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ABSTRACT 
Cancer remains a major health challenge in the 21st century. Conventional therapies still suffer 
from limitations, including lack of selectivity, resistance to treatment, and severe side effects. Cold 
atmospheric plasma (CAP), a partially ionized gas enriched with reactive species, has shown 
potential to address current challenges by selectively inducing oxidative stress in cancer cells. 
Most scientific evidence is derived from two-dimensional cell cultures, which fail to accurately 
capture the complexity of human tumors. However, three-dimensional organoids offer a more 
realistic model, preserving the heterogeneity and morphology of patient tumors. This study 
evaluated the impact of CAP on organoids derived from head and neck squamous cell carcinoma 
(HNSCC) and pancreatic ductal adenocarcinoma (PDAC) patients, which are two of the most 
aggressive and lethal cancers. Organoid growth was monitored using live-cell imaging, and CAP-
induced reactive species were quantified using fluorometric assays. The results demonstrated that 
CAP exerted treatment time-dependent suppression of organoid growth, with PDAC-derived 
organoids displaying higher sensitivity compared to HNSCC-derived organoids. CAP also 
induced a treatment time-dependent increase in hydrogen peroxide and nitrite levels. Notably, 
hydrogen peroxide levels declined over time in the presence of organoids, suggesting active uptake, 
whereas nitrite levels remained relatively stable. These findings demonstrate CAP’s potential to 
effectively target cancer cells in a more realistic tumor model and provide insights into its dynamic 
response across different cancer types and patient-derived organoids. Collectively, this study 
supports CAP application as a promising cancer therapy and highlights the relevance of organoid-
based models for translational cancer research. 
 
INTRODUCTION 

Background & Problem – Cancer is derived 
from the Greek word Karkinos, meaning crab, 
because the veins surrounding the tumor branch 
out, resembling a crab’s legs (1). It refers to the 
group of diseases characterized by uncontrolled 
cell proliferation and the development of 
metastatic properties (2). This dysregulation 
mainly arises from the activation of oncogenes 
and/or the inactivation of tumor suppressor genes, 
resulting in uncontrolled cell cycle progression 
and the suppression of apoptotic pathways (2). In 

light of its aggressive nature, it ranks among the 
most prevalent and deadly diseases worldwide 
(3). Based on a report published in 2020 by the 
International Agency for Research on Cancer, 
almost 19.3 million new cancer cases and 10 
million cancer-related deaths were reported 
globally (4). Thus, cancer continues to pose a 
significant public health challenge worldwide (5). 
Among these, pancreatic ductal adenocarcinoma 
(PDAC) stands as the most widespread and one of 
the most lethal forms of pancreatic cancer, 
accounting for almost 90% of its cases (6). PDAC 

mailto:angela.privatmaldonado@uantwerpen.be?subject=email%20address
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is also known for its resistance to current 
therapies, contributing to its position as the 
seventh leading cause of cancer-related death (7, 
8). One of the key contributors to this resistance 
is cancer cell plasticity, particularly epithelial to 
mesenchymal transition (EMT), which enhances 
cellular invasiveness and treatment evasion (7). 
Moreover, the hypovascular tumor 
microenvironment (TME), immunosuppressive 
behavior like natural killer cell suppression, and 
extensive desmoplasia further contribute to 
PDAC resistance to current therapies (7). Another 
cancer that also continues to present a 
considerably low five-year survival rate of 40-
50% is head and neck squamous cell carcinoma 
(HNSCC) (9). It ranks as the sixth most prevalent 
malignancy globally, with approximately 900,000 
new cases and over 450,000 deaths annually (10). 
The high mortality rate in HNSCC is partially 
related to its resistance mechanisms, such as the 
upregulation of drug efflux transporters like 
multidrug resistance-associated protein one, 
breast cancer resistance protein, and P-
glycoprotein (11). These transporters actively 
expel antitumor agents from cancer cells, leading 
to diminished intracellular concentration and 
reduced therapeutic efficacy (11). Furthermore, 
they employ advanced anti-apoptotic 
mechanisms, including the overexpression of Bcl-
2 family proteins and activation of the 
phosphoinositide 3-kinase/AKT/mammalian 
target of the rapamycin pathway, which also 
contributes to resistance against the treatment 
(12). HNSSCC TME also plays an important role 
in this resistance through different mechanisms 
such as hypoxia, altered metabolism, 
reduction/oxidation (redox) systems, and immune 
evasion (9). 

Current treatment limitations – In addition to 
resistance mechanisms observed in cancers like 
PDAC and HNSCC, conventional cancer 
treatments, such as chemotherapy, radiotherapy, 
and surgery, suffer from various drawbacks -  
including systemic toxicity, drug resistance, 
adverse effects, poor pharmacokinetics, limited 
tumor-specific targeting, and patient burden -, 
despite considerable advancements in the field (3, 
5). For instance, while surgery is still considered 
the main approach for treating PDAC patients, 
only 20% of patients are eligible for it (13). 
Additionally, in 75% of cases, cancer cells remain 
microscopically detectable at the primary tumor 
site (13). In HNSCC, radiochemotherapy, known 
as one of the standard treatments, is frequently 
associated with side effects such as leukopenia 

and thrombocytopenia, which heighten the risk of 
bleeding and infection, as well as mucositis, 
dermatitis, and dysphagia (14). Although 
immunotherapy has become a novel therapeutic 
approach for various cancers, only a limited 
number of HNSCC and PDAC patients have 
exhibited a positive response to it (15, 16). 
HNSCC and PDAC TME are enriched with 
dysregulated and hyperactivated fibroblasts 
known as cancer-associated fibroblasts (CAFs), 
which contribute to immunosuppression (17, 18). 
CAFs facilitate the recruitment of regulatory T 
cells, tumor-associated neutrophils, tumor-
associated macrophages, and myeloid-derived 
suppressor cells, all of which play a critical role in 
promoting tumor progression, immune evasion, 
and resistance to immunotherapy (18-20). 
Additionally, the dense stroma in PDAC, which 
forms 80% of the tumor mass, acts as a physical 
barrier that hinders the delivery of 
immunotherapies to cancer cells (18). 
Accordingly, there is a growing interest in 
developing cancer treatments that are better 
tolerated, more effective, and have better 
selectivity towards cancer cells while being less 
harmful to normal cells (21). 

A novel treatment approach – Among 
emerging therapeutic strategies, cold atmospheric 
plasma (CAP) has recently shown notable 
promise in cancer treatment (21). CAP is a 
partially ionized gas generated at near-room 
temperature by applying energy, typically in the 
form of an electromagnetic field, to neutral gas 
(22). It produces a rich cocktail of reactive oxygen 
and nitrogen species (RONS), charged particles, 
ultraviolet (UV) radiation, and localized electric 
fields that can trigger cellular responses that cause 
cell death with specific selectivity to cancer cells 
(23, 24).  Its anticancer effects are primarily 
mediated through RONS, which are classified 
into long-lived and short-lived reactive species 
(25, 26). Short-lived reactive species comprise 
superoxide anion (O₂•⁻), singlet oxygen (¹O₂), 
hydroxyl radical (•OH), and peroxynitrite 
(ONOO⁻), among others (18). The short-lived 
reactive species contribute significantly to CAP-
induced cytotoxicity (25). For instance, •OH is a 
highly reactive oxidizing substance that plays a 
vital role in cell membrane disruption, DNA 
inhibition, lipid peroxidation, and apoptosis 
induction via the mitochondrial pathway (25). 
The long-lived reactive species encompass 
hydrogen peroxide (H!O!), nitrite (HNO!/NO!"), 
nitrate (HNO#/NO#"), etc. (27). Of these species, 
H!O! is known as a major contributor to the 
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anticancer efficacy of CAP treatment (27). Yan et 
al. have demonstrated that H!O! generated 
through CAP treatment rapidly triggers the NF-
κB activation and promotes early expression of 
interleukin-2 and its receptor α-chain in cancer 
cells, ultimately initiating immune responses 
against them (28).  

CAP generation & delivery methods – CAP 
can be generated through several methods, with 
dielectric barrier discharge (DBD) and plasma jets 
being the most frequently used devices in cancer 
therapy (29). In DBDs, plasma is generated either 
in the gap between the high-voltage electrode and 
the target, allowing direct contact with the plasma 
(volume DBDs), or on the surface of a specially 
designed electrode separated from the opposing 
electrode (surface DBDs) (Figure 1A and 
1B)(30). On the other hand, the plasma jet 
generates a discharge between two electrodes 
while the sample remains outside of the discharge 
region (Figure 1C)(31). Furthermore, DBD 
devices typically operate in ambient air, using 
atmospheric air as a working gas for plasma 
generation (32, 33). However, plasma jets rely on 
an active gas flow, mainly noble gases like helium 
or argon, to efficiently transport active plasma 
species to the target (33). The use of each device 
depends on its intended application. For instance, 
the flat geometry of DBDs makes them proper for 
treating superficial cancerous tumors like 
melanoma (31). In contrast, CAP jets are 

particularly advantageous for targeting non-
planar surfaces, enabling access to cavities, and 
allowing for precise, spot-like treatment (31). 
Furthermore, CAP delivery methods can be 
classified into direct and indirect strategies (34). 
The direct approach involves the application of 
CAP directly to samples, such as in vitro cell 
cultures or in vivo models (34). Conversely, the 
indirect method entails treating a physiological 
solution with CAP for a defined period to produce 
a plasma-activated liquid, such as medium, 
phosphate-buffered saline (PBS), deionized (DI) 
water, among others, which is subsequently 
administered to the target samples (34, 35). All 
the mentioned physical factors, including UV 
radiation, electric field, and others, as well as both 
short- and long-lived RONS, are involved in 
direct CAP treatment (36). However, the indirect 
approach exerts its effect on cancer cells 
exclusively through long-lived RONS (36). 

CAP mechanisms of action – Various 
studies confirmed that cancer cells have higher 
levels of endogenous RONS compared to normal 
cells (5). Moreover, the expression of aquaporins 
(AQP), water transport channel proteins, 
considerably increases in cancer cells (36). Since 
certain AQP isoforms also facilitate the 
H!O!	transport, they represent an important 
pathway for H!O! infiltrating cells (36). 
Consequently, cancer cells show greater 
permeability to H!O! and uptake them at a higher 

 
Figure. 1 – Representative CAP Sources. This figure illustrates commonly used CAP devices, 
including, volume DBD source (A), surface discharge source (B), and CAP jet source (C).  Figure created 
with BioRender The design adapted from Yan et al., 2021. 

A)

B)

C)
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rate (36). Reduced cholesterol levels in cancer cell 
membranes, intended to enhance membrane 
fluidity and plasticity to facilitate metastasis, also 
make these cells susceptible to reactive oxygen 
species (ROS)- induced oxidative stress (37, 38). 
This elevated vulnerability accelerates membrane 
lipid peroxidation, which in turn results in the 
formation of more pores in cell membranes, 
allowing for greater diffusion of RONS into the 
cells (Figure 2)(37). Consequently, intracellular 
oxidative stress exceeds the oxidative defense 
system and its threshold, thereby resulting in cell 
death (Figure 2)(39).  The other proposed 
mechanism of tumor cell susceptibility to CAP-
induced RONS is the increased replication rate of 
cancer cells (24). They enter the S phase of the 
cell cycle more frequently, during which DNA is 
unwound and more vulnerable to RONS (Figure 
2)(24). In addition to RONS-mediated effects, 
other physical components of CAP, such as UV 
radiation and electric fields, can induce DNA 
damage and trigger cell cycle arrest (24). 
Therefore, an optimal CAP irradiation dose can 
selectively induce regulated cell death (RCD) in 
various cancer cells without causing significant 

damage to non-malignant surrounding tissue (24). 
Recent research has demonstrated that CAP also 
activates an antitumor immune response against 
cancer cells, more specifically a process called 
immunogenic cell death (ICD) (Figure 2)(36). 
ICD is a distinct form of RCD compared to 
apoptosis and necroptosis, for example, due to its  
ability to elicit antigen-mediated immune 
responses, which ultimately leads to the 
development of immunological memory (40). 
ICD involves modifications in the cell surface 
composition and the secretion of signaling 
molecules called damage-associated molecular 
patterns (DAMPs), including high-mobility group 
protein B1 (HMGB1), calreticulin (CRT), 
adenosine triphosphate (ATP), and heat shock 
proteins (36). DAMPs stimulate the infiltration of 
dendritic cells into the TME, enhance the uptake 
and processing of tumor antigens, and promote 
the efficiency of antigen presentation to T cells 
(41). Furthermore, it has been found that CAP 
induces a wide variety of post-translational 
modifications (PTMs) (42). PTMs play a pivotal 
role in governing protein structure and function 
by adding small chemical molecule groups to 

 
Figure. 2 – Mechanism of action of CAP on cancer cells. Interaction between ambient air molecules (O₂ 
and N₂) and highly activated particles in the CAP field leads to the generation of reactive oxygen and 
nitrogen species (ROS and RNS). Cancer cells, which exhibit higher membrane permeability, are more 
susceptible to the uptake of these reactive species. Given their already elevated basal ROS/RNS levels, the 
additional oxidative burden induced by CAP overwhelms cellular antioxidant defenses, leading to oxidative 
stress and lipid peroxidation. Furthermore, CAP treatment causes DNA damage and promotes immunogenic 
cell death (ICD) by inducing the release of damage-associated molecular patterns, such as  adenosine 
triphosphate (ATP) and calreticulin (CRT). Figure generated with BioRender and inspired by Chupradit et 
al., 2022. 
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amino acid side chains or altering existing groups 
(43). Therefore, CAP can cause conformational 
changes in protein structure and alter their 
functional properties (44). This can potentially 
modify interactions among cancer cells and the 
TME, ultimately diminishing tumor invasiveness 
and immunosuppression while enhancing the 
permeability of therapeutic agents (23, 43). In 
particular, RONS generated by CAP oxidize 
proteins and introduce a variety of oxidative post-
translational modifications (oxPTMs) (44). 
Through oxPTMs, CAP could potentially expand 
the repertoire of tumor-specific antigens known as 
neoantigens and enhance the antigenicity of 
tumor-associated ligands and receptors (44). The 
presence of tumor antigens is critical for priming 
and activating immune cells, especially T cells 
(44). Additionally, by inducing oxPTMs of 
receptors and proteins that are present in cancer 
cell-extracellular environments, CAP can also 
reduce their tumorigenic and immunosuppressive 
functions (44). Yusupov et al. indicate that CAP 
can diminish the proliferative potential of cancer 
cells through the oxidation of hyaluronan (HA) 
and CD44 (45). Cancer cells commonly 
overexpress HA and CD44, which have a role in 
enhancing cancer proliferation, migration, 
adhesion, and inflammatory response (44). 
Furthermore, evidence suggests that CAP through 
the oxidation of CD47, an important immune 
checkpoint inhibitor that restrains innate immune 
cell activity, contributes to the reduction of cancer 
cell-mediated immunosuppression (46).  

Research gaps – Although recent studies 
have demonstrated encouraging results and 
promising potential in using CAP for cancer 
treatment, most studies have been conducted on 
two-dimensional (2D) cell cultures, with limited 
research on more complex biological systems. 
The major limitation of 2D cell cultures is their 
inability to precisely replicate cancer cells in vivo 
since only rare clones can expand and sustain 
growth over multiple passages (47, 48). Hence, 
the derived cell lines may acquire remarkable 
genetic alterations and fail to represent the 
original tumor's genetic heterogeneity accurately 
(48). Furthermore, cell lines are mainly derived 
from single cells; therefore, they fail to accurately 
reproduce the complex and dynamic nature of 
tumors, which are often composed of diverse cell 
populations (47, 49). Notably, their 2D structure 
alters cell polarity, morphology, and division 
mechanisms, as well as disturbing interactions 
between the cellular and extracellular 
environments (47). Additionally, studies 

investigating PTMs in response to CAP have 
mainly been conducted on isolated protein 
solutions (50). There remains a remarkable gap in 
understanding how CAP affects PTMs in living 
cells, particularly in the context of dysregulated 
signaling pathways and protein interactions that 
are characteristic of cancer cells.  

Thesis goals – This study aimed to advance 
the current understanding of CAP generated 
through a plasma jet as a potential anti-cancer 
therapy by directly treating advanced three-
dimensional (3D) models known as patient-
derived tumor organoids (PDTOs). PDTOs are 
multicellular structures embedded into a 3D 
extracellular matrix that preserve the complex 
cellular heterogeneity within individual tumors 
and maintain genotype and phenotype, thereby 
providing a more accurate representation of the 
patient’s specific disease characteristics (51, 52). 
To the best of current knowledge, this study 
represents one of the first to explore CAP 
application in PDTOs. Firstly, the response of 
PDTOs to CAP treatment was investigated to 
determine whether it aligns with findings reported 
in existing literature on the application of CAP in 
cancer treatment. Furthermore, the optimal CAP 
treatment conditions were identified to induce 
PTMs and ICD within PDTOs. By treating 
organoids derived from two highly aggressive and 
lethal cancers (HNSCC and PDAC), this study 
provided a comprehensive evaluation of CAP's 
effects across different patient populations and 
cancer types. Collectively, by combining 
advanced 3D organoid models, this research 
establishes a more translationally relevant 
platform for evaluating CAP-based therapies and 
further elucidates CAP's potential as an effective 
anti-cancer treatment that contributes to the 
development of more targeted and less toxic 
therapeutic strategies. 

 
EXPERIMENTAL PROCEDURES 

Organoid Culture – For this study, PDTOs 
derived from HNSCC and PDAC were cultured in 
OncoPro$% Basal Medium (Gibco$%, Life 
Technologies, A55685-01) supplemented with 
various growth factors and supplements. For 
HNSCC PDTOs, the medium was supplemented 
with 100 units/mL penicillin/streptomycin 
(Gibco$%, Life Technologies, 15140-122), 10 µM 
Y27 (Selleckchem, S1049), 2% B-27® 
supplement (Gibco$%, Life Technologies, 17504-
044), 2% OncoPro$%	supplement (Gibco$%, Life 
Technologies, A55686-01),  6.21% OncoPro$% 
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Bovine Serum Albumin (BSA) (Gibco$%,	Life 
Technologies, A55686-01), and 10 ng/mL 
recombinant human fibroblast growth factor 10 
(FGF-10) (Gibco$%, Life Technologies, 
PHG0372). PDAC PDTOs were supplemented 
with the same components, with the addition of 10 
nM Gastrin (Merck Life Sciences B.V., G9145). 
PDTOs were maintained at 37°C with 5% CO₂ in 
a humidified incubator, with medium changes 
twice a week. They were passaged at least once a 
week using TrypLE (Gibco$%,	Life 
Technologies, 12563-029) for dissociation, 
followed by centrifugation at 1500 rpm for 5 
minutes at 4°C. Afterward, the cells were 
reseeded onto Cultrex (Bio-Techne, 3533-010-
02), using the hanging droplet method and 
overlaid with the appropriate culture medium. 

Plasma Source – Plasma treatment was 
performed using the neoplas kINPen IND-LAB. 
The device features a central rod-shaped electrode 
with a diameter of 1 mm, encased within a 
dielectric quartz capillary (outer diameter: 2 mm; 
inner diameter: 1.6 mm), and connected to a 
grounded ring electrode. A high-purity argon gas 
(99.999%, Air Liquide Belge N.V., 
P0021L50S2A001) was used as the feed gas at a 
flow rate of 2 standard liters per minute (slm). 
Plasma generation was driven by a sinusoidal 
voltage ranging from 1.0 to 1.1 MHz, with a 
maximum power output of 3.5 W. The voltage-
induced gas discharge between the electrodes 
initiated the generation of reactive species inside 
the capillary, which were carried out with the gas 
flow as the active plasma effluent. The treatment 
was done with a fixed distance of 12 mm between 
the plasma nozzle and the surface of the target 
medium. The entire setup was automated and 
controlled using the WinPC-NC software to 
ensure consistent treatment conditions. 

CAP Treatment – PDTOs (140 µL/well) 
were seeded into a Costar® clear, flat-bottom, 
ultra-low attachment 96-well plate (Corning 
Incorporated) that was coated with 7 µL of 
Cultrex (Bio-Techne, 3533-010-02), at a density 
of 1,500 PDTOs per well, one day prior to 
treatment, with 3-5 wells per condition. After 
overnight incubation at 37°C with 5% CO!, the 
PDTOs were treated with the neoplas kINPen 
IND-LAB for various treatment times (30 sec, 1 
min 30 sec, 2 min 30 sec, and 3 min 30 sec). In 
addition to the treatment groups, two controls 
were included: (1) a flow control, in which 

PDTOs were exposed to the gas flow only (no 
plasma) for 3 min 30 sec, and (2) a negative 
control, consisting of untreated PDTOs. For each 
assay, at least three independent experiments 
were performed. 

Evaporation Experiment – To evaluate water 
evaporation during CAP treatment, the same 
protocol and treatment durations as previously 
described were applied. However, instead of 
organoid suspension, OncoPr𝐨𝐓𝐌 Basal Medium 
(Gibc𝐨𝐓𝐌, Life Technologies, A55685-01) (140 
µL/well) was added to each well. After treatment, 
the remaining volume was collected with a pipette 
set to 140 µL. If air remained in the tip, the 
volume was gradually reduced until the medium 
could be fully aspirated without residual liquid or 
air. The evaporated volume was determined by 
subtracting the final aspirated volume from the 
initial 140 µL. 

Growth Rate Assay – To determine the effect 
of CAP therapy on PDTO growth following the 
plasma treatment, 60 nM of IncuCyte Cytotox 
Reagent (ESSEN Biosciences, 4633) was added 
to each well. Subsequently, 30 minutes of 
incubation at 37°C and 5% CO!, fluorescence 
images were captured using the Tecan Spark Cyto 
600 live-cell imager. Imaging was performed 
using the brightfield and green fluorescence 
channels. The green channel corresponds to an 
excitation/emission range of 461-487 nm / 500-
530 nm. Imaging was then continued every 12 
hours until 72 hours post-treatment. Data was 
analyzed using Orbits software, and the growth 
rate was calculated by measuring changes in 
fluorescence intensity over time, combined with 
live-cell images of the PDTOs. Untreated PDTOs 
were used as negative controls, while the positive 
control consisted of PDTOs treated with 6 µM of 
Staurosporine, resulting in complete cell death.  

RONS assessment – To quantify ROS and 
reactive nitrogen species (RNS), H!O! and NO!" 
concentrations were quantified using the 
Fluorometric Hydrogen Peroxide Assay Kit 
(Sigma Aldrich, MAK165-1KT) and the 
Nitrate/Nitrite Fluorometric Assay Kit (Cayman 
Chemical, 780051), respectively, following the 
manufacturer’s instructions. Initially, H!O! and 
NO!" levels were assessed immediately after CAP 
treatment in the absence of PDTOs. Subsequently, 
to evaluate the uptake of these induced reactive 
species by PDTOs, H!O! and NO!" levels were 
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measured in the presence of PDTOs post-CAP 
treatment. H!O! levels were measured at two time 
points, right after the treatment and following a 2-
hour incubation at 37°C with 5% CO!	in a 
humidified incubator. NO!" level was measured 
after 2-hour and 4-hour incubation at 37°C with 
5% CO!. For NO!" quantification, all samples, 
except the controls, were diluted at a 1:50 ratio 
prior to measurement. In contrast, for H₂O₂ 
evaluation, only the 3-minute 30-second CAP 
treatment was diluted at a 1:50 ratio. Fluorescence 
was measured using the Tecan Spark Cyto 600 
(Tecan, Switzerland) at excitation/emission 
wavelengths of 540/590 nm for H₂O₂ and 360/430 
nm for NO!". H₂O₂ and NO!"  concentrations were 
then determined using the equations derived from 
their respective standard curves, which exhibited 
coefficients of determination (R²) of 0.9976 and 
0.8889, respectively. 

 
H!O!concentration(µM) = 		

Fluorescence	of	sample − H!O!	standard	curve	intercept
		H!O!	standard	curve	slope

 

 

NO!"concentration(µM) = 		
Fluorescence	of	sample −	NO!"	standard	curve	intercept	

		NO!"	standard	curve	slope
 

 
Total protein concentration measurement – 

To evaluate the impact of CAP treatment on total 
protein concentration, CAP treatment was 
conducted as previously described, using only 30 
sec and 1 min 30 sec treatment, along with an 
untreated control. After 2-hour and 4-hour 
incubation at 37°C with 5% CO!, total protein 
content was quantified using the Qubit™ Protein 
Broad Range (BR) Assay Kit (Thermo Fisher 
Scientific, A50668), according to the 
manufacturer’s instructions. Fluorescence was 
measured using the Qubit 4 Fluorometer (Thermo 
Fisher Scientific, Q33238). 

 
Analysis – All results were analyzed using 

one-way ANOVA with Prism 10 (GraphPad 
Software, USA). P value ≤0.05 was considered 
statistically significant. Data in all graphs are 
presented as the mean ± standard deviation (SD) 
except for the growth rate analysis, which is 
presented as the mean ± 95% confidence intervals 
(CI). The number of biological repeats is 
indicated in the figure legend. All statistical 
analyses and plots were done with GraphPad 
Prism 10 (GraphPad Software, USA). 
 
RESULTS 

Evaporation investigation post-CAP 
treatment – To examine whether CAP treatment 

evaporates water, the amount of medium was 
quantified before and after treatment across 
different CAP treatment durations (30 sec, 1 min 
30 sec, 2 min 30 sec, 3 min 30 sec). While some 
evaporation was observed in the untreated control 
due to overnight incubation, the results 
demonstrated a CAP treatment duration-
dependent increase in evaporated volume (Figure 
3A). This additional loss became significantly 
pronounced at the highest CAP treatment 
durations (3 min 30 sec) compared to the 
untreated control (p ≤ 0.01) (Figure 3A). This 
finding indicated that CAP contributes to water 
evaporation beyond incubation-related 
evaporation. Since this evaporation could 
influence downstream assay conditions, it was 
essential to quantify and compensate for the 
evaporated volume by adding water back into the 
wells in subsequent experiments. 

 
Figure. 3 – Evaluation of medium evaporation 
following CAP treatment. To assess CAP-induced 
water evaporation, the volume of culture medium 
was measured after CAP treatment at different 
treatment durations (30 sec, 1 min 30 sec, 2 min 30 
sec, and 3 min 30 sec). Controls included untreated 
PDTOs (negative control), and flow control (Argon 
gas exposure without plasma for 3 min 30 sec). 
Results are presented as mean ± SD. Statistical 
analysis was performed using one-way ANOVA, 
and statistically significant is indicated as follows: 
** p ≤ 0.01, and ns = not significant. Number of 
biological replicates: n = 3 

A)
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Determination of the CAP effect on PDTO growth 
– To investigate the impact of CAP treatment on 
tumor growth, the growth rate was monitored for 
72 hours following treatment in PDTOs from four 
different candidates, two HNSCC patients, and 
two PDAC patients. PDTOs were treated with 
CAP for increasing treatment times (30 sec, 1 min 
30 sec, 2 min 30 sec, 3 min 30 sec) to evaluate 
dose-dependent effects of CAP treatment. These 
were compared to three control conditions, 
including untreated PDTOs as the negative 
control, Staurosporine as a positive control (a 
highly potent apoptosis inducer due to its ability 
to inhibit a broad range of kinases), and a flow 
control group, in which PDTOs were exposed to 
Argon gas without plasma for 3 min 30 sec, to 
exclude any biological effects of the Argon flow 
from the CAP treatment. At the shortest treatment 
time (30 sec), a mild reduction in growth rate was 
observed in PDTOs from PDAC136, PDAC138, 
and HNSCC010 after almost 24 hours post-CAP 
treatment (Figure 4A, 4B, and 4D). Although this 
reduction was not statistically significant, it 
showed a detectable suppression of tumor growth 
compared to untreated PDTOs (p=0.26 and 
p=0.78, respectively). Notably, PDTOs from 
HNSC001 indicated no response to 30-sec CAP 
treatment, with a growth pattern comparable to 
untreated PDTOs (Figure 4C). Increasing the 
treatment time to 1 min 30 sec resulted in more 
notable growth suppression, specifically in 
PDTOs from PDAC136 and PDAC138, where a 
remarkable reduction in tumor growth was 
observed compared to untreated PDTOs (p ≤ 
0.001) (Figure 4A and 4B). Furthermore, this 
inhibitory effect remained stable over a 72-hour 
period. On the other hand, PDTOs from HNSCC 
010 began to exhibit a gradual increase in growth 
after 24 hours following the initial decrease, and 
PDTOs from HNSCC001 showed a similar 
upward pattern starting at 60 hours post-treatment 
(Figure 4C and 4D). Although these PDTOs 
demonstrated a recovery in growth, the rate of 
increase remained modest and did not follow the 
sharp growth observed in the untreated 
controls. Likewise, 2 min 30 sec and 3 min 30 sec 
CAP treatment led to strong growth suppression 
across PDTOs from PDAC136 and PDAC138, 
with growth rates remaining low and closely 
resembling the effect seen with the positive 
control, where all PDTOs were eliminated by 
Staurosporin (p≤0.0001) (Figure 4A and 4B). In 
contrast, PDTOs from HNSCC001 and 
HNSCC010 showed fluctuating responses 

(Figure 4C and 4D). In HNSCC001, an initial 
decrease was observed during the first 12 hours 
post-treatment, followed by a temporary recovery 
that persisted until nearly 36 hours. Afterward, 
tumor growth reduced again and remained stable 
for the remaining 72-hour period (Figure 4C). A 
similar pattern was seen in PDTOs from 
HNSCC010, where a modest recovery in growth 
began in 24 hours post-CAP treatment and 
continued at a steady rate until the end of the 72-
hour monitoring period (Figure 4D). However, 
this recovery was less pronounced following the 
3 min 30 sec CAP treatment in PDTOs from 
HNSCC010 (Figure 4D). Although a slight 
recovery was observed at 24 hours following CAP 
treatment, the growth curve remained closely 
aligned with the Staurosporine curve, indicating 
sustained cytotoxic effects (Figure 4D). Besides 
these partial recoveries in HNSCC PDTOs, 
overall growth remained lower compared to the 
untreated controls following 1 min 30 sec or 
higher CAP treatments (Figure 4C and 4D). 
Importantly, PDTOs from PDAC displayed 
higher sensitivity to CAP treatment compared to 
PDTOs from HNSCC (Figure 4A-D). The growth 
of both PDTOs from PDAC136 and PDAC138 
was almost completely arrested following 
treatments of 1 min 30 sec or higher exposures 
(Figure 4A and 4B). Moreover, unlike the partial 
recovery observed in HNSCC PDTOs, PDAC 
PDTOs did not exhibit any sign of growth 
enhancement across the different CAP treatment 
durations (Figure 4A-D). Another difference 
between PDAC and HNSCC PDTOs was their 
response to the flow control. While PDAC 
PDTOs exhibited a slight increase in growth, 
HNSCC PDTOs showed either a reduction or no 
change relative to the untreated control (Figure 
4A-D). Together, these data demonstrate that 
CAP treatment inhibits the growth of cancer-
derived organoids in a treatment duration-
dependent manner and highlight the variability in 
treatment sensitivity between patients and cancer 
types.  

Quantification of induced RONS 
following CAP treatment – To evaluate the level 
of reactive species generated by CAP, H!O!	and 
NO!"	concentrations were measured immediately 
after CAP treatment at different treatment 
durations (30 sec, 1 min 30 sec, 2 min 30 sec, 3 
min 30 sec) in the absence of PDTOs. These 
measurements were conducted to establish the 
baseline levels of RONS induced solely by CAP
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treatment. Since the medium used for culturing 
PDTOs from PDAC contained an additional 
supplement compared to the HNSCC medium, 
RONS levels were quantified separately in both 
media to account for possible differences in 
reactive species accumulation (Figure S1).	NO!" 
levels remarkably increased in a CAP duration-
dependent manner compared to controls in both 
PDAC and HNSCC medium (Figure 5A and 
Figure S1A). Although differences in NO!" 
concentrations between individual CAP treatment 
times were not statistically significant, a 
consistent gradual increase in NO!"	levels were 
observed with longer treatment durations (Figure 
5A and Figure S1A). In contrast, H!O!	 
concentrations did not show a statistically 
significant increase following CAP treatment, 
except at the longest treatment duration (3 min 30 
sec), which resulted in a notable elevation in 
H!O!	concentration in both media (Figure 6A and 
Figure S1B). Interestingly, this sharp increase 
occurred despite only a one-minute difference 
from the 2 min 30 sec treatment, suggesting 
depletion of scavenging components present in 
the organoid culture medium.  It is possible that 

after 2 min 30 sec, the medium's capacity to 
neutralize reactive species becomes saturated, 
leading to a more pronounced accumulation of  
H!O!. To further investigate this possibility, 
H!O!	levels were compared between Dulbecco's 
Modified Eagle Medium (DMEM) (used as cell 
culture medium) and advanced DMEM/F12 (used 
as organoid culture medium) following the same 
CAP treatment (Figure S2). The results indicated 
higher H!O!	concentrations in the cell culture 
medium, showing that the organoid culture 
medium likely contains scavengers that reduce the 
detectable levels of  H!O!. To investigate whether 
PDTOs uptake or neutralize CAP-induced RONS, 
H!O!	and NO!" levels were measured at different 
time points following CAP treatment in the 
presence of PDTOs from PDAC136. 
Measurement of H!O! concentrations 
immediately after CAP treatment revealed no 
detectable difference compared to organoid-free 
conditions, suggesting that PDTOs did not alter 
H!O!	levels at this early time point (Figure 6B). 
However, measurements conducted two hours 
post-CAP treatment showed that H!O!	was 
almost undetectable, indicating that PDTOs from 

 
Figure. 4 – Growth rate of PDTOs following CAP treatment. Growth rates were monitored over 72 
hours following CAP treatment at different exposure durations (30 sec, 1 min 30 sec, 2 min 30 sec, and 3 
min 30 sec) of PDAC PDTOs (PDAC136, PDAC138) and HNSCC PDTOs (HNSCC001, HNSCC010). 
Live-cell imaging was performed throughout the monitoring period. Controls included untreated PDTOs 
(negative control), Staurosporine-treated PDTOs (positive control), and flow control (Argon gas exposure 
without plasma for 3 min 30 sec). The number of biological replicates varied by sample: PDAC136 (n = 
4), and PDAC138 (n = 4), HNSCC001 (n = 2), and HNSCC010 (n = 1). Results are presented as mean ± 
95% CI. Statistical analysis was performed using one-way ANOVA, and statistically significant is indicated 
as follows: p ≤ 0.001 (***), p ≤ 0.0001 (****); ns = not significant. 

A) B)

C) D)
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PDAC136 likely contributed to the uptake or 
degradation of H2O2 over time (Figure 6C). In 
contrast, NO!" concentrations, measured at two- 
and four-hour post-CAP treatment remained 
unchanged in the presence of PDTOs from 
PDAC136 (Figure 5B and 5C). Collectively, CAP 
exposure led to a treatment-dependent increase in 
NO!" and H!O! levels. H!O!	levels declined over 
time in the presence of PDTOs, whereas NO!"  
levels remained stable. These findings 
characterize the pattern of RONS accumulation 
following CAP treatment and how it alters over 
time.  

Total protein quantification after CAP 
treatment – To determine potential CAP-induced 
changes in protein content, total protein 

concentration was measured in PDTOs from 
PDAC136 at 2- and 4-hours following CAP 
treatment at 30 sec and 1 min 30 sec. Higher CAP 
treatment durations were excluded from this 
analysis, as extensive cell death observed in the 
growth rate assay prevented reliable protein 
quantification. No notable differences were 
observed in total protein concentrations between 
30 sec and 1 min 30 sec CAP treatment groups, 
and protein levels remained comparable to protein 
concentration in untreated PDTOs from 
PDAC136 at both 2- and 4-hours following CAP 
treatment (Figure 7A and 7B). Similarly, no 
detectable alterations in protein levels were 
noticed between the 2- and 4-hour post-CAP 
treatment (Figure 7A and 7B). 

 

 
Figure. 5 – 𝐍𝐎𝟐"	concentration in PDAC OP medium following CAP treatment in the absence and 
presence of PDTOs from PDAC136. NO!"	levels were quantified using a fluorometric assay in PDAC 
organoid proliferation (OP) medium following CAP exposure at four treatment durations (30 sec, 1 min 30 
sec, 2 min 30 sec, and 3 min 30 sec). Measurements were performed in the absence of PDTOs (A) and in 
the presence of PDTOs from PDAC136 2- and 4-hours post-treatment (B, C). Controls included untreated 
PDTOs (negative control) and flow control (Argon gas exposure without plasma for 3 min 30 sec). The 
number of biological replicates varied by sample: PDTO-free condition (n = 3) and PDTOs from PDAC136 
conditions (n = 1). Results are presented as mean ± SD. Statistical analysis was performed using one-way 
ANOVA, and statistically significant is indicated as follows: p ≤ 0.001 (***), p ≤ 0.0001 (****); ns = not 
significant. 

A) B) C)
t4t2
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Figure 6. 𝐇𝟐𝐎𝟐	concentration in PDAC OP medium following CAP treatment in the absence and 
presence of PDTOs from PDAC136. H!O!	levels were quantified using a fluorometric assay in PDAC 
OP medium following CAP exposure at four treatment durations (30 sec, 1 min 30 sec, 2 min 30 sec, and 
3 min 30 sec). Measurements were performed in the absence of PDTOs (A) and in the presence of PDTOs 
from PDAC136 immediately after treatment and 2 hours post-CAP treatment (B, C). Controls included 
untreated PDTOs (negative control) and flow control (Argon gas exposure without plasma for 3 min 30 
sec). The number of biological replicates varied by sample: PDTO-free condition (n = 3) and PDTOs from 
PDAC136 condition: n = 1 (immediately after treatment) and n = 2 (2 hours post-treatment). Results are 
presented as mean ± SD. Statistical analysis was performed using one-way ANOVA, and statistically 
significant is indicated as follows: p ≤ 0.0001 (****); ns = not significant. 
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DISCUSSION & CONCLUSION 
CAP is a promising emerging approach in cancer 
therapy (53). The growing interest in CAP as a 
novel cancer treatment is largely attributed to its 
observed selectivity towards targeting cancer 
cells. A primary mechanism underlying CAP’s 
anticancer activity is the elevation of ROS levels 
(54). Since cancer cells typically exhibit higher 
levels of endogenous RONS compared to normal 
cells, their antioxidant responses are 
overwhelmed easily (55). Hence, they are less 
efficient at repairing CAP-induced oxidative 
damage, making them more sensitive to CAP 
treatment (54). Several studies have reported 
CAP-induced cytotoxic effects across various 
cancer cell types, including brain, lung, blood, 
cervical, and melanoma, among others (56). 
However, the majority of this research has been 
conducted using 2D cell cultures and mouse 
models, which have inherent limitations and fail 
to accurately represent the complexity of human 
tumor biology. To address these limitations, this 
study investigated CAP effects on two aggressive 
cancer types using PDTOs, a more 
physiologically relevant and translationally 
meaningful model. In this study, we aimed to 
investigate how PDTOs respond to CAP 
treatment and to determine whether their 
responses align with the CAP sensitivity 
previously reported in conventional 2D cancer 
cell lines. Our findings demonstrated that CAP 
exerted dose-dependent cytotoxic effects on 
PDTO cultures, aligning with previous reports 
using 2D cancer cell culture (57). Notably, a 
differential response was observed between the 
two PDTO models. PDTOs from PDAC were 
remarkably sensitive to CAP treatment compared 
to HNSCC PDTOs. CAP treatment almost 
completely arrested the growth of PDAC PDTOs, 
with no recovery observed over the 72-hour post-
treatment period. In contrast, HNSCC PDTOs 
displayed an initial growth suppression after CAP 
treatment that was followed by partial regrowth 
during the rest of the monitoring period, except 
for HNSCC010 at the highest CAP treatment, 
which showed almost complete growth inhibition. 
This variation suggests that CAP treatment 
parameters used in this study, like exposure 
durations, applied voltage, and gas flow rate, were 

sufficient to induce sustained growth suppression 
in PDAC PDTOs but were less effective in 
HNSCC PDTOs. Therefore, optimizing these 
physical parameters to generate a more reactive 
plasma, for instance by increasing gas flow rate, 
extending the treatment times, or applying 
multiple treatments, may be necessary to achieve 
a comparable cytotoxic effect in PDTOs from 
HNSCC. Additionally, the evaporation evaluation 
following CAP treatment enabled minimization 
of the potential impact on PDTO growth, by 
restoring the evaporated water in the PDTO 
culture after CAP treatment. Hence, the observed 
cytotoxic effects were specifically attributed to 
CAP treatment. Furthermore, the observed 
difference in CAP sensitivity between PDAC- and 
HNSCC-PDTOs likely reflects intrinsic 
biological differences between these cancer types. 
HNSCC may possess more robust antioxidant 
responses that help neutralize CAP-induced 
oxidative damage. For instance, Stacy et al. have 
demonstrated that HNSCC overexpress nuclear 
factor erythroid 2-related factor 2 (NRF2), which 
plays a pivotal role in controlling the expression 
of genes that protect cells against oxidative stress 
and facilitate the detoxification of reactive species 
(58, 59). Additionally, Namani et al. have 
reported Kelch-like-ECH-associated protein 1, 
which negatively regulates NRF2 expression 
through proteasomal degradation, loses its 
function in HNSCC patients (59). This 
dysregulation in the NFR2/KEAP1 axis results in 
higher antioxidant capacity and resistance to 
oxidative stress in HNSCC.  
To date, many studies have identified RONS as 
key mediators of CAP cytotoxic effects. 
Therefore, we quantified RONS induction 
following CAP treatment in PDTO culture 
medium. Our findings indicate that H!O! and 
NO!" levels increase in a duration-dependent 
manner following CAP treatment to organoid 
culture medium. However, this increase was not 
statistically significant for H!O!	concentration, 
except for the highest CAP treatment duration (3 
min 30 sec). Organoid growth needs a complex 
medium including several supplements that 
provide antioxidants and radical scavengers. For 
instance, B27 supplement contains various 
enzymatic and nonenzymatic antioxidants such as 

Figure 7. Total protein concentration in PDTOs from PDAC136 following CAP treatment.  PDTOs 
from PDAC136 were treated with CAP for 30 seconds or 1 min 30 sec, and total protein concentration was 
measured at 2- and 4-hours post-treatment using Qubit™ Protein BR Assay. Results are presented as mean 
± SD. Statistical analysis was conducted using one-way ANOVA. ns = not significant. Number of biological 
replicates: n = 3	
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catalase and superoxide dismutase (60). 
Additionally, bovine serum albumin in organoid 
culture medium can directly or indirectly 
neutralize free radicals and ROS (61). This 
suggests that a portion of H!O!	may have been 
neutralized by these components, resulting in 
lower detectable H!O! in shorter CAP treatment 
durations. Moreover, since the culture media for 
HNSCC- and PDAC-PDTOs differ slightly in 
composition, H!O! and NO!" concentrations were 
quantified separately to assess potential 
differences in measurable induced reactive 
species following CAP treatment. The results 
indicated that H!O! and NO!" concentrations were 
comparable between these two types of media 
following CAP treatment, suggesting this 
difference had no detectable impact on 
measurable concentrations of induced reactive 
species post-CAP treatment. Generally, our 
results were consistent with previous studies, 
indicating that H!O! and NO!" concentrations 
increase in a CAP treatment time-dependent 
manner (62-64). However, the concentrations of 
induced	H!O! and NO!" in organoid culture 
medium were relatively lower compared to those 
reported in studies using other media, such as 
PBS, DI water, or DMEM/10% fetal bovine 
serum, under almost similar flow rates and 
treatment durations (62-64). This difference can 
likely be attributed to the presence of scavenging 
components in organoid culture medium, which 
may have quenched part of the reactive species 
generated during CAP treatment. Next, we 
examined the uptake of these induced RONS 
following CAP treatment by PDTOs. Although 
PDAC PDTOs absorbed almost all induced 
H!O!	two hours post-treatment, they did not 
significantly alter  NO!" levels at both 2- and 4-
hours following CAP treatment. One possible 
explanation is that the short-lived reactive 
nitrogen species generated by CAP, like nitric 
oxide and peroxynitrite are gradually converted 
into NO!" during the post-treatment incubation 
period (65, 66). This ongoing conversion into 
NO!"  likely contributed to a gradual increase in 
NO!" level over time, potentially masking any 
reduction thanks to biological uptake by PDTOs. 
Consequently, the overall NO!" concentration 
remained relatively constant, as the continuous 
formation of NO!" may have compensated for any 
internalization or metabolization in NO!"  levels 
by PDTOs from PDAC.  
Although our findings demonstrated the 
promising potential of CAP in reducing the 
growth of HNSCC- and PDAC-PDTOs, further 

investigations are needed to strengthen and 
validate these results. In terms of HNSCC 
PDTOs, two experimental repeats were conducted 
for the growth rate of HNSCC001 and only one 
repeat for HNSCC010. Additional biological 
replicates are needed for these HNSCC PDTOs to 
strengthen the reliability of these findings. Even 
though four repeats were performed for each 
PDAC PDTO, the study evaluated PDTOs from 
only two candidates per cancer type. Therefore, to 
better capture biological variability across 
different tumors and individuals and enhance the 
reliability of our findings, further validation with 
a larger cohort of organoids derived from diverse 
patient samples is required. However, the well-
recognized limitations of PDTO models should 
not be underestimated. The establishment of 
PDTOs is costly, time-consuming, and 
technically challenging, with reported success 
rates varying widely across samples and cancer 
types, ranging from 15% to 90% (67, 68). 
Likewise, in our laboratory (CORE), the initial 
success rate for generating PDTOs from HNSCC 
and PDACC samples is almost 80-90%. However, 
this success rate for establishing long-term 
surviving PDTOs from these cancer types 
dramatically reduced to around 20%. Moreover, 
Velasco et al. have shown that the reproducibility 
of PDTOs can vary even when following the same 
conditions (69). Besides all their challenges, 
PDTOs still provide a more biologically relevant 
in vitro platform compared to conventional 
models like 2D cell lines.  
As a next step, following our findings that CAP 
can induce cytotoxicity in cancer-derived 
organoids and the induced RONS may be 
internalized by them, we aim to further investigate 
whether CAP can also activate ICD in PDTOs by 
measuring various ICD markers such as CRT, 
HMGB1, and ATP. Demonstrating the presence 
of these ICD markers for CAP-treated PDAC and 
HNSCC PDTOs would indicate that CAP not 
only eliminates cancer cells but also transforms 
them into stimulants for the immune system and 
facilitates long-term tumor control (70). 
Furthermore, another avenue for future research 
involves delving into induced modifications at the 
protein level following CAP treatment. 
Interestingly, our primary investigation indicated 
that CAP treatment did not significantly alter the 
total protein concentrations in PDTOs, as the 
overall protein level remained relatively 
comparable to untreated PDTOs. This suggests 
that CAP’s effect on protein profile may be more 
qualitative than quantitative. To examine this
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hypothesis, we plan to employ proteomic analyses 
to identify alterations in protein expression and 
PTMs following CAP treatment in our PDTO 
models. 
To conclude, this study, by demonstrating the 
suppression in growth of cancer-derived organoids, 
has revealed the potential and challenges of CAP 
application on PDTOs. The differential sensitivity 
between cancer types and the interactions of CAP-
induced reactive species with components of 
organoid culture medium have provided valuable 
insights for optimizing CAP treatment parameters. 
By addressing these challenges and pursuing the 
proposed future study, including ICD activation 
and PTMs at the protein level following CAP 
treatment, we can deepen our understanding of 
CAP mechanisms. This knowledge will not only 
strengthen the experimental rigor of CAP studies in 
organoid models but also guide the translation of 
CAP into clinical settings. Finally, these efforts aim 
to advance the understanding of CAP as an 
innovative anticancer approach and contribute to 
the development of more effective therapies for 
patients with aggressive cancers like PDAC and 
HNSCC. 
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Figure S1. RONS quantification in HNSCC OP medium following CAP treatment. H!O! and  
NO!"	concentrations were measured using fluorometric assays in HNSCC OP medium following CAP 
treatment at four treatment durations (30 sec, 1 min 30 sec, 2 min 30 sec, and 3 min 30 sec). Measurements 
were performed in organoid-free conditions to assess baseline RONS induction. Data are presented as mean 
± SD. Statistical analysis was conducted using one-way ANOVA. Statistical significance is indicated as 
follows: **p <0.01, ***p < 0.001, and ****p < 0.0001; ns = not significant. Number of biological 
replicates: n = 3 for both	H!O! and NO!" measurements. 

 

A) B)

A) B)



                           Senior internship- 2nd master BMW 

19 
 

 
 

Figure S2.  𝐇𝟐𝐎𝟐	concentration in DMEM and advanced DMEM/F12 following CAP treatment. H₂O₂ 
concentrations were measured using a fluorometric assay in DMEM and advanced DMEM/F12 after CAP 
treatment at four durations (30 sec, 1 min 30 sec, 2 min 30 sec, and 3 min 30 sec) in organoid-free 
conditions. Data are presented as mean ± SD. Number of biological replicates: n = 1 for each condition. 


