constant supply of oxygen and nutrients, removal of
waste products and escape routes to enable tumour metastasis [117]. Vascular endothelial growth factors
(VEGFs) are secreted to promote the formation of new blood vessels via sprouting, intussusception,
vasculogenic mimicry or mosaic vessel formation [118]. The excessive proliferation of endothelial
cells leaves the vasculature poorly covered by perivascular cells needed for vasoconstriction and
vasodilation [117] and the intercellular spaces formed permit the free pass of macromolecules and
tumour cells (metastasis) [104]. In addition, the leakage of blood plasma into the interstitial tissue
reduces the blood flow velocity, which causes occlusion of the blood vessels, acute hypoxia, and
continuous release of VEGF [118,119]. To alleviate the pressure inside the tumour and drain the excessive
fluid from the interstitial tissue, malignant cells recruit their own lymphatic system [120]. In wound
healing, plasma has shown to promote paracrine and autocrine signalling via angiogenic factors,
such as angiopoietin-2, angiostatin, endostatin, amphiregulin and FGF-2 produced by keratinocytes,
fibroblasts, and endothelial cells that favoured tube formation [106]. In this study, HUVEC endothelial
cells were more sensitive to plasma than keratinocytes and fibroblasts, as they presented higher levels
of double-strand DNA damage. Indeed, higher plasma-derived ROS levels can induce cell cycle arrest,
reduced cell motility and DNA damage [121], which supports the idea that the elimination of both
endothelial and cancer cells with plasma could aid to control the tumour progression.

Cancer cells promote an immunosuppressive TME to support their growth and evade clearance by
the immune system. The main two populations in the tumour immune microenvironment (TIME) are
the tumour-associated macrophages and T cells. The infiltration, priming and activation of cytotoxic
CD8+ T (CTL) and natural killer (NK) cells into the tumour core is facilitated by the secretion of
proinflammatory cytokines secreted by T helper-1 (Th1) cells [122]. Without the presence of cytotoxic
lymphocytes, tumours remain immunological ignorant and malignant cells cannot be identified by
the adaptive immunity [123]. The uncontrolled tumour growth and TME remodelling prevents the
immune system to control the tumour progression and favours the recruitment of CD4+ T regulatory
(Tregs) cells, which supress the priming, activation and cytotoxic activity of effector immune cells,
such as Th1 cells, CTL, macrophages, NK cells, and neutrophils, through contact-dependent (PDL-1,
LAG-3, CD39/73, CTLA4, or PD1) and contact-independent mechanisms (secretion of IL-10, TGF-β,
prostaglandin E2, adenosine, and galectin-1, among others) [122]. Plasma treatments have shown
to increase T cell infiltration in murine pancreatic tumours, which could be related to the activation
of immunogenic cell death of cancer cells, expressing calreticulin and releasing damage-associated
molecular patterns [124]. Additionally, it has been proposed that plasma-derived ROS could upregulate
the expression of major histocompatibility complex-I, favouring antigen presentation by cancer cells
which could result in an increased number of intratumoural CD8+ T cells [125,126]. In the same
way, B cells may play an important role in modulating the tumour response, as they can secrete
IL-10 and TGF-β to favour tumour cell proliferation. The antibodies produced by B cells can alter
the function of their antigens present on cancer cells, activate the complement cascade, or promote
antibody-dependent cell-mediated cytotoxicity [127], as well as stimulate angiogenesis and chronic
inflammation that promotes the progression of tumours [128]. To date, only one study has assessed the
survival of peripheral blood B cells exposed to plasma in vitro, but how does plasma affect B cells in
tumours is yet unknown.
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Macrophages are specialized cells able to present antigens to activate T cells and secrete cytokines
to activate other cells. Tumour progression and TME modifications favour the differentiation of
tumour-associated macrophages (TAM) toward a pro-tumourigenic phenotype (M2-like polarization)
which secrete anti-inflammatory cytokines, in contrast to the proinflammatory (M1-like polarization)
phenotype that contribute to the elimination of cancer cells [129,130]. TAMs are recruited to the tumour
site by CCL2, CCL5, VEGF, and CSF1 and participate in a variety of pro-tumourigenic processes,
such as angiogenesis (VEGF), cell proliferation (EGF) and epithelial-mesenchymal transition, tumour
metastasis, immunosuppression (IL-10 and TGF-β), ECM remodelling (MMPs), and reduction of
anticancer therapies efficacy [122]. Interestingly, it has been shown that plasma-derived ROS influence
the differentiation profile of monocytes [131,132] and the inflammatory potential of macrophages [133].
Plasma can induce the polarization towards M1 phenotype of monocyte-derived THP-1 macrophages
which secrete the proinflammatory cytokines IL-1α, IL-1β, IL-6, and TNF-α and upregulate the inducible
nitric oxide synthase [134,135]. Plasma-activated macrophages display increased mobility [135,136]
and tumour infiltration ability [35,124]. In addition, they can reduce the viability, invasive behaviour,
and ATP content in cells, inhibit cell growth, and induce cell death by affecting genes involved in DNA
damage checkpoints [134].

Dendritic cells (DCs) have an important role in antigen processing and presentation to T cells
to evoke an adaptive immune response against malignant cells. However, tumour-associated DCs
(TIDCs) are usually associated with immunosuppression due to the high expression of regulatory
molecules and receptors, debilitated antigen cross-presentation, and low costimulatory molecule
expression [137]. In addition, malignant cells and the TME secrete factors to inhibit or reverse the
normal function and maturation process of DCs [138]. Plasma treatment of murine pancreatic tumours
did not affect the number of TIDCs [124]. However, in vitro studies have shown that DCs were more
prone to phagocytose pancreatic cancer cells exposed to plasma-treated PBS, as these cells expressed
and released damage-associated molecular patterns characteristic of immunogenic cell death, favouring
maturation of DCs [139]. Neutrophils are also recruited to the TME by CXCR2 ligands secreted by
cancer and stromal cells [140] to eliminate cancer cells through the deposit of neutrophil extracellular
traps (NETs) and exocytosis of protease-containing granules. It has been proposed that the secretion of
NETs (composed by chromatin, MMP-9, elastase, cathepsin G and intracellular proteins) promotes
tumour progression and metastasis, as the proteases digest the ECM and facilitate the migration and
invasion of cancer cells [141]. Previous studies in the context of wound healing have reported profound
NET formation and IL-8 secretion in plasma-treated human neutrophils, which could be detrimental
for cancer treatment [142]. Other cells, such as the adipose mesenchymal stromal cells (AMSCs) possess
proangiogenic, antiapoptotic, proliferative, and multipotent differentiation characteristics that are often
associated with tumour initiation and metastasis [143]. AMSCs have immunosuppressive properties
and a positive tropism towards the TME [144] where they can interfere with the maturation of DCs and
the proliferation and differentiation of B cells and ECM composition [145]. Plasma has been shown to
inhibit adipogenic differentiation [146] and to induce senescence, cell cycle arrest, and M2 macrophage
polarization [115]. To date, there is limited information about the effect of plasma on AMSCs in the
context of tumours.

It is worth considering that although cancer and immune cells present phenotypic and functional
heterogeneity, TIME can be forged by tumour cell-intrinsic factors and in this way, determine the
sensitivity to cancer treatments [147]. The existence of cancer stem cells, able to avoid the immune
system, metastasize, and resist chemotherapeutical drugs, brings further levels of complexity to the
development of successful therapies against cancer. The use of plasma to selectively suppress or
eliminate cancer stem cells, to modify the TME that supports their development and proliferation,
and to activate the response of the immune system against malignant cells could significantly benefit
anticancer therapies. Further studies are needed to determine the effect of plasma treatments in
complex solid tumours, considering these variables in the overall response.
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3.2. Acellular Components of the Tumour Microenvironment

Beside cells, the TME comprises a complex 3D architecture formed by collagen, elastin, fibronectin,
glycoproteins, and proteoglycans (see Figure 3a,c and Table 1). The ECM elements are responsible for
providing support to the tissue, storing growth factors, and controlling tissue stiffness. The TME is in
constant architectural modification in response to cell proliferation. The increased deposition of ECM
components modifies the biomechanical properties of the ECM, interferes with cell-to-cell adhesion
and cell polarity, and enhances growth factor signalling [148]. The disorganized growth of malignant
cells, poor tissue oxygenation and increased inflammation in the TME induce desmoplasia (excessive
collagen deposition), which restricts the penetration of chemotherapeutic drugs and migration of
immune cells towards the cancer cells [149]. The mechanical and chemical changes of the ECM are
communicated to cells through integrins located in their cell membrane (Figure 3a,b), which can result
in the development of an invasive phenotype [110].

Figure 3. Simple model of the extracellular matrix. (a) Normal and (b) remodelled ECM under
oxidative stress. (c) Schematic illustration of ECM components.

It has been suggested that agents aimed to deconstruct the ECM or to modulate the
deposition of ECM components could improve the response of tumours to chemotherapy or other
treatments [150–152]. In vitro studies have shown that plasma can destroy dry and dissolved collagen
I molecules due to the oxidation of amino acids and breakage of hydrogen bonds [153], which loosen
the collagen structure (Figure 3b) [154]. In addition, plasma decreased the collagen secretion and cell
migration in keloid fibroblasts [155], which similarly to CAFs, overproduce collagen [156]. Using
Matrigel (matrix extracted from the Engelbreth-Holm-Swarm mouse sarcoma rich in laminin, collagen
IV, entactin, proteoglycans, and growth factors) as a surrogate model in vivo, it was shown that high
doses of plasma-derived ROS hindered ECM-cell interactions and decreased bone formation, whereas
lower ROS doses promoted chondrocyte differentiation, VEGF production and bone formation [157].
Similarly, mild plasma treatments for skin rejuvenation have shown to significantly enhance the
expression of collagen I, fibronectin, and VEGF in fibroblasts to boost angiogenesis and repair of
connective tissues [158]. To date, only two clinical studies have reported changes in the ECM of
wounds in patients with head and neck cancer after palliative plasma treatment. The desmoplastic
reaction induced by plasma suggests an increased deposition of collagen [159,160], a response often
associated with impaired drug delivery and penetration of anticancer treatments [161]. However, it is
possible to re-educate stromal cells to reduce desmoplasia, as shown for pancreatic stellate cells [162].
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Hyaluronan or hyaluronic acid (HA) is a gel-forming CAF-produced ECM proteoglycan that
is key in the autocrine and paracrine signalling between CAFs and malignant cells. High HA
synthesis is correlated with aggressive behaviour and tumour spreading in different cancer cell
types, as HA immobilizes and deactivates monocytes patrolling the tumour, boosts cell proliferation,
inhibits apoptosis, and enhances the epithelial-to-mesenchymal transition in cancer cells to activate
metastasis [163]. Treatments that target HA and its synthesis could destroy the fibrotic stroma in
tumour to allow the delivery of therapeutic agents [164]. Previous studies have shown that ROS can
depolymerize and fragment HA aggregates [165] and oxidize other ECM components (Figure 3b), such
as fibronectin [166]; however, the effect of plasma on these ECM components is yet to be studied.

Table 1. Overview of the main components of cell-to-ECM communication mechanisms and their role
in the response to plasma treatment.

Molecule Physiological Role(s)
Reported Response to

Plasma
Redox Changes and Functional

Consequences

ECM components

Hyaluronan

Regulates cell behaviour
interacting with CD44 [167].

Auto- and paracrine
signalling between CAF and

tumour cells [163]

Unknown ROS can depolymerize and fragment
HA aggregates [165]

Collagen (COL)
Major ECM component,
supports cell movement

through ECM [168]

Oxidized amino acids, broke
H-bonds [153], and loosen

COL I structure [154].
Fibroblast activation to

produce COL [169]

ROS induce overproduction, deposition
and remodelling of COL to generate

stiffer tissue ECM in tumours [104,170]

Laminin (LM)

Glycoprotein, important in
cell differentiation,

migration, and adhesion
[171]. Cell–cell and cell-ECM

interaction

Increased expression in wound
bed region in mice [172].

Enhanced adhesion, growth,
and viability in plasma-treated

LM-modified PCL* [173]

ONOOH and HOCl induce nitration,
oxidation, and chlorination of LM

residues [174–176]. Modification of
self-polymerization and cell adhesion

sites, which modulates the ECM
structure

Fibronectin (FN)
Involved in cell adhesion,
growth, migration, and

differentiation

Increased FN expression in
THP-1 cells by kINPen [131].

Induced FN formation in
activated fibroblasts [169]

ROS oxidize FN [166]. HOCl causes FN
oxidation, which modulates cell

adhesion, proliferation, and mRNA
expression [177,178]

Elastin

Entropic elastic behaviour,
its stretch is limited by its
association with collagen

[179]

Fibroblast activation in mouse
skin to produce elastin [169]

ROS destroy elastin network integrity,
influence production of ECM proteins

[180]. ONOOH induces tyrosine
nitration and crosslinking in topoelastin,

alters its structure, function, and
changes matrix assembly [181]

Adhesion to ECM

Focal adhesions
(FA)

Complex protein assemblies,
bind cells with ECM via

actin/integrin links.
Mediates mechanical and
biochemical “outside-in”

and “inside-out” signalling
[182]. Cell-ECM and cell–cell

adhesion

Increased FA size in WTDF3
mouse fibroblasts [183],

expression of
α2-integrin/CD49b,

β1-integrin/CD29 [184],
β1-integrin [185] and FA

proteins in HaCaT cells [42].
Activated β1-integrin in

WTDF3 mouse fibroblasts
[183]. Reduced α5- and

β1-integrin in fibroblasts, PAM
cells [186,187]

Oxidative stress activates FA kinase,
accelerates cell migration [188].

Integrin-linked kinase (ILK) signalling
via PKB/Akt can suppress apoptosis and
anoikis [189]. ILK required to maintain

redox balance [190]. NRF2 mediated
oxidative stress response [191]

Hemidesmosomes
(HD)

Integrin-based adhesive
junction [192]. Cell-ECM

and cell–cell adhesion

Upregulation of proteins
related to HD assembly by

plasma [42]

HD disruption facilitates cell
detachment and migration [193].
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Table 1. Cont.

Molecule Physiological Role(s)
Reported Response to

Plasma
Redox Changes and Functional

Consequences

Catalytic enzymes

Catalase

Membrane-associated
catalase protects cancer cell

from apoptosis-inducing
signalling pathways

Inactivation through reaction
of 1O2 with histidine in the

active site [59]

Generation of •OH leads to lipid
peroxidation and induction of apoptosis.
Generation of 1O2 inactivates catalase at

adjacent cells [59]

Superoxide
dismutase (SOD)

Membrane-associated SOD
protects catalase from
inactivation by O2•-

Inactivation through reaction
of 1O2 with histidine in the

active site [59]

Increased concentration of O2•- and
subsequent enhanced generation of

•OH [59]

Peroxidase (POD) Pathogenic resistance Unknown N/A

NADPH oxidase 1
(NOX1) Cell proliferation Unknown N/A

* PCL = polycaprolactone.

4. Mechanisms of Cell Communication

4.1. Cell-to-Cell Communication

The cytotoxic effect of plasma in cancer cells is not restricted to the direct interaction of
plasma-derived ROS and the target cells, as its effect can be seen in cells located beyond the diffusion
radius of ROS. The propagation of the damage induced by plasma to off-target cells could be explained
by two mechanisms—the bystander effect and the abscopal effect. The bystander effect grants treated
cells the ability to transmit signals to untreated neighbouring cells (in contact or not with the treated
cells) to induce biological changes in them. These signals can be transmitted using soluble molecules,
communication junctions (ion channels, pannexins, gap junctions and chemical synapses), occluding
junctions (tight junctions) and anchoring junctions (adherens, desmosomes, focal adhesions, and
hemidesmosomes) (Table 2). The expression of soluble cues, such as chemokines, cytokines, and growth
factors, are directly affected by the oxidative stress induced by plasma, as demonstrated before in
cancer and immune cells [134,194,195]. In particular, tumour cells exposed to plasma or plasma-treated
medium can induce a bystander effect that leads to cell death in the untreated neighbouring population,
a process mediated by the generation of secondary 1O2 and inactivation of membrane-bound catalase,
as discussed in Section 2 [60,97]. Previous studies have reported that gap junctions can propagate cell
death signals by passing Ca2+ ions from apoptotic to non-apoptotic neighbouring cancer cells [196],
which could also explain the effect of plasma [197].

The abscopal effect grants treated cells the ability to evoke a response in cells that are at distant sites
from the treated region, i.e., a systemic response that involves the immune system for its effect at sites
distant from the treatment site [198]. This is the case of immunogenic cell death, a mechanism observed
in plasma-treated cancer cells that induces the expression or release of danger-associated molecular
patterns to activate a robust adaptive immune response against tumour cells [35,199–201]. In the same
way, plasma has shown to suppress the growth of treated and non-treated remote melanoma tumours
in mice, which could indicate the participation of the immune response upon plasma treatment [34].
The messages sent between cells can also be transmitted via tunnelling nanotubes and extracellular
vesicles (EVs) that allow cargo exchange between cells located at short or long distances. Interestingly,
plasma was able to hinder the formation of extracellular vesicles produced by ovarian cancer cells [195],
which cargoes could stimulate pro-oncogenic responses and therapy resistance in neighbouring cancer
cells. This is particularly important in the TME, as the crosstalk between malignant and stromal cells
participates in the regulation of proliferation, angiogenesis, evasion of cells of the immune system
and cell recruitment. For example, DNA present at the surface of EVs can modify the ability of EVs to
interact with the ECM, whereas oncogenes transferred as single- or double-stranded DNA can increase
the production of specific proteins (such as those involved in the response to oxidative stress) in the
recipient cells [202].
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Table 2. Overview of the main inter- and intracellular mechanisms of communication and their role in
the response to plasma treatment.

Molecule Physiological Role(s)
Reported Response to

Plasma
Redox Changes and Functional

Consequences

Communication junctions

Ion channels

Ca2+-permeable and
voltage-independent cation
channels. Include transient

receptor potential (TRP)
channels. Auto- and paracrine

cell–cell communication

Activated intracellular Ca2+

influx through TRP channels
[203]. Induced Ca2+ release by
ER* and mitochondria needed

to induce senescence in
melanoma cells [204]

ROS affect channel function, structure
and downstream signalling pathways
[205]. Can sense lipid oxidation [206].

Increased intracellular [Ca2+] by
TRPC3 and TRPC4 leads to cell death

upon oxidative stress [207]. H2O2
oxidizes TRPM2 and induces

chemokine production [208]. TRP7
blockade induces apoptosis [209]

Pannexins (Panx)

Transmembrane proteins,
form channels for the release
of ATP and other metabolites

[210]. Auto- and paracrine
cell–cell communication

Unknown

Oxidative stress regulates Panx
channel activation; ATP, ADP, and

AMP release for apoptotic cell
clearance [210]. Overexpression of
Panx1 in cancer [211], its inhibition

reduces tumour growth and
invasiveness [212]. NO may inhibit

Panx1 current [213]

Extracellular
vesicles (EVs)

Secreted exosomes,
microvesicles and apoptotic
bodies [214]. Interact with

adjacent or distant cells [215].
Para-, auto-, exo- and

endocrine cell–cell
communication

Increased number of EVs
released by THP-1 and PMN*
[216]. Less EVs produced by

plasma-treated OVCAR-3 and
SKOV-3 ovarian cancer cells
[195]. Induced formation of

apoptotic bodies [26,217,218]

Tumour cells produce high number of
EVs with altered redox balance and

ROS levels. EVs can
scavenge/produce ROS and modify

ROS content in target cells [219]. EVs
involved in tumour development and

metastasis [214]

Gap junctions (GJs)

Connect cells for electrical and
metabolic (sugars, ions, amino

acids, nucleotides)
communication [220]. Auto-

and paracrine communication

Plasma-generated ROS and
intracellular ROS produced

upon plasma treatment
triggered bystander effect and

damaged GJs [197]

Bystander effect: GJs can transmit
ROS and cell death signals to
neighbouring cells [196,221]

Connexins

Form gap junctions, transfer
ions, small messengers, and

metabolites. Forms
hemichannels that

communicate intra- and
extracellular spaces [222]

Destroyed structure of
connexins’ N-terminal tail
[197]. Temporary loss of

cell–cell contact [223].
Reduced Cx43 connexin

expression in epithelial cells,
transient increase of Cx43 in

fibroblasts [187]

Redox status modulates the
opening/closing and permeability of
connexin hemichannels to NO and

large molecules [224]

Tunnelling
nanotubes (TnTs)

Long, filamentous, actin-based
structures, connect cells to
transfer drugs, organelles,
nucleic acids, and proteins

[225]. Cell–cell
communication

Unknown

High H2O2 levels induce TnTs
formation [226]. Propagation of death

signal Fas ligand through TnTs
between T cells [227]. TnTs mediate
mitochondria transfer to rescue cells
on oxidative stress [228]. Increased

number of TnTs upon high oxidative
stress [229]

Tight junctions
(TJs)

Restrict diffusion based on size
and charge to maintain

homeostasis. TJs maintain cell
surface polarity [230].

Cell–cell communication

Disrupted tight junctions in
epithelial cells and caused

retraction of Zonula occludens
ZO-1 protein from cell

membrane [231]

High doses of NO and H2O2 increases
paracellular permeability in epithelial

cells [232]

Claudins

Main structural TJs proteins.
Block lipid and protein

diffusion, ease transference of
small ions [233]

Downregulated expression by
repetitive exposure to

plasma-treated medium [234]

ONOO- could interfere with claudin
function [235]. Lipid peroxidation
[236] and H2O2 can disrupt tight

junctions [237]

Occludins Contribute to TJ stability and
barrier function [238]

Downregulated expression by
repetitive exposure to

plasma-treated medium [234]

Oxidative stress reduces occludin
oligomerization [239], interaction
with other TJ proteins and barrier

tightness [240]. H2O2 induces
occludins cleavage [241]; NO

abolishes its immunoreactivity and
redirects it to cytoplasm [240]
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Table 2. Cont.

Molecule Physiological Role(s)
Reported Response to

Plasma
Redox Changes and Functional

Consequences

Anchoring junctions

Adherens

Homophilic lateral cell-to-cell
adhesion via cadherin/catenin
complex, transmit mechanical
forces between cells, regulate
signalling and transcription

[242]. Required for TJs
assembly [233]

Decreased E-cad expression
[185,187]; function

modulation, internalization in
HaCaT cells [243]. Decreased
E-cad in mice epidermis cells

[243]. Increased E-cad
expression in wounds of rats

[244] and β-catenin expression
in keratinocytes [234]

ROS selectively disrupts
cadherin/catenin complexes [245,246],

modulate receptors involved in
cell-matrix and cell–cell adhesion
[247]. Loss of E-cadherin activates

EMT [248].

Desmosomes

Intercellular junctions, link
cells and stabilize the tissue

structure [249]. Cell–cell
adhesion

Increased the number of
desmosomes in wounds [105]

ROS induce PKP3 phosphorylation,
pPKP3 release from desmosome and

desmosome instability [250].
Desmosomes are intracellular signal
transducers in Wnt pathway [251]

* ER = endoplasmic reticulum; PMN = polymorphonuclear leukocytes.

Despite the growing evidence of the functional impact of EVs in cancer development, it is still
unknown whether or not plasma can modify the cargo of EVs secreted by cancer or other cells in
the TME to prevent tumour progression, metastasis, or angiogenesis. In the same way, the novel
mechanism of intercellular communication, named tunnelling nanotubes (TnTs), allows cancer cells to
interact with other cell types present in the TME. This interaction brings a unique opportunity to cancer
cells: the acquisition of special characteristics that enable them to spread into distant sites [252]. These
connective structures link the cancer cell to any other cell type for the transference of cytoplasmic signals,
mitochondria, microRNA, and other cellular components, including death signals [227]. A novel model
of ROS-dependent TnT formation mechanism has been proposed, which could explain the restoration
of the redox homeostasis through the intercellular exchange of mitochondria, but where high ROS
levels would lead to the disruption of TnTs to isolate the apoptotic population [253]. The participation
of TnTs in the response to plasma treatment is yet to be studied. There is a growing body of literature
supporting the potential of plasma to modify the communication mechanisms between cells. However,
a significant number of these studies correspond to the evaluation of plasma on keratinocytes, epithelial
cells, or fibroblasts in the context of wound healing (Table 2). More studies are needed to understand
how plasma modifies the mechanisms of communication in the TME.

4.2. Cell-to-ECM Communication

The hypoxic environment is one of the main factors which control the ECM remodelling, deposition
and degradation in TME. Hypoxia is achieved by proteins such as hypoxia-induced factors 1 and 2
(HIF1 and HIF2) [254]. This in turn leads to remodel the ECM by overexpressing fibrous proteins (e.g.,
collagens, fibronectins, and laminins) depending on the local level of hypoxia. Among the fibrous
proteins, the increased collagen deposition serves as the identification of ECM alteration that occurs
in the TME. Approximately 90% of the ECM is composed of collagen; hence it is one of the primary
players in the physical and biochemical properties of the TME, modulating the tumour cell signalling,
polarity, and migration.

HIFs actively regulate the expression of intracellular (P4HA and PLOD) as well as extracellular
collagen-modifying enzymes (LOX), which induce hydroxylation of proline and lysine residues
in collagens [255]. Current post-translational modifications increase the thermal stability of the
collagen triple helix. The latter spontaneously forms collagen fibrils by covalently crosslinking on
hydroxylysine and lysine residues by collagen peptidase, after secretion into the extracellular space
from the endoplasmic reticulum. In the final stage, LOX catalyses collagen fibrils by again cross linking
fibrils via the lysine aldehyde or hydroxylysine aldehyde and forms collagen fibre. The higher stability
and stiffness of collagen fibre is required for the progression of metastasis in tumour cells. Previous
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investigation results showed that remodelling and deposition of existing collagen fibres serve as a
hallmark of tumour transition to metastasis in cancer cells [256]. The application of HIF as well as
LOX-targeting drugs or antibodies inhibited metastasis in cancer cells [89,257–259]. The use of plasma
in would healing has demonstrated beneficial effects [260]. Plasma-generated ROS directly or indirectly
induce oxidation of ECM components, affecting the healing process of the wound. It was observed
that short plasma treatment increased collagen production in the wound area [261]. This is most likely
due to adequate oxidation and deposition of collagen fibres, which is facilitated by plasma exposure.
In contrast, in cancer treatment, reactive species might deactivate collagen modifying enzymes (e.g.,
P4HA, PLOD and LOX) or disturb the function of HIF. This in turn could lead to the inhibition of
collagen deposition in the TME, suppressing the metastasis of cancer cells.

Fibronectin (FN) is also one of the essential and major components of the ECM and it is involved
in regulation of cell differentiation, adhesion, growth, and migration. Specifically, soluble cellular FNs
assemble into fibrillar matrix by transmembrane protein CD93 and certain domains of this matrix
bind to integrin, fibrin, collagen, fibulin and syndecan, forming a complex network in the ECM [262].
III10 domain (Arg-Gly-Asp sequence) of FN matrix attaches to the cell through the α5β1 and αVβ3
integrins on the cell surface. Thus, FN mediates the interaction between ECM molecules and the cell.
Particularly, evidence indicated that the upregulation of FN promotes tumour growth, metastasis and
drug resistance in many cancer cell types [263]. Therefore, FN also serves as a biomarker oblivious
of cancer cells. Moreover, FN actively protects cells from drugs and radiation therapy, suppressing
apoptosis by initiating a number of intracellular pathways [264,265]. It was determined that FN
expression is relatively higher in the metastasis site in comparison with the primary tumour [266].
The therapeutic agents against FN resulted in reduction of tumour size [267–269]. Hence, FN is
one of the major players in the TME; however, the effect of plasma-generated ROS on the FN has
not been studied yet. Nevertheless, it was determined that plasma did not affect the expression
of integrins, e-cadherin and EGFR [184]. According to atomic scale simulations, oxidized proteins
become more flexible and solvent accessible [270,271]. Consequently, considerable conformational
changes take place in the protein structure, altering proper signalling as well as functioning at the
cellular level [270,272,273]. Probably, RONS induce oxidation of FN, preventing the formation of
fibrillar matrix. In addition, the binding between oxidized FN and other ECM components (i.e., type V
collagen, laminin, entactin, perlecan and integrin receptors) might become less favourable, disrupting
the communication pathways between the ECM and the different transmembrane adhesion proteins
of tumour cells [274]. Eventually, ROS delivered by plasma to the TME might inhibit metastasis and
growth of cancer cells. In order to establish clear molecular level mechanisms of ROS interaction with
the ECM and its role in cancer treatment, this topic needs to be further studied in detail by experiments
and computer simulations.

5. Novel 3D in vitro Models to Explore the Effect of Plasma on the TME

The majority of studies on plasma treatments for cancer are carried out on cells propagated in two
dimensions (2D) on flat surfaces. The findings obtained using conventional 2D cell culture models have
provided vast insight on how plasma affects cancer cells in vitro. However, it has been demonstrated that
cells cultured in 2D are often not representative of the cells present in tumours as they lack the cell-to-cell
and cell-to-ECM interactions characteristic of the tumour microenvironment [275]. 3D culture models
offer the opportunity to more closely resemble the complex architecture and interactions between
cells and the tumour native environment [276]. Cells growing in 3D cultures have gene and protein
expression profiles that simulate those of tumours in situ and affect cell morphology, metabolism, signal
transduction, aggregation, response to stimuli and differentiation [276,277]. These unique features
make 3D cultures a valuable tool to investigate the mechanisms of action of plasma in tissue-like
constructs in vitro and bridge the gap between in vitro and in vivo.

There are several methods to build 3D cell cultures which provide different levels of complexity
and insight into the response to treatment (Table 3). The current limitation of most of the in vitro culture
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methods used in plasma research is the excessive amount of liquid present during the treatment, which
does not resemble the real conditions found when treating patients. This is particularly important for
plasma sources with an active flow of gas toward the target sample, as in the presence of little or no
liquid, the active gas flow could induce cell stress by dehydration in cell cultures [278].

Table 3. Advantages and disadvantages of in vitro 3D culture models for plasma research.

3D Culture
Models

Main Feature Advantages Disadvantages
Suitable Plasma

Treatment

Spheroids Self assembly

Formed from cell lines Simple architecture

Direct and indirect

Recreates gradients of
nutrients/oxygen

Not all cell lines form
spheroids

Easy to generate
Static conditionsUniform size Reproducible

High-throughput Plasma treatment in
presence of liquidAllows co-cultures

Organoids
Capable of

self-renewal and
self-organization

Formed from primary cells

Require validation to
identify outgrow of

unwanted cells
(normal/cancer cells)

Direct and indirect
Requires small amount of tissue Requires access to human

samples
Resembles complexity,

architecture, gene expression from
in vivo tumours

More expensive

Can be transplanted into mice Static conditions

Allows co-cultures Plasma treatment in
presence of liquid

Scaffolds

Naturally-derived
ECM components or
synthetic polymers

Formed from primary cells or
cell lines Batch-to-batch variability of

natural matrixes

Direct and indirect
Resemble mechanical forces in

tumours
Versatile Synthetic matrixes can be

expensiveDiffusion gradients
Very reproducible Might require complex cell

retrieval/imaging methodsAllow co-cultures

Tumour-on-a-chip
Spatiotemporal control

of chemical/physical
properties

Formed from primary cells or
cell lines More expensive

Indirect onlyResembles diffusion
gradients/perfusion Requires special equipment

Highly sensitive
Vascularized Difficult to scale up

Allow co-cultures

3D-bioprinted
tumours

Precise control of
biomaterials, cells, and

biological factors

Formed from primary cells or
cell lines More expensive

Direct and indirect
Recreates natural function and

structure Requires special equipment
High-throughput

Vascularized Needs optimization
Allow co-cultures

The main challenge for the plasma community is to adopt appropriate and relevant models that
satisfy the requirements of the plasma source used (with little or no interference from excessive amounts
of liquid) and the mode of treatment delivery (direct plasma application or use of plasma-treated
solutions). Despite these limitations, the 3D culture models presented here can provide valuable
insights in the response of cancer cells and the TME to plasma that are more translatable to conditions
in patients than from conventional 2D cultures (Figure 4). In addition, these models contribute to
reducing the number of animals used in scientific research, while still providing insightful data for the
development of cancer therapies.
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Figure 4. 3D culture models for in vitro research. The arrow indicates the increasing level of complexity
of each model. To date, in vitro plasma research has been performed using conventional 2D cultures,
spheroids, and scaffolds, but other 3D models could be incorporated. Scaffolds formed by various ECM
components and cells.

5.1. Spheroids

One of the most suitable models for the study of anticancer treatments are the 3D spheroids, as they
can reproduce key features of solid tumours in vivo, such as physical communication and signalling
pathways, ECM deposition, gene expression, and response to anticancer therapies. Spheroids can be
formed in a few days using cancer cells exclusively (homotypic) or in combination with endothelial
cells, fibroblasts, or immune cells (heterotypic). By modulating the ratio of cancer to stromal cells, it is
possible to mimic the cellular heterogeneity of solid tumours. Spheroids have a highly proliferative
external layer, as these cells have access to nutrients and oxygen, whereas the middle and inner core
consists of senescent or necrotic cells due to the hypoxic environment within the spheroid. The lack of
nutrients in the hypoxic core promotes the conversion of pyruvate to lactate (Warburg effect) to obtain
energy, which decreases the pH of the tissue, as observed in solid tumours [279]. 3D spheroids treated
with plasma (directly and indirectly using plasma-treated liquids) presented cell death, DNA damage,
cell cycle arrest, and hindered proliferation and cell migration [28,35,280–283]. While cell death was
observed in the outer layer of the spheroid, cells in the spheroid core were in a state similar to cell arrest,
suggesting that the effect of plasma can penetrate into the tissue to affect non-superficial cells [28].
This could be related not to the direct effect of plasma-derived ROS into the tissue, but to the propagation
of oxidative stress signals and oxidation products to neighbouring cells, as discussed in Section 4.1.
In combination with 2D and in ovo approaches, this model has been used to demonstrate that plasma
treatment does not evoke a metastatic behaviour in pancreatic cancer cells, an encouraging finding
that supports the application of plasma in oncology [284]. Furthermore, it has been demonstrated
that the combination of plasma with the antineoplastic drugs doxorubicin, epirubicin, and oxaliplatin
enhanced their cytotoxic effect in melanoma cells in spheroids, possibly due to the upregulation of the
organic cation transporter SLC22A16 upon plasma treatment [285]. These findings are particularly
relevant, as they suggest that plasma has the potential to improve the delivery and cytotoxic effect of
current antineoplastic drugs. Studies using co-culture spheroids could provide further insight in how
plasma affects the stromal cells present in the tumour and their role modulating the response of cancer
cells to plasma.

5.2. Organoids

These 3D constructs can be developed from adult stem cell-containing tissues (isolated organ
progenitors), single adult stem cells, embryonic stem cells, or induced pluripotent stem cells from
normal or malignant tissue. In this construct, cells can differentiate into multiple, organ-specific
cell types to form structures similar to that of organs in vivo and functions specifically to the parent
organ [286]. Organoids are particularly relevant for the study of toxicity and efficacy of anticancer
treatments, as they can effectively recapitulate the treatment response of in vivo cancers with high
sensitivity and specificity for chemotherapeutics [286]. The model can be further improved by the
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addition of stromal or immune cells to the culture to generate a more complete organotypic culture
system. To date, organoids have not been used for plasma research, probably due to the high costs and
time-consuming protocols. However, this tool could help developing effective plasma treatments for
cancer and facilitate the transition into the clinic.

5.3. Scaffolds

3D scaffolds can be made of organic (collagen, gelatin, fibrinogen, hyaluronan, alginate, silk, etc.)
or synthetic polymers (polyethylene glycol, poly-D,L-lactic-co-glycolic acid, and polyglycolic acid) that
provide structural support to cell adhesion, proliferation and tissue development. In scaffold-based
3D cultures, the cell behaviour is influenced by the chemical and physical properties of the material
used, such as porosity, stiffness, and stability in culture [275]. Scaffolds can be packed with growth
factors and short-peptide sequences derived from ECM components that can improve cell adhesion
and proliferation [287], as well as to serve of ROS reservoir for the passive delivery of oxidative stress
to target cells [288]. In addition, natural tissue scaffolds called “decellularized ECMs” (dECM) can be
prepared from native or regenerated tissues in vitro by removing cells with enzymes, detergents, or
hypertonic solutions. Tissue-derived dECM has similar composition, bioactive signals, and mechanical
properties of the native microenvironment, whereas cultured cell-derived dECM can be prepared
in large scales and its composition can be modulated by the culture conditions [289]. Scaffolds are
useful substrates to study the effect of plasma-derived ROS on growth and invasion of cancer cells.
Previous studies have shown that plasma can change the biophysical properties of polymers, as it can
enhance the polymerization and biophysical stimulation of biomaterials used for bone and cartilage
regeneration [290,291]. Thus, it could be expected that plasma would oxidize or modify the properties
of these scaffolds in 3D cultures, therefore providing relevant information about the effect of plasma on
the ECM and cells of the TME under oxidative stress.

5.4. Microfluidics-Based Tumour Models—Tumour-on-a-Chip

This microfluidics model—not yet used on biomedical plasma research—is suitable for the study
of plasma-treated solutions (alone or in combination with other compounds) and not for direct plasma
applications. Tumour-on-a-chip is a microfluidic cell culture prepared in porous plastic, glass, or
flexible polymers that recapitulate in vitro the structure, function, and mechanical properties of organs
in vivo, by modifying cellular, molecular, chemical, and biophysical factors in a controlled fashion [292].
This model allows manipulation of fluid temperature, flow pressure, shear stress, and oxygen and
nutrients gradients required to mimic the processes occurring in vivo. This system can include tumour,
stromal and endothelial cells, which allows the formation of vasculature and the study of angiogenesis,
lymphoangiogenesis, intravasation, extravasation, and metastasis [293]. This controlled model allows
experimenting with various combinations of molecular, biophysical, and chemical parameters to
study tumour progression, invasion, migration, and epithelial-mesenchymal transition in response
to treatment. This model is more difficult to use due to the low throughput, time needed to run an
assay and high level of complexity to perfectly tune all the parameters needed to achieve an optimal
model, in addition to the associated costs [292]. However, the potential of microfluidics-based models
in plasma research is broad, as it could be used in multiple cell types to determine the therapeutic
effect and toxicity of plasma-treated solutions before going into clinical trials.

5.5. 3D Bioprinted Tumour Model

This technique allows the formation of complex tissues with a variety of cell types organized in a
defined spatial architecture in a scaffold-free environment [294]. 3D bioprinted tumours in vitro can be
used to test a variety of responses in tissues exposed to treatment using cell lines and patient-derived
tumour cells. One of the main benefits of this model is the possibility to generate large, heterotypic
tumour tissues with cancer and stromal cells with a specific spatial orientation that interact in a complex
and defined microenvironment. This model can recapitulate the TME heterogeneity and vasculature of
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in vivo tumours and provide valuable information on the crosstalk between malignant and stromal cells
in response to specific treatments (intrinsic and extrinsic signals) [295]. The sophisticated technique
has enabled many laboratories to develop biologically functioning 3D in vitro models of liver, kidney,
skin and malignant tumours, and is used as a drug screening tool [296]. 3D bioprinted tumours could
be advantageous for the study of in vitro solid tumours in response to plasma therapies in the future,
but to date there are no reports on its use in the field of biomedical plasmas.

6. Perspectives and Conclusions

The complex mix of ROS delivered by plasma is able to induce multiple modifications both
in the cancer cells as well as in the cells and molecules present in their vicinity. Considering the
possible application of plasma for therapeutic purposes in cancer, it is necessary to understand the
interaction between plasma-derived ROS, the malignant cells and the TME. Specifically, it is important
to understand how cells communicate the signals evoked by plasma-derived ROS and how could
plasma affect these mechanisms. As discussed in this review, there are multiple cellular and acellular
components that directly affect the response to treatments and therefore they should be considered in
the experimental approaches used to investigate the effect of plasmas in cancer. However, as the field
of biomedical plasmas is still developing, there are still many unknowns that need to be addressed.
In the past few years, there has been an increase in the number of publications using more complex 3D
cell culture models, alone or in combination with other cells of the TME. The advantage of adopting
such technologies is the possibility to mimic the response to treatment obtained in real solid tumours,
such as the effect of plasma on cells of the immune system, stromal cells, ECM components, secretion
of soluble factors, and alteration of mechanisms of cell communication, among others. Furthermore,
it is possible to use these technologies to assess the toxicity of plasma in normal cells and confirm
the selective nature of plasma therapy, as this is paramount for the application of plasma in patients.
To date, there is a limited number of clinical trials done in cancer patients as palliative (head and neck
cancer) and curative treatments (melanoma and ovarian cancer) [19]. To move forward in this field, it
is necessary to develop standardized protocols and safety guidelines for plasma that acknowledge the
role of the TME in the outcome and reduce the risk of secondary effects in healthy cells. Another key
point is the delivery of the treatment to hard-to-reach regions inside the body, or the need of multiple
applications of plasma in regions accessible only during surgical procedures. The development of small,
flexible plasma probes that can be used in less invasive procedures like endoscopy or laparoscopy (e.g.,
flexible argon probes similar to those used for plasma coagulation and electrosurgery), or the use of
plasma-treated solutions, could facilitate the delivery of plasma and the translation of this technology
into the clinic. In this spirit, considering the implementation of adequate experimental approaches and
the increasing collaborative work done between plasma scientists and immunologists, oncologists, and
engineers, we foresee an expansion of the current knowledge on biomedical plasmas for cancer in the
near future.

The work done using the conventional 2D cultures and the more relevant 3D in vitro models
can be significantly strengthened by in silico modelling approaches. The paradigm of the underlying
mechanisms of selective anticancer plasma treatment presented in [58] is based on apoptosis-induction
as a consequence of a manipulation of the communication between the cancer cells and the ECM,
resulting in apoptosis induction, and a subsequent cell-to-cell communication, where the apoptosis
signal is transferred to adjacent cells. More knowledge about these mechanisms can be achieved by
experimental studies, but a parallel avenue is a theoretical approach where the spatial and temporal
dynamics of the key species involved are analysed by mathematical modelling. The theoretical
approach is so far novel and will require significant efforts to fully capture the complexity of the
proposed signalling pathways, but has successfully been used to increase the knowledge of similar
mechanisms, such as those of the cell antioxidant defence, as well as other sorts of cell signalling
mechanisms [297–309]. A key advantage of mathematical modelling is the possibility to probe a system
within regimes that are not feasible experimentally. However, there is a lack of information on the
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molar concentrations of the involved enzymes and ROS in the ECM (i.e., not the total concentration of
the cell), proper description of the enzyme mechanisms and limited access to the kinetic parameter
values. Without this essential information, it is challenging to develop a predictive mathematical
model of the spatial and temporal dynamics of the involved species. For most enzyme reactions,
information about mechanisms and kinetic parameter values are from experiments, which do not
resemble the true in vivo situation. Furthermore, there are most likely a number of regulation
mechanisms, such as enzyme inhibition by the reaction products (or other species), for which there
exist no experimental data. The pH-dependency of enzyme activities is yet another important factor
that is difficult to take into account in a mathematical model. Lastly, there is little information on the
difference between the catalytic action of membrane-bound enzymes and enzymes that are free in
solution. From Pólya’s theorem on random walks—stating that a random walker confined in one or
two dimensions is guaranteed to find a stationary target, while a random walker in three dimensions
might not—it could be argued that membrane-bound enzymes would have an increased catalytic
action compared to enzymes that are free in a solution (given that the substrate exhibits an affinity
for the cell membrane). However, Pólya’s theorem only concerns the probability to find a target and
not the actual diffusion time; in reality the hypothetical catalytic advantage of a membrane-bound
enzyme crucially depends on the ratio of surface to bulk-phase diffusion coefficients. Furthermore,
as is the case with covalently bound enzymes—like catalase in the extracellular compartment of
cancer cells [90,91,95,99,101,102,310,311]—the covalent attachment itself may also modify the enzyme.
Despite the existing limitations, the mathematical modelling of cell signalling pathways in the ECM of
cancer cells is a fruitful approach and an excellent complement to experimental studies, to increase the
understanding of the underlying mechanisms of selective anticancer effects of plasma.

Understanding how plasma modulates the mechanisms of communication between cancer cells
and the TME and the concomitant modifications caused to the TME is of outmost relevance to develop
plasma therapies for cancer that can be translated into the clinic.
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Abstract: Paclitaxel (Tx) is a widely used therapeutic chemical for breast cancer treatment; however,
cancer recurrence remains an obstacle for improved prognosis of cancer patients. In this study,
cold atmospheric plasma (CAP) was tested for its potential to overcome the drug resistance. After
developing Tx-resistant MCF-7 (MCF-7/TxR) breast cancer cells, CAP was applied to the cells, and
its effect on the recovery of drug sensitivity was assessed in both cellular and molecular aspects.
Sensitivity to Tx in the MCF-7/TxR cells was restored up to 73% by CAP. A comparison of genome-wide
expression profiles between the TxR cells and the CAP-treated cells identified 49 genes that commonly
appeared with significant changes. Notably, 20 genes, such as KIF13B, GOLM1, and TLE4, showed
opposite expression profiles. The protein expression levels of selected genes, DAGLA and CEACAM1,
were recovered to those of their parental cells by CAP. Taken together, CAP inhibited the growth of
MCF-7/TxR cancer cells and recovered Tx sensitivity by resetting the expression of multiple drug
resistance–related genes. These findings may contribute to extending the application of CAP to the
treatment of TxR cancer.

Keywords: apoptosis; cold atmospheric plasma; breast cancer; genome-wide expression; reactive
oxygen species

1. Introduction

Recurrence of cancer due to the acquisition of resistance to chemotherapy remains a serious
obstacle for the clinical treatment of cancer patients [1]. A high ratio of cancer patients who receive
chemotherapy acquire drug resistance [2,3]. Among breast cancer patients, an estimated one in three
will eventually develop recurrent or metastatic disease, causing poor prognosis with a median 5-year
survival of <25% [4]. Paclitaxel (Tx) has been widely used to treat a variety of cancer types, including
breast cancer [5]. Tx binds to β-tubulin subunits of the microtubule, preventing them from undergoing
the depolymerization process, which is crucial during the course of mitosis [6]. Subsequently, the
dissociation of the spindle is inhibited, and therefore, the cell cycle is blocked in the G2/M phase and
apoptosis [7].

A few molecular mechanisms have explained Tx resistance (TxR). Altered microtubule physiology
is a major dominator escaping the cytotoxicity of the drug [8]. Moreover, the HER2 signaling
cascade influences several routes of resistance, such as drug efflux and drug metabolism [9]. HER2
overexpression was found not only in cultured TxR cells [10] but also in TxR cancer patients [11]. A
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cascade of protein kinases involving ERK1/2 is activated by HER2 via phosphorylation, and then target
genes such as cyclin A, cyclin B, and CD44 are induced to enhance cell proliferation and stemness [12].
TxR can also be conferred by the upregulation of drug efflux pumps, such as ABCB1 [13] and MRP3 [14],
which are often overexpressed in HER2-overexpressing tumors. Strategies to circumvent TxR include
blockades of ABCB1 and MRP efflux and the development of systemic agents with low susceptibility to
common resistance mechanisms, such as HER2 overexpression [15]. Despite these works to eradicate
TxR cancer, a high percentage of TxR cancers still remain aggressive and threaten the prognosis of
cancer patients [16].

Cold atmospheric plasma (CAP) has received attention from basic biological science, as well
as medical researchers, due to its ability to specifically induce the death of cancer cells over normal
cells [17,18]. A wide spectrum of cancer cells, including breast, ovary, liver, lung, brain, and skin
cancer cells, underwent apoptosis, suggesting the potential of CAP as an alternative cancer treatment
option [19,20]. Given the heterogeneity of cancer cells, including drug-resistant cancer cells, it is hoped
that CAP is also able to induce apoptosis of these cells and even to help recover sensitivity to the
therapeutic chemicals. In previous studies, CAP returned the temozolomide-resistant glioblastoma
cells [21] and cisplatin-resistant ovarian cancer cells [22] to a drug-sensitive state, in addition to
inducing apoptosis. However, little is known about the molecular mechanism by which CAP resets
the protein expression levels of resistant cancer cells to those of their parental cancer cells. A study
identified the “cell death/survival and cancer” network as the pivotal pathway that was deregulated by
CAP for the tamoxifen-resistant MCF-7 breast cancer cells [23]. In particular, MX1 and HOXC6 genes
were identified to be directly involved during the acquisition of tamoxifen resistance and recovery
of sensitivity by CAP. With this limited information, however, it is premature to conclude that CAP
recovers sensitivity to diverse therapeutics in drug-resistant cancers.

In this study, we explored the potential of CAP to inhibit the proliferation of cancer cells carrying
a more extended range of drug resistance using MCF-7/TxR. Next, the gene signature responsible for
the resistance and sensitivity to Tx was identified at the genome-wide level. The expression of selected
genes that were deregulated by Tx and CAP was further examined at the protein level.

2. Results

2.1. CAP Recovered Tx Sensitivity in MCF-7/TxR Cells

MCF-7/TxR cells were developed by continually exposing the MCF-7 cells to Tx of step-wise
increased concentrations up to 60 ng/ml in the culture media. The MCF-7/TxR cells produced
slightly higher levels of reactive oxygen species (ROS) compared to the parental MCF-7 cells, while
both cell types responded to CAP with increased ROS levels (Figure 1). To determine whether
the recovery of sensitivity by CAP comes from any decreased pumping-out activity of the cell for
chemicals, fluorescence-tagged Tx and doxorubicin, which itself emits fluorescence, were used, and
then the fluorescence was measured by Fluorescence Activated Cell Sorter (FACS). As a result, no
significant difference was found for either chemical in the CAP-treated MCF-7/TxR cells compared to
the non-treated control cells, indicating that the sensitivity recovery is not from any change in the drug
transport rate across the plasma membrane (Figure 2).

The potential of CAP to recover the MCF-7/TxR cells’ sensitivity to Tx was monitored by two
experimental approaches. First, the cells were treated with CAP followed by Tx in amounts of 30 and
60 ng/mL. Then, the survival of cells was examined by a colony formation assay (Figure 3A and Figure
S1). MCF-7/TxR cells proliferated more quickly than MCF-7, but the proliferation was suppressed by
CAP. Notably, CAP treatment reset the resistant cells’ sensitivity to Tx in a dose-dependent manner.
When the CAP-treated MCF-7/TxR cells were treated with Tx of 60 ng/mL, their growth decreased by
73%, while that of the non-treated cells decreased by only 50%. Second, the effect of CAP on sensitivity
recovery was examined by tracking the growth of the cells for 5 days using a dye-based assay. The
result also indicated a higher growth rate for the MCF-7/TxR cells (Figure 3B) and recovery of drug
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sensitivity when the cells were treated with CAP (Figure 3C). All these data support the fact that CAP
sets the state of drug resistance back to the sensitive state, enabling Tx to induce the death of the
chemo-resistant cancer cells.

Figure 1. CAP increases ROS in MCF-7/TxR cells. Fluorescence microscope images were taken of
MCF-7 and MCF-7/TxR cells by treating the cells with a fluorescent dye DCFH-DA after CAP treatment.
N-acetylcysteine (NAC) was used to quench intracellular ROS. Monochrome images were obtained
with a bright field microscope. Scale bar, 400 μm. *** p < 0.001.

Figure 2. CAP does not affect uptake of Tx into MCF-7/TxR cells. MCF-7 and MCF-7/TxR cells were
cultured in drug-containing media and treated with CAP. The uptake rate of doxorubicin (A) or Flutax-1
(B) in the MCF-7/TxR cells was examined by FACS, and the results are represented by bar graphs. All
assays were performed in triplicate, and the results are expressed as mean ± SE.

93



Cancers 2019, 11, 2011

 

Figure 3. CAP sensitizes MCF-7/TxR cells to Tx. (A) The effect of CAP on the sensitivity of MCF-7
and MCF-7/TxR to Tx was examined by colony formation. The area of colonies is represented by a
bar graph. (B) Effect of Tx on the growth rate of MCF-7/TxR vs. MCF-7. Cell growth was examined
by CCK-8 assay. (C) Effect of CAP on growth rate of MCF-7/TxR in presence of Tx. All assays were
performed in triplicate, and the results are expressed as mean ± SE. * p < 0.05, ** p < 0.01.

2.2. Expression of a Set of Genes Is Reversed from MCF-7 via MCF-7/TxR to CAP-Treated MCF-7/TxR Cells

To investigate the molecular mechanism of CAP for the sensitivity recovery, a genome-wide
expression array analysis was performed. The array covering 58,201 human genes was analyzed in
duplicate for each set of MCF-7 vs. MCF-7/TxR and MCF-7/TxR vs. CAP-treated MCF-7/TxR. With the
cut ratio higher than 1.3 fold, 1335 genes showed expression differences in the MCF-7 vs. MCF-7/TxR
and 367 genes in the MCF-7/TxR and MCF-7/TxR vs. CAP-treated MCF-7/TxR, representing 49 genes
that appeared in both sets (Figure 4A). Finally, 20 genes showed the opposite alteration during the
course from MCF-7 via MCF-7/TxR to CAP-treated MCF-7/TxR (Table S1). The expression of genes
from the array data was re-examined by qPCR for six genes that were selected from the 20 genes in
Figure 4A, and the result confirmed the same alteration by Tx and CAP (Figure 4B).

With the 1335 genes from the MCF-7 vs. MCF-7/TxR, the Ingenuity Pathway Analysis (IPA)
network analysis was performed, and this represented “Nutritional Disease, Organismal Injury
and Abnormalities, Carbohydrate Metabolism” as the top network (Figure 5A). Notably, TGF-β1
comprises a hub of the network through interacting with many genes regulated by TGF-β1, such as
TLE4, PLEK2, and CPQ. Meanwhile, the network of the 367 genes from MCF-7/TxR vs. CAP-treated
MCF-7/TxR represented “Embryonic Development, Nervous System Development and Function,
Organ Development” as the top network (Figure 5B). In the network, the ERK1/2 hub was notable,
showing interaction with multiple genes, including DLK1, SPRY4, and APH1A.

94



Cancers 2019, 11, 2011

 

Figure 4. Clustering of genes affected by Tx and CAP in MCF-7 and MCF-7/TxR. (A) Heatmap analysis
of 49 genes that exhibited expression changes (|fold change| ≥ 1.3) both in MCF-7 vs. MCF-7/TxR
and MCF-7/TxR vs. CAP-treated MCF-7/TxR. Twenty genes showed opposite expression profiles at
the two comparisons. Data are from expression arrays in duplicate. (B) qPCR of six genes that were
selected from (A) showing upregulation in MCF-7 vs. MCF-7/TxR and downregulation in MCF-7/TxR
vs. CAP-treated MCF-7/TxR (upper graphs), or vice versa (lower graphs). All assays were performed
in triplicate, and the results are depicted as mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5. Highest confidence network of genes displaying altered expression levels by acquisition
of TxR or by CAP. Most reliable IPA network of genes showing altered expression in MCF-7/TxR
vs. MCF-7 (A) and CAP-treated MCF-7/TxR vs. MCF-7/TxR (B). The top networks are “Nutritional
Disease, Organismal Injury and Abnormalities, and Carbohydrate Metabolism” (A) and “Embryonic
Development, Nervous System Development and Function, and Organ Development” (B). Up- and
downregulated genes are green and red, respectively, with the color intensity of the expression change.
Dashed and solid lines denote direct and indirect interactions, respectively.

2.3. CEACAM1 and DAGLA Are Regulated during the Restoration of Sensitivity to Tx by CAP

Even though 20 genes were deregulated during the acquisition of drug resistance and recovery,
their contribution to these processes had to be determined. To address this, we selected and focused
on two genes: CEACAM1 from the downregulated group and DAGLA from the upregulated group
in the CAP-treated MCF-7/TxR cells. After having confirmed the deregulation of gene expression
found in the microarray for the two genes by qPCR, their expression was further examined by Western
blot analysis. As a result, the profile of protein expression was similar to that of RNA expression
(Figure 6A,B). In detail, expression of DAGLA was decreased in the MCF-7/TxR compared to MCF-7
but increased by CAP. In the case of CEACAM1, the expression profile was the opposite (i.e., increased
in the MCF-7/TxR but decreased by CAP). Notably, the effect of CAP on the protein expression of the
two genes was deteriorated by NAC, an ROS inhibitor (Figure 6C,D).

Next, the effect of the two genes on drug sensitivity was monitored at their dysregulated conditions
through colony formation assay. When DAGLA was downregulated by siRNA, MCF-7/TxR proliferated
at a higher rate up to 40% than the control siRNA-treated cells (Figure 7A and Figure S2A). Meanwhile,
lower cell growth up to 8% compared to control was observed when CEACAM1 was downregulated
(Figure 7B and Figure S2B). However, all the siRNA-treated cells did not show significant change of
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sensitivity to Tx, even though a few samples such as 30 ng/mL of Tx- and siRNA-treated cells for
DAGLA and CEACAM1 showed difference up to 1.5 fold compared to control.

Figure 6. Protein expression of DAGLA and CEACMA1 in CAP-treated MCF-7/TxR cells. The protein
expression of DAGLA (A) and CEACAM1 (B) in CAP-exposed MCF-7/TxR cells was examined by
Western blot analysis. The protein expression of DAGLA and CEACAM1 showed a similar profile to
that of microarray and qPCR. (C,D) The effect of CAP on the expression of DAGLA and CEACAM1 was
examined after NAC treatment. NAC deteriorated the effect of CAP on the two proteins. The protein
band in the Western blot was measured by a gel document system, and the levels are represented by bar
graphs. All assays were performed in triplicate, and the results are depicted as mean ± SE. * p < 0.05, **
p < 0.01, *** p < 0.001.

 

Figure 7. DAGLA and CEACAM1 are involved in the CAP-mediated recovery of sensitivity to Tx. Effect
of DAGLA (A) and CEACAM1 (B) on the recovery of Tx sensitivity was determined by downregulating
the genes using siRNA in MCF-7/TxR cells. The sensitivity to Tx was examined by colony formation
assay after treating cells with CAP and Tx. siNC, negative-control siRNA. All assays were performed
in triplicate, and the results are depicted as mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3. Discussion

This study aimed to evaluate the potential of CAP to overcome TxR and thereby prevent cancer
recurrence in a cell model system. The underlying molecular mechanism of sensitivity recovery was
investigated through tracking the change of genome-wide expression during the acquisition of TxR
and during the recovery of sensitivity by CAP. Notably, the level of ROS in the MCF-7/TxR cells was
higher than in MCF-7, and the difference became more significant when the cells were exposed to CAP.
This is reminiscent of the fact that drug-resistant cancer cells in general produce higher levels of ROS
than their parental cancer cells [24]. An increase of ROS in cells can contribute to a higher growth rate,
but levels higher than a threshold can induce cell death or apoptosis [25]. Therefore, the increased
ROS levels in the drug-resistant cells may serve as a double-edged sword: they may increase the cells’
proliferation rate but make them more vulnerable to CAP. In fact, the MCF-7/TxR cells showed a higher
growth rate than MCF-7 and a higher level of death induction by CAP.

In this study, CAP did not affect the net intracellular level of Tx (i.e., transport of Tx across the
plasma membrane after CAP treatment was not changed significantly). In contrast, the expression of
genes previously known to be responsible for drug resistance, such as Bcl2L13 (1.86-fold decrease) [26,27]
and HOXA9 (2.14-fold increase) [28], was changed by CAP. This discrepancy explains the complication
of drug transport in the MCF-7/TxR cells. Thus, genes in pathways associated with processes other
than transport may have been affected during the acquisition of TxR. In fact, among the gene signatures
identified in MCF-7 vs. MCF-7/TxR and MCF-7/TxR vs. CAP-treated MCF-7/TxR, only a portion shared
common pathways and genes. Elucidation of the molecular mechanism of the differentially expressed
genes could contribute to constructing the scenario of how TxR emerges and to establishing how to
manipulate the TxR cancer. Notably, TGF-β took part in the central hub of the IPA network constructed
with deregulated genes in the MCF-7/TxR cells. In addition, canonical pathway analysis identified
the “interferon signaling”, “Wnt/β-catenin”, and “iNOS signaling” pathways as the most significant
pathways. All these are pivotal to drive cellular differentiation and cancer development [29–31].

CEACAM1 is a glycoprotein belonging to the carcinoembryonic antigen (CEA) family that is
expressed in a wide variety of cells [32]. The prognostic value of CEACAM1 in cancer is controversial:
CEACAM1 expression correlates with good prognosis in mammary carcinomas, whereas in melanomas,
upregulation of CEACAM1 is accompanied by poor overall survival [33,34]. It is notable that CEACAM1
was upregulated in the MCF-7/TxR cells and downregulated by CAP. Meanwhile, DAGLA was
downregulated in the MCF-7/TxR cells but upregulated by CAP. DAGLA catalyzes the hydrolysis
of diacylglycerol to 2-arachidonoylglycerol and free fatty acids [35]. So far, little has been found
regarding its possible role in human tumorigenesis. A study indicated the upregulation of DAGLA
in oral cancer [36]. However, no information is available on other cancers, including breast cancer.
Database analysis identified the downregulation of DAGLA in breast cancer tissue compared to normal
tissues (Figure S3A). In addition, breast cancer patients with higher expression of DAGLA showed
better prognosis than those with lower expression, suggesting DAGLA as a tumor suppressor in
breast cancer. In the case of CEACAM1, no significance was found in either expression or prognosis
between normal and cancer tissues (Figure S3B). CAP has previously shown to recover sensitivity to
tamoxifen, however, remarkably different gene and network signature for Tx resistance was identified
by genome-wide expression analysis, suggesting a differential molecular mechanism of CAP acting on
the Tx-resistant cancer cells from the tamoxifen-resistant cancer. It should be mentioned that DAGLA
and CEACAM1 were deregulated while the sensitivity was recovered by CAP, however, they are not
directly responsible for the sensitivity recovery because downregulation with siRNA did not induce
significant change of sensitivity to Tx. Validating other genes from the microarray data (Figure 4A)
is needed to identify genes which are pivotal to the recovery of sensitivity. Altogether, these data
indicate that CAP recovers Tx sensitivity at least in part by modulating the expression of oncogenes or
tumor suppressors.

A limitation of this study is the lack of verification of the in vitro data on in vivo platforms,
such as an animal model. Applying CAP treatment in combination with Tx to tumor tissues formed
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from xenografted MCF-7/TxR cells and tracking the molecular change could clearly demonstrate the
potential of CAP to recover Tx sensitivity. Also, using only the ROS inhibitor obscures defining the
specific casts in CAP that regulate the identified genes. Further study should include finely tuning
the CAP treatment conditions, including power strength and duration, to overcome obstacles while
applying it to in vivo systems.

4. Materials and Methods

4.1. Cell Culture and CAP Treatment

The MCF-7 human breast cancer cell line was purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA) and cultured in RPMI-1640 medium (Gibco, Los Angeles,
CA, USA) supplemented with 10% fetal bovine serum (Capricorn, Ebsdorfergrund, Germany) and
2% penicillin/streptomycin (Capricorn) at 37 ◦C in a humidified incubator containing 5% CO2. The
MCF-7/TxR cell line was generated by sequential exposure to increasing doses of Tx (Sigma-Aldrich,
St. Louis, MO, USA) up to 60 ng/mL The mesh-dielectric barrier discharge (DBD) type of CAP device
was produced at the Plasma Bioscience Research Center (Kwangwoon University, Seoul, Korea). The
surface of culture media was treated with CAP from a 4 mm distance 10 times each for 30 s 1 h apart
(10 × 30 s) with the energy of 0.3 kV and 12.9 kHz at an argon gas flow of 1.8 L/min.

4.2. Colony Formation and Cell Proliferation Analysis

For the colony formation assay, 3 × 103 cells of MCF-7 and MCF-7/TxR were seeded in 60
mm culture dishes with 2 mL medium and treated with CAP followed by exposure to either Tx
(Sigma-Aldrich) or DMSO as a vehicle control 24 h later. siRNAs were transfected 24 h before CAP
treatment. After incubating the cells for 14–21 days, colonies were fixed with methanol/acetic acid (7:1)
and stained with 0.2% crystal violet solution (Sigma-Aldrich). The colony area was analyzed using the
ImageJ software program [37]. For the cell proliferation assay, 3 × 103 cells were seeded per well of
a 96-well plate with 100 μL medium and 24 h later treated with CAP and Tx. The cell growth rate
was monitored at specific time points using CCK-8 solution (Enzo, New York, NY, USA) following the
supplier’s protocol.

4.3. Reactive Oxygen Species (ROS) Detection

For ROS detection, 5 × 105 cells seeded in a well of a 6-well plate were treated with CAP by the
10 × 30 s scheme. The cells were treated with 20 μM of DCFH-DA (Sigma-Aldrich) for 30 min in a
humidified incubator at 37 ◦C 24 h later. The ROS level was calculated by measuring fluorescence
using an Infinite 200 Pro fluorescence plate reader (Tecan, Mannedorf, Switzerland). To inhibit ROS
synthesis, N-acetylcysteine (NAC) (Sigma-Aldrich) was added in a final concentration of 2 mM 2 h
before CAP treatment.

4.4. Microarray Analysis

For the microarray analysis, 3 × 105 cells of MCF-7, MCF-7/TxR, and CAP-treated MCF-7/TxR were
seeded in 60 mm culture dishes and cultured for 24 h before harvest. Total RNA was extracted using a
ZR-Duet DNA/RNA MiniPrep kit (Zymo Research, Irvine, CA, USA). Labeled cRNA was synthesized
from 600 ng of RNA and hybridized on SurePrint G3 Custom Gene Expression Microarrays, 8 × 60K
(Agilent, Santa Clara, CA, USA) following the Agilent One-Color Microarray-Based Gene Expression
Analysis protocol (Agilent, V 6.5, 2010). The hybridized array was analyzed using an Agilent SureScan
Microarray Scanner. All array data were uploaded to the Gene Expression Omnibus (GEO) database,
and they can be accessed via their website (http://www.ncbi.nlm.nih.gov/geo/; Series accession number
GSE131480).
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4.5. Pathway and Clustering Analysis

Pathway analysis was performed using the Ingenuity Pathway Analysis (IPA) software (Qiagen,
Redwood City, CA, USA) by submitting gene pools comprised of genes showing expression change
≥ 1.3 and p-value < 0.05. Clustering analysis was performed using the Clustering 3.0 software
(http://bonsai.hgc.jp/~mdehoon/software/cluster/) and then visualized using the TreeView program
(http://jtreeview.sourceforge.net/).

4.6. Quantitative RT-PCR (qPCR)

Total RNA was extracted from cells 24 h after CAP treatment using the ZR-Duet DNA/RNA
MiniPrep kit (Zymo Research) and reverse transcribed to cDNA using ReverTra Ace qPCR RT Master
Mix with gDNA Remover (Toyobo, Osaka, Japan). DNA was amplified using KAPA SYBR FAST qPCR
Kit Master Mix ABI Prism (Kapa Biosystems, Wilmington, MA, USA) on an ABI 7300 instrument
(Applied Biosystems, Foster City, CA, USA). The relative gene expression level was calculated using
the 2−ΔΔCt method with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control.
The PCR condition was as follows: denaturation at 95 ◦C for 3 min, 40 cycles of denaturation at 95 ◦C
for 3 s, and annealing/extension at 60 ◦C for 40 s. Primer sequences used for qPCR are listed in Table S2.

4.7. Western Blot Analysis

To extract total proteins from cultured cells, the cells were collected and suspended in ice-cold
RIPA lysis buffer with a protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). After
determining protein concentration by BCA assay (Thermo Fisher Scientific), 50 μg of the protein was
subjected to SDS-PAGE. After electrophoresis, the proteins were transferred onto PVDF membranes
(Whatman, Maidstone, UK), and then the membranes were soaked in blocking solution (5% non-fat
milk diluted in 0.1% Tween-20 TBS) for 1 h at room temperature. The blots were incubated overnight at
4 ◦C with anti-CEACAM1 (1:500, Bioss, Woburn, MA, USA) and anti-DAGLA (1:500, Bioss) antibodies.
The blots were additionally probed with an anti-β-actin antibody (1:800, Bioss) as an internal reference.
After incubation with HRP-conjugated goat/rabbit anti-rabbit secondary antibodies (1:1000, GeneTex,
Irvine, CA, USA) for 1 h, protein bands were visualized with ECL reagent (AbFrontier, Seoul, Korea)
and quantified with Image Lab software (Bio-Rad, Hercules, CA, USA). The whole blot figures can be
accessed in Supplementary Materials (Figure S4).

4.8. Fluorescene Activated Cell Sorter (FACS) Analysis

Apoptosis and drug transport were evaluated by FACS. For the apoptosis analysis, 1 × 106 cells
were seeded in a 60 mm dish, treated with CAP, and cultured for 24 h. 1 × 105 washed cells were
treated with 5 μL of FITC Annexin V and 5 μL of propidium iodide (PI) using an FITC Annexin
Apoptosis Detection Kit (BD Technologies, Franklin Lakes, NJ, USA). Samples were analyzed using a
FACS Canto II flow cytometer (BD Technologies). To monitor drug uptake by cells, 1 × 106 cells seeded
in a 60 mm dish were treated with Flutax (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-203958)
for 4 h or doxorubicin (Cayman Chemical, Ann Arbor, MI, USA, 15007) for 24 h, respectively, at final
concentration of 10 μM. Fluorescene was detected with FACSAria III (BD Technologies) and analyzed
with BD FACSDiva software.

4.9. Statistical Analysis

Student’s t-test was applied to compare gene expression levels between CAP-exposed MCF-7/TxR
and control cells. For the statistical analysis, SPSS for Windows, version 23.0 (SPSS, Chicago, IL,
USA), was used. All experimental data were obtained by independently performing experiments
at least three times and considered statistically significant when the p-value was lower than 0.05.
Gene expression data of normal and cancer tissues were obtained from The Cancer Genome Atlas
database (TCGA, https://cancergenome.nih.gov). The association between gene expression levels
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and the overall survival rate of breast cancer patients was evaluated using the Kaplan–Meier Plotter
(http://kmplot.com/analysis).

5. Conclusions

CAP was shown to set the MCF-7/TxR cells back to the Tx-sensitive state, offering the potential
application of CAP for the treatment of TxR cancer. At the molecular level, CAP recovered the
expression of a set of genes that had been deregulated in the course of TxR. Among the genes, tumor
related DAGLA and CEACAM1 were proven essential for the acquisition of resistance and for the
recovery of sensitivity. These genes could be developed as diagnostic markers and could be molecular
targets for the clinical treatment of TxR breast cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/2011/s1,
Figure S1: Inhibition of cell growth for MCF-7 by CAP, Figure S2: Induction of downregulation of DAGLA and
CEACAM1 in MCF-7/TxR cells, Figure S3: Kaplan–Meier survival analysis of breast cancer patients with altered
expression of DAGLA and CEACAM1, Figure S4: Uncropped blots corresponding to Western blots in the main
text, Table S1: Twenty genes that were deregulated in the MCF7/TxR but recovered by CAP, Table S2: Information
of primers employed in this study.
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Abstract: Colorectal carcinoma is among the most common types of cancers. With this disease,
diffuse scattering in the abdominal area (peritoneal carcinosis) often occurs before diagnosis, making
surgical removal of the entire malignant tissue impossible due to a large number of tumor nodules.
Previous treatment options include radiation and its combination with intraperitoneal heat-induced
chemotherapy (HIPEC). Both options have strong side effects and are often poor in therapeutic
efficacy. Tumor cells often grow and proliferate dysregulated, with enzymes of the protein kinase
family often playing a crucial role. The present study investigated whether a combination of protein
kinase inhibitors and low-dose induction of oxidative stress (using hydrogen peroxide, H2O2) has
an additive cytotoxic effect on murine, colorectal tumor cells (CT26). Protein kinase inhibitors
from a library of 80 substances were used to investigate colorectal cancer cells for their activity,
morphology, and immunogenicity (immunogenic cancer cell death, ICD) upon mono or combination.
Toxic compounds identified in 2D cultures were confirmed in 3D cultures, and additive cytotoxicity
was identified for the substances lavendustin A, GF109203X, and rapamycin. Toxicity was concomitant
with cell cycle arrest, but except HMGB1, no increased expression of immunogenic markers was
identified with the combination treatment. The results were validated for GF109203X and rapamycin
but not lavendustin A in the 3D model of different colorectal (HT29, SW480) and pancreatic cancer
cell lines (MiaPaca, Panc01). In conclusion, our in vitro data suggest that combining oxidative stress
with chemotherapy would be conceivable to enhance antitumor efficacy in HIPEC.

Keywords: anticancer drugs; pancreatic cancer; screening; tumor spheroids

1. Introduction

Colorectal carcinoma is among the most common cancers in both men and women. Risk factors
are smoking and obesity, besides a lack of exercise and a diet low in carbohydrates but rich in alcohol
and red meat diet is to be named as a risk factor. Moreover, genetic predisposition may put some
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patients at risk [1,2]. The relative 5-year survival rates are 63% in men and 63% in women. However,
the prognosis is highly dependent on the stage at diagnosis. Unfortunately, diffuse metastasis in
the abdomen is often present before diagnosis [3,4]. This complication of peritoneal carcinomatosis
(PC), in particular, is associated with inferior survival and is still challenging in its treatment [5,6].
Besides colorectal cancer, also other gastrointestinal cancers are able to diffusely metastasize and
create peritoneal carcinomatosis. Especially the pancreas carcinoma is such a tremendous disease with
meager survival rates [7–9]. Even with surgical R0 resection (a histologically confirmed complete
removal of the primary tumor), auxiliary organ infiltrations can occur because tumor nodules are not
easy to differentiate visually from the surrounding tissue [10]. In contrast to localized tumors, a variety
of side effects, such as infiltration of the liver and lungs, blockage of the bile duct, or the pancreas,
can arise in PC [11,12]. In addition to the attempt of surgical resection, current treatment regimens
include radiation and HIPEC, intraperitoneal heat-induced chemotherapy [13]. Combinations of
chemotherapeutic agents are often used. However, these two treatment approaches are associated
with severe side effects. The chemotherapeutic agents are often dissolved in a sufficient volume of
sodium chloride that is pumped into the peritoneum to flush the surgical site [14]. The heated fluid is
absorbed through the peritoneum so that it can cause systemic side effects. In addition, many rapidly
mutating tumors develop resistance to specific chemotherapeutic agents [15–19]. Hence, there is a
need for new therapeutic avenues for the peritoneal lavage of patients suffering from PC.

Protein kinases are a group of enzymes that can reversibly transfer a phosphate group to the
hydroxyl group of amino acids in proteins. Together with the counteracting protein phosphatases, they
precisely alter protein function in many cellular processes [20]. Protein kinases can be subdivided into
two major classes, which are either specific for the phosphorylation of Ser/Thr or tyrosine residues [21].
Approximately 2% of the human genome encodes for protein kinases with 518 different protein
kinases known [22]. Besides membrane-bound receptors, which possess a glycosylated extracellular
binding region linked to the cytosolic domain via a single hydrophobic transmembrane domain,
there are also cytoplasmatic protein kinases [23]. Since protein kinases regulate a variety of signaling
pathways, which are particularly vital for cell growth and proliferation [24], they are essential in
physiology but also pathology, e.g., arteriosclerosis [25], diabetes [26], and precancerous lesions, as well
as cancer [27–31]. For example, in cancer, a fusion of a receptor tyrosine kinase with a free tyrosine
kinase leads to long-term oligomerization and activation, as in BCR-ABL fusion in chronic myeloid
leukemia [32]. Furthermore, point mutations can lead to increased sensitivity to a ligand or even
activation without a ligand, as in acute myeloid leukemia [33]. In some forms of breast cancer, there is
overexpression of the receptor itself (HER-2/neu) [28].

Therefore the ‘kinome’, which is the complete set of protein kinases, has become an attractive
target in cancer treatment with today 49 FDA-approved protein kinase inhibitors in clinical use. Small
molecules modulate the catalytic activity by altering the binding of ATP or the kinases’ substrates.
Antibodies can be directed against protein kinase ligands, their binding, or the receptor itself. Inhibiting
the dimerization of the receptor tyrosine kinases, which is a crucial mechanism for their activation,
can also be a target [27,30,31,34]. One specific target is epithelial growth factor receptor (EGFR), being
responsible for cell proliferation, survival, motility, and cell cycle regulation. In many cancers—such as
glioma, pancreatic carcinoma, ovarian cancer, breast cancer, small cell lung cancer, and up to 77% of
colorectal cancers—EGFR is mutated and dysregulated [27,35]. After ligand binding, such as EGF or
TGFβ, dimerization of the receptor and phosphorylation of tyrosine residues in the cytosolic domain
occurs [36]. This phosphorylation allows several signal paths, such as the Ras/Raf/Erk, PI3K/Akt, PLC,
and JAK/STAT signal path, to be activated [37]. In clinical trials, the anti-receptor antibodies cetuximab
and panitumumab led to a better prognosis in 10% of patients with metastatic colorectal carcinoma [38].
This underlines the importance of such pathological changes and targeted pharmacological therapy [39].
Another target is protein kinase C (PKC) that is activated by growth factor-mediated phospholipase C
(PLC) and is involved in many signaling processes. Downstream targets are mostly unknown, but the
most important is thought to be Erk, GSK-3ß, NfκB, and the p-glycoprotein [40–43]. Hence, PKC is
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involved in many signaling pathways and therefore becomes interesting in its pathological upregulation
and constant activation. For example, invasion and increased proliferation of intestinal cancer cells
are associated with upregulation of PKCß [44–46]. Here, somatic mutations of the enzyme have
been observed with the δ isotype being upregulated compared to non-malignant tissue [47]. Various
PKC inhibitors have been tested in human phase I–III studies, but their efficiency has unfortunately
been low which is likely due to limited bioavailability of the tested substances [48,49]. An additional
target is Janus kinase 3 (Jak-3)which belongs to the Janus family of kinases and is most commonly
expressed in hematopoietic but also in intestinal epithelial cells. Janus kinases are non-receptor tyrosine
kinases, which are essential in the signal transduction of cytokine receptors as they have no intrinsical
catalytic activity. In colorectal carcinoma, the dysregulation of JAK3 leads to increased invasion and
progressive growth [50]. In 2012, the first JAK inhibitor, Ruxolitinib, was approved for the treatment
of myelofibrosis and polycythemia vera so that further inhibitors are being investigated as potential
treatment approaches in other types of cancer e.g., colorectal cancer [51–53]. Here, inhibition of JAK3
induced apoptosis and cell cycle arrest [54]. Metastasis and tumor growth in colorectal carcinoma is
often promoted by a signaling pathway in which the mammalian target of rapamycin (mTOR) plays
a crucial role. A mutation of mTOR is rarely found [55]. Therefore, dysregulation of this signaling
pathway often is a cause of cancer [56]. In 23% of patients with colorectal carcinoma, a mutation
of phosphatidylinositol-3-kinase (PI3K) can be detected [57]. This enzyme is negatively regulated
by the phosphatase and tensin homologous (PTEN). If there is a mutation in the enzyme and too
little PTEN activity, this results in increased activation of the tyrosine kinase mTOR [56]. Another
regulatory step in mTOR activity is the Akt kinase. This kinase is, on the one hand, phosphorylated by
the mTOR complex-2, but at the same time, regulates the activity of the mTOR complex-1 together
with the PI3K and PTEN. All of these proteins were found in higher quantities in the context of
colorectal carcinoma than in healthy tissue [58]. Increased mTOR activation leads to tumor growth [59],
while mTOR inactivation reduces tumor growth in colorectal carcinoma [60,61]. Several mTOR
inhibitors, like everolimus and temsirolimus, are used in treatment of breast cancer or renal cell
carcinoma. Nevertheless, despite this great variety of inhibitors in cancer treatment, problems with
drug resistance, reduced efficacy, and toxicity remain challenging in oncology [22]. Hence signaling
pathways such as the mTOR pathway are also linked to reactive oxygen species (ROS). A combination
of both could enhance the efficiency of specific protein kinase inhibitors [62].

ROS take part in crucial physiological cell functions, signaling pathways, and biochemical reactions.
Non-malignant cells are in a balance of such reactions. This is mainly due to enzymes such as glutathione
peroxidase and catalase, which can detoxify ROS [63,64]. For this study, we utilized low-dose hydrogen
peroxide (50 μM H2O2) in a concentration where oxidative stress was induced without necrotizing
cells. High concentrations are used clinically to disinfect skin or wounds at concentrations of 3% H2O2,
which corresponds to 1 M. H2O2 is not an approved drug but notwithstanding a well-investigated
molecule in cell and cancer biology. With low-dose H2O2, the antioxidant enzyme catalase is able
to decompose H2O2 into water and oxygen [65–67]. Healthy cells contain about 10 nM H2O2 [68]
and have a relatively high catalase activity. In contrast, many cancer cells have a 10 to 100-fold
lower catalase activity [69]. The concentration of intracellular H2O2 depends primarily on the
activity of this enzyme and the permeability of the cell membrane to extracellular H2O2 [63,70].
Compared to non-malignant cells, cancer cells often express more aquaporins through which H2O2

can enter [71]. At supra-physiological concentrations of H2O2, oxidation can damage DNA and
lipids as well as denature, unfold, or alter the conformation of proteins and enzymes, thereby
compromising their function. Dysfunctional proteins accumulate within the cell and cause stress,
which can ultimately lead to cell death [66,72]. These mechanisms are generally summarized by the
term cellular senescence [73]. Ultimately, these events can be fatal for cancer cells. For example,
H2O2-enriching pharmaceuticals are under current investigation [74–76]. Moreover, the induction of
oxidative stress is also one principle of photodynamic therapy (PDT) [77–79], ionizing radiation [80,81],
or cold physical plasma [82,83]. Being a novel medical technology, medical plasmas utilize the
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generation of various ROS to tackle cancer, which was already successful in the treatment of patients
with head and neck cancer [84,85]. Accordingly, several chemical and biological effects can be abrogated
by adding ROS scavengers [86–88]. ROS-induced cancer cell death can also be highly immunogenic [89]
(immunogenic cell death, ICD). Plasma treatment can induce ICD as well [90]. Specifically, cells
subjected to ICD can foster antigen-specific immune responses against tumor-associated antigens
and neoantigens [91–93]. This is preceded by activation of professional antigen-presenting cells via
danger-associated molecular patterns (DAMPs) such as calreticulin (CRT), heat-shock protein 70 and
90 (HSP70, HSP90, and high-mobility group box 1 protein (HMGB1) [92]. Hence, ICD has significant
potential in cancer therapy, in that tumors can be tackled that have previously escaped an endogenous
immune response [94–96]. ICD may have a positive prognostic value [97] as a basis to generate T-cell
responses, which are supported via checkpoint immunotherapy.

The aim of this study was to screen a protein kinase inhibitor library of 80 compounds against
additive cytotoxicity with H2O2 in colorectal cancer cells with the vision to improve current HIPEC in
patients suffering from PC. By studying several cytotoxicity and ICD parameters in 2D or 3D tumor
models, we were able to identify two targets that may be potential candidates for such an approach.

2. Results

2.1. Screening a Library of 80 Different Kinase Inhibitors Identified Four Substances with Additive Toxicity in
Combination with H2O2

Kinase inhibitors are regularly used in the therapy of various cancers. In this study, 80 different
substances were used to identify drugs that have significantly added toxicity upon the combination
with low-dose H2O2 in vitro. During the experimental procedures, the most intoxicating substances
were identified after three selection steps, and substance codes were used to analyze in a blinded
fashion (Figure 1a). The code was kept for labeling graphs to enhance readability. The respective
substances can be found in Table 1. Incubating CT26 colorectal cancer cells with tyrosine kinases
either reduced the cells’ metabolic activity in a dose-dependent fashion (Figure 1b), did not reduce
their metabolic activity (Figure 1c), or did not produce a clear dose–response relationship (Figure 1d).
First, a specific dose for each substance was selected in this experiment, where the target was a 50%
reduction compared to untreated control. Second, the substances were combined with low-dose
H2O2 (50 μM), and the cancer cells’ metabolic activity was assessed 24 h later to identify additive
cytotoxic effects (Figure 1e). The low-dose of H2O2 was used to induce oxidative stress to the cells
in the absence of excessive cytotoxicity. In combination, some tyrosine kinase inhibitors were not
superior to H2O2 alone, where others significantly reduced the metabolic activity in an additive to
synergistic fashion. The sequence of treatment (first drug, then H2O2, or first H2O2, then drug) was
found to be negligible (Supplementary Figure S1a–b). Subsequently, all inhibitors were chosen for
further investigation (second selection) that led in combination with H2O2 to a >75% reduction of
metabolic activity compared to H2O2 alone (for the concentrations, see Supplementary Table S1). These
substances (B9, C9, C10, D7, G1, G4, G7, and H8) were investigated in more detail. In both settings,
substances alone, and substances +H2O2, a reduction was observed for the tested colorectal cancer
cells (Figure 1f). Calculating the fold change of mono vs. combination therapy, four substances (B9,
D7, G4, and H8 at 100 μM) gave a more than 1.5-times higher reduction of the cancer cells metabolic
activity compared to the substances alone (Figure 1g). Especially H8 developed a strong synergistic
effect with H2O2 and was almost 4-times more effective than in monotherapy. Before further testing
these four most interesting protein kinase inhibitors, its effect on non-malignant HaCaT keratinocytes
was tested in combination with 50 μM H2O2. The combinational regimen reduced the metabolic
activity of the non-malignant cells but did not reach the target line as it was applied for CT26 cancer
cells (Figure 1h). Hence, if non-malignant cells would have been utilized for this screening, the four
selected inhibitors would not have been identified as effective and would not have been selected.
Additionally, to confirm that the utilized doses of H2O2 are semi-toxic, HaCaT keratinocytes were
exposed to different concentrations of up to 200 μM. All tested concentrations induced only a mild
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reduction in the metabolic activity, while at twice (100 μM) of the concentration used for the screening,
a 25% reduction was observed (Figure 1i).

Figure 1. Experimental procedures and selection of kinase inhibitors. (a) Experimental strategies for
the identification of selected kinase inhibitors with synergistic effect with H2O2 out of a 80 compound
inhibitor library; representative drugs that show (b) dose-dependent, (c) no, or (d) an odd effect on
the reduction of cancer cell metabolic activity 24 h post-incubation with the kinase inhibitors and
the concentration that was chosen to reach 50% of reduction (blue arrows); (e) metabolic activity of
cancer cells with its numerical value that had received kinase inhibitors together with H2O2 for 24 h
(red: substances that reached 75% reduction in combination with H2O2; crossed fields: no substances
tested); (f) detail view of the cancer cell metabolic activity +SEM 24 h post-incubation with substances
alone or in combination with H2O2; (g) increase of metabolic activity reduction +SEM of substances
+ H2O2 compared to substances alone, and selection (red line) of four inhibitors with a fold change
of this increase >1.5 (colored bars); (h) metabolic activity of non-malignant HaCaT keratinocytes that
received the four selected kinase inhibitors alone or in combination with H2O2; (i) metabolic activity of
non-malignant HaCaT keratinocytes exposed to H2O2 in different concentrations. Significance levels
for the comparison of substances without H2O2 to the respective substances with H2O2 (δ), and of
their combination (with H2O2) to the H2O2-alone control (*) were determined via ANOVA. Data are
representatives out of three (b–e) or two (f–i) independent replicates.
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Table 1. Overview of the kinase inhibitors utilized in this study. Listed are all inhibitors used in this
study, their substance code used throughout the figures and text, the target structure of the inhibitors,
and the CAS number.

Substance Code Name Kinase Target CAS

B1 PD-98059 MEK 167869-21-8
B2 U-0126 MEK 109511-58-2
B3 SB-203580 p38 MAPK 152121-47-6
B4 H-7·2HCl PKA, PKG, MLCK, PKC 84477-87-2
B5 H-9·HCl PKA, PKG, MLCK, PKC 116970-50-4
B6 Staurosporine Pan-specific 62996-74-1
B7 AG-494 EGFRK, PDGFRK 133550-35-3
B8 AG-825 HER1-2 149092-50-2
B9 Lavendustin A EGFRK 125697-92-9

B10 RG-1462 EGFRK 136831-49-7
B11 TYRPHOSTIN 23 EGFRK 118409-57-7
B12 TYRPHOSTIN 25 EGFRK 118409-58-8
C1 TYRPHOSTIN 46 EGFRK, PDGFRK 122520-85-8
C2 TYRPHOSTIN 47 EGFRK 122520-86-9
C3 TYRPHOSTIN 51 EGFRK 122520-90-5

C4 TYRPHOSTIN 1 Negative control for
tyrosine kinase inhibitors 2826-26-8

C5 TYRPHOSTIN AG 1288 Tyrosine kinases 116313-73-6
C6 TYRPHOSTIN AG 1478 EGFRK 175178-82-2
C7 TYRPHOSTIN AG 1295 Tyrosine kinases 71897-07-9
C8 TYRPHOSTIN 9 PDGFRK 10537-47-0

C9
Hydroxy-2-

naphthalenylmethylphosphonic
acid

IRK 120943-99-9

C10 PKC-412 PKC inhibitor 120685-11-2
C11 Piceatannol Syk 10083-24-6
C12 PP1 Src family 172889-26-8
D1 AG-490 JAK-2 133550-30-8
D2 AG-126 IRAK 118409-62-4
D3 AG-370 PDGFRK 134036-53-6
D4 AG-879 NGFRK 148741-30-4
D5 LY 294002 PI 3-K 154447-36-6
D6 Wortmannin PI 3-K 19545-26-7
D7 GF 109203X PKC 133052-90-1
D8 Hypericin PKC 548-04-9
D9 Ro 31-8220 mesylate PKC 138489-18-6

D10 D-erythro-sphingosine PKC 123-78-4
D11 H-89·2HCl PKA 127243-85-0
D12 H-8 PKA, PKG 84478-11-5
E1 HA-1004·HCl PKA, PKG 92564-34-6
E2 HA-1077·2HCl PKA, PKG 103745-39-7

E3
2-Hydroxy-5-(2,5-

dihydroxybenzylamino)benzoic
acid

EGFRK, CaMK II 125697-93-0

E4 KN-62 CaMK II 127191-97-3
E5 KN-93 CaMK II 139298-40-1
E6 ML-7·HCl MLCK 109376-83-2
E7 ML-9·HCl MLCK 105637-50-1
E8 2-aminopurine p58 PITSLRE β1 452-06-2
E9 N9-isopropyl-olomoucine CDK 158982-15-1

E10 Olomoucine CDK 101622-51-9

E11 Iso-olomoucine Negative control for
Olomoucine 101622-50-8

E12 Roscovitine CDK 186692-46-6
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Table 1. Cont.

Substance Code Name Kinase Target CAS

F1 5-iodotubericidin ERK2, adenosine kinase,
CK1, CK2, 24386-93-4

F2 LFM-A13 BTK 62004-35-7
F3 SB-202190 p38 MAPK 152121-30-7
F4 PP2 Src family 172889-27-9
F5 ZM 336372 cRAF 208260-29-1
F6 SU 4312 Flk1 5812-07-7
F7 AG-1296 PDGFRK 146535-11-7
F8 GW 5074 cRAF 220904-83-6
F9 Palmitoyl-DL-carnitine PKC 6865-14-1

F10 Rottlerin PKCΔ 82-08-6
F11 Genistein Tyrosine kinases 446-72-0

F12 Daidzein Negative control for
Genistein 486-66-8

G1 Erbstatin analogue EGFRK 63177-57-1
G2 Quercetin·2H2O PI 3-K 6151-25-3
G3 SU1498 Flk1 168835-82-3
G4 ZM 449829 JAK-3 4452-06-6
G5 BAY 11-7082 IKK signaling pathway 195462-67-7

G6 5,6-dichloro-1-β-D-
ribofuranosylbenzimidazole CK II 53-85-0

G7
2,2′,3,3′,4,4′-hexahydroxy-1,1′-

biphenyl-6,6′-dimethanol
dimethyl ether

PKCα, PKCγ 154675-18-0

G8 SP 600125 JNK 129-56-6
G9 Indirubin GSK-3β, CDK5 479-41-4

G10 Indirubin-3′-monooxime GSK-3β 160807-49-8
G11 Y-27632·2HCl ROCK 146986-50-7
G12 Kenpaullone GSK-3 β 142273-20-9
H1 Terreic acid BTK 121-40-4
H2 Triciribine Akt signaling pathway 35943-35-2
H3 BML-257 Akt 32387-96-5
H4 SC-514 IKK2 354812-17-2
H5 BML-259 Cdk5/p25 267654-00-2
H6 Apigenin CK-II 520-36-5
H7 BML-265 EGFRK 28860-95-9
H8 Rapamycin mTOR 53123-88-9

2.2. Combination of Selected Kinase Inhibitors with H2O2 Reduced Cell Growth and Increased Cytotoxicity

Assessment of metabolic activity is not equal to cell death nor cell proliferation. To analyze these
cellular traits in more detail, the four previously selected kinase inhibitors (B9: lavendustin A; D7:
GF109203X; G4: ZM449829; H8: rapamycin) were investigated regarding their potential of reducing
cellular growth and increasing cytotoxicity. Twenty-four hours post-exposure, all four tested inhibitors
significantly reduced the number of cancer cells if combined with H2O2 (Figure 2a). A similar effect
was observed analyzing the cellular growth area of the cancer cells (Figure 2b), finding all substances
combined with H2O2 to reduce the cytosolic area significantly compared to H2O2 or the substances
alone (Figure 2c). The most substantial growth inhibition was observed for H8 +H2O2. To analyze
terminal cell death, colorectal cancer cells were stained with Sytox (Figure 2d). Using algorithm-based
object segmentation and analyzing each object’s Sytox intensity, dramatic terminal cell death was
observed for the combination treatment and to a lesser extent, for drug monotherapy (Figure 2e).
This suggested that the drug monotherapies are cytostatic, whereas the combination treatment was
cytotoxic. H2O2 was used at a pre-determined low-dose concentration (50 μM), which did not induce
terminal cell death in our treatment regimen (Figure 2f light grey bar). Hence, we conclude a synergistic
cytotoxic effect for the combination therapy of tyrosine kinase inhibitors and low-dose H2O2. Another

111



Cancers 2020, 12, 122

way to generate a plethora of reactive oxygen species, such as hydrogen peroxide, in parallel is
the exposure of the cells to cold physical plasmas. Such plasmas, as induced by different devices
as the kINPen or Plasma Soft Jet, lead to a time-dependent induction of H2O2 in the cell culture
medium, which showed to reduce the metabolic activity of different cells (Supplementary Figure S2a–b).
The treatment times that were needed for the deposition of 50 μM H2O2 did vary between the jets (43 s
to 53 s) outlining their different structures. Moreover, these plasmas changed the morphology and
growth of the cells similarly to H2O2 and can be considered for further use in similar combinations
(Supplementary Figure S2c–e).

Figure 2. Combination of selected kinase inhibitors with H2O2 reduced cell growth and were cytotoxic
in colorectal cancer cells. (a) Cell count +SEM from high content image analysis of cancer cells that
received selected inhibitors (+/− H2O2) at 24 h. (b) Representative images of the cells’ cytosolic signal
intensity (digital phase contrast) from nine fields of view (scale bar = 900 μm); (c) quantification of
growth area; (d) representative images of the cells cytosolic signal and their Sytox Green fluorescence
(scale bar = 150 μm) 24 h post-incubation with the selected substances (+/−H2O2); (e) representative
selection strategy to determine Sytox Green+ (terminally dead) cells with imaging after treatment
with substance H8 (+/− H2O2); (f) quantification of cell viability +SEM 24 h post-incubation with
the substances. Significance levels for the comparison of substances without H2O2 to the respective
substances with H2O2 (δ), and of their combination (with H2O2) to the H2O2-alone control (*) were
determined via ANOVA. Data are representatives out of two independent replicates.

2.3. Combination of Selected Kinase Inhibitors with H2O2 Leads to Morphological Alterations, Cell Cycle
Arrest, and Modulated Surface Marker Expression

The effects on metabolic activity and viability may correlate with functional or morphological
alterations in cancer cells. To address this, colorectal cancer cells treated with the four selected tyrosine
kinase inhibitors (+/− H2O2), and detailed microscopic analysis of cellular morphology (Figure 3a)
was performed. The treatment regimens introduced changes from spindle-like (untreated control) to
elongated (H2O2 alone) and rounded shaped cells (drug mono and combination treatment) (Figure 3b).
Surprisingly, adding H2O2 to the substances B9: lavendustin A and H8: rapamycin significantly increased
their morphology towards shifting to a rounded cell type, whereas combination with D7: GF109203X and
G4: ZM449829 did not produce such an effect (Figure 3b). The extent of such rounding may change in
the kinetic of the post-treatment but when investigated at the same time point as all other assays still give
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valuable information on the cellular changes observed. In parallel, the single-cell area was quantified
using algorithm-based image segmentation tools. Exposing the cells to H2O2 alone led to a significant
decrease in individual cell size when compared to untreated control cells (Figure 3c). By contrast,
an increase in individual cell area was observed upon incubation with the kinase inhibitors and in
combination with H2O2. For combination treatment, this effect was enhanced in tendency compared
to drug monotherapy (B9: lavendustin A, D7: GF109203X, and G4: ZM449829) and significantly for
H8: rapamycin (Figure 3c). The results were obtained from more than 2000 individual cells segmented
per condition. The increase in individual cells’ size can be a hallmark of cellular senescence and cell
cycle arrest. Using nuclear acid staining and algorithm-based cell cycle phase analysis (Figure 3d),
the number of colorectal cancer cells halted in the G2 phase was elevated in all treatment regimens,
including H2O2 alone (Figure 3e). Combination vs. drug monotherapy gave an increase with all
four drugs. To analyze the potential immunogenic consequences of the cytotoxic treatment regimens,
multicolor flow cytometry was performed assessing the expression of several DAMPs important to elicit
antitumor immunity. Compared to untreated cells and cells that were exposed to H2O2 alone, only
modest modulation of cell surface markers was observed, ranging from 0.9- to 1.1-fold change (Figure 3f).
Normalizing each combination treatment to H2O2 mono treatment (Figure 3g–j), significant upregulation
was seen for HMGB1 in for all four combination treatments. HSP90 was increased in tendency for all
for drug-H2O2 combination treatment when compared to drug alone. For CRT, a similar increase was
observed, while HSP70 was only increased in tendency for D7: GF109203X.
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Figure 3. Combination of selected kinase inhibitors with H2O2 led to morphological alterations, cell
cycle arrest, and modulated surface marker expression in colorectal cancer cells. (a) Representative
brightfield images (scale bar = 50 μm) of colorectal cancer cells in a i) round, ii) spindle, or iii) elongated
shape; (b) quantification of the cells’ roundness +SEM; and (c) area per cell 24 h post incubation with
selected kinase inhibitors (+/−H2O2); (d) i) representative gating of DAPI signal (amount of nuclear
acid) and the algorithm-based analysis of cell cycle phases of ii) untreated control cells, or ii) cells that
received substance H8 +H2O2; (e) quantification of cell cycle phases and comparison of the percent
of cells in the G2-phase; (f) modulation of the surface expression of calreticulin (CRT), high-mobility
group box 1 protein (HMGB1), and the heat-shock proteins (HSPs) 70 and 90 in cells that were left
untreated or received H2O2 alone for 24 h (inner ring fold change = 0.9; middle ring: no change; outer
ring: fold change = 1.1); analysis of these surface markers on cancer cells that were incubated with the
substances (g) B9, (h) D7, (i) G4, or (j) H8 with or without H2O2 for 24 h (blank fileds = decrease in
marker expression). Significance levels for the comparison of substances without H2O2 to the respective
substances with H2O2 (δ), and of their combination (with H2O2) to the H2O2-alone control (*) were
determined via ANOVA. Data are representatives out of two independent replicates.

2.4. Only Three Out of Four Selected Kinase Inhibitors Showed Enhanced Toxicity in Combination with H2O2
in 3D Tumor Spheroids

Three-dimensional tumor cell models allow for more cellular heterogeneity and therefore are
regarded as appropriate tools to further test novel antitumor approaches. To validate the combination
treatments of the four compounds with H2O2 that were identified in 2D cultures, 3D colorectal cancer
cell tumor spheroids from CT26 cells were generated. At several time points of exposure to mono
or combination treatments, spheroids were imaged and analyzed using algorithm-based imaging
tools (Figure 4a). A decrease in the spheroid volume was observed at 72 h post-treatment, which was
significant for B9: lavendustin A, G4: ZM449829, and H8: rapamycin plus H2O2 (Figure 4b). Tracking
cytotoxic effects in 3D tumor spheroids during the 72 h time-course revealed an increase of toxicity with
increasing culture time, which was also observed in controls to a modest extent (Figure 4c). However,
quantitative image analysis revealed a substantial (60-fold) increase in cytotoxicity in colorectal cancer
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cells that were incubated with H8: rapamycin +H2O2 (Figure 4d), which was significantly lower in
the drug mono treatment group (40-fold), and negligible in control spheroids and spheroids receiving
H2O2 alone (4-fold). Similar effects, although to a lesser extent, were observed for the kinase inhibitors
B9: lavendustin A and D7: GF109203X (Figure 4e–f). Only substance G4: ZM449829 failed to induce
a significant toxic effect in tumor spheroids in both mono and combination treatment (Figure 4g).
A summary of the effects observed with all four tyrosine kinase inhibitors in combination with low-dose
H2O2 is presented in Table 2.

Figure 4. Toxicity of selected kinase inhibitors with H2O2 in 3D tumor cell spheroids of CT26 colorectal
cancer cells. (a) Representative high-content image analysis strategy of 3D cancer spheroids shaped from
initially 3 × 103 cells shown as i) brightfield image (scale bar = 300 μm), ii) processed high contrasted
image, with iii) detected spheroid area and iv) the volume calculation approach; (b) calculated spheroid
volume +SEM 72 h post-incubation with selected kinase inhibitors (+/− H2O2); (c) representative
maximum projection intensity images from 16 z-stacks in brightfield and Sytox Green fluorescence
channel imaged over a 72 h time-course (scale bar = 300 μm) under incubation with the substance H8
under various conditions; (d) quantification of the Sytox mean fluorescence intensity +SEM inside the
spheroid region during this time-course; representative images of selected kinase inhibitors with H2O2

at t = 0 and t = 72 h; (e) the quantification for the substances B9, (f) D7, and (g) G4 +SEM. Significance
levels for the comparison of substances without H2O2 to the respective substances with H2O2 (δ),
and of their combination (with H2O2) to the H2O2-alone control (*) were determined via ANOVA. Data
are representatives out of three independent replicates.
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Table 2. Summary table of the key results identified in this study. Shown are the toxicity in 2D and 3D
cultures with the combination treatment of the four in 2D cultures identified drugs, as well as cell cycle
arrest and immunogenic cancer cell death-associated expression of cell surface markers. Effect intensity
was graded (+++ = high, ++ = intermediate, + =modest, - = no effect).

Parameter B9: Lavendustin A D7: GF109203X G4: ZM449829 H8: Rapamycin

Toxicity (2D) + ++ ++ +++
Toxicity (3D) + ++ - +++

Cell cycle arrest + ++ - +
ICD + + + -

2.5. Toxic Effects of Two of Our Three Selected Kinase Inhibitors Were Validated in a 3D Tumor Model
of Different Colorectal and Pancreatic Cancer Cells.

After identifying three kinase inhibitors to actively induce toxicity in tumor spheroids shaped
from CT26 colorectal cancer cells, their anti-tumor capacity needed to be validated in another model
of tumor spheroids. Applying the same treatment regimen to HT29 colorectal cancer cells in a 3D
spheroid culture, increased the Sytox Blue dead cell stain intensity during a 72 h time-course. Especially
the substances D7: GF109203X and H8: rapamycin, together with H2O2, again induced cell death that
was significantly increased compared to H2O2 alone or their respective mono treatment (Figure 5c,e).
However, changes were not as stable as seen before in CT26 spheroids, and B9: lavendustin A and G4:
ZM449829 failed to increase the effect of H2O2 (as seen for B9: lavendustin A where H2O2 exceeds the
combinational treatment, Figure 5b,d). Moreover, cell death was quantified in another colorectal cancer
cell line, SW480 (Figure 5f). All three tested colorectal cancer cell lines responded significantly to the
combination of D7: GF109203X and H8: rapamycin (Figure 5h,j). The SW480 cells were very vulnerable
to the combination treatments with low-dose H2O2, and all combinational regimens were significant
compared to the control at t = 72 h post-treatment, which was not found for the monotherapies with
the inhibitors alone (Figure 5g–j). The best induction of cell death was observed for the inhibitor
D7: GF109203X (Figure 5h). Interestingly, the SW480 spheroids reached a toxicity plateau at t = 24 h,
which then fairly preserved the effect, except for D7: GF109203X, where even after 24 h the toxicity
increased. As these promising findings should not be limited to one tumor entity that can induce
peritoneal carcinomatosis, we further tested the most promising kinase-inhibitors on pancreatic cancer
cell spheroids. Three-dimensional tumor spheroids formed from MiaPaca cells also responded to
the treatment regimen in a time-dependent manner and showed increased Sytox signals after the
72 h time course (Supplementary Figure S3a). All in all the combinational regimen did not cause
induction of toxicity as strong as for CT26 cancer spheroids, but all substances were significantly
more effective in their combination with H2O2 than in their mono treatment (Supplementary Figure
S3b–e). Additionally, the inhibitors B9: lavendustin A, G4: ZM449829, and H8: rapamycin was also
significantly toxic compared to the control regimen (Supplementary Figure S3a). In contrast to the
spheric structure of compact spheroids, Panc01 pancreatic cancer cells form only loose constructions.
(Supplementary Figure S3f). After the exposure of these spheroids to the toxic compounds, destruction
and fragmentation were observed. The combination of H2O2 and B9: lavendustin A, D7: GF109203X
and H8: rapamycin significantly reduced the spheroids’ ‘compactness’ (morphology parameter that
was calculated by the distribution of strong brightfield signals inside the spheroid region) compared to
H2O2 in monotherapy (Supplementary Figure S3g). This parameter was chosen because of technical
limitations in assaying terminally dead cells. Spheroids with many dead cells tend to ‘fall apart’
and by that increase the area and decrease the compactness score, which was quantitated in an
unbiased manner using algorithm-driven image quantification. In every tested substance, this effect
was higher in the combinational regimen and was significant for B9: lavendustin A and D7: GF109203X
(Supplementary Figure S3g). As the second step, the area of this decomposed structure was quantified
using the same software-based analysis tools, and it was found that this destruction is time-dependent
and increased to greatest extend at t = 72 h but also during the whole time-course (as shown as

116



Cancers 2020, 12, 122

AUC: Supplementary Figure S3h–k). All regimens in combination with G4: ZM449829 failed to
induce toxicity in Panc01 spheroids, too, while B9: lavendustin A, D7: GF109203, and H8: rapamycin
developed substantial and significant toxicity with H2O2. Interestingly, B9: lavendustin A and D7:
GF109203X was significantly more effective in the combination as opposed to H8: rapamycin, which
was effective in combinational and also in monotherapy (Supplementary Figure S3k). These findings
suggested the potential of reactive species in combination with two selected kinase inhibitors (D7:
GF109203X and H8: rapamycin) to enhance toxicity in three different (CT26, HT29, Panc01) 3D cancer
spheroid models.

 

Figure 5. Validation of the toxicity of selected kinase inhibitors with H2O2 in 3D tumor cell spheroids
of HT29 and SW480 colorectal cancer cells. (a) Representative maximum projection intensity from 16
z-stack images of spheroids formed from HT29 colorectal cancer cells (scale bar = 500 μm) and the
quantification of the Sytox mean fluorescence intensity +SEM inside the spheroids shaped from initially
3 × 103 cells during a 72 h time-course; (b) representative images of spheroids from HT29 colorectal
cancer cells during a 72 h time course exposed to the substances B9, (c) D7, (d) G4, and (e) H8 (+/−
H2O2); (f) representative maximum projection intensity images from 16 z-stacks of SW480 colorectal
cancer cell spheroids (scale bar = 500 μm); (g) the quantification of the Sytox mean fluorescence intensity
+SEM inside the spheroids after exposure to the substances B9, (h) D7, (i) G4, and (j) H8 (+/−H2O2)
Significance levels for the comparison of substances without H2O2 to the respective substances with
H2O2 (δ), and of their combination (with H2O2) to the H2O2-alone control (*) were determined via
ANOVA. Data are representatives out of five (a–e) or three (f–j) independent replicates.

3. Discussion

The aim of this work was to identify protein kinase inhibitors that acted in an additive or synergistic
manner with H2O2 (itself applied at low-dose, non-toxic conditions) cytotoxic against colorectal cancer
cells. The hypothesis was that a combination of several stress pathways (blockage of growth signals
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together with oxidative stress) leads to additive cytotoxicity in tumor cells. Clinically, this might lead
to a reduction of drug concentrations needed, resulting in a decrease of toxic side effects while at
the same time having similar or even increased therapeutic efficacy. For this purpose, a compound
library of 80 different inhibitors was tested in combination with low-dose H2O2 by assessing various
parameters such as cellular metabolic activity, morphology, cell cycle arrest, immunogenic cell death
(ICD), and cytotoxicity in 2D and 3D in vitro models.

The benefit of targeted therapy is to achieve the most toxic effect possible concerning the tumor
cells without damaging the surrounding tissue and thus limiting the dose of the treatment [98].
However, one cause of the failure of cancer therapy is resistance to chemotherapy. Resistance is
mediated by a high rate of mutations and can develop before or during treatment, i.e., exposure to the
drugs [99]. In many treatment regimens, such as HIPEC, various chemotherapeutic agents are used
in combination [12,14]. Ways to avoid resistance is the use of new chemotherapeutic agents and the
combination with other treatment regimens such as oxidative stress [100] to damage the tumor cells
using several pathways in parallel [101,102]. Especially in the treatment of peritoneal carcinomatosis,
as a complication of colorectal carcinoma, our approach of using H2O2 seems promising since during
HIPEC the abdominal cavity is flushed with heated chemotherapeutic agents [12] that only act locally
but also offer seamless combination with agents other than chemotherapy alone.

Low-dose concentrations of ROS, as we used in our experiments, are able to interfere in various
cellular signaling processes. Several redox-sensitive target molecules can be activated or inactivated
by even mild changes in the intracellular redox state. On target molecule is thioredoxin (Trx), which,
under normal conditions, inhibits the apoptosis signaling regulating kinase 1 (ASK1), also known as
mitogen-activated protein kinase 5 (MAP3K5). Rising ROS concentrations induce Trx dimerization [103]
and, therefore, dissociation of the ASK1/Trx complex leading to the activation of several downstream
targets like MKK3/7, MKK4/MKK7, p38, and JNK which are part of the mitogen-activated protein
kinase pathway [104–107]. As such, ASK-1 as well as its downstream targets, are crucial in a variety
of cellular responses to oxidative stress, e.g., apoptosis, differentiation, and inflammation. Both
p38 and JNK can also be directly activated after exposure to low micromolar hydrogen peroxide
concentrations [108–110]. Another step in oxidative stress signaling is the ROS-mediated increase of
cytosolic Ca2+ levels. Cytosolic Ca2+ plays a role in activation of several signaling paths including
apoptotic processes [111]. Relatively small amounts of H2O2 are also able to induce the mRNA of
the protein c-Fos and c-Jun which form the transcription factor AP-1 that is involved in cell growth,
differentiation, and apoptosis [112]. Activation of the mentioned pathways might not be enough to
promote a cytotoxic response after treatment, because they are involved in the complex regulation
system of several interfering signaling processes. Nevertheless, our results show that the combination
of both oxidative stress (low-dose H2O2) and drug-induced blockage of growth signaling pathways
enhance each other’s property to induce apoptosis in tumor cells. We identified three protein kinase
inhibitors that, in combination with low-dose H2O2, showed synergistic toxicity (terminally dead cells)
in colorectal carcinoma cells (CT26) in 2D and 3D tumor models. These substances were B9: lavendustin
A, D7: GF109203X, (G4: ZM449829 but only in 2D cultures), and H8: rapamycin. The effectiveness
of two of these substances, GF109203X and rapamycin, was validated in a 3D tumor model of HT29
and SW480 colorectal, as well as Panc01 pancreatic cancer cells (while D7: GF109203X failed to induce
constant significant changes in MiaPaca pancreatic cancer cells). The most potent toxic effect was found
in the combination of H2O2 with the substance H8: rapamycin, the weakest with B9: lavendustin A.
Our results indicated differences across several assays worth mentioning. For example, addressing
metabolic activity cannot differentiate between cytostatic and cytotoxic effects, and it was interesting to
note that the drugs alone were cytostatic (which was also observed in assaying cell area and cell cycle
phases), while drugs combined with low-dose H2O2 were cytotoxic. In oncology, a combination of both
effects is desired as both reduced proliferation [113], as well as cytotoxic effects, contribute to tumor
control [114]. This is of added value as many tumor cells acquire mutations to circumvent such an
arrest [115]. Moreover, oxidation of intracellular proteins, such as H2O2, can lead to such persistence in
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the G2 phase [116]. These oxidized proteins and the arrest of the cell cycle are central features of cellular
senescence [72,73] and may work in concert with chemotherapeutics [117]. Oxidative reactions within
the cell not only lead to direct protein modifications but also act on redox signaling pathways [118]
that regulate, for instance, rapid remodeling of the cytoskeleton [119,120]. Concordant with that, we
observed characteristic morphological changes in the different treatment regimens. Exposure to H2O2

alone provoked a slightly elongated phenotype in cancer cells. As subtoxic concentrations of ROS
can stimulate cellular proliferation this could speak for a more mesenchymal-like phenotype of the
cells [121]. Contrarily, the combinational treatment of H2O2 with different protein kinase inhibitors
showed a more rounded morphology of the cells. As already mentioned, together with our observation
of decreased cell growth and increase in individual cell size this could indicate cellular senescence [122].

A valuable tool to assess novel combination treatment avenues is the use of 3D tumor cell
spheroids [123]. In such structures, tumor cells show a more regulated proliferation and differentiation
behavior [124,125]. Similar to tumor nodules, spheroids can cause central necrosis by rapidly growing
tumor cells [126]. To what extent a substance is effective against spheroids does not only depend on its
intrinsic cytotoxic effect but also on its potential to diffuse into deep cell layers [127]. Thus, for example,
the kinase inhibitor G4: ZM449829 neither showed a cytotoxic effect in combination with H2O2 nor
when used alone, although substantial toxicity was observed in 2D cell culture experiments. The D7:
GF109203 and in particular H8: rapamycin showed a robust toxic effect in the 3D tumor spheroids,
which was also significantly increased in combination with H2O2 compared to single treatment with
the substance. These results seem promising for testing such a combination regimen further, despite
the lack of immunogenic features of our treatment. Engagement of antitumor immunity is an approach
receiving increasing interest in oncology [128]. An anti-tumor immune response evoked in the context
of ICD via DAMP release contributing to the maturation of dendritic cells [129,130] may lead to an
improvement in the prognosis of various cancers [97]. Even though pro-oxidative therapies are capable
of inducing ICD [131–133], we did not find an ICD signature common to all four combinations of
protein kinase inhibitors with H2O2. The reason for this could be that the oxidative stress-mediated by
H2O2 alone was cytostatic but not cytotoxic, while ICD requires the cells to die upon treatment [134].

Chemotherapeutic agents most commonly used in HIPEC are doxorubicin, mitomycin-C, cisplatin,
as well as combinations of cisplatin and mephedrone [135]. One aim of this work was to identify
other substances, which may add efficacy to the HIPEC treatment regime. Of these substances,
B9: lavendustin A, a non-competitive inhibitor of the ATP binding pocket of the EGFR kinase [136],
has already shown toxic effects on other types of tumor cells [137]. Moreover, Lavendustin A reduced
neovascularization in a rat model, potentially reducing the engraftment of new vessels in tumors [138].
For D7: GF109203X, an inhibitor of protein kinase C, reduced migration and invasion of lung carcinoma
cells was reported [139,140]. However, the same substance showed an increased proliferation of
endometrial cancer [141]. The substance G4: ZM449829, a Jak3 inhibitor that failed to give cytotoxic
effects in the 3D colorectal cancer model, may lead to immunosuppression due to reduced T cell
proliferation [142,143]. The toxic tumor effect of this substance on various cancer cells is currently
being investigated in other screenings campaigns [144,145]. A well-investigated drug inhibiting mTOR
complex I is H8: rapamycin. This substance performed best in our study. It is not only used as
anticancer drug but also to avoid graft rejection due to its immunosuppressive effect that may be
promoted due to its increase of regulatory T-cells and increased sensitivity towards apoptosis of
effector T-cells [146,147]. This fact may also explain the limited immunogenicity conferred either
alone or in combination with low-dose H2O2 as observed in our study. mTOR affects a variety of
signaling pathways, making it one of the most important regulators of cell growth [148]. Rapamycin
has already been shown to have potent toxic effect on various types of tumor cells [149–151], as well as
in colorectal carcinoma [152]. Notably, this substance is already being used as a chemotherapeutic agent
in HIPEC [153,154]. However, its application is often limited by resistances to rapamycin [146,155].
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4. Materials and Methods

4.1. Cell Cultivation

The colorectal carcinoma cells (CT26), derived from murine fibroblasts, were cultivated in Roswell
Park Memorial Insitute (RPMI) 1640 medium (PanBiotech, Aidenbach, Germany), containing 10%
fetal calf serum, 2% penicillin-streptomycin, and 2% glutamine (all Sigma-Aldrich, St. Louis, MI,
USA). The same culture medium was applied to the human colorectal adenocarcinoma cell line,
SW40. The human HT29 adenocarcinoma cells and human MiaPaca and Panc01 pancreatic epitheloid
carcinoma cells were cultured in Dulbecco’s modified Eagle medium (DMEM; ThermoFisher, Waltham,
MA, USA), containing equal supplements as described for RPMI. Cell splitting was performed regularly
twice a week using phosphate-buffered saline (PBS), accutase (BioLegend, London, United Kingdom),
and a cell culture incubator (Binder, Neckarsulm, Germany) at 37◦ C, 5% CO2, and 95% humidity.
For counting live cells, cells were stained with PI and quantitatively measured via an acoustically
focused flow cytometer (attune; ThermoFisher). For experiments with 2D-cell cultures, 1 × 104 cells
were seeded in 96◦ cell culture plates (Eppendorf, Hamburg, Germany) containing a rim that was
filled with double-distilled water for enhanced evaporation protection of the outer wells (edge effect).
To from 3D-tumor spheroids, 3 × 103 cells were seeded in ultra-low attachment plates (PerkinElmer,
Hamburg, Germany). For flow cytometry experiments, 1 × 105 cells were seeded in 24-well cell culture
plates with a water-filled rim to protect from edge effects (Eppendorf). Cells were incubated 24 h
before they were utilized for further experimental processing.

4.2. Treatment Regimen

The 80 different protein kinase inhibitors were from a compound library (Enzo, Farmingdale,
NY, USA) that was stored at −80 ◦C. To avoid repetitive freeze-thawing cycles, the samples were
aliquoted to their working concentration and stored in separate working plates, which were thawed
immediately before utilizing them for downstream assays. For treating the cells, the cell culture medium
was removed and replaced with either 50 μM H2O2 or with the different inhibitors at their specific
concentration for 15 min. Subsequently, the complementary treatment solution (either 50 μM H2O2 or
the substances) were added to the cells for 24 h. Through this procedure, it was tested if cells behave
differently upon receiving H2O2 either before or after the initial exposure to the kinase-inhibitors.

4.3. Plasma Treatment

To outline cold physical plasma as another method to induce hydrogen peroxide plasma treatment
was performed using the kINPen (neoplas) and Plasma Soft Jet (engineered at the Plasma Bioscience
Research Center, PBRC, Seoul, South Korea) argon plasma jets. These devices operate with 99.999%
argon gas (Air Liquide, Paris, France), at two standard liters per minute. During the treatment,
the gas flow, hight of the jets, and driving properties were standardized via an xyz-table (CNC-step,
Geldern, Germany). The treatment of the cells was carried out in 96-well plates with 100 μL cell
culture medium. The same amount of medium was used to quantify the levels of deposited hydrogen
peroxide in the liquid post-treatment using the Amplex Ultra Red (ThermoFisher) assay according to
the manufacturers’ instructions.

4.4. Metabolic Activity

After receiving the different substances from the kinase-inhibitor library (+/− H2O2), the cells
were stored at optimal growing conditions for 24 h hours before resazurin (Alfa Aesar, Haverhill, MA,
USA) was added at a final concentration of 100 μM. This metabolite can be converted by viable active
cells to the fluorescent resorufin. The fluorescence of resorufin was then quantified using a multiplate
reader (Tecan, Männedorf, Switzerland) at λex 560 nm and λem 590 nm. Normalization was performed
depending on the experimental question to either the untreated control or H2O2 alone.
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4.5. Quantitative High Content Imaging Analysis

To assess the cytotoxicity of the various treatment regimens in more detail, analysis by high
content imaging microscopy was performed. For this, the cells were incubated with 2.5 μM of a Sytox
Green or Blue (ThermoFisher) solution for 10 min at 37 ◦C. Sytox Green and Blue binds to nuclear
acids of dead cells that have lost their membrane integrity. Image acquisition was made using the high
content/high throughput-imaging device Operetta CLS (PerkinElmer). The device acquires images
with a 4.7-megapixel 16-bit sCMOS camera and using laser-based autofocus for high precision planarity.
For the investigation of cell viability and morphology in 96-well plates, a 20x air objective (NA = 0.4;
Zeiss, Jena, Germany) was used. For the microscopy of spheroids, a 5× air objective (NA = 0.16, Zeiss)
was used. In the 96-well plates, several single images were taken per well in at least nine fields of view
(FOVs). Different excitation LEDs were used to capture brightfield (BF) and digital-phase-contrast
(DPC) images. For fluorescence microscopy, a λex 475 nm LED with a λem 525 ± 25 nm bandpass filter
or a λex 405 nm LED with a λem 465 ± 35 nm bandpass filter was used to measure Sytox Green and
Sytox Blue intensity levels. In preliminary experiments, all image acquisitions were optimized in favor
of a well-focused image and optimum signal-to-noise ratio, and a standardized recording setup was
created to assure precise imaging experiments across longitudinal experiments. Both the measurement
and the subsequent analysis of the images were performed using the Harmony 4.9 (PerkinElmer)
setup and analysis software. The evaluation strategy of the Sytox stain included a combination of the
captured images of the fluorescence channel and the DPC signal, which reflects the pseudo-cytosolic
cell surface. The latter allows for the segmentation of cells. At least 500 cells were segmented per well,
and approximately 2000 single wells were analyzed in this study. Specifically, a combined image from
both channels was used by the software segmenting objects for parameters such as intensity threshold
and individual threshold, size and coefficients for sharing different signals. This was preceded by
filtering the image by a sliding parabola function to increase the contrast and hence, segmentation
accuracy. Within the detected cells of each well, the intensity of the fluorescence signal and the
percentage of dead cells was calculated. Here, cells with relative mean fluorescence intensity (MFI) of
greater than 1500 fluorescence units and a sum intensity greater than 5000 fluorescence units were
considered as dead cells. Furthermore, various morphological parameters were calculated. All image
quantification strategies were completely algorithm-based without the possibility of user intervention
with regard to segmentation of, e.g., individual cells. Extended measurements were performed at
37 ◦C and 5% CO2 (live cell imaging) to avoid the toxic effects of unsuitable environmental conditions.

4.6. Flow Cytometry

To determine surface markers of ICD, 1 × 105 CT26 cells were seeded in 1 mL fully supplemented
cell culture medium in 24-well cell culture plates and incubated for 24 h. Subsequently, the cell
culture medium was incubated with the different protein kinase inhibitors alone or in combination
with H2O2 for another 24 h. Subsequently, cells were washed with 1 mL of PBS, and incubated with
an antibody mix targeted against HSP70 conjugated to Alexa Fluor (AF) 488 (Abcam, Cambridge,
United Kingdom), CRT (Novus, Littleton, CO, USA) conjugated to allophycocyanin (APC), HSP70
conjugated to AF700 (Novus), HMGB1 (BioLegend) conjugated to phycoerythrin (PE), the nucleic acid
stain 4′,6-Diamidino-2-phenylindole (DAPI; BioLegend), and the accutase. Cells were incubated for
30 min at 37 ◦C before transferring the cell suspension to a 96 well v-bottom plate (Eppendorf). After
centrifugation at 500× g for 5 min, cells were resuspended in PBS and washed twice before being taken
up in a final volume of 75 μL per well. Individual cells of the suspension were acquired with a 4-laser
flow cytometer equipped with a plate loader autosampler (CytoFLEX S; Beckman-Coulter, Brea, CA,
USA) using CytExpert 2.0 software (Beckman-Coulter) as acquisition software. Forward scatter (FS)
and side scatter (SSC), as well as the fluorescence of AF488, PE, APC, AF700, and DAPI was collected
using specific band-bass filters. The spillover matrix was pre-determined using single-stained cells
and setup beads (ThermoFisher). For analysis, the geometric mean values for each fluorochrome was
determined in the live cell population, and exported for statistical evaluation. To analyze the different

121



Cancers 2020, 12, 122

cell cycle phases, cells were treated and incubated as described above. After incubation, cells were
detached, washed in PBS, and fixed with −20 ◦C ethanol for one hour. Subsequently, cells were washed
and incubated with DAPI (final concentration 10 μM) for 30 min at 37 ◦C. After two further washes,
single cells were acquired using flow cytometry. Analysis of FCS-files was performed using Kaluza 2.1
analysis software (Beckman-Coulter). This software contains a plug-in that allows determining cell
cycle phases via an algorithm (Fox), overcoming the limitations of manual gating of cell cycle phases.

4.7. 3D Tumor Spheroids

To form three-dimensional tumor cell spheroids, 3 × 103 CT26, HT29, SW480, MiaPaca, or Panc01
cells were seeded in 150 μL fully supplemented cell culture medium in 96-well plates (ThermoFisher) that
prevent adhesion of cells by a special coating. Immediately after seeding, the suspension was centrifuged
at 1000× g for 10 min to force an accumulation of cells in the center of the round bottom well. After
incubation for 72 h, 125 μL of the cell culture medium was carefully removed and replaced with 50 μL of
the protein kinase inhibitors in the corresponding concentration. After 15 min of incubation under cell
culture conditions, 50 μL of a 50 μM H2O2 solution containing 2.5 μM of Sytox Green or Blue (with both
stain nucleic acids as an indicator for cell death) was added. Immediately after that, as well as after 12 h,
24 h, 48 h, and 72 h of incubation, all spheroids were sequentially examined using high content imaging.
The settings of the measurements were also standardized using a previously established measurement
template. For image acquisition, taking into account the three-dimensional structure of such tumor cell
nodules, 15 z-plane images (distance between planes: 5 μm) were acquired. For analysis, maximum
intensity projections (MIP) were calculated for each spheroid to give 2.5D images. For enhanced
contrasting and delimiting the spheroid from the background, a sliding parabola function was used.
Subsequently, intensities of the Sytox fluorescence channel as well as morphological parameters were
calculated using algorithm-based quantitative imaging tools. The morphology parameter “compactness”
was also calculated using a morphology tool (STAR-morphology) that is provided by the Harmony 4.9
(PerkinElmer) analysis software. This utilizes the distribution of signals inside the brightfield channel
(that absorbs more light than 60% of the average spheroid signal = compact regions) in comparison to
the border of the spheroid region. Such compact spheroids get a high ‘compactness’ value, while this is
low for spheroids composed of loose cells.

4.8. Statistical Analysis

Graphing and statistical evaluation were done using Prism 8.2 (GraphPad software, San Diego, CA,
USA). Unless otherwise indicated, mean or standard error (SEM) is shown on the graphs. Mean values
were obtained from individual data points of technical and biological replicates for the experiments on
viability (resazurin assay) or from measurements for approximately 1 × 104 individual cells in FACS
or 5–10 × 103 cells per well in high content imaging experiments. To avoid the accumulation of the
α-error, one-way analysis of variance (ANOVA) or Kruskal–Wallis test was used as a non-parametric
alternative for the statistical analysis comparing more than two groups. If several conditions were
compared within several groups, a multi-factorial analysis of variance (ANOVA II) was used. Post-doc
testing was done using Dunnett’s test. Trends were considered significant from the 95% confidence
interval. Levels of significance were given as follows: * α = 0.05; ** α = 0.01; *** α = 0.001.

5. Conclusions

Tyrosine kinase inhibitors are potent anticancer drugs, but chemoresistance may limit its use.
Targeting both tyrosine kinase activity and oxidative stress pathways simultaneously, we identified two
potent combinations that led to synergistic toxicity in 2D and 3D colorectal cell culture models. The most
effective combination was low-dose H2O2 together with rapamycin. As this drug is already utilized
in HIPEC targeting diffuse colorectal peritoneal carcinomatosis, such an approach may complement
existing therapies of colorectal cancer.
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Abstract: Pancreatic cancer is one of the most aggressive tumor entities. Diffuse metastatic infiltration
of vessels and the peritoneum restricts curative surgery. Standard chemotherapy protocols include
the cytostatic drug gemcitabine with limited efficacy at considerable toxicity. In search of a more
effective and less toxic treatment modality, we tested in human pancreatic cancer cells (MiaPaca
and PaTuS) a novel combination therapy consisting of cytostatic drugs (gemcitabine or cisplatin)
and gas plasma-conditioned Ringer’s lactate that acts via reactive oxygen species. A decrease in
metabolic activity and viability, change in morphology, and cell cycle arrest was observed in vitro.
The combination treatment was found to be additively toxic. The findings were validated utilizing
an in ovo tumor model of solid pancreatic tumors growing on the chorion-allantois membrane of
fertilized chicken eggs (TUM-CAM). The combination of the drugs (especially cisplatin) with the
plasma-conditioned liquid significantly enhanced the anti-cancer effects, resulting in the induction of
cell death, cell cycle arrest, and inhibition of cell growth with both of the cell lines tested. In conclusion,
our novel combination approach may be a promising new avenue to increase the tolerability and
efficacy of locally applied chemotherapeutic in diffuse metastatic peritoneal carcinomatosis of
the pancreas.

Keywords: anticancer drugs; combination therapy; kINPen; plasma medicine; reactive oxygen and
nitrogen species; ROS

1. Introduction

With approximately 18.1 million new cases diagnosed and about 9.6 million deaths in 2018, cancer
is one of the most significant global medical challenges of our time [1]. It represents the most common
cause of death in the western world within the younger population below the age of 80 [2]. Numerous
improvements in the diagnosis and treatment of cancer, notwithstanding, pancreatic cancer (PC)
remains one of the most lethal cancers with an almost equally incidence and mortality [3]. Due to
non-specific symptoms in the early stages of the disease, the diagnosis is often made late in patients
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already suffering from advanced metastatic disease [4]. Even with advanced surgery (e.g., vessel
reconstruction and neoadjuvant chemotherapy), only about a quarter of patients are suitable for
curative surgery [5,6]. With maximal surgery and adjuvant chemotherapy (chemotherapy = CTx),
the five-year survival rate is nonetheless unsatisfactorily low with 17.5–28.8% [7,8]. In addition,
the incidence of PC is on the rise, and by 2030, it is expected to be the second most common cause of
cancer-related deaths [9].

Due to the unsatisfactory clinical results, new therapeutic approaches are urgently needed.
The combination of chemotherapeutics with reactive oxygen species (ROS) or ROS-producing drugs
has long been debated as an exciting approach in cancer therapy [10]. Among the technical approach
to locally generate ROS is photodynamic therapy, mainly generating singlet oxygen [11], and laser
treatment of pancreatic cancer. The laser treatment does produce significant anticancer effects; however,
it is unpractical in its clinical application [12]. Another option to generate multiple ROS is the
application of cold physical plasma. Not to be confused with blood plasma, gas plasmas are electrically
neutral gases that can be generated at tissue-compatible temperatures of about 40 ◦C. As a result of the
(partial) ionization, ambient air serves as a reservoir to generate vast amounts of ROS [13].

Several groups, including us, have previously demonstrated anti-tumor effects with physical
plasma treatment [14–16]. Some studies already highlighted an added value when combining direct
plasma treatment with chemotherapeutic [17–20]. Apart from the possibility of directly treating cells
or tissues, significant efforts have also been undertaken to utilize the therapeutic capacity of liquids
exposed to gas plasmas [21]. While initially, cell culture medium was used predominantly for this
purpose in vitro and even in vivo [22,23], it became increasingly clear that only clinically relevant
liquids such as sodium chloride and Ringer’s lactate harbor the translational potential to improve
therapeutic outcomes in preclinical and clinical models [24]. Ringer’s lactate solution or liquid showed
to be especially promising candidates because central mediators such as hydrogen peroxide (H2O2)
are stable over weeks while the lactate serves as an essential bystander for the anti-cancer effects
observed [25].

Most standard cancer therapies involved one or several oncological treatments based on decades
of clinical experience, i.e., surgery, radiation, immunotherapy/targeted therapy, and chemotherapy.
With ever more combination therapies emerging at the clinical horizon, it seems clear that the value
of plasma-conditioned liquids likely is to serve as an additive compound to existing therapies.
One example is the hyperthermic intraperitoneal chemotherapy (HIPEC), where a chemotherapeutic
agent dissolved into a liquid is perfused in the peritoneal cavity to locally attack metastatic tumor
nodes in conjunction with cytoreductive surgery [26]. There is a great need for increasing efficacy
and decreasing the side effects of this therapy based on the drugs commonly used [27]. To this
end, we investigated the combined effect of plasma-conditioned liquid and the HIPEC drugs
cisplatin and gemcitabine in pancreatic cancer cells in vitro (two-dimensional monolayers) and
in ovo (three-dimensional tumor with blood supply and matrix remodeling). Promising additive
tumor-toxicity was observed that might optimize intraperitoneal perfusion in future therapies of
pancreatic cancers or peritoneal carcinomatosis by reducing drug concentrations and thereby decreasing
side effects while maintaining a similar efficacy.

2. Results

2.1. Cisplatin, Gemcitabine, and Plasma-Conditioned Ringer’s Lactate Inactivated Pancreatic Cancer Cells in a
Dose-Dependent Manner

To test the effect of cisplatin or gemcitabine in combination with physical plasma-conditioned
Ringer’s lactate (RiLac), the first step was to identify the optimal concentration of each compound to
reach a 25% reduction in the cancer cells metabolic activity (IC-25). The metabolic activity of the cells is
analyzed utilizing their capacity to reduce resazurin to the fluorescent resorufin. The transformation of
this metabolite correlates with the cells’ metabolic activity, so it can be used to describe the percentage
of cancer cells that were inactivated through the different treatment regimens [28]. Cisplatin inactivated
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MiaPaca and PaTuS human pancreatic cancer cells in a dose-dependent manner (Figure 1a). The PaTuS
cancer cells were more resistant to both drugs, and to reach the IC-25, 50 μM of cisplatin were needed,
while a similar effect was reached with 25 μM of gemcitabine. The toxic effect of gemcitabine was
detectable at lower concentrations (Figure 1b). As the next step, an oxidative liquid was generated
using cold physical plasma (Figure 1c) using Ringer’s lactate (RiLac). RiLac is a well known and
clinically applied liquid and could already proof in a previous study to be an excellent candidate to
store physical plasma-derived oxidants [24]. The idea was to combine this liquid with chemotherapy
in two ways. The oxidative liquid was applied before chemotherapy to investigate sensitization
to chemotherapy with oxidative stress (plasma-CTx), or chemotherapy was added first to sensitize
cells to oxidative stress (CTx-plasma). One crucial mediator of the effect of plasma-conditioned
liquid is hydrogen peroxide (H2O2) that was deposited in RiLac through the exposure to the effluent
of the kINPen argon-plasma jet in a treatment time-dependent fashion (Figure 1d). Treatment
times of 60 s generated 200 μM of H2O2 while 120 s generated approximately 300 μM. To calculate
reliable values of generated hydrogen peroxide, the amount of evaporated liquid during these long
plasma treatment times was supplemented with double-distilled water (Supplementary Figure S1a).
Besides H2O2, the time-dependent deposition of nitrate and to a greater extent nitrite was detected
in plasma-conditioned RiLac (Figure 1e). The oxidational capacity of the plasma-conditioned RiLac
was validated via oxidation of the hydroxyl radical and peroxynitrite anion indicator hydroxyphenyl
fluorescein (HPF, Figure 1f). Ringer’s lactate is an ideal oxidative solution, it lacks buffer capacity
and long plasma-treatment times could induce a drop in the pH level of the liquid. However, 120 of
the exposure of RiLac to gas plasma only modest decreased the pH, which was also the case for a
combinational regimen with cisplatin and gemcitabine (Figure 1g). MiaPaca cells reached the 25%
reduction of their metabolic activity after exposure to 60 s plasma-conditioned RiLac, while PaTuS
needed 120 s (Figure 1e) to reach the target IC-25. These experiments defined the treatment modalities
that were kept constant throughout all further experiments in this study (Table 1).

2.2. Combination of Cisplatin and Gemcitabine with Physical Plasma-Conditioned Ringer’s Lactate Enhanced
the Inactivation of Pancreatic Cancer Cells

To next identify the benefit of combination therapy, cisplatin or gemcitabine were combined with
physical plasma-conditioned RiLac and compared to the respective single treatment regimens. For this,
cells were exposed to one CTx, plasma-RiLac, or RiLac alone for 30 min before the respective liquid
was removed and exchanged with the cell culture medium. After 24 h of culture, the respective second
treatment was performed, and the cells were now exposed to the complementary treatment as foreseen
in the combination therapy regimen (Figure 2a). The downstream analysis of the cells was performed
24 h after the addition of the second treatment or control condition (i.e., 48 h after exposure to the first
treatment or control condition). Plasma-condition RiLac and CTx alone showed a modest but significant
reduction of the metabolic activity in MiaPaca (Figure 2b) but not PaTuS (Figure 2c) pancreatic cancer
cells. In contrast to these results, the combination of gemcitabine and cisplatin with plasma-RiLac
(in both plasma-CTx and CTx-plasma treatment protocols) induced a significant inactivation of PaTuS
cells (Figure 2c) with cisplatin having a stronger combination effect compared to gemcitabine. This
was also observed in MiaPaca cells that, in general, responded stronger to combination treatment with
CTX and plasma-RiLac (Figure 2b) as compared to the other regimens and PaTuS cells, respectively.
The concentration of hydrogen peroxide was measured in the combinational regimen, showing only
less difference to the mono treatment with plasma-conditioned RiLac, and also in wells that received
fresh plasma-RiLac 30 min before (Figure 2d). This showed a 50% decrease in H2O2 through the reaction
with the cancer cells. In order to gain more knowledge about the vital role of H2O2 in mediating the
cytotoxic effect experiments were carried out were H2O2 was supplemented to RiLac in the same
amount generated through the plasma-treatment. The combinational regimen, containing H2O2 only,
also diminished the cancer cells’ metabolic activity but was less effective (Supplementary Figure S1b,c).
In further control experiments, the H2O2-scavenging enzyme catalase was added to all treatment
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regimens and completely diminished the effect of plasma-conditioned RiLac, validating the critical
role of H2O2 for the plasma effect (Supplementary Figure S1d–g). Interestingly, the scavenging could
not fully prevent the effect when plasma-conditioned RiLac was applied in combination with CTx.

 
Figure 1. Dose-depended inactivation of pancreatic cancer cells through the application of cisplatin,
gemcitabine, or physical plasma-conditioned Ringer’s lactate. (a,b) the metabolic activity of MiaPaca
and PaTuS pancreatic cancer cells 24 h post-exposure to (a) cisplatin and (b) gemcitabine IC-25 target-line
(green); (c) schematic overview of the standardized exposure of 100 μL Ringer’s lactate to the effluent
of a kINPen argon plasma jet for 0, 15, 30, 60, and 120 s, and (d) the amount of hydrogen peroxide
(H2O2) generated in this liquid; (e) metabolic activity of MiaPaca and PaTuS pancreatic cancer cells 24 h
post-exposure to the respective physical plasma-conditioned Ringer’s lactate. Data are (a,b) mean ± SD
and are representatives out of three independent experiments, (d) individual technical replicates with
curve fitting of a quadratic function (R2 = 0.992) from three technical replicates; (e) concentration of
nitrate and nitrite in plasma-conditioned liquid; (f) oxidation of hydroxyphenyl fluorescein (HPF) in
Ringer’s lactate through 120 s of plasma-treatment; (g) pH value of 120 s plasma-conditioned Ringer’s
lactate and plasma in combination with cisplatin and gemcitabine; (h) metabolic activity of pancreatic
cancer cells with IC-25 target-line (green) 24 h post-exposure to physical plasma-conditioned Ringer’s
lactate as representative out of three independent experiments showing median and min to max.
Statistical significance was calculated utilizing ANOVA.

Table 1. Concentration of adjuvant chemotherapy (CTx) and plasma-conditioned Ringer’s lactate used
in this study.

Drug Concentrations or Plasma-Exposure Times to 100 μL of Treatment Liquid for in vitro and in ovo
Experiments to Reach at Least IC-25

Component Cisplatin Gemcitabine Plasma-conditioned Ringer’s Lactate

MiaPaca 25 μM 50 μM 60 s/100 μL
PaTuS 50 μM 50 μM 120 s/100 μL
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Figure 2. Additive decrease of metabolic activity using cisplatin or gemcitabine with physical
plasma-conditioned Ringer’s lactate in pancreatic cancer cells. (a) Experimental procedure of the
in vitro treatment regimens with the application of different treatment liquids (30 min exposure
time; CTx = chemotherapeutic agents, plasma = physical-plasma-conditioned Ringer’s lactate,
RiLac = Ringer’s lactate before the solutions were replaced with fresh cell culture medium) at 0 h and
24 h, as well as downstream analysis at 48 h; (b,c) the metabolic activity at 48 h of (b) MiaPaca and (c)
PaTuS pancreatic cancer cells; (d) percent of the amount of H2O2 initially induced through the plasma
treatment in the combinational regimen and post-exposure to plasma-conditioned RiLac. Data (b,c)
are representatives out of eight independent experiments, or (d) representatives showing mean +SD.
Statistical significance was calculated utilizing ANOVA.

2.3. Combination of Cisplatin and Gemcitabine with Physical Plasma-Conditioned Ringer’s Lactate Mediated
Terminal Cell Death to Pancreatic Cancer Cells

To analyze whether the decrease in metabolic activity was concomitant with terminal cell death,
cells were harvested after control, single, or combination treatment at 48 h. Using DAPI as nuclear
counterstain allowing the identification of cells with compromised cellular membranes, and a dye
identifying the presence of active caspases within cells, it was possible to distinguish between viable
(DAPI−, caspase−), early apoptotic (DAPI−, caspase+), late apoptotic (DAPI+, caspase+) and necrotic
(DAPI+, caspase−) MiaPaca (Figure 3a) and PaTuS (Figure 3b) cells. All treatment regimen reduced
the viability of the MiaPaca (Figure 3c) and PaTuS (Figure 3d) cells. The single-agent treatment
regimens only modestly reduced the fraction of viable cells, while the reduction was much greater with
combination treatment in both cell lines. The most effective regimen in PaTuS was plasma-cisplatin
(viability = 76.3%) and cisplatin-plasma (83.3%) followed by gemcitabine-plasma (viability = 76.4%)
and plasma-gemcitabine (78.8%) (Figure 3d). In general, responses in MiaPaca cells were greater with
plasma-cisplatin (viability = 31.4%) or cisplatin-plasma (37.6%) (Figure 3c). The combination with
gemcitabine was weaker compared to that of cisplatin in MiaPaca cells with viability decreasing to
64.7% with plasma-CTx, followed by CTx-plasma.
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Figure 3. Combination of cisplatin and gemcitabine with physical plasma-conditioned Ringer’s lactate
induced toxicity in pancreatic cancer cells. (a,b) representative gating of viable (DAPI-, caspase-),
early apoptotic (DAPI-, caspase+), late apoptotic (DAPI+, caspase+) and necrotic (DAPI+, caspase-)
MiaPaca (a) or PaTuS (b) cells at 48 h after exposure to plasma-CTx, CTx-plasma, or the corresponding
Ringer’s lactate control (RiLac); (c,d) quantification of the percentage of viable, early and late apoptotic,
or necrotic cells at 48 h for (c) MiaPaca and (d) PaTuS pancreatic cancer cells. Data are presented as
mean and are representatives out of three independent experiments.

2.4. Combination Therapy Induced Morphological Alterations and Cell Cycle Arrest in Pancreatic Cancer Cells

To further investigate the additive toxicity of the combination treatment on the pancreatic cancer
cells, we performed quantitative high content image analysis on several cellular and morphological
parameters (Figure 4a,b). To confirm cytotoxicity by fluorescence microscopy, exposing MiaPaca cells
to cisplatin first and plasma-conditioned RiLac second led to a substantial and significant elevation
of the percentage of dead cells (DAPI+/all cell events) (Figure 4c). For all other treatment regimens,
cytotoxic responses were observed in tendency. Moreover, the total growth area of MiaPaca cells was
also affected by the different treatment regimens at 48 h post initial exposure. In comparison to the
RiLac control, both plasma-cisplatin and cisplatin-plasma and also cisplatin alone induced significant
growth retardation (Figure 4d). A similar trend was observed when using gemcitabine. The altered cell
growth features were accompanied by morphological changes. Individual MiaPaca cells exposed to
cisplatin-plasma had an increased area per cell indicative of cellular swelling (Figure 4e). The swelling
was also observed with the combination treatment using gemcitabine. As a second morphological
feature, the individual cell’s roundness significantly decreased in all combination treatment regimens
in MiaPaca cells (Figure 4f). PaTuS cancer cells grow in larger aggregates, requiring different algorithms
and quantitative techniques to investigate changes by microscopy. Cell death per growth area was
calculated (DAPI+/area), and similarly to MiaPaca cells, cisplatin-plasma significantly increased toxicity
in PaTuS cells (Figure 4g). Analyzing the growth characteristics of PaTuS cells following the different
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treatment regimens, significant declines were observed for plasma-cisplatin when compared to the
RiLac control (Figure 4h).

 

Figure 4. A combination of cisplatin and gemcitabine with physical plasma-conditioned Ringer’s lactate
was toxic, reduced the cancer cells’ growth, and altered their morphology. (a) Representative images
with the DAPI fluorescence channel and digital phase contrast of MiaPaca cells (scale-bar = 50 μm);
(b) representative images with the DAPI fluorescence channel and digital phase contrast of PaTuS cell
(scale-bar = 50 μm); (c–f) algorithm-based quantification of high-content imaging experiments showing
(c) the toxicity (% DAPI+ events on all events), (d) the growth area (area of the pseudo-cytosolic digital
phase contrast), (e) the area per cell, and (f) and roundness of MiaPaca pancreatic cancer cells; (g,h)
algorithm-based quantification of (g) cell death (DAPI+ events per area) and (h) cell segmentation
area of treated PaTuS cells. Imaging was performed at 48 h post initial exposure to the treatment
liquids. Data are representative out of three independent experiments and are presented as (c,g) boxplot
with their median ± min and max, or (e–h) as mean + SEM. Statistical significance was calculated
utilizing ANOVA.

Different growth properties and morphological alterations can be indicative of cellular senescence
that is induced by an arrest of the cell cycle. To address this question, the content of nucleic acid
inside the cells was quantified by flow cytometry, and the ratio of cells in the G2 over the G1 phase
was calculated. The single treatment with physical plasma-conditioned RiLac introduced the most
drastic changes in cell cycle arrest, except for the treatment with plasma-cisplatin in MiaPaca cells
(Figure 5a–h). However, also drug mono treatment (except gemcitabine in MiaPaca cells) elevate the
number of the cells stuck in the G2 fraction. In addition, all combination therapies, with the exception
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of gemcitabine-plasma in Miapaca cells, showed elevated cell cycle arrest compared to the RiLac
control (Figure 5a–h).

 

Figure 5. Plasma-conditioned Ringer’s lactate induced cell cycle arrest in pancreatic cancer cells alone
or in combination with chemotherapy. (a,c,e,g) Representative overlays of flow cytometry data of DNA
content, showing the amount of treated pancreatic cancer cells in the G1, S, and G2 phase of the cell
cycle; (b,d,f,h) quantification of cells in cell cycle arrest (G2/G1 ratio) for MiaPaca cells in treatment
regimen with (b) cisplatin or (d) gemcitabine, as well as PaTuS cells after exposure to respective
treatment regimens with (f) cisplatin and (h) gemcitabine 48 h post-treatment. Data show the mean
and are representatives from three independent experiments.

2.5. Drug Concentrations in Pancreatic Cancer Cells Changed in Combination Treatment as Analyzed Using
Mass Spectrometry

Next, we asked whether the exposition to plasma-conditioned RiLac alters the drug uptake and
hence, the intracellular concentration of chemotherapeutic agents. To distinguish between acute
effects, e.g., higher membrane penetrability (short-term), and prolonged effects, e.g., differences in
expression or function of membrane transporter (long-term), the second treatment was performed
with a latency of either 30 min or 24 h. First, it was found that the intracellular drug levels were
higher in MiaPaca compared to PaTuS cells (Figure 6a–d). Secondly, short-term concentrations were
always higher than long-term concentrations. Third, intracellular levels of cisplatin were generally
above those of gemcitabine. These findings directly correlate with the toxic effects that were observed
in our cytotoxicity studies. Plasma-treated RiLac reduced intracellular drug levels in MiaPaca cells,
regardless of the sequence of combination therapy. For PaTuS, a similar effect was observed in
the short-term conditions, while long-term conditions showed roughly equal levels in mono and
combination treatments. This points to altered drug uptake or efflux from pancreatic cancer cells
exposed to plasma-treated RiLac.
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Figure 6. Initial cisplatin and gemcitabine uptake to pancreatic cancer cells were most effective in mono
treatments but declined over time. (a,d) mass spectrometry quantification of the amount of the cisplatin
and gemcitabine taken up to MiaPaca (a,b) and PaTuS (c,d) pancreatic cancer cells at short (0.5 h) and
long-term (24 h). Data are mean + SEM from three independent experiments.

2.6. Combination Treatment Abrogated Cancer Growth in an in Ovo 3D-Tumor Model

To validate our findings in a more realistic model, MiaPaca and PaTuS pancreatic cancer cells
were seeded on the chorion allantois membrane of fertilized chicken eggs (TUM-CAM model).
This model allows for the growth of three-dimensional tumors (Figure 7a). While these tumors are
void of immune cells, they become vascularized to form solid 3D-tumors. Treatment regimens were
RiLac alone, plasma-conditioned RiLac, cisplatin alone, or cisplatin in combination with physical
plasma-conditioned RiLac. All treatments were applied twice. It was waived to use gemcitabine
in a combinational regimen on this in ovo model because cisplatin was identified to be the most
promising candidate. The tumors were explanted 48 h after initial exposure to the liquids and weighted.
For MiaPaca tumors, all treatment regimen significantly reduced the tumors mass compared to the
RiLac control (93.3 ± 8.8 mg) (Figure 7b). Most tremendous changes were observed for the combination
treatment with cisplatin and plasma that reduced the tumor mass to 52.9 mg (± 5.6 mg), which was
significantly lower than the cisplatin (65.2 ± 9.1 mg) and control (76.8 ± 6.6 mg) treatment (Figure 7b).
Control PaTuS tumors were 105.3 mg (± 38.6 mg). Combination treatment significantly retarded tumor
growth to 49.8 mg (± 17.9 mg). Cisplatin treatment gave 92.3 mg (± 29.2 mg), while plasma-treated
RiLac achieved a significant reduction to 62.1 mg (± 28.6 mg) (Figure 7c). The ability to induce
apoptosis is a crucial factor in the evaluation of oncologic strategies. Therefore, we examined the
tumors by immunofluorescence for apoptosis by quantifying the amount of TUNEL+ cells over all
cells (TUNEL+/DRAQ5+). In MiaPaca tumors, spontaneous apoptosis was a rare event (0.6 ± 0.7%).
Treatment with plasma (19.2 ± 9.7%) or cisplatin (26.2 ± 4.6%) significantly increased the rate of
apoptotic cells. Combination treatment gave the strongest apoptotic response (38.8 ± 12.1%) (Figure 7e).
Next, we quantified the distance of apoptotic cells from the outer tumor layer and found a mean
activity depth of 423 μm (± 100 μm) with cisplatin (Figure 7f). However, both, plasma (851 ± 203.4 μm)
and the combination treatment (1003 ± 222 μm) significantly showed significantly deeper penetration
into the tissue (Figure 7f). In PaTuS tumors, spontaneous apoptosis was observed in 4.3% (± 5.9%)
of the tumor cells. However, treatment with plasma (20.0 ± 5.8%) or cisplatin (32.4 ± 12.7%) alone,
as well as the combination (37.2 ± 17.9%), significantly increased the rate of apoptosis (Figure 7h).
By contrast, differences in penetration depth were not observed (Figure 7i). Furthermore, the percentage
of proliferating (Ki-67+) cells was calculated. Tumors that received plasma-conditioned RiLac showed
decreased proliferation in tendency, but differences were minor with all groups compared to the RiLac
control (Supplementary Figure S1h,i).
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Figure 7. The combination of cisplatin with physical plasma-conditioned Ringer’s lactate showed
additive toxicity in three-dimensional tumors grown on chicken embryos. (a) Schematic overview
of in ovo experiments and image of treatment with liquids of three-dimensional pancreatic tumors
grown on the chorion-allantois membrane of fertilized chicken eggs (TUM-CAM); (b,c) tumor weight
quantified at 48 h post-treatment with Ringer’s lactate (RiLac), plasma-conditioned RiLac, cisplatin,
or the combination of physical plasma-conditioned RiLac and cisplatin in MiaPaca (b) and PaTuS
(c) tumors; (d,g) representative images of apoptotic MiaPaca (d) and PaTuS (g) cells (blue = Draq5+,
red = TUNEL+, green = Ki67+; scale-bar = 100 μm) in cryo-sections of the tumors exposed to the
combination treatment (I), cisplatin (II), plasma-RiLac (III) and RiLac alone (IV); (e,h) algorithm-based
quantitative image analysis of the percentage of apoptotic cells (TUNEL+/Draq5+) in MiaPaca (e) and
PaTuS (h) tumors; (f,i) penetration depth of the treatment regimen in MiaPaca (f) and PaTuS (i) tumors.
Data are representative from two independent experiments with eight to thirteen eggs per group and
show (b,c) individual values with their mean ± SD, and (e,f,h,i) median and min to max. Statistical
significance was calculated utilizing ANOVA.

3. Discussion

Most protocols in adjuvant, additive, and palliative CTx for PC are based on gemcitabine either
as monotherapy or in combination with, for instance, capecitabine (ESPAC-4 [7]). Despite a better
understanding of the pathogenesis of PC, the prognosis has improved only slightly in absolute terms.
The best survival rates are observed in resected patients, with a median survival between 13 and
48 months, depending mainly on the tumor stage (i.e., T1/2 or T3/4) [7,8,29]. In metastatic non-resectable
pancreatic cancer, median survival is between 5–7.5 months on palliative chemotherapy [30,31]. In this
context, best survival rates (11 months) were observed using FOLFIRINOX, a gemcitabine-free scheme;
however, its application is limited to those patients in good condition [32]. Therefore, gemcitabine is
still the standard for most patients suffering from pancreatic PC.
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Nevertheless, and mainly due to the unsatisfactory results of chemotherapy, various
pharmacological combination treatment schemes have been investigated in recent years, with usually
only a slightly positive effect on survival coming at the costs of a significant increase in treatment-related
toxicity [33]. One combination scheme involves gemcitabine and cisplatin, as used in biliary tract
cancer [34], bladder carcinoma [35], or bronchial carcinoma [36]. This combination was also analyzed
for PC and showed promising results with significantly improved six-month survival and better
tumor response. However, no better overall survival could be demonstrated, and the incidence
of CTx-related complications was also significantly increased compared to mono-treatment with
gemcitabine alone [37].

After transfer into the cell, cisplatin forms adducts with the DNA, and as a consequence, a complex
pathway of apoptotic and survival signaling is initiated [38]. Inactivation of cisplatin by intracellular
scavengers (e.g., glutathione and metallothionein) is considered to be part of the drug resistance acquired
during CTx [39]. Several studies investigated phytochemicals and their potential for sensitizing cancer
cells for cisplatin-based CTx [40]. For example, shikonin, a product of a traditional Chinese medicinal
plant, increased intracellular ROS concentration in vitro and in vivo and, therefore, enhanced cisplatin
toxicity and notably raised selectivity [41].

It has been demonstrated multiple times that cold physical plasma applied either directly or via
conditioned liquid acts as an anticancer agent in vitro [42–45]. Most studies highlight the prominent
role of ROS and RNS, as the effects could be abolished by antioxidant scavengers [46]. Due to their
high reactivity and usually short half-life, it is challenging to trace single reactive species in liquids
or cells and estimate their contribution to biological effects [47–49]. In vivo, however, the previously
promising in vitro results of plasma-conditioned liquids were reproduced in peritoneal metastatic
tumors (gastric cancer [23], ovarian cancer [50], pancreatic cancer [22,51]), recently. These results
raise hopes to integrate plasma medicine into modern, multimodal tumor therapies, mainly since the
restoration of chemoresistance was observed in glioblastoma cells [18].

Surprisingly, there is little evidence of synergism between plasma treatment and CTx in pancreatic
cancer yet. We previously demonstrated an additive effect with gemcitabine and plasma treatment
in murine pancreatic cancer cells without additional harm to non-malignant fibroblasts [52]. In vivo,
a significant tumor reduction in a murine, orthotopic pancreatic cancer model by the combination
of plasma and gemcitabine was observed before [17]. It was also demonstrated that the sequence of
administration of plasma and tegafur (a 5-FU prodrug) plays a decisive role between synergism and
antagonism [53]. However, these studies were performed with direct plasma treatment and possibly
included effects by gas, e.g., plasma-derived electromagnetic fields or UV-radiation. In our current study,
we found an additive toxicity of plasma-conditioned RiLac with chemotherapy. This combination
therapy was superior to mono-treatment in both cell lines investigated, as demonstrated by reduced
metabolic activity and cell viability, and enhanced apoptosis and cell cycle arrest. Additionally,
we demonstrated a significant improvement of the anti-cancer capacity of either cisplatin or
plasma-conditioned RiLac in an in ovo TUM-CAM model by adding the other modality, respectively.

The first barrier clinically applied substances have to overcome is the cell membrane. ROS/RNS
can penetrate or interact with this membrane, as well as use ubiquitous aquaporin channels, whereas
cisplatin and gemcitabine enter the cell via different membrane transporters [54–57]. We hypothesized
that plasma-conditioned liquid sensitizes the tumor cell for subsequent CTx via oxidative stress
induction. By contrast, we found the intracellular concentration of cisplatin and gemcitabine being
reduced in cells conditioned with plasma-treated RiLac. As a possible explanation, we hypothesize
that cells exposed to plasma-conditioned RiLac experience oxidative stressed and became inactivated.
Hence, the lower levels might have been due to reduced transporter activity in the short-term samples,
and an increased portion of terminally dead cells (that nonetheless were still part of the cell pellet
investigated by mass spectrometry) with the long-term samples. This hypothesis is supported by the
reduction in the metabolic activity of the cells and by other hallmarks of cellular senescence. One of
them is the cellular swelling (increased area per cell) that was observed to the greatest extent in our
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combinational regimen [58–60]. Moreover, cell cycle arrest was also observed in the groups that
received the plasma-conditioned RiLac, similarly to our previous observations in colorectal cancer
cells that had received plasma-conditioned saline [42].

With both cell lines investigated, gemcitabine was inferior compared to cisplatin in terms of
cytotoxicity. The combination with plasma-conditioned RiLac was also less effective than that with
cisplatin. This may be due to the mechanism of action of gemcitabine, which relies primarily on
incorporation into the DNA. However, as we have been able to demonstrate, the plasma treatment leads
to a significant increase in cells in the G2 phase, so Gemcitabine is correspondingly less incorporated.
In contrast, plasma-derived radicals or cisplatin could reduce the antioxidant capacity of the cell so
that the vice versa treatment was correspondingly more effective. This might point towards a more
synergistic effect from plasma-conditioned RiLac and cisplatin.

The combination of plasma-conditioned RiLac and CTx was effective in vitro and in ovo.
Applications of cytostatic drugs diluted in plasma-conditioned oxidative liquids (such as RiLac)
therefore hold promising potential in, e.g., postoperative lavage or HIPEC. From our previous studies
using intraperitoneal injections of plasma-conditioned sodium chloride or cell culture medium in
mice, we know that plasma-conditioned liquids did not have any observable side effects [22,42].
Especially plasma-conditioned RiLac was previously demonstrated to have a potent anti-tumor
capacity [61–63]. This was true in vitro and in vivo, and the lactate in RiLac was demonstrated being
essential in mediating toxic effects [25,64]. These studies support our findings and hypothesis of
such an oxidative liquid being suitable for future clinical applications in combination with standard
chemotherapeutics (as cisplatin and gemcitabine) to reduce tumor burden in patients that suffer from,
e.g., pancreatic cancer.

4. Materials and Methods

4.1. Cell Lines and Cultivation

Human pancreatic adenocarcinoma cell lines MiaPaca (MIA PaCa-2; ATCC, Manassas, VA, USA)
and PaTuS (PaTu-8988s; DSMZ, Braunschweig, Germany) were used. Cells were maintained in cell
culture medium (Dulbecco’s modified Eagle’s medium: DMEM GlutaMAX; Gibco ThermoFisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum, 100 U/mL of penicillin, and
100 μg/mL of streptomycin (all Sigma, Steinheim, Germany). The confluence of cells was controlled via
microscopy, and subculturing was performed twice a week, while the passages of the cells were kept
below ten. Incubation took place in a cell culture incubator (Binder, Tuttlingen, Germany) at 37 ◦C
and 5% CO2 under humidified conditions. Possible mycoplasma contamination of the cell culture
was excluded regularly. For the experimental in vitro procedures, the cells were counted using an
acoustic-focussing flow cytometer (Attune NxT, ThermoFisher Scientific) and added at a concentration
of 1 × 104 cells in 100 μL medium per well in 96-well plates. Alternatively, 1 × 105 cells were seeded in
1000 μL medium in 24-well flatbottom plates (Eppendorf, Hamburg, Germany) for flow cytometry
experiments. The therapeutic liquids were scaled up 10× in this setting. Both plate types provide a
rim that can be filled with double-distilled water, to prevent excessive evaporation of the cell culture
medium in the edge wells.

4.2. Physical Plasma and Chemotherapeutic Agents

Cold physical plasma was generated by the atmospheric pressure argon-plasma jet kINPen (neoplas
tools GmbH, Greifswald, Germany), operated at 1.9–3.2 W and 1.1 MHz, and CE-certified as a medical
device class IIa in 2013 [65]. The plasma jet consists of a power supply unit and a handpiece. The latter
contains a rod-shaped electrode that excites the argon gas (purity: 99.999%; Air Liquide, Paris, France).
Outwardly, the device is shielded by a dielectric capillary. For the plasma-treatment of Ringer’s lactate
(RiLac; Hartmann B. Braun, Melsungen, Germany), 100 μL of the liquid was exposed to the plasma
of the device running at two standard liters per minute (2 slm). The visible plasma effluent did not
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directly discharge to the liquid. The distance of the liquid surface to the nozzle (9 mm) as well as
treatment times regulated with high precision utilizing a computer-controlled xyz-table (CNC step,
Geldern, Germany). Immediately after the plasma-conditioning, the plasma-RiLac was transferred to
the plate, harboring the pancreatic cancer cells with just priorily aspirated cell culture supernatant.
Treatment agents were left for 30 min before replacing them with fresh culture medium. For the
detection of H2O2 in the RiLac, the Amplex UltraRed Assay (ThermoFisher Scientific), and for the
detection of nitrate in nitrite, the Griess assay (Cayman Chemical, Ann Arbor, MI, USA) was utilized
according to the manufacturers’ instructions. The chemotherapeutic agents cisplatin (1 mg/mL, Teva,
Petach Tikwa, Israel) and gemcitabine (1 mg/mL, provided by the University Pharmacy Greifswald,
Greifswald, Germany) were stored for a maximum of four weeks at room temperature and protected
from light. Following long plasma exposure times, the amount of evaporated liquid was measured
via a precision balance (Sartorius, Göttingen, Germany) and was supplemented with double distilled
water. Standard dilutions (Table 1) were done in RiLac, and the cells were exposed to the drugs
in a similar regimen as for the plasma-RiLac. Oxidation of the hydroxyl radical and peroxynitrite
anion indicator hydroxyphenyl fluorescein (HPF, ThermoFisher Scientific) was measured immediately
after the treatment of 5 μM of the probe after 120 s of plasma-exposure at the λex = 460–490 nm
and λem = 500–550 nm fluorescence channel of a high content imager (Operetta CLS, PerkinElmer,
Hamburg, Germany). Measurements of the pH were performed with a pH meter (Mettler Toledo,
Columbus, OH, USA).

4.3. Metabolic Activity Detection

To asses the metabolic activity of the cancer cells after treatment, they were exposed to
7-hydroxy-3H-phenoxazin-3-on-10-oxid (resazurin, Alfa Aesar, Haverhill, MA, USA) at 20 h. The dye
can be metabolized by viable cells to generate fluorescent resorufin. Fluorescence was measured after
4 h utilizing a multiplate reader (Tecan F200, Tecan, Männedorf, Switzerland) at λex = 560 nm and
λem = 590 nm. The H2O2 scavenging enzyme catalase (Sigma, Steinheim, Germany) was added at
concentrations of 20 μg/mL in some control experiments prior to addition of plasma-conditioned liquid.

4.4. Flow cytometry

After incubation, cells were washed with phosphate-buffered saline (PBS; PAN Biotech, Aidenbach,
Germany) and detached with accutase (BioLegend, San Diego, CA, USA) containing DAPI (BioLegend)
and Caspase 3/7 Green Detection Reagent (ThermoFisher Scientific). The cells were stained for 30 min
at 37 ◦C before washing twice with PBS. Data acquisition was performed with a CytoFLEX S flow
cytometer (Beckman-Coulter, Brea, CA, USA). For each of the replicates, 10,000 single cells were
acquired and analyzed using Kaluza 2.1 analysis software (Beckman-Coulter). For cell cycle analysis,
cells were harvested and then incubated with ice-cold ethanol at −20 ◦C for 1 h. After washing and
staining with DAPI, flow cytometry data were analyzed for cell cycle phases using the Michael H.
Fox algorithm that is provided within the Kaluza software.

4.5. High Content Imaging

Imaging was performed using a high content imager (Operetta CLS). The device operates a
high-speed motorized table. Images were acquired using a 20x air objective (NA = 0.4; Zeiss,
Jena, Germany) and a 16-bit sCMOS camera with laser-based autofocus. Cells were stained with
DAPI in images in the brightfield, digital-phase contrast (DPC), and the λex = 535–585 nm and
λem = 430–500 nm fluorescence channels were acquired. Image acquisition settings were kept constant.
For each independent experiment, four technical replicates with a total of 36 fields of views per
condition and experiment were imaged. For the quantification of cell counts, cell area, and morphology,
an algorithm-based analysis was performed using Harmony 4.9 image acquisition and quantification
software (PerkinElmer, Hamburg, Germany) after segmenting individual cells via their pseudo-cytosolic
DPC signal.
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4.6. Quantitative Assay for Cisplatin and Gemcitabine

Cisplatin and gemcitabine were quantified in cell pellets after lysis and homogenization of
the cells and protein precipitation by adding 500 μL acetonitrile and subsequent centrifugation
for 5 min at 14,000 g and 4 ◦C. Ten microliters of the clear supernatant were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis. The analysis was performed with
the Agilent 1290 series HPLC system (Agilent Technologies, Waldbronn, Germany) coupled with
the QTRAP5500 mass spectrometer (Sciex, Darmstadt, Germany). Chromatography was performed
using the analytical column Atlantis® HILIC Silica column, 2.1 × 100 mm (Waters, Milford, CT, USA)
by gradient elution with acetonitrile (A) and 0.1% formic acid (B) as mobile phases at a flow rate of
250 μL/min. The applied gradient was as follows: 0–1 min, 99% A; 1–1.1 min, 30% A; 1.1–3 min 30% A;
3–3.1 min 99% A; and 3.1–8 min 99% A. The MS/MS analysis was done in the positive multiple reaction
monitoring mode by considering the following mass-to-charge transitions (and collision energies):
302.0/246.0 (12 eV), 302.0/266.0 (20 eV) and 302.0/210.0 (36 eV) for cisplatin and 246.2/111.6 (23 eV),
246.2/95 (60 eV) and 246.2/69 (55 eV) for gemcitabine. The analytical range of the quantitative method
for both compounds was between 1–100 ng/mL. During the period of sample analysis, the accuracy of
the method was ± 15% (relative error of the nominal values).

4.7. Tumor-Chorion-Allantoic Membrane Model (TUM-CAM)

The chorion-allantois membrane tumor model (TUM-CAM) was performed as described in
previous studies [66,67]. Briefly, pathogen-free eggs (Valo BioMedia, Osterholz-Scharmbeck, Germany)
were incubated for one week at a specialized egg incubator with turning functions (Hemel, Verl,
Germany) at 37.5 ◦C and 65% humidity. On day eight, the eggshells were carefully opened, and a
cell suspension (containing 2 × 106 cells in 50 μL matrigel extracellular matrix components; Corning,
New York, NY, USA) was added to a sterile silicone ring that was placed on the chorion-allantois
membrane (CAM). After a further incubation period of four days, solid tumors with blood vessels
sprouting from the CAM have formed inside the ring. On day 12, the treatment was performed. For this,
the eggs were randomly assigned to groups and received (I) control RiLac, (II) plasma-conditioned
RiLac, (III) cisplatin, or (IV) a combination of plasma-RiLac and cisplatin. RiLac volume was 100 μL of,
and the concentrations of the drugs and plasma are given in Table 1. Following treatment, the eggs
were restored in the breeder, and on the next day, treatment was repeated. On day 14, tumors were
excised and cryo-conservated in liquid nitrogen (−196 ◦C) embedded in freezing medium (Tissue-Tek
O.C.T., Sakura Europe, Alphen aan den Rijn, Netherlands).

4.8. Histology

Ultra-thin sections (5 μm) were cut vertically and mounted on microscope slides. Nuclei were
counterstained using Draq5 (BioLegend). Apoptotic cells were labeled using the TUNEL assay
(In situ cell death detection kit, TMR red; Merck, Darmstadt, Germany) according to manufacturer’s
specifications. Proliferating cells were labeled using an anti-Ki67 monoclonal antibody (primary
antibody: rabbit anti-Ki67; Bethyl Laboratories, Montgomery, TX, USA) that was marked using a
fluorescently labeled secondary antibody (donkey anti-rabbit IgG Brilliant Violet 421; BioLegend)).
Microscopy slides were examined using a Keyence BZ-9000 fluorescence microscope (Keyence,
Frankfurt, Germany). Using the software dynamic cell count (BZ-II Analyser, Keyence, Frankfurt,
Germany), the ratio of TUNEL positive and negative cells (TUNEL+/Draq5+ vs. TUNEL-/Draq5+) was
determined [43].

4.9. Statistical Analysis

Statistical analysis was performed using Prism 8.3 (GraphPad Software, La Jolla, CA, USA).
For statistical comparison between different groups, one-way or two-way analysis of variance
(ANOVA II) with Dunnet’s post-testing was applied. The levels of significance are displayed as asterisks
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in the figures (*, **, or *** for the p-values <0.05, <0.01, or <0.001, respectively). All experiments were
performed at least in three independent runs, and detailed information about the specific number of
replicates as well es the presentation of the data (mean/median, min-max, SD/SEM) is given in the
figure captions.

5. Conclusions

The therapy of pancreatic cancer remains challenging, mainly due to its aggressive and infiltrating
growth, e.g., to the peritoneal cavity. Our data suggest that standard anti-cancer chemotherapies of this
cavity may benefit from a novel combination therapy using pro-oxidative Ringer’s lactate generated
via cold physical plasma. Our approach is elegant and clinically relevant because both the Ringer’s
lactate as well as the kINPen used in this study are clinically certified products theoretically ready
to be used. Further studies are needed using, for instance, tumor materials from patients ex vivo, or
launching individual therapy trials with patients in experimental settings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/1/123/s1,
Figure S1: Additional information.
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Abstract: The effectiveness of electrochemotherapy (ECT) in local eradication of tumours in human
and veterinary medicine has been proven. ECT consists of increasing the uptake of cytotoxic drugs
by means of pulsed electric fields (PEFs) that transiently permeabilise the cell membrane. Still, this
tumour treatment includes some drawbacks that are linked to the characteristics of the intense electric
pulses (EPs) used. Meanwhile, the emerging field of cancer therapies that are based on the application
of non-thermal plasmas (NTP) has recently garnered interest because of their potentialities as rich
sources of reactive species. In this work, we investigated the potential capabilities of the combined
application of indirect NTP treatment and microsecond PEFs (μsPEFs) to outperform in vitro cell
electropermeabilisation, the basis of ECT. Thus, phosphate-buffered saline (PBS) was plasma-treated
(pPBS) and used afterwards to explore the effects of its combination with μsPEFs. Analysis of two
different cell lines (DC-3F Chinese hamster lung fibroblasts and malignant B16-F10 murine melanoma
cells), by flow cytometry, revealed that this combination resulted in significant increases of the level
of cell membrane electropermeabilisation, even at very low electric field amplitude. The B16-F10
cells were more sensitive to the combined treatment than DC-3F cells. Importantly, the percentage of
permeabilised cells reached values similar to those of cells exposed to classical electroporation field
amplitude (1100 V/cm) when the cells were treated with pPBS before and after being exposed only
to very low PEF amplitude (600 V/cm). Although the level of permeabilisation of the cells that are
treated by the pPBS and the PEFs at 600 V/cm is lower than the level reached after the exposure to
μsPEFs alone at 1100 V/cm, the combined treatment opens the possibility to reduce the amplitude of
the EPs used in ECT, potentially allowing for a novel ECT with reduced side-effects.

Keywords: cancer; non-thermal atmospheric pressure plasma (NTP); plasma medicine; indirect
treatment; plasma-treated phosphate-buffered saline; electroporation; electric pulses; pulsed electric
field amplitude; melanoma; long-lived reactive species

1. Introduction

Electrochemotherapy (ECT) is a non-thermal, safe, and efficient tumour treatment [1–4] that is
currently used in more than 150 clinics in the European Union and abroad, together with its application
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in veterinary oncology for treatment of metastases as well as primary tumours [5,6]. ECT is based
on the combination of otherwise non- or low-permeant drugs possessing a high intrinsic cytotoxicity
(e.g., hydrophilic molecules such as bleomycin or cisplatin) with the local application of a train of
eight short and intense monopolar electric pulses (EPs), yet nontoxic [7,8]. The applied EPs create
a transient transmembrane potential difference that causes changes in the cell membrane structure
and transiently permeabilise its phospholipid bilayer [7]. This biophysical process, which is named
reversible electroporation or reversible electropermeabilisation, allows for the penetration of the
chemotherapeutic agent inside the cell to generate irreversible DNA damages.

ECT selectively kills the tumour cells at the low doses of the chemotherapeutic agents used, since
bleomycin (BLM, of 1415 Da) at low doses is only toxic for the cells dividing in the volume treated
by the EPs. Overall, no serious negative effects that are related to the application of ECT on patients
have ever been reported. Nevertheless, one of the main drawbacks of ECT application are muscles
contraction with discomfort sensations associated with repeated electrical stimulation, mainly linked to
the characteristics of the high-amplitude electric pulses used. Indeed, these EPs depolarise the neurons
in the treated area and can, therefore, generate action potentials, either in the musculo-excitatory
nerves or in the sensory nerves, imposing the use of at least a local anaesthesia during the treatment [9].
Recent clinical studies have reported that the painful sensation that is associated to ECT can last longer
for locally advanced and metastatic soft tissue sarcomas [10] and large cutaneous recurrences of breast
cancer [11].

The main objective of the present study was, therefore, to determine new conditions for ECT,
devoid of these side effects. We were interested in reducing the electric field strength of the classical
100 microseconds pulses used in ECT, without reducing the permeabilisation of the cell membrane. We
suggest a combined treatment of μsPEFs with non-thermal plasma (NTP) to outperform ECT since cell
electropermeabilisation is characterised by lipids oxidation at the time of the electric pulses delivery [12].
Indeed, NTP can be a source of reactive species favouring the lipid oxidation reactions. Over the last
decade, several studies in the plasma medicine field have pointed out the use of plasmas at atmospheric
pressure in oncology, as plasmas offer the possibility to achieve cell membrane permeabilisation [13,14]
as well as to selectively kill cancer cells without affecting normal cells [15–17]. Nowadays, NTP
are broadly used not only in preclinical development of anticancer therapies, including malignant
melanoma, ovarian, colorectal, liver, lung, hepatoma, breast, and brain cancers [18], but also in clinical
studies [19]. The virtue of NTP relies on the abundant production of reactive species that were primarily
generated upon plasma-air interactions: reactive oxygen species (ROS), such as superoxide (O2

�¯),
hydroxyl radicals (OH�), atomic oxygen (O2), singlet delta oxygen (1O2), ozone (O3), and hydrogen
peroxide (H2O2), as well as reactive nitrogen species (RNS), such as nitric oxide (NO), nitrogen dioxide
(NO2), nitrogen trioxide (NO3), nitrous oxide (N2O), dinitrogen tetroxide (N2O4), and also positive
ions, such as dinitrogen (N2

+) [20]. Two general NTP strategies are defined for cancer treatment: direct
treatment and indirect treatment. The first approach consists of a direct treatment of cancer cells or
tumours with the NTP source, where the gaseous plasma species and the plasma-induced electric field
have direct actions on the surface of the targets. The second approach implicates an indirect treatment,
where the plasma source is used to treat liquids (cell culture media, water, or physiological solutions)
and the biological targets are subsequently exposed to the plasma-treated liquids [16,21–24]. Some of
the long-lived ROS and RNS (also known as RONS) that are generated in the plasma-treated liquids
(such as hydrogen peroxide, nitrite and nitrate) are known to play a major role in the oxidation of
phospholipid bilayers of the cell membrane [25,26]. We speculate that the NTP caused oxidative stress
might be an important factor in augmenting the efficacy of the electroporation-based therapies.

Thus, the improvement of cell membrane permeabilisation by the combination of indirect plasma
treatment and μsPEFs was explored. Furthermore, we were interested in eventual different responses
of two different cell lines to the proposed combined treatment. The study was especially focused
on malignant melanoma cells, a very aggressive skin cancer, which is one of the main targets of
ECT [8,27–29] and plasma medicine [17,30]. For this purpose, we used a novel NTP setup that was able
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to create multiple plasma jets and, therefore, offer a larger and more homogeneous surface treatment.
We also implemented a compensation circuit to change the electrical impedance of in vitro targets to
that of a reference model for the human body based on our recent studies on the sample influence on
plasma characteristics [31]. This setup was used for the plasma treatment of phosphate-buffered saline
(PBS) with Ca2+/Mg2+ (PBS+/+). The responses to the combined treatment of the plasma-treated PBS+/+
(or pPBS) with pulsed electric fields of different strengths were investigated while using adherent
DC-3F Chinese hamster lung fibroblasts and adherent malignant B16-F10 murine melanoma cells. Cell
membrane permeabilisation was monitored by flow cytometry. The obtained results demonstrate the
great potential of the combination of indirect NTP application and μsPEF delivery for cancer treatment.

2. Results

We tested the cytotoxic effect of pPBS alone to define favourable initial conditions under which
cells would not be excessively harmed by the pPBS prior to the assessment of the effect of the combined
treatment (pPBS and EPs). The first assay combining pPBS produced at +7 kV and μsPEF with an
amplitude of 1100 V/cm was performed in DC-3F fibroblasts. The results, as shown in Appendix A as
a proof of concept, give an initial evaluation of the potential effect of indirect plasma treatment and
external electric field pulses. Following these preliminary results, the combined effect of pPBS with
PEF was investigated in more detail after the pPBS was further characterised and the experimental
conditions were optimised and shown to be reproducible.

2.1. Evaluation of the Reactive Species in the Plasma-Treated PBS+/+

We explored the conditions where the NTP multi-jet source used for the preparation of pPBS
would be stable, easy to apply, and its characteristics reproducible over all the treatments of the PBS+/+,
as well as the chemical composition of the resulting pPBS reproducible.

2.1.1. Reactor Electrical Characteristics

3 mL of PBS+/+ were treated by the NTP that was produced with the multi-jet source. Different
treatment times between 1 and 20 min. were studied. The reactor was driven by positive high voltage
pulses of either +7 kV or +11 kV peak amplitudes. For both voltage amplitudes, the electrical current
of the discharge was monitored continuously during the treatment. The electrical measurements
(Figure 1) revealed that the treatment corresponding to +11 kV peak voltage was more stable than that
of +7 kV peak voltage over the whole treatment duration. In the frame of this analysis, high-definition
videos of the NTP multi-jet operated at +7 kV and at +11 kV (see Videos S1 and S2 in Supplementary
Materials) were also recorded, furthermore supporting the higher stability of the NTP multi-jet at
+11 kV. Thus, this value was chosen as the operating voltage to produce plasma-treated PBS+/+.

2.1.2. Characterisation of the Plasma-Treated PBS+/+

The concentration of hydrogen peroxide, which is a key player for the peroxidation of lipids [21,32],
was first assessed in pPBS prepared while using the NTP setup 1 described in the Materials and
Methods. The concentration of H2O2 increased almost linearly with the treatment time for both voltage
amplitudes studied here, i.e., +7 and +11 kV. On top of that, at +11 kV, the concentration of H2O2 in the
pPBS is up to three-fold higher than that in the pPBS that results from a treatment at +7kV (Figure 2a).

After the collection of the proof of concept (Appendix A) and the optimisation of the NTP setup 1,
as described in the Materials and Methods (resulting in NTP setup 2), we performed a precise dosimetry
of the predominantly stable secondary RONS generated in the pPBS (H2O2, NO2

−, and NO3
−) as a

function of the plasma treatment time (Figure 2b). The reactive radicals accumulation in the pPBS was
time-dependant, being the highest when the plasma treatment was the longest (20 min, see Figure 2).
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Figure 1. Assessment of the electrical characteristics of the non-thermal plasma (NTP) multi-jet source
during 20 min. treatment of PBS+/+ at +7 kV (a,c) and + 11 kV (b,d) pulses peak values. Current
signals, averaged from 128 single recordings (a,b) and the evolution of the maximum current (c,d) were
measured during the treatment process.

Figure 2. Chemical analysis of the plasma-treated PBS (pPBS) prepared with the NTP multi-jet source
using (a) NTP setup 1 and (b) NTP setup 2. (a) The evolution of the concentration of H2O2 in +7 kV-
and +11 kV-pPBS as a function of the treatment time with the plasma, (b) Dosimetry of H2O2, NO2

−,
and NO3

− levels in PBS+/+ treated during 20 min. at +11 kV. Data are presented as mean values ± SD
of independent duplicates ((b): 1, 5, and 15 min.) or triplicates (all other points).

Finally, the pH and the conductivity (σ) of the sham (PBS+/+ exposed to only the helium flow
(no plasma) and compensated for the evaporation with distilled water) and the pPBS after 20 min.
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of treatment at either +7 kV or +11 kV were also evaluated (Table 1). When compared to the sham,
the pPBS displayed a slightly reduced pH and increased conductivity at both +7 kV and +11 kV.
The pPBS produced with the plasma source at +11 kV displayed a lower pH and a higher conductivity
than that generated at +7 kV.

Table 1. pH and conductivity (σ) of the control (sham) and the pPBS at +7 kV and +11 kV for a PBS+/+
treatment time of 20 min. Data are presented as mean values ± SD of independent quadruplicates.

Control (sham) +7 kV pPBS +11 kV pPBS
Mean SD Mean SD Mean SD

pH 7.18 0.05 6.68 0.02 6.24 0.10
σ (S/m) 10.7 0.08 11.27 0.21 13.08 0.27

The plasma treatment time of 20 min. was selected as the condition to use for the preparation
of pPBS for all of the following experiments and pPBS was therefore further analysed. The storage
temperature and stability overtime of pPBS were investigated (Figure 3). No significant degradation of
the previously mentioned RONS was observed over 14 days for a storage temperature of +4 ◦C.

σ

Figure 3. Relative concentration of H2O2, NO2
– and NO3

– in pPBS treated with NTP setup 2 at +11
kV during 20 min. and stored afterwards at +4 ◦C for up to 14 days. The reference (100%) is the
concentration measured after plasma treatment at day 0. Data are presented as mean values ± SD of
independent quadruplicates.

Altogether, the above results assist in the definition of the optimal NTP multi-jet parameters
for the production of the pPBS used in our experiments with cells. Thus, the voltage amplitude of
+11kV and the plasma treatment time of 20 min. were used for the chemical activation of the PBS+/+,
which was subsequently stored at +4 ◦C for up to 14 days.

2.2. Investigation of the Effects of the Combined Treatment on DC-3F Chinese Hamster Lung Fibroblasts

Adherent DC-3F Chinese hamster lung fibroblasts were exposed to μsPEF of various amplitudes,
0 V/cm (i.e., no PEF), 600 V/cm, and 1100 V/cm. The μsPEFs were combined with different pre- and/or
post-treatments either with sham or with pPBS, as described in Figure 4.

The permeabilisation of the cell membrane was analysed by flow cytometry while using
YO-PRO®-1 iodide. This approach allows for the determination of the percentage of permeabilised
cells (Figure 5a) and the intracellular fluorescence per cell (Figure 5b). In the conditions where no
PEF was applied to the cell monolayer (0 V/cm), a slight increase of the YO-PRO®-1 uptake was
observed in the cells treated while using protocols 2, 4, or 6, as compared to those that were treated
with sham. The increase in the intracellular fluorescence intensity of the dye was significant in the case
of protocols 2 and 6. When a μsPEF of 1100 V/cm was applied, the percentage of permeabilised cells
increased in all of the groups and no significant increase in the percentage of electropermeabilised
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DC-3F cells was caused by the pPBS treatment, regardless of the treatment protocol (Figure 5a).
However, we remarked a significant increase of up to 2.4-fold of the intracellular fluorescence in cells
that were treated while using protocol 5, when compared to all of the other protocols and, in particular,
to the control (Figure 5b). At 600 V/cm, the results were just the opposite: with respect to the PEF
alone, no significant enhancement of the intracellular fluorescence of YO-PRO®-1 iodide uptake was
caused by the pPBS, regardless of the treatment protocol, but the percentage of electropermeabilised
cells displayed a significant increase in the population of cells that were treated under protocols 3, 5,
and 6 as compared to the control. Indeed, while only ca. 30 to 35% of cells treated while using sham
were permeabilised at 600 V/cm, the population of permeabilised cells treated using protocol 6 was
increased by almost 1.7-fold (+69%) and that of the cells treated using protocol 5 was the double (2-fold
enhancement). There is no statistically significant difference between protocols 5 and 6. Remarkably,
for protocol 5 at 600 V/cm, c.a. 60 to 70% of the treated cells were permeabilised, reaching the same
percentage of permeabilised cells as that of the cells in the control that was only exposed to μsPEFs at
1100 V/cm.

 
Figure 4. Schematic illustration of the protocols applied in the combined treatments, with μsPEF at 0,
500, 600, 1100 or 1400 V/cm.

 
Figure 5. Effects of the combined treatment on DC-3F fibroblasts at 0, 600, and 1100 V/cm. (a) Percentage
of electropermeabilised cells and (b) intracellular fluorescence of YO-PRO®-1 iodide entering the
cells as a function of the 7 combined protocols applied. The data are presented as mean (for a) and
median (for b) values ± SD of independent triplicates. Statistical differences were analysed while
using One-way ANOVA followed by Bonferroni’s multiple comparison test. * p < 0.05, ** p < 0.01,
and **** p < 0.0001 significant differences.
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2.3. Investigations of the Effects of the Combined Treatment on B16-F10 Murine Melanoma Cells

2.3.1. Comparison of the Effect of μsPEF at 600 V/cm versus 1100 V/cm on B16-F10 Cells

We investigated the effect of the combined treatment on B16-F10 melanoma cells while using
the same seven protocols of the previous section (Figure 6). Even without any PEF applied,
a significant increase of the intracellular fluorescence intensity of the dye was detected for protocols 2,
4, and especially protocol 6. For this protocol 6, even the percentage of permeabilised cells displayed a
significant two-fold enhancement as compared to the control. Using PEFs at 1100 V/cm, the percentage
of electropermeabilised cells was not statistically different from the control without pPBS, except for
protocol 4, which was significantly lower. However, with protocols 5 and 6, a significant increase of up
to 2.66-fold of the intracellular fluorescence of YO-PRO®-1 iodide was observed as compared to the
control. When applying a 600 V/cm PEF, the pre- and post-treatment of cells with pPBS (protocols
5 and 6) induced a significant enhancement of the cell membrane electropermeabilisation, both in
the percentage of electropermeabilised cells (up to a 1.8-fold enhancement) and in the fluorescence
intensity per cell (up to a two-fold enhancement). There is no statistically significant difference between
protocols 5 and 6, both inducing strong cell permeabilisation increase, reaching the same percentage of
permeabilised cells as that of the cells that were exposed to 1100 V/cm in the absence of pPBS. We also
observed a significant enhancement of the YO-PRO®-1 iodide intracellular fluorescence in the cells that
were treated at 600 V/cm while using protocol 4, i.e., with only a pre-treatment with pPBS for 20 min.

 
Figure 6. Effects of the combined treatment on malignant B16-F10 melanoma cells using μsPEF at 0,
600, and 1100 V/cm. (a) Percentage of electropermeabilised cells and (b) intracellular fluorescence of
YO-PRO®-1 iodide entering the cells as a function of the seven combined protocols applied. Data
are presented as mean (for a) and median (for b) values ± SD of independent triplicates. Statistical
differences were analysed while using One-way ANOVA followed by Bonferroni’s multiple comparison
test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 significant differences.

2.3.2. Comparing the Effect of 500 V/cm versus 1400 V/cm μsPEF on B16-F10 Murine Melanoma Cells

The two previous sections show different behaviours of the two cell lines, particularly in the case
of the median intracellular fluorescence while using pPBS and μsPEFs of 600 V/cm amplitude. With
the B16-F10 cells being apparently more sensitive to the μsPEF than the DC-3F cells, we decided to
investigate the consequences of the application of the seven protocols using μsPEF of only 500 V/cm
amplitude. It was also of interest to explore the consequences of using μsPEFs of high field amplitude,
as for instance 1400 V/cm, anticipating a larger cell permeability. In this last case, the YO-PRO®-1 iodide
concentration was reduced to 1μM (instead of 2 μM) to avoid a saturation of the flow cytometer signals.
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Once more, when no PEF was applied, simple treatment of the B16-F10 cells with pPBS induced
a statistically significant increase, not only in the percentage of permeabilised cells but also in the
intracellular fluorescence of YO-PRO®-1 iodide. Regarding the percentage of permeabilised cells that
were treated with pPBS alone, we observed significant increases when compared to the control: two-fold
using protocol 2, 2.2-fold using protocol 4, and 2.8-fold using protocol 6 (Figure 7a). Concerning
the intracellular fluorescence of YO-PRO®-1 iodide (Figure 7b), we observed a significant 1.7-fold
enhancement while using protocol 6, which also showed statistically significant differences with
protocols 2 and 4 (there is no statistical difference between protocols 2 and 4 as compared to the control).

 
Figure 7. Effects of the combined treatment on adherent malignant B16-F10 melanoma cells using μsPEF
at 0, 500, and 1400 V/cm. (a) Percentage of electropermeabilised cells and (b) intracellular fluorescence
of YO-PRO®-1 iodide entering the cells as a function of the seven combined protocols applied. Data
are presented as mean (for a) and median (for b) values ± SD of independent triplicates. Statistical
differences were analysed using One-way ANOVA followed by Bonferroni’s multiple comparison test.
* p < 0.05, ** p < 0.01, ***, p < 0.001, and **** p < 0.0001 significant differences.

At 1400 V/cm, when compared to the control, a significant enhancement of the cell membrane
permeabilisation level was observed in cells that were treated while using protocols 1, 3, 5, and 6 in what
regards the number of permeabilised cells (up to a 1.5-fold enhancement) (Figure 7a) and while using
protocols 3, 4, 5, and 6 in what concerns the intracellular fluorescence of YO-PRO®-1 iodide entering
the cells (up to a 2.2-fold enhancement) (Figure 7b). No statistically significant difference between
protocols 5 and 6 was found at 1400 V/cm. Concerning the PEFs at 500 V/cm, all of the combinations
(except protocol 1) resulted in a significant enhancement of the percentage of electropermeabilised
cells with respect to the control. The intracellular fluorescence intensity also significantly increased
while using protocols 3, 5, and 6 as compared to the control. At this very low μsPEF amplitude and
with these cells sensitive to the pPBS alone, a statistically significant difference between protocols 5
and 6 (i.e., between a total contact time of 20 and 30 min. between the cells and the pPBS) was found in
the intracellular fluorescence intensity.

Figure 8 illustrates the observed differences in the membrane permeabilisation level of B16-F10
melanoma cells due to the combined treatment. The fluorescence threshold for permeabilised cells was
determined from the cells that were treated with sham (the control cells exposed to untreated PBS+/+)
and not exposed to PEF (Figure 8a). We noticed that, even though no PEF was applied (0 V/cm),
a slight shift towards higher values of the fluorescence per cell (indicating an increase in membrane
permeability) was already present in the population of cells that were treated while using protocol 6
(pre- and post-treatment with pPBS) (Figure 8e when compared to Figure 8a). This corresponds to
the significant enhancement of membrane permeabilisation that was observed in Figures 6a and 7a
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induced by pPBS alone. This shift was larger when low amplitude μsPEFs were applied to the cells
using protocol 6 at 500 V/cm (Figure 8f) and 600 V/cm (Figure 8g). At 1100 V/cm (Figure 8h), this shift
was much larger and actually the population of positive cells constituted a separate peak. The very high
level of fluorescence brought by the PEFs at 1100V/cm indicates a high permeabilisation level, being
in agreement with the statistically significant enhancement of the membrane electropermeabilisation
levels that were observed in Figures 6 and 7.

Treatment 
conditions 

0 V/cm (no PEF) 500 V/cm 600 V/cm 1100 V/cm 

  
(a) 

 
(b) 

 
(c) 

 
(d) 

  
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 8. Flow cytometry analysis of a few interesting conditions of the combined treatment in adherent
B16-F10 murine melanoma cells to compare effects of protocol 6 (e–h) versus the control (a–d) with
μsPEFs of 0 (a,e), 500 (b,f), 600 (c,g), and 1100 (d,h) V/cm. The peak of count as a function of the
green fluorescence (FL1-A) shifts towards higher values of the fluorescence per cell, indicating the
enhancement of the permeabilisation of the cell membrane.

3. Discussion

In this study, the potential effects of a treatment combining plasma-treated PBS+/+ (pPBS) and
monopolar microsecond pulsed electric fields (μsPEFs) on two different cell lines were investigated.
The indirect use of the NTP, by means of the application of pPBS, allowed for us to treat the cells in a
very homogenous way. The use of parallel plate electrodes encompassing the whole cell monolayer also
brought very homogeneous conditions for the cells’ treatment by the μsPEFs. Finally, great care was
put on the cell culture conditions before the application of the pPBS and/or the μsPEFs in order to have
homogeneous subconfluently (at ca. 80% density) monolayers. Therefore, all of the conditions were
gathered to make possible comparisons between the various protocols that were used in our study.

The combination of the μsPEF and the pPBS aimed at the reduction of the applied electric
field strength (without decreasing the cells electropermeabilisation) and/or the enhancement of the
electropermeabilisation level of the cell membrane. The range of intensities of the μsPEF that was used
in our study has already been demonstrated as non-cytotoxic [33,34]. The work reported in the results
section was performed with a setup optimised, as described in the results section and in [31] (NTP
setup 2), after establishing the proof of concept (Appendix A) with a new NTP multi-jet setup that
was recently developed by our group to homogeneously treat large surfaces (NTP setup 1). The NTP
setup 2 produced pPBS with reproducible characteristics due to well-controlled exposure of the PBS+/+
and allowed for us to examine possible differences in the pPBS effects on the two different cell lines
used in this study. Our results indicate that the DC-3F cells are less sensitive than the B16-F10 cells
to the pPBS alone. Nevertheless, a statistically significant increase in the intracellular concentration
of the YO-PRO®-1 could be detected in DC-3F cells, even though the pPBS treatment did not suffice
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for significantly increasing the percentage of permeabilised cells. A low μsPEF intensity (600 V/cm)
combined with a pre- and post-treatment of cells with pPBS favours the permeabilisation of cell
membrane and doubles the population of permeabilised cells (as compared to the exposure to only
μsPEFs of the same intensity). Furthermore, this combined treatment allows for reaching the same
percentage of permeabilised cells as a treatment with μsPEFs alone at 1100 V/cm. However, the level
of the intracellular fluorescence is not comparable: this level is much lower at 600 V/cm (even in
combination with the pPBS) than at 1100 V/cm. At 1100 V/cm, a further increase, significant (over
two-fold enhancement), in the intensity of the fluorescence per cell was observed when the μsPEFs
were combined with a pre- and post-treatment of the cells with pPBS. All of these increments reveal an
increase of the level of electropermeabilisation by the pPBS.

For the comparison with the DC-3F cells, experiments were also performed with the “cancerous”
B16-F10 melanoma cells whose size is larger than that of DC-3F cells. This cell size difference is known
to play an important role in the cell membrane electropermeabilisation level [35,36]. Therefore, B16-F10
cells were expected to be more sensitive than the DC-3F cells when exposed to μsPEF of the same
amplitude. This was indeed observed at 1100 V/cm, since the median intracellular fluorescence of
the B16-F10 cells (about 1.8 × 106 a.u.) was higher than that of the DC-3F cells (0.8 × 106 a.u.), in
the absence of pPBS application (Figures 5b and 6b, control conditions). When applying PEFs at low
field amplitudes (600 V/cm), this consequence was also noticed (median intracellular fluorescence of
0.55 × 106 a.u. for the B16-F10 cells versus 0.22 × 106 a.u. for the DC-3F cells). These data also point out
the increase of the median intracellular fluorescence of both cell lines with higher PEFs intensities. This
trend is also observed when the individual flow cytometry diagrams are analysed (Figure 8c versus
Figures 8d and 8g versus Figure 8h). The results on the percentage of permeabilised cells also show
that B16-F10 cells seem to be more sensitive to both treatments. With a single treatment with pPBS
(protocol 6, i.e., 30 min. of total contact time between cells and pPBS) without any PEF application,
the percentage of permeabilised B16-F10 cells (Figures 6a and 7a) is significantly higher than the
untreated cells (two-fold enhancement), while no statistical difference was found in the case of the
DC-3F cells (Figure 5a). At 1100 V/cm for both cells, when the percentage of the μsPEF-permeabilised
cells was already very high, this percentage was not increased by the pPBS, regardless of the treatment
protocol. Interestingly, when the percentage of μsPEF-permeabilised cells was low (at 600 V/cm for the
DC-3F cells and 500 V/cm for the B16-F10 cells—see below), the application of the pPBS resulted in an
increase of the percentage of permeabilised cells. Moreover, in a first approximation, the longer the
total treatment time with the pPBS, the higher that increase. In the case when the B16-F10 cells were
exposed to 1400 V/cm, protocols 5 and 6 again revealed an increase in this percentage, as well as an
increase in the intracellular fluorescence intensity, caused by the pPBS application. We can speculate
that the increase by pPBS in the cells permeabilisation at 1400 V/cm could be related to the occurrence
of longer or irreversible electroporation, which would cause a larger uptake of the YO-PRO®-1 iodide
by the electroporated cells. To conclude, a pre- and post-treatment of cells with pPBS enhances the
membrane electropermeabilisation level for most of the combined treatment protocols with PEFs of
600 to 1400 V/cm amplitude. The oxidative stress that was generated within the phospholipid bilayer
of the cells by the radicals brought by the pPBS could mediate this effect. Moreover, a period of 10 min.
of pre-treatment of cells with pPBS (protocol 5) is sufficient for starting to generate these effects.

Experiments were repeated at 500 V/cm with the malignant B16-F10 melanoma cells to be under
the same extremely low permeabilisation levels by PEF alone as those of the DC-3F cells that were
treated at 600 V/cm. Interestingly, even at this low μsPEF amplitude, 10 min. of pre-treatment with
pPBS (protocol 3) could already achieve an increase in both the percentage of the μsPEF-permeabilised
cells and the intracellular uptake of the dye. A combination of both pre- and post-treatment with pPBS
(protocols 5 and 6) strongly induced these effects. Especially, 30 min. of total contact time between
the cells and pPBS (protocol 6) resulted in the same percentage of μsPEF-permeabilised cells as the
controls μsPEF only treated at 1100 V/cm or 1400 V/cm.
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It is worth mentioning that pPBS should affect all of the cells, although slightly, because radicals
are present throughout the whole volume of the pPBS in contact with the cells, while μsPEF, particularly
at low field amplitudes, should only strongly affect part of the cells (those whose size and geometry
allows for locally generating a sufficiently high transmembrane voltage difference). In this respect,
we can underline that, regardless of the μsPEF strength applied, it was never observed an entire
electropermeabilisation of the cell population for both cell lines studied (i.e., the percentage of
electropermeabilised cells did not reach 100% in any of the cell lines that were tested at any treatment
condition). This result agrees with most of the in vitro electroporation studies, where the viability of
most of the cells is sought [34,35].

Multiple research groups discussed the critical influence of both cell type and cancer
type on the cell sensitivity to indirect plasma treatment [16,17,37,38]. On the other hand,
it has been documented that different cell types have different responses to oxidative
stress [39] or PEFs/electrochemotherapy/electroporation-based therapies [35,36,40,41]. From the
“electropermeabilisation” point of view, the most important factor is the size of the cells. Microscope
images easily show that the B16-F10 cells are larger than the DC-3F cells. Therefore, it was expected
that, in this study, for the B16-F10 cells, lower field amplitudes (500 V/cm) would be necessary to
electropermeabilise them to the same extent as the DC-3F cells at 600 V/cm. What we could not
anticipate was the increased sensitivity of the B16-F10 cells to the pPBS alone. While the various
protocols with pPBS in the absence of PEFs only resulted in a higher intracellular uptake of the
YO-PRO®-1 for the DC-3F cells, significant differences with respect to the controls were achieved in the
case of the B16-F10 cells, concerning both the percentage of permeabilised cells and the intracellular
YO-PRO®-1 concentration. There is no obvious reason for such a difference.

Importantly, the cell-dependant phenomena that were observed in this study have to be also
discussed along with the “plasma-treated PBS” effects. We demonstrate here that the radicals of the pPBS
contribute to the enhancement of the cell membrane permeabilisation level in the combined treatment.
This observation is in agreement with the study of Vernier and colleagues, who, while using molecular
dynamics (MD) simulations and experiments with living cells, demonstrated that electroporating fields
target oxidatively damaged areas in the cell membrane [42]. Yusupov and colleagues also used MD
simulations to demonstrate that oxidation of the lipids in a phospholipid bilayer lowers the permeation
free energy barriers of the ROS, which can further enhance the action of the ROS and also result in a
drop of the electric field threshold needed for pore formation (electroporation), with respect to the
potential facilitation of the pPBS effects by the PEFs. Their study also highlights that the lipid oxidation
by plasma generated ROS synergistically enhances this effect [43].

Regarding the NTP multi-jet that was used in the present study to produce pPBS, there is
evidence that the efficacy of plasma-treated liquids depends on the generated RONS concentration,
which depends on the operating conditions used for liquid treatment [18,24]. Consolidated data
were achieved while using an optimised NTP setup that delivers a stable peak current under very
precise geometrical conditions. It is interesting to note that the effects were similar to those that were
achieved in the proof of concept (Appendix A) while using a non-optimised setup. In fact, with
both setups, the accumulation of H2O2 in pPBS reached similar levels (ca. 1.4 mM, see Figure 2a,b),
which might explain why the increase in the cell permeabilisation level was similar. This fact reinforces
the implication of the pPBS radicals in the improvement of the cell membrane permeabilisation by
the μsPEF. Moreover, the resulted pPBS can remain stable at +4 ◦C for later use over a long period (at
least 14 days), which facilitates its application and stock production, offering extensive advantages
for biomedical purposes as compared to recent studies [44–46] It is worth mentioning that there are
contradicting observations as to whether the conductivity of an external medium impacts the efficiency
of the reversible cell membrane permeabilisation that is caused by PEFs [33,47,48]. However, a study
from our group investigating the same DC-3F cell line and μsPEFs, demonstrated that media of lower
conductivity induced more efficient reversible permeabilisation [33]. Our results indicate that the
observed effects are not linked to the conductivity of the liquids, but rather to the radicals presence,
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since the pPBS has a higher conductivity than that of the sham (see Table 1) and yet induces more
permeabilisation effects on the cell membrane.

As previously mentioned, when cells were treated with pPBS before and after low amplitude
μsPEFs, the percentage of permeabilised cells reached values similar to those of cells that were exposed
to a classical electroporation field amplitude (1100 V/cm). The combined treatment, thus, opens
the possibility to reduce the amplitude of the EP used in ECT, one of the goals of the present study.
However, formal proofs have to be brought. Indeed, as demonstrated by the low uptake of the
YO-PRO®-1 iodide by the cells exposed to the combined treatment at 600 V/cm (DC-3F cells) or
500 V/cm (B16-F10 cells) when compared to the uptake by the cells electropermeabilised by the μsPEFs
alone at 1100 V/cm, the intensity of the fluorescent dye in cells that were treated by the combined
treatment is low. Nevertheless, because of the large efficacy of BLM once inside the cells (500 molecules
are sufficient to kill the dividing cells [49]), the percentage of permeabilised cells is more important than
the level of permeabilisation (as quantified by the median intracellular fluorescence). As a matter of fact,
in 1988, we already published that the same DC-3F cells, which were exposed to pulses leading to the
reversible permeabilisation of 98% of the cells according to Lucifer Yellow uptake (a permeabilisation
marker of ca. 450 Da, slightly smaller than the YO-PRO®-1 Iodide) also lead to 98% of cell killing in the
presence of BLM [7]. In any case, the combined treatment that is explored in this paper is interesting as
the μsPEF amplitudes could be greatly reduced during ECT or other electroporation-based therapies
(to mitigate their side effects), or the used anticancer drug concentration could be reduced if it is chosen
to maintain a high μsPEF amplitude.

4. Materials and Methods

Unless specified otherwise, all of the reagents were purchased from Life Technologies,
Courtabœuf, France.

4.1. Cell Culture

DC-3F Chinese hamster lung fibroblasts [50] and B16-F10 murine melanoma cells [51], all
mycoplasma-free, were cultured in Minimum Essential Medium (MEM, 31095-029) and Dulbecco’s
Modified Eagle Medium (DMEM, High Glucose, GlutaMAX Supplement, pyruvate, 31966-021),
respectively. All of the media were supplemented with 10% foetal bovine serum (FBS, F7524),
100 U·mL−1 penicillin and 100 mg·mL−1 streptomycin (15140-122). The adherent cells were propagated
at 37 ◦C in a 95% humidity atmosphere containing 5% CO2 (HERAcell 240i incubator CO2, Thermo
Fisher Scientific, Courtaboeuf, FR) and then passaged upon confluency (every two days at a 1:10
dilution or every three days at a 1:30 dilution) while using TrypLE™ Express (12604-013). The cells
were routinely checked for mycoplasma contamination via polymerase chain reaction (PCR). Cell
viability was assessed while using trypan blue exclusion dye method (Trypan Blue Solution, T8154)
with the Countess™ II FL Automated Cell Counter (Invitrogen, Thermo Fisher Scientific, Courtaboeuf,
FR) and only viable cells were considered.

4.2. Plasma-Treated PBS+/+ Preparation Using NTP Multi-Jet Setups

4.2.1. Specifications of the NTP Multi-Jet Setup

The NTP multi-jet used in this study is based on a Plasma Gun (PG) device, which was described
previously [31]. Briefly, the PG is a coaxial dielectric barrier discharge (DBD) reactor that consists of
a quartz capillary tube flushed with helium and a microsecond-pulses high voltage (μs-pulses HV)
generator powers it. As compared to the classical configuration, this new version presents two reactor
zones (Figure 9a). The first zone is located inside the μs-pulsed HV generator, where a high voltage
electrode (hollow metallic tube) is placed into a glass tube. At the outlet of the glass tube, a flexible
dielectric tube is mounted containing a floating-potential electrode (conductive wire of ca. 1 mm2

section) inside it. The dielectric tube goes out from the first reactor zone by connecting it with the
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second reactor zone. This zone of the plasma device (the applicator) is essentially a second coaxial
DBD reactor that is made of a PTFE (Polytetrafluoroethylene) body (shown in white in Figure 9)
with the floating electrode being placed in its centre and a grounded ring electrode on the outside.
The outlet of the second reactor zone has five micro-orifices (Øint = 800 μm) producing, thus, five
distinct plasma jets and covering a larger liquid area during the treatment (Figure 9b). Four of the
orifices are disposed at the corner of a 4.2 mm square with the fifth orifice located at the crossing of the
square diagonals. For all of the experiments, helium (99.9999% pure, Air Liquide, FR) at a fixed flow
rate of 1 slm (standard litre per minute) was used as the operating gas. The NTP source was powered
by high voltage pulses with duration of 4 μs (measured at half height) and a peak value of either +7 or
+11 kV at a repetition rate of 2 kHz. The applied voltage was measured while using a high-voltage
passive probe (Tektronix P6015A), while the current was determined by measuring the voltage drop on
the resistor in the compensation circuit with another high-voltage passive probe (Tektronix TPP1000,
Beaverton, OR, USA).

A non-optimised setup 1 was used for cytotoxicity assessment and the proof of concept that is
reported in Appendix A (NTP setup 1). It used a stainless steel plate as ground electrode with no
compensation circuit and a three-dimensional (3D) printed spacer to fix the gap distance between the
plasma output orifices and the surface of the PBS. Based on our concomitant recent work [31], the NTP
multi-jet source was optimised (NTP setup 2). It consists of (i) a new and more stable reactor, (ii) a
ring shaped wire electrode (stainless-steel wire Ø = 1mm) placed in the bottom of the well (instead of
the plane electrode used in the setup 1), which allows for avoiding liquid leakage from the well and
reducing the number of discharges that formed between the plasma jets and the grounded electrode,
and (iii) a compensation circuit designed to impose the total target impedance to a reference model
mimicking the human body impedance [31], which would ease the translation of the results to animal
models or human body (Figure 9, note that to allow for better visualisation of the plasma multi-jets,
the spacer is not represented in the simplified scheme of Figure 9a and not in use in Figure 9b).

 
Figure 9. Schematic representation (a) and photo (b) of the NTP device with a multi-jet nozzle.

4.2.2. Preparation of the Plasma-Treated PBS+/+

For the preparation of the liquids used in the indirect plasma treatment with the NTP multi-jet
device, Dulbecco’s phosphate-buffered saline with Calcium and Magnesium (DPBS, Ca++, Mg++,
14040-133), termed PBS+/+, was chosen, as it is an appropriate buffer for adherent cells. Each well in
24-multiwell plates (Nunclon® Delta Surface, Thermo Fisher Scientific, DK, 142475) was filled with
3 mL of PBS+/+. The distance between the liquid surface and the plasma multi-jet output orifices was
maintained at 4 mm thanks to a customised 3D-printed spacer. PBS+/+was exposed to the NTP multi-jet
for different times, varying between 1 and 20 min. A digital hygrometer/thermometer (Velleman®
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Home, BE) was used to monitor the humidity and the room temperature in the working area. Water
loss due to evaporation was compensated by distilled water addition in the pPBS at the end of the
plasma treatment to maintain the osmolality of the plasma-treated PBS+/+ (pPBS). Depending on the
room temperature, 600 to 700 μL of sterile water were added per well when PBS+/+ was plasma-treated
for 20 min.

4.3. Plasma-treated PBS+/+ Characterisation

The concentration of peroxide (H2O2) in pPBS was determined while using titanium (IV) oxysulfate
(TiOSO4). H2O2 reacts with TiOSO4 to produce pertitanic acid, which is yellow [22] and detectable
by a spectrophotometer. The absorbance was measured at 407 nm while using a spectrophotometer
multi-plate reader (Infinite® M200 PRO Tecan). The quantification of nitrite (NO2

−) and nitrate
(NO3

−) in pPBS was performed within an hour after its treatment with the NTP multi-jet using
nitrate/nitrite colorimetric assay kits (Cayman Chemical, Interchim, FR), according to the supplier’s
instructions and using the same spectrophotometric system was used. The pH and the conductivity of
the treated-liquids were also measured while using specific probes for liquid analysis (InLab Micro Pro
and Seven Compact Duo, by Mettler-Toledo). Semi-quantitative chemical analyses of peroxide, nitrate,
and nitrite concentrations produced in pPBS were also assessed after each pPBS preparation while
using Quantofix® test strips (Macherey-Nagel GmbH & Co. KG, Düren, DE) to ensure the quality of
each preparation, which also revealed the reproducibility of the pPBS preparation.

For the evaluation of the RONS stability under storage at +4 ◦C, the initial pPBS volume (3 mL)
was divided into four samples of equal volume. The concentration of the reactive species (H2O2, NO2

–,
and NO3

–) in one of the samples was measured in the day of plasma treatment (day 0) and used as a
reference (100%). The concentration in the other three samples was measured after 1, 7, and 14 days of
storage at +4 ◦C. The relative concentration of the reactive species after storage at +4 ◦C is, thus, given
in relation to the concentration measured at day 0.

4.4. Adherent Cells Electropulsation Setup

We used the system described in [34] for the electropulsation of the adherent cell monolayer.
More precisely, as displayed in Figure 10, an in-house built mould of PDMS (polydimethylsiloxane,
SYNGARD™ 184 Silicone Elastomer, DE) with an empty 2 cm2 rectangle was inserted in a Ø 35 mm
Petri dish (Nunclon® Delta Surface, Thermo Fisher Scientific, DK, 353001) to obtain a 2 cm2 surface
for cell growth. One day before the experiment, 600 μL of cell suspension were added to the defined
area of each Petri dish at a density of 2.20 × 105 cells·mL−1 (i.e., 1.32 × 105 cells/600 μL) for DC-3F
fibroblasts or 1.80 × 105 cells·mL−1 (i.e., 1.08 × 105 cells/600 μL) for B16-F10 melanoma cells, in respect
to their growing speed and morphology (malignant B16-F10 murine melanoma cells grow much faster
than DC-3F Chinese hamster lung fibroblasts). These seeding densities are based on our previous
observation and experience, as they appear to be suitable for obtaining a homogenous cell layer at
ca. 80% confluency (not entirely dense) after 24 h of cell culture. Different pre-treatment protocols
were tested on the day of the experiment. Afterwards, the electric pulses were applied on the cell
layer by means of an in-house built electrode configuration consisting of two parallel stainless-steel
plates (2 mm thick), fixed in the PDMS mould, and distant of 6 mm (Figure 10). The electrodes and the
custom moulding PDMS were designed to ensure the entire exposition of the cell monolayer to EPs. To
generate microsecond pulsed electric fields (μsPEFs), the Cliniporator™ (IGEA, Carpi, IT) was used to
deliver eight consecutive square-wave electric pulses of 100 μs duration, at a repetition frequency of
1 Hz, and different field strengths (500, 600, 1100, and 1400 V/cm).
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Figure 10. Schematic illustration of the electropulsation setup used in the combined treatment.

4.5. Combined Treatment

The combined treatment associated μsPEFs and pPBS to treat cells. Sham (PBS+/+ not treated
with the plasma multi-jet) was used as a control for all of the experiments. Before exposing the cells to
the sham or the pPBS, YO-PRO®-1 Iodide (629.04 Da) (Life Technologies, Y3603) was added to these
media at a final working concentration of 2 μM (unless otherwise specified). In the day of experiment,
the medium above the cells was removed and the cell layer was washed twice with PBS+/+. 500 μL of
the YO-PRO®-1-containing pre-treatment liquid (sham or pPBS) was added on the cells for different
incubation times (10 or 20 min.), and then μsPEFs were delivered (strengths ranging between 500 and
1400 V/cm). Afterwards, the electrodes were removed from the PDMS support and the pre-treatment
liquid was then replaced by the YO-PRO®-1-containing post-treatment liquid (sham or pPBS) for
10 min.

In the absence of PEF (0 V/cm), the pre-treatment time was fixed at 20 min. In the presence of
μsPEFs, the control condition (cells pre- and post-treated using Sham) was carried out with 20 min.
of pre-treatment.

4.6. Evaluation of Cell Membrane Electropermeabilisation Induced by the Combined Treatment

The eventual permeabilisation of the cells that were treated by the combined treatment
was investigated by fluorescent nucleic acids stain YO-PRO®-1 Iodide uptake. YO-PRO®-1 is a
non-permeant dye that is frequently used as an indicator for permeabilisation. Indeed, when the
cell membrane is permeabilised, YO-PRO®-1 can enter the cell and intercalates with nucleic acids,
which results in a strong green fluorescence signal that can be detected by flow cytometry.

After the post treatment, the treated liquid above the cell monolayer was removed and the cells
were harvested while using TrypLE™ Express Enzyme dissociation (400 μL per Petri dish). The cell
suspension was then analysed by flow cytometry (C6 flow cytometer, BD Accuri, San Jose, California,
US). 10 000 events were recorded, the YO-PRO®-1 uptake (cell permeabilisation) was evaluated
while using green fluorescence channel (excitation 488 nm, emission 530/30 nm). More precisely,
the percentage of fluorescent/permeabilised cells as well as the mean and median fluorescence intensity
per cell (level of permeabilisation of each cell) were assessed. The cell membrane permeabilisation
threshold was fixed for all of the samples based on that of cells treated with Sham and not exposed
to PEF.

4.7. Statistical Analysis

The experiments were performed at least three times independently, i.e., at least over three
different days. In addition, each parameter set was performed in triplicate, which resulted in a total
of at least nine replicates for each parameter set. The outliers were identified and removed while
using the Grubb’s method (Alpha = 0.05). To study the significance of differences, one-way ANOVA,
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followed by Bonferroni’s multiple comparison tests, were performed while using Prism (GraphPad
Software, La Jolla, CA, US). Statistical significance levels were associated with p-values of <0.05 (*),
<0.01 (**), <0.001 (***) and <0.0001 (****).

5. Conclusions

The present study demonstrates that the application of plasma-treated PBS+/+ that is produced
by the newly-developed NTP multi-jet source could effectively enhance the μsPEFs induced cell
membrane permeabilisation, both in terms of the percentage of permeabilised cells and the intracellular
content of a permeabilisation marker. These effects occur, even at very low μsPEF amplitudes, and the
results are cell-dependant. The malignant B16-F10 murine melanoma cells are more sensitive to the
effect of this combined treatment than the DC-3F Chinese hamster lung fibroblasts.

These very promising results underline the great potential of a combined ECT and indirect NTP
treatment for anticancer therapies. Investigation and in-depth physical, chemical, and biological
understanding of those effects will be fundamental for in vivo studies and clinical trials, which might
open up new ways for the implementation of guided cancer therapies while using indirect NTP
treatment and ECT in the future.
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Appendix A.

Treatment with PBS+/+ Increases Cell Electropermeabilisation without Affecting the Cell Viability:
Proof of Concept.

Appendix A.1. Assessment of the Plasma-Treated PBS+/+ Cytotoxicity

Appendix A.1.1. Materials and Methods

The cytotoxicity of pPBS was determined via a clonogenic survival assay that overcomes some of
the limitations of other in vitro assays, such as apoptosis measurements, by monitoring all types of
cell death, even the mitotic cell death. This colony forming technique is a robust in vitro cell survival
test based on the ability of each single viable cell to grow into a colony (defined to consist of at least
50 cells) after being treated by specific agents.

300 μL of adherent DC-3F cells at a density of 1.60 × 105 cells·mL−1 were seeded per well in
the wells of a 48-well plate (Nunclon® Delta Surface, Thermo Fisher Scientific, DK, 150687) for an
overnight cell culture at 37 ◦C in a humidified, 5% CO2 incubator. In the day of experiment when
the cell layer reached ca. 70 to 80% confluency, the medium above the cells was removed and the
cell layer was washed twice with PBS+/+. After being prepared (plasma setup not grounded neither
compensated, plasma parameters: +7 kV, 2 kHz, Helium 1 slm, distance 5 mm between the plasma
outlet and the liquid layer in well), 300 μL of fresh pPBS was added to the cell layer. After different
incubation times in pPBS, pPBS was removed from the cell layer; cells were dissociated by 100 μL
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TrypLE™ Express Enzyme solution and suspended in their culture medium. Cells were counted
without Trypan Blue Stain and seeded out, in appropriate dilutions, 250 cells per well of a 6-multiwell
plate (Nunclon® Delta Surface, Thermo Fisher Scientific, DK, 140675). After 5 days of cell culture,
the medium above the cells was discarded, cells were washed carefully twice with PBS. To each well,
2 mL of colony fixation-staining solution (crystal violet 0.2% (wt/vol), formaldehyde 3.7% (vol/vol)
and ethanol 20% (vol/vol) in H2O) was added and left for 2 to 5 min. before being removed carefully.
Stained cells were rinsed by immersing the plates in a sink filled with tap water. The plates were dried
at room temperature, then the resulting clones were counted for each treatment condition. The viability,
reported as a percentage of survived and proliferated adherent cells, was referred to the number of
clones in the sham condition.

Appendix A.1.2. Results and Discussion

In order to ensure that the pPBS alone does not significantly affect cell growth and death within a
“sublethal” contact time with the cells, cells were incubated with pPBS for a large incubation time and
the cell viability after the treatment was assessed via a cytotoxicity assay. The survival curves of cells
in percentage of viable colonies with respect to the sham condition (Figure A1) show that the viability
of DC-3F cells was preserved when being in contact with pPBS for 1 to 15 min. When the cells were
incubated in pPBS for longer, up to 30 min., the long-term cytotoxic effect was limited, with a maximal
loss of viability of 40%. For even longer durations, cytotoxicity was larger. These results demonstrate
that the long-term cytotoxicity of pPBS depends on time of contact with the cells, as reported in other
works [52]. As up to 30 min. of exposure to the pPBS resulted in a tolerable range of cytotoxic, in the
remaining work of our study, the maximal duration of treatment of the cells to the pPBS was fixed to
30 min. We thus considered this incubation time window as the most appropriate to combine with
μsPEFs for a sublethal and efficient cell reversible electropermeabilisation.

Figure A1. Cytotoxicity of pPBS to adherent DC-3F cells. Survival curves of DC-3F cells that were
plated immediately after being incubated with pPBS between 1 and 60 min. are presented as the number
of viable colonies formed five days after the treatment. Results from three independent experiments
(each in triplicate) are shown as mean values ± SD for each parameter set.

Appendix A.2. Enhancement of Electropermeabilisation by Combination of Plasma-Treated PBS+/+ with PEFs:
First Assay

Adherent DC-3F cells were pre-treated with either sham or pPBS for 10 min., before being
exposed to a pulsed electric field (8 pulses, 100 μs, 1100 V/cm, 1 Hz) and post-treated for 10 min.
with sham. Cell permeabilisation was evaluated by flow cytometry immediately after the treatments
(Figure A2). In the condition where no PEF was applied (0 V/cm), a slight though not significant increase
of YO-PRO®-1 uptake was observed in cells pre-treated with pPBS compared to those pre-treated
with Sham. The exposure of the cells to the EPs increases the intracellular fluorescence intensity
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of YO-PRO®-1 Iodide (present in all the treatment liquids), indicating membrane permeabilisation
(Figure A2). This effect is significantly greater in cells pre-treated with pPBS than in control cells
pre-treated with sham (1.68-fold enhancement).

The treatment of DC-3F cells with pPBS combined with an EP at 1100 V/cm intensity has thus
given a proof of concept that pPBS favoured the membrane electropermeabilisation.

Figure A2. Enhanced electropermeabilisation of adherent DC-3F cells with pPBS treatment. Cells were
pre-treated with pPBS for 10 min. and exposed to 8 pulses of 100 μs and 1100 V/cm at a 1 Hz repetition
rate. The cell membrane permeabilisation was monitored by the fluorescence of the YO-PRO®-1 iodide
taken up by the cells. Data are presented as median values ± SD of independent triplicates. Statistical
analysis used the One-way ANOVA followed by Bonferroni’s multiple comparison test. **** p < 0.0001.
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in Veterinary Oncology. J. Vet. Intern. Med. 2008, 22, 826–831. [CrossRef]

7. Orlowski, S.; Belehradek, J.; Paoletti, C.; Mir, L.M. Transient electropermeabilization of cells in culture.
Increase of the cytotoxicity of anticancer drugs. Biochem. Pharmacol. 1988, 37, 4727–4733. [CrossRef]

168



Cancers 2020, 12, 219

8. Marty, M.; Sersa, G.; Garbay, J.R.; Gehl, J.; Collins, C.G.; Snoj, M.; Billard, V.; Geertsen, P.F.;
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Abstract: Osteosarcoma (OS) is the main primary bone cancer, presenting poor prognosis and difficult
treatment. An innovative therapy may be found in cold plasmas, which show anti-cancer effects
related to the generation of reactive oxygen and nitrogen species in liquids. In vitro models are based
on the effects of plasma-treated culture media on cell cultures. However, effects of plasma-activated
saline solutions with clinical application have not yet been explored in OS. The aim of this study is to
obtain mechanistic insights on the action of plasma-activated Ringer’s saline (PAR) for OS therapy in
cell and organotypic cultures. To that aim, cold atmospheric plasma jets were used to obtain PAR,
which produced cytotoxic effects in human OS cells (SaOS-2, MG-63, and U2-OS), related to the
increasing concentration of reactive oxygen and nitrogen species generated. Proof of selectivity was
found in the sustained viability of hBM-MSCs with the same treatments. Organotypic cultures of
murine OS confirmed the time-dependent cytotoxicity observed in 2D. Histological analysis showed
a decrease in proliferating cells (lower Ki-67 expression). It is shown that the selectivity of PAR
is highly dependent on the concentrations of reactive species, being the differential intracellular
reactive oxygen species increase and DNA damage between OS cells and hBM-MSCs key mediators
for cell apoptosis.

Keywords: bone cancer; osteosarcoma; cold atmospheric plasma; reactive species; plasma-activated
liquid; Ringer’s saline; organotypic model

1. Introduction

Osteosarcoma (OS) is the most common primary malignant bone tumor and it mainly affects
children, adolescents, and young adults. It usually appears as an osteoid-producing solid tumor in
the metaphysis of long bones, which experience rapid growth during childhood and adolescence [1].
Despite the low incidence of OS, it is ranked among the most frequent cause of cancer-related child
death [2,3]. Current OS therapy consists in surgical resection of the tumor, combined with radiotherapy
and/or systemic chemotherapy. Although chemotherapeutic drugs have increased patient survival,
this survival rate is still relatively low (50–60%) [4] and many patients develop drug-resistance [5]. On
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the other hand, chemotherapeutics displays unspecific toxicity with undesired side-effects. For these
reasons, innovative therapies are of interest, and thus, cold plasmas could be an interesting approach.

Cold atmospheric plasmas (CAP) are created by generating an electrical discharge and applying it
to a gas, and are a source of reactive molecules, ions, electrons, free radicals, UV and electromagnetic
fields that have shown a variety of biological effects such as antimicrobial sterilization [6,7], blood
coagulation [8] and wound healing [9,10]. CAPs have also been suggested to selectively target cancer
cells, showing their efficiency in more than 20 types of cancer without damaging healthy cells and
surrounding tissues [11,12].

Plasma-generated electrical fields may induce cell membrane permeabilization and even its
disruption [13]. This can act synergistically with the reactive oxygen and nitrogen species (RONS)
generated by CAP. There is a wide variety of RONS that can be generated by CAP, which can include
short-lived species (ONOO−, OH−, NO, O2

−, etc.) and long-lived species (O3, H2O2, NO2
−, etc.), and

which are thought to be key players in its anticancer effect [14–16]. The induction of the increase of
intracellular RONS in cancer cells have been reported as a potential target for cancer therapies [17].
Many species are involved in the cellular effects of CAP; for instance, increased levels of hydrogen
peroxide are well-known to induce double strand breaks, chromosomal fragmentation and apoptosis in
cancer cells [18,19]. In addition, NO2

− is a precursor for intracellular formation of NO, which induces
protein and lipid oxidation, leading to cell death [20].

The selectivity of CAP is suggested to be produced due to the higher sensibility of cancer cells
to oxidative stress as a result of their high metabolic rate. This selectivity has been reported to be
highly dependent on the composition of RONS generated, which depends on different parameters such
as treatment time [21,22], plasma device configuration [23] or gas employed to generate the plasma
discharge. The properties of the cancer cells, such as their “activation” state by CAP can also affect their
sensitivity to the RONS generated by plasma [24]. For this reason, in this work, two different plasma
devices with different design and working gas have been employed to obtain different characteristics
of the discharge and of the treated liquid.

In an in vitro situation, RONS produced in the plasma are transported to the liquid covering the
cells and react with this liquid forming secondary reactive species [25]. In this sense, the effects of
plasma can be triggered by direct application over cells or by previous treatment of the liquid media
as an indirect treatment [26,27]. This second approach is more interesting for OS, as it would avoid
the open surgery needed to expose the tumor to CAP. Taking into account that in clinics drugs are
supplied dissolved in saline solutions, the possibility of using this kind of solutions as plasma-activated
liquids is an attractive therapeutic option that has been explored with interest for glioblastoma, cervical
and ovarian [11] and pancreatic [28] cancers (among others) but is still unexplored for OS, and is
undertaken in this work.

In recent years, CAP have shown lethal in vitro efficiency by direct treatment as well as by
plasma-treated cell culture medium in different OS cell lines and by different plasma devices [22,23,
29–31]. OS is a heterogeneous disease characterized by presenting different subtypes and high levels
of genomic instability [32,33], making it difficult to assess the clinical relevance of new therapeutic
options for the different cases. For example, two main tumor suppressor proteins (P53 and pRB,)
are suggested to be altered in over 50% of patients [34], and are involved in cell cycle arrest, DNA
repair and induction of apoptosis [35]. Given the heterogeneity of OS, it is of paramount interest to
evaluate OS cell lines with different genomic profiles in views of assessing the real applicability of
plasma-activated liquids in OS. Our previous work employing SaOS-2 cells (which are p53 and pRB
null), highlighted the importance of an equilibrated cocktail of RONS for anticancer selectivity of the
plasma-activated medium and revealed the critical role of H2O2 in these cytotoxic effects [36].

From another point of view, up to now, cytotoxicity of CAPs or plasma-activated media in OS cell
lines have been investigated only in adherent cell cultures [22,23,29–31,36,37]. This kind of in vitro
models provides limited clinically relevant information. In 2D models, some key aspects like the
impact of stroma and cell-to-cell interaction are lacking [38–40]. The effects of CAP have been reported
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to be highly dependent of the number of cells and 3D spatial distribution [41,42]. In order to evaluate
the applicability of CAP-based therapies, it is necessary to move from 2D cell cultures to 3D models to
have a more relevant situation.

In light of the facts discussed above, the objective of this work is to investigate for the first time
the cytotoxic effects of plasma-activated Ringer’s saline (PAR) in OS cell cultures and its possible
translation to a 3D OS model while providing insights on the mechanism potentially involved. To that
aim, firstly, the cytotoxic potential of PAR obtained from two different atmospheric pressure plasma
jets is evaluated in human OS cell lines with different genetic profile; SaOS-2 (p53−/pRB−), U2-OS
(p53+/pRB−) and MG-63 (p53−/pRB+) [43], and in human Bone Marrow Mesenchymal Stem Cells
(hBM-MSCs). This is investigated with regard to the RONS generated in PAR by plasma jets and their
intracellular effects. Secondly, a tumor was generated in mice by paratibial injection of MOS-J cells and
the effects of PAR are investigated in sections of the tumor through organotypic cultures.

2. Results

2.1. Characterization of the Plasma Gas Phase and Effects Producing PAR

Two different plasma devices were employed in this work to treat Ringer’s saline and obtain PAR;
a single-electrode needle device operating in helium that will herein be designated as atmospheric
pressure plasma jet (APPJ) and the kINPen, which is a pin-type electrode with a grounded outer
electrode operating with Argon.

Optical Emission Spectra were obtained for both plasma jets employing the same parameters of
gas flow (1 L/min) and distance between the nozzle of the jet and the surface of the liquid (10 mm)
during treatment of the Ringer’s saline (Figure 1A). Apart from the main differences regarding the
Helium or Argon emission bands in APPJ or kINPen respectively, both jets show emission bands
from oxygen and nitrogen species. The most intense bands in APPJ come from Nitrogen, namely
N2 2nd positive system, N2

+ 1st negative, are recorded, as well as monoatomic oxygen (at 777 nm)
(Figure 1(Ai)). kINPen shares only N2 2nd positive in its emission bands, while other relevant species
appear: OH and γ-NO radicals (Figure 1(Aii)).

Secondly, the evolution of pH with plasma treatment time was measured in Ringer’s saline, which
progressively decreased from pH 7.4 to 3 with both plasma jets (Figure 1(Bi)). Addition of 10% FBS
right after plasma treatment (necessary for cell culture studies) buffered the plasma-induced decrease,
so pH after 5 min of plasma treatment was recorded to be 7.15 (Figure 1(Bii)).

The concentration of NO2
− and H2O2 and total reactive oxygen species (ROS) in situ production

were measured in Ringer’s saline treated by APPJ and kINPen from 1 to 5 min just after the addition
of 10% FBS (Figure 1C). The generation of H2O2 and NO2

− and their concentration increase were
treatment time-dependent in PAR with both devices. Few differences were recorded among APPJ
or kINPen in the concentration of NO2

−, which was much lower than that of H2O2 (Figure 1(Ci)).
The amount of H2O2 generated was significantly higher (p < 0.05) with kINPen than APPJ, ranging
from 40 μM to 150 μM for APPJ and from 60 μM to 220 μM for kINPen (Figure 1(Cii)). Total reactive
oxygen species (ROS) were measured in plasma-treated Ringer’s saline in situ, following the same
trend observed for peroxides, with significantly higher amounts formed with kINPen than with APPJ
up to 5 min (p < 0.01 for 1 min and p < 0.05 for 2.5 and 5 min) (Figure 1(Ciii)).

175



Cancers 2020, 12, 227

Figure 1. Reactive oxygen and nitrogen species in the plasma gas phase and time-dependent
concentration generated in Ringer’s saline at 1 L/min of gas flow, 10 mm of distance between
the nozzle of the plasma jet and the surface of the liquid (2 mL in 24 well-plates). (A) Optical Emission
Spectra (OES) of the plasma gas phase in (Ai) atmospheric pressure plasma jet (APPJ) and (Aii)
kINPen during treatment of Ringer’s saline. (B) pH evolution in Ringer’s saline treated by APPJ and
kINPen at increasing treatment time (Bi) without and (Bii) with addition of 10% FBS after treatment.
(C) Concentration of (Ci) NO2

−, (Cii) H2O2 and (Ciii) total reactive oxygen species (ROS) measured in
situ and relativized to untreated plasma-activated Ringer’s saline (PAR). Reactive oxygen and nitrogen
species (RONS) created by both plasmas in 2 mL of Ringer’s saline were measured right after plasma
treatment and addition of 10% of FBS. Asterisks represent statistically significance differences between
APPJ and kINPen for each time-point (n = 3; * p-value < 0.05; ** p-value < 0.01; two-sided Student’s
t-test).
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2.2. Effects of PAR on 2D Cultures of Human OS Cell Lines and hBM-MSCs

PAR was obtained from Ringer’s saline treated with APPJ and kINPen at increasing treatment
times and, after addition of 10% FBS, it was placed in contact with adherent OS cells for 2 h. Metabolic
activity of SaOS-2, U2-OS, MG6-3 and healthy hBM-MSCs (Figure 2) revealed interesting effects:
On the one hand, both plasma jets efficiently reduced metabolic activity in all human OS cell lines 24 h
after exposition in a plasma treatment time-dependent manner (Figure 2A). The effects of this single
treatment with PAR were fostered at 72 h, being more evident in MG-63 cells which attained complete
cell death already with a 2.5 min treatment (Figure 2B). The cytotoxicity induced by PAR obtained from
either two of the plasma jets employed followed essentially the same trends. Nevertheless, kINPen
seemed to produce more cytotoxic PAR than APPJ, as it yielded slightly lower metabolic activity,
especially at 24 h, with MG-63 cells already dead in 2.5 and 5 min treatments (Figure 2(Aii)).

On the other hand, healthy hBM-MSCs display completely distinct behavior following contact
with APPJ-treated PAR (Figure 2(Ai,Bi)); they show significantly higher cell viability than OS cell
lines, between 100 and 80% up to 5 min of treatment at 24 h (p < 0.005 for all treatment times) and
recovering their complete viability and even proliferating between 120 and 130% after 72 h (p < 0.005).
Conversely, kINPen–treated PAR induced deleterious effects in hBM-MSCs treated with PAR from
2.5 min of plasma treatment at all incubation times, while hBM-MSCs treated with 1 min PAR kept
their complete viability. Given the interest in developing selective treatments, subsequent experiments
focused on APPJ-treated PAR as it ensured healthy cell survival while being lethal for OS.

The levels of intracellular ROS were measured in the cells exposed to 5 min-treated PAR
with APPJ, revealing differential effects between OS and hBM-MSCs 2 h after exposure to PAR
(Figure 3A): while PAR induced an increase in intracellular ROS in both OS cells and healthy cells,
in OS the rise was 7–8 times higher than the control. In contrast, a much more moderate increase was
recorded in hBM-MSCs 4 times higher than control, finding significant differences between OS and
hBM-MSCs (p < 0.05). Given the increased cytotoxic effects in MG-63 and similar intracellular ROS
generated by exposition to PAR, this cell line was selected for subsequent analysis of the possible
mechanisms involved.

In the first place, DNA damage was evaluated by immunostaining of γH2AX foci in MG-63 and
hBM-MSCs 6 h after the treatment with PAR (Figure 3B). As reflected in the image, only PAR-treated
cells display green immunostaining indicating DNA damage in the nuclei; this was quantified by the
increase of γH2AX/DAPI ratio being significantly higher in MG-63 cells (51 ± 18%) than in hBM-MSCs
(20 ± 7%) (p < 0.001) (Figure 3C).

Secondly, the mechanism of cell death was evaluated by flow cytometry in MG-63 and hBM-MSCs
cells exposed to increasing treatment times of PAR. PAR treatment decreased the percentage of alive
(Anx−/PI−) cells in a dose-dependent manner (Figure 3D), leaving less than 10% of alive cells in 5 min
treated PAR. Treatment time of PAR up to 2.5 min progressively led to pre-apoptotic cells (Anx+;
p < 0.005). The percentage of late-apoptotic cells (Anx+/PI+) was above 70% with 5 min-treated PAR
(p < 0.005), and no necrotic cells (Anx−/PI+) were recorded in any case (Supplementary Figure S1A).
In contrast, hBM-MSCs just showed a minor decrease in cell viability (70% of Anx−/PI− up to 5 min;
p < 0.005), still displaying essentially apoptotic cell death mechanisms (Figure S2B).

2.3. Effects of PAR in a 3D Model: Murine OS Tumor Sections

In this section the effects of PAR were evaluated on organotypic cultures to count with a 3D model
of bone cancer. An OS tumor generated in intramuscular paratibial site of mice was excised and after
obtaining regular tumor sections they were exposed to PAR (Figure 4). A significant reduction of
metabolic activity was observed by exposition of the tumor sections to PAR as a function of plasma
treatment time, beyond the values obtained with cisplatin 24 h after treatment (p < 0.005) (Figure 5A),
especially for PAR treated during 15 and 20 min. Metabolic activity was completely abrogated 72 h
after the treatment, both with PAR or with Cisplatin. No significant effects were observed by 500 μM
H2O2, which was an equivalent concentration to PAR treated for 15 min (Figure S2B).
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Figure 2. Effects of PAR on the metabolic activity of human OS cell lines (SaOS-2, MG-63, U2-OS)
and healthy hBM-MSC with treatment time. Cells in adherent culture were exposed during 2 h to
PAR treated by APPJ or kINPen for 1, 2.5 and 5 min. After that, PAR was replaced by fresh medium.
Metabolic activity was determined 24 h (A) and 72 h (B) after PAR exposure by WST-1 test. (C) Cells
were also exposed during 2 h to increasing concentrations of H2O2 and NO2

− standards in Ringer’s
saline with 10% FBS (which match with concentrations determined in Figure 1), corresponding to
50, 100 and 200 μM for H2O2 (Ci) and 10, 20 and 40 μM for NO2

− (Cii) and metabolic activity was
determined 24 h after exposure. Values were relativized to cells exposed to untreated PAR. Asterisks
represent statistically significant differences among cell lines for the same PAR treatment time-point.
(n = 3; *** p-value < 0.005, ANOVA and two-sided Student’s t-test).
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Figure 3. PAR-induced selective cell death in MG-63 cells rather than in hBM-MSCs. (A) Intracellular
ROS measurement; OS cell lines and hBM-MSCs were incubated with dichlorofluorescin diacetate
(DCFH-DA) and exposed during 2 h to PAR treated during 5 min by APPJ and after that fluorescence
was measured. Values were relativized to negative control. (B) % of DNA damage quantification
(positive γH2AX area relativized to DAPI area; images: n = 5, mean of 70 nuclei per image). Asterisks
represent statistically significance (n = 3; * p-value < 0.05; ** p-value < 0.01; ANOVA and two-sided
Student’s t-test). (C) Representative images of MG-63 and hBM-MSCs cells after 2 h of exposition to 5
min-treated PAR by APPJ. Cells were labelled with DAPI (nuclei, blue), phalloidin (F-actin, orange) and
anti-γH2AX (DNA damage reporter, green). Scale bar = 50 μM. (D) MG-63 and hBM-MSCs cultures
were exposed during 2 h to untreated PAR and treated during 1, 2.5 and 5 min with APPJ. After that,
PAR was replaced by fresh medium. Cells were collected 24 h after PAR exposure and then they were
stained with Annexin-V/PI and analyzed by flow cytometry. This assay was done in triplicate.
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Figure 4. Protocol followed for the generation of PAR and the treatment of cell and organotypic cultures.
Briefly, PAR was obtained by treatment of Ringer’s saline at different times followed by adding 10%
FBS. For cell cultures (i), cells were placed with 2 mL-treated PAR and incubated during 2 h; after that
PAR was replaced by fresh medium. For organotypic cultures (ii), murine OS tumors were cut in slices
and placed in floating culture; then samples were placed with 1 mL-treated PAR during 2 h and after
that, PAR was diluted at 25% in fresh medium. In this case, treatment was repeated after 24 h.

Figure 5. PAR effects in mouse organotypic OS model. Mouse OS tumor sections in floating culture
were treated with PAR at increasing treatment times (10, 15 and 20 min) or by 100 μM of Cisplatin (CIS)
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or 500 μM of H2O2. (A) Metabolic activity was determined by resazurin 24 and 72 h after PAR
exposure. In this assay, four sections were analyzed per condition, and the assay was performed in
three independent experiments. Values were relativized to tumor sections exposed to untreated PAR.
Tumor sections were fixed 72 h after treatment and processed for histological analysis. Samples were
stained with haematoxylin/eosin (HE) and immunostained for Ki-67. (B) HE quantification of positive
nuclei stained areas (values relativized to control). (C) Percentage of positive Ki-67 stained nuclei. For
statistical analysis, 5 well-distributed images were taken at X40 and were analyzed. Asterisks represent
statistically significance between different conditions (n = 3; * p-value < 0.05; *** p-value < 0.005;
ANOVA and two-sided Student’s t-test). (D) Representative images for HE and Ki-67 immunostaining
for each condition (Scale bar = 120 μm).

Haematoxylin/Eosin (HE) and Ki-67 immunostaining allowed to evaluate histological effects of
PAR in tumor tissues after 72 h of treatment (Figure 5D). A significant reduction of relative nuclei area
(HE staining) was observed to be induced by PAR with increasing plasma treatment times (p < 0.005)
(Figure 5B). This reduction was also observed in Cisplatin-treated samples, being of more than 70%
(Figure 5B). A high number of proliferating cells (Ki-67 stained) were observed in the first 40 μm of
tumor section margins in the control (Figure 5D), with less percentage of Ki-67 cells in the rest of the
section (14 ± 3%) (Figure 5C). Proliferation in tumor margins was abrogated by both PAR and Cisplatin
at 72 h (Figure 5D); the percentage of Ki-67 expressing cells was significantly reduced by PAR treatment,
being of 5–7% for PAR-exposed sections (Figure 5C; p < 0.005). The reduction of proliferating cells
by Cisplatin was equivalent to 15–20 min of PAR. In contrast with the results in 2D, no effects were
observed to be induced by H2O2 added at the 500 μM of concentration neither in proliferation nor in
nuclei area.

3. Discussion

We report here on the effects of saline solutions activated by plasma in 2D adherent and on 3D
organotypic OS cultures, employing a clinically compatible Ringer’s saline. Cold atmospheric plasmas
have been highlighted as a potential therapy against many types of cancers. However, most studies
up to now were conducted in vitro (95%), mostly in 2D cultures, and only 26% evaluated the effects
of plasma-activated liquids on the cells (as opposed to directly treating the cells with plasma) [44].
The direct application of plasma and the homogeneity of the treatment may depend on tumor size and
body location, restricting the possibility of treating tumors hard to reach. Employing plasma-activated
liquids can allow injection to the tumor site, and thus provide a minimally invasive approach for this
therapy [11].

The reactivity transfer from the plasma gas phase to the liquid phase has been highlighted as being
of prime importance for its biological effects [21]. Despite employing here two jets that use noble gases
(Helium in APPJ or Ar in kINPen), an important part of the reactivity of these jets derives from mixing
of the plasma gas phase with air. The gas phase of the APPJ during treatment of Ringer’s included
different nitrogen species, monoatomic oxygen, and hydroxyl radicals, as recorded by optical emission
spectroscopy (Figure 1(Ai)), as similarly observed during treatment of cell culture medium [22,36].
Both plasma jets have been extensively characterized in [45,46]. In contrast, kINPen produced two
other oxygen-containing species: γ-NO and OH (Figure 1(Aii)). These species in the gas phase were
related to a progressive increase of RONS in Ringer’s with plasma treatment time. In fact, while similar
amounts of NO2

− were generated with both jets, much higher concentrations of H2O2 and of total ROS
were recorded in PAR produced from kINPen (Figure 1C).

In the presence of air, short-lived reactive nitrogen species such as (NO or ONOO−) are formed in
liquid medium. These nitrogen oxides subsequently react in water forming acids, which affect the
conductivity and pH of plasma-treated liquids and based on pH dissociate to nitrite (NO2

−) (Figure 1C)
and nitrate (NO3

−) ions. In fact, decrease of pH (from 7.3) to non-physiological values (3–4) was
recorded after treatment, in a dose-dependent manner (Figure 1(Bi)), as observed in other works

181



Cancers 2020, 12, 227

employing water or non-buffered saline solutions [47,48]. An important body of literature led by Hori
et al. have proposed clinical-compatible saline solutions to be activated by cold plasmas, such as Ringer
lactate solutions [11]. These solutions present some experimental limitations for in vitro conditions,
mainly the lack of nutrients to sustain cell viability [15,48]. For this reason, here 10% of FBS was added
to Ringer’s to mimic nutrient tumor environment and allow further treatment of cells with this liquid.
To avoid altering the reactivity of FBS with plasma [41], it was added just after plasma treatment.
The addition of 10% of FBS after treatment stabilized the pH between 7.8 and 7.1 (Figure 1(Bii)), which
allowed isolating the cell effects due only to the concentration and kind of RONS generated in the
liquid, as in non-buffered solutions high pH decrease induced by plasma treatment is also reported to
severely compromise cell viability [12,48].

It was shown in previous works [36,49] that long treatment time of cell culture medium may
produce a lethal concentration of H2O2 which overwhelms cell defense mechanisms and kills both
OS and healthy cells [36]. In line with these data, to obtain an equilibrated cocktail of RONS, plasma
treatments only up to 5 min were selected (Figure 1C). Due to the low stability of NO2

− produced
by plasma (Figure S1), cell cultures were exposed to PAR just after production. In our experiments,
incubation of cell cultures or tumor sections in contact with PAR for only 2 h was enough to induce
cytotoxic effects in SaOS-2, MG-63 and U2-OS cells (Figure 2). The different p53 and pRB status of these
human OS cell lines (p53−/pRB− for SaOS-2, p53+/pRB− for U2-OS and p53−/pRB+ for MG-63) [44]
indicates that plasma-activated Ringer’s cytotoxic action possibly follows a p53 and pRB− independent
mechanism of cell death.

Cold atmospheric plasmas are reported to act selectively targeting cancer cell lines without
affecting their healthy homologues [50,51]. This can be explained by the gap between cancer cells
and normal cells, due to an increased cell metabolism and intracellular production of RONS [52]
which oversaturates antioxidant system, making cancer cells more sensitive to oxidative stress [53].
The ability of PAR targeting different OS cell lines but without deleterious effects in hBM-MSCs is
clearly observed in this study, in Ringer’s obtained from treatment with APPJ but not with kINPen
(Figure 2). At discussed earlier, under these working conditions kINPen produced higher amount
of total ROS and H2O2 (i.e., 219 ± 46 μM at 5 min) than APPJ (143 ± 30 μM at 5 min), but without
significant differences in the production of NO2

−. This higher concentration of H2O2 produced in
PAR by kINPen in contrast with APPJ may compromise PAR selectivity. However, the fact that the
concentration of H2O2 produced by kINPen at 2.5 min treatment is equivalent to that of 5 min of APPJ
treatment but the selectivity of the treatment is lost only for kINPen indicates that other species apart
from those measured here are formed in Ringer’s that are important for cell survival. As mentioned
earlier, it has been described that a wide variety of the species generated by CAP can be of influence in
its anticancer effects (i.e., ONOO−, OH−, NO, O2

−, O3, H2O2, NO2
−, NO3

−, etc.) [14–16].
Controls were prepared with artificially added H2O2 or NO2

- at concentrations equivalent to
those of kINPen and showed that NO2

− does not affect cell toxicity in OS cell lines and increase cell
viability in healthy cells (Figure 2C). Equivalent concentrations of H2O2 induced less cytotoxic effects
than PAR in OS, suggesting again that other RONS are contributing to the cytotoxic effects produced by
PAR. Recent studies have shown that artificially added H2O2 and NO2

−, which lead to the formation of
peroxinitrite, act synergistically and produce higher cytotoxic effects than each species separately [54].

The highest H2O2 concentration leads, as in kINPen-treated PAR, to a loss of selectivity (hBM-MSC
cell death). To obtain an equilibrated cocktail of RONS and avoiding a loss of anti-cancer selectivity [36],
for further work we selected APPJ-treated PAR. In order to adjust the production of RONS, plasma
parameters like gas flow [36,55], distance of the nozzle [7,36,55], working gas composition [56–59] and
here, device configuration [60,61] are of paramount importance to adjust the composition of RONS
generated in the liquid, and the conditions selected here followed previous works of our group [36,62].

The genotoxic potential of PAR was evaluated by analyzing the levels of intracellular ROS
and γH2AX and apoptosis activation. The three OS lines analyzed display similar 7-fold increase
in intracellular ROS, while the rise recorded in healthy cells is only about half of that from OS
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cells (Figure 3A), which can be explained by the decreased antioxidant ability of cancer cells [17].
APPJ-treated PAR induced an increase in the level of γH2AX in both healthy and OS cells after treatment
(Figure 3B,C), in line with previous works [36,56,63]. The lower levels of γH2AX recorded after PAR
treatment in hBM-MSCs indicate that PAR induces DNA damage mainly in human OS cells. Following
the mentioned results, there seems to be a clear correlation between the increase in the intracellular
ROS and the induction of DNA damage. A relevant fact is APPJ-treated PAR induces apoptosis in
MG-63 cells (Figure 3D), as observed in previous works for other OS cells treated with plasma-activated
cell culture media or even directly with plasma [22,36]. On the other hand, hBM-MSCs are clearly less
affected, with little induction of late apoptosis and necrosis at longer APPJ treatment times on PAR
(this is quantified in Figure S2).

In recent years, 3D cultures are gaining increasing interest due to the need to recapitulate the
complexity of the in vivo situation. As reported in previous studies, tumor complexity regarding the
presence of stroma, cell-to-cell contact [64], and tumor heterogeneity [65,66] have a high impact in
chemotherapy efficiency [67,68] and also on the penetration of RONS [69]. To take all this into account,
the treatments on tumors were performed by two doses of PAR separated by 24 h, and to obtain higher
concentration of RONS in plasma-activated media, plasma treatment was performed in lower volume
of saline solution and longer treatment times (Figure S3). The treatment profile designed showed
effectiveness to completely reduce metabolic activity of tumor sections up to 72 h (Figure 5A).

We confirmed the anti-tumoral potential of PAR by Hematoxylin-Eosin (HE) and Ki-67
immunodetection, showing that PAR can induce cell death and decrease of proliferation in a similar
way than 100 μm Cisplatin (Figure 5A–C). In 2D we observed that concentrations of H2O2 equivalent
to those generated with plasma treatment had clear cytotoxic effects (Figure 2C), so 500 μM H2O2

was employed as a positive control (Figure 5B–D). In the 3D organotypic cultures it was clear that
H2O2 did not induce any cell death, nor decrease on Ki-67 (Figure 5A–C). It was also observed that
caspase-3 (caspase protein involved in mitochondrial apoptotic pathway) was induced by Cisplatin
but not by PAR (Figure S4), suggesting a caspase-3 independent mechanism (which does not exclude
apoptosis, but rather indicates that other markers are involved in the process). Our results reflect on
the important effect of PAR as potential anti-tumoral therapy, which reduces the viability of the ex vivo
tumor sections by reducing cell proliferation in a similar way to high doses of Cisplatin on OS models
with the advantage of not affecting healthy hMSCs.

4. Materials and Methods.

4.1. Cell Lines

Sarcoma osteogenic SaOS-2, MG-63 and U2-OS cells (ATCC, Manassas, VA, USA) were cultured
in DMEM (GibcoTM, Carlsbad, CA, USA) supplemented with 10% of fetal bovine serum (FBS), 2 mM
L-glutamine and penicillin/streptomycin (50 U/mL and 50 μg/mL, respectively), all from GibcoTM. Cells
from passages 1–29 were used in all experiments. hBM-MSCs (ATCC, USA) were expanded in Advanced
DMEM (GibcoTM) supplemented with 10% of FBS, 2 mM L-glutamine and penicillin/streptomycin.
Cells from passages 1–9 were used in all experiments. MOS-J cell line, established from spontaneous
C57BL/6J mouse OS by Joliat, M.J. et al. [70], were expanded in DMEM with glucose at 4.5 g/L
(Lonza, Walkersville, MA, USA), supplemented with 1% of FBS, and 1% penicillin/streptomycin.
For organotypic culture, DMEM with 15% FBS and 1% penicillin/streptomycin was prepared and
glucose was added to the medium to each a final concentration of 6 g/L. The same medium was used
for 2D and 3D plasma treatments. All cell lines were maintained and expanded at 37 ◦C in a 95%
humidified atmosphere containing 5% of CO2.

4.2. Atmospheric Pressure Plasma Jets

Two atmospheric pressure plasma jets were employed: An atmospheric pressure plasma jet (APPJ)
was created using He (5.0 Linde, Spain) as plasma carrier gas in a jet design with a single electrode
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as described elsewhere [46]. The discharge electrode was a copper wire with a diameter of 0.1 mm
inserted inside of a 1.2 mm inner diameter quartz capillary tube, covered by a polytetrafluoroethylene
(PTFE) holder. The electrode was connected to a commercial high voltage power supply from Conrad
Electronics (nominally 6 W power consumption). The discharge was operating with sinusoidal
waveform at 25 kHz with (U) ~2 kV and (I) ~3 mA. Helium flow in the capillary was regulated by a
Bronkhorst MassView flow controller [22].

kINPen®® IND (Neoplas tools GmbH, Greifswald, Germany) is a commercial plasma jet tool
that consists of a hand-held unit that discharges plasma under atmospheric conditions, employing
a DC power unit and Argon gas to generate the plasma. In the centre of a ceramic capillary (inner
diameter 1.6 mm) a pin-type electrode (1 mm diameter) is mounted, and a ring around the dielectric as
grounded counter-electrode. The needle is powered by a small RF generator producing a sinusoidal
voltage waveform ranging from 2 kV to 3 kV amplitude peak at a frequency of 1 MHz and modulated
with 2.5 kHz and a plasma duty cycle of 1:1 [71,72].

Both plasma jets operated with a gas flow of 1 L/min, based on a previous work [36] at a distance
of 10 mm between the surface of the liquid and the jet nozzle.

4.3. Optical Emission Spectroscopy (OES)

OES was used to determine the main plasma emitting species. The equipment used was a
spectrometer F600-UVVIS-SR (StellarNet, Tampa, FL, USA), which was connected to an optical fiber
(QP600-2SR-Ocean Optics) with lens that collected information from the measure point near the plasma
jet (integration time 10,000 ms, average of 5 scans). Measurements were conducted close to the surface.
For data processing, the SpectraWiz software (StellarNet, Tampa, FL, USA) was used.

4.4. Plasma Treatment

To produce the plasma-activated Ringer’s saline (PAR), 2 mL of sterile Ringer’s saline (8.6 g/L
NaCl, 0.33 g/L CaCl2 and 0.3 g/L KCl) were placed under the jet at room temperature at a distance of
10 mm from the jet nozzle in sterile conditions. The liquid was placed in multiple well plates of 1.9
cm2 of surface (24 well-plates). Plasma treatment times between 1–5 min were investigated. A 10% of
FBS was added immediately after treatment. The protocol followed is schematized in Figure 4. For
treatment of organotypic cultures, 1 mL of Ringer’s saline were treated with APPJ between 10–20 min
at same conditions.

4.5. Characterization of PAR

For characterization of PAR, each parameter was measured immediately after plasma treatment
and addition of FBS. pH was measured using an MM 41 Crison multimeter. The H2O2 produced by
plasma was measured using an Amplex Red/horseradish peroxidase method (all from Sigma) and by
monitoring the peak of fluorescence at λex/em of 560/590 nm. H2O2 concentrations were determined
using a calibration curve constructed from known stock H2O2 solutions (0–10 μM). NO2

− were
quantified by using the Griess reagent method and using a calibration curve from known NaNO2 stock
solutions (0–100 μM). Griess reagent is prepared from sulphanilamide (1%), N-(1-naphtyl) ethylene
diamine (NEED) (0.1%) (both from Sigma), phosphoric acid (1.2%) (Panreac) and distilled water
(97.7%). The absorbance was measured at 540 nm. For total ROS detection, 2′,7′-dichlorofluorescin
diacetate (DCFH-DA; Sigma) was used. Briefly, 150 μL of sample were placed in black 96 well-plates
and 1 μL of DCFH-DA at 2 mM in DMSO was added to each sample. Samples were incubated for
30 min at 37 ◦C and then fluorescence intensity was read at a λex/em of 485/528 nm. Total ROS increase
was expressed as a fold change. In total ROS detection all the reactive oxygen species present in
the media are considered, therefore including short and long-lived species (i.e., H2O2, NO2

−, HOO
*, * OH, NO *, ONOO *, etc.). Absorbance and fluorescence were measured using a Synergy HTX
multi-mode microplate reader (BioTek Instruments, Winooski, VT, USA). From all techniques, samples
were measured in triplicate.
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4.6. Metabolic Activity

Subconfluent SaOS-2, MG-63, U2-OS and hBM-MSCs were trypsinized, centrifuged and seeded
in a 48-well plate at a density of 15x 103 cells/well, and incubated in 300 μL of their corresponding
medium for 24 h. After incubation, the culture medium was replaced in each cell line by 300 μL of PAR
treated during 1, 2.5 or 5 min where 10% FBS had been added immediately after treatment. Cells were
incubated during two hours with PAR for each condition in triplicate. As a positive control, each cell
line was incubated during two hours with untreated PAR. Afterwards, PAR was replaced by fresh
complete DMEM. The experimental protocol is shown in Figure 5. Cells were then incubated at 37 ◦C
for 24 h and 72 h. Cell metabolism was evaluated by WST-1 assay (Roche, Mannheim, Germany) 18 μL
of WST-1 were employed per mL of culture medium. As a negative control, WST-1 was incubated
without cells. The absorbance was measured at 440 nm and absorbance from negative control was
subtracted. Absorbance of each treated condition was referenced to positive control.

4.7. Immunofluorescence

For immunofluorescence staining, MG63 and hBM-MSCs cells were incubated during 2 h with
PAR treated during 5 min. After incubation, PAR was removed and changed by fresh medium, cells
were incubated during 6 h and then fixed with 4% of paraformaldehyde (Sigma) for 20 min at room
temperature. Then, cells were washed, twice with PBS, permeabilized with 0.1% Triton X-100 in PBS
and blocked with 5% BSA in PBS-0.1% Tween-20 10X (blocking solution) with agitation during 3 h.
Then, cells were washed and incubated with mouse Anti-phospho-Histone γH2AX (Ser139) Antibody,
clone JBW301 (Merk Millipore, Burlington, MS, USA) (1:500 in blocking solution) in agitation at 4 ◦C
overnight and after washing with PBS, cells were incubated with secondary antibody Alexa Fluor
488 goat anti-mouse (Invitrogen) for 30 min in the dark. After that cells were washed with PBS and
incubated with Alexa Fluor 546 Phalloidin (1:300 in PBS-0.1% Tween-20) (Invitrogen Carlsbad, CA,
USA) during 1 h in dark. Cells were washed with 20 mM glycine in PBS and samples were mounted
with ProLong™ Gold Antifade Mountant with DAPI (LifeTechnologies, Carlsbad, CA, USA). Images
were captured using Zeiss laser scanning microscope. For % of DNA damage, total positive area for
γH2AX foci and DAPI stain were quantified using ImageJ software and total γH2AX-positive area
were relativized to total DAPI area (n = 5, with a mean of 70 nuclei per image).

4.8. Intracellular ROS Measurement

Intracellular levels of ROS were measured using DCFH-DA. SaOS-2, MG63, U2OS and hBM-MSCs
cells were cultured in black 96-well plates at a density of 5000 cells/well in their corresponding medium
for 24 h. After that, cells were incubated before treatment during 1 h with 40 μM of DCFH-DA in
DPBS, prepared from 2 mM of DCFH-DA solved in DMSO. Afterwards, cells were washed in DPBS
and treated with PAR for 2 h following the protocol in Figure 4i. To quantify of intracellular ROS levels,
fluorescence was measured after 2 h of incubation with PAR replacing it by 50 μL of DPBS. The λex/em

was of 490/530 nm. As a negative control, fluorescence of cells without DCFH-DA was measured
in DPBS and then subtracted. Values were relativized to the positive control (untreated cells) and
intracellular ROS increased was expressed as a fold change.

4.9. Flow Cytometry

MG63 and hBM-MSCs were seeded on 6-well plate at a density of 2 × 105 per 2 mL of culture
medium and incubated during 24 h. After that, cells were exposed during 2 h to 1 mL of PAR treated
during 1, 2.5 and 5 min following the protocol in Figure 5. 24 h after treatment, cells were stained with
Cell Death Apoptosis Kit with Annexin V Alexa Fluor™ 488 & Propidium Iodide (PI) (Invitrogen, cat.no
10257392, Carlsbad, CA, USA) following the manufacturer’s protocol. Cell counts were determined by
flow cytometer BD LSR II and data analysis was performed with FlowJo Software. Each condition was
done in triplicate.
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4.10. Murine OS Organotypic Model

35 days old C57BL/6J mice were injected with 2 million MOS-J cells in 50 μL of DPBS by
intramuscular paratibial injection. 17 days after injections, mice with 900–1200 mm3 tumor size were
selected and sacrificed. Tumor sections of (2 × 2 × 0.2 mm) were obtained using LeicaVT 1200S
vibratome under sterile conditions and sections were maintained in 2 mL of DMEM high glucose in
24 ultra-low attachment well-plates during 24 h. After that, tumor sections were exposed during 2 h to
1 mL Ringer’s saline that had been previously treated for 10, 15 or 20 min and then, PAR was diluted at
1
4 in DMEM high glucose. Tumor sections were also exposed during 2 h to 500 μM H2O2 in Ringer’s
saline with 10% of FBS and also were maintained with 100 μM Cisplatin (Santa Cruz, CA, USA) in
DMEM high glucose. After 24 h of incubation, each treatment was repeated and tumor sections were
kept in these for 48 more hours, being 72 h at the end. Sections from three different tumours were
exposed to different conditions and 4 Sections were used per condition to estimate the mean. Tumor
sections were incubated with resazurin solution (0.5 g/L Resazurin from Sigma in PBS) at 20% in
DMEM high glucose during 3 h to measure metabolic activity. This was done before treatments and 24
and 72 h after first treatment. Fluorescence were measured with λex/em of 530/600 nm. As a negative
control, fluorescence of resazurin without cells or tumor sections were measured and subtracted. Each
value was relativized to control.

4.11. Histological Analysis

For histological analysis, tumor sections at 72 h after treatment were fixed in 4% formol overnight
at 4 ◦C. After fixation, sections were dehydrated, included in paraffin, sectioned with microtome and
deparaffinized before being rehydrated for histological analysis. Haematoxylin/eosin staining were
performed to observe tissue structure and number of nuclei. For immunohistochemistry, sections
were incubated in citrate buffer at 96 ◦C for 20 min and then blocked in PBS-Triton 0.05% with
1% BSA during 1 h at room temperature. After that, samples were washed with TBS-Tween 20
0.05% and then incubated with hydrogen peroxide 3% for 15 min to inhibit endogenous peroxidase.
Sections were incubated with monoclonal rabbit anti-Ki-67 (Abcam, Cambrigde, UK) overnight at
4 ◦C. After that, samples were washed and incubated with secondary goat anti-rabbit biotinylated
(Dako, E0432, Santa Clara, CA, USA) for one hour at room temperature. Then samples were incubated
with streptavidin/peroxidase (Dako, P0397, Santa Clara, CA, USA) TBS-Tween 20 0.05% for one hour
at room temperature. Diaminobenzidine (DAB) was used to visualize positive staining. Samples
were countercolored with hematoxyline, washed and then mounted with Pertex. Images were taken
by NanoZoomer (Hamamatsu Photonics). For positive nuclei area quantification and percentage of
positive Ki-67 nuclei, 5 well-distributed high magnification pictures (X40) were taken for each condition
in triplicate and analysed with ImageJ. For positive nuclei area, values were relativized to positive
control. For percentage of positive Ki-67 nuclei, positive nuclei were quantified and relativized to total
number of nuclei excluding the first 40 μm of tumor section (proliferating margins).

4.12. Statistical Analysis

All data are presented as means ± SD. Statistical analysis of the data was performed using ANOVA
to compare conditions within the same experimental group and Student’s t-test to compare couple
of conditions between them. p-values < 0.05 were considered statistically significant. For the case of
viability and flow cytometry studies, p-values < 0.005 were considered statistically significant

5. Conclusions

Many studies reported that saline solutions activated by cold atmospheric plasma can offer a
potential therapy against cancer, but there are very few works than demonstrate its effects in 3D and no
studies in osteosarcoma models. The main aim of the present study was to demonstrate the cytotoxic
effects of PAR in human and mouse osteosarcoma, employing 2D and organotypic cultures. Our data
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show that plasma-activated saline solutions could be used for the treatment of OS, by investigating
the implication of RONS for the anti-cancer effect and cellular mechanisms involved in selective cell
death. First, PAR induces cell death in adherent cell cultures, related to the increase in the intracellular
ROS that triggers DNA damage and subsequent apoptosis, and not being related directly to H2O2

concentration. This kind of mechanism produced clearly higher lethal effects in osteosarcoma cells
than in hBM-MSCs, that were significantly less affected. Second, PAR reduces OS tumor viability and
proliferation, displaying a reduction of metabolic activity, number of nuclei and Ki-67 expressing cells.
Although further investigations are needed, the results of the present work provide evidence of PAR as
a promising tool for clinical use for OS treatment.
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Abstract: Nonthermal plasma is a promising novel therapy for the alteration of biological and clinical
functions of cells and tissues, including apoptosis and inhibition of tumor progression. This therapy
generates reactive oxygen and nitrogen species (RONS), which play a major role in anticancer effects.
Previous research has verified that plasma jets can selectively induce apoptosis in various cancer cells,
suggesting that it could be a potentially effective novel therapy in combination with or as an alternative
to conventional therapeutic methods. In this study, we determined the effects of nonthermal air soft
plasma jets on a U87 MG brain cancer cell line, including the dose- and time-dependent effects and the
physicochemical and biological correlation between the RONS cascade and p38/mitogen-activated
protein kinase (MAPK) signaling pathway, which contribute to apoptosis. The results indicated that
soft plasma jets efficiently inhibit cell proliferation and induce apoptosis in U87 MG cells but have
minimal effects on astrocytes. These findings revealed that soft plasma jets produce a potent cytotoxic
effect via the initiation of cell cycle arrest and apoptosis. The production of reactive oxygen species
(ROS) in cells was tested, and an intracellular ROS scavenger, N-acetyl cysteine (NAC), was examined.
Our results suggested that soft plasma jets could potentially be used as an effective approach for
anticancer therapy.

Keywords: nonthermal biocompatible plasma; soft jet plasma; reactive oxygen and nitrogen species;
human glioblastoma; p38/MAPK pathway

1. Introduction

Glioblastoma astrocytoma is the most familiar and quickly progressing type of astrocytic brain
tumor in adults, with a five-year survival rate of around ~4%. Glioblastoma is one of the most lethal
types of brain cancer [1]. Due to its excessive resistance to conventional therapy, the mean survival
time of patients is no more than 15 months [1,2]. Treatment for glioblastoma is inadequate; most
chemotherapeutics are unable to cross the blood–brain barrier to reach tumor sites, and successfully
removing all surrounding tumor cells by surgical resection is difficult [3].

Nonthermal plasma and its biomedical applications have recently become a major focus of
research [4–10]. Plasma has been shown to induce apoptosis in various cancer cells [5–7]. Nonthermal
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atmospheric biocompatible plasma (NBP) was found to produce promising anticancer effects on
glioblastoma cells in vitro [11] and in vivo [12]. Atmospheric pressure plasma jets can significantly
destroy cancer cells without damaging healthy cells. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) mostly appear in the human body and, at lower concentrations, mediate
several biological actions, including platelet aggregation, vasodilation, apoptosis, and smooth muscle
cell proliferation [13]. The creation of ROS could be used for the treatment of cancer [14]. NBP
induces the production of intracellular ROS and activates DNA damage signaling, including p53
expression [15,16]. These reactive species have a key function in the induction of apoptosis in
cancer cells specifically exposed to NBP [5,17–19] or indirectly treated by plasma-activated water or
materials [20–27]. Nonthermal atmospheric pressure plasma jets (NBP-Js) have gained attention in the
biomedical field [28–32]. NBP not only has the capacity to stimulate apoptosis in glioblastoma cells,
but also has minimal cytotoxic effects on normal astrocytes [33,34]. Various studies have verified that
reactive oxygen and nitrogen species (RONS) created by plasma can trigger mechanisms that lead
to apoptosis, including cell signaling pathways involving c-Jun N-terminal kinases (JNK), p38, and
p53 [35].

Thus, NBP-J has the potential for use in anticancer treatment, but determining mechanisms
underlying its anticancer effects is necessary. In this study, we investigated the apoptotic effect of
NBP-J, without damaging normal cells, and its capacity to alter oxidative stress pathways in human
brain cancer cells. We identified molecular mechanisms triggered by plasma treatment, including
molecular- and cell-cycle-related events that block cell cycle progression in cancer cells and signaling
pathways responsible for the low survival and proliferation of glioblastoma cells treated with NBP-J.

2. Results

2.1. Physical Characteristics of the Soft Plasma Jet

Figure 1A provides a schematic diagram of a soft plasma jet device consisting of a high-voltage
power supply, electrodes, and a dielectric barrier. We used a nonthermal plasma jet with air gas flow.
The flow rate was 1 L/min, and a 1 mm diameter gas hole for open air was used for system operation.
The discharge gap was maintained at 2 mm between the inner and outer electrodes. The gap between
the surface of the Dulbecco’s modified Eagle medium (DMEM) and the tip of the plasma discharge
device was fixed to 5 mm.

Figure 1. (A) Schematic overview of the experimental setup; (B) measurement of optical emission
spectra (OES) of the soft plasma jet device with air gas flow.

Figure 1B shows the optical emission spectra, indicating peak wavelengths. The emission lines
shown in Figure 1B correspond to highly RNS or ROS that may produce biological effects. The
discharge produced considerable UV radiation with an OH band transition at 308 nm, the second

194



Cancers 2020, 12, 245

positive system of N2 from 314 to 388 nm, which included RNS, the first negative system N2 from 390
to 440 nm, hydrogen-α at 656 nm, and atomic oxygen lines at 777 and 844 nm. This ambient oxygen
and energized nitrogen species may be included within the oxidation of different molecules by the
deletion of electrons that could influence several biological processes.

2.2. Morphological Characteristics after Plasma Treatment

We observed the morphological features of U87 MG brain cancer cells and astrocytes. As shown in
Figure 2A,B, the growth of U87 MG cells was affected by soft plasma jet treatment, but astrocytes were
not affected. We observed significant differences in growth between treated cells and untreated controls.
The untreated U87 MG cells exhibited extensive spreading; the cell body, shape, and morphology
were clearly visible. The treated cells showed a shrunken and rounded appearance. After plasma
treatment, cancer cells started to detach from the surface, and many cells started to change from a
spindle shape to a cobblestone-like morphology. Overall, plasma inhibited the growth of U87 MG cells,
and plasma treatment for 180 s had the greatest inhibitory effect. The morphological modifications in
the plasma-treated cells suggested damage to cellular metabolic processes. However, the morphology
of astrocytes was clearly visible and was not substantially affected by plasma treatment. Astrocytes
were not sensitive to soft plasma jet treatment, but U87 MG cells were highly sensitive.

Figure 2. (A) Morphological changes in cell lines of astrocytes and U87 MG cells treated with plasma
for 30, 60, and 180 s and viewed under a light microscope. Arrows indicate cell shrinkage and nuclear
condensation due to apoptosis and the presence of apoptotic bodies. (B) SEM morphology of astrocytes
and U87 MG cells. Effects of a soft plasma jet on cell viability of astrocytes (C) and U87 MG cells (D).
(E) Confocal microcopy images of intracellular reactive oxygen species (ROS) and intracellular reactive
nitrogen species (RNS) of U87 MG cells. (F) Relative amounts of ROS and RNS levels following soft
plasma jet treatment of U87 MG cells. Scale bar = 100 μm. All values are presented as means ± SD of
three independent experiments. ** p < 0.01, and *** p < 0.001.
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2.3. U87 MG Cell Viability Decreases after Soft Plasma Jet Treatment

We investigated the ability of the soft plasma jet to selectively kill cancer cells. The cells were
treated with soft plasma jets for various lengths of time, i.e., 30, 60, and 180 s, and were then incubated
for 24 h along with an untreated group as the control. As shown in Figure 2C, in astrocytes (normal
brain cells) treated with a soft plasma jet, the viability was nearly the same as that of the control cells.
Figure 2D shows that, after 24 h of incubation, the viability of the U87 MG brain cancer cells treated
with the soft plasma jet decreased. The viability was reduced in the plasma-treated U87 MG cells but
not in the astrocytes.

2.4. Intracellular ROS and RNS Generation Induced by Soft Plasma Jet Treatment

ROS trigger the intrinsic apoptotic cascade by interactions with proteins in the mitochondrial
porousness transition complex [36–38]. Mitochondrial depolarization results from oxidative stress
produced by ROS. Atmospheric pressure plasma jets can generate ROS, thereby directly inducing
apoptosis. As shown in Figure 2E,F, significantly higher levels of ROS and RNS fluorescence and
relative amounts of ROS and RNS levels were observed following soft plasma jet treatment in U87 MG
cells than in untreated controls.

2.5. Analysis of Plasma-Jet-Induced Apoptosis in U87 MG Cells

To verify the proapoptotic impact, Annexin V-FITC and propidium iodide (PI) was used in U87
MG cells treated with a soft plasma jet. We assessed cell death for different treatment periods for
cells exposed to a plasma jet. The plasma jet was used to treat cells for 30–180 s, which were then
stained and analyzed as described above. Our results showed that soft plasma jet treatment resulted in
time-dependent apoptosis. Significantly higher rates of early and late apoptosis were observed in the
treatment group than in the control group (Figure 3A,B). Twenty-four hours after plasma treatment
in U87 MG cells (lower panel), the total percentage of apoptotic cells in the control group was 0.96%
(early: 0.70%; late: 0.26%), compared with 2.42% after the 30 s treatment (early: 2.18%; late: 0.24%),
25.61% after the 60 s treatment (early: 21.59%; late: 4.02%), and 32.58% after the 180 s treatment (early:
26.26%; late: 6.32%). Greater apoptotic effects were observed after treatment for 180 s. In contrast, the
plasma treatment induced marginal necrosis (0.24%–2.18%). These data suggested that soft plasma jet
treatment induces apoptotic cell death in U87 MG cells in a dose- and time-dependent manner.

The upper panels in Figure 3A,B showed that, 24 h after plasma treatment was applied to
astrocytes, the total percentage of apoptotic cells in the control group was 0.73% (early: 0.62%; late:
0.11%) compared with 0.69% for the 30 s treatment (early: 0.64%; late: 0.05%), 0.77% for the 60 s
treatment (early: 0.66%; late: 0.11%), and 1.37% for the 180 s treatment (early: 1.21%; late: 0.16%). Our
findings indicated that astrocytes are not as sensitive to plasma treatment as U87 MG cells. We found
no change in astrocyte apoptosis after plasma treatment.

2.6. U87 MG Cell Cycle Arrest after Plasma Treatment

Cell growth arrest initiated by stress or chemical compounds can be detected, when cells exhibit
logarithmic growth rates and inducers are in balance with respect to the activation of repair mechanisms
or apoptosis. We hypothesized that soft plasma jets influenced cell cycle regulation. Thus, cell cycle
progression was evaluated in U87 MG cells seeded at 4 × 105 cells/well incubated for 24 h. Cell cycle
arrest was analyzed by fluorescence-activated cell sorting (FACS). Soft plasma jet treatment induced
G2/M phase cell cycle arrest in U87 MG brain cancer cell lines. Treatment for 180 s or longer resulted
in significant cell cycle arrest in the G2/M phase of U87 MG. After U87 MG cells were treated for 30,
60, and 180 s, we observed an obvious increase in cells in the G2/M phase. The results in Figure 3C,D
revealed that, compared with that of untreated control cells, in which only 23% of cells were in the
G2/M phase, after treatment for 30, 60, and 180 s, the percentages of cells in the G2/M phase increased
significantly to 24%, 26%, and 30%, respectively. The flow cytometry revealed that soft plasma jet
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treatment induced G2/M cell cycle arrest. The cell cycle arrest in these cells led to an increase in cells in
the G2/M phase with a corresponding reduction of cells in the G0/G1 and S phases and a significant
increase in the population of G2/M phase cells.

Figure 3. Apoptosis in astrocytes and U87 MG cells after plasma treatment: (A) representative flow
cytometry (fluorescence-activated cell sorting (FACS)) dot plots of astrocytes and U87 MG cells prepared
using the Annexin V-FITC Apoptosis Detection Kit; (B) summaries of frequencies of early and late
apoptosis events for astrocytes and U87 MG cells; (C) effects of a soft plasma jet on the cell cycle
distribution of U87 MG human brain cancer cells; (D) the percentage of cells in different cell cycle
phases. The cells were treated for 30, 60, and 180 s and analyzed by flow cytometry. All values are
presented as means ± SD of three independent experiments. ** p < 0.01, and *** p < 0.001.

2.7. Expression of Phosphorylated AKT (p-AKT) by Immunofluorescence

We evaluated p-AKT expression by immunofluorescence staining as shown in Supplementary
Figure S1. AKT protein is well-known for controlling cell survival and proliferation inside cells. The
inhibition of p-AKT induces apoptosis. p-AKT (observed as red fluorescence) was expressed in nuclei
(observed as blue Hoechst 33342 staining). In control cells (cancerous), p-AKT expression increased.
The confocal cell immunofluorescence revealed that the expression of p-AKT was high in control cells
(cancerous cells). N-acetyl cysteine (NAC) was used as a broad antioxidant to investigate whether
reactive species are involved in antitumor effects of plasma. In the group with the 180 s plasma
treatment, the antitumor effect was rescued by NAC (Supplementary Figure S1). Plasma treatment
suppressed p-AKT expression, but NAC inhibited this downregulation.

2.8. Plasma-Treated U87 MG Cells Induce Apoptosis through the p38 Mechanism

To further confirm that apoptosis was induced by soft plasma jets, we performed a Western
blot analysis of apoptosis-related proteins in U87 MG brain cancer cells. Plasma treatment induced
apoptosis via DNA damage and apoptosis proteins like survivin, cleaved caspase b, and cleaved
poly (ADP-ribose) polymerase (PARP). Our data illustrated that, with an increase in plasma dose, the
expression levels of apoptosis-related proteins and proteins from the mitogen-activated protein kinase
(MAPK) pathway, including p-p38, cleaved caspase-3, and PARP, increased significantly, as shown in
Figure 4A,B.

The outcomes of our experiment confirmed that, after plasma treatment in U87 MG cells, caspase
family proteins were activated, which could activate complicated intracellular apoptotic pathways and,
finally, promote apoptosis. However, the precise signaling pathway is unknown but may be linked to
the upregulation of p-p38 protein. More data are needed to identify signaling pathways, such as the
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mitochondria-related signaling pathway or death receptor signal transduction pathway, involved in
the induction of apoptosis by plasma.

Figure 4. (A) Western blot analysis of protein expression in U87 MG cells; (B) relative band intensity as
a function of treatment time.

2.9. Plasma-Treated Cells Increase Survival Rate and Reduce Tumor Size in a U87 MG Mouse Model

To confirm plasma treatment effects on U87 MG cells in an established animal model,
bioluminescence imaging was performed to observe changes in tumor cell growth in vivo. The
region of interest (ROI) was measured at a survival endpoint of day 44 postinjection. The ROI of
the plasma-treated group was significantly reduced compared to that of the control, as shown in
Figure 5A,B. Sectioned mouse brain tissues were used to accurately analyze the tumor size observed in
bioluminescence imaging. The tumor volume of plasma-treated U87 MG cells was significantly lower
(47.24 ± 16.94) than that of the control group (97.10 ± 11.78) (Figure 5C).

Figure 5. In vivo targeting of glioblastoma tumor with nonthermal atmospheric biocompatible plasma
(NBP): (A) representative bioluminescence imaging; (B) region of interest (ROI) levels for changes
in the tumor; (C) tumor size of the sectioned mouse brain by bioluminescence imaging and tumor
volume; (D,E) expression of p-p38, cleaved caspase-3, cleaved poly (ADP-ribose) polymerase (PARP),
and survivin determined via an immunofluorescence assay in mouse tumor tissues. All values are
presented as means ± SD of three independent experiments. ** p < 0.01, and *** p < 0.001.

The immunofluorescence assay in mouse tumor tissues revealed that the expressions of p-p38,
cleaved caspase-3, and cleaved PARP significantly increased in plasma-treated cells compared to those
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in the control and the expression levels of survivin decreased, as shown in Figure 5D,E. These results
are consistent with those of the in vitro protein expression data.

3. Discussion

Since cellular apoptosis is promoted by plasma, the use of nonthermal atmospheric plasma has
attracted substantial interest as a next-generation cancer therapy. Some research has proven that the
impacts of plasma are noticeably selective for cancer cells [39–43]. Time-dependent apoptosis has been
confirmed in plasma-treated cancer cells, with no differences between plasma-treated normal cells and
untreated cells [42,44]. In plasma-based medicine, various approaches, such as plasma jets, corona
discharge, and dielectric barrier discharge (DBD), have been widely studied in vitro and in vivo [42,45].
These types of plasma can be directly applied to skin cancer cells, but they are not applicable for further
systemic cancer treatment. Plasma jets have deeper penetration than DBD plasma, which mostly
generates surface discharge [46]. Although brain tumors are generally difficult to directly reach using
plasma devices, plasma has shown potential for brain cancer therapy. In this study, we used a unique
jet-type plasma device for the treatment of brain tumors in vitro. Cell toxicity, apoptotic effects, and
mechanisms underlying the effects of plasma were examined.

We observed that NBP had selective apoptotic effects in brain cancer cells. Plasma treatment
resulted in a greater decrease in cell viability in U87 MG cells than in astrocytes. U87 MG cells reacted
more sensitively to NBP than normal cells. NBP-J was shown to affect cancer cell morphology and
induce apoptosis, while leaving normal cells relatively unharmed. NBP can generate ROS and RNS,
which may have key mechanistic functions in cancer therapy [47].

In the current study, we found that plasma treatment in vitro increased the rate of apoptosis,
related to cell cycle arrest at the G2/M phase. Cell cycle control is one of the main regulatory mechanisms
underlying cell growth [48–51]. Our flow cytometry analyses showed that the percentage of G2/M cells
increased dose dependently, thus preventing the generation of daughter cells.

We assessed apoptosis-related proteins by Western blotting to evaluate the precise molecular
mechanism, through which plasma treatment causes cell cycle arrest and apoptosis. We found that the
expression levels of apoptosis proteins increased in response to plasma treatment. Our findings also
indicated that soft plasma jets resulted in ROS and RNS generation, thereby inducing an apoptotic
signaling cascade by activating p38/MAPK signaling, which further led to the actuation of PARP
and cleaved caspase-3 as apoptosis proteins. The most complicated intracellular signal transduction
structures are present in the MAPK signaling pathway and, in common, are activated using an extensive
cluster of intracellular or extracellular stimuli [52]. Three common components of the MAPK signaling
pathway are ERK, JNK, and p38 MAPK pathways, frequently participating in genetic processes despite
crosstalk between these signaling pathways at the upper levels of cascades [53]. In this study, we
observed ROS uptake in U87 MG cancer cells treated with NBP-J.

Plasma treatment was toxic to U87 MG cells but not to astrocytes. Generally, higher intracellular
ROS concentrations are present in cancer cells than in normal cells, and hence they face more challenges
in managing additional oxidative damage due to RONS from plasma, whereas healthy cells can protect
themselves more easily, diminishing oxidative pressure and restoring stability. We demonstrated that
NBP-J has the potential to selectively induce apoptosis in brain cancer cells via the generation of ROS
and RNS. Intracellular ROS and RNS can play key roles in cancer cell apoptosis. This tumor inhibition
is mediated by cell cycle arrest, and the duration of treatment is important for determining the levels
of cytotoxicity and apoptosis. Overall, plasma-treatment-induced cell death, morphological changes,
and cell cycle arrest increased the expression of genes related to apoptosis (p-p38, caspase-3, cleaved
PARP, and survivin) in the U87 MG cancer cell line. Our in vivo study suggested that the addition of
plasma-treated U87 MG cells reduced the tumor volume.

Although more studies are required to determine the exact mechanisms, these results indicated the
anticancer activity of soft-jet plasma, providing new insights into molecular mechanisms. Atmospheric
plasma is administered in the open air and at room temperature; therefore, this device for cancer
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treatment has clinical value, particularly given the potential to target cancerous cells over healthy cells.
It could also be applied within postoperative healing processes. Our results provide a fundamental
basis for the development of a clinically suitable device, e.g., a needle-type plasma jet, to be directly
applied to the brain. The main goal of this work was a preclinical proof-of-concept for plasma treatment
in brain cancer; an indication of preclinical models for plasma treatment will be useful for further study.
However, in the future, we will perform in vivo work by injecting U87 cells as the naïve condition in the
mouse brain, then allowing the tumor to form and then apply direct NBP-J treatment. Additionally, we
will develop a protocol for the clinical application of a needle-type plasma jet, which is our next focus.

4. Materials and Methods

4.1. Experimental Plasma Device and Measurement of Physical Properties

Figure 1A depicts a schematic of an atmospheric soft plasma jet system and an air gas flow. The
system included a high-voltage inner electrode and a grounded (outer) electrode in stainless steel. The
inner electrode was composed of stainless steel with a size of 1.2 mm × 0.2 mm, and the outer electrode
was prepared by stainless steel with a length of 6 mm, a thickness of 0.2 mm, and a 0.7 mm diameter
hole for the generation of plasma. Air was used as the feeding gas, and the flow speed was controlled
using an analog controller. A charge-coupled spectrometer (HR400; Ocean Optics, Largo, FL, USA)
was used to measure optical emission spectroscopy. The light intensity was recorded under conditions
of wavelengths emitted from the device.

4.2. Cell Culture

U87 MG (human brain cancer cell line) and normal human astrocytes (NHA) were purchased
from the Korean Cell Line Bank (KCLB, Seoul, Korea) and Lonza (CC-2565, Basel, Switzerland),
respectively. U87 MG (human brain cancer cell line) and astrocytes were cultured DMEM (Life
Technologies, Carlsbad, CA, USA) added with 10% FBS (Gibco, Grand Island, NY, USA) and 1%
antibiotic (penicillin/streptomycin; Gibco, Grand Island, NY, USA). A humidified incubator with 5%
CO2 at 37 ◦C was used to maintain the cultured cells. All experiments were performed using cells in
the exponential phase. The cell suspensions were seeded on 100 mm cell culture plates and incubated
for around 20–24 h to reach confluence prior to experiments. A cell viability (Alamar Blue, Invitrogen,
CA, USA) assay, analysis of cell morphology, intracellular ROS and RNS detection, cell cycle arrest
assay, immunofluorescence assay, and Western blotting were used to evaluate the effects of NBP-J.
NAC (5 mM) was applied as an ROS scavenger.

4.3. Cytotoxicity Assay

The cytotoxic effect of NBP-J was monitored using Alamar Blue, a redox fluorogenic sign of
metabolic reduction (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Cells were seeded at
a concentration of 1 × 105 cells/well into 24-well plates (Falcon, BD Biosciences, San Jose, CA, USA)
and incubated for 1 day to allow for cell adhesion and stability. The medium was replaced, and cells
were treated with NBP-J for 30, 60, and 180 s followed by an additional incubation period. A control
group with no plasma treatment was included in all assays. After 24 h of incubation, the medium
was changed to Alamar Blue mixed with DMEM in a 1:10 ratio. Alamar Blue reagent is sensitive to
light; thus, plates were covered with aluminum foil and incubated for 3 h. After 3 h, 100 μL of the
medium was added to a 96-well black plate. Reactions were monitored using a microplate reader
(Biotek, Winooski, VT, USA) with an excitation wavelength range of 570–560 nm and an emission
wavelength of 590 nm. For all assays, three independent sets of tests were performed.

4.4. Intracellular ROS and RNS Detection

U87 MG cells were seeded on 12-well plates with round glass coverslips at 5 × 104 cells per dish.
After 24 h, cells were treated for 30, 60, and 180 s with a soft plasma jet followed by incubation for
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24 h. An ROS and RNS detection kit (Invitrogen, CA, USA) was used to assess intracellular ROS
and RNS levels following the manufacturer’s instructions. 2,7-Dichlorodihydrofluorescein diacetate
(H2DCF DA; Invitrogen, CA, USA) was used to oxidize cells to release intense green fluorescence
using intracellular ROS. For RNS detection, DAF-FM was used. Laser scanning confocal microscopy
was used to obtain fluorescence images at a 20×magnification.

4.5. Apoptosis Assay

To detect apoptosis, Annexin V-FITC (fluorescein isothiocyanate) and PI staining were performed,
and cells were evaluated using a FACSVerse cytometer (BD, San Jose, CA, USA) and an Annexin V-FITC
Apoptosis Detection Kit (BD, San Jose, CA, USA) following the manufacturer’s protocol. In short,
cells were treated with plasma and incubated for 24 h, after which they were collected, washed with
Dulbecco’s phosphate-buffered saline (DPBS), stained with Annexin V-FITC and PI and analyzed using
flow cytometry. FACSVerse software (BD Bioscience, San Jose, CA, USA) was used to analyze the
percentage of cells in four populations, including FITC−/PI− (living cells), FITC+/PI− (early apoptotic
cells), FITC+/PI− (late apoptotic cells), and FITC−/PI+ (necrotic cells).

4.6. Cell Cycle Flow Cytometry Analysis

To evaluate the effect of soft plasma jets on cell cycle progression, U87 MG cells were seeded at
4 × 105 cells per well and incubated for 24 h. Cell cycle arrest was analyzed by FACS. After 24 h of
treatment, cancer cells were harvested, fixed with 75% ice-cold ethanol for 24 h, treated with RNase-2
(Sigma-Aldrich, St. Louis, MO, USA), stained with PI, and analyzed by flow cytometry.

4.7. Immunofluorescence Staining for p-AKT

To investigate the regulation of the p-AKT expression in U87 MG cells, immunofluorescence
staining was performed. Discussion related to immunofluorescence staining for p-AKT is provided in
Supplementary Figure S1.

4.8. Western Blot Analysis

For protein extraction, cells were treated with plasma at different time points (30, 60, and 180 s
compared with the control) and harvested by a radioimmunoprecipitation assay (RIPA) buffer after
24 h of culturing. For immunoblot confirmation, 20 μg of protein was used, and the analysis was
performed as previously described. Primary antibodies were used against p38 and its phospho form
(Thr180/Tyr182, Cell signaling, Danvers, MA, USA), cleaved caspase-3 (Cell Signaling, Danvers, MA,
USA), survivin, and cleaved PARP (Abcam, Cambridge, United Kingdom), and GAPDH (Sigma-Aldrich,
St. Louis, MO, USA). The intensity of bands was detected using ImageJ software. Data were normalized
according to their corresponding β-actin levels.

4.9. Orthotopic U87 MG Xenograft Mouse Model

All procedures involving mice in tests were approved by the Institutional Animal Care and
Use Committee (IACUC number: KWU-PBRC1905001) at Kwangwoon University (Seoul, Korea).
Seven-week-old female BALB/c-nude mice were anesthetized by intraperitoneal (i.p.) injection of
30 mg/kg zoletil (Virbac SA, France) and 10 mg/kg xylazine (Bayer Inc., Toronto, Ontario). As previously
described, luciferase-expressing U87 MG (U87 MG-effluc) was used for bioluminescence imaging [54].
The cells were expanded to 90% confluence and divided into two groups. The first group was harvested
directly in PBS (Phosphate Buffered Saline) and acted as a control, whereas the second group was
treated with NBP-J for 3 min and extracted to be injected (1.2 × 106 in 3 μL) with a stereotaxic device
using a Hamilton syringe at an injection rate of 1 μL/min into the brains. Stereotaxic coordinates were
selected to be 1 mm anterior and 2 mm lateral to the bregma and 3 mm deep from the dura.

201



Cancers 2020, 12, 245

4.10. Bioluminescence Imaging and Survival Analysis

Brain tumor growth was observed via bioluminescence imaging using VISQUE™ In Vivo Elite
Imaging System followed by imaging every alternate day until day 44 postinjection, after which the
mice were euthanized. For the detection of in vivo live imaging, the mice were i.p. administered
150 mg/kg D-Luciferin (Caliper Life sciences, Hopkinton, MA, UA). After anesthetizing the mice with
2% isoflurane (Piramal Healthcare, Bethlehem, PA, UA) in 100% O2, pictures were captured by recording
the bioluminescent indication for 8 min. The signals were analyzed and quantified by calculating the
luminescent intensity in the ROI using Clavue software, registered with the imaging system.

4.11. Tumor Volume and Immunofluorescence Staining

For histological analysis, the mice were sacrificed after 44 days of the U87 MG efflux cell injection.
Cardiac perfusion was performed and frozen blocks were prepared for sectioning as previously
reported [54]. The tissues were stained with hematoxylin and eosin (H&E) to mark the tumor
volume within the sections. Immunofluorescence was performed using primary antibodies as follows:
p-p38 (1:400, Cell Signaling), cleaved caspase-3 (1:100, Abcam), survivin (1:250, Abcam), and cleaved
PARP (1:400, Abcam). The secondary antibody used was Alexa Fluor 594- or 488-conjugated with
anti-IgG or 594-conjugated antigoat IgG (1:500; Invitrogen, Carlsbad, CA, USA), and the sections
were mounted with anti-fading solution containing 4′-6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, Burlingame, CA, USA). Fluorescent images were obtained using a fluorescence microscope
(Leica, DMi8, Wetzlar, Germany). Positively stained slides were quantified from a minimum of three
randomly stained slides.

4.12. Statistical Analysis

Results are presented as a percentage of controls ± SD or means± SD. Student’s t-tests were
used to analyze statistical differences between two groups, and multiple groups were surveyed
using one-way analysis of variance (ANOVA) followed by a post-hoc test. The survival data are
presented in Kaplan–Meier survival graphs and were analyzed by the log-rank test. Statistical analyses
were conducted using GraphPad Prism software (La Jolla, CA, USA), and each experiment was
performed independently at least 3 times. Differences with values of p < 0.05 were considered
statistically significant.

5. Conclusions

In conclusion, our results indicated that plasma treatment has an anticancer effect on U87 MG
cells in both in vitro and in vivo by activating the cellular apoptosis mechanism via the p38/MAPK
mechanism. The plasma-activated proteins like cleaved PARP and cleaved caspase-3, leading to
increased tumor cell death. We think that these results provide important insight into the molecular
mechanism underlying apoptosis in brain cancer cells. Although more studies are required to
determine the detailed mechanisms, our results suggested that soft plasma jets can be used as a
potential therapeutic approach for brain cancer.
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Abstract: Non-invasive physical plasma (NIPP) generated by non-thermally operated electrosurgical
argon plasma sources is a promising treatment for local chronic inflammatory, precancerous and
cancerous diseases. NIPP-enabling plasma sources are highly available and medically approved. The
purpose of this study is the investigation of the effects of non-thermal NIPP on cancer cell proliferation,
viability and apoptosis and the identification of the underlying biochemical and molecular modes of
action. For this, cervical cancer (CC) single cells and healthy human cervical tissue were analyzed by
cell counting, caspase activity assays, microscopic and flow-cytometric viability measurements and
molecular tissue characterization using Raman imaging. NIPP treatment caused an immediate and
persisting decrease in CC cell growth and cell viability associated with significant plasma-dependent
effects on lipid structures. These effects could also be identified in primary cells from healthy cervical
tissue and could be traced into the basal cell layer of superficially NIPP-treated cervical mucosa. This
study shows that NIPP treatment with non-thermally operated electrosurgical argon plasma devices
is a promising method for the treatment of human mucosa, inducing specific molecular changes
in cells.

Keywords: tissue penetration; non-thermal plasma; non-invasive plasma treatment (NIPP); cervical
intraepithelial neoplasia (CIN); Raman imaging; Raman microspectroscopy; Plasma lipid interactions

1. Introduction

Cold atmospheric plasma (CAP) has offered promising anti-neoplastic effects on pancreatic,
prostatic and gynecological tumors, as well as melanoma and glioma [1–5]. Cold or “non-thermal”
plasmas are not in thermodynamic equilibrium due to the temperature of electrons being much hotter
than the temperature of the atomic nuclei. Thermalized electrons, however, show a non-Maxwellian
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velocity distribution, resulting in plasma temperatures being adjustable to body temperature [6–8].
Most importantly, the interaction of the reactive plasma factors with gaseous, liquid or solid substances
is followed by the generation of reactive oxygen and nitrogen species (ROS and RNS), which is
responsible for the induction of anti-proliferative cell mechanisms and cancer cell death [6–10]. To date,
there are only few medically approved CAP devices. Thus, the investment and operation costs for these
devices are relatively high. Similar to conventional CAP devices, the plasma effluent of non-thermally
operated electrosurgical argon plasma sources contains diverse biologically reactive factors (charged
particles and molecules, free radicals, ultraviolet, and infrared radiation) [11]. Commonly used
electrosurgical argon plasma sources are devices for high-frequency (HF)-based surgery. These plasma
sources are clinically well established and have been available for various clinical procedures for many
years [12]. A great advantage of these devices is the variety of possible clinical applications using the
highly flexible and sterile application probes in open and endoscopic surgery, which are associated
with relatively low overheads. The system contains two electrodes. One electrode is active, and the
other electrode is a neutral “ground”, usually placed on the outer skin surface with proximity to the
treated body region. The thermal effect during tissue coagulation is based on the contactless transfer of
high-frequency alternating current from the plasma probe to the target tissue via ionized electrically
conductive argon plasma, followed by energy conversion within the tissue (Joule heating) [13]. The
argon plasma corridor thereby follows the way of lowest electrical resistance. The thermal effect is
directly proportional to the electrical resistance of tissue and the square of amperage and can be avoided
by using low energies and performing continuous motion of the plasma probe [11]. However, usually
inducing thermal tissue effects, the ignited argon plasma of next generation electrosurgical argon
plasma sources, as utilized in this study, is discussed to comprise lower energy per plasma particle as
well as to combine characteristics of cold, non-equilibrium plasma, since thermal equilibrium within
the plasma would require multiple actually used currents [14–17]. Due to the divergent principle of
non-thermal plasma generation by electrosurgical argon plasma devices, we use the term non-invasive
physical plasma (NIPP) treatment.

Local NIPP treatment is a promising therapeutic procedure for various chronic inflammatory and
neoplastic diseases of human mucosa, such as cervical intraepithelial neoplasia (CIN), where current
treatment strategies are highly invasive, painful and associated with serious short- and long-term side
effects and risks, especially during pregnancy [18–24].

Very few in vitro studies have investigated the effects on cancer cells and tissue penetration during
NIPP treatment on human mucosa [11,25]. Previously, our group showed the feasibility of non-thermal
treatment on human tissue using electrosurgical argon plasma to significantly increase the potential
of generating free radicals. Cancerous and precancerous diseases often originate from the basal cell
layer of the epithelium; therefore, it is crucial to evaluate the tissue penetration and the effects of NIPP
treatment within human tissues.

In this study, we aimed to investigate cervical cancer (CC) cell proliferation and cell death after
NIPP treatment, compared to primary cells from healthy cervical tissue. Moreover, we employed
Raman microspectroscopy to identify distinct lipid-based molecular changes in cells after NIPP
treatment and to track the penetration of NIPP effects in human mucosal tissues derived from the
cervix uteri. Raman microspectroscopy is a laser-based technique, which excites molecular vibrations
in a sample to reflect the tissue’s specific molecular and biochemical composition [26].

NIPP treatment caused significant antiproliferative and apoptotic effects, particularly in CC cells
associated with cell membrane damage. Raman microspectroscopy and imaging showed significant
alterations of lipids’ molecular composition and morphological differences in lipids after NIPP exposure.
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2. Results

2.1. Antiproliferative Cell Response after NIPP Treatment

The impact of NIPP exposure on cell proliferation and cell death in human CC cell line SiHa and
primary cells from healthy cervical tissue of three independent donors (each independent experiment
was performed with cells from a different donor) was assessed based on cell numbers, brightfield
microscopy, flow cytometry, and Caspase-Glo 3/7 luminescent assay. NIPP treatment showed a
dose-dependent decrease in cell proliferation within 120 h compared to argon-gas treated controls with
the same initial cell number (Figure 1a,b). In line with this, confocal microscopy revealed cell depletion,
accompanied by altered cell morphology and signs of coarsening (Figure 1c). Flow cytometry showed
a significant decrease in cellular viability, from 20% to 40%, in both cell entities (Figure 1d,e). Beside
the decrease in cellular viability, a significant activation of caspases could be determined, utilizing the
Caspase-Glo 3/7 luminescent assays, which measured the activation of the prominent effector caspases
3 and 7 (Figure 1f,g). In CC cells, this effect was highly significant at all investigated time points;
however, non-cancerous cells showed less strong caspase activation.

SiHa cells and non-cancerous cells were treated with NIPP or argon-gas in six-well cell culture
dishes and analyzed by live/dead staining with propidium iodide (PI) and fluorescein diacetate
(FDA) and fluorescence microscopy after the indicated time points. Figure 2 shows representative
fluorescence microscopic images and the respective software-based biological image analysis of three
independent experiments. The cells were NIPP treated for 30 s and analyzed within 120 h. NIPP
exposure resulted in decreased cell numbers, an increase in dead cells, represented by red PI stained
cell nuclei (Figure 2a,c), and significantly decreased cell viability, calculated by the ratio of PI positive
to PI negative/FDA positive cells. Compared to flow cytometry (Figure 1b,d), which analyzed the cell
suspension after trypsinization, live/dead staining solely measured attached cells. Thus, the loss of
mostly detached cells previous to live/dead staining resulted in a relative reduction in NIPP effects.
Figure 2e schematically illustrates the mechanism of FDA and PI staining in viable and dead cells.
As a cell membrane permanent adduct, FDA needs activation through an intact enzymatic esterase
activity and full integrity of the cell membrane to enable its intracellular arrest, whereas PI can only
pass through porous cell membranes before the nuclear staining of dead cells. In both cancerous and
non-cancerous cells, PI/FDA agents therefore strongly point towards NIPP-induced cell membrane
damage and molecular changes in lipids, either as (i) a direct result of cellular NIPP exposure or (ii) a
secondary effect within the propagation of programmed cell death.
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Figure 1. Non-invasive physical plasma (NIPP) has antiproliferative and cytotoxic effects on cervical
cancer (CC) cells and primary cells from healthy cervical tissue. (a,b) After treatment with different
doses of NIPP or argon gas, cell numbers dose-dependently decreased after 24, 72 and 120 h. (c)
Surviving CC cells showed altered cell morphology after NIPP treatment. (d,e) In both cell types,
NIPP-induced cytotoxicity was determined by staining with Guava ViaCount Reagent and subsequent
flow cytometry. (f,g) Caspase-Glo 3/7 assay indicated apoptotic cell death induced by NIPP. This effect
was higher on CC cells compared to cells from healthy cervical tissue. The results are expressed as
the mean ± SD of at least three independent experiments. For non-cancerous cells, each independent
experiment was performed with cells from a different donor. * p < 0.05 and *** p < 0.001, as determined
by Student’s t-Test.
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Figure 2. NIPP effects on cellular viability and membrane integrity of CC cells and primary
non-cancerous cells from healthy cervical tissue. Cells were NIPP- or argon gas-treated for 30 s
and analyzed after 24, 72 and 120 h. (a,c) Representative fluorescence microscopy after staining of
native cells with PI and FDA. White circles indicate the presence of red stained cell nuclei. (b,d) Relative
live/dead ratio by automatic counting of red and green fluorescent nuclei, using the image analysis
software ImageJ compared to argon gas-treated controls. (e) Schematic functionality of FDA and PI
staining in viable and dead cells. The results are expressed as the mean ± SD of three independent
experiments. For non-cancerous cells, each independent experiment was performed with cells from a
different donor. *p < 0.05, **p < 0.01, as determined by Student’s t-Test.

2.2. NIPP Induced Changes of Lipids in Human Cervical Mucosa Identified by Raman Imaging

Utilizing Raman microspectroscopy and multivariate data analysis, we biochemically characterized
lipids as molecular components in human cervical tissues (Figure 3). The fresh, primary tissue samples
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were superficially NIPP-treated for 2 and 5 min without the generation of tissue harming heat effects,
characterized by surface temperatures of around 22.8 ◦C during 2 min of tissue treatment (Figure 4).

 

Figure 3. Schematic illustration of the experimental setup. (a) Setup of superficial tissue treatment
with NIPP, utilizing the Vio3/APC3 (Erbe Elektromedizin); (b) CC single cell analysis via live/dead
staining and Caspase3/7 assays; (c) Structure of stratified squamous epithelium in cervical tissue,
modified based on https://creativecommons.org/licenses/by/3.0/deed.de. Green boxes designate the
investigated regions of interest (ROI); (d) Schematic of the Raman microscope. (e) Representative
Raman spectrum from untreated cervical control tissue. Wavelengths highlighted with green bars
represent the characteristic composition of bands (at 1436, 1657, and the main band at 2850 rel. cm−1)
utilized in this study to identify specifically lipid components out of the multiple Raman spectra
obtained by Raman imaging, representing various biomolecules [27,28].
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Figure 4. Superficial NIPP treatment of human cervix uteri. (a) Superficial treatment of cervical
tissue with the Vio3/APC3. Laser thermographic assessment of tissue temperatures during dynamic
superficial treatment of human tissue samples (b). The results are expressed as the mean ± SD.

Cryosections of NIPP-treated tissue and argon controls were subsequently analyzed by Raman
microspectroscopy immediately or after 24 h of incubation. We used true component analysis (TCA)
and established spectral bands (e.g., 2850 rel. cm−1, as previously described [26]) to identify lipid
tissue components within the analyzed cervical epithelium (Figure 3). Lipids [27,28] (green) were
identified as characteristic and very consistent components of the superficial and basal epithelial cell
layers (Figure 5a). The cervical epithelium is a highly proliferative and important histological structure.
Here, the multi-layered hornless squamous epithelium changes into single-layered mucus-forming
cylindrical epithelium. While cell proliferation takes place in the basal cell layer, cells significantly
differentiate and change morphology on their way into the superficial tissue layers to fulfill important
tasks for tissue integrity and antiseptics. Comparable to Movat Pentachrom tissue staining, the Raman
image showed a superficial epithelium, characterized by a loose composite of lipid-rich tissue and
a basal epithelial area, characterized by a highly organized lipid-rich and palisade-like membrane
architecture. Also, the parabasal and intermediate tissue structures of the Raman images were highly
comparable to the histochemical staining. Due to the histological and biochemical differences between
the superficial and basal tissue layers, the lipid composition of superficial layers was only compared to
superficial, and basal layers only with basal in all the following experiments (for further details please
see Wenzel et al., 2019) [26].

Highly specific bands for lipids (e.g., 2850 rel. cm−1) enabled the analysis of the lipid distribution
and lipid peak intensities in plasma-treated tissues. According to Raman images, NIPP treatment
resulted in slightly increased peak intensities of the molecular lipid components (Figure 5b). However,
this effect could not be demonstrated as statistically significant (p-value: sup. 0 h: 0.66, 24 h: 0.38, bas. 0
h: 0.83, 24 h: 0.13). Raman imaging showed visible changes in the morphology of lipid components in
NIPP-treated tissues, mainly represented by coarsening and rough clumped structural rearrangements.
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Figure 5. Raman imaging and molecular analysis of lipid components in NIPP-treated human
cervical mucosa. (a) Staining by Movat Pentachrom histochemistry (left) and Raman imaging of lipid

components (right) of native epithelial tissues; (b) � = superficial,  = intermediar, • = parabasal,
� = basal tissue layer. Raman images of lipid components (green) of NIPP treated and argon control
samples analyzed by true component analysis (TCA). The scale bar equals 20 μm; (c) Boxplot analysis
of principle component analysis (PCA) scores (n = 3) comparing lipid effects in superficial and basal
cell layers respectively after 2 and 5 min of superficial NIPP- or argon control-treatment after 0 and
24 h of incubation; (d) Representative loading plots of superficial and basal lipid components based
on respective PCA scores after 24 h of incubation. The results are expressed as the mean ± SD of
PCA scores. * p < 0.05, **** p < 0.0001, as determined by Two-way ANOVA and Sidak’s multiple
comparisons test.
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Principle component analysis (PCA) of Raman spectra representing the lipid components revealed
relevant biochemical differences between the NIPP-treated and argon control samples (Figure 5c). The
loadings of the respective scores indicated plasma-dependent differences at characteristic spectral
positions linked to lipid components (1169, 1306, 1368 and 2910–2920 rel. cm−1) (Figure 5d) [29–32]. All
of the detected wavenumbers of characteristic Raman peaks for the lipid components are summarized
in Table 1.

Table 1. Identified characteristic Raman peaks [rel. cm−1] linked to lipid components and their
molecular assignments according to literature.

Peaks (rel. cm−1) Found in Assignment Reference

1169 NIPP C=C stretch lipids [29,30]

1306 NIPP CH3/CH2 twisting or bending mode of lipid/collagen; Lipid/protein [29,30]

1368 NIPP νs (CH3) (phospholipids) [29,31]

2850 control νs CH2, lipids, fatty acids, CH2 symmetric [29]

2880 control CH2 asymmetric stretch of lipids [29]

2910–2920 NIPP C-H vibrations in lipids νas CH2, lipids, fatty acids; saturated and
unsaturated fatty acids [29,32]

2950 control CH3 asymmetric stretch [29]

Relevant and statistically significant differences were found between the plasma- and argon
control-treated samples (each n = 3) by analyzing the PCA score values of the lipid spectra for
all indicated time points and parameters (Figure 5c). NIPP treatment resulted in immediate and
consistent lipid effects in the superficial layers (Δ 0 h: 2 min = 0.10, 5 min = 0.14; Δ 24 h: 2 min = 0.09,
5 min = 0.11). Meanwhile, immediate plasma–lipid effects in the basal tissue layers were much lower
(Δ 0 h: 2 min = 0.01, 5 min = 0.06), but still statistically significant. The NIPP-dependent effects on lipid
components reached levels comparable to those of the superficial tissue layers after 24 h of incubation
(Δ 24 h, 2 min = 0.05, 5 min = 0.10). Compared to the increasing NIPP-effect on lipids in basal cell
layers, the immediate and strong effect in superficial tissue layers decreased within 24 h. The effects of
NIPP on lipid components were all statistically highly significant (each p < 0.0001) independent of the
tissue layers and the indicated incubation times.

3. Discussion

Most devices in development for the in vivo treatment of human skin and mucosa with non-thermal
physical plasma are cold plasma devices, based on dielectric barrier discharge (DBD) or atmospheric
pressure plasma jet (APPJ) technology. However, plasma treatment by non-thermally operated
electrosurgical argon plasma sources are gaining importance as they show various advantages.
Common electrosurgical argon plasma sources are available in many clinics and have been established
for clinical use for many years. Due to highly flexible and sterile application probes with various
possible clinical applications, these devices are associated with relatively low costs. Nevertheless,
little is known about the non-thermal effects of these devices in human cancer and solid epithelial
tissue. Human mucosa is the main target tissue for future plasma-based treatment procedures of many
chronic inflammatory, precancerous and cancerous diseases [33]. In previous work, we characterized
the principal ability of electrosurgical argon plasma sources to perform non-thermal plasma treatment
of human tissue, referred to as NIPP [11]. In this study, we demonstrated that dynamic tissue treatment
by a next generation electrosurgical plasma source (VIO® 3, APC 3) was not associated with potentially
tissue harming surface temperatures (Figure 4). Moreover, the generation of reactive oxygen and
nitrogen species (RONS), due to the interaction of the plasma effluent with both liquid and solid
biological interfaces, was significantly higher in case of electrosurgical argon plasma devices [11].
Radical “trapping” and electron-spin-resonance spectroscopy of isotonic liquids and human mucosa
showed the significant induction of •OH and •H radicals in liquids, whereas in human tissue, the
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carbon-centered radicals were most abundant. RONS-dependent apoptosis is by far the most evident
cellular mechanism of plasma treatment in the literature, particularly for malignant cell entities [34].
In line with this, NIPP treatment of suspended single cells significantly decreased proliferation and
viability and increased apoptotic cell mechanisms in cancerous and non-cancerous cells of the cervix
uteri, measured by cell counting, FACS and Caspase 3/7 activity assay (Figures 1–3). However, the
induction of apoptosis was higher in CC cells compared to cells from healthy cervical tissue. The
less significant apoptotic effect on non-cancerous cells is in line with an increasing number of studies
utilizing APPJ, including our group [35,36]. Single cells were treated in suspension to avoid mechanical
detachment and associated cell damage, as well as drying effects. The unphysiological suspension
state was limited to the treatment period before enabling the immediate reattachment of the cells.
We performed indirect plasma treatment via plasma-activated liquid (PAL) in this procedure, which
was recently shown to reveal very similar anti-proliferative cell effects compared to direct plasma
treatment [3].

Recent studies demonstrated the important role of plasma-dependent damage to cell membranes
and RONS-mediated tissue lipid peroxidation for the induction of antiproliferation and cell death [37,38].
To correlate the membrane integrity after NIPP treatment with increased cell death, we performed
live/dead staining with PI and FDA. For fluorescence activation, FDA is dependent on intact intracellular
enzymatic activity as well as cell membrane integrity to sufficiently accumulate. PI exclusively passes
through porous cell membranes to enter the nuclei. We found significant occurrence of PI-positive
nuclei, which could be the result of apoptosis-related (late) cell membrane fragmentation or immediate
plasma-induced membrane damage.

Raman microspectroscopy and multivariate data analysis have been used for the analysis of
various types of human cells and tissues and for the biochemical characterization of different molecular
components after APPJ tissue treatment [26,39–42]. Here, we evaluated the impact of NIPP treatment
on lipids in solid cervical tissue. Raman imaging of solid tissue samples enabled the simultaneous
generation of morphological and biochemical information after tissue treatment. This is a great
advantage compared to previous studies, which aimed to analyze plasma’s effects on lipids in the
outermost skin layer of keratinized epithelium by Raman microspectroscopy [43]. Further studies
demonstrated the ability of Raman spectroscopy to identify plasma-driven changes in lipids and
lipid droplets (composed of phospholipids and triglycerides) in bacterial spores, budding-yeast and
HeLa cells [44]. Previously, we demonstrated that Raman imaging can identify significant molecular
differences in cells belonging to the either the basal or superficial layer of native epithelial tissue [26].
Therefore, in this study, we only compared superficial layers with superficial, and basal layers with
basal, respectively. The assessment of the epithelium showed that NIPP treatment has an immediate
impact on the biochemical composition and morphology of lipids in the superficial as well as basal
tissue layers (Figure 5). We could demonstrate that these effects were clearly dose- (difference between
2- and 5-min treatment) and incubation time-dependent (difference between 0 and 24 h incubation).
The peaks at 2850 (νs CH2, lipids, fatty acids, CH2 symmetric), 2880 (CH2 asymmetric stretch of lipids
and proteins) and 2950 rel. cm−1 (CH3 asymmetric stretch) showed that the lipid signal is higher in
the argon-treated control [29]. Superficial NIPP treatment of the epithelial tissue for 2 and 5 min of
was followed by relevant changes in the biochemical lipid composition. In particular, these changes
were highly significant for 5 min (Figure 5). Previously, further human studies investigated 5 min
plasma treatment, without inducing relevant side effects [45,46]. In this study, 5 min of superficial
NIPP treatment was followed by highly significant effects on lipid molecules in the basal cell layer but
did not induce mucosal damage under the ex vivo conditions. Previously, our group characterized
the plasma tissue penetration depth in non-keratinous human mucosa of the APPJ kINPen med [26].
Thereby, the specific molecular effects on DNA were used to track the plasma penetration into the
basal cell layer, complementary to a penetration depth of 270 μm. In the present study, NIPP-mediated
changes in lipids could be specifically identified in the basal cell layer, suggesting that NIPP-generated
reactive species efficiently transmigrate through the full thickness of human mucosa.
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4. Materials and Methods

4.1. Cell Culture

Cervical squamous cell carcinoma-derived and human papillomavirus (HPV)-positive SiHa cells
were purchased from ATCC (ATCC® TCP-1022™, American Type Culture Collection, Manassas,
VA, USA).

Primary cells from healthy cervical tissue were isolated from 3 different donors after surgical
removal of the cervix uteri at the Department of Women’s Health, University Hospital Tübingen,
Germany. The scientific use of human tissue samples was approved by the institutional review board
of the medical faculty of the University Hospital Tübingen (ethical vote: 649/2017BO2). Written
informed consent was obtained from all patients. The tissue samples were transported in Dulbecco’s
modified eagle’s medium (DMEM), supplemented with 1% penicillin/streptomycin. To confirm the
benign nature of the primary tissue, pathological review was performed by a gynecological pathologist
at the pathology department of the University Hospital in Tübingen. For primary cell isolation,
surgically-removed tissues were cut into pieces of 1–2 mm and washed with PBS. After incubation
with trypsin/EDTA for 30 min, the surface of the tissue pieces was scraped off and filtered through a
cell sieve. Hereinafter, healthy primary cells from the cervix uteri were denoted as non-cancerous cells.
The results describe an average of three independent experiments, with each being performed using
cells from an independent donor.

SiHa and non-cancerous cells were cultured in Dulbecco’s modified eagle’s medium (DMEM
F12, Cat. no. 11320033, Fischer Scientific, Waltham, MA, USA), supplemented with 10% fetal calf
serum (Life Technologies, Carlsbad, CA, USA), 1 mM sodium pyruvate (Life Technologies) and
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 ◦C and 5% CO2 in a humidified
atmosphere. Every 2–3 days, a media exchange was performed, and cells were passaged after reaching
70%–80% confluence. The adherent cells were detached by 0.25% trypsin-EDTA (Life Technologies).

4.2. Plasma Treatment

To generate NIPP, utilizing argon as a carrier gas, we used the electrosurgical device VIO® 3,
APC 3 (Erbe Elektromedizin, Tübingen, Germany) and specifically tailored settings (Argon gas flow:
1.6 L/min; precise mode, effect 1). The cells were treated in suspension on a 6-well cell culture plate in
700 μL DMEM at a distance of 7 mm. According to NIPP treatment, the controls were treated with
argon gas alone (flow: 1.6 L/min) to exclude any specific alterations in cells and tissues due to argon
gas. Human cervical tissue samples were treated by uniform motion and under constant wetting with
Dulbecco’s phosphate buffered saline (DPBS) at a distance of 7 mm. Thermal damage was avoided.
The control tissues were treated with argon gas alone and for 5 min at a distance of 7 mm (flow:
1.6 L/min) with constant motion and under constant wetting with DPBS to avoid drying effects. The
control tissues thereby matched the epithelium initially located next to the NIPP-treated epithelium.

4.3. Live/Dead: PI/FDA Staining

To perform the live/dead assay with propidium iodide (PI, 72 μg/mL; Cat. no. P4170-10MG,
Sigma-Aldrich, St. Louis, MO, USA) and fluorescein diacetate (FDA, 8 μg/mL; Cat. no. F1303,
ThermoFischer Scientific, Waltham, MA, USA), cells were NIPP-treated for 30 s and cultured for 24 h in
6-well plates (150,000 cells per well). The staining of cells was performed for 15 min in the dark. FDA,
a cell-permeant esterase substrate, is dependent on enzymatic activity of living cells to activate its
fluorescence. The integrity of the cell membrane results in the intracellular retention and accumulation
of the fluorescent FDA product. Due to the porous cell membrane of dead cells, the fluorescent dye PI
can pass though, and intercalates the DNA. This enables the discrimination between living and dead
cells. The cells were immediately analyzed by fluorescence microscopy after washing with PBS. For
this, an inverted DMi8 light microscope (Leica, Wetzlar, Germany) with an integrated incubator was
used. For every independent experiment (n = 3), the cells were measured in triplets.
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4.4. Live/Dead: Guava ViaCount Assay

Guava ViaCount Reagent for Flow-Cytometry (Cat. no. 4000-0040, Merck, NJ, USA) was
performed as recommended by the manufacturer. After CAP treatment for 30 s in 6-well plates
(1.5 × 105 cells per well) adherent cells were detached with 1% trypsin after 24 h of incubation.
Supernatants were collected to avoid losing any detached dead cells. Washed once with PBS and
resuspended 1:10 in Guava ViaCount Reagent, cells were immediately analyzed by flow cytometry of
3 × 103 cells each with a Guava easyCyte Benchtop Flow Cytometer 8, 8HT (Merck). Numbers of vital
and dead cells out of 3 independent experiments were determined by the Guava ViaCount Software
(Merck).

4.5. Apoptosis: Caspase-Glo 3/7 Assay

The determination of apoptosis in 30 s NIPP-treated cells was performed using the luminescent
Caspase-Glo 3/7 assay (Cat. no. G8090, Promega, Walldorf, Germany) to measure caspase-3 and -7
activities. The Caspase-Glo 3/7 assay was performed on adherent cells in 96-well plates (5000 cells
per well) after 24, 48 and 72 h, as recommended by the manufacturer. Luminescence recording was
performed by a Synergy 2 Multi-Mode Microplate Reader utilizing Microplate Data Collection and
Analysis Software Gen5 (BioTek Instruments, Winooski, VT, USA). Each independent experiment was
performed in triplicates. After the subtraction of the blank control, the luminescence intensities of the
NIPP cells were normalized to the untreated cells (control). For every independent experiment, the
cells were measured in triplets.

4.6. Proliferation Assay

Cellular proliferation was analyzed by cell counting using a CASY Cell Counter and Analyzer
Model TT (Roche Applied Science). Per experiment, 5000 cells in suspension with 700 μL DMEM
were NIPP-treated with different NIPP exposure times (5, 10, 30, 60, 90, and 120 s) on an uncoated cell
culture plate. The cells were transferred onto 24-well cell culture plates (1 mL/well) and were cultured
for 120 h. The adherent cells were detached by 0.25% trypsin-EDTA, followed by resuspension in a
defined volume (200 μL) of CASYton solution (Roche Applied Science). The living cells were analyzed
in duplicates for each sample within three independent experiments. The controls were treated with 4
L/min argon gas without plasma discharge for 120 s, respectively. For every independent experiment,
the cells were measured in triplets.

4.7. Human Tissue Samples

After written informed consent of the patients was obtained, healthy tissue samples of
non-keratinized squamous epithelium of the ectocervix uteri (Figure 3c) were taken under sterile
conditions during vaginal hysterectomies indicated due to genital descent, at the Department of
Women’s Health in Tübingen between April and October 2018. The scientific use of the tissue
was approved by the Ethical Committee of the Medical Faculty of the Eberhardt-Karls-University
Tübingen (649-2017BO2). The fresh tissue samples were transported in sterile DPBS (Dulbecco’s
phosphate buffered saline) at 4 ◦C and were processed within one hour after removal. Tissue pieces of
3–5 mm × 10 mm × 20 mm were homogeneously NIPP- or control-treated for 2 and 5 min at a distance
of 7 mm (flow: 1,6 l/min; precise mode, effect 1) with constant motion and under constant wetting with
DPBS (Figure 3a). The tissues were incubated at 37 ◦C and 5% CO2 in a humidified atmosphere in
keratinocyte growth medium 2 with SupplementMix and CaCl Solution (Cat. no. C-20011, C-39016,
C-34005; PromoCell, Heidelberg, Germany). The tissues were cryopreserved with TissueTek (O.C.T.TM
Compound; Sakura Finetek, Staufen im Breisgau, Germany) and freezing at −80 ◦C before being
sectioned to 10 μm cross-sections. Prior to Raman measurement, the sections were redrawn with a
PapPen (ImmEdge; Cat. no. H-4000; Vector Laboratories, Burlingame, CA, USA) and rinsed with
DPBS five times.
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4.8. Raman Imaging

A commercial Raman microscope (alpha 300 R; WiTec, Ulm, Germany) equipped with a green
laser (532 nm) was used for Raman imaging. Burning was avoided by immersing the tissue samples in
DPBS for the entire duration of the measurements to ensure the physiological conditions.

Raman measurements of the cryopreserved tissue samples were performed using a 63× dipping
objective (NA 1.0; Carl Zeiss, Oberkochen, Germany), with a 0.5 μm scanning step size, and an
integration time of 0.1 s per pixel within an area of 50 × 50 μm of both, the superficial and basal
epithelial layer, using a.

4.9. Raman Image Analysis

All Raman images were pre-processed and further decomposed into spectral components
using TCA, cosmic ray removal and baseline (shape) correction using Project FIVE software (WITec,
Ulm, Germany).

The specific pixels containing significant amounts of lipids served to identify the spectral
components in TCA. The pixels for each spectral component were averaged over the specific Raman
image and demixed for glass and water background signal subtraction.

Mean-grey value intensities for each of the components in NIPP-treated and control tissues was
semi-quantified out of 8-Bit using ImageJ 1.52a (Wayne Rasband, National Institute of Health) after
adjusting charge-coupled device (CCD) count intensities and excluding the black areas (threshold,
5–255) for all images.

For PCA, only high-intensity pixels representing specific spectral lipid components were exported.
Representative pixels were identified by sum intensities for lipid peaks (wavenumber: 2850± 5 rel. cm−1).
A total of 50 spectra/pixels were randomly selected by MatLab R2018a (The MathWorks, Natick, MA
01760-2098, USA) for each patient and component, followed by cropping to 400–3000 rel. cm−1 and
performing PCA.

4.10. Principal Component Analysis

The characterization of spectral differences within the different data sets by PCA (using
Unscrambler × 10.5. (Camo, Oslo, Norway)) was previously described (Figure 3g) [39–41]. For
each patient sample and treatment group a separate PCA was performed and the changes in score
values were normalized to the respective control tissues to perform further statistical analysis between
multiple donors. Hotelling’s T2 test was used to exclude outliers. The vectors (PC1, explaining the
main variance in spectral information and PC2, explaining the second variance in spectral information)
represent the principal components (PC). Up to 7 PCs were calculated for every PCA using a nonlinear
iterative partial least square (NIPALS) algorithm.

4.11. Statistical Analysis

Prism 6.0 (GraphPad, San Diego, CA, USA) was utilized for statistical analysis and comparisons.
For image analysis, a Kruskal–Wallis test with Dunn’s multiple comparisons test was performed on
each component and condition. For variance analysis (PCA), the Two-Way ANOVA and Sidak’s
Multiple Comparison were performed. The data are expressed as mean ± standard deviation. P values
of 0.05 or less were considered statistically significant.

5. Conclusions

The aim of this study was the evaluation of the effects of NIPP on cancer cell proliferation and
viability, as well as the molecular mode of action. The results clearly indicate that NIPP treatment
with non-thermally operated electrosurgical argon plasma devices is a promising treatment option for
several diseases of human mucosa, in particular pre-cancerous and cancerous diseases. The significant
cell effects are thereby comparable to conventional CAP sources.
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Abstract: Recently, the potential use of cold atmospheric pressure plasma (CAP) in cancer treatment
has gained increasing interest. Especially the enhanced selective killing of tumor cells compared
to normal cells has prompted researchers to elucidate the molecular mechanisms for the efficacy of
CAP in cancer treatment. This review summarizes the current understanding of how CAP triggers
intracellular pathways that induce growth inhibition or cell death. We discuss what factors may
contribute to the potential selectivity of CAP towards cancer cells compared to their non-malignant
counterparts. Furthermore, the potential of CAP to trigger an immune response is briefly discussed.
Finally, this overview demonstrates how these concepts bear first fruits in clinical applications
applying CAP treatment in head and neck squamous cell cancer as well as actinic keratosis. Although
significant progress towards understanding the underlying mechanisms regarding the efficacy of CAP
in cancer treatment has been made, much still needs to be done with respect to different treatment
conditions and comparison of malignant and non-malignant cells of the same cell type and same
donor. Furthermore, clinical pilot studies and the assessment of systemic effects will be of tremendous
importance towards bringing this innovative technology into clinical practice.

Keywords: cold physical plasma; plasma medicine; reactive oxygen and nitrogen species

1. Introduction

For some 20 years, physical plasmas have been used in clinical applications. While thermal
(hot) plasmas that are, for example, commonly used in endoscopic tissue coagulation [1] destruction
of human tissues, nonthermal (cold) plasmas can be used in clinical applications without harming
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the treated tissue. Plasma is an ionized gas generated by adding energy in the form of heat or
electromagnetic fields to a neutral gas. Such an excited gas contains free charged particles, radicals,
UV-radiation, electric fields, and often high temperatures [2]. Plasma treatment generates reactive
oxygen and nitrogen species, including O, O3, OH, H2O2, HO2, NO, ONOOH amongst many others.
According to the current understanding, especially reactive oxygen and nitrogen species (RONS),
generated by CAP, induce oxidative damage in the cell, resulting in cell death [3–5]. The use of
nonthermal plasmas, especially cold atmospheric pressure plasmas (CAP) has been assessed for a
variety of different clinical applications including disinfection, wound healing, treatment of atopic
eczemas, itch, pain, skin barrier dysfunctions and scars [6]. More recently, the potential use of CAP in
cancer treatment has gained increasing attention [7]. In contrast to other applications such as wound
healing, the use of CAP in cancer treatment aims at killing the treated tumor cells using prolonged
treatment times. In order to understand and improve the efficacy of CAP in cancer treatment it is
essential to gain insights regarding the underlying mechanisms of action. Therefore, in this review, we
discuss the current understanding of how CAP induces cell death and what factors may contribute to
its selectivity towards cancer cells compared to their non-malignant counterparts. First, the immediate
effect of plasma components on the treated cells as well as differences between cells that may lead to an
enhances sensitivity of cancer cells are discussed followed by a discussion of downstream consequences
and signaling pathways that finally induce cell death. Furthermore, we discuss the potential of CAP
to trigger an immune response, and thus, its use in combinatorial therapies. Finally, our overview
demonstrates how these concepts bear first fruits in clinical applications applying CAP treatment in
head and neck squamous cell cancer as well as actinic keratosis.

2. Selectivity of CAP towards Malignant Cells

The potential selectivity of CAP towards cancer cells compared to their non-malignant counterparts
has enhanced the interest in CAP as an innovative cancer treatment. A review of literature comparing
cancer cells to homologous normal cells by Yan et al. revealed that 26 of 33 assessed cell lines showed a
strong selectivity, 5 of 33 a weak selectivity, and only 2 of 33 showed a negative selectivity [8]. However,
it is important to note, that in this context “homology” had been defined to indicate that cancer cells
and normal cells originate from the same tissue type. That means the cells which had been compared
in this study have not necessarily been of the same cell type and they didn’t necessarily originate from
the same individual. In many cases the cancer cells were cultured in different media compared to the
normal cells [9–15]. However, it is now a well-accepted expectation that a selectivity study should
compare malignant and normal cells derived from the same tissue. Furthermore, cells should also be
of the same cell type and cultured under comparable conditions. In fact, a recent study has shown,
that cell type, cancer type, and culture conditions strongly influence CAP treatment and hence need
to be considered when selectivity of CAP is determined [16]. A study comparing a human breast
cancer cell line (MCF7) with a normal breast epithelial cell line (MCF10A) showed a dramatically
reduced viability of the cancer cells comparted to the normal cells after CAP treatment [9]. However,
the two cell lines were not cultured in identical media. The importance of using the same culture
medium to test for selectivity was demonstrated elegantly in a study that also compared a human
breast cancer cell line (MDA-MB-231) with a normal breast epithelial cell line (MCF10A) [17]. In this
study, migration and circularity of the cells were used as proxies for cell viability and functionality.
Using a DMEM-based medium, a selective reduced viability was observed in cancer cells compared to
the normal cells. However, when using DMEM/F12-based medium no selective effect was observed.
Considering the challenges in setting up comparable experimental conditions in order to elucidate
a selective effect of CAP on cancer cells compared to their normal counterparts, further studies are
required before selectivity of treatment can be claimed. However, differences between malignant and
non-malignant cells may explain a potential selective effect. In general, cancer cells seem to be more
sensitive to oxidative stress compared to normal cells [8]. One example for the difference of cancer
cells and normal cells is the number of aquaporins in the cell membrane—aquaporins are usually
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more abundant in cancer cells (Figure 1 1�) [18]. Originally, aquaporins have been identified as water
channels [19]. Meanwhile, it could be shown that they also facilitate the transport of free oxygen and
nitrogen species, such as hydrogen peroxide as well as other small molecules including carbon dioxide,
nitrogen monoxide, ammoniac, urea, and glycerol [20,21]. In the membrane of cells, aquaporins form
tetramers with a central pore which functions as a selective filter [8,22]. The diameter of the pore
varies among different aquaporins and determines what can pass through the pore. The diameter
of aquaporin 1 (AQ1) for example is 2.8 Å and too small to efficiently transport hydrogen peroxide
into the cell [21]. The diameter of aquaporin 8 with 3.2 Å instead is significantly larger and hence,
sufficient to transport hydrogen peroxide. Although the diameter of aquaporin 1 is relatively small
hydrogen peroxide still penetrates faster through this channel than through the lipid double layer of
the membrane [23]. So far, aquaporins 1, 3, and 8 are known to be involved in the transport of hydrogen
peroxide in mammalian cells [24]. Several experiments have shown increasing oxidative stress due to
rising intracellular ROS concentrations caused by increased expression of aquaporins [21,25]. In one
study, for example, glioma cells and non-malignant astrocytes were treated with CAP-treated medium
(DMEM) [8]. By monitoring the intracellular hydrogen peroxide content over the course of three hours
it was shown that the tumor cells accumulated hydrogen peroxide significantly faster compared to the
non-malignant astrocytes. Hence, the increased expression of aquaporins in cancer cells compared
to their non-malignant counterparts may contribute to an increased sensitivity of these cells to CAP
treatment [23].

Besides the expression of aquaporins, the diffusion of free radicals is directly dependent on the
amount of cholesterol in the membrane (Figure 1 2�). Cholesterol is the most abundant lipid in the
membrane of animal cells. It accounts for about 50% of all lipids and is of great importance providing
membrane stability and fluidity [26,27]. Lipid peroxidation by free radicals (an electron from a lipid
gets transferred to a free radical) can result in the generation of pores in the membrane with a size of
about 15 Å. These pores are large enough to allow the diffusion of different free reactive species into
the cell. A high cholesterol content in healthy eukaryotic cells results in a condensation of membrane
lipids and hence provides a barrier against the entry of reactive species such as hydrogen peroxide [28].
In tumor cells, the amount of cholesterol is often reduced compared to healthy cells making them
more vulnerable to oxidative stress [8,29,30]. If the intracellular oxidative stress triggered by free
radicals exceeds the amount that can be handled by the anti-oxidative defense system apoptosis will
be induced through a signaling cascade [31]. By means of computer simulations, the permeation
of ROS and RNS across native and oxidized phospholipid bilayers has been investigated and these
analyses revealed that the assessed RNS (i.e., NO, NO2, N2O4) and O3 can permeate more easily
through both native and oxidized phospholipid bilayers compared to hydrophilic ROS (i.e., OH, HO2,
H2O2), indicating their potential importance in plasma medicine [32]. Nitric oxide (NO) regulates
posttranslational modifications, S-nitrosation, as well as genome-wide epigenetic modifications that
can have both tumor-promoting and tumor-suppressing effects [33]. These effects have been described
to be concentration-dependent with low NO concentrations being associated with chemo-resistance,
anti-apoptosis, proliferation, metastasis, reduced immune response and angiogenesis while high
NO is associated with apoptosis, anti-proliferation, anti-angiogenesis, anti-metastasis, and immune
response [34,35]. Interestingly, in blood of breast cancer patients, high levels of NO have been
detected and increased nitric oxide synthase (NOS) activity in invasive breast tumors compared
to benign or normal breast tissue, suggesting a positive correlation between NO biosynthesis and
degree of malignancy [36,37]. Considering these already high levels of NO in cancer cells additional
CAP generated RNS may overwhelm the system and switch the NO effect from tumor-promoting
to tumor-suppressing.
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Figure 1. Overview of the current understanding of molecular mechanisms involved in the efficacy of
cold atmospheric pressure plasma (CAP) in cancer treatment 1� Aquaporins (AQ), often increased in
cancer cells, facilitate transition of reactive oxygen and nitrogen species (RONS) into the cell, while
minimal amounts may also diffuse through the cell membrane. 2� Lipid peroxidation by free radicals
leads to pore formation in the membrane and hence facilitates diffusion of reactive species into the cell.
This effect may be enhanced in cancer cells due to reduced levels of cholesterol-a lipid important for
providing membrane stability and fluidity. 3� Increased intracellular RONS interfere with calcium
signaling (e.g., through interaction with inositol trisphosphate receptor [IP3-RR] and ryanoid receptor
[RR]) resulting in increased calcium influx into cytosol. 4� Furthermore, RONS induced endoplasmic
reticulum (ER) stress leads to a calcium influx into mitochondria reducing the membrane potential and
hence inducing mitochondria-dependent apoptosis. 5� CAP induced DNA double strand breaks (DSB)
cause a DNA damage response including activation of ATM, H2AX, p53, and p73. These DSB may not
be a direct effect of CAP on DNA but rather a consequence of CAP induced apoptosis. 6� Increased
levels of RONS produced by CAP overwhelm the antioxidant system and hence limit its protective
effect against oxidative stress. 7� Reduced expression of integins after CAP treatment may explain
the reduction of adhesion, migration, and invasion after CAP treatment. 8� As a consequence of CAP
treatment necrosis, apoptosis, and senescence have been reported. Which of these processes is induced
seems to be dose-dependent. However, the underlying mechanisms that decide which process of
growth arrest or cell death as a consequence of CAP treatment is triggered still need to be further
elucidated. MAM =mitochondria-associated ER membranes.

Regarding the role of the anti-oxidative defense system including NAD(P)H, glutathione,
superoxide dismutases, catalases, and peroxidases in preventing the induction of apoptosis this system
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provides yet another mechanism that may be different between tumor cells and their non-malignant
counterparts and, hence, may result in a selective response to CAP treatment [38].

Even though final experimental evidence for the selectivity of CAP towards cancer cells is still
lacking several common differences between tumor cells and their healthy counterparts, as outlined
above, may explain an increased vulnerability of tumor cells to CAP treatment.

3. Pathways Triggered by CAP

With regard to the selectivity of CAP towards malignant cells we have discussed the influence
of aquaporins, cholesterol, and the anti-oxidative system on the efficacy of CAP. But what are the
precise mechanisms that ultimately lead to CAP-induced cell death? As described above, CAP is
not only composed of RONS but also contains further charged particles as well as UV radiation and
electromagnetic fields. All these components could play a role and have a synergistic effect. However,
studies could show that indirect treatment using CAP-treated medium exerts very similar effects
compared to direct CAP treatment [8,39]. Based on such studies it is the current understanding that
RONS are the most important component of CAP for its efficacy in killing (tumor) cells [40]. Even
though RONS seem to be most important for the efficacy of CAP other components must not be
fully disregarded. A comparison of direct and indirect CAP treatment revealed a so far unexplained
activation of human pancreas adenocarcinoma cells which renders the cells more sensitive towards
RONS [41]. This “activation” may be due to short-lived reactive species or other unknown factors that
are not present in CAP-treated medium. However, the cytotoxicity of CAP treatment still seems to
be dependent on the CAP originated reactive species. This has been illustrated by eliminating CAP
originated RONS using scavengers such as cysteine and catalase which also eliminates the cytotoxicity
of CAP treatment [42,43]. In the following sections, we will first look at the most immediate effects of
CAP originated RONS on cells and then dive deeper into the known signaling cascades triggered by
RONS and what consequences this has for the cells.

As mentioned above, a very immediate effect of RONS on the cell membrane is lipid peroxidation
(Figure 1 2�). This leads to an increased influx of reactive species into the cytoplasm. In the cell the
reactive species can now react with different molecules and influence a variety of cellular processes.
One important second messenger involved in intra- and extracellular signaling cascades is calcium
(Ca2+) which plays an essential role in cell life and death decisions. It is well known that there is a
close interaction between calcium signaling and ROS signaling [44]. A study investigating the calcium
homeostasis in melanoma cells revealed increasing calcium concentration in the cytoplasm after CAP
treatment [45]. This increase was also observed in the absence of extracellular calcium, indicating that
the added calcium originates from intracellular sources. The main storage of intracellular calcium is the
endoplasmatic reticulum (ER) which releases calcium through IP3 receptors or ryanodine receptors [46].
Both of these receptors are sensitive to ROS as well as to calcium (Figure 1 3�). By inhibiting ryanodine
receptors the calcium influx into the cytoplasm after CAP treatment was reduced to a minimum, even
in the presence of extracellular calcium, indicating that the ER is the main source of the increasing
cytosolic calcium [45]. An increase of ROS and a rapid release of calcium from the ER into the cytosol
are common features of ER stress [46]. In that respect, it is not surprising that CAP induced ER stress
has been observed in yeast as well as in human cells [47,48]. Although the ER and mitochondria have
distinct functions, they are physically connected via so called mitochondria-associated ER membranes
(MAMs). MAMs allow the exchange of calcium, lipids and metabolites between these organelles
(Figure 1 4�) [49]. ER stress induces a calcium overload in mitochondria and consequently activates
mitochondria-dependent apoptosis via release of cytochrome c [50,51]. In line with that, mitochondrial
oxidation and membrane depolarization, as well as the induction of apoptosis, has been observed
in human lymphocytes after CAP treatment [52]. Such a depolarization of mitochondria membrane
potential and thus mitochondria-mediated apoptosis as a consequence of CAP treatment has also been
observed in human cervical cancer HeLa cells [43].
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While the role of ROS has been investigated fairly well, relatively little is known regarding the
impact of RNS. The relatively high permeation probability of RNS might contribute to the induction
of mitochondrial apoptosis by disrupting the cytochrome c function. Nitric oxide (NO) for example
binds cytochrome oxidase, the terminal enzyme of the electron transport chain in mitochondria [53].
Although the mechanisms by which NO exerts its cytostatic/cytotoxic or tissue-damaging effects are
not entirely clear, blocking the cytochrome oxidase results in increased levels of intracellular ROS
followed by the induction of mitochondrial apoptosis.

Besides the interaction between ROS and calcium signaling, an increase in ROS is also associated
with the induction of DNA lesions. Such lesion include oxidative damage, DNA single strand and
DNA double strand breaks (DSB) [54–56], as well as DNA crosslinks and crosslinks between DNA
and proteins [57]. Furthermore, free radicals can cause modifications of purine and pyrimidine rings,
strand cleavage and chromosomal abnormalities [58–60]. DNA damage as a consequence of CAP
treatment has been shown in several studies. However, in these studies primarily DSB have been
assessed by detection of γH2AX, a phosphorylated form of the histone H2AX. Phosphorylation of
H2AX serves as a well-established indirect marker for DSB (Figure 1 5�). The induction of DSB by
CAP is dependent on the distance of the CAP source to the cells as well as on the treatment time [61].
While 30 s treatment led to DSB in 60% of oral cancer cells, treatment for 120 s induced DSB in 80%
of the cells. Similar findings have been reported for glioblastoma cells which showed increased DSB
after 180 s treatment [62]. Interestingly, this increase in DSB was first detected 72 h post-treatment.
A multiphase cell cycle arrest associated with DSB and a subsequent apoptosis induction was also
observed in glioblastoma and colorectal carcinoma cells [42]. Here the DSB have been detected three
hours after CAP treatment. Likewise, DSB have been observed three hours after treatment in mouse
melanoma cells [63]. Since H2AX is phosphorylated by the ataxia telangiectasia mutated (ATM) kinase
it is not surprising that an increased expression of this kinase has been observed after CAP treatment in
oral cavity squamous cell carcinoma cells [64]. Also, activation of other substrates of ATM involved in
signaling apoptosis such as p53 and p73 has been observed in oral cavity squamous cell carcinoma and
melanoma cells [64–66]. While it has been shown that apoptosis can be induced by ROS through calcium
signaling and alteration of the mitochondrial membrane potential (described above) the importance
of ATM for apoptosis induction in response to DNA damage has been shown by small interfering
(siRNA) knockout experiments. Knockout of ATM resulted in a significant reduction of apoptosis in
squamous cell carcinoma cells [64]. Despite these findings, DSB may not be a direct effect of CAP
mediated low-ROS on DNA but rather a consequence of CAP induced apoptosis. Blocking apoptosis
and p38 MAPK signaling abolished increased γH2AX after CAP treatment in human lymphocytes
while UV induced γH2AX was independent of apoptosis [67]. Cell death and growth arrest caused by
CAP treatment will be discussed in more detail further down.

Reactive species are not only produced by external sources such as CAP but are also normal
by-products of cellular metabolism. In order to counteract oxidative stress and hence prevent the
formation of DNA lesions and the induction of apoptosis, cells have evolved a defense system against
oxidation (Figure 1 6�) [68]. An important role in this intracellular antioxidant system play thiols by
protecting against oxidative and free radical damage [69]. The most abundant intracellular thiol is
glutathione (GSH) [70,71]. The amount of GSH increased after CAP treatment in T lymphocytes and the
GSH was also significantly oxidized by the treatment [52]. Similarly, plasma treatment decreased the
ratio of glutathione to glutathione disulfide (GSH/GSSG) and NADPH/NADP+ in cancer cells [72,73].
The oxidation from GSH to GSSG is catalyzed by glutathione peroxidases. N-acetyl-cysteine (NAC), a
precursor of intracellular GSH is widely used as a scavenger and has been shown to effectively inhibit
the increase of intracellular ROS in CAP-treated cancer cells [43,74]. Furthermore, the addition of
pyruvate to the culture medium significantly suppressed ROS levels in a lung adenocarcinoma cell
line [39]. Besides glutathione peroxidase the intracellular antioxidant system also includes further
enzymes such as catalase (catalyzes the decomposition of hydrogen peroxide to water and oxygen)
and superoxide dismutase (catalyzes the dismutation of the superoxide) [75,76]. The activity of these
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enzymes was significantly reduced in HepG2 cells after CAP treatment [72]. Interestingly, the activity
of superoxide dismutase was reduced after high dose plasma, but slightly increased after low dose
plasma. Modulating ROS levels or targeting antioxidants for cancer treatment is not a new concept.
Significantly increasing ROS levels for example is also the basis for the anti-tumorigenic effect of
chemotherapeutics such as cisplatin, carboplatin, and doxorubicin [77,78]. To maintain high ROS
levels that allow pro-tumorigenic signaling pathways to be activated without inducing cell death many
cancer cells are dependent on an increased antioxidant system [79]. Taken together, the cell possesses a
comprehensive antioxidant system to protect against oxidative stress but if this system is overwhelmed
by CAP generated reactive species the capacity of the different players in the system is limited and
consequently cell death is induced.

Another consequence observed after CAP treatment is reduced adhesion, migration, and invasion
(Figure 1 7�). Integrins are adhesion molecules on the surface of cells and play an important role in
these processes. A significant detachment from the cell culture vessel as well as inhibited expression
of integrin α2, integrin α4 and the focal adhesion kinase (FAK) has been observed in melanoma cells
after CAP treatment [80]. Likewise, reduced migration and cell detachment in conjunction with
reduced expression of integrin β1 and integrin αv have been observed in primary fibroblasts and mouse
epithelial skin cancer cells (PAM) following CAP treatment [81]. Although these studies revealed
an association of CAP treatment with reduced expression of several integrins, the exact mechanisms
leading to the inhibition of integrins still remain to be elucidated. Nonetheless, the inhibition of
integrins may be relevant for the efficacy of CAP in cancer treatment since integrins are known to play a
crucial role in malignant transformation, inhibition of apoptosis, and the ability to metastasize [82,83].

4. Induction of Cell Death by CAP

As described above, CAP can affect several intracellular signal transduction pathways which in
turn determine the fate of the cell and may trigger cell death. As a consequence of CAP treatment
necrosis or apoptosis may be induced but also the induction of senescence as well as autophagy
have been observed (Figure 1 8�). Which of these processes is induced seems to be dose-dependent.
While senescence, a well-known irreversible growth arrest in response to stress such as oxidative
stress and DNA damage [84], may be induced by relatively short treatments with CAP, apoptosis,
and necrosis are induced by prolonged treatment times. For example, melanoma cells treated with
higher doses (≥15 s at 1.4 W/cm2) using a Floating Electrode Dielectric Barrier Discharge (FE-DBD)
plasma source died through necrosis, while very low doses (5 s at 0.8 W/cm2) induced apoptosis in
these cells [85]. Interestingly, even the higher doses used in these experiments were still below the
threshold of damaging healthy tissue [86]. Also using a plasma jet, a treatment time and gas mixture
dependent induction of necrosis or apoptosis has been observed in V79-4 cells (normal fibroblasts
isolated lung tissue of a Chinese hamster) [87]. Highlighting a difference between primary cells and cell
lines, Hirst and colleagues observed necrosis and autophagy in primary prostate epithelial cells and
apoptosis and necrosis in cell lines [88]. A predominantly non-accidental form of necrosis due to the
interaction of CAP with the extracellular environment was observed by treatment of normal primary
fibroblasts using a Helium Guided Ionization Waves (He-GIW) device [89]. Another study showed
DNA fragmentation followed by the induction of apoptosis after treatment of head and neck squamous
cell carcinoma cells using the Surface Micro Discharge (SMD) plasma technology [90]. Besides necrosis,
apoptosis and autophagy also senescence has been observed after CAP treatment [65]. This induction
of senescence by SMD generated CAP in melanoma cells is dose-dependent and depends on cytosolic
influx of calcium [45]. While sub-lethal doses of CAP in this setting induced senescence, higher doses
resulted in the induction of apoptosis [65]. Taken together, different modes of growth arrest and cell
death have been observed as a consequence of CAP treatment. While various studies show a clear
dose dependency, other factors such as cell type and plasma source may also influence the outcome.
Further studies are required to decipher the exact molecular mechanisms and decision points that
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determine which of these processes will be induced in response to a disturbed redox balance caused by
CAP treatment.

5. CAP Interaction with the Tumor Microenvironment

In order to understand the effect of plasma, not only the interactions between plasma and the tumor
cell itself are important, but also the relationship to the tumor microenvironment (TME). The tumor
microenvironment plays an important role in cell survival, growth, invasion- and metastasis of the
tumor cells. Furthermore, the TME plays a crucial role for the efficacy of various chemotherapies [91].
Effects of CAP have been observed on different parts of the TME, which is composed of malignant
cells, immune cells, endothelial cells, fibroblasts, tumor vasculature and the extracellular matrix,
which are in constant communication with each other. In addition to the various cell types, the
TME consists of collagen, elastin, fibronectin, glycoproteins, and proteoglycan [92]. It has been
observed that prolonged treatment with CAP inhibits cell viability and collagen production of murine
fibroblasts [93]. A reduction in collagen secretion and the migration behavior was also observed after
CAP treatment in keloid fibroblasts, which, like tumor-associated fibroblasts, show an overproduction
of collagen [94,95]. Moreover, in vitro studies have shown that CAP is able to destroy collagen [96].
Eisenhauer and colleagues showed that high doses of CAP prevent extracellular matrix interactions
with cells and bone formation [97]. The desmoplastic reaction that has already been shown in the
clinical use of CAP for the treatment of head and neck cancer also suggests an increased deposition of
collagen [98,99]. Other components of the extracellular matrix, such as hyaluronic acid or fibronectin,
can also be damaged or influenced by ROS, although the relationship to CAP has not been sufficiently
investigated [100,101]. Particular attention is paid to the effect of plasma on the communication between
cells but also between cells and the extracellular matrix and the influence on this communication by
treatment with plasma. Some cells sustain damage from plasma treatment even though they are not
treated directly. This may be explained by communication between the cells. The bystander effect
enables cells to send signals to untreated neighboring cells. Therefore, soluble molecules such as
chemokines or growth factors and different junctions can be used. The oxidative stress caused by
plasma treatment, influences or damages these signaling molecules [102–104]. Alternatively, apoptosis
may occur in neighboring cells due to the formation of secondary oxygen and the inactivation of the
membrane-bound catalase [105,106]. It has also been shown that calcium ions can be transported from
apoptotic to non-apoptotic neighbour cells via gap junctions, which also explains the widespread effect
of plasma [107]. A comprehensive review on CAP effects regarding numerous other parts of the TME
was provided by Privat-Maldonado et al. [92].

6. Induction of an Immune Response through CAP Treatment

The Nobel Prize for Medicine or Physiology 2018 for checkpoint cancer immunotherapies has
highlighted the importance of the immune system as a critical contributor to target tumor cells [108].
Because plasma treatment is a local therapy possibly modulating the tumor microenvironment, several
reports have addressed the possibility of plasma to stimulate immunity to possibly support anticancer
treatment [109,110]. Two lines of research are currently pursued to disentangle the effect of plasma
treatment in anticancer immunity. One is the ability of plasma to affect immune cells directly, which
leads to their activation or selection of specific subpopulations of immune cells, for example [111].
The second is an indirect activation of immune cells via plasma-mediated tumor cell death and
pro-inflammatory signals in the microenvironment [109,110].

Cellular immunity is comprised of innate and adaptive immune cells. While the former recognize
evolutionarily conserved epitopes on target structures, the latter can diversify their receptor repertoire
to respond to new or mutated antigens. Phagocytes, such as neutrophils, dendritic cells, and
macrophages are some of the primary cell types shaping innate immune responses [112]. Macrophages
are present in virtually all types of tissues and essential in shaping the local balance of inflammation
and anti-inflammation [113]. Plasma-treated cell line-derived macrophages were shown to have
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a higher migratory activity [114], cytokine release [115], and augmented antitumor toxicity [116],
which contributed to elevated levels of TNFα [117] when investigated in transwell co-culture systems.
Moreover, plasma treatment was suggested to modulate the differentiation patterns of primary
murine [118] and human monocyte-derived macrophages [119]. Using human cell line-derived
macrophages, this change in differentiation was also attributed to enhanced antitumor effects in direct
co-culture experiments [102]. In Vivo, elevated levels of macrophages were found in pancreatic cancer
tissue in response to therapeutically active plasma-conditioned liquids [120]. For neutrophils, there
is increasing evidence that their increased presence in tumors and blood is associated with poor
prognosis in cancer patients [121]. To date, there is only a single report on plasma-treated neutrophils
that describes elevated neutrophil extracellular-trap (NET) formation in response to gas plasma
treatment [122]. In mild contradiction to that, evidence of increased intracellular neutrophils and NET
formation was found in pancreatic cancer subjected to plasma-conditioned liquid [123], which was
associated with survival benefit in these mice. For other innate immune cells, such as NK cells and mast
cells, there have been no reports in the context of cancer immunology. For primary NK cells, it is known
only that they are similarly sensitive to plasma-induced cell death compared to adaptive lymphocytes,
while activated NK cells are less prone to plasma-mediated apoptosis [124]. Similarly, only very few
reports have reported response of cells of the adaptive immune system with regard to activation
putatively important to anticancer immunity. While activated primary T-cells were also found less
sensitive to apoptosis following exposure to plasma [124]. Interestingly, T-cells actively counteract
plasma-mediated oxidative stress [52] while increasing markers associated with their activation such as
CD69 and HLA-DR [125]. For both innate and adaptive immune cells, plasma treatment regulated the
protein content of microparticles released from these cells [126], with microparticles being a biological
entity increasingly recognized in cancer research [127].

Extensive plasma treatment times or energies damage tumor cells. There is increasing evidence
that such oxidation-induced cell death takes place in a pro-immunogenic manner. The paradigm of
immunogenic cancer cell death (ICD) predicts that tumor antigens presented in an immunogenic but
not tolerogenic context orchestrate antitumor T-cell responses [128]. If tumor cell death comes with
enhanced levels of damage-associated molecular patterns (DAMPs, such as ATP [129]) being paralleled
by an increased uptake of tumor material via dendritic cells (DCs, via, e.g., calreticulin; CRT), the latter
present tumor antigen to antitumor T-cells together with sufficient T-cell co-stimulation in the draining
lymph node [130]. The activated T-cells proliferate and later reach the tumors and their metastases
throughout the whole body via the blood. Within the tumor microenvironment, they recognize tumor
antigens and lyse the target cells, helping the body to fight cancer using its endogenous weapons
provided by the immune system. Using direct plasma treatment or plasma-conditioned liquids,
ICD has been observed in vitro in a number of tumor cell types including, for instance, pancreatic
cancer, colorectal cancer, lung cancer, and malignant melanoma [99,131–140]. Due to the extensive
poly-pragmasia of plasma sources used in the field of plasma medicine, the central mechanisms
underlying plasma-induced ICD have not been commonly unraveled. One of the sources initiating
ICD is a dielectric barrier discharge used by Lin et al. The authors elegantly demonstrated a strong
dependence of ICD on short-lived reactive species with an only minor contribution of other plasma
effectors [131]. However, the exact types of the main species being critical for plasma-induced ICD that
would allow optimization of an anti-cancer plasma source specifically targeting ICD pathways were not
identified. Moreover, the plasma source is not accredited as medical device, hampering translational
efforts of this innovative therapy. For the accredited plasma medical device kINPen, clinical evidence
has been reported in the therapy of stage IV head and neck cancer patients [99,141–143]. A role of
any enhanced immune-mediated effects in this treatment is suggested but not clearly demonstrated
yet [98]. However, preclinical animal models suggest involvement of anticancer immunity. An increase
of intratumoral T-cells was observed in plasma-treated melanoma [144] and pancreatic cancer exposed
to plasma-condition liquid [123]. In the latter, an increase of CRT expression was observed in tumors,
which was also found in a model colorectal cancer subcutaneously injected into the skin of mice [135].
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In this model, the authors also reported an increase of intratumoral CD11c+ expression, indicative
of DCs. In addition, van Loenhout and colleagues recently reported increased activation of DCs
co-cultured with tumor cells exposed to plasma-conditioned liquid [134]. All these data suggest that
plasma treatment of tumor cells shapes antitumor immunity, although the extent of such an effect is
subject to further research.

7. Clinical Application of CAP

While in vitro studies using cell cultures and in vivo studies using mouse models indicate a huge
potential of CAP for cancer treatment, the efficacy ultimately has to be proven for human patients in a
clinical setting. First experiences have been reported from treating locally advanced head and neck
cancers in six patients [98,99]. Using a plasma jet (kINPen MED) these patients have been treated
within one week in three cycles of single applications. This treatment resulted in improved quality of
life through a reduction odor and pain medication demands. Two patients showed a partial remission
for at least nine month and biopsies from tissues in remission revealed a moderate amount of apoptotic
tumor cells. Similar results have been reported in a second study including 12 patients [99]. Analyses
of resected CAP-treated tumor tissue revealed an increase of apoptotic cells compared to non-treated
tissue [143]. Another case series elucidated the effect of CAP on actinic keratosis (precursor lesions of
squamous cell carcinomas) [145]. In this study, a total of 17 lesions have been treated. Nine lesions
showed total remission, three a partial remission and only five lesions showed only minimal or no
improvement one month after CAP treatment. Of note, no negative effects have been reported. No
inflammation, pain, or other adverse events have been observed neither during treatment, immediately
after treatment nor in the later course of the disease. Even though more patients need to be treated
more than 70% of these patients responded to the therapy [145]. In a second study including seven
patients with actinic keratosis, all patients showed a good response with a significant remission of the
actinic keratosis after seven treatments for 120 s using a plasma jet [146]. A pilot study including eight
patients with malignant pleural mesothelioma investigated the use of cold plasma for cold plasma
coagulation (CPC) [147]. CPC was performed as part of a multimodal therapy and the results indicate
CPC to be a safe technique when used on the pleura, pericardium, and diaphragm. Histological
examinations of pleural specimens revealed no detectable vital tumor cells in deeper layers of the
pleural and subpleural space. No relapse of the disease was observed during the time of the study
(median observations time was one year). These first clinical reports are very promising (summarized
in Table 1), but, of course, can only be the beginning of further clinical trials.

Table 1. Clinical studies reporting the use of CAP for treatment of (pre-) cancerous tissues.

Reference
Number of

Patients
Tumor Entity Plasma Source

Main Observations after CAP
Treatment

Metelmann et al.
2018 6

Locally advanced
head and neck

cancers
kINPen MED

Improved quality of life due to
reduced odor and pain

Partial remission in 2 patients

Metelmann et al.
2015 12

Advanced
squamous cell

carcinoma of the
head and neck

kINPen MED

Decreased request for pain
medication

Reduction of typical fetid odor
Reduction of microbial load

Superficial partial remission of
tumor in 4 patients

Wound healing of infected
ulcerations tumor in some cases

Schuster et al. 2016 Group I: 12
Group II: 9

Advanced
squamous cell

carcinoma of the
head and neck

kINPen MED
Increase of apoptotic cells in

CAP-treated tissue compared to
non-treated tissue
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Table 1. Cont.

Reference
Number of

Patients
Tumor Entity Plasma Source

Main Observations after CAP
Treatment

Friedman et al.
2017 5 (17 lesions) Actinic keratosis

Custom-made
device with
hand-held
electrode

(FPG10-01NM10)

Total remission of 9 lesions, partial
remission of 3 lesions, minimal or

no improvement of 5 lesions

Wirtz et al. 2018 7 Actinic keratosis Adtec Steri-Plas Number of lesions decrease in 6 of
8 treated areas

Hoffmann et al.
2010 8 Pleural

mesothelioma
CPC 1500 System

(jet)
No detectable vital tumor cells in

the tissue after treatment

8. Conclusions

Reactive oxygen and nitrogen species (RONS) have been identified as the main contributors for
the efficacy of CAP in killing cancer cells. Although many studies indicate a selective effect of CAP
towards malignant cells compared to their healthy counterparts the experimental settings in many of
these studies may have influenced this finding. Nevertheless, several factors have been identified that
often differ between healthy and malignant cells and hence, may contribute to an increased sensitivity
of cancer cells to CAP. These factors such as expression of aquaporins or cholesterol or the ability to
protect against oxidative stress by the anti-oxidative system determine how many RONS can enter
the cell and interfere with intracellular signaling pathways. As a consequence of the CAP treatment
reduced adhesion, migration and invasion may contribute to a successful cancer treatment by reducing
the ability of the cells to spread and form metastasis. Furthermore, necrosis, apoptosis, senescence,
and autophagy may result from CAP treatment in a dose-dependent manner and hence, stop tumor
growth and trigger an immune response. The underlying mechanisms that decide which process of
growth arrest or cell death as a consequence of CAP treatment is triggered still need to be further
elucidated. Moreover, the different plasma sources and treatment conditions as well as cell types
and tumor entities investigated contribute to the efficacy and always need to be considered when
drawing any conclusions. In the end, great progress has been made to the understanding of underlying
mechanisms regarding the efficacy of CAP in cancer treatment, but much still needs to be done with
respect to different treatment conditions and comparison of malignant and non-malignant cells of the
same cell type and same donor. First clinical case reports support the benefits of CAP as a potential
innovative therapy for the treatment of cancers and should motivate further clinical trials to prove the
relevance of CAP in the clinic.
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Abstract: Cancer therapy has evolved to a more targeted approach and often involves drug
combinations to achieve better response rates. Non-thermal plasma (NTP), a technology rapidly
expanding its application in the medical field, is a near room temperature ionized gas capable of
producing reactive species, and can induce cancer cell death both in vitro and in vivo. Here, we used
proliferation assay to characterize the plasma sensitivity of fourteen breast cancer cell lines. These
assays showed that all tested cell lines were sensitive to NTP. In addition, a good correlation was
found comparing cell sensitivity to NTP and radiation therapy (RT), where cells that were sensitive
to RT were also sensitive to plasma. Moreover, in some breast cancer cell lines, NTP and RT have
a synergistic effect. Adding a dose of PARP-inhibitor olaparib to NTP treatment always increases
the efficacy of the treatment. Olaparib also exhibits a synergistic effect with NTP, especially in triple
negative breast cancer cells. Results presented here help elucidate the position of plasma use as a
potential breast cancer treatment.

Keywords: radiation therapy; non-thermal plasma; radio-frequency discharge; breast cancer;
PARP-inhibitor; olaparib; DNA-damage

1. Introduction

Each year, more than two million women are diagnosed with breast cancer, the most frequent cancer
in women [1]. Depending on the cancer subtype, patients’ prognosis differs along with the therapeutic
approaches. For example, patients with a triple-negative breast cancer (TNBC), a subtype that does
not express estrogen receptor (ER) and progesterone receptor (PR), and does not overexpress human
epidermal growth factor receptor 2 (HER2), are associated with worsened prognosis [2,3]. Despite the
identification of molecular subtypes (luminal, basal A, and basal B), and relative radioresistance of
TNBC, adjuvant locoregional radiation therapy (RT) of the breast significantly reduces TNBC local
recurrences [4,5], akin to all breast cancer subtypes.

A new perspective in cancer treatment has come with the use of non-thermal plasma (NTP).
Briefly, NTP consists of a partially ionized gas which allows to convert electrical energy into chemical
and thermal energy. Usually obtained by applying an electric field to a flowing gas [6], NTP is partially
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composed of electrons, ions and various reactive species [7]. In contact with air, plasma provides
a remarkable tool to produce reactive oxygen and nitrogen species (RONS) that can interfere with
cancer cells’ functioning and survival [8]. The anticancer capacity of NTP has been demonstrated in
different cancer types (including breast cancer) in vitro [9–14], and in vivo [15–19]. In the clinic, one of
the potential modalities of plasma treatment is its use in combination with surgery. For instance, NTP
could be applied intraoperatively within the surgical cavity to potentially replace larger breast tissue
resections, a method of treatment that does not necessarily require selectivity towards cancer cells [20].
As surgery is usually combined with other treatment modalities such as RT, it is therefore essential to
investigate combination of NTP with other modalities.

As most studies on plasma oncology examined only a few cell lines to demonstrate the anticancer
capacity of NTP, here we use a relatively high-throughput approach to characterize the sensitivity
of fourteen human breast cancer cell lines to NTP. Hence, the aim of this work is twofold. First, to
determine if the sensitivity of breast cancer cells to NTP is dependent on the molecular subtype. Second,
to compare and evaluate the potential combination of NTP with RT and PARP (Poly (ADP-ribose)
polymerase) inhibitor olaparib, two other therapies used in breast cancer. By comparing the plasma
response of these cell lines to RT sensitivity, we observe a direct correlation between the efficacies of
these two DNA damaging agents. Moreover, combining RT and plasma can result in a synergistic
effect in a subset of cell lines. In addition, pretreatment with olaparib increased the efficacy of NTP in
all tested cell lines. A synergistic effect was also measured for this combination, independent of the
BRCA1/2 status of the cell lines.

Precision oncology involves multidisciplinary approaches to define patient subgroups and adapt
the use of various treatment modalities, either alone or in combinations, according to the disease’s
sensitivities and patient’s needs. NTP can become a new member of the arsenal to treat patients
affected by breast and other cancers. As NTP yield minor side effects [21,22], local application of NTP
can reduce the local tumour burden and replace several fractions of RT to reduce RT-related side effects
in a clinical setting.

2. Results

2.1. NTP Device and Experimental Setup

Various plasma devices are used for research purposes in plasma oncology. Due to their versatility
for applications both in vitro and in vivo, plasma jets are most often used [23]. Figure 1 presents a
sketch of the convertible plasma device and the experimental setup used in our experiments. This
convertible plasma device allowed us to perform treatments in three different discharge modes [24].
The electrical configuration is illustrated in Figure 1A. The electric field is supplied by a high-voltage
capillary electrode mounted coaxially inside a cylindrical ground electrode. A dielectric barrier lies
between the annular gap and the ground electrode. Using an excitation frequency of 13.56 MHz and a
flow of helium, the Ω, γ and jet modes (Figure 1C–E, respectively) can be generated. In the Ω mode,
the plasma is sustained within the device and only plasma effluents can reach the treatment zone
(Figure 1C). In the γmode, a higher power density is injected into the plasma and a flowing afterglow
is produced at the tip of the nozzle (Figure 1D). In the jet mode, no plasma is formed within the annular
gap between the dielectric barrier and the high-voltage electrode, but it is formed at the tip of the
nozzle (Figure 1E).

As the high-voltage electrode is hollow, a secondary gas can be injected in the effluent zone of
the Ω mode or the flowing afterglow in γmode. Addition of O2 in rare gas NTPs is a reliable way to
increase the production of RONS that can influence the anticancer capacity of the treatment [25,26]. As
shown in Figure 1F,G, injection of O2 in the high-voltage electrode allows to selectively enhance the
atomic oxygen line O (35P→35S) (center wavelength at 777.5 nm). As optical emission spectroscopy
(OES) does not allow to probe non-fluorescent atoms and molecules, the observation of this oxygen
line can act as an indicator of the production of RONS within the plasma effluent or afterglow region.
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Figure 1. Experimental configuration and optical emission spectra of the different discharge modes
with helium as the plasma-forming gas. (A) Simplified electrical circuit of the convertible plasma
device. (B) Graphic representation of the treatment of cell suspensions in the jet mode. (C) Sketch of
the convertible plasma device in the Ω mode. (D) Sketch of the convertible plasma device in the γ

mode. (E) Sketch of the convertible plasma device in the jet mode. (F) Optical emission spectrum (OES)
of the Ω mode without or with 2 mL min−1 of O2. (G) OES of the γ mode without or with 2 mL min−1

of O2. (H) OES of the jet mode.

2.2. Influence of the Discharge Mode on the Cytotoxicity of the Treatment

One aim of the present work is to determine if a subgroup of breast cancers could be more susceptible
to plasma treatment. In order to address this, a panel of fourteen cell lines that contained representatives
of each breast cancer subtype was used. Characteristics of theses cell lines are presented in Table 1.

Table 1. Panel of breast cancer cell lines with molecular subtype, receptor status and list of mutations [27].
Molecular subtypes are classified as Luminal (green), Basal B (blue) and Basal A (orange).

Cell Line Molecular Subtype Receptor Status Mutation Summary

AU-565 Luminal HER2amp TP53, MLL3
BT-549 Basal B TNBC TP53, PTEN

HCC1428 Luminal HR+ TP53
HCC1569 Basal A HER2amp TP53, MLL3, BRCA2, PTEN
HCC1954 Basal A HER2amp TP53, PIK3CA
Hs578T Basal B TNBC TP53
MCF-7 Luminal HR+ PIK3CA, GATA3

MDA-MB-157 Basal B TNBC TP53, MAP3K1
MDA-MB-175-VII Luminal HR+ MLL3

MDA-MB-231 Basal B TNBC TP53
MDA-MB-361 Luminal HR+ TP53, PIK3CA, BRCA2
MDA-MB-468 Basal A TNBC TP53, MLL3, PTEN

T47D Luminal HR+ TP53, PIK3CA, MLL3
ZR-75-1 Luminal HR+ PTEN

The convertible plasma device used in this study allows to treat cells using three different discharge
modes. As we previously reported, helium gas flow alone (without applied power) does not produce a
cytotoxic effect in any of the conditions selected for this work (Table 2) [24]. However, all discharge
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modes show a cytotoxic effect. In fact, depending on the selected discharge mode, various treatment
times are required to achieve the same antiproliferation capacity [24]. This efficiency is confirmed here
with a larger number of cell lines (Figure 2). In comparison with treatment of 4 and 2 min of the Ω and
γmodes respectively, the jet mode requires less time to treat cells, with a more intense effect reached
with only 30 s of treatment for all cell lines. Proliferation assays revealed plasma sensitivity across
all cell lines with normalized cell number reduction ranging from 0 to 70% for Ω mode and 40% to
90% for jet mode. Only the HCC1954 cell line responded to the γmode, with 20% of normalized cell
number reduction after treatment. Importantly, the efficacy of all NTP modes increases with treatment
time, akin to drug or RT dose response curve. Time response curves for the jet mode are shown in the
next section.

Figure 2. Comparison of the efficiency of different treatments (see Table 2 for experimental conditions)
on a panel of breast cancer cell lines using proliferation assays. Hormone receptor positive (HR+),
Triple negative breast cancer (TNBC) and HER2 amplified (HER2amp) define the receptor status of
cell lines and the color code refers to the molecular subtype. The Ω and γmodes (4 and 2 min) were
compared with and without the injection of 2 mL min-1 of O2 in the high-voltage electrode. Two doses
were compared for the jet mode (30 and 120 s) and for radiation therapy (4 and 10 Gy). Error bars
represent the standard deviation over three independent experiments. * p < 0.05, ** p < 0.01, *** p <
0.001 with respect to the control.

For comparison with plasma treatments, RT was used as a standardized reference for cytotoxic
sensitivity of the different cell lines. A 4 Gy reference dose of RT tends to be more cytotoxic than
both the Ω and γmodes in all cell lines. Cytotoxicity of the jet mode is similar to the cytotoxic effects
of RT and in some cases greater than the response to 10 Gy (e.g., p < 0.01, comparing 120 s of jet
mode with 10 Gy of RT in HCC1428). Additionally, the most radioresistant cell lines, HCC1428 and
MDA-MB-175-VII, were sensitive to the jet mode using a sufficient dose of 120 s (p < 0.001).

Another feature of the device is the possibility to inject a secondary gas directly into the plasma
effluent or afterglow (via the hollow high-voltage electrode). Figure 2 indicates that, in the Ω mode,
for some cell lines, O2 slightly increased the antiproliferative capacity of the treatment, while for
other cell lines, the antiproliferative capacity remained unchanged. On the other hand, with the γ
mode, addition of O2 to the treatment tends to improve the antiproliferative capacity of plasma for
all cell lines. However, the sensitivity to the addition of O2 varies significantly between different
cell lines. Comparison of the antiproliferative effect of O2 is illustrated in Figure 3, where GR values
(see Sections 2.3 and 4.4 for details on GR values) are displayed in a heat map and GR variation in a
box-and-whisker plot.
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Figure 3. Influence of O2 on the antiproliferative capacity of NTP. (A) Heat map of GR values (low
GR values indicate high treatment efficacy) of treatments in the Ω and γ modes with and without
the addition of O2 in the high-voltage electrode. Classification of the cell lines was selected using the
values of GR averaged over all discharge modes. Cell line color classification: Luminal (Green), Basal A
(Orange) and Basal B (Blue). (B) Box-and-whisker plot of the variation of GR value (GR value without
O2 minus GR value with O2) in the Ω and γmodes. *** p < 0.001 with respect to the GR without O2.

Results shown in Figure 3A are in good agreement with those of Figure 2. Indeed, the
antiproliferative effect of Ω and γ modes is enhanced by the injection of O2 in the high-voltage
electrode. However, from the use of GR values, it is possible to quantify the overall sensitivity of
the different cell lines. As shown by Figure 3B, the variation of GR values by injecting O2 in the
high-voltage electrode is almost inexistent in the Ω mode (p > 0.5 with t-test) but is significant in the γ
mode (p < 0.001 with t-test). Even if the injection of O2 in our NTP device is performed downstream
(in the effluent or the flowing afterglow region) rather than in the plasma itself, the antiproliferative
capacity can benefit from the injection of O2. This feature is in agreement with other studies reporting
on the anti-cancer effect of O2 addition to plasma [28,29] but highlights the potential advantage of
downstream injection for NTP optimization.

2.3. Sensitivity of Breast Cancer Cell Lines to NTP Correlates with RT

Classification of breast cancer cell lines according to their sensitivity to NTP (jet mode) and to
RT is shown in Figure 4. In order to classify the cell lines in terms of their sensitivity, the growth
rate (GR) metrics was utilized [30]. Based on a dose-induced GR inhibition, the GR metrics allows to
generate dose-response curves that are not influenced by the division rate, and therefore the derived
sensitivity is more representative of the genotype of each cell line. This is particularly relevant since
our output was measured after six days of incubation and the reported range of doubling time for
these cell lines varies from 1.3 to 4.6 days [31]. Given that we quantify cell numbers to determine NTP
efficacy, we need to mitigate this confounding factor. As expected, applying the GR metrics to our
data slightly changed the classification of the cell lines according to their sensitivity (see Appendix B).
Three representative curves of the GR dose-response with the sigmoidal fit based on the number of
cells at the beginning of the experiment using a fixed interval approach are shown in Figure 4A. For
the more responsive cell lines, MDA-MB-157, MDA-MB-175VII and MDA-MB-231, an exposure time
lower than 5 s was required to reach the GR50 (Figure 4B). For other cell lines, the exposure time never
needed to exceed 30 s. Interestingly, there is a strong correlation between the GR50 of RT and the GR50

of the jet mode, with a Pearson’s coefficient of correlation of p < 0.005 (Figure 4B). This suggests that
the reactivity of cells to plasma treatment could be extrapolated according to their radiosensitivity.
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Figure 4. Dose response and sensitivity of different cell lines to the jet mode and radiation therapy. (A)
Dose-response curves with the theoretical curve obtained from a log-logic fit, with radiation on the left
and plasma treatment on the right. Error bars represent the standard deviation over three independent
experiments. (B) Calculated GR50 of radiation therapy and jet mode. Pearson’s correlation plot of the
GR50 of the jet mode and GR50 of radiation therapy (p < 0.005). (C) Box-and-whisker plots of GR50

classified according to the receptor status and TP53 mutation.

We then determined if sensitivity to plasma treatment can be correlated to a few different clinical
aspects of breast cancer. We grouped the cell lines into their different receptor status subtypes (HR+,
TBNC and HER2amp). In Figure 4C, although the mean GR value of HER2amp group seems higher,
we did not find a statistical difference between the groups. Grouping the cell lines according to their
p53 status did not exhibit a significant correlation either. Again, sensitivity of cell lines classified
according to their receptor status subtypes and p53 status are similar for NTP and RT. These results
showed that even if all the tested cell lines were sensitive to plasma treatment, we did not point out a
particular subtype of breast cancer which could be more sensitive to NTP.

2.4. Radiosensitization of Breast Cancer Cell Lines with NTP

It is known that NTP can produce RONS [32], which can lead to either single- or double-strand
DNA breaks (SSB or DSB) [33]. We previously confirmed the ability of plasma treatment to induce
DNA damage [24]. We then hypothesized that the combination of NTP with another DNA damaging
agent could increase the level of DNA damage. As half of all cancer patients will receive RT [34], it was
chosen as a DNA damaging treatment to combine with NTP. The combination of NTP with RT is shown
in Figure 5. A subgroup of cell lines was used to determine the impact of combining DNA-damaging
agents, focusing on TNBC. As described in Section 4, NTP was immediately followed by RT.

Figure 5 shows that both NTP conditions tested tend to be combining efficiently with RT. We also
demonstrated that a jet treatment as short as 10 s is sufficient to produce a cytotoxic effect in most
cell lines. The cellular response to the jet mode alone for 10 s of exposure is similar to the γ mode
with O2, but both displayed lower antiproliferative capacity than 4 Gy alone (Figure 5A). For a better
appreciation of the efficacy of the combined treatment, the combination index (CI) was evaluated
according to the Chou-Talalay method [35–37]. CIs were calculated for the combination of the jet mode
with RT as dose-response curves were established for these treatment modalities (see Figure 4A).
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Figure 5. Combination of RT (4 Gy) with NTP (jet mode for 10 s). (A) Normalized cell numbers
for different combination of treatments of a subpanel of cell lines. (B) Combination index (CI < 1:
synergistic, CI = 1: additive, CI > 1: antagonist) of the jet mode and radiation therapy. Error bars
represent the standard deviation over three independent experiments. Hormone receptor positive
(HR+), Triple negative breast cancer (TNBC) and HER2 amplified (HER2amp) define the receptor status
of cell lines and the color code refers to the molecular subtype. * p < 0.05, ** p < 0.01, *** p < 0.001 with
respect to the control.

Figure 5B shows the classification of cell lines according to the CIs and reveals a synergistic effect
for four out of seven cell lines. Only two of the four TNBC cell lines (MDA-MB-468 and BT-549) showed
a synergistic effect.

2.5. Olaparib Influence on NTP Growth Inhibition and DNA Damage Potential

Cancer therapy using radiation or other DNA-damaging agents is based on the susceptibility
of cancer cells to genomic instability [38]. Therefore, targeting DNA repair components to sensitize
cells to genotoxic stress is a promising avenue to improve plasma treatment. An interesting agent to
combine with NTP for breast cancer treatment is the PARP-inhibitor olaparib, a clinically approved
treatment. We purposely chose a low dose of olaparib (2 μM) in order to minimize the effect of the
drug itself on cell growth. This dose was also commonly used in combination assays [39,40], and is
lower than the IC50 according to the literature [41,42]. We also selected the time of exposition to the jet
mode at 10 s.

As shown in Figure 6, even 2 μM of olaparib alone had an effect on cell growth, especially for
MDA-MB-468, which presented the highest sensitivity to the drug (more than 60% of inhibition, p <
0.001). Among the cell lines used, only HCC1569 and MDA-MB-361 contained a BRCA2 mutation. In
those cell lines, only 40% (p < 0.001) and 20% (p > 0.05) of growth inhibition was observed, respectively,
with olaparib alone. Indeed, the dose used was not enough to reach the synthetic lethality expected in
BRCA mutants. Olaparib treatment alone resulted in growth inhibition ranging from 0% to 40% in
other cell lines.
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Figure 6. Combination of the jet mode (10 s) with olaparib (2 μM) for a subpanel of cell lines. (A)
Normalized cell numbers for different combinations of treatments. (B) Combination index (CI < 1:
synergistic, CI = 1: additive, CI > 1: antagonist) of the jet mode (10 s) and radiation therapy (4 Gy) with
olaparib (2 μM). Error bars represent the standard deviation over three independent experiments. * p <
0.05, ** p < 0.01, *** p < 0.001 with respect to the control.

In all cell lines, combination with olaparib tends to improve the cytotoxic effect of plasma.
Interestingly, CI < 1 for seven out of eleven cell lines, demonstrating a synergistic effect of olaparib
and plasma (Figure 6B). This was also true for the combination of RT and olaparib. For the few cell
lines with CI > 1, including the BRCA2-mutation-bearing MDA-MB-361, the low dose of jet mode
might be responsible for this antagonist combination. This combination could possibly be improved
with a higher dose of plasma. Moreover, with every TNBC cell lines (MDA-MB-231, MDA-MB-468,
BT-549 and Hs578T), the cytotoxic effect of the dual therapy tends to be better than radiation alone.
This implies that plasma treatment, which is considered as a soft treatment in terms of side effects [21],
in combination with olaparib, can be used to give the same response as 4 Gy with potentially fewer
side effects.

DNA damage can be visualized through the activation of DNA repair pathways. We used the
detection of DNA-damage-associated foci phosphorylation of H2AX (γH2AX) to characterize the effect
of our combination at the molecular level.

As expected, in Figure 7, we observed an increase in the number of foci with the jet or radiation
alone compared to the control, confirming the induction of DNA damages by the oxidizing agents.
Olaparib alone is also known to cause an increase in γH2AX foci in responding cancer cells [43].
We observed this increase in the two cell lines presented here (p < 0.01 for HCC1428). In addition,
pretreatment with olaparib further increased the number and intensity of foci following a treatment
by jet mode and RT (p < 0.05). Interestingly, in some conditions, a strong pan-nuclear staining can
be observed in a portion of the cells. This pan-nuclear phosphorylation of H2AX signal may suggest
cells potentially going through apoptosis following treatment [44,45]. According to Figure 7C, this
is especially the case for combination treatments (up to 50% of the cells are exhibiting pan-nuclear
staining).
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Figure 7. Visualization of DNA damage for a combination of olaparib with NTP or RT treatments.
Immunofluorescence of γH2AX foci 24 h after treatment with gas (10 s), jet (10 s), RT (4 Gy) alone or in
combination with olaparib (2 μM). (A) Example pictures of γH2AX for MDA-MB-361 and HCC1428
cell lines. (B) Total fluorescence of γH2AX foci per cell (MDA-MB-361 and HCC1428). (C) Percentage
of nuclei with fluorescence of γH2AX foci covering the complete nucleus. Error bars represent the
standard deviation over two or three pictures containing an average of 30 nuclei. * p < 0.05, ** p < 0.01,
*** p < 0.001 with respect to the control or the equivalent condition without olaparib.

These results indicate that the effect of plasma on cancer cells can be improved by a combination
with a DNA repair inhibitor such as olaparib. This reinforces the notion that the ability of NTP to
induce cytotoxic effects occurs through DNA damage (whether SSB or DSB), similar to radiation.

3. Discussion

In this study, we compared the sensitivity to NTP with RT, a conventionally used modality in
breast cancer treatment, on a large set of common breast cancer cell lines. A constraint to large-scale
comparison of NTP sensitivity across cell lines is the heterogenous proliferation rates of different cell
lines. Our method to quantify cell response to NTP was based on the normalized cell number 6 days
post-treatment. Therefore, systematic variations in cell division time will affect relative response metrics
such as IC50 (treatment condition resulting in 50% relative viability) [30]. To overcome this confounder,
the Growth Rate (GR) metrics was used to quantify cellular response to treatments. For instance,
MDA-MB-175VII, that was not particularly sensitive to either NTP or RT in terms of normalized cell
number (Figure 2), was found to be one of the most sensitive cell lines when GR values were used
(Figure 4). As the doubling time of MDA-MB-175VII is 5.5 d (see Table A1 in Appendix B), this cell line
provides the typical situation where IC50 is confounded by its slow cell division rate. The GR method
is commonly used in a variety of open access databases compiling the drug sensitivity of different cell
lines. The Library of Integrated Network-based Cellular Signatures (LINCS) [46] and PharmacoDB [47]
are two of them.
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Beside the use of fourteen cell lines, three NTPs, described previously [24], have been used in
the present study. The longer treatment time required by the Ω and γmodes (in comparison to the
jet mode) to reach a similar antiproliferative capacity turned out to be respected for all cell lines.
As previously reported [28,29], addition of O2 to rare gas NTP increases the cytotoxicity of plasma.
However, in the present case, O2 is not injected in the plasma per se, it is rather injected in the effluent
region (in the Ω mode) or in the flowing afterglow (in the γ mode). As shown in Figures 2 and 3,
over all cell lines, the influence of O2 is significant in the γmode. This suggests that injection of O2 in
the flowing afterglow is sufficient to enhance the production of RONS, a fact in agreement with the
enhancement of the O (35P→35S, 777.5 nm) atomic emission line in Figure 1 (also reported in similar
conditions [48]). The lack of effect of O2 in the Ω mode could be attributed to the low energy present
in the plasma effluent. However, as Figure 1F clearly shows an enhancement of the 777.5 nm atomic
emission line with injection of O2, the mitigate effect of O2 could indicate that the 777.5 nm atomic line
is not a good indicator of plasma antiproliferation capacity (at least with downstream O2 injection) or
it could be simply due to the NTP dose that is too low to significantly impact cell proliferation. This
will be the subject of further investigations.

We previously reported that plasma can induce DNA damage in MDA-MB-231 cell line and drive
the cells to undergo mitotic catastrophe [24]. Here, in Figure 7, we showed that DNA damage is
also induced in the two additionally investigated cell lines. These findings suggest that DNA repair
inhibitors may increase the efficacy of NTP as observed with other DNA damaging treatments [49,50].
Similarly, increasing the number of insults by combining two DNA damaging agents is known to
improve cytotoxicity [51,52]. In this work, a combination of NTP with olaparib or RT was investigated
to address these two options. In both cases, most cell lines were found to benefit from the combination.
In fact, in some conditions, NTP yields a synergistic combination with RT or olaparib.

Using the same experimental method to investigate the sensitivity of cell lines to NTP and RT
allowed to establish a strong correlation between both modalities’ antiproliferative capacity. This
correlation highlights the similarity in the mechanisms of action of these modalities. In addition,
using the same procedure, the combination of RT and NTP have also been tested. In agreement with
previous work by Lin et al. [53] in other types of cancer cell lines, greater growth inhibition was found
with the combination compared to NTP or RT alone. An observation in support of the increased
in DNA damage previously reported with the combination [53]. Here, RT and NTP’s combination
was addressed in a subset of cell lines, focusing on TNBC since they represent the subtype clinically
more complex to treat and present higher local recurrence rates. In half of the TNBC, the combination
synergistically increased the efficacy of the treatment. It was interesting to note that for the Basal
A molecular class, the combination clearly improved NTP treatment. In Figure 4, Basal A subtype
classified among the less responsive group. Nevertheless, adding RT synergistically improved their
response. For other cell lines, we propose that the dose of 4 Gy alone was found to induce important
cytotoxic effect, which could have hindered the potential benefit of its combination with NTP. The
exposition time for the jet mode was also a fixed dose for every cell line. Since we determined the GR50

for the jet mode and RT, the doses required for combination could be better defined for each cell line in
future experiments. Results from the current study supports the fact that the application of NTP in
combination with RT may be complementary and a viable clinical strategy for further exploration.

Olaparib is approved by the US Food and Drug Administration (FDA) as a therapy for select breast,
ovarian and prostate cancers, for which plasma treatment is also being evaluated in vitro [19,33,54,55].
In breast cancer, olaparib is approved for the treatment of patients with germline deleterious mutations
in BRCA, HER2-negative metastatic breast cancer who had previously received chemotherapy. Our
results present further evidence that olaparib can be beneficial to more patients, independently of the
BRCA status, when used in combination with other DNA damaging agents. Within the context of NTP,
concurrent olaparib could improve the local control of the disease.

In our experiment, we chose to target PARP, which is mainly involved in SSB repair. Unresolved
SSB will generally evolve in DSB, and direct induction of both types of DNA damage by RONS is
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probably the main mechanism of genotoxic stress by plasma treatment [33]. In the same line of thought,
Masur et al. [56] used gemcitabine, a nucleoside analogue, that affects DNA synthesis and repair. They
reported that combination with plasma allows to decrease the dose of Gemcitabine required to observe
a cytotoxic effect. Gemcitabine is also a drug indicated in advanced stages of breast, pancreatic, ovarian,
and non-small cell lung cancer [57]. Molecular targeted agents such as cetuximab, an antibody that
targets epidermal growth factor receptor (EGFR), have also been shown to increase plasma efficacy
when used in combination against cancer cells [58]. Therefore, it is expected that targeting other
DNA-repair or proliferation pathway components in combination with plasma therapy will achieve
better response rates than plasma alone. Thereby, all combinations displayed here and previously
reported suggest a promising advance for the treatment of breast cancer. Indeed, gemcitabine [59] and
radiation [53], have already been tested in vivo in combination with NTP, and demonstrated increased
response over a single treatment. A better understanding of the downstream molecular impact of
plasma treatment will open novel routes to identifying compounds that can improve NTP efficacy or
vice versa.

In characterizing the relative sensitivity of a large set of publicly available breast cancer cell
lines, this study built a platform to further explore the cellular mechanism of action of plasma. As
these cell lines’ genomes have been sequenced [60–62] and rendered publicly available, the next step
will be to investigate the molecular signature from sensitive and resistant cell lines to non-thermal
plasma treatment. We hope such an analysis will help reveal candidate pathways involved in plasma’s
mechanism of action, a current challenge in the field of plasma medicine.

4. Materials and Methods

4.1. Cell Culture

Breast cancer cell lines Panel 1 (AU-565, BT-549, HCC1428, HCC1569, HCC1954, Hs578T, MCF-7,
MDA-MB-157, MDA-MB-175-VII, MDA-MB-231, MDA-MB-361, MDA-MB-468, T47D, ZR-75-1) was
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown
following ATCC recommendations (DMEM, RPMI1640 or L15 supplemented with 10% or 20% foetal
bovine serum (FBS), with or without insulin, with 1% penicillin-streptomycin (Pen-strep). Cells
were incubated at 37 ◦C with or without 5% CO2 according to ATCC recommendations. Cells were
used at a low passage number (lower than 25) upon reception from ATCC in order to maintain their
parental phenotype and genotype. Genomic characterization of all investigated cell lines is publicly
available [62]. This includes data regarding all the cell lines’ genetic, RNA splicing, DNA methylation,
histone H3 modification, microRNA expression and reverse-phase protein array data.

4.2. Plasma Device

The convertible plasma device used for the treatment of cells in suspension was described
elsewhere [24]. In brief, the device can be categorized as a plasma jet using a coaxial electrode
configuration (Figure 1A). A power system (model 1312 Cesar, Dressler, Stolberg-Vicht, Germany
equipped with a 57020137-00D Navio matching network, Advanced Energy, Fort Collins, CO, USA)
delivers a 13.56 MHz excitation waveform to a hollow high-voltage electrode located on the axis of the
device. A fused silica tube is located between the 1 mm annular gas gap and the outer shell ground
electrode. Injecting helium through the annular gas gap or within the high-voltage electrode allows the
maintenance of an electrical discharge in various modes (Figure 1C–E). Since theses discharge modes
have different properties (volume, electron energy, electron temperature, etc.), it is important to validate
if they produce similar response on different cancer cells. To reduce the number of experimental
parameters investigated, a few parameters were fixed for this work. This is the case of the injected
power and flow rate of the plasma-forming gas. The experimental conditions used for the production
of NTP are summarized in Table 2. These conditions were chosen to yield a similar cytotoxicity in
breast cancer cell lines between the different modes. This choice was based on a previous work that
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shown that the same antiproliferation effect is observed when cells are exposed to about 25 s of jet
mode, 2 min of γmode or 4 min of Ω mode [24].

Table 2. Summary of the NPT conditions used in this work. In the Ω and the γ modes, helium is
injected through the annular gap and O2 is injected within the high-voltage electrode. In the jet mode,
helium is injected within the high-voltage electrode and ambient air is left to fill the annular gap freely.
In the γmode, pulse modulation was used to maintain gas temperature near room temperature.

Conditions Discharge Mode Applied Power Treatment Time Helium Flowrate O2 Flowrate

Ω Ω mode 10 W 4 min 4300 mL min−1 0 mL min−1

Ω + O2 Ω mode 10 W 4 min 4300 mL min−1 2 mL min−1

γ γmode 35 W (100 Hz@20%) 2 min 4300 mL min−1 0 mL min−1

γ + O2 γmode 35 W (100 Hz@20%) 2 min 4300 mL min−1 2 mL min−1

Jet Jet mode 35 W 10 to 120 s 600 mL min−1 0 mL min−1

The optical emission of the discharge was collected by an optical fibre for emission spectroscopy
(Figure 1). Optical emission spectra are sampled downstream of the nozzle collecting light in the axis
perpendicular to the gas flow to avoid collecting light from inside the device. The tip of an optical fibre
(300–1100 nm with a 600 μm core diameter and a length of 1 m, Ocean Optics, Dunedin, FL, USA) is
positioned 3 mm away from the exit nozzle. The optical fibre is connected to a spectrometer system
(from 200 to 850 nm) through a 100 μm slit (Flame-S equipped with an ILX-511B Sony detector, and a
600 line mm−1 grating blazed at 300 nm with a resolution about 1.5 nm, Ocean Optics, Dunedin, FL,
USA). The optical emission spectroscopy system was corrected by its complete response curve using
an Intellical lamp (Princeton Instruments, Trenton, NJ, USA) above 400 nm and a 900 W tungsten lamp
(Oriel, Irvin, CA, USA) below.

4.3. Radiation Therapy and Plasma Treatment

Cell suspensions were prepared in DMEM containing pyruvate supplemented with 10% FBS and
1% Pen-strep. A fixed volume of 400 μL was dispensed in 1.5 mL microtubes for plasma or radiation
treatment. Cell concentration was adjusted according to the different cell lines (ranging from 50 000
to 200 000 cells/mL). Plasma treatment was performed by positioning the nozzle of the device inside
the tube at a constant distance of 5 mm from the surface of the media. Figure 1B shows a sketch of
the convertible plasma device during a treatment of cells in suspension. RT was performed using a
caesium-137 source (Gammacell 3000 Elan, Best Theratronics, Ottawa, ON, Canada) for indicated doses
(from 2 to 10 Gy). After treatment, 50 μL of the cell suspension from the microtube was transferred
to a 48-well plate containing 200 μL of fresh media (specific for each cell line, according to ATCC). A
condition with gas flow alone (without electric field) was included as a control to ensure that gas flow
by itself did not have an effect on cell growth. Each experiment was performed three times. For the
experiment using pyruvate, a final concentration of 1 mM was added to the RPMI or DMEM (without
pyruvate) media.

4.4. Proliferation Assay

Cells seeded in a 48-well plate were fixed at day 6 after treatment with a crystal violet solution
(20% methanol, 0.5% crystal violet). Fixed cells were then stained with DRAQ5 in PBS, washed and
scanned with the Odyssey imaging system (LI-COR Biotechnology, Lincoln, NE, USA). A dilution
curve of various cell numbers stained by DRAQ5 was prepared for each cell line in each experiment.
DRAQ5 signal in each well was compared to the dilution curves to quantify the cell numbers in each
well (normalized cell numbers).

Dose-response curves were calculated using the GR inhibition metrics [30]. This metrics can be
calculated using x(c) the cell number of the treated sample at concentration c, x0 the cell number at the
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time t = 0 s (i.e., when the treatment is performed), xctl the cell number of the control sample at the
same time as x(c), according to the following equation

GR(c) = 2
log2 (x(c)/x0)
log2 (xctl/x0) − 1 (1)

To use the GR metrics with our proliferation assay, x0 value were inferred from the number of
cells plated, fixed at 18 h and stained with DRAQ5. GR50 for jet and RT were obtained for different
doses in order to obtain dose-response curves.

4.5. Peroxide Detection

For hydrogen peroxide detection, cell suspensions were centrifuged after plasma treatment, and
the supernatant was collected and processed immediately. PierceTM Quantitative Peroxide Assay
Kit (Cat. no. 23280, Thermo Scientific, Saint-Laurent, QC, Canada) was used according to the
manufacturer’s instructions. The optical density at 595 nm was measured with the Spark multimode
microplate reader (TECAN, Männedorf, Switzerland).

4.6. Live Cell Imaging System

Live cells were followed using IncuCyte S3 Live-cell Imaging System (Sartorius, Göttingen,
Germany), using a 10× objective. During the incubation period, cells were maintained in 48-well plates
with 250 μL of medium per well. Only 20% of this medium was carried from the treated microtube as
described in Section 4.3. Propidium iodide (PI) staining was used for cell death visualization and was
added directly to the media (final concentration 1 μg mL−1) just before imaging.

4.7. Combination Treatment

For the combination with PARP-inhibitor olaparib (AZD2281, Selleckchem, Houston, TX, USA),
cells were trypsinized, diluted to the appropriate concentration and pretreated with 2 μM of olaparib
for 2 h before plasma treatment (or radiation). Following plasma treatment, 50 μL of the treated cells
were transferred to a 48-well plate containing 200 μL of fresh media. Cells pretreated with olaparib
were also maintained in media containing 2 μM of olaparib during the six days of incubation. For the
combination with radiation, the plasma treatment was performed first and then cells were exposed to
4 Gy of radiation, within 30 min. The Chou-Talalay method [36] for drug combinations was used to
calculate the CI for the combinations of plasma and radiation or plasma and olaparib. Dose-response
curves were plotted for RT and olaparib treatment.

4.8. Immunofluorescence

After treatment, cells were plated in 8-well chamber slides and fixed 24 h later with 10% formalin
for 5 min. Cells were permeabilized with 0.25% Triton for 10 min, incubated in blocking solution (4%
Donkey serum, 1% BSA, PBS) for 1 h and with the primary antibody overnight at 4 ◦C. Cells were
washed and incubated with the secondary antibody for 1 h at room temperature and then washed
again. Prolong containing DAPI was used for slide mounting and images were obtained using a
Zeiss Observer Z1 microscope (400×, Carl Zeiss, Oberkochen, Germany). Primary antibody used was
phospho-H2AX (Ser139) (1:2 000 dilution; cat. No. clone JBW301) and secondary antibody was Alexa
fluor-488 (1:750).

4.9. Statistical Analysis

Student’s t-test were used to compare different treatments with the control, to compare the
effects of NTP between different breast cancer subtypes and to compare the influence of O2 on the
antiproliferative effect of NTP in the γmode. Pearson’s correlation test was performed to determine the
correlation of the antiproliferative effect of NTP and RT. Data analysis, microscopy image analysis and
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statistical analysis were performed using homemade codes with Mathematica 10 (Wolfram, Champaign,
IL, USA).

5. Conclusions

In this study, we were able to classify a large panel of breast cancer cell lines according to their
sensitivity to NTP in three different discharge modes. Cell lines that are more sensitive to a discharge
mode are also found to be more sensitive to other discharge modes. In addition, the Ω and γmodes
were compared when a small concentration of O2 is injected via the high-voltage electrode. Unlike
previous works were O2 is injected within the plasma itself, our plasma device allows the injection
of O2 downstream of the plasma. In the γ mode, O2 is in contact with the flowing afterglow and a
significant increase of the antiproliferative capacity of the plasma occurs. This effect was observed
on all cell lines, and highlights the potential benefit on cancer treatment of the precise control of gas
composition via downstream injection.

One of the aims of this work was to determine if a particular subtype of breast cancer could
be particularly sensitive to NTP. Classification was selected with respect to their molecular subtype
(i.e., luminal, basal A and basal B) and to their receptor status (i.e., HER2amp, TNBC, HR+). Using
the GR50 to compare cell lines classified in the aforementioned subgroups, no subgroup of cell lines
could be identified as strongly sensitive or resistant to NTP. Hence this highlights the potential clinical
benefit to a majority of patient, should NTP be used intraoperatively to treat the tumour bed after
tumour resection.

Comparing the sensitivity of cancer cell lines to NTP with their sensitivity to RT, a good correlation
was found: cell lines more sensitive to RT are also more sensitive to plasma. Combination of NTP and
RT was also found synergistic on a subpopulation of cell lines. These results suggest that adding a
relatively low dose of NTP to a patient’s therapeutic plan could allow to reduce the dose of RT required,
therefore minimizing side effects without compromising efficacy. In addition, we demonstrated for the
first time that NTP can synergistically be combined with olaparib, a PARP inhibitor. Olaparib being
more and more used in the clinic, its role as a NTP sensitizer is a very important feature towards the
eventual position NTP could hold in the arsenal of breast cancer treatment.
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Appendix A

Working with a larger panel of cell lines comes with constraints and one of these is their growth
conditions. In this study, according to the supplier recommendations, three different culture media
have been used (DMEM, RPMI, and L15). Some cell lines were first treated in their recommended
culture medium. However, a substantial difference in sensitivity was found to be associated with the
type of medium present during plasma treatment. Figure A1 shows representative results using the
T47D cell line to illustrate the differences in plasma sensitivity that were dependent on the medium
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present during treatment. In proliferation assay, 95% of growth inhibition was measured after a plasma
treatment of T47D with RPMI medium, as opposed to 80% when DMEM was used (Figure A1A,B).

Propidium iodide (PI) staining confirmed that rapid cell death was induced when cells were
exposed to plasma in RPMI medium (Figure A1C), with almost all cells staining positive for PI. Control
or radiation-treated cells were not affected by media composition. Interestingly, when pyruvate, a
well-known reactive oxygen species scavenger [63,64], was added to RPMI at the concentration usually
found in DMEM, a decrease in plasma cytotoxicity was observed. Pyruvate concentration within
the media is a major component affecting the sensitivity of cells to NTP, akin to the suggestion by
Babich et al. [65] that pyruvate affects the in vitro cytotoxicity of many other oxidative agents.

Figure A1. Influence of the culture medium on plasma treatment efficacy for the T47D cell line. (A)
Representative example of a proliferation assay following plasma treatment (30 s in jet mode) or
radiation therapy (4 Gy). (B) Quantification of normalized cell numbers from proliferation assays (6 d).
(C) Fluorescence microscopy after treatments showing dead cells in red (PI). (D) H2O2 concentration
measured in the medium after plasma treatment or irradiation. For this figure, n = 3 over independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 with respect to the control or other treatment.

High H2O2 accumulation measured after treatment of pyruvate-free medium could be responsible
for this drastic increase of cell death. H2O2 measurement in media after treatment confirmed this
observation. As shown in Figure A1D, the concentration of H2O2 in the medium after plasma treatment
was strongly influenced by the presence of pyruvate. In both RPMI and DMEM, the concentration of
H2O2 dropped from about 40 μM to below the detection level (<1 μM) when pyruvate was present in
the medium. From these results, it is clear that the nature of the culture medium present during plasma
treatment impacts the sensitivity of cells. Consequently, all cell lines were treated in the same culture
medium (DMEM with pyruvate) to avoid this bias. DMEM with pyruvate was chosen to highlight the
influence of direct NTP treatment over the capacity of plasma to produce long-term RONS such as
H2O2 [66–69].

Appendix B

Using dose response curves of GR values, GR50 could be obtained using treatment by the jet
mode, RT and olaparib. These values are shown in Table A1. For comparison, both IC50 and GR50
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were calculated for the jet mode. No correlation was observed using Pearson’s correlation test (p >
0.5). In addition, no correlation is observed between any of the GR50 and the doubling time using
Pearson’s correlation test (p > 0.1). Finally, it is also noteworthy that, while the GR50 of RT and jet mode
correlates, neither one correlates with the GR50 of olaparib (Pearson’s correlation test with p > 0.05),
again highlighting the similarity of RT and NTP as physical treatment modalities.

Table A1. IC50 and GR50 obtained by dose response curves for different cell lines. The doubling time
of different cell lines is also presented.

Cell Line
IC50 of the Jet

Mode (s)
GR50 of the Jet

Mode (s)
GR50 of RT

(Gy)
GR50 of

Olaparib (μM)
Doubling
Time (d)

MDA-MB-231 1.6 4.9 1.8 9.6 1.5
MDA-MB-468 6.0 10.9 2.3 3.4 1.6

Hs578T 18.4 23.3 4.6 22.3 1.7
HCC1954 6.9 19.2 3.0 18.2 1.7
AU-565 24.1 25.2 3.3 NA 1.8

T47D 9.6 16.0 3.2 17.6 2.1
BT-549 7.8 5.8 2.7 19.2 2.3
MCF-7 15.0 14.1 3.1 4.5 2.3

HCC1569 12.1 13.9 2.1 3.4 2.4
MDA-MB-157 4.6 2.6 1.7 NA 4.1

ZR-75-1 7.9 6.6 0.5 11.4 4.5
MDA-MB-361 31.0 5.1 2.7 5.5 5.4

MDA-MB-175-VII 13.1 4.3 1.0 NA 5.5
HCC1428 48.3 10.2 2.6 2.5 7.7
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Abstract: Brain cancer malignancies represent an immense challenge for research and clinical
oncology. Glioblastoma is the most lethal form of primary malignant brain cancer and is one of the
most aggressive forms commonly associated with adverse prognosis and fatal outcome. Currently,
combinations of inorganic and organic nanomaterials have been shown to improve survival rates
through targeted drug delivery systems. In this study, we developed a dual treatment approach using
cold atmospheric plasma (CAP) and gold quantum dots (AuQDs) for brain cancer. Our results showed
that CAP and AuQDs induced dual cytotoxicity in brain cancer cells via Fas/TRAIL-mediated cell death
receptor pathways. Moreover, combination treatment with CAP and AuQDs suppressed the motility
and sphere-formation of brain cancer cells, which are recognized indicators of cancer aggressiveness.
Taken together, the application of AuQDs can improve the efficiency of CAP against brain cancer
cells, posing an excellent opportunity for advancing the treatment of aggressive glioblastomas.

Keywords: gold quantum dots; plasma; cancer; nanomaterials; cellular uptake; invasiveness

1. Introduction

Cancer has become a leading global threat, and its burden is set only to increase in the coming
years owing to population growth and lifestyle trends. With an estimated 18.1 million cases and
9.6 million deaths in 2018, cancer has been an increasingly pressing health and economic issue.
Confronting cancer has gained the utmost attention in the field of biomedicine. Throughout the years,
growing evidence clearly indicates that anticancer drugs can induce apoptosis via their cytotoxic
effects. Gold quantum dots (AuQDs) are zero-dimension gold-based nanomaterials with tiny particle
sizes of 2 to 10 nm that exhibit intriguing optical, electrical, and chemical properties due to their
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quantum confinement effect. Owing to their advantages, AuQDs have been utilized for biomedical
applications, including cancer therapy. In our earlier studies, we observed that AuQDs suppress cancer
invasiveness and stemness, thus enhancing the anti-tumorigenic effect of drugs [1]. Nevertheless, in
general, the usage of AuQDs for cancer treatment remains challenging owing to the limited uptake of
nanoparticles through the cell membrane. To tackle this problem, combinations of nanoparticles with
cold plasma have recently emerged as a new potential therapy method [2–5], especially gold-based
nanomaterials due to their unique properties [6–11]. For instance, He et al. reported that non-thermal
plasma can temporarily increase cell membrane permeability to enhance endocytosis to uptake the
gold nanoparticles, thus producing synergistic cytotoxicity to the target cancer cells [12]. The cold
plasma-assisted nanoparticle-enhanced uptake can be due to enhanced endocytosis and trafficking to
the lysosomal compartment as well as temporarily increased membrane permeability (pore formation
or leaky membrane or passive diffusion) due to plasma treatment [1,4,12]. Our previous study also
showcased a novel strategy of using cold plasma and PEG-coated gold nanoparticles to inhibit the
PI3K/AKT signaling pathway, thus preventing the epithelial–mesenchymal transition and development
of tumor [13]. In this study, to further extend this research direction, we presented a new combination
treatment with AuQDs and plasma against glioblastoma cells.

The mechanisms by which various nanoparticles exert these cytotoxic effects are not
fully understood. Apoptotic cell death classically involves two distinct pathways: the death
receptor-mediated extrinsic mechanism and the Bcl-2-regulated intrinsic pathway [14–16] Members of
the death receptor family include Fas, tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) death receptors 4 and 5 (DR4 and DR5), and tumor necrosis factor receptor 1 (TNFR1) [17,18].
Furthermore, the effect of cell death receptors on apoptotic signaling has not been widely reported by
several anticancer treatments, and it is largely unknown whether AuQDs can induce death receptor
signaling pathways in a combined treatment with plasma, which contributes to decrease the malignant
progression of aggressive brain cancer phenotypes.

In this study, we aim to investigate the role of AuQDs and cold plasma against brain cancer cells,
as well as their basic mechanism. We attempt to establish a novel cancer treatment method through
plasma-assisted enhanced delivery of AuQDs. The non-thermal soft jet plasma device of the Plasma
Bioscience Research Center was prepared and characterized. The soft jet plasma source was used in
combination with quantum dots for assisted delivery, and its effect on the growth and invasiveness of
malignant glioblastoma cells was evaluated. These investigations offer an exciting new therapeutic
strategy for the treatment of resistant cancers.

2. Results and Discussion

2.1. Cold Atmospheric Plasma (CAP) Soft Jet Device and AuQD Characterization

Figure 1A shows the schematic of the soft plasma source, which consisted of a needle-type
powered electrode inside a cylindrical glass tube protected by a 3D-printed plastic cover. Natural
air was used as a feeder gas at a flow rate of l.0 lpm. The discharge duty ratio was set at ca. 11%
(on time = 10 ms, off time = 82 ms). The current-voltage profile of the plasma on time is provided in
Figure 1B. Plasma was generated at a high frequency of 42 kHz with a maximum voltage of 2.2 kV and
a maximum discharge current of 100 mA. The temperature of the plasma plume was measured by a
Luxtron m600 fluoroptic thermometer to be about 32 ◦C. (Figure 1C). The optical emission spectrum of
the μ-DBD plasma source was recorded by an HR4000CG-UV-NIR (Ocean Optics, Dunedin, FL, USA).
Figure 1D shows the optical emission spectroscopy spectrum of the soft plasma jet. We observed the
emission of various reactive oxygen species (RNS) and reactive nitrogen species (ROS) as a result of
using air as the feeding gas. We detected the emission of the N2 first positive system (N2 FPS) at 296.88,
316.71, 337.83, 358.63, 376.97, 381.21, 392.21, 392.49, and 400.82 nm; N2 s positive system (N2 SPS) at
428.04 and 500.77 nm; N2

+ first negative system (N2
+ FNS) at 590.02 747.93, 821.65, and 869.1 nm; and
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NO-γ band in the range of 200 to 250 nm. Atomic oxygen emission lines were detected at 777 and 845
nm. In addition, there was a weak emission of Hα at 656 nm.

Figure 1. Cold atmospheric soft jet plasma (CAP) and gold quantum dots (AuQDs) characterization.
(A) Schematic, (B,C) current-voltage and temperature profile, and (D) optical emission spectroscopy
(OES) spectrum of the soft plasma jet. (E) X-ray diffraction pattern (XRD) of prepared AuQDs, deposited
on silicon wafer (Si 100), (F) low-resolution transmission electron microscopy (TEM) analysis of GODs
(~5 nm size), and (G) high-resolution (HR-TEM) images of AuQDs, which depict the difference between
two lattice fringes and crystalline character of prepared products, which are ~0.231 nm.

The particle size, phase, and crystallinity of the prepared colloidal solution was examined through
the X-ray diffraction pattern (XRD) pattern and the results are presented in Figure 1E. XRD pattern
was evaluated by drop-casting the sample on a silicon wafer, followed by drying with gentle heat and
fixation in a sample holder. In the obtained spectrum, we identified three different peaks: two peaks at
38.17 and 44.45, which were related to the AuQDs, and one peak at 31.7, which indicated the used
silicon wafer/substrate. The denoted peaks resembled and matched the available Joint Committee on
Powder Diffraction Standards card No. 04-0784 with face-centered cubic geometry. The broad peak
width signified that the size of the prepared particles was very small. The estimated particle diameter
of AuQDs was analyzed using the well-known Scherrer equation, as described previously [19]. The
structural detail was investigated via HR–TEM and selected area electron diffraction pattern. As
described in Section 4, TEM images were captured through deposition of colloidal gold solution on
carbon-coated copper grids, and the images are shown in Figure 1F. The images showed that very small
particles were sprinkled on the surface. Once their morphology was studied in detail, the average size
of an individual particle was determined to be 4 to 5 nm (Figure 1F). The obtained image also revealed
that each particle appeared to be spherical in shape, without forming aggregates with other structures.
Crystallinity was also confirmed with HR–TEM, and a representative image is presented in Figure 1G.
The distance between two fringes were approximately 0.231 nm, as estimated by HR–TEM, and this
was equal to the FCC structures of gold particles [20].
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2.2. AuQDs and CAP Diminish Cancer Cell Viability through Long-Term Inhibition of Cell Proliferation

To enhance the survival of patients with glioblastoma, alternative treatments are widely studied,
including antibody–drug conjugate-based and nanomaterial-based therapies [21,22]. In our previous
studies, we have used CAP for the treatment of various cancer cells, including brain cancer cells [23,24].
In particular, we have recently reported that low doses of plasma in the presence of PEG-coated
non-thermal plasma inhibited the progression of solid cancer cells [13]. On the basis of these studies,
we examined the effect of the AuQDs we synthesized in a combination with plasma treatment. We have
already reported the specificity of AuQDs in glioblastoma cells [1]; therefore, we further investigated
whether AuQDs improve the efficiency of plasma treatment against glioblastoma cell progression. To
this end, we tested the effect of AuQDs combined with soft jet plasma. Prior to cellular phenomenon
analysis, we examined the cellular uptake of AuQDs by brain cancer cells. We observed a great increase
in the cellular uptake of AuQDs by U373 and U87 cells; however, this effect was more prominent in the
AuQD and plasma-treated groups than in the groups treated with AuQDs alone (Figure 2A,B). This
finding indicated that this increase was caused by the plasma, which generated short-long lived species
in the nanoparticles. Next, we investigated whether AuQDs alone or a combination of AuQDs with
plasma exert cytotoxicity in U373 and U87 brain cancer cells (Figure 2C). These cells were treated with
AuQDs (25 nM) alone or in combination with plasma (25 nM AuQDs + 200 s plasma) and incubated
for 48 h. Our data showed that cellular viability significantly decreased in the groups treated with the
combination compared to that in the groups treated with AuQDs alone or in the untreated groups in
both cells (Figure 2C). Notably, propidium iodide (PI) analysis showed cell death rate of approximately
25%–30% after treatment with AuQDs and plasma under similar dose conditions; however, cell
death rate was only approximately 16% after treatment with AuQDs alone in U373 and U87 cells
(Figure 2D,E). This result was supported by the colony formation assay results (Figure 2F,G). These
findings showed that intracellular AuQDs play an important role in plasma sensitivity by regulating
the cell proliferation, survival, and death of cancer cells.

2.3. AuQDs and CAP Co-Treatment Induced Reactive Oxygen/Nitrogen Species (RONS) Suppresses Cell
Growth

The above results indicate the potential effect of co-treatment of AuQDs and plasma on suppressing
cellular growth and proliferation in brain cancer cells. One of the main mechanisms involved in CAP on
anti-cancer activity is reactive species [13,23]. We questioned whether any RONS factors are involved
in this growth suppression. To this end, we studied the role of reactive species in the anti-glioblastoma
effect by combination treatment of CAP and AuQDs. We checked relative levels of intracellular reactive
oxygen species (ROS), reactive nitrogen species (RNS), H2O2 and NOx after treatment. Data show that
the ROS level significantly increased after treatment by AuQDs, plasma, and combination treatment in
U373 and U87 cells (Figure 3A,B). H2O2 levels also showed higher increase in combination treatment
in U373 cells, as shown in Figure 3C. The enhanced reactive species levels are majorly synergistic in
case of intracellular ROS and H2O2 levels by combination treatment. Moreover, the high ROS and
H2O2 level in the co-treated U373 cells indicated that AuQDs could sensitize the cellular cytotoxicity
of CAP. In addition, there is no synergistic effect observed in the case of intracellular RNS and NOx
levels by combination treatment (Figure 3D–F). Our data show that AuQDs alone failed to induce the
generation of RNS and NOx significantly in glioblastoma cells. According to the present findings, we
can confirm that only plasma is the source of RNS for an anti-glioblastoma effect. To verify further, we
also used the intracellular ROS scavenger N-aceyl cysteine (NAC) to check the effect of reactive species
on viability after AuQDs and plasma treatment. The intracellular ROS scavenger NAC significantly
counteracts anti-glioblastoma effect in AuQDs, CAP, and combination-treated U373 and U87 cells
(Figure 3G,H). These data conclude that combination treatment of Au-QDs and plasma synergistically
enhanced ROS and H2O2 for an anti-glioblastoma effect.

266



Cancers 2020, 12, 457

Figure 2. CAP and AuQDs co-treatment decreases proliferation of glioblastoma cancer cells. (A)
AuQDs uptake analysis was performed in U373 and U87 brain cancer cells upon indication panels
(AuQDs (25 nM) and CAP (200 s) treatment and measured by flow cytometry side scattering intensity
(SSC-A) histograms after 24 h incubation time. (B) Quantification of FACS analysis are shown in graph.
(C) Alamar blue viability test was done in U373 and U87 cells after AuQDs (25 nM) and CAP (200
s) treatment at 48 h. (D,E) Cell death analysis detected by propidium iodide (PI) was performed in
untreated and AuQDs and CAP co-treated U373 and U87 cells, respectively. (F,G) Clonogenic formation
assay in U373 brain cancer cells after only AuQDs (25 nM) or CAP (200 s) treatment and combination
treatment. * p < 0.05, ** p < 0.001, and *** p < 0.0001; determined by two-tailed Student’s t-test (95%
confidence interval).
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Figure 3. Analysis of reactive oxygen nitrogen species by CAP and AuQDs. (A,B) Intracellular ROS
levels are detected by H2DCFDA (10 μM) fluorescent dye in CAP, AuQDs alone, or co-treated U373 and
U87 brain cancer cells, respectively. Quantification of ROS are shown in graph. (C) Detection of H2O2

levels (cells including medium) in CAP, AuQDs alone, or co-treated U373 cells. (D,E) Measurement of
nitrogen species (NOx) in CAP, AuQDs alone, or co-treated U373 and U87 cells, respectively, including
medium by assay kit. (F) Detection of intracellular nitric oxide by DAF-DA (10 μM) fluorescent dye in
similar treated groups using U373 cells (left panel). Quantification are shown in graph (right panel).
(G,H) Analysis of cell viability of U373 and U87 cells, respectively, in presence or absence of N-acetyl
cysteine (NAC 4 mM) among all groups as mentioned in indicated panels. All these RONS tests
were performed at 12 h after indicated treatments; however, viability was tested after 48 h. NAC was
pretreated at 6 hr before treatments. Treatment doses were similar under all the experiments. * p < 0.05,
** p < 0.001, and *** p < 0.0001; determined by two-tailed Student’s t-test (95% confidence interval).
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2.4. AuQDs and CAP Affect Cancer Cell Motility and Self-Renewal after Loss of Cell-to-Cell Contact Adhesion

To further assess the cytocompatibility of AuQDs and plasma in human cancer cells, the
wound-scratch assay was performed to examine the migration of cancer cells. Previous research
reported that malignant cancer cells can facilitate tumor migration. Cell migration is itself is a highly
dynamic process that includes attachment loss and changes in cell cytoskeleton. A wound healing
assay showed a remarkable difference between brain cancer cells treated with AuQDs and plasma
and the untreated control (Figure 4A,B). Cell-to-cell contact was enhanced, as indicated by E-cadherin
expression in U373 and U87 brain cancer cells (Figure 4C,D). In addition, elongated U373 cells regained
their original phenotype after co-treatment with AuQDs and plasma (Figure 4E). The decrease in
cell migration could be due to compact cell-to-cell adhesion induced by treatment with plasma and
AuQDs, which blocked cancer cell movement. It has been claimed that the development of resistant
cancer stem cells is associated with cell migration and invasion, which is usually responsible for
tumor relapse [25,26]. In this study, U373 brain cancer cells cultured in serum-free sphere culture
media lost their ability for self-renewal after treatment with AuQDs and plasma, as suggested by the
clonal formation (Figure 4F). These results indicated that treatment with AuQDs and plasma possibly
impaired the malignancy of U373 cells.

Figure 4. Dual treatment of CAP and AuQDs inhibits malignant ability of glioblastoma cancer cells.
(A) Wound healing assay in U373 brain cancer cells upon indication panels (AuQDs (25 nM) and CAP
(200 s) co-treatment after 20 h and 40 h measured by Sartorius Incucyte. (B) Wound density is shown in
representative graph. (C) Measurement of E-cadherin positive cells in untreated and AUQDs-CAP
co-treated U373 and U87 cells by flow cytometry. (D) Quantification of E-casdherin positive cells
anlyzed by flow cytometry. (E) Morphological analysis of untreated and AuQDs–CAP co-treated U373
cells observed on collagen-coated surface. (F) Self-clonal formation assay in untreated and AuQDs–CAP
co-treated U373 cells detected after 11 days in 96-well plate (left panel). Average sphere size (diameter)
was calculated and represented as graph (right panel). Treatment doses were similar under all the
experiments. Scale bar = 10 μm. * p < 0.05, ** p < 0.001, and *** p < 0.0001; determined by two-tailed
Student’s t-test (95% confidence interval).
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2.5. Increased Fas Expression Induces Casp8 Accumulation by AuQDs and CAP Treatment

Our results so far showed that combination treatment with AuQDs and plasma induced death in
brain cancer cells. We next sought to determine the signaling mechanism of AuQDs and plasma-induced
cytotoxicity in brain cancer cells. To this end, we examined whether the AuQDs and plasma dual
treatment alter the levels of proteins involved in apoptosis in brain cancer cells. Apoptosis is induced
by the death ligand TNF, Fas ligand (FasL), or TRAIL. It has been suggested that apoptosis is initiated
by the binding of FasL to the Fas receptor or of TRAIL to either DR5 or DR4 receptors [27]. This leads to
the direct enrollment of FADD, allowing the binding of procaspase-8 to the intracellular death-inducing
signaling complex. Considering all these findings, we examined the expression of Fas, FasL, TNFR1,
TNFa, DR4, and DR5, as well as Casp3 and Casp8. Our data showed that the expression of these
markers was noticeably enhanced in the groups treated with AuQDs and plasma compared to the
groups treated with AuQDs alone or in the untreated groups (Figure 5A–H). Immunofluorescence
analysis also confirmed that increased Fas expression also enhanced Casp8 expression in U373 cells
treated with AuQDs and plasma compared to the untreated groups (Figure 5I). These results revealed
the AuQDs and plasma co-treatment exerted a cytotoxic effect on brain cancer cells through death
receptor-mediated pathways.

Figure 5. Cont.
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Figure 5. Effect of CAP and AuQDs on cellular growth was mediated by death receptor pathways in
glioblastoma cancer cells. (A–H) q-RT PCR analysis of cell death receptor gene expression such as Fas,
FasL, TNF-a, TNFR1, DR4, DR5, Casp8, and Casp3 in U373 brain cancer cells upon AuQDs (25 nM)
and CAP (200 s) co-treatment after 48 h. (I) Immunofluorescence analysis of Casp8 and Fas in U373
cells upon AuQDs (25 nM) and CAP (200 s) co-treatment after 48 h. β-actin was used as a normalized
control. Scale bar = 100 μm. * p < 0.05, ** p < 0.001, and *** p < 0.0001; determined by two-tailed
Student’s t-test (95% confidence interval).

3. Materials and Methods

3.1. Synthesis of Gold Quantum Dots (AuQDs)

Fold quantum dots were generated using chloroauric acid trihydrate (HAuCl4•3H2O) and the
reducing agent trisodium citrate dihydrate (N3C6H5O7, 1%), which were acquired from Aldrich
Chemical Co., Ltd. and used without any further purification. For this experiment, a very small
amount of ~1 mM HAuCl4•3H2O was dissolved in 100 mL of deionized water; the pH of the solution
reached 2.81. To this gold chloride solution, 1% trisodium citrate dihydrate (N3C6H5O7, 3 mM) was
added. The pH of the solution was confirmed to increase to 7.75. The pinkish-colored colloidal solution
was stirred continuously for 10 to 15 min. Once the stirring was completed, the solution was transferred
to a refluxing pot and refluxed to their boiling temperature for 15 min. When the color of the solution
went dark and deep red, the refluxing was stopped and the solution was cooled at room temperature.
The obtained colloidal solution was subjected to structural and chemical analyses [20].

3.2. Characterization of Colloidal Solution of Gold

Structural/morphological analysis was conducted by high-resolution transmission electron
microscopy (HR–TEM) (200 kV, Jeol JSM 2010; Hitachi, Tokyo, Japan). The pinkish-colored solution
was initially sonicated for approximately ~10 to 15 min in a specialized bath sonicator (40 kHz; Cole
Parmer, Vernon Hills, IL, USA). Once the sonication was completed, the carbon-coated copper grid
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was dipped to this solution for 2–3 min. Next, the copper grid was heated on a hot plate with gentle
heating and then fixed in a sample holder for morphological analysis [20]. The crystallinity of the
prepared gold colloid was checked via XRD analysis (Rigaku, Tokyo, Japan) with CuKα radiation (λ
= 1.54178Å) in the range of 20–80º with 6º/min scanning speed. The sample for XRD analysis was
prepared using a clean silicon substrate. The prepared gold solution was drop-casted on to the silicon
substrate and then dried at room temperature. The dried silicon subtracted with sample was then
fixed in a sample holder of the XRD instrument and analyzed.

3.3. Cell Culture, Antibodies, and Reagents

U373MG and U87 cells (grade III, glioblastoma multiforme) were purchased from Korean Cell
Line Bank (Seoul, Korea) and then cultured and stored according to Korean Cell Line Bank standards.
Briefly, U373MG cells were cultured in DMEM (cat# LM001-05; Welgene, Gyeongsangbuk-do, Korea)
supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, and 100 μg/mL of streptomycin
and maintained in a humidified incubator at 37 ◦C with 5% CO2. The cells were sub-cultured every
two to three days. For glioblastoma sphere cultures, media were prepared using EGF, FGF, and B27
(1X) in serum-free DMEM, as described previously [13]. Antibodies specific to Fas (sc-8009) and Casp8
(sc-81656) were purchased from Santa Cruz Biotechnology, Inc. All PCR primers were designed and
purchased from DNA Macrogen, Seoul, Korea. The primer sequences used are mentioned in Table S1.

3.4. Cell Viability Assay

Alamar blue dye (DAL1025; Thermo Fisher Scientific, Waltham, MA, USA) was used to assess the
viability of U373 cells after treatment with AuQDs and plasma. To this end, U373 cells were seeded at
a density of 5 × 104/mL cells per well in 24-well cell culture plates. Briefly, each set contained a control
(untreated) and treatment groups (AuQDs alone and/or in combination with air soft jet plasma at 200
s). For the combination treatment, cells were exposed for 200 s with air soft jet plasma after 5 h of
treatment with 25 nM AuQDs. In a different experiment, cellular viability was assessed for U87 and
U373 cells post-treatment with AuQDS alone, plasma alone, or in combination (AuQDs-plasma) in
presence/absence of N-acetylcysteine (4 mM, Sigma-Aldrich, Seoul, Korea), a ROS scavenger. Alamar
blue conversion was measured by monitoring the fluorescence, as described in our previous report [28].

3.5. Cell Death Assay

Death of U373 cells after treatment with AuQDs alone and in combination with plasma exposure
was determined by evaluating the PI uptake of the cells. PI (Sigma Aldrich, Seoul, Korea) was prepared
in PBS (Gibco, Langley, OK, USA) at a concentration of 50 ng/mL as a working stock solution. For
PI analysis, 2 × 105 cells/well were seeded in triplicates in 30-mm dishes. After 24 h of treatment
as described above, the cells were washed with PBS and harvested using 0.25% trypsin–EDTA (Cat
#SH30042.01; HyClone, Logan, UT, USA), followed by the addition of medium supplemented with 10%
fetal bovine serum to neutralize the effects of trypsinization. The cells were subsequently centrifuged
to obtain a pellet. The pellet was resuspended in PBS containing PI and subjected to flow cytometry
analysis using FACSVerse (BD Biosciences, San Jose, CA, USA).

3.6. Cellular Uptake Analysis

For measurement of cellular uptake, the cells were exposed to AuQDs, washed twice with PBS,
trypsinized, centrifuged at 1000 rpm for 3 min, and further resuspended in PBS. The side scattering
parameter was used to measure the intracellular NP uptake of the cells, as described previously [1].

3.7. Wound Healing Assay

To analyze cell migration, the wound healing scratch assay was performed on untreated control
cells and cells treated with AuQDs and soft jet plasma. The cells were cultured to 100% confluence
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in 96-well plates and serum-starved after 8 h of seeding until the end of the experiment. At 95%
confluence, a scratch wound was made on the cell culture using a Sartorius wound maker, followed
by treatment. Air soft jet plasma (200 s)-treated medium was mixed with 25 mM AuQDs and
used for treatment. After the treatment, the plates were incubated in a Sartorius Incucyte Korea,
and cellular migration was scanned and captured every 2 h using Sartorius Incucyte software
(https://www.essenbioscience.com/en/products/software/incucyte-base-software/) After 2 days, image
scanning was stopped for data analysis using Incucyte software.

3.8. RNA Extraction and Real-Time PCR

Briefly, RNA from untreated cells and cells treated with AuQDs and jet plasma was manually
extracted using Trizol reagent (Invitrogen, Seoul, Korea). All reactions were performed using a KAPA
SYBR FAST qRT-PCR kit (KAPA Biosystems, Wilmington, MA, USA) in a Rotor Gene Q thermocycler
(Qiagen, Seoul, Korea), and the results were expressed as the fold change.

3.9. Clonogenic, Collagen Coating, and Self-Renewal Assay

U373 cells were harvested after the treatments, incubated for 48 h, and replated (500 cells/well)
in a six-well plate. These sample plates were then further incubated for an additional 2–3 weeks at
37 ◦C for growth analysis. Afterwards, the cells were fixed using 70% EtOH and stained with 0.5%
crystal violet. Colonies were counted using a standard colony counter. Plating efficiency (PE) and
surviving fractions were calculated according to a previously described protocol [29]. For collagen
coating analysis, collagen-coated plates (Corning®; BioCoat™, Corning, NY, USA) were purchased
and used for seeding the cells after treatments. Morphological analysis was performed after 48 h of
incubation with the treatments. For self-renewal analysis, glioblastoma sphere cells were seeded into
96-well plates at a density of 1 cell per well. At the next day, each well was visually checked to detect
the presence of a single cell. The single-cell clones were grown, and clone formation was monitored on
days 1 and 15. Clone size was analyzed using a bright-field phase contrast microscope with Motic
Images Plus 2.0, Hong Kong [30].

3.10. Reactive Oxygen Nitrogen Species (RONS) Detection

Briefly, fluorescent dyes, H2DCFDA and DAF-FM-diacetate (Molecular probes, Invitrogen,
Waltham, MA, USA), were used to detect free radicals of ROS and RNS, respectively. To this end, U373
and U87 cells cultured in 30-mm dish were given treatments for AuQDs and plasma separately or
in combination, followed by incubation for 24 h. Cells were then trypsinized, washed with PBS and
incubated with 10 μM of H2DCFDA and DAF-FM dyes for 40 min at 37 ◦C in dark. RONS generation
was assessed and analyzed using FACS Suite software (BD FACSverse). In a different experiment setup,
the concentrations of H2O2, and NOx (NO-2 and NO-3) were measured. For this, cells were seeded at a
density of 5 × 104/mL cells per well in 24-well cell culture plates and followed with the treatment as
mentioned above. For H2O2 and NOx measurement, a quantichrome assay kit (DIOX, Biassay System,
Highland, UT, USA) and a nitric oxide colorimetric assay kit (K262–200, BioVision, USA) were used in
accordance to the manufacturers’ protocols, respectively. Fluorescence and absorbance were measured
using the plate reader (SynergyTM HT, BioTek Instruments, Inc., city, Winooski, VT, USA).

3.11. Immunofluorescence

To visualize the expression levels of Casp8 and Fas, treated cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100 in PBS. Subsequently, the cells were
incubated with unconjugated Fas antibody (1:200) or casp8 antibody (1:200) in a blocking buffer (PBS
with 1% BSA and 0.1% Triton X-100) at 4 ◦C overnight. Stained cells were visualized using Alexa Fluor
488 or PE (Invitrogen). Cell nuclei were stained with 4,6-diamidino-2-phenylindole (Sigma Aldrich)
and visualized using a fluorescence microscope (Olympus IX71, Tokyo, Japan).
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3.12. Statistical Analysis

Experimental data are expressed as the mean ± SD of triplicates. Student’s t-tests were performed
and statistical differences between groups were analyzed. The differences were considered statistically
significant when the p-value was lower than 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Conclusions

In conclusion, these results determine in vitro cytotoxicity of AuQDs and plasma co-treatment
on brain cancer cells based on decreased cell growth and induced apoptotic cell death. These
treatments also induced morphological changes associated with malignant type. AuQDs and plasma
induced cell apoptosis through death receptor pathways such as Fas, TNFR1, and the DR5 and DR4
receptor-mediated extrinsic pathway in brain cancer cells. Taken together, our results provide evidence
that AuQDs can enhance the efficacy of plasma through activation of caspases with low concentration
dose. Also, this dual approach can reduce malignancy, as observed by improvement of cell–cell
contact adhesion and this represents a rationale for the use of AuQDs as an anticancer agent for
improving target drug delivery systems using plasma. Previous in vivo studies have suggested that the
administration of plasma treated medium supplemented with AuQDs could invoke dual cytotoxicity
in mice. Nevertheless, further studies using clinically relevant animal models and human efficacy
and safety studies are required to explore the therapeutic potential of plasma-assisted AuQD delivery
against cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/457/s1,
Table S1: List of primer sequences used in the study.
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Abstract: Epithelial Ovarian Cancer (EOC) is one of the leading causes of cancer-related deaths
among women and is characterized by the diffusion of nodules or plaques from the ovary to the
peritoneal surfaces. Conventional therapeutic options cannot eradicate the disease and show low
efficacy against resistant tumor subclones. The treatment of liquids via cold atmospheric pressure
plasma enables the production of plasma-activated liquids (PALs) containing reactive oxygen and
nitrogen species (RONS) with selective anticancer activity. Thus, the delivery of RONS to cancer
tissues by intraperitoneal washing with PALs might be an innovative strategy for the treatment of
EOC. In this work, plasma-activated Ringer’s Lactate solution (PA-RL) was produced by exposing
a liquid substrate to a multiwire plasma source. Subsequently, PA-RL dilutions are used for the
treatment of EOC, non-cancer and fibroblast cell lines, revealing a selectivity of PA-RL, which induces
a significantly higher cytotoxic effect in EOC with respect to non-cancer cells.

Keywords: cold atmospheric pressure plasma; plasma medicine; plasma-activated Ringer’s lactate
solution; ovarian cancer; cytotoxicity; selectivity
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1. Introduction

Epithelial Ovarian Cancer (EOC) is a relatively rare disease with the highest incidence rate in
Western countries such as Europe and North America (8 cases per 100,000) [1]. It is the most lethal
and silent gynecological tumor that originates from the epithelium of the ovary, fallopian tubes or
the peritoneum [2,3]. About 75% of affected women are diagnosed at advanced stages (III-IV) [3],
with a survival rate of 29% within 5 years from diagnosis [4,5]. Furthermore, the spread of cancer
to secondary sites is a common complication that contributes to the diffusion of the disease to the
peritoneal cavity [6,7]. Standard of care in advanced EOC, since the 1980s, is the combination of surgical
cytoreduction followed by first-line platinum-taxane chemotherapy [5,8]. Despite the improvements in
survival rates [9], these conventional therapies cannot eradicate the disease [4,8]. However, innovations
in the surgical and pharmacological field are creating the conditions to treat this type of neoplastic
invasion. This could be accomplished by infusing chemotherapy directly in the peritoneal cavity
during surgery, such as in the case of Hyperthermic Intraperitoneal Chemotherapy (HIPEC) [4,9–12].
This procedure allows one to perform a washing of the abdominal cavity by delivering locally
a chemotherapeutic solution [13,14]. Despite the promising results of intraperitoneal chemotherapy
administration, the development of efficacious solutions is a cogent issue in order to limit severe drug
side effects and overcome chemoresistance.

Plasma-activated liquids (PALs) are produced by electrical discharge in the gas–liquid interface;
when high voltage is applied, plasma filaments are generated in the gas phase, leading to the formation
of a flow of free radicals, electrons, ions, reactive species and UV radiation. The exposure of a liquid
to a plasma induces the production of reactive oxygen and nitrogen species (RONS), like nitrites
(NO2

−), nitrates (NO3
−), peroxynitrites (OONO−) ozone (O3), singlet oxygen (·O2), hydroxyl radicals

(·OH) and hydrogen peroxide (H2O2) [15]. These RONS have been shown to exert a significant role in
cancer therapy due to their triggering of cell death mechanisms [16,17]. It was observed in vitro and
in vivo that PALs can induce a selective anticancer effect [18–20] likely related to the different basal
ROS concentration in cancer and non-cancer cells, as the higher metabolic status typical of cancer cells
would render them unable to tolerate any increase in oxidative stress, such as the one caused by RONS
in PALs [21,22].

PAL treatments turned out to be effective in terms of anti-tumor activity against EOC cells,
inhibiting their proliferation and compromising their metastatic potential [20,21,23,24]. In the
perspective to propose PALs in clinical applications, it is necessary to select liquids to be exposed
to plasma suitable to the clinical phase, such as physiological or Ringer’s Lactate solutions (RL),
an intravenous fluid usually used to treat hypovolemia and metabolic acidosis [25]. Tanaka et
al. [26] first proposed the use of RL, whose simple composition (NaCl, KCl, CaCl2 and lactate) makes
it adoptable for the production of PAL, avoiding the possible influence of more organic medium
components on its final biological effect [27]. It has been demonstrated that plasma-activated Ringer’s
Lactate solutions (PA-RL) exhibit an anti-tumor effect in lung, mammary, ovarian cancer cells as well as
in glioblastoma in vitro [25,26,28], and in pancreatic and cervical cancer in vivo [26,29]. Several studies
demonstrated that the effects of PA-RL may be ascribed to RONS, together with the activation of
lactate [26,28]. All these results suggest that the use of PA-RL may represent a new potential therapeutic
strategy for intraperitoneally disseminated cancers. Nonetheless, PA-RL selective cytotoxicity on EOC
cells remains to be assessed. Indeed, the capability of an anti-neoplastic drug to act exclusively on
cancer cells is essential to preserve the healthy tissue counterpart, [23,30,31], making this aspect one of
the most important for the application of PA-RL to EOC treatment [25].

In this study, RL was exposed to plasma generated by a multiwire plasma source used for the
first time to produce PA-RL. EOC and non-cancer cells lines were subjected to treatment with PA-RL
dilutions in order to evaluate their sensitivity and define a PA-RL selective window. Moreover, we
dissected whether PA-RL-induced cell injury may depend on two of the major produced and studied
reactive species (H2O2 and NO2

−), or on the pH change caused by RL. Hence, we further showed
that the response of our models to the high oxidative stress caused by PA-RL treatment may be
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explained analyzing the antioxidant response, which may point to the mechanisms responsible for
cancer cells-specific PA-RL toxicity.

2. Results

2.1. Electrical Characterization of the Multiwire Plasma Source and Chemical Features of PA-RL

To evaluate the average power of the plasma discharge, the temporal evolution of voltage and
current waveforms was recorded during the treatment of RL solution (Figure 1a). Subsequently, data
were used for the calculation of the average power as a function of the applied voltage (Figure 1b); the
resulting function presents a quadratic behavior according to B. Dong et al. [32].

Figure 1. Electrical characterization of plasma source during treatment of Ringer’s Lactate (RL) solution:
(a) representative voltage (red) and current (blue) waveforms at 18 kV and 1 kHz and (b) power values
as a function of the applied voltage. Data are presented as mean ± SEM (n = 3).

RONS variation induced by plasma treatment for different average power values is shown in
Figure 2a: the concentration of both H2O2 and NO2

− measured in the liquid phase resulted in not
being affected by the average power in the range of 7.85-12.54 W. Conversely, they strongly depended
on the treatment time (Figure 2b). More specifically, the H2O2 and NO2

− concentrations increased
linearly with the treatment time and reached a maximum of 226 ± 12.46 μM and 659 ± 15.19 μM,
respectively. Furthermore, the ratio NO2

−/H2O2 was 2.91 in the liquid treated for 10 min.

Figure 2. Plasma treatment leads to the formation of H2O2 and NO2
−. (a) Reactive oxygen and nitrogen

species (RONS) concentration as a function of the average power after 10 min of plasma treatment. Data
are presented as mean ± SEM (n = 3). (b) H2O2 and NO2

− concentrations as a function of treatment
time. Data are presented as mean ± SEM (n = 3) and statistical significance is specified with asterisks
(** p ≤ 0.001 as determined by a paired Student’s t-test, versus the 5 min treatment).

In addition, pH and conductivity of the PA-RL and its dilutions are reported in Figure 3.
After 10 min of plasma treatment, PA-RL pH decreased to 5.36 (PA-RL) (Figure 3a), whereby only
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dilutions starting from 1:4 were used for subsequent cell treatments. Plasma also induced an increase
of conductivity up to 15.13 mS/cm (Figure 3b).

Figure 3. Chemical characterization of plasma-activated RL (PA-RL) and its dilutions after 10 min
of plasma treatment at 18 kV. (a) pH and (b) conductivity as a function of serial dilutions. Data are
presented as mean ± SEM (n = 3).

2.2. Evaluation of Plasma Discharge Behavior and Emission by eans of Low-Speed and High-Speed Filter Imaging

Low-speed imaging was performed to assess the global behavior of plasma filaments generated
during the treatment. Plasma discharge consisted of random streamers generated between the
wire-electrodes and impinging on the liquid surface (Figure 4a). To further investigate the plasma
discharge, a high-speed camera equipped with a 402 nm filter was used to visualize the emission
of plasma in contact with the RL during treatment. The filter wavelength was selected to highlight
specifically the emission of vibrationally excited nitrogen molecules, precursors of reactive nitrogen
species generated in the liquid phase. In Figure 4b representative HS filter images of the multiwire
discharge generated applying different voltages are shown. In all investigated cases, it is possible to
observe that single filaments were randomly generated between the high voltage wire electrode and
the liquid surface. Moreover, no relevant differences could be observed upon varying the input voltage
between 15 and 18 kV.

Figure 4. Low-speed images and high-speed (HS) filter images of the multiwire plasma discharge
during RL treatment. (a) Picture of plasma generated during the treatment of PA-RL with an applied
voltage of 18 kV and 30 fps. (b) HS filter images of plasma filaments for different values of applied
voltage (between 15 to 18 kV) and 100 fps.
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2.3. PA-RL Displays a Cytotoxic Effect on EOC Cell Lines, which Does not Depend Exclusively on Hydrogen
Peroxide or Nitrites

We first tested three different PA-RL dilutions (1:4, 1:8 and 1:16) on two different EOC cell lines,
namely OV-90 and SKOV-3, over time, with the aim to understand if PA-RL exerted a cytotoxic effect
and if this was dependent on the dilution, i.e., on the concentration of reactive species to which cells
were exposed. After two hours of exposure to PA-RL, both OV-90 and SKOV-3 showed a decrease
in viability only when the 1:4 dilution was used, whereas only OV-90 appeared to respond early to
PA-RL even at higher dilutions. Both OV-90 and SKOV-3 cells were observed to be similarly affected
in terms of viability when treated with the three PA-RL dilutions after 72 h of exposure, displaying
a dose-dependent response that was more evident in the OV-90 cell line, and showing a dramatic
decrease in viability, which was between 80% and 95% in the two cell lines, even with the more
diluted PA-RL (1:16, Figure 5a). Overall, SKOV-3 cells only initially appeared to be less sensitive to the
treatment, as their viability decreased in time in a more delayed fashion, unlike OV-90, but at 72 h both
cell populations showed to be severely affected by PA-RL. The viability of both EOC cell lines at 24 and
48 h after treatment is shown in Supplementary Figure S1a to highlight the time-dependent effect.

We hence decided to verify whether the cytotoxic effects of PA-RL could be ascribed mainly to
either of the two components we could easily compare PA-RL with, namely hydrogen peroxide and
nitrites. The scope of this analysis was to understand whether the complexity of PA-RL might be
substituted by a simpler solution of one of the two components, such as for instance H2O2, more
readily available in hospital settings. We also verified whether the observed toxicity may be due to
pH change: we hence obtained RL solutions containing hydrogen peroxide and nitrites at the same
concentrations as measured in the PA-RL 1:16 dilution, as the latter was shown to have a toxic effect on
cancer cells. A RL solution of the same pH of the 1:16 dilution was prepared to which both OV-90 and
SKOV-3 were exposed for 2 h, then cultured for the subsequent 72 h. In these conditions, OV-90 cells
were confirmed to undergo a more immediate decrease in viability, consistent among the different
treatments, of about 20%–30% after 2 h exposure, whereas SKOV-3 cells appeared to suffer only from
a mild to no loss of viability during the same time frame (Figure 5b). After 72 h, nitrites were not
shown to have any effect on cell viability for both cancer cell lines, whereas pH and H2O2 only mildly
inhibited growth with respect to both nitrites and control. We overall validated that only PA-RL was
able to dramatically reduce viability of both cancer cell lines (Figure 5b), suggesting the different RONS
therein contained may have a synergistic effect in the induction of cytotoxicity, and that the complexity
of the PA-RL may not be substituted by the synthetic solutions we here utilized.

2.4. PA-RL Is Selective for EOC Cells

In order for PA-RL to find application in the clinics, one of the main requisites to be fulfilled is
that its cytotoxic action ought to be specific for cancer cells, while sparing non-cancer cells, particularly
those of the connective tissues, so to allow recovery of the wounds within the pelvic cavity. We hence
next questioned whether our PA-RL may display such a specific effect, and attempted to prove so by
using two different cell models, namely the non-cancer epithelial cell lines of ovarian origin (HOSE),
as the counterpart for both EOC models, and two different human immortalized fibroblast lines, to
gauge the response to PA-RL of the tissue mesenchymal component. Therefore, we tested the same
three different PA-RL dilutions at the same time points as the EOC cell lines; surprisingly, we observed
a similar rate of decrease of both fibroblasts and HOSE cells with respect to their viability, which was
evident as a late response (i.e., not observed at the 2 h exposure), in a dose-independent fashion at 72 h,
ranging between 60% and 70%, with the highest survival at the 1:16 dilution (Figure 5c, Figure S1b).
The 1:16 dilution, therefore, was deemed as the best compromise to obtain a high degree of mortality
in cancer cells while sparing both the non-cancer epithelial population and fibroblasts. Indeed, when
we compared the decrease in cell viability of cancer versus non-cancer cells, the effects of PA-RL were
shown to be significantly different (Figure 5d, Figure S1c).
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Figure 5. PA-RL displays a selective cytotoxic effect on Epithelial Ovarian Cancer (EOC) cell lines.
(a) Viability of SKOV-3 (n = 7) and OV-90 (n = 9) cell lines treated with PA-RL dilutions (1:4, 1:8 and
1:16). Data are mean ± SEM normalized on the corresponding control in RL (CTR-RL). (b) Viability
of SKOV-3 and OV-90 cell lines treated with PA-RL 1:16 and synthetic solutions at dilution 1:16.
H2O2-supplemented RL, NO2

−-supplemented RL and pH-adjusted RL solutions were diluted in RL to
obtain the final treatment solutions. Data are mean ± SEM (n = 3) normalized on the corresponding
CTR-RL. (c) Viability of non-cancer cells, namely human fibroblasts (n= 9) and HOSE (n= 4) treated with
different PA-RL dilutions (1:4, 1:8 and 1:16). Data are mean ± SEM normalized on the corresponding
CTR-RL. (d) PA-RL 1:16 efficacy on cell viability in non-cancer and EOC cell lines. Cell viability was
normalized to the CTR-RL at 2 h and plotted as percentage relative to the corresponding CTR-RL, for
both time points. In each panel, data are mean ± SEM and statistical significance is specified with
asterisks (* p ≤ 0.05, ** p ≤ 0.001 as determined by a paired Student’s t-test).

2.5. Differentially Activated Antioxidant Defenses Mechanisms May Underlie Cancer Cells-Specific PA-RL Toxicity

Last, we attempted to understand the mechanisms underlying the different responses in terms of
the viability of cancer with respect to non-cancer cells. It is widely accepted that cancer cells withstand
a higher degree of oxidative stress during their fast proliferation, for which they have been shown in
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several contexts to display higher levels of antioxidant proteins. The latter should act as a defense
mechanism against the excess of radical species, since overloading neoplastic cells with radicals may
lead to an oxidation-mediated collapse [33].

We hence measured the levels of one of the most active cytosolic antioxidant enzymes involved
in radical species detoxification, namely superoxide dismutase-1 (SOD-1), both in the two EOC cell
lines and in human fibroblasts, to ascertain if indeed cancer cells expressed higher levels of the protein
(Figure 6a, Figure S2). As expected, we observed increased levels of SOD-1 in cancer cells versus human
fibroblasts, although this did not reach statistical significance in our Western blot analysis (Figure 6b,
Figure S1d). We then proceeded to treat all four cell lines with PA-RL, or with RL alone, and observed
the changes in SOD-1 levels at the 72 h time point. Indeed, a statistically significant increase in SOD-1
expression was evident in fibroblasts only, when these cells were treated with PA-RL, whereas the
levels of the enzyme remained unchanged in cancer cells (Figure 6c, Figure S1e), suggesting that here
the antioxidant response has likely reached a plateau over which enzymes levels may not be increased.
Fibroblasts, instead, may be able to adapt to the oxidative burst by increasing SOD-1 levels, albeit
proving this unequivocally warrants further functional experiments. It must be noted that, although
not statistically significant, a trend for an increase in SOD-1 levels in fibroblasts but not in cancer
cells may be observed in response to RL treatment alone, with a similar fold increase as with PA-RL
(Figure 6c, Figure S1e).

Figure 6. PA-RL solution induces an increase in Superoxide Dismutase-1 (SOD-1) expression in
fibroblasts but not in EOC cell lines. (a) Western blot analysis of EOC cell lines and fibroblasts (F1 and
F2) at 72 h after treatment with PA-RL 1:16 (UT, untreated cells). A representative experiment of three is
shown. (b) SOD-1 levels in untreated fibroblasts and cancer cell lines. Histograms show densitometric
values of the SOD-1 protein normalized to the β-actin used as a loading control. All data are presented
as mean ± SEM of three independent experiments. (c) Relative densities of SOD-1 and β-actin were
measured using densitometric analysis. SOD-1 levels of CTR-RT and PA-RL 1:16 after 72 h of treatment
were normalized to β-actin and plotted as fold change relative to the untreated (UT) sample. All data
are presented as mean ± SEM of three independent experiments. Statistical significance is specified
with asterisks (* p ≤ 0.05 as determined by a paired Student’s t-test).

On one hand, this may indicate that RL treatment may be synergistic with PALs to trigger
an antioxidant response; on the other, it is of modest relevance what is the causative hit to induce such
an enzymatic increase, since the activated mechanism would still be protective against RONS.
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3. Discussion

In this work, we produced a PA-RL through a multiwire plasma source, whose main innovative
feature is its ability to work without the use of a technical gas, while allowing to treat 20 mL of
liquid [28,34–36]. Moreover, the source architecture we here propose can be easily scaled in order
to produce volumes of activated solution higher than 20 mL. The interaction of plasma discharges
with liquid substrates leads to the formation of a high concentration of RONS [37,38]; these latter are
formed in chemical reactions involving species generated in the plasma (gas phase) and diffusing
into the liquid. As an example, the formation of NO2

− involves the gas phase reaction of NO with
OH molecules, resulting in the production of HNO2 that dissolves in the liquid phase and leads to
the formation of NO2

−. While atmospheric NO is generally produced via the Zeldovich mechanism
and requires high temperatures (1300 ◦C), the same process in non-equilibrium plasma can take
place close to room temperature due to the production of a high number of vibrationally excited N2

molecules [38]; the presence of these molecules favors the breakage of N-N bonds to release N atoms
that react with O2 and ·O to produce NO. As shown by M. Simek et al. in the case of a plasma discharge
working in environmental air, vibrationally excited N2 molecules emit light at a wavelength around
400 nm (second positive system, C3Πu→B3Πg) [39]. In this respect, Figure 4b confirms the presence of
vibrationally excited N2 molecules and thus the gas phase origin of the NO2

− measured in the PAL.
The plasma treatment of RL induced the production of RONS and a decrease of pH, and PA-RL was
tested on both cancer and non-cancer cells in vitro to validate a cytotoxic effect specific for EOC cells.

The issue of selectivity in the search for anticancer therapies has always been a cogent one,
and a plethora of research lines have focused on detecting the molecular differences between normal
and transformed cells on which to design a targeted approach. One such difference has been shown to
be the capacity of cancer cells to withstand the oxidative stress they come to face due to their metabolic
rewiring, their high proliferation rate, and to the microenvironment conditions that quickly build up
around a progressing tumor mass [33,40]. Albeit our data are preliminary in terms of understanding
the molecular causes for a relevant degree of selectivity of PA-RL, they point to a different ability of
non-cancer cells to regulate the enzymatic milieu responsible for reactive species detoxification, unlike
in neoplastic cells. This may reveal the triggering of a salvage mechanism when a boost of RONS is
provided from external sources. Of note, we did wonder whether hydrogen peroxide alone, or nitrites,
may have the same effect as PA-RL, but we showed this not to be the case, pointing to the need for
a complex source of RONS to achieve the steep decrease in viability we observed in our cell models.

Whatever the cause, which warrants further investigation, we believe our most relevant data are
those showing a consistently higher effect of the PA-RL we generated and characterized on the two
OC cells lines compared to both non-cancer ovarian cells and fibroblasts. In this regard, the ability
of PAL to suppress ovarian cancer metastases when injected intraperitoneally in a mouse model
was previously reported [24]. Yet, no evidence is available on the safety of PAL intraperitoneal
administration in humans [41], supporting the need to shift the main focus of the plasma onco-medicine
on liquids applicable to the clinical practice. This holds particularly true in OC, where spreading of the
advanced stage disease within the pelvic cavity of the patient is often the case through the occurrence
of micro-lesions [42], as washing the cavity with PA-RL may significantly reduce tumor burden, while
sparing the non-cancer component.

4. Materials and Methods

4.1. Plasma Device and Electrical Characterization

PA-RL was produced by exposing RL (Fresenius Kabi Italia S.r.l.) to a micropulsed plasma discharge
(Figure 7a). The high voltage electrodes consist of four steel wires individually fixed on aluminum
supports and connected to high voltage generator through a ballast resistor of 70 kΩ; while the ground
electrode consists of an aluminum sheet fixed on the bottom of the 5 mm thickness vessel containing the
liquid substrate and is connected to the ground through a resistor of 30 kΩ. A polymethylmethacrylate
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(PMMA) box encased the plasma source to guarantee a controlled atmosphere during treatment;
moreover, the box was equipped with a fan.

The setup reported in Figure 7b was used to measure the time evolution of the plasma discharge
electrical parameters using a 5 mm gap value between the high voltage electrodes and the liquid surface.
The plasma device was driven by a micropulsed high voltage generator (AlmaPULSE, AlmaPlasma
s.r.l., Bologna, Italy) delivering a peak voltage of 18 kV, pulse duration FWHM (Full Width at Half
Maximum) of 8 μs and pulse repetition rate set at 1 kHz. In addition, a high voltage probe (Tektronix
P6015A) was used to measure the voltage, while the discharge current was measured by the means
of a current probe (Pearson 6585). Both probes were connected to an oscilloscope (Tektronix DPO
40034). The average power (P) over a period (T) was calculated starting from current (I) and voltage
(V) measurements:

P =
1
T

∫
T

VI dt (1)

Figure 7. (a) Illustration of the high voltage electrodes and RL and (b) layout of the setup used for
electrical characterization.
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4.2. PA-RL and Synthetic Solutions Production

20 mL of RL were exposed to plasma for 10 min using a 5 mm gap between the high voltage wire
electrodes and the liquid surface to produce PA-RL. The pulse repetition frequency (PRF) was fixed
at 1 kHz, while the peak voltage (PV) was set at 18 kV with fan always on. After plasma treatment,
quantitative measurements of H2O2 and NO2

− were performed using Amplex® Red Hydrogen
Peroxide Assay Kit (Thermo Fisher Scientific #A22188, Waltham, MA, USA) and Nitrite/Nitrate
colorimetric assay (ROCHE #11746081001, Basel, Switzerland) [43], respectively. In addition, before
and after RL exposure to plasma, pH and conductivity were evaluated by the means of inoLab®

pH 7110 and Oakton Instrument: Con 6+Meter, respectively. Subsequently, PA-RL was diluted by
preparing two-fold serial dilutions (1:4, 1:8 and 1:16) in RL and their effect was tested on our cell models.

Synthetic solutions were also prepared; two different RL solutions were supplemented with
226 μM of H2O2 (Sigma-Aldrich, #216763, St. Louis, MO, USA) and 659 μM of NO2

− (Alfa Aesar by
Thermo Fisher (Kandel) GmbH, #43015-, Karlsruhe, Germany), the same concentrations generated by
plasma treatment in PA-RL. An additional synthetic solution was prepared by adjusting the pH of RL
to 5.36 with a solution of 0.01 M HCl, according to the pH-value gauged in PA-RL. The above mixtures
were diluted in RL as mentioned before, thereafter EOC cell lines were treated with the synthetic
solutions at dilution 1:16.

4.3. Low-Speed and High-Speed Filter Imaging

A low-speed camera (Nikon D800, Shinjuku, Tokyo, Japan) was operated at 30 fps for the
evaluation of the behavior of the plasma discharge, as reported in Figure 4a. The high-speed filter
imaging setup, employed for the characterization of plasma source (Figure 8), was composed of
a high-speed (HS) camera (Memrecam GX-3 NAC image technology) operated at 100 fps and 1/200
shutter time. Additionally, a camera lens (SIGMA 180 MM 1:3.5 APO macro DC HSM) was used and
a 402 nm filter (CHROMA ET402/15x, #327585, Bellows Falls, VT, USA) was positioned in front of
the latter to evaluate the emission of N2(C3Πu→B3Πg) second positive system near 400 nm. During
HS-filter imaging, the focus of the acquisitions was set in correspondence of the electrode closer to
the filter.

Figure 8. High-speed filter imaging setup.

4.4. Cell Lines and Culture Conditions

Human EOC cell lines SKOV-3 and OV-90 were purchased from ATCC® (Manassas, VA, USA).
The HOSE cell line was purchased from ScienCell Research Laboratories, Inc. (Carlsbad, CA, USA) and
two lines of immortalized fibroblasts (F1 and F2) derived from two patients skin biopsies, obtained
within the context of a study approved by the Independent Ethics Committee of the S. Orsola Hospital
(107/2011/U/Tess) were used as non-cancer controls.
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EOC cell lines, HOSE and fibroblasts were grown respectively in Roswell Park Memorial Institute
1640 medium (RPMI, EuroClone, Milan, Italy), Ovarian Epithelial Cell Medium (OEpiCM, ScienCell
Research Laboratories, Inc., Carlsbad, CA, USA) and Dulbecco’s modified Eagle’s medium (DMEM
High glucose, EuroClone). They were all supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin (EuroClone). Cells were
maintained in an incubator with a humidified atmosphere of 5% CO2 at 37 ◦C.

4.5. Cell Treatment and Viability Assay

SKOV-3 (2 × 103 cells/well), OV-90 (4 × 103 cells/well), HOSE (7 × 103 cells/well), F1 (9 × 103

cells/well) and F2 (1 × 104 cells/well) were seeded in 96-well plates in complete medium. After 24 h,
cells were treated with 100 μL of freshly produced PA-RL at different dilutions (1:4, 1:8 and 1:16) and
RL. After 2 h of treatment, cells were washed with phosphate buffered solution (PBS) and cultured
in complete medium at 37 ◦C and 5% CO2. Cell viability was assessed after the exposure of cells to
treatments and measured by using Sulforhodamine B (SRB; Sigma-Aldrich, #S1402, St. Louis, MO,
USA) assay at 2, 24, 48 and 72 h after treatment. Treated cells were fixed with 50% cold trichloroacetic
acid (TCA) for 1 h, washed 5 times with distilled water to eliminate TCA, and stained with 0.4%
SRB for 30 min. Protein-bound dye was dissolved in 10 mM pH 10.5 Tris base solution after four
washes with 1% acetic acid to remove unbound dye. SRB was used to determine cell density, based
on the measurement of cell protein content. Absorbance values were determined at 570 nm using
a 96-well Multilabel Plate Reader VICTOR3 (1420 Multilabel Counter-PerkinElmer, Turku, Finland).
The percentage of viability was calculated considering RL-treated cells as the control (CTR-RL).

4.6. SDS-PAGE and Western Blot Analysis

Cells were seeded and after 24 h treated with RL solution and freshly produced PA-RL 1:16
dilution. At this point, an untreated (UT) sample was collected for each cell lines. Two hours after
treatments, cells were washed in PBS and cultured in their own complete medium at 37 ◦C and 5% CO2.
After 72 h, CTR-RL and PA-RL treated samples of each cell line were collected. Total lysate was obtained
by using RIPA buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% SDS, 1% Triton X-100 and 1 mM
EDTA pH 7.6) supplemented with protease inhibitors (ThermoFisher #A32955, Waltham, MA, USA).
The protein concentration was determined by a Lowry protein assay (Bio-Rad #5000116, Hercules, CA,
USA). Proteins (30 μg) were separated by using SDS-PAGE on a 12% polyacrylamide gel and then
transferred onto a Trans-Blot Turbo Midi Nitrocellulose membrane (Bio-Rad #1704159). Membranes
were blocked with 5% TBS-Tween/milk (0.1% Tween 20 (Sigma-Aldrich #P9416, St. Louis, MO, USA)
in Tris Buffered Saline and incubated with the anti-SOD-1 1:1000 (Santa Cruz Biotechnology #sc-11407,
Dallas, TX, USA) overnight at 4 ◦C and subsequently with anti-β-actin 1:10000 (Sigma-Aldrich #A5316)
for 1 h at room temperature (RT)). Membranes were washed four times for 5 min using TBS-Tween
and then incubated with secondary antibodies (Jackson ImmunoResearch Laboratories #111035144
and #111035146, West Grove, PA, USA), diluted 1:20000 (anti-rabbit) and 1:10000 (anti-mouse) in
TBS-Tween for 30 min at RT. Development was performed by using Clarity Western ECL Substrate
(Bio-Rad #1705061) and exposing with ChemiDoc XRS+ (Bio-Rad). Protein levels were determined by
densitometry of each specific band normalizing on β-actin signal by using ImageJ software (Version
1.5Oi, Bethesda, MD, USA).

4.7. Statistical Analyses

Statistical analyses were performed using a Student’s t-test. The results were expressed as the
mean ± standard error of the mean (SEM; n ≥ 3).

5. Conclusions

New therapeutic approaches for the treatment of EOC involve the combination of multiple
therapies (chemotherapy, antiangiogenic agents and PARP inhibitors). Ovarian cancer cells, however,
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thrive as they develop resistance against current drugs, through mechanisms that are currently unclear,
hence decreasing the long-term efficacy of therapies. Treatment of liquids by means of cold atmospheric
pressure plasma, due to their content of RONS, may respond to the requirement for new types of active
treatments against ovarian cancer, which may be used in combination with other standard therapies.
In this context, the novelty of our approach lies in the use of a well-known clinically suitable fluid,
namely RL. We reported that PA-RL produced by exposing RL to plasma has a degree of selectivity
for cancer cells compared to fibroblasts, although further investigations need to confirm the exact
mechanism underlying such preferential activity.

In conclusion, albeit far from clinical practice, PA-RL may represent a good candidate to respond
to the requirement for novel therapies with a local administration, which act on cancer cells with
reduced damage on the surrounding healthy tissues.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/476/s1,
Figure S1: Viability of (a) SKOV-3 (n = 7) and OV-90 (n = 9) and (b) fibroblasts (n = 9) and HOSE (n = 4) cells
treated with PA-RL dilutions (1:4, 1:8 and 1:16). Data are mean ± SEM normalized on its respective control in RL
(CTR-RL). (c) PA-RL 1:16 efficacy on cell viability in SKOV-3, OV-90, fibroblasts and HOSE cells at 2, 24, 48 and
72 h after treatment. Cell viability was normalized to the CTR-RL at 2 h and plotted as percentage relative to
corresponding CTR-RL, for both time points. Data are mean ± SEM. (d) SOD-1 levels in untreated fibroblasts,
SKOV-3 and OV-90 cell lines. Histograms represent densitometric values of SOD-1 protein normalized to the
β-Actin used as loading control. All data are presented as the mean ± SEM of three independent experiments. (e).
Relative densities of SOD-1 and β-Actin were measured using densitometric analysis of the western blots. SOD-1
levels of CTR-RT and PA-RL 1.16 after 72 h of treatment were normalized to β-Actin and plotted as fold change
relative to the untreated (UT) sample. All data are presented as the mean ± SEM of three independent experiments
(n = 3). Statistical significance is specified with asterisks (* p ≤ 0.05, ** p ≤ 0.001 as determined by paired Student
t-test), Figure S2: Additional information. Uncropped blot showing the different bands with molecular weight
markers for SOD-1 and β-Actin represented in Figure 6a. The image was acquired using ChemiDoc (Bio-Rad).
The chemiluminescent blot image was merged with a colorimetric image representing the marker of the same
Western blot membrane using Image Lab Software (Bio-Rad).
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Abstract: Cold atmospheric plasma-exposed culture medium may efficiently kill cancer cells in vitro.
Due to the complexity of the medium obtained after plasma exposure, less complex physiological
liquids, such as saline solutions and saline buffers, are gathering momentum. Among the plethora
of reactive oxygen and nitrogen species (RONS) that are produced in these plasma-activated
liquids, hydrogen peroxide, nitrite and nitrate appear to be mainly responsible for cytotoxic and
genotoxic effects. Here, we evaluated the anti-cancer potential of plasma-activated phosphate-buffered
saline (P-A PBS) and sodium chloride 0.9% (P-A NaCl), using a three-dimensional tumor model.
Two epithelial cancer cell lines were used to evaluate cellular effects of either P-A PBS or P-A
NaCl. Human colorectal cancer cells HCT 116 and human ovarian carcinoma, SKOV-3 were used to
investigate the manner by which different cell types respond to different plasma-activated liquids
treatments. Our investigations indicate that P-A PBS is more efficient than P-A NaCl mainly because
RONS are produced in larger quantities. Indeed, we show that the cytotoxicity of these liquids
directly correlates with the concentration of hydrogen peroxide and nitrite. Moreover, P-A PBS
induced a faster-occurring and more pronounced cell death, which arose within deeper layers of the
3D multicellular spheroid models.

Keywords: cancer; plasma-activated liquids; multicellular tumor spheroids; long-lived reactive
oxygen and nitrogen species

1. Introduction

Cold atmospheric plasma (referred as ‘plasma’) is described as a room temperature ionized gas
generated at atmospheric pressure. Plasma generates reactive oxygen and nitrogen species (RONS),
which, once applied to cancer cells, have the potential to induce DNA damages leading to cell
apoptosis [1] or cause immunogenic cell death [2–4]. More importantly, cancer cells appear to be more
sensitive to plasma than healthy cells [5–9]. This selectivity could be explained by the RONS-induced
stress tolerance threshold, which is higher in normal cells than cancer cells, due to their increased
production of reactive oxygen species [10–12]. Thus, this feature could be exploited as a strategy for
selective cancer therapy. As direct treatment by plasma is spatially limited to the surface, another
strategy has been developed and involves the use of solutions exposed to plasma. The latter can be
injected into deep-seated tissues, and could overcome the spatial limits of plasma direct applications.
The exposure of cell culture media, water, or saline solutions that contain a high amount of RONS is
widely studied for biomedical applications, such as regenerative medicine or cancer therapy [13,14].
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Hydrogen peroxide (H2O2), nitrite (NO2
−) and nitrate (NO3

−) have been described as the three main
RONS responsible for plasma-exposed solutions antitumor effects [15], as other short-lived species
are quenched very rapidly [16]. The complex process that drives RONS diffusion/penetration within
cells and the subsequent chemical reactions remain unclear. More recently, a chemical model has been
proposed by Bauer, speculating that an auto-amplificatory response of tumor cells, caused by singlet
oxygen, occurs after being in direct contact with plasma or with plasma-activated solutions, leading to
subsequent reaction and self-perpetuation of toxicity [17].

Most of the studies focusing on plasma-activated culture media for cancer cell treatment show that
the contents of these solutions play a key role in their anticancer effects. Indeed, the presence of amino
acids, fetal bovine serum, and pyruvate have an impact on the final composition of the plasma-activated
solutions and the rate of RONS produced [18,19]. Therefore, there is now a growing interest in switching
to physiological and stable solutions, such as water, physiological buffers, and saline solutions, in
order to have better control over the species generated after plasma exposure, with the objective of
translating it to in vivo applications. A comparative study with six different physiological liquids has
been reported recently and referenced their effects in vitro on 2D plated CT26 colorectal cancer cells in
terms of cell death, metabolic activity, and cell morphology and displacement [20].

SKOV-3 and HCT-116 are both epithelial cancer cell lines. In a recent study, we demonstrated
that a plasma-activated medium was efficient to kill HCT-116 cells in three-dimensional spheroid
models [21]. We described the cascade of events leading to cell death: ATP depletion, DNA damages,
and mitochondrial dysfunction. These effects induce cell apoptosis and spheroid volume decrease after
treatment in vitro. SKOV-3 cells are known as a chemo-resistant ovarian cancer cell line. Once injected
in mice, SKOV-3 disseminates and form small nodules in the peritoneal cavity. Thus, the eradication of
the small aggregates formed by these cells is more challenging. Moreover, SKOV-3 are among ovarian
cells, which are the most resistant to plasma treatment [22]. When treated with plasma-exposed culture
medium, SKOV-3 cells were less sensitive than ES2 cells (clear cell ovarian adenocarcinoma) [23].
Using these two different cell lines pave the way for future in vivo investigations to test two different
strategies of plasma-exposed solutions injection on mice (intratumoral or intraperitoneal).

In this context, we here present a comparative study involving two different physiological liquids:
the phosphate-buffered saline (PBS) and the sodium chloride 0.9% solution (NaCl). In this study, we
investigated the anti-cancer properties of both PBS and NaCl exposed to plasma (referred to as ‘P-A PBS’
and ‘P-A NaCl’, respectively) using a three-dimensional model, the multicellular spheroid. This model
mimics an avascular micro-tumor, and is more complex than standard 2D cell cultures, enabling us
to better predict in vivo response [24]. HCT 116 human colorectal cancer cell line expressing green
fluorescent protein (GFP) and SKOV-3 human ovarian adenocarcinoma cell line expressing GFP and
luciferase (Luc) (were used, in order to investigate the cell-line dependency on the treatment’s outcome.
We evaluated the effect of P-A PBS and P-A NaCl on spheroids’ growth and correlated the treatment
with the cell death kinetics. We also show that the long-lived RONS, H2O2, and NO2

− are the main
factors inducing cell death within the spheroid in a dose-dependent manner.

2. Results

2.1. Plasma-Activated PBS (P-A PBS) Affects Spheroids Growth to a Greater Extent than Plasma-Activated
NaCl (P-A NaCl)

We first evaluated the effect of P-A PBS and P-A NaCl on HCT 116-GFP and SKOV-3 Luc
GFP spheroids’ growth (Figure 1A–D). We previously optimized the plasma exposure time and cell
contact-time to 120 s and 4 h, respectively [25]. At day 5 after cells’ seeding, the spheroids underwent
treatment with either P-A PBS or P-A NaCl. At the time of treatment, the spheroids exhibited different
sizes, depending on the cell line (~500 μm of diameter for HCT-116 GFP and ~300 μm of diameter
for SKOV-3 GFP-Luc). Figure 1A,B show bright-field and GFP fluorescence overlay micrographs.
Spheroids’ growth, represented as a relative fold change in spheroid equatorial area over time, is shown
in Figure 1C,D. For HCT 116-GFP spheroids, dead detached cells were observed at the external layer of
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the spheroids 24 h after treatment (day 1) after treatment with both plasma-activated liquids. This
phenomenon reflects in growth curves, where a loss of 55% and 20% of the areas was observed 24
h after treatment with P-A PBS and P-A NaCl, respectively. During the following days, spheroids
displayed a similar growth rate to the controls. After 7 days of culture, spheroids treated with P-A PBS
still displayed a smaller size than spheroids treated with P-A NaCl.

Figure 1. Spheroids’ responsiveness to plasma-activated PBS (P-A PBS) and plasma-activated NaCl (P-A
NaCl). Spheroids were incubated in PBS, NaCl, P-A PBS or P-A NaCl for 4 h before being cultured for 7
days for growth follow-up. (A,B) Bright-field and green fluorescence micrograph overlays (viable cells)
of HCT 116-GFP (A) and SKOV-3 GFP Luc (B) spheroids at d0 (before treatment), d1, d2, and d7 after
treatment. The scale bar is set at 200 μm. Black arrows indicate cell debris. (C,D) Graphs representing
the relative fold change (percentage) of spheroid areas as a function of time. Areas were measured
from the GFP fluorescence micrographs. Two-way ANOVA, **** p < 0.0001; ns: non-significant p > 0.05.
N = 6 and 3 independent experiments for HCT 116-GFP and SKOV-3 GFP Luc, respectively, with n = 8
spheroids per experiment.

A decrease of 60% and 40% of the SKOV-3 GFP Luc spheroid areas was observed one day after
treatment with P-A PBS and P-A NaCl, respectively. The SKOV-3 GFP Luc spheroids appeared to be
less proliferative than HCT-116 GFP as visible on growth curves of PBS and NaCl control spheroids.
Thus, during the 7 days following the treatment, the spheroids growth decreased in comparison to
controls. For both cell lines, spheroids responded differently to P-A PBS and P-A NaCl treatments;
more precisely, P-A PBS appeared to be more efficient than P-A NaCl.
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2.2. Plasma-Activated PBS (P-A PBS) Induces Deeper and Faster Cell Death

To determine the depth of cell death within the layers of multicellular spheroids, we assessed the
real-time propidium iodide uptake. Propidium iodide (PI) is a red-fluorescent intercalating agent that
penetrates the cells and binds to the DNA when the plasma membrane loses its integrity. PI uptake
thus reflects cell mortality. As we observed that one day after treatment HCT 116-GFP spheroids
were restored to a normal growth rate, we appraised the PI uptake within the 24 h following the
treatment. Figure 2A shows overlaid micrographs of the PI and GFP fluorescence 1, 6, and 12 h after
treatment (time-lapse video microscopy films are available in the supplementary data) on HCT 116-GFP
spheroids. These micrographs confirmed that PI uptake was higher with P-A PBS treatment, compared
to P-A NaCl- treated spheroids. Interestingly, these differences were visible 6 h after treatment. The PI
fluorescence across the spheroid depth was plotted on an hourly basis during the first 24 h. The plots
are shown in supplementary Figure S1, where each solid line corresponds to a time point (from 1 to 6,
and 24 h after treatment). For both treatments, two peaks were observed at the edge of the spheroids,
with the highest peak area when P-A PBS treatment was performed compared to P-A NaCl treatment.
From these analyses, we set a data analysis protocol to remove the out-of-focus PI fluorescence, as
described in section H of the “Materials and Methods” and SI (supplementary Figure S2). The kinetic
of PI uptake was obtained from images (Figure 2C,D). For both cell lines, it clearly appeared that P-A
PBS led to a faster penetration of PI compared to P-A NaCl. Using a non-linear regression fit, one-phase
association model: Y = Y0 + (plateau-Y0) (1−e−Kt), where Y0 is the initial value of PI fluorescence
intensity, K is the rate constant and t is time in hours, we extracted the plateau and the half times of PI
uptake for each condition. For HCT 116-GFP spheroids, the plateau obtained was 1.5 times higher
with P-A PBS than with P-A NaCl treatment. This indicates that the amount of PI (i.e., cell death) was
more important when spheroids were treated with P-A PBS. Surprisingly, the half-time of PI uptake,
corresponding to the time needed to obtain 50% of PI maximal intensity, was 1.6 times higher for
P-A NaCl than for P-A PBS (P-A PBS: 1.8 h, P-A NaCl: 3 h). This increase in the P-A PBS induced
mortality kinetic was also given by the rate constants (K) extracted from the equation. The values were
0.4 and 0.2 for P-A PBS and P-A NaCl, respectively. In accordance with the half-time, PI penetrated
twice faster after P-A PBS than P-A NaCl exposure. A plateau was obtained 8 and 10 h after treatment
with P-A PBS and P-A NaCl, respectively. These results were confirmed with caspases 3/7 staining on
fixed entire HCT-116 GFP spheroids to compare to the apoptosis induced by the two plasma-exposed
liquids (Figure 3). Three hours after treatment, few cells at the periphery were caspase 3/7 positives for
P-A PBS and P-A NaCl. A concentric increase of the signal was observed in both treated conditions;
however, PI-positive cells staining was more pronounced after treatment with P-A PBS. This is in
accordance with the results we obtained following PI quantification.

In the case of SKOV-3 GFP Luc spheroids, a difference in the PI fluorescence profile was observed
between P-A PBS and P-A NaCl treatment (Figure 2D) only one hour after the treatment. The outer
shell was PI-positive for P-A PBS, whilst in spheroids treated with P-A NaCl, a longer time-lapse (8 h)
was required to observe PI-positive cells at the outer rim. Non-linear regression demonstrates that the
difference between the PI fluorescence profiles over time was less pronounced than in HCT 116-GFP
spheroids, and the plateau obtained for P-A PBS was 1.1 times higher than for P-A NaCl. Due to a
marked difference in PI fluorescence intensities during the first hours following the treatment (slope),
the half-time (P-A PBS: 7.8 h, P-A NaCl: 22 h) and the rate constants K (P-A PBS: 0.08775, P-A NaCl:
0.03196) were almost 3 times higher for P-A NaCl than for P-A PBS. A plateau was obtained after 36 h
and 48 h for P-A PBS and P-A NaCl, respectively.
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Figure 2. PI uptake kinetics of spheroids treated with plasma-activated PBS (P-A PBS) and
plasma-activated NaCl (P-A NaCl). (A,B) Overlaid GFP and PI fluorescence micrographs of HCT-116
GFP and SKOV-3 GFP Luc spheroids, 1, 6, 12, 24, and 48 h after treatment with P-A PBS and P-A
NaCl. The scale bar is set at 200 μm. (C,D) PI fluorescence integrated intensity across the spheroids as
a function of time. Two-way ANOVA, **** p < 0.0001. Fit one-phase association equation: Y = Y0 +

(plateau-Y0) × (1−e−kt). N = 3 and 2 independent experiments for HCT-116 GFP and SKOV-3 GFP Luc,
respectively, with n = 8 spheroids per experiment.
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Figure 3. Plasma-activated liquids-induced apoptosis. HCT-116 GFP spheroids were stained with
caspase 3/7 red reagent (Molecular Probes Invitrogen, Eugene, Oregon, USA)) 3 or 6 h after incubation
with either PBS or NaCl exposed to plasma-activated PBS and plasma-activated NaCl (P-A PBS or P-A
NaCl, respectively). Fixed entire spheroids were imaged with a confocal microscope. Phase contrast
and caspase 3/7 micrographs are presented (equatorial z-slice). The emitted light from caspase 3/7 red
reagent was collected through a 610–650 nm bandpass filter. PBS and NaCl represented the controls.
The scale bar is set at 100 μm.

2.3. Physicochemical Properties of Plasma-Activated PBS (P-A PBS) and Plasma-Activated NaCl (P-A NaCl)

The only apparent difference between PBS and NaCl is the phosphate content and the buffering
properties of PBS. To better understand the difference between these two plasma-activated liquids
efficiency on cancer cells, we checked their physicochemical properties. We first measured the pH
variation after plasma exposure. As expected, P-A PBS did not show any pH variation, and P-A
NaCl displayed high acidification after exposure to plasma (from 6.61 to 3.91) (Figure 4A). When
liquids were exposed to the plasma jet, 20% of the initial volume evaporated, causing variation in
the osmolarity. We measured the osmolarity of the two plasma-exposed solutions. Non-exposed
solutions were isotonic (300 mOsmol/L), but when exposed to plasma, a slight increase in osmolarity
was observed. Variations in osmolarity were still in the range of tolerated values for cells as already
reported [25]. There were no significant differences in osmolarity between P-A PBS and P-A NaCl,
thus the differences between P-A PBS and P-A NaCl efficiency cannot be explained solely by the
osmolarity variations.
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Figure 4. Results of the physicochemical properties analysis in plasma-activated PBS (P-A PBS) and
plasma-activated NaCl (P-A NaCl). (A) pH and osmolarity were measured directly after exposure to the
plasma jet for 120 s, as described in the Materials and Methods section I. PBS vs. P-A PBS and NaCl vs.
P-A NaCl: paired t-test ***p < 0.001. PA-PBS vs. P-A NaCl: unpaired t-test, ns: non-significant. N = 3
independent experiments. (B) Quantification of the hydrogen peroxide (H2O2), nitrite (NO2

−) and
nitrate (NO3

−) in P-A PBS and P-A NaCl. Unpaired t-test *** p < 0,001, ** p < 0.01; ns: non-significant
p > 0.05. N = 4 independent experiments.

Hydrogen peroxide (H2O2), nitrite (NO2
−) and nitrate (NO3

−) were referred to as the major
reactive oxygen and nitrogen species responsible for plasma-activated liquids cytotoxicity [15,26].
Thus, we quantified these three species in the two plasma-activated liquids, P-A PBS and P-A NaCl
(Figure 4B). Overall, a higher concentration of H2O2, NO2

- and NO3
− was produced in P-A PBS

compared to P-A NaCl, H2O2 (*** p-value < 0.001) and NO3
− (** p-value <0.01) quantities were

significantly different between P-A PBS and P-A NaCl. The greater anti-cancer capacity of P-A PBS
could thus be explained by different concentrations observed for the three species.

2.4. Implication of the Hydrogen Peroxide, Nitrite and Nitrate in the Cytotoxicity of Plasma-Activated Liquids

To understand the involvement of the three main long-lived reactive species hydrogen peroxide
(H2O2), nitrite (NO2

−) and nitrate (NO3
−) in the cytotoxicity of the two plasma-exposed solutions,

the spheroids were treated with PBS and NaCl solutions containing H2O2, NO2
− and NO3

−. Based on
the quantification presented above, either 680 μM of H2O2, 360 μM of NO2

−, 315 μM of NO3
− or

515 μM of H2O2, 160 μM of NO2
−, 180 μM of NO3

− were added to PBS and NaCl, respectively.
Different combinations were used in order to point out the effect of each species. Spheroids were
treated over 4 h, as with plasma-exposed solutions. The pH of the solutions was measured, and no
variation was observed compared to control (PBS 7.27 and NaCl 6.86). Spheroid growth was followed
during 7 days after treatment (Figure 5). For HCT 116-GFP, the treatment with PBS or NaCl containing
NO2

−/NO3
− or NO2

− alone did not result in differences in spheroid growth. H2O2 alone in PBS was not
enough to obtain the same toxicity as P-A PBS (**** p-value) (showing 40% of the decrease compared to
70% obtained with P-A PBS). There were no significant differences (p-value > 0.05) when spheroids
were treated with H2O2 + NO2

− + NO3
− and H2O2 + NO2

- without NO3
−. This is in accordance

with the work of Girard and co-workers [26], who showed that PBS containing H2O2 alone was not
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sufficient to reach the P-A PBS toxicity and acted in synergy with NO2
- to kill HCT 116 cancer cells

grown in 2D cultures, and NO3
- was not needed to induce cytotoxicity.

 
Figure 5. Spheroids’ treatment with long-lived reactive oxygen and nitrogen species (RONS): hydrogen
peroxide (H2O2) ± nitrite (NO2

−) ± nitrate (NO3
−). Growth curves of spheroids incubated 4 h in PBS

(control), plasma-activated PBS (P-A PBS), PBS containing 680 μM of hydrogen peroxide ± nitrite (360 μM)
± nitrate (315 μM) (A and C for HCT 116-GFP and SKOV-3 GFP Luc, respectively) or NaCl solution
(control), plasma-activated NaCl (P-A NaCl), NaCl containing 515 μM of hydrogen peroxide ± nitrite
(160 μM) ± nitrate (180 μM) (B and D for HCT 116-GFP and SKOV-3 GFP Luc, respectively). Graphs
represent a relative fold change of spheroids’ equatorial area over the control in percentage as a function
of time. Areas were measured from the GFP fluorescence micrographs. Untreated spheroids of HCT
116-GFP (A,B) or SKOV-3 Luc GFP (C,D) are referred to as “control”. Two-way ANOVA, **** p < 0.0001;
*** p < 0.001; ** p < 0.01;* p < 0.05; N = 3 independent experiments with n = 6 spheroids per experiment
for HCT 116-GFP and N = 2 independent experiments with n = 6 spheroids per experiment for SKOV-3
GFP Luc.

There was no significant difference (p-value > 0.05) when spheroids were treated with P-A NaCl,
NaCl + H2O2 and NaCl + H2O2 + NO2

− solutions. Surprisingly, NaCl solution containing H2O2 was
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sufficient to induce the same effect as P-A NaCl. Moreover, when both NO2
− and NO3

− were added to
the solution, the latter killed cells more efficiently than P-A NaCl (* p-value). Precisely, the decrease in
spheroids size 24 h after treatment was similar for the four conditions (P-A NaCl, NaCl + H2O2, NaCl
+H2O2 +NO2

− +NO3
− and NaCl +H2O2 +NO2

−). Conversely, when both NO2
− and NO3

− were
present in solution, spheroid size continued to decline until day 2 after treatment.

SKOV-3 GFP Luc treated with PBS or NaCl containing H2O2 alone were affected as efficiently
as P-A PBS or P-A NaCl. Surprisingly, nitrite and nitrate appeared to be toxic for SKOV-3 GFP Luc
spheroids when added to NaCl solution. Moreover, a synergetic effect between the three species was
observed for this cell line. Spheroids treated with the three species were more affected than spheroids
treated with H2O2 and NO2

−.
To check if the differences observed are RONS dose-dependent and/or due to chemical interactions

between plasma and the two liquids, we treated spheroids with PBS containing the same quantity of
the three species as quantified in the case of P-A NaCl and vice versa. Spheroid growth was followed
(Supplementary Figure S3). We observed a dose-response phenomenon, whatever the liquid used.
Cell detachment within the outer rim of treated spheroids and growth perturbation were the same for
a defined quantity of RONS used. The only difference observed was that when NaCl was used, 48 h
were necessary to obtain the same growth decrease as the one observed for PBS for the same RONS
quantity. This is in agreement with the differences observed for PI uptake, where the kinetic of PI
uptake after treatment with P-A PBS was faster than after treatment with P-A NaCl.

3. Discussion

Cold atmospheric plasma, and more specifically plasma-activated liquids, represent an alternative
to the use of the plasma jet, which might be applied for cancer treatment. These two therapeutic strategies
share a common approach: they take advantage of the RONS effect on cancer cells. Plasma-activated
liquids are RONS-enriched solutions that can be generated after exposure to a plasma jet, and which
remain stable for one month when stored at 4 ◦C. The purpose of this study was to investigate the
anti-cancer properties of two different physiological saline solutions, PBS and NaCl 0.9%, exposed to
plasma. These solutions differ in chemical composition and in buffering properties, and are both
likely to be used for in vivo applications. Two cell lines were used to generate multicellular tumor
spheroids, which produce a 3D model that closely mimics the main features of small avascular solid
tumors. The HCT 116 human colorectal cancer cells form compact and highly-proliferative spheroids,
while SKOV-3 cells are ovarian cancer cells derived from ascites, which are well known for their ability
to form metastases and exhibit malignant tumor progenitor cells characteristics [27].

For both cell lines, the spheroids exhibited different responses to treatments with PBS and
NaCl previously exposed to plasma. More precisely, the plasma-activated PBS was more efficient
than plasma-activated NaCl for killing cancer cells (Figure 1), while both P-A PBS and P-A NaCl
led to apoptosis in the peripheral cells of the spheroids. Thus, it would appear that cell death
mediated by plasma-activated saline solutions followed the same cell death mechanism induced
by the plasma-activated medium [20]. This study shows that the difference in the efficacy of two
plasma-activated liquids can be directly correlated to their content in hydrogen peroxide (H2O2),
nitrite (NO2

−) and nitrate (NO3
−) (Figure 4B). For the same plasma jet exposure time, a higher

enrichment was observed in PBS in comparison to NaCl. To corroborate the implication of RONS,
we also investigated the individual and combined effects of each species to better understand their
involvement in cell death (Figure 5). The response to these three RONS was cell-line dependent. We
showed that PBS containing H2O2 and NO2

- kill as efficiently as plasma-activated PBS. When H2O2

alone was added to PBS, limited cytotoxicity was observed. This is in accordance with the work of
Girard et al. that showed that in the 2D, HCT 116 monolayer, the two species are required and act
in synergy [26]. This was also confirmed by Privat-Maldonado and co-workers, who compared the
effect of direct treatment with the plasma jet and indirect treatment with PBS exposed to plasma on
glioblastoma spheroid models [28]. In this study, the authors highlighted the importance of short-lived
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species in direct treatment, but also showed that plasma-treated liquid cytotoxicity relied mainly on
long-lived species. On the other hand, when added to NaCl, H2O2 alone seemed to be responsible
for cell death. Moreover, there was no synergy effect with NO2

−/NO3
− when they were added to the

solution. Similarly, for the SKOV-3 GFP Luc spheroids, H2O2 alone, either in PBS or NaCl, was sufficient
to be as effective as the plasma-activated liquids. Surprisingly, SKOV-3 GFP spheroids display higher
sensitivity to PBS and NaCl containing H2O2 plus NO2

− or H2O2 plus both NO2
− and NO3

− than for
plasma-activated liquids. Indeed, this result was surprising, and further studies should be performed
in order to assess the reversibility of the RONS cytotoxic effect in the plasma-activated PBS and NaCl
and in the PBS and NaCl added to the RONS by using quenchers such as ascorbic acid or pyruvate.

To better understand the differences observed in spheroid morphology and growth after treatment,
PI penetration inside the 3D spheroids was followed over time, and non-linear regressions were
extracted from these data in order to obtain the kinetics of cell death during P-A PBS and P-A NaCl
treatments (Figure 2). Cells were dying more rapidly and within deeper layers when plasma-exposed
PBS treatment was performed. The response to the treatment was also cell line dependent, as we
observed different PI/cell death kinetics between HCT-116 GFP and SKOV-3 GFP. The SKOV-3 GFP Luc
displayed a slower growth rate constant, compared to HCT 116-GFP. Precisely, the rate constant was
more than 4-times higher for HCT 116-GFP compared to SKOV-3 GFP treated with both plasma-exposed
saline solutions (P-A PBS and P-A NaCl), meaning that HCT 116-GFP were dying 4-times faster than
SKOV-3 GFP. This sensitivity might be due to the morphological characteristics of spheroids made
with different cell lines. Indeed, we observed that SKOV-3 GFP Luc cells formed smaller spheroids
than HCT 116-GFP and displayed a slower growth rate. HCT 116-GFP spheroids appeared to be highly
proliferative when compared to SKOV-3, which were mainly composed of quiescent cells [29].

Moreover, exposure of NaCl to the plasma jet induces acidification (Figure 4A) that of course was
not observed for PBS, which is buffered. This acidic pH seems to play an important role. Chemical
reactions, which lead to the production of beneficial sub-products, may have occurred in an acidic
environment. It has already been described that plasma interaction with NaCl leads to nitrous acid
(HNO2), nitric acid (HNO3), and hydrogen peroxide (H2O2), making the solution more acidic [30].
This acidification could also explain the differences observed in the response to P-A NaCl compared
to NaCl containing the three RONS (H2O2, NO2

− and NO3
−). Plasma exposure through chemical

reactions with ambient air probably induces the production of other long-lived species, which leads to a
lower efficiency or protection from NO2

−/NO3
−-induced cell stress. RONS activity or their penetration

may be impaired in an acidic environment. However, the acidification, which has been considered
responsible for higher cytotoxicity due to the generation of peroxynitrite [31], did not play a major role
in treatments involving P-A NaCl. This result indeed requires further investigations.

4. Materials and Methods

4.1. Cell Culture

Human colorectal carcinoma cells HCT 116 (ATCC® CCL-247TM) stably expressing green
fluorescent protein (GFP) [32] were cultured in Dulbecco’s Modified Eagle Medium DMEM + 4.5 g/L of
glucose (Gibco-Invitrogen, Carlsbad, CA, USA), L-Glutamine (CSTGLU00, Eurobio, Les Ulis, France)
and pyruvate, supplemented with 10% of fetal bovine serum (F7524, Sigma, Saint Louis, MI, USA) and
1% of penicillin/streptomycin (P0781, Sigma, Saint Louis, MI, USA). SKOV-3 stably expressing green
fluorescent protein (GFP) and luciferase (Luc) ovarian carcinoma cells from (ATCC® HTB-77™) were
cultured in RPMI 1640 (Eurobio Scientific), supplemented with L-Glutamine, 10% of fetal bovine serum,
1% of penicillin/streptomycin, human insulin (I9278, Sigma Aldrich, Saint-Louis, MI, USA) at 10 μg/mL
and recombinant human epidermal growth factor (E9644 from Sigma Aldrich) at 20 ng/mL. Cells were
kept in a humidified atmosphere at 37 ◦C and 5% of CO2 and were mycoplasma negative (as tested
every week with MycoAlert Mycoplasma Detection kit, cat n◦#LT07-318, Lonza, Switzerland).
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4.2. Spheroid Formation

The non-adherent technique was used to generate spheroids. Briefly, 500 or 5000 cells (for HCT-116
GFP and SKOV-3 GFP Luc, respectively) were suspended in 200 μL of culture medium, and seeded in
Costar® Corning® Ultra-low attachment 96 well plates (Fisher Scientific, Illkirch, France). Spheroids were
kept in a humidified atmosphere at 37 ◦C and 5% of CO2. Cell aggregation occurred in the first 24 h
following the seeding and allowed for obtaining single spheroids of similar sizes in each well.

4.3. Plasma Experimental Setup

A non-thermal atmospheric helium plasma jet was generated by a dielectric barrier discharge
(DBD) device in ambient air as described previously [25]. The device was powered by a mono-polar
square pulse of 1 μs duration with 10 kV of magnitude at 10 kHz frequency in a 4-mm inner diameter
quartz dielectric tube wrapped with two 2-cm long aluminum electrodes (10 mm distance). Helium gas
flow was controlled by a flow meter and fixed at 3 L/min. A schematic representation of the device and
a picture of the setting for liquid activation are shown in Figure 6A.

 
Figure 6. The cold-atmospheric plasma jet configuration. (A) Schematic representation of the plasma
jet device used in our study. A.E: aluminum electrodes. (B) A photograph illustrating the exposure of
the liquids in a 96-well plate using the plasma jet device.

4.4. Liquids Exposition

A 96-well round adherent bottom plate was used to expose the PBS (phosphate-buffered saline
modified without calcium and magnesium, Eurobio, Les Ulis, France) and Sodium Chloride 0.9%
injectable solution (NaCl) (Lavoisier, France). Briefly, 100 μL per well of each solution was exposed
for 120 s to the plasma jet as described above, the output of the plasma jet was placed at a distance of
2 cm from the liquid surface, and a plastic cap was used to avoid interaction with neighboring wells
(Figure 6B).

4.5. Spheroid Treatment with Plasma-Activated Liquids RONS-Containing Liquids

Spheroids were treated when their size reached 450–500 μm or 300–350 μm of diameter, for
HCT-116 GFP and SKOV-3 GFP Luc, respectively (~5 days of culture). Directly after exposure to
the plasma jet, a volume of 80 μL (20 μL of the solution evaporated during plasma jet exposure) of
plasma-activated PBS or NaCl (P-A PBS, P-A NaCl) were transferred onto the spheroids and the plate
was placed under cell culture conditions (37 ◦C, 5% CO2) for 4 hours’ incubation. When incubation time
was over, the spheroids were rinsed twice with PBS, and fresh culture medium (pyruvate-free, DMEM,
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Gibco-Invitrogen, Carlsbad, CA, USA) was added to each well. The same protocol was followed for
treatment with PBS and NaCl containing H2O2 (hydrogen peroxide solution from Sigma, France, 30%
(w/w) in H2O and/or NO2

− and/or NO3
− (Sodium nitrite and nitrate powders from Fisher Scientific,

Illkirch, France).

4.6. Growth Follow-Up

After treatment, the plate was placed in IncuCyte Live Cell Analysis System Microscope at ×10
magnification (Essen BioScience IncuCyte™, Herts, Welwyn Garden City, UK). Spheroid growth was
followed during 7 days after treatment using bright-field and GFP channels. Micrographs exported
from IncuCyte software (U.S. National Institute of Health, Bethesda, MD, USA) were analyzed with
ImageJ; the area of the spheroids was determined from green-fluorescent micrographs and was plotted
as relative fold change of the initial area, as a function of time.

4.7. Cell Death Analysis with Propidium Iodide

Propidium iodide was used to follow cell viability in real-time. The probe’s penetration within the
spheroids was followed over a period of 24 h following the treatment with plasma-activated liquids.
Directly after the incubation in P-A PBS and P-A NaCl, spheroids were washed with PBS as described
above, and culture medium containing 1 μM of PI was added into the wells. The red fluorescence due
to PI penetration was followed with the IncuCyte Live Cell Analysis System Microscope with a ×10
objective. Images were taken every hour.

4.8. Cleaved Caspases 3/7 Detection

Image-iT live red caspase −3 and −7 (FLICA) detection kit for microscopy (Molecular Probes
Invitrogen, Eugene, OR, USA) was used according to the manufacturer’s instructions to detect caspase
activation at 3 and 6 h after treatment. Directly after treatment, the spheroids were incubated in 60 μL
of FLICA reagent for 45 min at 37 ◦C, 5% CO2. Subsequently, the spheroids were washed with PBS
and fixed in 60 μL of kit fixative solution for 24 h at 4 ◦C. Fixed entire spheroids were imaged under
FV1000 confocal microscope (Olympus, Rungis, France) at a magnification ×20. Emitted light from
FLICA reagent was collected through a 610–650 nm bandpass filter (Texas red).

4.9. Image Analysis

Micrographs were analyzed using ImageJ software as described in the supplementary Figure S2.
PI signals from out-of-focus planes were collected using wide-field microscopy. The out-of-focus PI
fluorescence at the center of the spheroid was the result of a field depth of the microscope objective
that is larger than the object diameter. In order to remove this out-of-focus fluorescence, we applied a
threshold on both PI (red fluorescent) and GFP micrographs. Areas of viable spheroids were obtained
from GFP fluorescence and removed from the PI micrographs. Measurements of the integrated PI
fluorescence intensity were done on the final images that represented focal plane PI fluorescence.

4.10. Osmolality and pH Measurements

Osmolality was measured directly after the exposure of the solution to the plasma jet with a
single-sample freezing point osmometer, the OSMOMAT 030 (Gonotec, Berlin, Germany) following the
manufacturer’s instructions. The pH measurements were done with SevenGo Duo™ pH/conductivity
meter SG23 (Mettler Toledo, Columbus, OH, USA) with freshly prepared solutions (PBS and NaCl)
either exposed to plasma or supplemented with RONS).

4.11. Quantification of Hydrogen Peroxide

A Fluorimetric Hydrogen Peroxide Assay kit (Sigma Aldrich) was used to detect and quantify
H2O2 generated in plasma-activated liquids. Directly after plasma exposure, plasma-exposed PBS/NaCl
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were diluted at 1/10 (detection range) and mixed with peroxidase solution and peroxidase substrate for
incubation at room temperature during 30 min. Hydrogen peroxide solution (Sigma, 30% (w/w) in
H2O) was used to obtain a calibration curve. Then, fluorescence at 590 nm was read with the plate
reader CLARIOstar (BMG LABTECH, Champigny sur Marne, France)

4.12. Quantification of Nitrite and Nitrate

A Nitrite/Nitrate Colorimetric Assay Kit (Sigma Aldrich) was used to measure NO2
− and NO3

−
in plasma-activated liquids as described by the manufacturers. First, nitrates present in the solutions
were reduced to nitrites by using nitrate reductase and enzyme co-factors (2 hours’ incubation at
room temperature). Then, Griess reagent was used to detect nitrites (15 min at room temperature).
Absorbance at 540 nm was read with a plate reader CLARIOstar (BMG LABTECH). NaNO2 and
NaNO3 kit solutions were used to obtain calibration curves.

4.13. Statistical Analysis

GraphPad Prism 6 software was used for statistical analyses. All quantifications were plotted as
mean ± standard error mean (SEM), and overall statistical significance was set at p-value < 0.05.
Two-way ANOVA or t-tests were performed. Linear regression analysis was used to obtain
nitrite/nitrate and hydrogen peroxide calibration curves. Non-linear regression was used to analyze PI
penetration kinetics.

5. Conclusions

Herein, we investigated the anti-cancer potential of two different plasma-activated liquids on
3-dimensional multicellular spheroids of human colorectal cancer cells and ovarian cancer cells.
Our investigations indicate that PBS exposed to plasma was more efficient and penetrates deeper and
faster than NaCl exposed to plasma when using a 3D cellular model. Thus, our results indicate that
plasma-exposed PBS is more appropriate for the treatment of tumors in vivo. Depending on the tumor
location, the solution might be injected directly into tumors (in subcutaneous HCT-116 GFP xenografts),
or intraperitoneally when treating intraperitoneal malignancies (such as the ones that occur in the
SKOV-3 GFP Luc tumor model). Moreover, we also show that the cytotoxicity of plasma-activated
saline solutions directly correlates with the concentration of hydrogen peroxide, nitrite and nitrate,
as cells responded in a dose-dependent manner when treated with these three long-lived species.
The response is cell line dependent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/3/721/s1,
Figure S1: PI fluorescence plot profile of HCT 116-GFP spheroids, Figure S2: Scheme of the PI and GFP micrographs
analysis with ImageJ software, Figure S3: Spheroids treatment with long-lived RONS: hydrogen peroxide (H2O2)
± nitrite (NO2

−) ± nitrate (NO3
−).
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Abstract: Cold atmospheric plasma (CAP) treatment is developing as a promising option for
local anti-neoplastic treatment of dysplastic lesions and early intraepithelial cancer. Currently,
high-frequency electrosurgical argon plasma sources are available and well established for clinical use.
In this study, we investigated the effects of treatment with a non-thermally operated electrosurgical
argon plasma source, a Martin Argon Plasma Beamer System (MABS), on cell proliferation and
metabolism of a tissue panel of human cervical cancer cell lines as well as on non-cancerous
primary cells of the cervix uteri. Similar to conventional CAP sources, we were able to show that
MABS was capable of causing antiproliferative and cytotoxic effects on cervical squamous cell and
adenocarcinoma as well as on non-neoplastic cervical tissue cells due to the generation of reactive
species. Notably, neoplastic cells were more sensitive to the MABS treatment, suggesting a promising
new and non-invasive application for in vivo treatment of precancerous and cancerous cervical lesions
with non-thermally operated electrosurgical argon plasma sources.

Keywords: non-thermal plasma; high frequency electrosurgery; plasma treatment; cold atmospheric
plasma (CAP); free radicals; reactive species; cancer selectivity; cervical cancer treatment; cervical
intraepithelial neoplasia

1. Introduction

Despite the development of new screening and treatment strategies for early and advanced stages
of cervical cancer, patients often suffer for the rest of their lives from radical tumor resections and
poorly tolerated systemic therapies. Cervical cancer (CC) and its precursor cervical intraepithelial
neoplasia (CIN) are most frequently caused by a persistent infection with human papillomavirus
(HPV). Despite the successful introduction of HPV vaccines, cervical cancer is still the fourth most
common cancer in women worldwide, with an incidence of 6.6% and a mortality of 7.5% of all the
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cancer cases combined, according to the latest data from GLOBOCAN in 2018 [1]. There is an urgent
need for low-invasive, efficient, and easily applicable treatment options, ideally without the necessity
of general anesthesia and in-patient care.

Cold atmospheric plasma (CAP) treatments have offered very promising opportunities for wound
healing and antiseptics. Moreover, CAP indicated promising anti-neoplastic effects on several tumor
entities, e.g., melanoma, glioma, pancreatic, and several gynecological tumors, particularly breast
cancer, ovarian cancer, and cervical cancer [2–13]. CAP treatment led to sufficient inhibition of cancer
cell growth, interestingly, without tissue swelling, inflammation, or pain. Growing evidence points
towards reactive oxygen and nitrogen species (RONS) as being primarily responsible for CAP-triggered
cell mechanisms and cell death [13–16]. Other highly reactive components of CAP include diverse
charged particles, free radicals, and ultraviolet and infrared radiation [17]. Today, the most commonly
used CAP sources in clinical and research settings are dielectric barrier discharges (DBD) or atmospheric
pressure plasma jets (APPJ), which have been mainly developed for wound treatment of the skin [18].
The use of CAP sources in oncologic indications is still limited, and the anatomy of the female genital
organs constitutes a problem of accessibility for most of the available, conventional devices. Especially
in gynecological oncology, non-thermally operated electrosurgical argon plasma sources could be a
suitable alternative for the treatment of precancerous and cancerous lesions due to the small size and
high flexibility of the application probes. In this study, we utilized a non-thermally operated Martin
Argon Beamer System (MABS) to perform a non-thermal plasma application. The general ability of
MABS for the non-thermal treatment of human tissue was shown by dynamic treatment of freshly
prepared human preputial tissue samples (Figure S1). Therefore, MABS could be suitable for the
cytotoxic in vivo treatment of precancerous and cancerous lesions of the female genital tract.

The purpose of this study was to investigate RONS-driven effects of a non-thermally operated
MABS on metabolism and cell survival of different established CC cell lines and a primary non-cancerous
cervical tissue (NCCT) cell line established in this study. Therefore, cells were treated with different
modes of plasma by varying both the energy and the treatment time. Cellular effects on survival and
metabolic function following MABS treatment were identified by growth and cytotoxicity assays, such
as MTT and proliferation assays. A specific RONS scavenger was used to investigate the impact of
reactive species.

Our data suggest that MABS treatment results in antiproliferative cellular effects on both cervical
cancer (CC) cell lines and NCCT cells in a dose-dependent manner. Remarkably, NCCT cells showed
significantly less sensitivity to MABS treatment when compared to CC cells.

2. Results

In this study, we investigated the effects of a non-thermally operated MABS on CC cell lines as well
as on NCCT cells (obtained from a patient undergoing surgery of the cervix uteri at the Department of
Women’s Health of the Eberhard-Karls-University Tübingen). Special attention was given to the effects
of reactive MABS components on cell proliferation and the metabolic activity of cells.

2.1. Assessment of a Non-Thermally Operated MABS by Infrared Thermography and Spatially Resolved Optical
Emission Spectroscopy (OES) Measurement by Using an Integrating Sphere

To investigate the cytotoxic impact of MABS during non-thermal plasma treatment, we initially
assessed possible thermal effects of MABS treatment within the following experimental setup. First,
100 μL of DMEM was statically MABS treated for 5, 10, and 20 s at 40 W in a 96-well cell culture
plate and at a distance of 7 mm. Static treatment of DMEM was immediately followed by infrared
thermography and showed no increase of the DMEM temperature after treatment (Figure 1a). Infrared
thermography enabled an accurate measurement of the DMEM surface temperature after the MABS
discharge and thus expressed the assumed heat transfer into the liquid volume. MABS discharge
on cell culture medium, characterized by a filamented discharge of 3–5 mm in diameter, is shown in
Figure 1b. To characterize the spontaneous and induced emission spectra of MABS being emitted
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by excited species, we used conventional OES (Figure 1d). Due to spectral differences depending on
the axial position of the OES measurement within the MABS effluent, we additionally performed a
spatially-resolved OES by using an integrating sphere [19] (Figure 1c,e). This enabled an absolute
and uniform identification of MABS-induced emission spectra. Figure 1d shows an ambient air OES
of the MABS effluent recorded at a defined distance of 7 mm from the nozzle. OES peaks in the
VIS/NIR region (700–850 nm) were mainly represented by excited argon atoms, whereas no emission
was detectable within the VIS spectrum (400–700 nm). Moreover, three lines of nitrogen emission were
detected in the ultraviolet (UV)-A region (330–390 nm) and one significant emission of OH at 309 nm in
the UV-B range. No emission could be detected in the UV-C range (200–280 nm). Both, the emissions
of OH and nitrogen atoms in the UV-range showed relatively low intensities, compared to the argon
emission of the visible/near-infrared (VIS/NIR) region. By spatially resolved OES using an integrating
sphere, a similar emission and distribution of excited atoms and molecules was observed compared to
ambient air OES (Figure 1e). However, the emissions in the VIS/NIR region and especially those of the
UV-range could be detected at much higher (up to 15-fold) intensities as well as at better resolutions by
using spatially resolved OES. Notably, even with higher sensitivity and resolution of spatially resolved
OES, no emission in the UV-C range could be identified.

Figure 1. Infrared thermography and OES measurement of the non-thermally operated Martin Argon
Plasma Beamer System (MABS). First, 100 μL of DMEM was analyzed during 5, 10, and 20 s of static
MABS treatment at 40 W (a) in a 96-well cell culture plate. MABS discharge on the DMEM cell culture
medium (b). For a better illustration, MABS discharge was performed on the surface of a DMEM
drop applied to a flat cell culture plastic with the same electric resistance as the multi-well cell culture
plate. Results are expressed as the mean ± SD. Setup for spatially resolved OES in a fabricated 100%
polytetrafluoroethylene (PTFE) hollow sphere (Ulbricht sphere) (c). For conventional (d) and spatially
resolved (e) optical OES of the MABS effluent, the ultraviolet (UV), visible (VIS), and near-infrared
(NIR) region were analyzed by accumulation of 20 single OES measurements.
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2.2. MABS Treatment of Cervical Cancer Cell Lines Shows Energy and Time-Dependent Reduction of
Cell Proliferation

Since MABS treatment might be of high value for the treatment of cervical neoplasia, such as
CIN, we characterized its effect on a cellular level. We used a panel of four cervical cancer cell lines
as well as healthy primary NCCT cells. To our knowledge, this is the first in-depth characterization
of cellular effects of a non-thermally operated MABS in this type of disease. The chosen cell line
panel consisted of four cell lines that represented a heterogeneity of cervical cancers, including origin,
HPV, and mutational status. The majority of cancerous lesions of the cervix are squamous epithelial
carcinomas, which in this study were represented by SiHa (primary tumor) and CaSki (metastatic
tumor) cells. These two cell lines are also positive for HPV (type 16 and 18, respectively), whereas
DoTc2 4510 and C-33 A cells, representing the adenocarcinomas, are not. An in-house, isolated, and
established cell line of non-cancerous cervical primary tissue (NCCT) served as a control. The NCCT
cells resemble the phenotype of fibroblasts (Figure S2a) and show positive expression of the fibroblast
marker fibronectin, whereas they are negative for the expression of the epithelial marker cytokeratin
(Figure S2b).

To determine the time- and energy-dependent effects of MABS treatment on cell proliferation
of CC cells and NCCT, we treated cells under standardized conditions with indicated energies and
durations and analyzed their proliferation potential by crystal violet staining six days post treatment
(Figure 2). Generally, all CC cell lines and NCCT cells were sensitive to non-thermal MABS treatment.
However, the effects observed were clearly dose-dependent, shown by different ED50 doses (in Watt)
necessary to cause 50% of overall cellular response (Table 1). Throughout CC cell lines, the squamous
cancer-derived CaSki cells showed the highest sensitivity for MABS treatment, whereas SiHa, C-33
A, and DoTc2 cells revealed similar antiproliferative growth pattern. Interestingly, these cells were
characterized by considerable resistance to MABS treatment up to dosages of 10 s treatment at 10 W,
whereas higher energy levels were followed by a significant decrease of CC cell proliferation. Healthy
NCCT showed a sensitivity of about 20% at low MABS dosages. Compared to CC cells, NCCT revealed
higher resistance to MABS treatment at increasing energy levels. Due to this, the range of 30–60 W and
up to 10 s of treatment was found to be a suitable therapeutic window for the treatment of cervical
neoplasia, showing strong reductions of CC cell proliferation and only minor effects on the proliferation
of NCCT (for the full data set of all cell lines, including all Watt powers and treatment times, please see
Figure S3).

2.3. Metabolic Activity of CC Cells and Healthy NCCT Cells after Non-Thermal MABS Treatment

After seeing the antiproliferative effect of MABS in our long-term proliferation assay, we aimed at
investigating if the antiproliferative MABS effect is associated with an impact on the metabolic activity
of cells. As a readout, we used the sensitive and reliable MTT assay to measure the cells’ capability to
perform NADH reduction processes. First, SiHa and NCCT cells were treated with different dosages
of MABS and were analyzed after 24 h (Figure 3a).

We showed that the metabolic activity of the cells was firmly and dose-dependently decreased
in SiHa cells. After 10 s MABS treatment at 10 W, SiHa cells already showed a substantial decrease
in metabolic activity compared to healthy NCCT control cells (SiHa: 25 ± 18%; NCCT: 102 ± 41%;
Figure 3). The MABS dosage of 25 W for 10 s again showed a significant difference of SiHa and NCCT
cells, with NCCT being less sensitive (SiHa: 8 ± 1%; NCCT: 67 ± 3%; Figure 3). However, 20 s of MABS
treatment with 60 W significantly attenuated cellular activity in both the cervical cancer cell line SiHa
and healthy NCCT with marginal, though significant, differences between the two cell types.
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Figure 2. Non-cancerous cervical tissue (NCCT) cells are less sensitive to MABS compared to cervical
cancer (CC) cells. Relative survival plots of CC cells (SiHa, Ca Ski, C-33 A, DoTc 2) or NCCT cells fixed
six days after MABS treatment with increasing watt power for (a) 5 s, (b) 10 s, and (c) 20 s. Shown is the
average of three independent experiments. For better visibility, the standard deviations are excluded
from this graph (see Figure S3 for full data set). In the bar diagrams (lower part), the values for 40 W
and 5 s (a), 10 s (b), and 20 s (c) are plotted. Results are expressed as the mean ± SD of relative survival.
* p < 0.05, ** p < 0.01, *** p < 0.001 as determined by Student’s t-test.

Table 1. ED50 doses (in Watt) necessary to cause 50% of overall cellular response of non-thermal MABS
treatment for 10 s.

Cell Line EC50 [W]

SiHa 25.4
CaSki 7.5

C-33-A 21.2
DoTc2 4510 14.1

NCCT - 1

1 ED50 calculation of NCCT was not feasible.

Interestingly, the metabolic activity of SiHa cells was obviously decreased when treated for 10 s of
MABS 10 W. However, this was not reflected by a decreased SiHa cell number at the same parameters
(Figure 2b). To correlate long-term MABS effects on cell metabolism and proliferation, we performed an
MTT assay on SiHa cells over 72 h (Figure 3b). Notably, following a significant decrease after 24 h, we
found a complete restoration of metabolic activity, suggesting that the immediate impact on metabolic
activity with the respective parameters was not sufficient to significantly decrease cell growth.

Both the proliferation and metabolic activity assays suggest that NCCT cells are, overall, less
sensitive to MABS treatment. Moreover, dosage has a major impact on the resulting cell effects.

313



Cancers 2020, 12, 1037

Figure 3. Metabolic activity was decreased in SiHa cells compared to NCCT cells. (a) Relative metabolic
activity measured via MTT assay in SiHa and NCCT cells 24 h after MABS treatment with given
parameters. MABS treatment of SiHa and NCCT cells showed a different impact on metabolic activity.
(b) Relative metabolic activity normalized to cell numbers of SiHa cells within 72 h after 10 W MABS
treatment for 10 s. Metabolic activity was restored after an initial decrease. Results are expressed as the
mean ± SD of relative activity. ** p < 0.01, *** p < 0.001 as determined by Student’s t-test.

2.4. RONS in MABS-Driven Cell Growth Inhibition

RONS are known to be one of the most critical factors for CAP-based cancer cell growth inhibition
and cytotoxicity. Therefore, we supplemented the culture medium with various concentrations of
the RONS scavenger N-acetyl-L-cysteine (NAC) [13] and investigated its effects on the proliferation
potential of cells in combination with MABS treatment. As treatment parameters, we used 50 W for 10 s,
which corresponds to the double ED50 dose measured for SiHa cells (see Table 1). The supplementation
of NAC into the culture medium prior to MABS treatment caused a significant decrease in the sensitivity
of SiHa cells when compared to the MABS negative controls at respective NAC dosages (Figure 4a,f).
This disabling effect of NAC in SiHa cells was concentration-dependent and reached its maximum at
NAC concentrations of 8 mM (1 mM: 34± 7% vs. 8 mM: 83± 21%). Increasing the NAC concentration to
20 mM increased cell survival upon MABS treatment but had already slight cytotoxic effects (Figure 4a,f).
Similar results of a rescuing effect of NAC after MABS-treatment could be seen for the cancer cell line
CaSki (no NAC: 5 ± 2% vs. 8 mM NAC: 76 ± 1%) (Figure 4c,f) and DoTc2 4510 (no NAC: 7 ± 1% vs.
4 mM NAC: 48 ± 6%) (Figure 4d,f). Surprisingly, the C-33 A cell line did not show any rescuing effect
after NAC addition (no NAC: 10 ± 2% vs. 4 mM NAC: 14 ± 1%) (Figure 4e,f). NCCT cells were, as
seen in our prior assays, less sensitive to the MABS treatment even without NAC supplementation
(Figure 4b,f; untreated: 100 ± 2% vs. treated: 57 ± 7%). Supplementation of 1 mM NAC significantly
abrogated the detrimental effect of MABS on cell survival, almost rescuing it to control levels (untreated:
101 ± 1% vs. treated: 92 ± 4%). Exceeding NAC concentrations of 2 mM led to the decrease of cell
survival regardless of treatment and reached its maximum at 20 mM NAC, showing severe toxicity in
NCCT cells (untreated: 2 mM = 101 ± 1%; 8 mM = 79 ± 2%; 20 mM = 26 ± 2%). These data show that
RONS play a major role in MABS-mediated toxicity. Scavenging by NAC supplementation abrogates
their negative effects.
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Figure 4. MABS effects are mainly mediated by reactive oxygen and nitrogen species (RONS). Influence
of the reactive oxygen species (ROS) scavenger N-acetyl-L-cysteine (NAC) on cell survival of SiHa (a),
NCCT (b), CaSki (c), DoTc2 (d), and C33-A (e) cells incubated in media supplemented with various
NAC concentrations prior to MABS treatment for 10 s with 50 W and fixed and analyzed six days after
treatment. The bar diagrams show the average result of the proliferation assay of three independent
experiments. (f) Crystal violet staining of one representative proliferation assay in cell lines analyzed
in (a–e). Results are expressed as the mean ± SD of relative survival. * p < 0.05, ** p < 0.01, *** p < 0.001
as determined by Student’s t-test.
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3. Discussion

In this study, we investigated the effects of non-thermally operated MABS, an electrosurgical argon
plasma device of the first generation, on cell proliferation and metabolism. MABS is a commonly used
electrosurgical plasma source with high availability in clinics worldwide. The aim of our investigation
was to prove, that, under non-thermal conditions, MABS has the same impact on cell growth of
healthy and cancer tissue compared to conventional CAP sources. Throughout the study we (i)
characterized the generation of heat on primary human mucosa during static and dynamic treatment
procedures and the spatially resolved optical emission of MABS effluent by OES using an integrating
sphere, (ii) investigated the energy- and treatment-time-dependent impact on cell growth of a CC cell
line panel and NCCT, and (iii) correlated the observations with RONS-dependent effects on cellular
metabolic activity.

The generation of radicals within the gas, liquid, and solid interfaces are known to be the main
triggers of CAP effects primarily linked to inhibition of cell proliferation and cell death [14–16,19].
Interestingly, by using electron spin resonance (ESR) spectroscopy, our research group recently showed
that MABS was characterized by an 18-fold higher increase of total spin density generated within
10 s of treatment when compared to that of the CAP device kINPen med [19–21]. OH and H radicals
significantly dominated the signals of other radicals in MABS-treated solutions, whereas superoxide
anion radicals and hydroxyl radicals were the abundantly found reactive species in kINPen. However,
kINPen med and MABS feature completely different principles of plasma generation, plasma tissue
conduction, and operating parameters. Therefore, drawing conclusions about the biological impact of
MABS on cancerous and healthy cells is hardly possible.

Here, we evaluated for the first time the impact of non-thermal MABS treatment in four different
CC cell lines, SiHa, C-33 A, DoTc2 4510, and CaSki, as well as healthy primary cells from cervix uteri
(NCCT). We found a significant inhibition of cell proliferation as well as reduced metabolic activity,
most likely by MABS-generated RONS. This was next indirectly evaluated by the addition of NAC,
which is a synthetic precursor of intracellular cysteine and glutathione (GSH) [13]. NAC addition
prior to MABS treatment with increasing concentrations significantly prevented CC cells and NCCT
cells from MABS-dependent cytotoxicity (Figure 4). However, NAC concentrations exceeding 8 mM
had a cytotoxic impact on the cells, shown by decreased cell growth in both MABS treated cells and
controls. As a potential target in anti-cancer therapy, intracellular GSH levels have been investigated
intensively in different fields of oncology and were shown to allow cancer cells to cope with the
oxidative stress caused by their increased metabolism and proliferation rate. In many cancer cells,
strongly increased GSH levels are observed compared to non-cancerous cells [22]. The capability
of NAC to counteract CAP-mediated apoptosis has been demonstrated on prostate cancer cells and
other tumor entities [2,11,13]. Similar to the present study, the incubation with 5 mM NAC sufficed to
increase cell growth after MABS treatment, and according to previous work, was likely via intracellular
conversion of cysteine into glutathione. According to Yan et al., transmembrane carrier proteins
(aquaporins) may play a major role in CAPs’ mechanism of action [16]. The aquaporin subtypes AQP
1 and especially 3 and 8 were suggested to enable the transmembrane transport of reactive species,
mainly H2O2 [23–25]. Notably, the CC cell line SiHa also was shown to express high levels of AQP
1, 3, and 8, whereas human fibroblasts were mainly characterized by only AQP 1 expression, due
to a relatively small contribution to skin water homeostasis [26]. It could be hypothesized that the
selective MABS efficacy between CC cells and NCCT observed in this study, at least partly, is due
to the different expression of specific transmembrane carriers and the resulting differences in the
amount of transferred RONS. There have been enormous efforts to investigate the selective effect
of CAP on benign and malignant cells. Yan et al. reported of 31 investigated cell lines in several
studies that showed a remarkable selectivity [27]. However, the number of studies comparing benign
and malignant cells of identical histological origin is low. Often, the studies even lack comparable
experimental conditions such as differing treatment parameters and different cell culture media, which
was avoided in the present study. Indeed, the malignant cell lines and benign NCCT cells we used
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anatomically originate from the cervix uteri, thus, the different cells are not characterized by complete
histological comparability. Cervical cancer is a highly invasive and often low differentiated tumor,
strongly involving the benign peritumoral milieu. Therefore, the comparison of epithelial tumor cells
and stromal cells such as primary cervical fibroblasts, nevertheless, reflects the aspects of a future
in vivo treatment.

Although all four CC cell lines, as well as NCCT cells, were sensitive to MABS treatment, we
found energy- and treatment-time-dependent differences between both the different CC cells and
especially when comparing CC cells to NCCT (Figure 2; Figure S3). Generally, the CC panel used in
this study combines characteristics of squamous epithelial tumors and adenocarcinomas. Two cell
lines (SiHa and CaSki) harbor HPV infections, and one cell line was obtained from a metastatic CC
lesion. Moreover, the cell lines harbor distinct mutational patterns, including well-known mutations
in gynecological cancers, such as p53, BRCA2, or PIK3CA. Interestingly, CaSki cells, derived from a
metastatic site, were most sensitive compared to the primary tumor-derived SiHa, C-33 A, and DoTc2
4510. Apart from this, we found no evidence for a distinct factor resulting in increased resistance to
MABS treatment, pointing to multifactorial intracellular processes induced by MABS treatment.

Particularly for malignant cell entities, apoptotic cell death is by far the best-described cellular
CAP mechanism in the literature [16]. An increasing number of studies, however, reveal that healthy
tissue is not as affected by apoptosis as critically as are malignant cells. Based on different apoptosis
assays, our group recently showed that apoptosis cannot sufficiently explain the CAP-dependent
inhibition of cell proliferation in primary human fibroblasts using an APPJ [19]. In line with this,
Liedke et al. showed similar apoptosis-independent cell effects on healthy mouse embryonic fibroblasts
after treatment with an APPJ [28]. Gümbel et al. used MABS for the treatment of an osteosarcoma
cell line in comparison with 3T3 mouse fibroblasts at 25 W and 2.6 L argon gas flow [29]. At these
conditions, 10 and 30 s of MABS treatment caused a significant inhibition of cell growth of both
cell types. Interestingly, this effect was much more pronounced in 3T3 fibroblasts compared to
osteosarcoma cells. Besides that, there may be crucial differences between the proliferation of human
osteosarcoma and cervical cancer. However, the xenogenic comparison of human cancer tissue and
mouse fibroblasts might be associated with serious errors. Furthermore, 5 s of MABS treatment had
only marginal effects on cell growth of osteosarcoma cells, whereas 5 s of treatment with the CAP
source kINPen med (Neoplas tools, Germany) was followed by a significant decrease of metabolic
activity [29]. It can be assymed that if the level of oxidative stress triggered by MABS exceeds the
threshold that can be managed by the cellular antioxidative system, e.g., GSH, apoptosis cascades
will be induced [30]. Reactive nitrogen species (RNS), such as nitric oxide (NO), seem to undertake
further and highly orchestrated mechanisms that are responsible for several regulative effects, such as
post-translational modification, S-nitrosation, and epigenetic DNA modifications [31]. Notably, all
these effects can be tumor-promoting or tumor-suppressing in a dose-dependent manner, followed
by proliferation, chemoresistance, angiogenesis and metastasis or apoptosis, anti-angiogenesis, and
enhanced chemo-sensitivity. Moreover, computer simulations showed that RNS reveal enhanced
permeability through phospholipid bilayers compared to that of reactive oxygen species (ROS) [32].
Considering that elevated RONS levels overstrain the antioxidant resistance of cancer cells, MABS
promises to be highly effective, as we found the reactivity of MABS significantly higher compared to
the kINPen due to greater excitation of atoms measured by spatially resolved OES and higher levels of
generated oxygen-centered radicals analyzed by ESR (Figure 1) [19,21].

To the best of our best knowledge, this is the first study characterizing MABS by OES measurement.
Moreover, we used an integrating sphere, also known as an Ulbricht sphere, to enable an absolute and
uniform identification of MABS-induced optical emissions as a result of diffuse and multiple reflectance
on the inner surface. We visualized detailed MABS-emissions in the UV, VIS, and IR-regions. Within
the UV-A/B region, usual N2-peaks were detected, and no emissions were found in the UV-C region
(Figure 1). Excessive UV (especially UV-C) radiation, however, would represent nearly intolerable
risks for the development of cancer.
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In summary, we showed that the antiproliferative impact of non-thermally operated electrosurgical
MABS sources on biological tissue was comparable to common CAP sources. An abundance of new
CAP sources are introduced every year. The purchase and commissioning of these devices, however, is
associated with high costs due to their limited range of clinical applications and the lack of clinical
and in-human experience. To date, only a few in vivo studies with relatively low numbers of enrolled
patients have been performed on tumor tissue. First investigations on the efficacy of CAP in clinical
settings have been made by repeated, direct CAP treatment of locally advanced head and neck cancers
in six patients, and of 12 patients within a confirmatory clinical pilot study using a kINPen MED plasma
jet [33,34]. The treatments resulted in reduced pain and overall improved quality of life. However,
only 2 out of six patients showed a partial tumor remission for several months by an elevated apoptosis
rate within the tumor tissue.

Electrosurgical argon plasma sources such as MABS were developed for high-frequency (HF)-based
surgery and are mostly used for different thermal procedures in human [35]. Common HF electrosurgical
argon plasma sources are widely available. Due to the variety of possible clinical applications, the
long-term costs of these devices are relatively low. Massive thermal damage and damage through
excessive UV radiation appear unlikely based on the thermographic and spatially resolved OES
measurements performed in this study. Therefore, electrosurgical plasma sources, such as MABS, could
be a safe, suitable, highly effective, and cost-efficient alternative to perform in vivo plasma applications
for the treatment of human mucosa. In particular, the low-invasive, efficient, and easy-to-perform
treatment of precancerous and cancerous lesions of the cervix uteri without the necessity of general
anesthesia could be feasible with MABS and other comparable systems. Ex vivo investigations showed
that the technology mediates the tissue effects through the full thickness of human epithelium of
the cervix uteri [36]. Dynamic MABS treatment with continuous motion enabled the non-thermal
treatment of human tissue, which is a feasible treatment strategy for future in vivo applications (Figure
S1). Next generation electrosurgical argon plasma devices are characterized by increased control and
harmonization of tissue treatments. The development of new operating modes for plasma generation
as well as assistance systems for applications will further lower potential risks for adverse tissue
damage and application errors. These insights combined with the results from this study will enable
clinical in vivo evaluation of the MABS technology for the treatment of precancerous and cancerous
lesions of the cervix uteri as well as other sites of human mucosa.

4. Materials and Methods

4.1. Electrosurgical Argon Plasma Source (MABS)

MABS was generated with the Martin Argon Beamer System (MABS, KLSmartin, Tuttlingen,
Germany) including the KLSmartin maXium® high voltage generator unit, the maXium® Beamer as an
argon plasma module, and a plasma application probe using argon as a carrier gas. The default “argon
plasma coagulation mode” was selected, and the system was operated with a nominal power between
10 and 60 W at a defined distance from the tissue of 7 mm. We found that 10 W was the minimal power
that was needed for reliable ignition of the plasma beam. The gas flow did not influence beam ignition
and was set to 3.0 L min−1.

4.2. MABS Treatment Setup

The experiments were performed under a biosafety cabinet to create identical experimental
conditions, and the neutral electrode was placed on the metal surface of the hood. Then, a metal block
was put onto the neutral electrode to serve as an experiment table for the 96-well plate that was then
placed on the metal block. This setup was designed to ensure that the electric currents could be safely
deduced and to allow the proper ignition of the plasma beam. The MABS application probe was then
placed at a 7 mm distance from the surface of the 100 μL cell culture media. In vitro MABS treatment
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was performed statically with 3 L min−1 gas flow. Depending on the experimental setup, the treatment
power and treatment time varied between 10 W and 60 W and between 5 s and 20 s, respectively.

4.3. Infrared Thermography

The temperature during MABS treatment was measured by infrared thermography using a FLIR
P620 infrared camera (FLIR Systems, Wilsonville, OR, USA) with a set emissivity of 0.98 at a distance
of 50–150 cm. Measurements were performed at standardized conditions of 24 ◦C temperature and
44% humidity during the treatment of (i) 100 μL of DMEM in a 96-well cell culture and (ii) the inner
layer of n = 6 primary human preputial tissues from male donors, 1–6 years of age of Caucasian and
African origin (non-keratinizing stratified squamous epithelium). The sequences were obtained with
one frame per second and were analyzed with the FLIR TOOLS software (FLIR Systems). For static
MABS treatment, the human preputial tissues were placed on an aluminum plate connected to the
neutral electrode and were MABS treated for indicated time points. For MABS treatment at different
movement velocities, the tissue samples were placed on an aluminum plate coupled with an actuated
linear rail. Dynamic plasma treatment was mimicked by moving the tissue sample below the fixed
plasma probe at different defined velocities of the linear rail.

4.4. Optical Emission Spectroscopy (OES)

For OES of the MABS effluent in the region between 200 and 850 nm corresponding to ultraviolet
(UV), visible (VIS), and near-infrared (NIR) regions, a DongWoo 700 spectrometer (Dongwoo Optron,
Gwangju-Si, Korea) and the Andor iStar ICCD (Andor Technology, Belfast, UK) with a grating of
1200 nm and a blaze of 300 nm were used. The spectrum was generated by the accumulation of
20 measurements at the same gain (gain setting: 180; exposure time: 0.05 s) over a wavelength range
of 200 to 850 nm using “step and glue” mode. Calibration of the detector was performed by using a
xenon calibration lamp (L.O.T.-Oriel, Darmstadt, Germany). During OES measurement, the MABS
source was operated at 12 W and an argon gas flow rate of 3 slm in a continuous working mode. OES
was either performed in ambient air or within an integrating sphere at ambient air conditions. For the
frontal OES at ambient air, the MABS effluent was focused via quartz glass and a convergent lens at a
distance of 7 mm. For the spatially resolved OES, a hollow sphere (Ulbricht sphere, Figure 1c was used
as previously described [19].

4.5. Cell Lines

CaSki (ATCC CRL-1550), DoTc2-4510 (ATCC CRL-7920), SiHa (ATCC HTB-35), and C-33-A
(ATCC HTB-31) were purchased from ATCC (ATCC® TCP-1022™, American Type Culture Collection,
Manassas, VA, USA). CaSki and SiHa cells are positive for human papillomavirus (HPV) and are
derived from squamous cell carcinomas of the cervix uteri, whereas DoTc2 4510 and C-33 A are derived
from adenocarcinomas. NCCT cells were isolated from a primary cervical tissue sample after surgical
removal at the Department of Women’s Health, University Hospital Tübingen, Germany. Human
preputial tissue from donors after circumcision was used for measurements. The cell division time
of NCCTs and each cell line used in this study is about 20–30 h. The scientific use of human tissue
samples was approved by the institutional review board of the Ärztekammer Baden-Württemberg
(ethical vote: F-2012-078) and the medical faculty of the University Hospital Tübingen (ethical vote:
649/2017BO2). Written informed consent was obtained from all patients. Tissue samples were
transported in DMEM supplemented with 1% penicillin/streptomycin. To confirm the benign nature
and the lack of histological features of an HPV infection of the primary tissue, pathological review
of the specimen was performed by a gynecological pathologist at the pathology department of the
university hospital in Tübingen.
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4.6. Cell Culture

All cell lines were cultured with Dulbecco’s Modified Eagle Medium (DMEM, CAT no. 11965092,
Thermofisher Scientific, Waltham, MA, USA) media + 1% GlutaMax (CAT No. 35050061, Thermofisher
Scientific) + 1% Penicillin/Streptomycin in standard 100 mm TC-treated polystyrene cell culture dishes
and were incubated at 37 ◦C, 5% CO2. The MABS experiments were performed on standard TC-treated
polystyrene 96-well plates with a volume of 100 μL cell culture medium. Cells were detached using
Trypsin-EDTA 0.05% (Thermofisher Scientific, CAT No. 25300054), transferred in solution, and counted
manually using a Neubauer’s counting chamber.

4.7. Crystal Violet Proliferation Assay

Cells were plated on 96-well plates (2000 per well) with a volume of 100 μL cell culture medium
on day 0. MABS treatment was performed on day 1. On day 7, plates were fixed for 10 min with 96%
methanol, stained with 0.1% crystal violet, and washed with dH2O. Dried plates were scanned (Epson
Perfection V800, Epson, Suwa, Japan; Settings: Positive film mode, 600 dpi, saved as TIF-format) and
analyzed with ImageJ software (NIH, Bethesda, MD, USA). Cell survival graph preparation and EC50

calculations were achieved with GraphPad Prism software (La Jolla, CA, USA). For RONS scavenger
experiments, N-acetyl-L-cysteine (NAC) (Sigma Aldrich, St. Louis, MO, USA, CAS no. 616-91-1)
diluted in dH2O was added to the media prior to MABS treatment.

4.8. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) Assay

Cells were plated on 96-well plates (8000 per well) with a volume of 100 μL cell culture medium
on day 0. MABS treatment was performed on day 1. Then, 3 h before the indicated time points (4–72 h)
the MTT-reagent was applied and incubated. Readout was performed on a Tecan Sunrise Absorbance
microplate reader. Data analysis was performed with GraphPad Prism software (La Jolla, CA, USA).

4.9. Immunofluorescence

For immunofluorescent staining, cells were fixed with 4% formaldehyde for 5 min at room
temperature (RT) and permeabilized with 0.2% Triton-X for 5 min before blocking in 4% fetal bovine
serum albumin (BSA) in 1× PBS supplemented with 0.1% Tween (PBS-T) for 1 h. Cells were incubated
overnight at 4 ◦C with primary antibody in PBS-T with 4% BSA, washed three times with PBS-T, and
incubated with secondary antibody and DAPI in PBS-T with 4% BSA for 2 h at room termperature. The
following antibodies were used: rabbit-monoclonal anti-Fibronectin (F1) (ab32419, Abcam, Cambridge,
UK; 1:300), mouse-anti Cytokeratin (CK3-6H5)-FITC (130-080-101, Miltenyi, Bergisch Gladbach,
Germany, 1:100), and secondary antibody goat anti-rabbit-Alexa594 (A11012, Molecular probes, 1:400).

5. Conclusions

MABS treatment led to cytostatic and cytotoxic effects in CC cell lines, as well as in NCCT cells of
the cervix uteri. The cellular effects were dose- and time-dependent. NCCT cells were significantly
less responsive to MABS treatment, suggesting a sort of neoplastic specificity with regard to potential
in vivo applications. We investigated such effects via proliferation assays, which showed a massive
decrease in viable cells following MABS treatment, especially in CC cells. Cytostatic effects were
observed with MTT assays, revealing a higher decrease of metabolic activity in CC cells compared to
NCCT cells. By NAC-triggered counteraction of the MABS effects, we suggest RONS are the main
active components of MABS. This was shown by the neutralization of RONS, both intracellularly
as well as in the cell culture media, with NAC, a scavenger of reactive oxygen and nitrogen species.
By doing so, we were able to diminish the described effects of MABS on CC and NCCT cells. Our data
indicate that MABS is a suitable option for in vivo MABS treatment of precancerous lesions of the
cervix and of CC.
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Abstract: Through the last decade, cold atmospheric plasma (CAP) has emerged as an innovative
therapeutic option for cancer treatment. Recently, we have set up a potentially safe atmospheric pressure
plasma jet device that displays antitumoral properties in a preclinical model of cholangiocarcinoma
(CCA), a rare and very aggressive cancer emerging from the biliary tree with few efficient treatments.
In the present study, we aimed at deciphering the molecular mechanisms underlying the antitumor
effects of CAP towards CCA in both an in vivo and in vitro context. In vivo, using subcutaneous
xenografts into immunocompromised mice, CAP treatment of CCA induced DNA lesions and
tumor cell apoptosis, as evaluated by 8-oxoguanine and cleaved caspase-3 immunohistochemistry,
respectively. The analysis of the tumor microenvironment showed changes in markers related to
macrophage polarization. In vitro, the incubation of CCA cells with CAP-treated culture media (i.e.,
plasma-activated media, PAM) led to a dose response decrease in cell survival. At molecular level,
CAP treatment induced double-strand DNA breaks, followed by an increased phosphorylation and
activation of the cell cycle master regulators CHK1 and p53, leading to cell cycle arrest and cell death
by apoptosis. In conclusion, CAP is a novel therapeutic option to consider for CCA in the future.

Keywords: cholangiocarcinoma; cold plasma; innovative therapy; tumor cells; macrophages; plasma
selectivity; plasma jet
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1. Introduction

Cholangiocarcinoma (CCA) is a tumor of the biliary tree with poor prognosis that is characterized
by a dense desmoplastic stroma [1]. CCA is a rare tumor. Currently, CCA accounts for 3% of all
gastrointestinal cancers, but overall its incidence tends to increase worldwide. So far, surgical resection
of the tumor is the only curative and effective therapeutic option. However, this cancer is usually
diagnosed at advanced stage, so that this treatment is feasible in a small proportion of patients and
recurrence is high. When tumor resection is not possible or when recurrence occurs, the therapeutic
alternatives consist in palliative treatments based on chemotherapy regimens with poor results [2].
Hence, there is a need for new therapeutic approaches.

Cold atmospheric plasma (CAP) (named also non-thermal plasma or low temperature plasma)
is a weakly ionized gas that is created by electrical discharges, composed of transient, energetic,
and chemical active species (electrons, ions, metastables, radicals) that displays radiation, gas dynamics
and electric field properties. Today, CAP interaction with biological systems (cells, tissues, tumors) is
studied to address medical issues, such as blood clotting, wound healing, dentistry, repair surgery,
cosmetics, infectious and inflammatory diseases, and oncology [3]. CAP science and technology appear
as a new research avenue to provide breakthrough solutions where conventional therapies in cancer
appear limited [3]. Indeed, plasmas can reduce the cell proliferation or tumor volume in preclinical
mice models, in several types of cancers, including skin, pancreatic, bladder, and colon [4,5]. Therefore,
plasmas have major potential in driving antitumor effects, notably in resistant tumors, such as CCA.
The primary action of CAP is to generate long-lived molecules, such as reactive oxygen and nitrogen
species (RONS), mainly from nitrogen and oxygen in atmospheric air or solution. This action can
be either beneficial or deleterious on living tissues, depending on their concentrations. RONS are
primarily responsible for the anti-tumor activity of CAP. They drive cell cycle arrest and cell death by
damaging DNA and regulating cancer-relevant molecules, such as the tumor suppressor p53 [6,7].

To date, only two studies addressed the potential of CAP to treat liver tumors [5,8]. In these
studies, CAP was tested on hepatocellular carcinoma cell lines and induced cell death. We previously
engineered a new cold plasma jet device that showed significant antitumor effects in a mouse CCA
model, without inducing toxic effects on heathy tissue, in order to investigate CAP as a potential
new therapeutic option [9]. Here, we aim to gain insight into the molecular mechanisms by which
CAP halts CCA development and progression in vivo and in vitro. In addition, we investigated
whether CAP has an effect on non-tumoral cells notably hepatocytes, the parenchymal liver cells.
Evidence was previously provided to indicate that CAP induced cell death selectively in tumor cells
and not in non-malignant cells [3]. The tumor itself is a complex tissue structure, including cells
of the tumor microenvironment, such as cancer-associated fibroblasts (CAF), endothelial cells (EC),
and tumor-associated macrophages (TAM). Therefore, we also evaluated in vivo the impact of CAP on
these cell populations.

2. Results

2.1. Cold Atmospheric Plasma Treatment Reduces Cholangiocarcinoma Progression in a Murine
Xenograft Model

We previously compared two CAP generating devices, i.e., Plasma Gun (PG) and Plasma Tesla
Jet (PTJ), showing that both devices were safe, but differed with respect to anticancer properties [9].
Only PTJ (Figure 1a) displayed a significant therapeutic efficacy in a subcutaneous xenograft model of
CCA [9]. In the present study, we used the same model to further analyze the molecular mechanisms
accounting for PTJ effects in the same preclinical model. In order to better assess the effect of CAP
on CCA growth, we compared its effect with that of gemcitabine, one of the chemotherapeutic drugs
currently used in CCA patient treatment.
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Figure 1. (a) Experimental setup of the Plasma Tesla Jet device (PTJ). (b) Schematic representation and
representative image of the cold atmospheric plasma (CAP) application to subcutaneous xenograft
cholangiocarcinoma (CCA) tumors. (c) Tumor volume of mice bearing CCA developed from EGI-1
cells treated with gemcitabine (120 mg/kg, black circles), CAP (1 min. at 9 kV of amplitude,
frequency = 30 kHz, duty cycle = 14%, gap = 10 mm, purple circles) or untreated (control, white circles).
Arrows indicate treatments points with CAP and gemcitabine. (d) Tumor weight at sacrifice (day 35).
(e) Representative images of tumors from each group at sacrifice. (f) Plasmatic concentrations of alanine
aminotransferase (ALAT), aspartate aminotransferase (ASAT) and lactate dehydrogenase (LDH). Values
are expressed as means ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

EGI-1 CCA cells were injected to induce tumors in the flank of immunodeficient mice and,
once the tumors reached an arbitrary volume of 200 mm3, we applied CAP directly on the tumors
(Figure 1b) or we administrated gemcitabine by intraperitoneal injection twice a week for three weeks
(see red arrows in Figure 1c). Animals were sacrificed 2 h after the last treatment. Tumor size and
growth rate were significantly reduced after the application of CAP (Figure 1c–e) consistently with our
previous results [9]. The well-established antitumoral effect of gemcitabine was evident and it exceeded
that of CAP [10]. We measured the plasma concentrations of alanine aminotransferase (ALAT) and
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aspartate aminotransferase (ASAT) as well as lactate dehydrogenase (LDH) in treated mice to verify
that local CAP treatment did not induce side effects in the whole organism. No significant difference
of concentration was observed between CAP treated animals and controls (Figure 1f). By contrast,
ASAT and LDH were significantly increased in the animals that received gemcitabine, indicating
liver damage (Figure 1f). These results show the advantage of direct CAP treatment, which remains
local over the systemic effects of gemcitabine, but also less toxic. If, at first sight, CAP might appear
less efficient than gemcitabine, one has to underline that CAP exposure times were as low as 1 min.,
while the lifetime of gemcitabine injected in the organism is several hours.

2.2. Cold Atmospheric Plasma Induces Apoptosis in Cholangiocarcinoma Cells In Vivo

We performed a histological analysis of the tumors to further evaluate the effect of CAP on
CCA xenografts. A deep analysis revealed the presence of purple round structures that represent
calcifications (Figure 2a,b). These calcifications are often associated with apoptotic bodies and they
may represent a late state of condensed apoptotic structures. The quantification showed an increased
number of calcifications in tumors treated with CAP or gemcitabine when compared to the controls
(Figure 2c).

 

Figure 2. (a) Representative HE staining of control (upper panel), CAP (middle panel) and gemcitabine
(bottom panel) treated xenograft tumors. Magnification ×125. Scale: 500 μm. (b) Magnification (×1000)
of calcifications corresponding to apoptotic bodies (outlined in yellow). Scale: 50 μm. (c) Quantification
of apoptotic structures. ***, p < 0.001; compared with control tumors.
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The presence of these calcifications prompted us to study apoptosis, the main type of cell death
related to CAP, by performing immunostaining against cleaved caspase-3 (cCaspase-3), a critical
executioner of apoptosis that is responsible for the cleavage of many key proteins. Animals treated
with CAP showed an intense staining of cCaspase-3 in some areas of the tumors when compared to the
controls, as shown in Figure 3 (left panels). This staining was also present, but weaker in animals that
received gemcitabine. These differences that can be explained by the time at which the animals were
sacrificed, i.e., approximately 2 h after CAP or gemcitabine treatments. Since CAP is applied locally,
its effects operate faster than drugs that are delivered intraperitoneally, such as gemcitabine. Indeed,
this drug must be first absorbed and then transported to the tumors. In that latter case, the therapeutic
effects of gemcitabine may be observed later than 2 h.

Figure 3. Representative IHC staining of cleaved caspase-3 and 8-oxoguanine in control (upper panel),
CAP (middle panel) and gemcitabine (bottom panel) treated xenograft tumors. Magnification, ×250.
Scale: 200 μm.

We evaluated the presence of cellular components altered as a result of reactive species overload,
more specifically 8-oxoguanine, one of the major products of DNA oxidation, as an event that could
unchain the signaling pathways leading to cell death by apoptosis, since one of the main effects of CAP
is the production of RONS. CAP treatment was able to strongly induce DNA alterations, as shown
in Figure 3 (right panels). In addition, it is worth noting that these alterations were colocalized with
the areas positive for cleaved caspase-3 (left panels). This perfect overlapping enables us to bridge
DNA damage with cell apoptosis. Interestingly, there was no staining of 8-oxoguanine in tumors from
the group that received gemcitabine, showing that the main effects of this drug are not mediated by
reactive species related molecular mechanisms.
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2.3. Cold Atmospheric Plasma Reduces Viability of Cholangiocarcinoma Cells but Not of Normal Hepatocytes
In Vitro

Next, we performed in vitro studies on CCA cell lines to further dissect the effects that are induced
by CAP on tumor cells. First, we evaluated the effects of CAP treatment on the viability of two
human CCA cell lines, EGI-1, the same cell line used for the induction of subcutaneous xenografts,
and HuCCT1. Besides, to verify whether CAP treatment is biologically selective, non-malignant
primary human hepatocytes, the main cell type in the liver, where isolated from patients. They were
also exposed to the same CAP treatment to verify whether CAP might drive to side effects. We first
treated by plasma a standard volume of fresh culture media (3 mL) in a standardized plastic support
(6-well plates) for 3 min in order to standardize the application of CAP across the different in vitro
experiments. Second, we incubated the resulting plasma-activated culture media (commonly called
PAM) with either CCA cell lines or human hepatocytes in culture (Figure S1). Such indirect CAP
treatment induced a decrease in the viability of CCA cells and this effect became stronger for CAP
exposure times increasing from 1 to 10 min. (Figure 4a). In contrast, no effect was observed on the
viability of human hepatocytes isolated from 3 different patients (Figure 4a), hence demonstrating a
selective effect of CAP on tumor cells over non-malignant liver cells. Of note, similar experiments
performed after exposure to gemcitabine showed a dose-dependent decrease in cell viability that
was more pronounced in CCA cells, but reached an approximately 30% reduction in hepatocytes
(Figure 4b), demonstrating a better selectivity of CAP over gemcitabine. We evaluated the production
of RONS in media since CCA cell lines and primary hepatocytes need different culture media due to
specific requirements of each cell type. More specifically, we determined the concentration of NO2 and
H2O2 in CAP-exposed culture media at different time points, the same used in cell viability studies.
While the production of NO2 remains overall the same over treatment time in both types of media
(Figure 4c), production of H2O2, was approximately six times higher in hepatocyte media than in
CCA media (Figure 4d). To get more insight on this issue we determined the generation of ROS in
cell lysates from CCA cells and hepatocytes exposed to PAM. Interestingly, production of H2O2 was
only increased in CCA cells exposed to PAM, while it remained unchanged in hepatocytes (Figure 4e).
This observation led us to think about potential defense mechanisms protecting hepatocytes from
ROS production, more specifically, ROS-scavenging enzymes. Indeed, further analysis revealed that
the mRNA expression of several enzymes was strongly increased in hepatocytes when compared to
both CCA cell lines (Figure 4f). Altogether, these results validate the selective effect of CAP-activated
medium in CCA cells over hepatocytes.

2.4. Cold Atmospheric Plasma Induces Cell Cycle Arrest and Apoptosis in Cholangiocarcinoma Cells

CAP-derived RONS drive cell cycle arrest and cell death by damaging DNA, as previously
underlined [6,7]. For the following experiments we used the IC50 from the viability assays (Figure 4a),
corresponding to 3-min. treatment with CAP. Therefore, we evaluated the possibility of cell cycle arrest
in our experimental conditions. Indeed, flow cytometry analysis of cell cycle distribution showed
changes in the different phases (Figure 5). EGI-1 and HuCCT1 cells both experienced a decrease in the
percentage of cells in G0/G1 phases and S, and an increase of the percentage of cells in G2/M phases.

The accumulation of cells in G2/M indicate that cells arrested the cell cycle at the G2/M DNA
damage checkpoint, which serves to prevent cells with genomic DNA damage from entering the
M phase. Therefore, our next step was to determine whether, as observed in vivo, CAP treatment
could drive DNA damage in CCA cells in vitro. One of the most important proteins required for
checkpoint-mediated cell cycle arrest and DNA repair following double-stranded DNA breaks is the
histone H2AX. DNA damage that is caused by oxidative stress results in a rapid phosphorylation
of H2AX (named γH2AX), which leads to the recruitment of several proteins in response to DNA
damage. Immunofluorescence analysis showed a strong staining of phospho-histone H2AX in both
EGI-1 and HuCCT1 cells at different times (i.e., 24 h, 48 h and 72 h) after exposure to CAP-activated
culture medium compared to untreated cells (Figure 6a,d), being 72 h in EGI-1 and 48 h in HuCCT1
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cells, the highest signal, as ascertained by western blot (Figure 6b,c,e,f and Figures S3–S10). Western
blot analyses showed a clear correlation between the increase of histone H2AX phosphorylation and
PARP cleavage (Figure 6b–e and Figures S3–S10), a marker of cell apoptosis.

Figure 4. (a,b) Effect of CAP (a) and gemcitabine (b) on the viability of EGI-1 and HuCCT1 CCA
cells and human primary hepatocytes. Cell viability was measured after incubation for 72 h with
culture medium previously treated for 1, 3, 5, and 10 min. with CAP (9 kV, 30 kHz, 14%, gap of 7 mm).
(c,d) NO2 (c) and H2O2 (d) determination in culture media from CCA cells and primary hepatocytes.
(e) H2O2 determination in cell lysates from CCA cells and primary hepatocytes exposed to PAM for
3 min. (f) Expression of GSTA4, MSRB3, SOD1, SOD2, CAT2, and HMOX1 at mRNA level in CCA
cell and hepatocytes. Values are expressed as means ± SEM from at least three independent cultures.
*, p < 0.05; **, p < 0.01; ***, p < 0.001; compared with untreated cells (0 min.).

We evaluated the activation of the two parallel signaling pathways that ultimately break the cell
cycle once the DNA damage is sensed to better decipher the mechanism of cell cycle arrest in CCA cells
treated with CAP. These signaling cascades that block the progression to mitosis are led by CHK kinases
and p53, respectively. Western blot analysis from Figure 7b,c,e,f showed a strong phosphorylation
of both CHK1 and p53 from 24 h to 72 h in both cell lines. These results suggest that the cell cycle
is arrested soon after CAP-activated culture medium exposure, when DNA damage is first detected,
but apoptosis is not induced until the accumulation of DNA damage is strong enough, which is 72 h
after exposure to CAP in EGI-1 and 48 h in HuCCT1 cells. Interestingly, CAP exposure of hepatocytes
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showed a reduced expression of CHK1 and p53 when compared to CCA cells (Figures S2a and S11),
probably due to the low proliferative capacity of these cells in primary culture. Additionally, no changes
in H2AX phosphorylation or PARP cleavage were observed, indicating the absence of DNA damage
and corroborating the selective capacity of CAP in hepatocytes (Figures S2a and S11).

Figure 5. (a–d) Representative flow cytometry cell cycle measurement (a,c) and graphical representation
of the cell cycle distribution (b,d) of EGI-1 (a,b) and HuCCT1 (c,d) CCA cells after 24 h of exposure to
culture medium pretreated with CAP for 3 min. (9 kV, 30 kHz, 14%, gap of 7 mm). Cell populations in
G0/G1, S, and G2/M phases are given as percentage of total cells. Values are expressed as means ± SEM
from at least three independent cultures. *, p < 0.05; as compared with control cells.

Figure 6. Cont.
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Figure 6. (a,d) Representative images of phosphorylated H2AX (γH2AX) analyzed by immunofluorescence
in EGI-1 (a) and HuCCT1 (d) CCA cells after 24 h, 48 h and 72 h of exposure to culture medium pretreated
with CAP for 3 min. (9 kV, 30 kHz, 14%, gap of 7 mm). Magnification, ×10. (b,e) Representative
images of western blot analysis of cleaved PARP, phosphorylated and total p53, phosphorylated and
total CHK1 and phosphorylated H2AX in EGI-1 (b) and HuCCT1 (e) cells treated in the same conditions.
(c,f) Densitometry analysis of western blot from cleaved PARP, phosphorylated p53, phosphorylated
CHK1, and phosphorylated H2AX. Values are expressed as means ± SEM from three independent cultures.
*, p < 0.05; **, p < 0.01; compared with control cells.

 

Figure 7. (a–d) Representative images (a,c) and quantification (b,d) of apoptosis by flow cytometry
analysis of Annexin V/7AAD in EGI-1 (a,b) and HuCCT1 (c,d) CCA cells after 48 h of exposure to PAM
for 3 min. (9 kV, 30 kHz, 14%, gap of 7 mm). Values are expressed as means ± SEM from at least three
independent cultures. *, p < 0.05; **, p < 0.01; compared with control condition.
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When these experiments were reproduced after exposure to gemcitabine, we observed similar
results in terms of increase of H2AX, CHK1, and p53 phosphorylation, accompanied by PARP cleavage
in both CCA cell lines (Figures S2b, S12 and S13). Interestingly, gemcitabine induces DNA damage
in hepatocytes in a dose dependent manner (Figures S2c and S14), concordant with the decrease in
viability that is observed in Figure 4b, and this DNA damage started as early as 24 h after exposure and
was maintained until 72 h, as ascertained by H2AX phosphorylation (Figures S2d and S15). However,
no change was observed in the phosphorylation of CHK1 and p53 or PARP cleavage, indicating that
the reduction in hepatocyte viability induced by gemcitabine might not be related to cell cycle arrest
and apoptosis, but other types of dead, such as necrosis or senescence.

Finally, we verified that the decrease in cell viability of EGI-1 and HuCCT1 after CAP treatment
was due to apoptosis. Indeed, the exposure of cells to PAM reduces the number of viable cells and
increases the populations in the quadrants corresponding to late-apoptotic and necrotic cells in both
cell types (Figure 7a–d), as ascertained by Annexin V-7AAD quantification by flow cytometry. Of note,
this increase in apoptotic cells was observed in HuCCT1 at 48 h, but it was not in EGI-1 at this time,
only becoming evident at 72 h in the later. These results may corroborate that apoptosis is not induced
until the accumulation of DNA damage is strong enough, that is 72 h after exposure to PAM in EGI-1
and 48 h in HuCCT1 cells.

2.5. Cold Atmospheric Plasma Affects the Phenotype of Tumor-Associated Macrophage

Besides the effects of CAP on tumor cells, we sought to determine whether CAP exposure might
have any effect on the stroma of the EGI-1 subcutaneous xenograft model. This model has the advantage
of providing the opportunity of evaluating the expression of human genes, corresponding to the injected
tumor CCA cells, and murine genes, corresponding to the cells forming the stroma that are recruited by
cancer cells during tumor formation. Therefore, we examined the mRNA expression of different specific
markers corresponding to cancer-associated fibroblasts (CAF) (Acta2, coding alpha-SMA), endothelial
cells (EC) (Pecam1, coding for CD31), and tumor-associated macrophages (TAM) (Adgre1, coding
for F4/80). There were no significant changes in the mRNA of Acta2 or Pecam1 among the different
groups (Figure 8a). However, the expression of Adgre1 increased in the tumors from the animals
that received CAP or gemcitabine treatment when compared to the controls, suggesting a potential
enhanced recruitment and/or proliferation of TAM in the treated tumors (Figure 8a). The presence
of TAM in tumor from the different groups was evidenced by immunohistochemical analyses of
F4/80, as shown in representative images from each group (Figure 8b), although it was impossible to
properly determine the differences in macrophage infiltration by F4/80 IHC quantification. However,
we decided to perform a preliminary analysis to elucidate this point based on previous publications
indicating a phenotypic change of macrophages in absence of changes in the total number of these
cells after exposure to experimental therapies [11]. Analysis of Ccl2 (coding for Monocyte chemotactic
protein-1, MCP-1) and Ccr2, a chemokine and its receptor, respectively, which are major regulators of
monocyte chemotaxis and macrophage trafficking, showed an increased expression in groups that
were treated with CAP and gemcitabine when compared to the controls (Figure 8c), which might
suggest changes in chemotactic response of resident TAM. In addition, CAP was able to increase the
expression of several cytokines that are associated with the antitumor phenotype of macrophages
and that are involved in the induction of apoptosis, i.e., Tnfa (coding for Tnfα), Tnfsf1 (coding for
TNF-related apoptosis-inducing ligand (Trail)) and Il1b (coding for Il1β) (Figure 8d). These results are
in accordance with previous publications that link CAP treatment with the modulation of immune
cells and together with the increasing interest of immunotherapies as cancer treatment validate the
need for further investigation on this topic in CCA.
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Figure 8. (a) Changes in mRNA expression of cell type markers (Acta2/α-SMA, a marker of
cancer-associated fibroblasts CAFs, Pecam1/CD31, a marker of endothelial cells (EC) and Adgre1/F4/80,
a marker of tumor-associated macrophages (TAM) in control (white bars), CAP (purple bars) and
gemcitabine (black bars) treated xenograft tumors. (c) Representative IHC staining of F4/80 in the
same tumors. Magnification ×250 (inserts ×1000). Scale: 200 μm. (b) Changes in mRNA expression of
Ccl2/Mcp1 and Ccr2 (c) in control (white bars), CAP (purple bars) and gemcitabine (black bars) treated
xenograft tumors. (d) Changes in mRNA expression of pro-apoptotic cytokines (Tnfa/Tnfα, Tnfsf1/Trail
and Il1b/Il1β) in control (white bars), CAP (purple bars), and gemcitabine (black bars) treated xenograft
tumors. Values are expressed as means ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001;
compared with control tumors.

3. Discussion

In the present work, we analyzed the effects of CAP in vivo in a mouse xenograft model of CCA
and in vitro on human CCA cell lines, as well as on non-malignant human hepatocytes. We found
that local application of CAP on the tumor halts its growth without inducing systemic side effects.
The analysis of tumors showed areas of calcification suggesting cell dead, which was confirmed by
immunostaining of cleaved-caspase-3, a protein of the apoptotic pathway, along with DNA lesions due
to plasma-originated reactive species. In vitro, CAP-activated medium contains reactive species (e.g.,
nitrites) that induced oxidative stress and reduced cell survival by arresting the cell cycle and inducing
apoptosis in CCA cells but not in hepatocytes. Finally, preliminary analysis suggested changes in the
surrounding stroma of CCA tumors after exposure to CAP.

Since the early 2000s, CAP have generated a lot of interest in cancer medicine as a promising
treatment for cancer without inducing systemic toxic side effect. The anti-tumor properties of CAP
are now well established and tumor volume reductions have been demonstrated in murine tumor
models of several cancer types, including pancreatic [12,13], ovary [14], breast [15] and colon [16],
melanoma [17], and glioblastoma [6,18]. We investigated if CAP might drive to anti-cancer effects
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in vivo since CCA is a very aggressive tumor with a limited therapeutic arsenal. We conducted
further studies to decipher in a deeper way the cellular mechanisms behind CAP effect based on our
previous work that aimed to set up a safe device with anti-tumor properties in CCA [9]. Up to date,
the only two studies dealing with the effects of CAP on liver cancer were performed in hepatocellular
carcinoma cell lines [5,8]. Thus, this study is the first conducted on CCA while using in vivo and
in vitro preclinical models.

Only 5% of the studies published so far include in vivo experiments, owing to the emerging
and highly multidisciplinary aspects of “cold plasma oncology” [19]. Most CAP studies in cancer
have been achieved while using tumor cell lines originating from either solid or blood tumors and
rarely on mouse tumor models. We conducted in vivo studies to analyze the effects of CAP on death
and oxidative stress, and we compared this treatment to conventional treatment with gemcitabine.
In our study, CAP demonstrated anti-tumor properties although a traditional chemotherapeutic agent
such as gemcitabine showed higher efficiency. Interestingly, CAP was locally applied on a very small
tumor surface for a very short period of time (1 min) demonstrating no side effects, while gemcitabine,
which was applied intraperitoneally, was accompanied by an increased plasmatic concentration of
markers indicating liver damage. Even if few studies have been performed in vivo, some of them
confirmed that CAP has no systemic effects. Liedtle et al. have addressed this point through a
complete study showing that CAP by using plasma-activated medium does not affect blood parameters,
leucocyte distribution, or cytokine signature [20]. However, classical blood parameters to evaluate liver
and cell toxicity, such as transaminases and LDH, were not measured, in contrast to our study. Studies
using orthotopic CCA model are required to evaluate the direct effect of CAP on liver parenchyma
in spite of our in vitro observation on primary hepatocytes and the absence of liver damage in vivo.
Nevertheless, further investigation to improve the surface exposure and the time of treatment with
CAP is crucial in order to obtain the maximum benefit from this new therapeutic tool.

At the cellular level, histology examination of the tumor showed signs of calcification, a reaction
occurring in response to cell injury, indicating the presence of apoptotic tissue. The activation of
signaling pathways involved in cell death was confirmed by the immunohistochemical analysis
of cleaved caspase-3, suggesting an induction of caspase-3-dependent apoptosis in tumor cells.
The induction of cell apoptosis is the primary mechanism of CAP action following the reactive species
generated by CAP [19]. However, other cell death pathways have been recently evidenced, such as
ferroptosis in tumor cells subjected to CAP treatment [21]. In CCA cell lines, we tested cell media that
were first treated by CAP, i.e., PAM. Subsequently, PAM was immediately transferred to the cell culture.
Indirect or direct treatment by CAP displays similar efficacy on tumor cell culture, and PAM is also able
to reduce tumor burden without inducing side effects when injected intraperitoneally in a murine model
of pancreatic cancer [20]. The intraperitoneal injection of PAM lead to reduced metastatic potential
of ovarian and gastric cancer cells [22,23]. When we evaluated PAM on CCA cells, although PAM
decreased cell survival in both CCA cell lines with similar efficacy, induction of apoptosis was lower in
EGI-1 than in the HuCCT1 cells. Doses of CAP used to treat the medium matters and, as suggested in
previous studies, low doses of CAP can inhibit cell proliferation without inducing apoptosis, but instead
induce senescence [24,25] or autophagy [26,27]. In addition, CAP can affect other cell biology features,
for example by inducing endoplasmic reticulum stress, depolarization of mitochondrial membrane
potential, DNA damage, or by decreasing migratory and invasive properties [22,28,29], although these
aspects deserve further characterization in CCA.

At the molecular level, we detected DNA double strand breaks in both CCA cell lines, along with
DNA damage responses with an upregulation of the phosphorylation status of p53 and of CHK1,
both regulating cell cycle checkpoints. We previously observed similar DNA damage in CCA cells that
were subjected to oxidative stress with hydrogen peroxide [30], suggesting that, upon CAP treatment,
CCA cells may undergo oxidative stress. The overload of RONS in CCA cells leads to DNA damage,
attested by the phosphorylation of histone H2AX, triggering pathways that will ultimately kill the
cancer cells [31]. Altogether, these results fit perfectly with previous finding in other tumors, such as
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oral cancer, were p53 signaling pathway was identified as one of the most deregulated pathways after
exposure to PAM by using RNA-sequencing approaches [32].

Specifically targeting tumor cells without damaging healthy cells is a major challenge of anti-cancer
treatment. CAP has the advantage to selectively induce cell cycle arrest and death of tumor cells,
but not of healthy ones. Whatever the direct/indirect approach, the concept of plasma selectivity is a
key issue in treatment. Pioneering studies from Babington et al. have shown that the plasma treatment
of mice bearing subcutaneous glioblastoma led to a 56% decrease of tumor volume while maintaining
the viability of healthy cells surrounding the tumor at 85% [33]. While CAP had a significant effect
on CCA cancer cells by decreasing cell viability, it had no deleterious effect on non-malignant liver
cells, i.e., primary human hepatocytes, suggesting a selectivity of CAP treatment. By killing primarily
cancer cells, plasma treatment preserves healthy tissue and thereby tissue function. Keidar et al. were
amongst the first to demonstrate a selectivity of CAP on the lung cancer cell lines vs. normal human
bronchial epithelial cells [34]. This selectivity was also emphasized in melanoma cells compared to
normal keratinocytes [35], and other cancer types (ovarian, glioblastoma), as a general property of
CAP [36]. However, all of these studies deal with cell lines, but none with primary cells. In our studies,
hepatocytes were isolated from human liver and cultured according to a well-defined protocol [37].
We found that CAP has no impact on hepatocyte survival or the induction of DNA damage or apoptotic
regulatory signaling pathways, in contrast to CCA cell lines. We chose hepatocytes as non-tumor
cells, because they are the most abundant cell type of the liver. Although the media composition,
an essential parameter [36], was not the same between the two cell types, CAP generated the same
profile of RNS in both media and higher ROS in hepatocyte media. Furthermore, hydrogen peroxide
increased in CCA cell lines after exposure to PAM, as previously described for atmospheric pressure
plasma jets [38], while it remained unchanged in hepatocytes. The cellular mechanisms by which CAP
operates this selectivity are still poorly understood and indirect evidence exists to explain this crucial
issue. Among the potential mechanisms given so far, aquaporins and anti-oxidant cellular defense
systems seem to be the most plausible explanations [4]. Indeed, as happened in our study, elevated
expression of ROS-scavenging enzymes, such as superoxide dismutase, catalase, and glutathione
reductase, has been observed in healthy cells as compared to tumor cells, which might contribute to
cellular defense against CAP-originated reactive species [4].

Finally, one major point that should be considered when CAP treats a tumor is its potential effect on
the tumor microenvironment cells. Tumor is a mix of several cell types, including tumor cells, but also
CAF, EC, and TAM. According to histological examination of CCA tumors treated with CAP, fibrotic
stroma is not affected by CAP treatment, a result that is confirmed by unchanged mRNA expression
level of a-SMA, a marker of CAF, between the treated and untreated conditions. As previously shown,
fibroblasts are less affected by CAP when compared to cancer cells [20,39]. No obvious change in
vascularization is observed, even if plasma has been shown to suppress neovascularization, but not
pre-existing vessels, an effect that is partly independent of ROS [40]. Further studies must be conducted
in the case of CCA to confirm or not a potential action of CAP on vascular system. Interestingly,
one of the most promising views is that CAP treatment is able to activate the immune response in
order to attack the tumor [16,41,42]. Indeed, our analysis on tumor xenografts showed changes in
the expression of markers related to the TAM phenotype, suggesting a potential shift towards an
anti-tumor phenotype of TAM, although this issue deserves further consideration and new research
will be undertaken. In vitro studies performed by other groups are in agreement with our findings
in vivo, suggesting that increasing the function of pro-inflammatory macrophages might help to control
tumorigenesis that is caused by compromised immune response [41]. Taking into account that one of
the most therapeutic strategies under study nowadays is the activation of the patient immune system
to fight tumors, it is imperative to keep deepening the molecular mechanisms implicated in the effects
of CAP on the immune system, especially in immunocompetent murine cancer models, in which not
only macrophages, but also lymphocytes, could be potentially involved in this response.
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4. Materials and Methods

4.1. Cell Culture and Treatment

HuCCT1 cells, which were derived from intrahepatic biliary tract, were kindly provided by Dr. G.
Gores (Mayo Clinic, Rochester, MN, USA). EGI-1 cells, derived from extrahepatic biliary tract, were
obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). The cells were cultured in DMEM supplemented with 1 g/L glucose, 10 mmol/L HEPES,
10% fetal bovine serum (FBS), antibiotics (100 UI/mL penicillin and 100 mg/mL streptomycin),
and antimycotic (0.25 mg/mL amphotericin B). Cell lines were routinely screened for the presence of
mycoplasma and authenticated for polymorphic markers in order to prevent cross-contamination.

4.2. Isolation and Culture of Human Hepatocytes

Normal liver tissue was obtained from adult patients undergoing partial hepatectomy for the
treatment of colorectal cancer metastases. Primary human hepatocyte isolation was performed on
the ICAN Human HepCell platform, as previously described [43]. Ethical approval for the isolation
of human hepatocytes was granted by the Persons Protection Committee (CPP Ile de France III)
and by the French Ministry of Health (N◦: COL 2929 and COL 2930). Hepatocytes were isolated
while using an established two-step-perfusion protocol with collagenase. First, the tissue was
rinsed with pre-warmed (37 ◦C) calcium-free buffer that was supplemented with 5 mmol/L ethylene
glycol tetraacetic acid (Sigma, Saint-Quentin Fallavier, France). Subsequently, the liver sample was
perfused with recirculating perfusion solution containing 5 mg/mL of collagenase (Sigma) at 37 ◦C.
Afterwards, the tissue was transferred into a petri dish containing a Hepatocyte Wash Medium
(Life technologies, Villebon sur Yvette, France). Tissue was mechanically disrupted by shaking and
using tweezers to disrupt cells from the remaining scaffold structures. Cellular suspension was
filtered through a gauze-lined funnel. The cells were centrifuged at low speed centrifugation (50 g).
The supernatant was removed, and pelleted hepatocytes were re-suspended in Hepatocyte Wash
Medium. Viability cell was determined by trypan blue exclusion test. Freshly isolated normal
hepatocytes were suspended in Williams’ medium E (Life Technologies) containing 10% fetal calf serum
(FCS) (Eurobio, Courtaboeuf, France), penicillin-streptomycin (penicillin: 200 U/mL; streptomycin:
200 μg/mL), and insulin (0.1 U/mL). Afterwards, the cells were seeded in 6- and 96-well plates that were
pre-coated with type I collagen at a density of 1.8 × 106 and 0.5 × 105 viable cells/well, respectively,
and then incubated at 37 ◦C in a 5% CO2 overnight. Then, the medium was replaced with fresh
complete hepatocyte medium that was supplemented with 1 μmol/L hydrocortisone hemisuccinate
(SERB, Paris, France) and the cells were left in this medium until treatment with plasma activated
medium (PAM).

4.3. Xenograft Tumor Model

Animal experiments were performed in accordance with the French Animal Research Committee
guidelines and a local ethic committee approved all of the procedures (No 10609). 2 × 106 of EGI-1
cells were suspended in 60 μL of PBS and 60 μL of Matrigel® growth factor reduced (Corning) and
implanted subcutaneously into the flank of five-week-old female ATHYM-Foxn1 nu/nu mice (Janvier
Labs, Le Genest-Saint-Isle, France). Mice were housed under standard conditions in individually
ventilated cages enriched with a nesting material and kept at 22 ◦C on a 12 h light/12 h dark cycle with
ad libitum access to food and tap water. Tumor growth was monitored by measuring every 2–3 days
the tumor volume (V xenograft) with a caliper, as follows: V xenograft = x × y2/2 where x and y are the
longest and shortest lateral diameters, respectively. Once the tumor volume reached approximately
200 mm3, CAP and gemcitabine treatments were initiated. Gemcitabine was administered every
Monday and Thursday during three weeks by intraperitoneal injection at a concentration of 120 mg/kg
dissolved in saline solution (vehicle). Cold atmospheric plasma was administered, as explained in
Section 4.4, the same days as gemcitabine.
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4.4. Cold Atmospheric Plasma Treatment

The in vivo and the in vitro experiments were conducted while using the same atmospheric
pressure plasma jet device, called PTJ, as sketched in Figure 1a. It is composed of a 10 cm long dielectric
quartz tube presenting a 4 mm inner diameter and a 2 mm wall thickness. Its electrode configuration is
made of two outer ring electrodes with inner and outer diameters of 8 mm and 12.8 mm, respectively,
while the inter-ring distance is 50 mm. For all experiments, the lower ring electrode was connected
to the ground, while the upper ring electrode was biased to the high voltage. The PTJ was supplied
with helium gas (flow rate of 1 slm) and powered with a nanopulse high voltage generator device
(model Nanogen 1) from RLC Electronic Company. For both in vivo and in vitro experiments, electrical
parameters were fixed, as follows: 9 kV of amplitude, 14% of duty cycle, and 30 kHz of repetition
frequency. The reasons explaining how these values were chosen as well as the physico-chemical
characterizations of the PTJ device have already been published in [9]. For the in vivo studies, the cold
atmospheric plasma was applied to the animals, as previously described [9], 9 kV, 30 kHz, 14%,
maintaining a gap of 10 mm between the tube and the skin. For the in vitro studies, the cells were
treated with PAM. In order to maintain reproducibility among different plastic supports, 3 mL of the
corresponding culture media in a 6-well plate were treated with the same conditions (9 kV, 30 kHz,
14%) during 1, 3, 5, or 10 min. A gap of 7 mm between the tube and the surface of medium was
constantly maintained. After treatments, PAM was transferred to 96-, 24-, or 6-well plates, according to
the different analysis performed (Figure S1).

4.5. Biochemistry

The concentrations of alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT),
and lactate dehydrogenase (LDH) in the plasma of mice were measured on an Olympus AU400 Analyzer.

4.6. Histology and (Immuno)Histochemistry

Formalin-fixed paraffin-embedded tissue samples from mice xenografts were cut in 4 μm sections,
deparaffined, and stained with hematoxylin and eosin to observe tissue histology.

For immunohistochemistry, the antigens were unmasked, as indicated in Table 1. For cleaved
-caspase-3 and 8-oxoguanine, the sections were sequentially incubated with H2O2 for 5 min. (only for
caspase3), with Protein Block (Novolink Polymer Detection System; Novocastra Laboratories Ltd.,
Nanterre, France) for 5 min., and with primary antibodies for 30 min. (overnight for 8-oxoguanine).
Novolink Post Primary was applied for 15 min. The sections were finally washed and incubated with
Novolink Polymer for 15 min. An automated staining system (Autostainer Plus, Dakocytomation,
Les Ulis, France) was used to perform immunostaining. The color was developed while using
amino-ethyl-carbazole (AEC peroxidase substrate kit; Vector Laboratories, Le Perray-en-Yvelines,
France). The sections were counterstained with hematoxylin and then mounted with glycergel (Dako).
For F4/80 immunostaining, sections were incubated with PBS 0.5% triton X-100 30 min. to increase
the permeabilization of the tissue. Subsequently, they were blocked with horse serum 2.5% (Vector)
during 1 h. After tissue blocking, the samples were immunostained with primary antibody overnight
at 4 ◦C. Afterwards, endogenous peroxidase blocking was performed with hydrogen peroxide solution
(Leica) during 1 h. The samples were developed with the ImPRESS Excel staining kit (Vector) following
manufacturer instruction. Briefly, the tissue samples were incubated with anti-rabbit Ig secondary
antibody for 90 min washed with PBS, and then incubated with an anti-goat amplifier antibody for 1 h.
Finally, the samples were developed with peroxidase substrate for 3 min. and counterstained with
Mayer’s hematoxylin (Dako) for 5 min.
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Table 1. Primary antibodies used for immunodetection.

Name Species Manufacturer Reference Dilution Antigen Unmasking

8-oxoguanine M Abcam ab206461 1/100 (IHC) EDTA pH8
cCaspase3 R CST CST9664 1/100 (IHC) Citrate pH6

cPARP R CST CST5625 1/1000 (WB)
CHK1 M CST CST2360 1/1000 (WB)

pCHK1 R CST CST2348 1/1000 (WB)
F4/80 R Spring Bioscience M4154 1/100 (IHC) Citrate pH6

GAPDH M Santa Cruz sc-32233 1/5000 (WB)
p53 M Santa Cruz sc-126 1/500 (WB)

pp53 R CST CST9284 1/1000 (WB)
γH2A.X R CST CST9718 1/1000 (WB), 1/200 (IF)

M, mouse; R, rabbit; WB, western blot; IF, immunofluorescence; IHC, immunohistochemistry.

4.7. Cell Viability

5000 EGI-1 cells/well, 4000 HuCCT1 cells/well, and 50,000 hepatocytes/well were plated in 96-well
plates. 24 h later, fresh culture medium, PAM, or gemcitabine replaced the medium. The cells were
then incubated for 72 h before determining the viability by the crystal violet method. Absorbance was
quantified with a spectrophotometer (Tecan) at 595 nm.

4.8. RONS Determination in Culture Media

Nitrites and H2O2 concentrations were measured using Griess reagent (Sigma Aldrich,
Saint-Quentin Fallavier, France) and Titanium Sulfate TiSO4 (Sigma-Aldrich, Saint-Quentin Fallavier,
France), respectively, to verify whether reactive species are produced in PAM. In the presence of nitrite
species, the Griess reagent shows an absorption peak at 518 nm (pink coloration), while, in the presence
of peroxide, the TiSO4 shows an absorption peak at 405 nm (yellow coloration) both measured with
the Biotek Cytation 3 device. A two-steps protocol was followed: first, the media were placed in 6-well
plates and exposed to plasma, as previously explained in Section 4.4. Second, plasma was switched off.
For the nitrite determination, 25 mL of each culture media sample was mixed with 175 mL of distilled
water and 50 mL of Griess reagent. For the peroxide determination, 250 mL of each culture media
sample was mixed with 100 mL of TiSO4.

4.9. ROS Determination in Cell Lysates

ROS production was assessed using the 2′,7′-dichlorofluorescein diacetate (H2DCFDA; Abcam cat
number ab113851) according to the instructions. Briefly, the CCA cells and hepatocytes were plated
at 2.5 × 105 cells/well and 0.5 × 105 cells/well, respectively, in black-walled, clear-bottom 96-well
microplates, and then incubated for 24 h at 37 ◦C. The cells were incubated with CM-H2DCFDA (25 μM)
in PBS for 30 min. and then with PAM for 30 min. The cells were washed with PBS, and fluorescence was
measured at 485/535 nm (Tecan, Lyon, France). Normalization was done by the crystal violet method.

4.10. Apoptosis Assay

2 × 105 EGI-1 cells/well and 1.5 × 105 HuCCT1 cells/well were plated in 6-well plates. 24 h
later, the medium was replaced by fresh culture medium or PAM. 48 h or 72 h later both cells from
the supernatant and the plates were collected and stained while using the PE Annexin V Apoptosis
Detection Kit with 7-AAD (BioLegend, London, UK), according to the manufacturer’s instructions.
Flow-cytometric analysis was performed using a Gallios flow cytometer (Beckman-Coulter, Villepinte,
France) to calculate the apoptosis rate. The results were analyzed using Kaluza analysis software
(Beckman-Coulter).
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4.11. Immunofluorescence

Immunofluorescence assays were performed, as previously described [44]. Table 1 provides
the primary antibodies. The cells were observed with an Olympus Bx 61 microscope (Olympus,
Rungis, France).

4.12. Western Blot Analysis

For obtaining whole-cell lysates for WB, the cell cultures were lysed in RIPA buffer supplemented
with 1 mmol/L orthovanadate and a cocktail of protease inhibitors. Proteins were quantified using a
BCA kit (Pierce, Lllkirch, France). WB analyses were performed, as previously described [44]. Table 1
provides the primary antibodies.

4.13. Cell Cycle Analysis

0.6 × 105 EGI-1 cells/well and 0.5 × 105 HuCCT1 cells/well were seeded in 6-well plates and
incubated for 24 h. The cells were then treated with PAM for 24 h. The cells are detached with trypsin,
washed with cold PBS, pooled, and centrifuged before being fixed in 70% ice-cold ethanol during
30 min. at −20 ◦C, and stored at −20 ◦C if required. The cells are incubated with 100 μg/mL of RNase
A and 40 μg/mL of propidium iodide in PBS buffer. The stained cells were analyzed with a CytoFLEX
(Beckman-Coulter), and their distribution in different phases of the cell cycle was calculated using
Kaluza analysis software 2.0 (Beckman Coulter, Brea, CA, USA).

4.14. RNA and Reverse Transcription-PCR

Total RNA extraction and RT-qPCR was performed as previously described [44]. Table 2 provides
the primer sequences. Gene expression was normalized to Hprt1 mRNA content for mouse genes and
was expressed relatively to the control condition of each experiment. The relative expression of each
target gene was determined from replicate samples using the formula 2−ΔΔCt.

Table 2. Mouse primer used for quantitative real-time PCR.

Gene Protein Forward (5′→3′) Reverse (5′→3′)
Acta2 α-Sma CTGTCAGGAACCCTGAGACGCT TACTCCCTGATGTCTGGGAC

Pecam1 CD31 AGCCTCCAGGCTGAGGAAAA GATGTCCACAAGGCACTCCA
Ccr2 Ccr2 GGCCACCACACCGTATGACTA AGAGATGGCCAAGTTGAGCAGATAG

Adgre1 F4-80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
Il1b Il1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
Ccl2 Mcp1 GCCTGCTGTTCACAGTTGC CAGGTGAGTGGGGCGTTA
Tnfa Tnfa CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

Tnfsf10 Trail GCTCCTGCAGGCTGTGTC CCAATTTTGGAGTAATTGTCCTG
Hprt1 Hprt TCAGTCAACGGGGGACATAA TGCTTAACCAGGGAAAGCAAA

4.15. Statistics

The results were analyzed using the GraphPad Prism 5.0 statistical software (GraphPad Software,
San Diego, CA, USA). Data are shown as means ± standard error of the mean (SEM). For comparisons
between two groups, parametric Student t test or nonparametric Mann–Whitney test were used.
For comparisons between more than two groups, parametric one-way ANOVA test followed by a
posteriori Bonferroni test was used.

5. Conclusions

Our results indicate that CAP is able to reduce CCA progression through the induction of DNA
damage, which leads to cell cycle arrest and apoptosis of tumor cells, together with potential effects in
the immune microenvironment in terms of the phenotypic change of TAM. These evidences support
the potential usefulness of CAP as a future tool to treat CCA. However, several questions remain to
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be solved before reaching application in CCA patients. First, the effect of CAP on healthy liver cells
must be evaluated in preclinical orthotopic models of CCA to assess the level of side damaging effects
after a direct CAP treatment to the liver. Moreover, to reach human applicability, the size of the CAP
applicating device must be reduced and adapted to the human anatomy and localization of biliary
tumors. Therefore, although CAP is a novel promising anticancer “agent”, further investigation is
needed to include it in the therapeutic arsenal of CCA in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1280/s1,
Figure S1: Schematic representation of in vitro treatment of CCA cell lines and hepatocytes with PAM, Figure S2:
(a) Representative images of western blot analysis of cleaved PARP, phosphorylated and total p53, phosphorylated
and total CHK1 and phosphorylated H2AX in hepatocytes after 24 h, 48 h and 72 h of exposure to culture medium
pretreated with CAP for 3 min. (9 kV, 30 kHz, 14%, gap of 7 mm). (b) Representative images of western blot
analysis of cleaved PARP, phosphorylated and total p53, phosphorylated and total CHK1 and phosphorylated
H2AX in EGI-1 and HuCCT1 after 24 h, 48 h and 72 h of exposure to 0.1 and 0.01 μM of gemcitabine, respectively.
(c) Representative images of western blot analysis of cleaved PARP, phosphorylated and total p53, phosphorylated
and total CHK1 and phosphorylated H2AX in hepatocytes after 72 h of exposure to increasing doses of gemcitabine.
(d) Representative images of western blot analysis of cleaved PARP, phosphorylated and total p53, phosphorylated
and total CHK1 and phosphorylated H2AX in hepatocytes after 24 h, 48 h and 72 h of exposure to 10 μM of
gemcitabine, Figures S3–S15: Detailed information of western blot.
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