
Probing the Effects of Plasma-Treated Water Solutions on Healthy and Head 
and Neck Cancer Cells via FTIR and Raman Spectroscopy

Maria Lasalvia a, Vito Carlo Alberto Caponio b, Roberto Gristina c, Savino Cosmai c,  
Vito Capozzi a, Flavia Biamonte d, Anna Martina Battaglia d, Eloisa Sardella c,**,  
Vittoria Perrotti e,f,*, Giuseppe Perna a

a Department of Clinical and Experimental Medicine, Università degli Studi di Foggia, Via Napoli 20, Foggia I-71122 Italy
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A B S T R A C T

Building on evidence that plasma-treated water solutions (PTWS) exhibit antitumor activity, this study inves
tigated their selective effects on healthy keratinocytes versus head and neck cancer (HNC) cells. PTWS were 
generated from clinically approved rehydrating solutions supplemented with tyrosine (SIII-Tyr) and treated with 
oxygen or air plasma at different treatment times. Human keratinocytes (HaCaT) and HNC (FaDu and SAS) cells 
were exposed to different PTWS formulations for 30 min followed by 24-hours incubation in culture medium. 
Cells were analysed using Fourier Transform Infrared (FTIR) and Raman spectroscopy, with principal compo
nents analysis (PCA) to identify biochemical changes related to cytotoxicity. Results were correlated with cell 
viability (MTT assay) and intracellular reactive oxygen species (ROS) levels (flow cytometry). HaCaT cells 
showed minimal sensitivity, while FaDu and SAS cells were significantly affected. Notably, SAS cells exhibited 
over 90% mortality after exposure to PTWS oxy 20’ sample. ROS levels increased in all cell lines following 
exposure to PTWS, but for HaCaT cells remained below the baseline ROS of untreated HNC. The highest ROS 
accumulation was observed in SAS cells treated with PTWS oxy 20’, aligning with cytotoxicity data. PCA of FTIR 
and Raman spectra revealed distinct biochemical signatures in HNC cells, particularly under PTWS oxy 20’ 
treatment exposure. Even under milder conditions (air 10’), significant spectral deviations between HNC and 
HaCaT cells suggested a potential window for selective action. These findings support PTWS selectivity against 
HNC cells. From a vibrational spectroscopy perspective, this study provides a novel, rapid, label-free tool 
combining FTIR with Raman to assess selective biochemical responses in HNC models. These results support 
future preclinical and translational applications.

1. Introduction

Head and neck cancer (HNC) comprises a heterogeneous group of 
malignancies arising from the mucosal surfaces of the oral cavity, 
pharynx, and larynx, and represents the sixth most common cancer 
worldwide [1]. Despite advances in diagnosis and treatment, the prog
nosis for patients with HNC remains suboptimal, particularly in locally 

advanced or recurrent/metastatic stages [2]. Standard therapeutic 
strategies - comprising surgery, radiotherapy, and chemotherapy - are 
often used in combination and guided by tumor stage, location, and 
patient-related factors, as recommended by current international 
guidelines (e.g., NCCN [3], ESMO [4]). Platinum-based chemotherapy, 
typically combined with radiation, is a cornerstone of treatment for 
advanced HNC. While this approach can improve locoregional control 
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and survival, it is frequently associated with significant toxicity, 
including mucositis, xerostomia, dysphagia, immunosuppression, and 
long-term functional impairments that drastically impact patients' 
quality of life [5]. Moreover, the five-year relative survival was 61%, 
49%, 41% and 25% for laryngeal, oral cavity, oropharyngeal and 
hypopharyngeal squamous cell carcinoma (SCC) [6], respectively with 
even lower rates for patients with HPV-negative tumors or recurrent/
metastatic disease. High recurrence rates and resistance to therapy 
further complicate disease management, highlighting an urgent need for 
innovative, more selective, and less toxic treatment modalities. In this 
challenging scenario, the intrinsic heterogeneity of HNC - both at the 
molecular and cellular levels - provides a strong rationale for exploring 
multimodal therapeutic approaches capable of targeting different tumor 
subpopulations.

Among emerging technologies, Cold Atmospheric Plasma (CAP) has 
gained increasing attention due to its potential as a selective anticancer 
agent [7,8]. Indirect application of CAP, through plasma-treated water 
solutions (PTWS), is emerging as promising anticancer tools due to its 
ability to deliver reactive oxygen and nitrogen species (RONS) in a 
controlled and selective manner and to induce oxidative stress and 
apoptosis preferentially in cancer cells while sparing healthy tissues, as 
reported in preclinical studies [9–11]. Although not necessarily cura
tive, plasma-based therapies could play a valuable role as adjuvant 
treatments - contributing to tumor debulking, enhancing the efficacy of 
standard therapies, and potentially reducing the need for aggressive 
surgical interventions. Their selective mechanism of action against 
cancer cells also holds promise in minimizing side effects commonly 
associated with conventional treatments. As reported in literature PTWS 
can be effectively used to: promote sterilization and disinfection due to 
their efficacy against bacteria fungi [12] and viruses [13]; enhance 
regeneration of tissues and wound healing (WH) due to the inactivation 
of pathogens, activation of WH-relevant cytokines/growth factors and 
recruitment of immune cells into the wound area [14]; act as an anti
cancer tool toward many types of cancer cells due their ability to pro
mote the formation of secondary singlet oxygen (1O2) and a synergistic 
effect of hydrogen peroxide (H2O2) with nitric oxides (NOx) [15,16] as 
well as the recruitment of immune cells in the tumor site [17,18]. The 
reactive species responsible of the most part of observed biological ef
fects are quite stable oxygen species (O, O3, 1O2, H2O2, O2•

− /•OOH) and 
nitrogen species (•NO, ONOO− and OONOO− , NO2

− , NO3
− ). The con

centration of H₂O₂ correlates with impaired cell viability and growth, 
positioning it as a potential biomarker for evaluating the efficacy of 
PTWS. However, compared to mock solutions following H₂O₂ 
dose-response curves, PTWS exhibits enhanced cytotoxicity, suggesting 
that additional plasma-generated reactive species contribute to its 
overall biological effect [19]. In our recently published study [9], we 
developed clinically relevant PTWS using SIII, a rehydrating electrolyte 
solution routinely used in clinical settings, as the liquid base. These 
solutions were enriched with tyrosine, a biomolecule that acts as a 
booster for RONS generation when exposed to volume and planar 
Dielectric Barrier Discharges (DBD) fed with air or pure O2 [9].

Although efforts are being made, additional research is needed to 
clarify the specific molecular pathways and key regulatory points that 
dictate which of these processes are triggered in response to redox 
imbalance induced by CAP treatment. Unlike pharmaceutical agents, the 
effects of PTWS on cells depend on chemical composition of the liquid, 
time of cell exposure to PTWS as well as the type of the exposed cells 
[20]. When cells are exposed to the reactive oxygen and nitrogen species 
(RONS) present in PTWS, they undergo oxidative stress [21]. Lipids - 
particularly those with unsaturated fatty acid chains and polar regions 
containing nucleophilic heteroatoms - are major components of the cell 
membrane and primary targets of oxidation [22]. Lipid peroxidation can 
alter key membrane properties such as stability and permeability, 
potentially contributing to mechanisms of cell death, especially in can
cer cells. Correlating cell exposure to exogenous RONS with measurable 
membrane oxidation is difficult, as, for example, oxidized lipid species 

may be highly reactive and short-lived or rapidly processed by cellular 
repair systems [23]. As a result, the extent to which PTWS-induced 
oxidative stress affects cell integrity, and whether this underlies selec
tive cytotoxicity in cancer cells, remains almost unclear [7]. Recent 
advances in biomedical research have emphasized the intricate inter
dependence of cellular processes, which originate from molecular 
mechanisms and are critically governed by the structural and dynamic 
properties of biomolecules. Pathological conditions and pharmacolog
ical interventions can markedly affect the molecular architecture, 
composition, and dynamics of tissues, cells, and membranes [24]. 
Accordingly, a comprehensive understanding of structure-function re
lationships is fundamental for elucidating disease pathophysiology and 
the mechanisms underlying therapeutic efficacy.

Based on these considerations, and to achieve a more reliably se
lective PTWS treatment, it may be valuable to incorporate analytical 
techniques capable of distinguishing healthy from cancerous cells by 
leveraging their underlying biochemical differences. Since the trans
formation of healthy cells into cancerous ones involves molecular al
terations in cellular components, biochemistry-based approaches could 
offer meaningful insights. These methods would not replace standard 
analyses but rather enhance them, contributing to a more mechanism- 
informed interpretation of treatment effects and to the rational optimi
zation of PTWS generation and exposure parameters. Among these 
techniques, vibrational spectroscopy, specifically Fourier Transform 
Infrared (FTIR) absorption and Raman spectroscopy, has proven effec
tive in probing the structural and dynamic features of biomolecules 
across a wide range of biological samples, including cells, tissues, fluids, 
and biopolymers [25–28].

In particular, FTIR and Raman spectroscopy enable the analysis of 
infrared radiation absorbed and inelastically scattered, respectively, by 
specific functional groups within cellular macromolecules, such as 
nucleic acids, proteins, and lipids, thereby generating a molecular 
fingerprint of the biological sample. FTIR microspectroscopy has been 
effectively applied to discriminate between malignant and healthy colon 
tissues by detecting characteristic differences in their absorption spectra 
[29,30]. Raman spectroscopy has also proven to be an effective tech
nique for distinguishing between non-cancerous and cancerous human 
tissues and for characterizing the biochemical composition of tissue 
samples [31].

FTIR and Raman spectroscopies have proven effective in detecting 
biochemical changes in biological samples associated with disease on
sets as well as chemical [32,33] or physical [34] treatments. Both 
techniques are non-invasive and non-destructive, require minimal 
sample preparation, and allow repeated measurements. FTIR analysis of 
cells is fast and yields spectra with high signal-to-noise ratio, however, it 
cannot be performed in water environments due to strong water ab
sorption peaks (as O-H stretching at about 3300 cm− 1 and O-H scissoring 
at about 1640 cm− 1) that significantly overlap with key spectral features 
of the sample. Consequently, the sample must be dried before mea
surements. Furthermore, FTIR transmission requires substrates trans
parent to IR radiation, excluding commonly used materials such as glass 
in certain spectral ranges. Instead, Raman spectroscopy enables analysis 
in an aqueous environment and on cells adhered to glass coverslips as 
the glass contribution is limited and can be excluded from the spectra. 
Raman also provides micrometric spatial resolution, allowing investi
gation of sub-cellular regions, whereas FTIR typically probes large areas 
collecting the contribution of multiple cells. The main limitation of 
Raman spectroscopy is the intrinsically low signal-to-noise ratio, due to 
the low probability of Raman scattering (approximately one photon in 
108) [35]. Overall, the combined use of FTIR and Raman spectroscopies 
offers complementary biochemical information about the investigated 
samples.

This study introduces a novel application of combined FTIR and 
Raman analysis to monitor PTWS-induced biochemical alterations and 
to discriminate selective responses between healthy and cancer cells in 
HNC models, which has not been previously reported.
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2. Materials and Methods

2.1. Plasma processing

The plasma treatment system, developed by E.S. and S.C. at CNR- 
NANOTEC, consists of a planar volume DBD device housed within a 
glass chamber (150 mm diameter), capable of treating up to 1 L of liquid 
per cycle. For the purposes of this study, 60 mL of liquid were used per 
experiment. This volume was selected based on preliminary tests that 
identified it as optimal for maintaining a balance between liquid volume 
and the concentration of reactive species generated under static 
conditions.

An Electrolyte Rehydrating III (SIII) (Fresenius Kabi, VR, Italy) so
lution supplemented with L-Tyrosine (Sigma aldrich, 300 mg/l) was 
treated indirectly, positioned 2 mm below the plasma discharge region. 
The discharge area corresponded to the size of the high-voltage (HV) 
copper electrode (76 mm in diameter, 0.5 mm thick), and the plasma 
effluents reached the liquid surface after passing through a grounded 
mesh placed 2 mm above it. The HV electrode, coated with a 1 mm-thick 
Pyrex dielectric, was powered by a microsecond-pulsed generator 
(Alma-Pulse; AlmaPlasma s.r.l.), operating at frequencies between 3 and 
9 kHz, voltages ranging from 6 to 10 kV, and with duty cycles of 10% or 
25% (i.e., 10 or 25 ms plasma on-time within a 100 ms 100 ms period).

Before each treatment, the gap between the discharge zone and the 
liquid was purged for 2 min with the selected gas feed. Plasma dis
charges were conducted at a constant gas flow rate of 1 L⋅min⁻¹ , and 
treatment durations ranged from 5 to 20 min. Given the recent rise in the 
cost of noble gases such as helium and argon, this study employed either 
pure oxygen (99.999%) or synthetic air (99.999%) as the feed gas for the 
DBD system.

2.2. Detection of RONS in PTWS

Hydrogen peroxide (H2O2) and nitrite ions (NO2
- ) were detected 

through UV–Vis spectrometry in the spectral range of 200–800 nm (5 nm 
resolution) by a Cary 60 UV-Vis spectrophotometer (Agilent, Santa 
Clara, CA). Disposable plastic cuvettes (Bio-Rad, Hercules, CA) with a 
semi-micro volume of 1 mL and 10 mm optical length were used. The 
samples were analysed within 30 min from the end of plasma processing. 
For all measurements, the blank sample was prepared using double 
distilled water instead of the sample, according to the manufacturer's 
protocols.

The H2O2 was quantified using a copper-phenanthroline assay 
developed in-lab [9]. The reaction was performed in 0.01 M sodium 
phosphate buffer (pH 7.00), prepared from Na₂HPO₄ (cat. no. 30427, 
Riedel-de Haën) and NaH₂PO₄⋅H₂O (Carlo Erba). Two reagents were 
used: 0.012 M CuSO₄⋅5H₂O (Sigma-Aldrich) in water and 0.06 M neo
cuproine (Sigma-Aldrich) in methanol. To 700 µL of sample (untreated 
or plasma-treated), 100 µL of each reagent was added in sequence: 
CuSO₄, buffer, then neocuproine. The reaction proceeded for 10 min, 
and the resulting colour remained stable for 20 min. Standard H₂O₂ 
solutions (0–300 µM) were prepared in SIII from a 30% w/w stock (cat. 
no. 95321; Sigma-Aldrich) for calibration. Baseline correction of spectra 
was performed using Origin Pro9. For PTWS samples, the untreated 
spectrum (H₂O₂-free) was subtracted after baseline correction, due to a 
shared absorbance peak at 454 nm.

The concentration of NO2
- ions was determined using the Griess assay 

(Spectroquant® 1.14776.001, Merck) [36]. The reagent, in powder 
form, was added (13 mg) to 1 mL of sample in a cuvette. Sample pH was 
adjusted to 2–10. After vigorous mixing to dissolve the powder, the re
action proceeded for 10 min. The developed color was stable for 60 min. 
Calibration was done using standard NaNO₂ solutions (cat. no. S2252, 
≥99.0%; Sigma-Aldrich) in SIII. The absorbance peak was centred at 
525 nm.

2.3. Cell culture

HaCaT cell line, used as a model of healthy keratinocytes, was pur
chased from CliniSciences (#T0020001, Guidonia Montecelio, Roma, 
Italy) and cultured in DMEM/F12 (Gibco, Waltham, MA, USA) supple
mented with heat-inactivated 5% FBS, 10 mM HEPES. The hypophar
yngeal carcinoma cell line (FaDu) was obtained from American Type 
Culture Collection (ATCC #HTB-41, Rockville, MD, USA) and grown in 
Minimum Essential Medium (MEM) (Corning, Manassas, VA, USA) 
supplemented with 1% Non-Essential Amino Acids (Gibco, Waltham, 
MA, USA). The tongue carcinoma cell line (SAS) was kindly provided by 
Prof. Lorenzo Lo Muzio (University of Foggia, Italy). SAS was cultured in 
RPMI (Corning, Manassas, VA, USA). All media were supplemented with 
10% heat-inactivated foetal bovine serum (FBS), 100 units/mL peni
cillin, and 100 µg/mL streptomycin (all from EuroClone S.p.A., Pero 
(Mi), Italy). The investigated cells were cultured for up to 1 month and 
maintained at 37 ◦C supplied with 5% CO2 before PTWS exposure.

2.4. Cell Viability Assay

Cell viability was assessed using the 3-[4,5-dimethylthiazol-2-yl]- 
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, St. 
Louis, MO, USA) [37]. Briefly, 1 × 10⁴ cells/well were seeded in 96-well 
flat-bottom plate. After 24 h of culture, the cells were washed three 
times with PBS and then covered with 1 mL of the different PTWS for
mulations. In parallel, a set of cells was incubated with the SIII-Tyr so
lution used as reference. At this stage, no culture medium was present, 
and the cells were exposed exclusively to the PTWS-air and PTWS-oxy 
obtained after 10 or 20 min of plasma treatment (hereafter referred to 
as 10′ and 20′, respectively). The cells were incubated with the PTWS for 
30 min, after which the solutions were removed, the cells were washed 
twice with PBS, and the wells were refilled with fresh culture medium. 
Fresh MTT solution (5 mg/mL in PBS) was added to each well to achieve 
a final concentration of 0.5 mg/mL. After 4 h incubation, the medium 
was removed, and formazan crystals were solubilized in 200 μL of iso
propanol (Sigma-Aldrich). Absorbance was measured at 595 nm using a 
Multiskan™  FC Microplate Photometer (Thermo Fisher Scientific, 
Waltham, United States) and expressed as a percentage of viability 
relative to SIII-Tyr cells at 24 h. All experiments were performed in 
triplicate.

2.5. Quantification of intracellular ROS

Intracellular ROS levels were quantified using the redox-sensitive 
probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA; Thermo 
Fisher Scientific, Waltham, MA, USA) [38]. At a defined incubation time 
starting from the point in which the PTWS was replaced with cell culture 
medium, the last one was removed, and the cells were washed three 
times with PBS. Then cells were incubated with the probe for 10 min at 
37 ◦C, according to the manufacturer’s instructions. Fluorescence was 
analyzed by flow cytometry on a BD LSRFortessa™ X-20 (BD Bio
sciences, San Jose, CA, USA), with at least 2 × 10⁴ cells acquired per 
condition. Data was processed using FlowJo™ software (Tree Star Inc., 
Ashland, OR, USA). Each experiment was performed in triplicate.

2.6. Sample preparation for spectroscopy measurements

CaF₂ disks (Crystran Ltd., Dorset, UK) were coated with poly-L-lysine 
to promote cell adhesion and then they were placed on the bottom of 6- 
well Petri dishes. Next, 2.5 mL of cell suspension (containing about 5 ×
10 ³ cells) was evenly distributed on each CaF₂ disk. Then, the disks with 
cells were exposed for 30 min to various PTWS, as well as some of them 
were incubated with the SIII-Tyr solution used as reference. Upon 
completion of the exposure period, the PTWS and SIII-Tyr solutions were 
replaced with complete culture medium. The cells were then incubated 
for 24 h at 37◦C in a humidified atmosphere containing 5% CO2. Post- 
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incubation, fixation of cells was performed using 3.7% para
formaldehyde in Phosphate Buffer Solution (PBS). After fixation, the 
cells were rinsed several times, first with PBS and then with distilled 
water (to remove PBS residues from the cell surface). Prior to FTIR 
spectroscopy analysis, the samples were stored in a desiccator.

Cells designated for Raman spectroscopy analysis were cultured on 
glass coverslips pre-coated with poly-L-lysine. Following exposure to the 
PTWS and incubation with SIII-Tyr solution for 30 min, the samples 
were incubated for 24 h at 37 ◦C in a 5% CO₂ humidified atmosphere. 
Subsequently, the cells were fixed with 3.7% paraformaldehyde in PBS 
solution. Prior to Raman spectral acquisition, the fixed cell samples were 
stored in PBS and rinsed with deionized water to remove residual salts.

2.7. Vibrational spectroscopy measurements

FTIR spectra were measured by means of a Vertex 70 interferometer 
(Bruker Optik GmbH) connected to HYPERION 2000 microscope 
(Bruker Optik GmbH). The spectra were measured in the transmission 
mode, with a mercury cadmium telluride (MCT) detector, cooled by 
liquid nitrogen, and using a 15 × objective. Each spectrum was recorded 
in the 900–3700 cm− 1 spectral range with a resolution of 4 cm− 1 and 64 
scans. The sampling area was about 80 × 80 μm size, including 3–4 cells 
of each type. The background signal was collected in a spatial region free 
of cells but including the poly-L-lysine thin coating. For each experi
ment, about 40 sampling areas were measured. Data acquisition was 
done by means of Opus 8.7.41 software (Bruker Optik).

Raman spectra were measured with a Raman confocal micro- 
spectrometer (Labram from Jobin-Yvon Horiba, Montpellier, France), 
using an Olympus 100x oil-immersion objective, in the range 
600–1800 cm− 1. Each Raman measurement was carried out by placing 
the glass coverslip containing the cells onto a home-made microscope 
slide provided with a well (whose size is equal to that of the coverslip), 
which was filled with PBS solution. The side of the coverslip where the 
cells adhered was placed in the PBS so that the laser beam through the 
glass coverslip probed fixed single cells kept in the PBS solution. Before 
measuring each Raman spectrum, an optical image of the single cell to 
be measured was obtained using a charge-coupled device (CCD) camera, 
in order to select the cell compartment from which to collect the signal. 
The 514.5 nm line of an Ar ion laser was focused on a cell volume 
including the nucleus, with a spot size having less than 1 μm diameter 
and a laser power of about 6 mW. The spectrum obtained from each 
single cell consisted of the average signal of three consecutive acquisi
tions of 10 s each. About 35 randomly chosen cells were measured for 
each of the three cell types and each of the different exposure conditions. 
The backscattered Raman light was analyzed by a diffraction grating 
with 600 grooves/mm and it was detected by a CCD. The spectral res
olution was about 5 cm− 1/pixel. The background signal was measured 
within volumes where no cell was located.

2.8. Vibrational spectroscopy analysis

For each FTIR measurement the spectral ranges 900–1800 cm− 1 and 
2800–3700 cm− 1 were separately analyzed. A baseline signal was sub
tracted from each spectrum, using a rubber band correction with 64 
baseline points. Then, the obtained spectra were vector normalised and 
offset corrected (in order to shift the minimum absorption to zero value). 
These pre-processing procedures were performed independently for the 
two ranges of each FTIR spectrum by means of the Opus 8.7.41 software.

Each Raman spectrum was pre-processed by subtracting the 
measured background signal and the cell fluorescence and stray light 
signal. This latter was estimated according to the adaptive algorithm of 
the Spectragryph software (version 1.2.16.2023) [39], with a coarseness 
value of 40: such algorithm creates a baseline that fits to the lower part 
of the spectra to remove the underlying broad and featureless signals 
while keeping actual peaks. The background spectrum is due to the 
Raman signal of the glass coverslip and PBS solution, and it is mainly 

characterized by a strong band centred at about 940 cm− 1, related to the 
glass coverslip [40]; this band cannot be fully removed by means of the 
background subtraction. Therefore, because the presence of this 
spurious and cell-to-cell variable signal could affect the data analysis, 
only the 980–1800 cm− 1 range of each spectrum was retained for further 
processing and analysis. Then, area normalization was performed in 
order to normalize each spectrum to the total amount of biological 
material in the sampling volume.

Second-derivative spectra, calculated using the Orange Data Mining 
software (version 3.38.1) [41], were used to determine the peak posi
tions of the FTIR and Raman main features of the average spectra. 
Exploratory data analysis of FTIR and Raman spectra was performed by 
Principal Component Analysis (PCA) with Orange Data Mining software, 
in order to visualize the discrimination of the different types of samples 
(in the score plots) and the spectral variables to which this separation is 
related (in the loading plots). The comparison between the means of the 
distributions of PC score values was performed by means of the rank sum 
test using SigmaPlot software (version 15.1.1.26, Grafiti LLC, Palo Alto, 
California).

2.9. Statistical Analysis

Statistical analysis was performed using Prism 9 (version 9.01, 
GraphPad Software, San Diego, CA, USA). Two-way ANOVA by Dun
nett's multiple comparisons test (ctrl vs PTWS treatment for each cell 
type separately) was applied for cell viability, while ordinary-one-way 
ANOVA with Dunnett’s correction was used for intracellular ROS mea
surements. Data are expressed as mean ± standard deviation. Statistical 
significance was indicated on the plots as follows: *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001, ns, not significant.

3. Results and discussion

To determine the most appropriate experimental conditions for 
eliciting a cellular response and based on the assumption that H₂O₂ 
concentration serves as a potential biomarker for assessing the efficacy 
of PTWS, we quantified H₂O₂ levels in PTWS generated under various 
experimental conditions. Alterations in duty cycle (Fig. 1a), applied 
frequency (Fig. 1b), and peak-to-peak voltage (Fig. 1c) within the tested 
parameter ranges did not yield statistically significant differences in 
H₂O₂ concentration (Fig. 1). In contrast, H₂O₂ levels exhibited a linear 
increase as a function of plasma treatment duration (Fig. 1d), indicating 
that, under the examined conditions, treatment time is the primary 
factor influencing H₂O₂ generation in the window of experimental 
conditions investigated.

The absence of significant changes in H₂O₂ concentration when 
modifying duty cycle, frequency, or peak-to-peak voltage within the 
selected parameter ranges, could be because these electrical parameters 
do not substantially alter the electron energy distribution, chemistry of 
the plasma phase and in turn the efficiency of plasma treatment. On the 
other hand, the duration of the treatment directly influences the total 
energy delivered to the plasma phase (energy dose) improving the 
production of RONS in the plasma phase. Moreover, long treatment 
times proportionally increases the number of plasma-liquid interaction 
events, thereby enabling more H₂O₂ precursors like OH radicals to 
dissolve and accumulate in the aqueous phase. As a result, treatment 
time becomes the dominant factor determining the final H₂O₂ concen
tration, while variations in the other parameters within the tested ranges 
are insufficient to promote the formation of different formulations of 
plasma treated liquids.

To enhance the prospects for future clinical application, we selected 
four PTWS formulations to be used two weeks after preparation. Based 
on the considerations outlined above, four experimental conditions were 
selected for subsequent analyses. All experiments were conducted at a 
peak-to-peak voltage of 10 kV, a frequency of 9 kHz, and in pulsed mode 
with a duty cycle of 25%. The experimental conditions were defined by 
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varying the treatment duration (10 or 20 min) and the feed gas (i.e., air 
or oxygen). The samples are hereafter designated as: air 10′ (air as feed 
gas, 10 min treatment), air 20′ (air as feed gas, 20 min treatment), oxy 
10′ (oxygen as feed gas, 10 min treatment), and oxy 20′ (oxygen as feed 
gas, 20 min treatment). The H2O2 and NO2

- concentrations along with 
the corresponding experimental conditions in PTWS generated using 
either air or oxygen as the feed gas, across different treatment durations 
of PTWS after 15 days of storage at room temperature (RT) is reported in 
Table 1. Both H2O2 and NO2

- concentrations, both in case of oxygen- and 
air-fed discharges, exhibit a linear correlation with treatment time still 
present after 15 days of storage at RT. In the samples prepared using 
oxygen as the feed gas, the nitrite concentration was below the detection 
limit.

The results in terms of quantification of H2O2 and NO2
- both of aged 

samples and as prepared ones (with values in parentheses referring to 
fresh samples) are reported in Table 1 and compared. An increase in 
H₂O₂ concentration was observed after storage in PTWS, regardless of 
the feed gas used during plasma treatment. This behavior may be 
attributed to the involvement of tyrosine in the formation of secondary 
H₂O₂ [9]. In contrast, NO₂⁻ concentrations remained unchanged or 
showed a slight decrease. The observed decrease in nitrite levels during 
storage at room temperature likely reflects ongoing post-treatment 
chemistry in plasma-treated liquids, where reactive nitrogen and oxy
gen species continue to react, shifting the balance toward more stable 
nitrate (NO₃⁻) formation or other oxidized nitrogen products, as re
ported in plasma treated water studies [42]. The mechanisms underly
ing these effects are beyond the scope of the present study and warrant 
further investigation.

MTT assay showed that none of the PTWS formulations, either 

generated in air or oxygen, induced a significant reduction in viability of 
healthy HaCaT keratinocytes (Fig. 2a). In contrast, FaDu cells showed a 
statistically significant reduction in viability, particularly after exposure 
to PTWS air or oxy 20’ with decreases of approximately 20% and 35%, 
respectively. This effect was even more pronounced in SAS cells, which 
were the most sensitive among the cell lines tested. In these cells, 
viability decreased by ~20% upon exposure to PTWS air 20’ by ~30% 
with PTWS oxy 10’, and over 90% with PTWS oxy 20’ (Fig. 2a).

To evaluate oxidative stress levels induced by the treatment, intra
cellular reactive oxygen species (ROS) were quantified using the non- 
specific redox-sensitive probe H₂DCFDA, analysed by flow cytometry 
(Fig. 2b). The analysis was conducted on cells exposed to all PTWS 
formulations, except for PTWS oxy 20’, which was excluded due to its 
pronounced cytotoxicity resulting in insufficient viable material for 
analysis. Notably, after treatment with PTWS oxy 20’, SAS cells 
exhibited > 90% cell death, leaving an insufficient number of viable 
cells to reach the minimum threshold (20,000 events) required to reli
ably perform ROS quantification by H₂DCFDA flow cytometry (Fig. 2b). 
As expected, untreated HaCaT cells exhibited the lowest basal ROS 
levels (mean fluorescence intensity [MFI]: 4453). In contrast, untreated 
FaDu and SAS cancer cells displayed much higher basal ROS levels 
(Fig. 2b, ctrl), on average 10-fold higher, with FaDu showing an MFI of 
43562 and SAS reaching 52151. Upon PTWS treatment, HaCaT cells 
showed an approximate 4-fold increase in ROS levels, with a more 
substantial effect observed following exposure to 20 min treatment 
formulations, and a stronger ROS induction from PTWS oxy compared to 
PTWS air. However, even under the most cytotoxic condition (PTWS oxy 
20’), ROS levels in HaCaT cells did not exceed the basal ROS levels of the 
other untreated cancer cells. In FaDu cells, ROS increase following PTWS 

Fig. 1. H2O2 concentrations in PTWS generated under varying experimental conditions: (a) duty cycle (10% and 25%), (b) applied frequency (3 kHz and 9 kHz), (c) 
peak-to-peak voltage (6–10 kV), and (d) treatment time (1 min to 20 min). Data obtained using air (red) and O₂ (blue) as feed gases are shown. When one parameter 
is varied, the others are held constant at the following values: 100 ms period, 25% duty cycle, 9 kHz frequency, 10 kV peak-to-peak Voltage, 10 min treatment time, 1 
SLM as gas flow rate.
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treatment was modest but statistically significant (MFI: from 61257 to 
65630). In contrast, SAS cells showed a marked ROS increase, particu
larly with PTWS oxy 10’, reaching an MFI of 107210.

To investigate whether the differences observed in the response of 
HNC cells compared to healthy cells correspond to underlying 
biochemical alterations, FTIR and Raman analyses were performed on 
cells exposed to PTWS and compared to those treated with the untreated 
liquid (SIII-Tyr).

The mean FTIR absorption and Raman spectra of the HaCaT, FaDu 
and SAS cells after exposure to PTWS oxy 10’ and 20’ and compared to 
those ones exposed to SIII-Tyr are shown in Fig. 3. Fig. 3a-c show the 
FTIR spectra in the 2800–3700 cm⁻¹ range, while Fig. 3d-f present the 
spectra recorded between 900 and 1800 cm⁻¹ . The corresponding 
Raman spectra are displayed in Fig. 3g-i. The labels in the left-hand plots 
refer to the spectral positions of the main absorption peaks and Raman 
features, whose attributions are reported in Table 2 in agreement with 
previously published results [43,44]. The spectral positions of such 
features were located according to the minima of second derivative 
signal, as shown in Figure S1. The features in the Raman spectra of FaDu 
and SAS cells whose spectral positions are slightly different from those of 
the corresponding spectra of HaCaT cells are labelled in Figs. 3h and 3i. 
The spectra of the HaCaT, FaDu and SAS cells after exposure to PTWS 
air, as well as those incubated with SIII-Tyr, are reported in Fig. 4. All the 
spectra in Figs. 3 and 4 have been vertically shifted for clarity.

It is important to note that FTIR spectra represent absorption signals 
averaged over groups of multiple individual cells, whereas Raman 
spectra are acquired from sub-nuclear regions within single cells. 
Consequently, the 2800–3700 cm⁻¹ region of the FTIR spectra reflects 
contributions from lipid and protein components distributed throughout 
the entire cell volume, while the 900–1800 cm⁻¹ region provides infor
mation on protein and nucleic acid components from the same cellular 
domain. In contrast, Raman spectra, collected from sub-nuclear regions, 
offer more localized insights, making them particularly useful for 
investigating potential effects of PTWS on nuclear constituents. Given 
the higher spatial resolution of Raman spectroscopy, several Raman 
peaks associated exclusively with nucleic acids, specifically at ~1380, 
~1420, and ~1580–1585 cm⁻¹ , along with the shoulder near 
~1495 cm⁻¹ , can be useful to determine whether exposure to PTWS 
elicits biochemical modifications in these critical nuclear components.

The major spectral peaks in the cells shown in Figs. 3 and 4 are nearly 
identical in both position and intensity, suggesting that the exposure 
does not cause major alterations in cellular architecture or the relative 
abundance of biochemical constituents across the three cell types. As 
anticipated, Raman spectra exhibit lower signal/noise ratios than FTIR 
spectra, reflecting the fact that FTIR is based on absorption of the energy 
of the incident photons, whereas Raman is based on rare inelastic 
scattering of the incident photons [35,45]. Consequently, variation in 
the FTIR dataset primarily reflects actual biochemical changes induced 
by cell exposure to PTWS and highlighting inter-cellular signal vari
ability. In the case of Raman measurements, by contrast, spectral vari
ability is further compounded by the lower signal-to-noise as well as 
intra-cellular biochemical heterogeneity.

To investigate the effects of exposure on the main cellular compo
nents, we selected the spectral features at 2850 and 2923 cm⁻¹ in the 
FTIR spectra as representative of lipid components, the features at 1544 
and 1654 cm− 1 in FTIR spectra as representative of protein component 
and the signals at 970 and 1085 cm⁻¹ in the FTIR spectra and at 1380, 
1420, 1495, and 1580–1585 cm⁻¹ in the Raman spectra as representa
tive of nucleic acid components. Such investigated selected features are 
bold marked in Table 2. As for FTIR spectra, the peaks at 2850 and 
2923 cm⁻¹ were selected because they are the most intense peaks related 
to lipid components, just as the peaks at 1544 and 1654 cm⁻¹ are the 
most intense peaks due to protein components, whereas the peaks at 970 
and 1085 cm-1 are the only resolved peaks due to nucleic acids com
ponents. As for the peaks selected in the Raman spectra, they are those 
that, as shown in Table 2, are due exclusively to nucleic acid compo
nents, without overlap with other cellular components.

To probe the distinct effects of the tested PTWS on different cell types 
and to identify if the above selected spectral features related to lipids, 
proteins and nucleic acids are modified by exposure, we performed PCA 
of the FTIR and Raman spectral data. In particular, we investigated the 
score plots related to the PCs that best discriminate the spectra of cells 
subjected to different treatments, so that the corresponding loading 
plots provide information about eventual modification of the above 
selected spectral features and, consequently, of the corresponding 
functional groups within the cellular components.

The PCA score plot of the FTIR spectra in the 2800–3700 cm⁻¹ region 
(Fig. 5a) reveals clear separation: spectra from HaCaT cells incubated 
with SIII-Tyr cluster distinctly from those of cells treated with oxy 10’ or 
oxy 20’ PTWS. Specifically, the PC1 scores for SIII-Tyr samples are 
negative, whereas spectra from PTWS-exposed cells predominantly 
occupy positive PC1 values (though a few spectra from exposed cells 
overlap with the negative range of the SIII-Tyr cluster). The distributions 
of PC1 score values are summarized by the box plots, whose parameters 
(median and 25th and 75th percentile values) are reported in Table 3, 
together with information about statistically significant differences be
tween the three distributions. In particular, the data in Table 3 highlight 
that the differences between the distribution of PC1 score values of the 
SIII-Tyr incubated cells spectra and those of both the PTWS exposed cells 
spectra are statistically significant. The loading 1 plot in Fig. 5b points 

Table 1 
Concentrations of H2O2 and NO2 obtained in PTWS prepared at different 
experimental conditions and stored at RT for 15 days. Values of the concentra
tions measured at time zero, within the first 30 min following plasma treatment, 
are reported in parentheses, below the value measured after aging.

Name Experimental plasma conditions [H2O2] μM [NO2
- ] 

μM

air 10’ Gas feed: 1SLM of Synthetic air 163 ± 16 42 ± 24
​ Frequency: 9 kHz (145 ± 27) (69 ± 3)
​ Applied Voltage: 10KV, Duty Cycle: 

25%
​ ​

​ Pulsing Period: 100 ms ​ ​
​ Liquid: SIII-Tyr (Tyr 300 mg/L) ​ ​
​ Liquid volume: 60 mL ​ ​
​ plasma/liquid distance: 3 mm ​ ​
​ Treatment time: 10 min ​ ​
air 20’ Gas feed: 1SLM of Synthetic air 223 ± 40 73 ± 31
​ Frequency: 9 kHz (208 ± 60) (105 ± 3)
​ Applied Voltage: 10KV, Duty Cycle: 

25%
​ ​

​ Pulsing Period: 100 ms ​ ​
​ Liquid: SIII-Tyr (Tyr 300 mg/L) ​ ​
​ Liquid volume: 60 mL ​ ​
​ plasma/liquid distance: 3 mm ​ ​
​ Treatment time: 20 min ​ ​
oxy 

10’
Gas feed: 1SLM of O2 251 ± 12 3 ± 2

​ Frequency: 9 kHz (194 ± 18) (0.7 
± 0.3)

​ Applied Voltage: 10KV, Duty Cycle: 
25%

​ ​

​ Pulsing Period: 100 ms ​ ​
​ Liquid: SIII-Tyr (Tyr 300 mg/L) ​ ​
​ Liquid volume: 60 mL ​ ​
​ plasma/liquid distance: 3 mm ​ ​
​ Treatment time: 10 min ​ ​
oxy 

20’
Gas feed: 1SLM of O2 396 ± 125 (335 

± 32)
3 ± 2

​ Frequency: 9 kHz ​ (0.6 
± 0.4)

​ Applied Voltage: 10KV, Duty Cycle: 
25%

​ ​

​ Pulsing Period: 100 ms ​ ​
​ Liquid: SIII-Tyr (Tyr 300 mg/L) ​ ​
​ Liquid volume: 60 mL ​ ​
​ plasma/liquid distance: 3 mm ​ ​
​ Treatment time: 20 min ​ ​
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out that the CH2 stretching peaks of the methylene lipids bonds at 2850 
and 2923 cm− 1 are strongly involved in such a discrimination based on 
the PC1 score values. In fact, the positive values of some spectral peaks 
in a loading plot indicate that samples with positive scores have a larger 
relative content of the chemical components corresponding to those 
peaks. Therefore, Fig. 5b suggests that the relative content of the 
methylene lipids bonds is larger in PTWS exposed cells than in the SIII- 
Tyr incubated ones. The large negative band at about 3500 cm− 1 cor
responds to OH stretching vibrational mode and it might be due to dif
ference of residual water content between the cells incubated with 
PTWS and those incubated with SIII-Tyr solution.

The increase of relative intensity of CH2 methylene FTIR peaks has 
been previously reported for different human cells undergoing oxidative 
stress [46,47] and apoptosis [48,49]. This behaviour has been related to 
a higher acyl chain unsaturation level, which is known to happen with 
lipid peroxidation [50] and to the relative increase in phospholipids due 
to the formation of apoptotic bodies [48]. These results are consistent 
with the increase of intracellular ROS simulated by PTWS reported in 
Fig. 2B and with previous findings published by our group [51]: spe
cifically, we detected apoptosis in several HNC cell lines upon treatment 
with PTWS.

The score plot in Fig. 5c, related to FTIR spectra of HaCaT cells in the 
900–1800 cm− 1 range, confirms a clear separation between the PC1 
score values of cells incubated with SIII-Tyr and those exposed to PTWS, 
as also illustrated by the corresponding box plots. The distributions of 
PC1 scores for the SIII-Tyr group differ significantly from those of both 
PTWS-treated groups, while no statistically significant difference is 
observed between oxy 10’ and oxy 20’ samples (Table 3). The loading 
plot of PC1 in Fig. 5d shows that the absorption bands at 1654 and 
1544 cm⁻¹ exhibit decreased intensity following PTWS exposure, sug
gesting protein degradation or conformational changes. Similar de
creases in protein-associated FTIR signals have been reported in the 
literature following exposure to pro-apoptotic agents such as usnic acid, 
which is also known to induce lipid peroxidation, depletion of 

glutathione resulting from the failure of redox machinery of cells after 
treatment [48]. Moreover, those studies also report an increased in
tensity ratio between a spectral band at ~1250 cm⁻¹ (to which contri
butions arise from C-O-P stretching modes in phosphorylated lipids and 
proteins) and the amide I peak, attributed to oxidative stress induced by 
the acidic agent. This trend is consistent with our data by the slightly 
negative feature near 1250 cm⁻¹ in the loading 1 plot of Fig. 5d. In 
contrast, no discernible changes were observed in spectral features 
attributable to the selected nucleic acid moieties (centered at 970 and 
1085 cm⁻¹) in our spectra.

The score plot in Fig. 5e indicates that PC3 captures differences be
tween Raman spectra of HaCaT cells incubated with SIII-Tyr and those 
exposed to PTWS. In contrast, the score values of PC1 and PC2 do not 
effectively distinguish among different experimental conditions, sug
gesting that the primary sources of spectral variance are unrelated to 
PTWS exposure, likely arising from other intrinsic or experimental fac
tors, as previously discussed. In Fig. 5e, the PC3 score associated with 
the SIII-Tyr group are predominantly negative, whereas the majority of 
spectra from PTWS oxy exposed cells exhibit positive PC3 score values. 
Furthermore, the distribution of PC3 score values for the cells exposed to 
the two PTWS are largely overlapping, with no statistically significant 
difference between them, as shown by the corresponding box plots and 
reported in Table 3. Regarding the involvement of the selected nucleic 
acid-related functional groups in the cellular response to PTWS, the PC3 
loading plot of Fig. 5f reveals only a slight intensity decrease at 
1580 cm− 1 following PTWS exposure. This minor spectral change sug
gests that PTWS induces minimal biochemical alterations in nuclear 
components of HaCaT cells, which is consistent with the findings ob
tained from FTIR analysis. The positive peak at centred at 1440 cm⁻¹ and 
the negative peaks at about 1002 cm⁻¹ and 1640–1680 cm⁻¹ in Fig. 5f 
also confirm that lipid and protein components are mainly responsible 
for discriminating exposed and unexposed cells.

The PCA score plot of the FTIR spectra acquired in the 
2800–3700 cm− 1 region for cells exposed to PTWS air is shown in 

Fig. 2. A) Cell viability assessed by MTT assay in HaCaT, FaDu, and SAS cells following 30 minexposure to PTWS formulations (air 10′, air 20′, oxy 10′, oxy 20′) and 
subsequent culture for 24 h. B) Intracellular ROS levels measured by flow cytometry using the H2DCFDA probe under the same experimental conditions. Repre
sentative flow cytometry plots and histograms are shown. Data are representative of three independent biological replicates. Statistical significance: *p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.
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Fig. 6a. The corresponding box plots clearly reveal a statistically sig
nificant difference in PC1 score values between cells exposed to air 20’ 
sample and those incubated with SIII-Tyr or exposed to air 10’ PTWS. By 
contrast, no statistically significant difference is observed between the 
PC1 score distributions of the SIII-Tyr group and the air 10’ PTWS 
exposed cells. The loading 1 plot of Fig. 6b confirms that the decrease of 
methylene lipids bonds at 2850 and 2923 cm− 1 following PTWS 

exposure is mainly responsible of such a discrimination, as occurs for 
oxy PTWS exposure. Similar observations can be made for FTIR spectra 
of HaCaT cells acquired in the 900–1800 cm− 1 region (Fig. 6c and 
Fig. 6d). In this case, as well, a clear distinction is observed between the 
PC1 score values of cells exposed to air 20’ PTWS and those of the other 
groups. Additionally, although the PC1 score distributions for SIII-Tyr 
and air 10’ PTWS exposed cells are close together, they still differ by a 

Fig. 3. Mean FTIR absorption spectra of HaCaT, FaDu and SAS cells incubated with SIII-Tyr solution and exposed to the PTWS oxy 10 min and 20 min in the 
2800–3700 cm− 1 range (a, b and c, respectively) and 900–1800 cm− 1 range (d, e and f, respectively) and mean Raman spectra in the 980–1800 cm− 1 range (g, h, i, 
respectively). The spectra have been intensity shifted for clarity. The labels in the HaCaT absorption and Raman spectra indicate the wavenumber position of the 
main spectral features.
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small but statistically significant margin. Notably, the spectral features 
associated with nucleic acid components at 970 and 1085 cm⁻¹ appear 
to play a minimal role in the discrimination between cells incubated 
with SIII-Tyr and those exposed to air 20’ PTWS.

Similarly, the Raman spectra of the HaCaT cells exposed to PTWS air 
20’ are clearly distinguishable from those of the other experimental 
groups based on their PC3 score values, as shown in Fig. 6e. The loading 
3 plot in Fig. 6f points out a decrease of the intensity of Raman signals 
due to the selected vibrational modes associated with nucleic acids 
components following exposure to PTWS air 20’. This behavior differs 
markedly from that observed with PTWS oxy treatment, where only the 
1580 cm⁻¹ signal showed a detectable change. These findings suggest 
that prolonged exposure to PTWS air may induce structural modifica
tions to specific chemical bonds within nucleic acids in HaCaT cells. The 
most significant loading signals in Fig. 6f correspond to lipid (at about 
1440 cm⁻¹) and protein (in the amide I and amide III regions): this 
confirms that these components are most affected by the exposure 
process. An important observation emerging from the comparison of 
PCA score plots in Figs. 5 and 6 is that significant biochemical alter
ations in HaCaT cells were observed only after 20 min of exposure to 
PTWS air. Indeed, both PC1 (as for FTIR spectra) and PC3 (as for Raman 
spectra) score values for HaCaT cells treated with PTWS air 10’ are 
comparable to those of the control group (SIII-Tyr). This contrasts with 
the PTWS oxy conditions, where even shorter exposure times (10 min) 
led to detectable changes, as previously discussed.

The PCA score and loading plots of the FTIR spectra acquired on SIII- 
Tyr incubated FaDu cells and on those exposed to PTWS are displayed in 
Figs. 7 and 8. The score plot in Fig. 7a demonstrates that spectral dif
ferences between SIII-Tyr incubated cells and PTWS oxy ones within 
2800–3700 cm− 1 range occurs along the PC1 score values, similar to 

what was observed for HaCaT cells in Fig. 5a. Notably, the overlap be
tween positive and negative values of PC1 score of PTWS oxy 10’ and 20’ 
is minimal and the difference in score distributions is not statistically 
significant. The loading 1 plot in Fig. 7b indicates that the peaks at 2850 
and 2923 cm− 1, corresponding to CH2 stretching of methylene lipids 
bonds, are involved in the spectra differences. Specifically, the relative 
intensity of these peaks is higher in PTWS-exposed cells compared to the 
SIII-Tyr controls, consistent with the trend observed for HaCaT cells.

In the 900–1800 cm− 1 range (Fig. 7c), the PCA score plot highlights a 
clear and statistically significant separation between the FTIR spectra of 
SIII-Tyr and PTWS exposed FaDu cells according to the PC2 score values, 
while there is no statistically significant difference between the two 
distributions related to cells exposed to PTWS, as reported in Table 3. 
The loading 2 plot in Fig. 7d points out that the decrease of amide I and 
amide II bands due to exposure mainly cause the above separation, 
whereas small differences in the contributions from nucleic acid-related 
peaks are evident in Fig. 7d. The PC2 scores of PTWS exposed cells 
include both positive and negative values showing a partial overlap and 
thus precluding a definitive conclusion regarding the directionality of 
the changes in functional group content. Nonetheless, the score plot in 
Fig. 7c clearly shows that SIII-Tyr incubated and PTWS exposed cells are 
discriminated based on their FTIR spectra.

The score plot of Raman spectra acquired on FaDu cells exposed to 
PTWS oxy 10’ and 20’ is shown in Fig. 7e. As observed for HaCaT cells, 
the differentiation between the spectra of SIII-Tyr and PTWS exposed 
cells occurs according to the PC3 score values. Indeed, the PC3 score 
values of the spectra measured from the spectra of each of the three 
types of cells cluster separately but many overlaps occur between the 
distributions of PC3 score values related to the two types of PTWS 
exposed cells. The box plot in Fig. 7e and data reported in Table 3
highlight statistically significant differences between the distributions of 
PC3 score values of SIII-Tyr and PTWS oxy exposed cells, while the 
differences between the distributions of cells exposed to the two 
different PTWS oxy are not statistically significant. Such a behaviour 
suggests that biochemical modifications are induced by the action of 
PTWS oxy. In particular, the negative peaks at 1495 and 1585 cm− 1 in 
the loading 3 plot in Fig. 7f indicate a modification of two among the 
four selected nucleic acid bonds following PTWS oxy exposure. The 
comparison between the loading 3 plot and the median values of the PC3 
scores distribution (negative for scores of untreated SIII-Tyr incubated 
cells and positive for scores of PTWS exposed cells) implies a decrease of 
the intensity of the Raman signals related to some nucleic acid bonds as a 
consequence of exposure. Furthermore, the intense peaks at 
1440 cm⁻¹ and in the spectral range corresponding to the amide I 
vibrational mode in Fig. 7f confirm that the differences of PC3 score 
values shown in Fig. 7e can be mainly attributed to the reduction in the 
relative amount of CH bending and changes in protein bonds, respec
tively, as a consequence of PTWS exposure.

The results of PTWS air exposure of FaDu cells are reported in Fig. 8, 
which highlights the clustering and separation of the spectra related to 
SIII-Tyr incubated and PTWS exposed cells. In fact, the FTIR spectra of 
SIII-Tyr incubated cells in the 2800–3700 cm− 1 range are characterized 
by negative values of PC1 score in Fig. 8a, while the spectra of cells 
exposed to PTWS air 20’ have positive PC1 score values and the spectra 
of cells exposed to PTWS air 10’ have both positive and negative values. 
The three score values distributions are well separated among them and 
the differences among the score values of the three distributions are 
statistically significant, as can be deduced in Table 3. The methylene 
lipids bonds at 2850 and 2923 cm− 1 are the main responsible of the 
spectral differences (see loading 1 plot in Fig. 8b). In particular, the 
loading 1 plot and the signs of the median values of the PC1 score dis
tributions indicate that the relative intensity of these peaks is larger in 
exposed cells than in control ones.

The score and loading plot in Figs. 8c and 8d, which are related to 
FTIR spectra of FaDu cells in the 900–1800 cm− 1 range, are very similar 
to the corresponding plots in Figs. 7c and 7d obtained for PTWS oxy 

Table 2 
Attribution of FTIR and Raman signals to the cellular components [43,44]. The 
main investigated spectral signals are highlighted with bold characters. Abbre
viations: stretching (str.); symmetric (symm.); asymmetric (asymm.); twisting 
(twist.); wagging (wagg.).

FTIR position 
(cm¡1)

Attribution 
lipids

Attribution 
proteins

Attribution 
nucleic acids

970 ​ ​ C-O, C-C str.
1085 ​ ​ PO‾

2 symm. str.
1237 ​ C-OH str. PO2 ¡ asymm. str.
1315 ​ amide III ​
1398 COO‾ str. COO‾ str. ​
1455 CH3 bending CH3 bending ​
1544 ​ NН + ХN βενδινγ 

αμιδε ІІ
​

1654 ​ C––O amide I ​
2850 CH2 symm. str. ​ ​
2874 CH3 symm. str. CH3 symm. str. ​
2923 CH2 asymm. 

str.
​ ​

2958 CH3 asymm. 
str.

CH3, asymm. str. ​

3080 ​ amide B ​
3293 ​ amide A ​
Raman position 

(cm¡1)
Attribution 
lipids

Attribution 
proteins

Attribution 
nucleic acids

1003 ​ C-C str. ​
1093÷1098 ​ C-N str. PO‾2 str.
1130 C-C str. C-N str. ​
1178 ​ C-H bending ​
1260 ​ amide III ​
1310 CH2 twist. ​ ​
1340÷1344 ​ CH2, CH3 wagg. CH2, CH3 wagg.
1380 ​ ​ ring breath. DNA
1420 ​ ​ ring breath. DNA
1440 CH2 bending CH2 bending ​
1495 ​ ​ ring breath. DNA
1580÷1585 ​ ​ ring breath. DNA
1620 ​ C––C bending ​
1660 ​ Amide I ​
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exposure. Therefore, also for PTWS air exposure a clear discrimination 
between the spectra of SIII-Tyr incubated and PTWS exposed FaDu cells 
occurs and the contribution of the amide I and amide II absorption peaks 
to the spectral differences is evident (their intensities are lower in the 
spectra of cells PTWS exposed cells than in unexposed ones) whereas the 
FTIR signals related to nucleic acids appear to be unaffected by the 
exposure process.

The score and loading plot of Raman spectra from PTWS air exposed 

FaDu cells, shown in Figs. 8e and 8f, are characterized by an anomalous 
behaviour. In fact, the distribution of PC3 score values of SIII-Tyr 
incubated cells differs significantly from the corresponding distribu
tion related to cells exposed to PTWS air 10', but it overlaps with that 
related to cells exposed to PTWS air 20'. However, the loading 3 plot in 
Fig. 8f suggest that the spectral signals related to nucleic acid compo
nents does not contribute significantly to the discrimination of the 
Raman spectra of untreated SIII-Tyr incubated cells from the Raman 

Fig. 4. Mean FTIR absorption spectra of HaCaT, FaDu and SAS cells incubated with SIII-Tyr solution and exposed to the PTWS air 10 min and 20 min in the 
2800–3700 cm− 1 range (a, b and c, respectively) and 900–1800 cm− 1 range (d, e and f, respectively) and mean Raman spectra in the 980–1800 cm− 1 range (g, h, i, 
respectively). The spectra have been intensity shifted for clarity.
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spectra of cells exposed to PTWS air 10’ and air 20’, respectively. 
Indeed, the loading 3 intensity values at the selected wavenumbers 
related to nucleic acid components are close to zero, except for the signal 
at 1585 cm− 1, which has a negative intensity value. Therefore, the 
nucleic acid components in FaDu cells probably are slightly affected by 
air-PTWS exposure. In contrast, the lipid and protein components are 
affected by PTWS exposure, as demonstrated by the loading 3 peaks at 
about 1440 and 1660 cm⁻¹ .

The response of SAS cells to the PTWS oxy, reported in Figure S2, 
results similar to that of FaDu cells. In particular, the FTIR spectra in the 
2800–3700 cm− 1 range of SIII-Tyr incubated cells are well discrimi
nated from those of both PTWS exposed cells based on the PC1 score 
values, whereas there is no statistically significant difference between 
the two distributions of PC1 score values related to the two types of 
PTWS exposed cells. The corresponding loading 1 plot shows that such a 
discrimination can be mainly ascribed to the lipid absorption peaks at 

2850 and 2923 cm− 1, whose relative intensity increases following 
exposure to the two types of PTWS. Also, in the 900–1800 cm− 1 range 
the score plot indicates that the spectra of SIII-Tyr incubated cells are 
quite discriminated from those of exposed ones. The differences among 
the three distributions of score values are statistically significant, 
although some overlapping between the PC1 score values of the spectra 
of SIII-Tyr incubated cells and those of a few spectra of the cells exposed 
to PTWS oxy 10 min occur. The loading 1 plot of the FTIR spectra in the 
in 900–1800 cm− 1 range clearly evidences the prominent role of the 
amide I (at 1654 cm− 1) and amide II (at 1544 cm− 1) peaks in the 
discrimination between the spectra with mainly positive PC1 score value 
(related to SIII-Tyr incubated cells) and those with mainly negative score 
value (related to PTWS exposed cells): therefore, the relative intensity of 
such protein-related peaks decreases after PTWS exposure. In contrast, 
the contribution to discrimination resulting from the absorption of 
nucleic acid bonds is scarcely evident.

Fig. 5. PC score plots (left side) and loading spectra (right side) of the HaCaT cells incubated with SIII-Tyr solution and exposed to PTWS oxy 10 min and 20 min. The 
sections of the Figure are related to FTIR spectra measured in the 2800–3700 cm− 1 range (a, b) and in the 900–1800 cm− 1 range (c, d) and to Raman spectra (e, f). 
The line inside the box plots denotes the median value and the whiskers are drawn up to the largest data points that fall within 1.5 times the interquartile range. The 
dotted lines and labels in the loading plots correspond to wavenumber values bold marked in Table 2.
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In addition, the PC4 score values differentiate the Raman spectra of 
SIII-Tyr incubated cells from those of PTWS oxy exposed ones. As re
ported above for the Raman spectra of HaCaT and FaDu cells, also in the 
case of SAS cells the positive and negative score values of the three types 
of cells partly overlap. Nonetheless, the three distributions of PC4 score 
values are characterized by negative and positive median values as far as 
the SIII-Tyr incubated and the PTWS exposed cells, respectively, is 
concerned. The corresponding loading 4 plot remarks that the relative 
intensity of the selected spectral signals related to nucleic acid compo
nents does not vary significantly in PTWS exposed cells compared to 
untreated SIII-Tyr incubated ones, except for the signal at 1380 cm− 1, 
whose intensity decreases following exposure. Instead, the largest dif
ferences between PTWS exposed and unexposed cells are found in the 
spectral region corresponding to protein components (at about 1620 and 
1670 cm⁻¹).

Instead, the spectra of SAS cells after PTWS air exposure, reported in 
Figure S3, exhibit different characteristics than those of the corre
sponding HaCaT and FaDu cells. Indeed, the PC1 score values differ
entiates the FTIR spectra of cells exposed to PTWS air 20’ from those of 
untreated SIII-Tyr incubated and PTWS air 10’ exposed cells in the 
2800–3700 cm− 1 range. This behaviour is similar to that observed for 
HaCaT cells (see Fig. 6a). However, it is evident the significant statistical 
difference between the PC1 score distribution values of SIII-Tyr incu
bated and PTWS air 10’ exposed SAS cells (see Table 3), although the 
median values of the two distributions are both negative. Instead, such 

significant statistical difference does not occur for the FTIR spectra of 
HaCaT cells. The corresponding loading 1 plot indicates that the peaks 
related to the methylene bonds of the lipid components are mainly 
responsible of the differentiation, being their intensity higher in SAS 
cells exposed to PTWS air 20’ than in the other ones.

On the contrary, the FTIR spectra in the 900–1800 cm− 1 range do not 
show statistically significant differences between the PC1 score values of 
SIII-Tyr incubated and PTWS air 10’ exposed SAS cells, as also reported 
in Table 3. But both such distributions of PC1 score values are well 
differentiated from the distribution of PC1 score values of SAS cells 
exposed to PTWS air 20’. Thus, in 900–1800 cm− 1 range the effect of 
SAS cell exposure is quite similar to that found for HaCaT cells and the 
protein related absorption peaks play the main role in the 
differentiation.

The score plot of Raman measurements of SAS cells exposed to air- 
PTWS in Figure S3 indicates that the PC3 score values mainly 
contribute to discriminate the SAS cells undergoing the three different 
treatments. The three distributions of PC3 score values partly overlap 
each other. Nonetheless, it is worth to remark that there is a statistically 
significant difference between the PC3 score value distributions of the 
SIII-Tyr incubated and PTWS air 10’ exposed cells. Such a difference is 
not present for HaCaT cells in Fig. 6e. Considering the signs of the me
dian values of the distributions, the loading 3 plot of Raman spectra 
shows that, among the selected Raman signals of characteristic nucleic 
acid bonds, only the signal at 1582 cm− 1 is quite different from zero and, 

Table 3 
Median, 25th and 75th percentile of the PC score distributions values of FTIR and Raman spectra measured for HaCaT, FaDu, and SAS cells exposed to different PTWS 
(oxy 10', oxy 20', air 10', and air 20') treatment. Cells exposed to untreated SIII-Tyr were used as control. The columns report the statistical difference between pairwise 
distributions, where * indicates a statistically significant difference with p < 0.001 and N indicates that the difference is not statistically significant.

HaCaT oxy

cell exposure PC1⋅10− 3 s s s PC1⋅10− 3 s s s PC3⋅10− 3 s s s
median (25th, 75th p.) median (25th, 75th p.) median (25th, 75th p.)
FTIR 2800 3700 cm− 1 FTIR 900–1800 cm− 1 Raman 980–1800 cm− 1

SIII-Tyr -1.44 (-1.66, ¡1.20) * * ​ 1.92 (0.936, 3.12) * * ​ -2.13 (-2.68, ¡0.95) * * ​
oxy 10′ 0.36 (-0.22, 0.87) * ​ * -0.42 (-1.42, 0.34) * ​ N 1.17 (-0.05, 2.30) * ​ N
oxy 20′ 1.16 (0.54, 1.59) ​ * * -0.78 (-2.82, ¡0.13) ​ * N 0.52 (-0.368, 1.77) ​ * N
HaCaT air
cell exposure PC1⋅10− 3 s s s PC1⋅10− 3 s s s PC3⋅10− 3 s s s

median (25th, 75th p.) median (25th, 75th p.) median (25th, 75th p.)
FTIR 2800 3700 cm− 1 FTIR 900–1800 cm− 1 Raman 980–1800 cm− 1

SIII-Tyr -0.76 (-1.03, ¡0.55) N * ​ 0.48 (-0.55, 1.66) * * ​ -1.26 (-2.42, 0.10) N * ​
air 10′ -0.60 (-0.80, ¡0.42) N ​ * 2.03 (1.08, 2.74) * ​ * -0.64, (-1.48, 0.07) N ​ *
air 20′ 1.33 (0.84, 1.85) ​ * * -2.98 (-3.68, ¡1.98 ​ * * 1.84 (0.25, 2.84) ​ * *
FaDu oxy
cell exposure PC1⋅10− 3 s s s PC2⋅10− 3 s s s PC3⋅10− 3 s s s

median (25th, 75th p.) median (25th, 75th p.) median (25th, 75th p.)
FTIR 2800 3700 cm− 1 FTIR 900–1800 cm− 1 Raman 980–1800 cm− 1

SIII-Tyr -0.70 (-0.96, ¡0.51) * * ​ 0.69 (0.50, 0.95) * * ​ -1.51, (-2.75, ¡0.62) * * ​
oxy 10′ 0.21 (0.08, 0.46) * ​ N -0.18 (-0.40, 0.03) * ​ N 0.38 (-0.56, 1.18) * ​ N
oxy 20′ 0.45 (0.32, 0.52) ​ * N -0.31 (-0.93, ¡0.06) ​ * N 1.20 (-0.29, 2.51) ​ * N
FaDu air
cell exposure PC1⋅10− 3 s s s PC2⋅10− 3 s s s PC3⋅10− 3 s s s

median (25th, 75th p.) median (25th, 75th p.) median (25th, 75th p.)
FTIR 2800 3700 cm− 1 FTIR 900–1800 cm− 1 Raman 980–1800 cm− 1

SIII-Tyr -0.67 (-0.91, ¡0.49) * * ​ 0.59 (0.34, 0.82) * * ​ -0.74 (-1.72, 0.30) * N ​
air 10′ 0.03 (-0.14, 0.12) * ​ * -0.01 (-0.42, 0.13) * ​ * 1.31 (0.42, 2.05) * ​ N
air 20′ 0.58 (0.51, 0.80) ​ * * -0.37 (-0.59, ¡0.18) ​ * * -0.64 (-1.64, 1.62) ​ N N
SAS oxy
cell exposure PC1⋅10− 3 s s s PC1⋅10− 3 s s s PC4⋅10− 3 s s s

median (25th, 75th p.) median (25th, 75th p.) median (25th, 75th p.)
FTIR 2800 3700 cm− 1 FTIR 900–1800 cm− 1 Raman 980–1800 cm− 1

SIII-Tyr -1.62 (-1.82, ¡1.34) * * ​ 3.24 (2.62. 3.86) * * ​ -1.79 (-2.41, ¡0.94) * * ​
oxy 10′ 0.98, (0.60, 1.41) * ​ N -2.29 (-4.61, ¡0.69) * ​ * 1.12 (-0.15, 2.73) * ​ N
oxy 20′ 0.74 (0.46, 0.98) ​ * N -0.43 (-1.06, ¡0.07) ​ * * 0.45 (-0.45, 1.37) ​ * N
SAS air
cell exposure PC1⋅10− 3 s s s PC1⋅10− 3 s s s PC3⋅10− 3 s s s

median (25th, 75th p.) median (25th, 75th p.) median (25th, 75th p.)
FTIR 2800 3700 cm− 1 FTIR 900–1800 cm− 1 Raman 980–1800 cm− 1

SIII-Tyr -0.99 (-1.27, ¡0.69) * * ​ 1.59 (0.95, 2.26) N * ​ 1.14 (-0.11, 2.83) * * ​
oxy 10′ -0.32 (-0.58, ¡0.19) * ​ * 1.87 (1.23, 3.34) N ​ * -0.16 (-0.70, 0.69) * ​ *
oxy 20′ 1.58 (1.08, 1.82) ​ * * -3.55 (-4.57, ¡2.80) ​ * * -1.40 (-2.56, ¡0.57) ​ * *
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consequently, it suggests a modification of such a bond after the action 
of the PTWS air 20’. In agreement with the findings of the FTIR spectral 
analysis, the loading signals corresponding to lipid (at 1440 cm− 1) and 
protein (at 1004 cm− 1 and in the amide I range) peaks are characterized 
by large intensity; therefore, these components play the main role in 
distinguishing between PTWS exposed and unexposed cells.

Overall, it can be stated that vibrational spectroscopy analysis (FTIR 
and Raman) revealed that exposure to different PTWS formulations in
duces measurable biochemical alterations in both healthy (HaCaT) and 
cancerous (FaDu, SAS) cell lines. These changes are dependent on 
treatment duration and gas composition (oxy vs. air), with more pro
nounced effects observed following 20-minute treatments. The most 
significant alterations involved lipid membrane components, particu
larly CH₂ stretching vibrations, indicating oxidative stress and lipid 
peroxidation. FTIR spectra showed clear discrimination between treated 
and untreated cells, both in the 2800–3700 cm⁻¹ and 

900–1800 cm⁻¹ regions, mainly due to variations in lipid and protein- 
related signals, respectively. No modification was evident in the C-O, 
C-C and phosphate bonds of nucleic acid components. Raman spec
troscopy, despite a lower signal-to-noise ratio, revealed nucleic acid 
alterations, especially in HaCaT and to a lesser extend in SAS cells after 
PTWS 20 min exposure. Overall, the data confirm that PTWS induces 
cell type– and condition–specific oxidative responses, which can be 
effectively monitored via vibrational spectroscopy.

4. Conclusions

In conclusion, this study establishes FTIR and Raman spectroscopy as 
primary, label-free readouts to map PTWS-induced biochemical 
remodelling in healthy versus HNC cells. The multi-diagnostic approach 
proposed provides a robust and multidimensional framework for inter
preting cellular responses to oxidative stress. The combination of the 

Fig. 6. PC score plots (left side) and loading spectra (right side) of the HaCaT cells incubated with the SIII-Tyr solution and exposed to PTWS air 10’ and 20’. The 
sections of the Figure are related to FTIR spectra measured in the 2800–3700 cm− 1 range (a, b) and in the 900–1800 cm− 1 range (c, d) and to Raman spectra (e, f). 
The line inside the box plots denotes the median value and the whiskers are drawn up to the largest data points that fall within 1.5 times the interquartile range. The 
dotted lines and labels in the loading plots correspond to wavenumber values bold marked in Table 2.
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techniques demonstrated that molecular fingerprints coherently reflect 
functional outcomes, revealing a limited impact of PTWS on HaCaT, 
alongside a marked susceptibility of FaDu and SAS cell lines. This dif
ferential response is further supported by condition-dependent increases 
in intracellular ROS levels: HNC cell lines displayed more pronounced 
spectral alterations than HaCaT, with the largest effects after PTWS oxy 
20’ treatment and a still-discernible window of selectivity after exposure 
to air 10’ formulations. A key advancement of this work lies in the 
integration of PCA analysis applied to both FTIR and Raman datasets, 
enabling a systematic and quantitative dissection of biochemical 
changes. From a biochemical perspective, PTWS exposure induced a 
consistent remodeling of lipid and protein components, with an increase 
in lipid-related signals and a concomitant decrease in protein-associated 
bands. In contrast, nucleic acids appear only moderately affected, as not 
all representative vibrational modes exhibit significant variation, except 
in specific conditions such as HaCaT cells exposed to air 20’ PTWS. 

These findings support a mechanistic link between spectroscopic shifts 
and selective cytotoxicity. The integration of FTIR and Raman spec
troscopy proves particularly advantageous: FTIR offers high signal-to- 
noise ratio over large sample areas with strong sensitivity to lipids and 
proteins, whereas Raman provides subcellular spatial resolution and 
enhanced selectivity toward nucleic acid variations. Together these 
techniques establish practical endpoints to monitor cellular responses 
and guide the rational optimization of PTWS generation parameters (i.e. 
gas feed and treatment time) for selective anticancer activity. Collec
tively, PCA highlights a coordinated modulation of lipids, proteins, and 
nucleic acids. As PTWS function as exogenous sources of RONS and 
thereby drive cellular oxidative stress, the combined application of FTIR 
and Raman spectroscopy may, in the next future, offer a powerful 
diagnostic strategy for therapeutic approaches based on redox medicine, 
including those employed in oncology. Validation could proceed by 
extending the spectral panel, including longitudinal/live-cell 

Fig. 7. PC score plots (left side) and loading spectra (right side) of the FaDu cells incubated with the SIII-Tyr solution and exposed to PTWS oxy 10 min and 20 min. 
The sections of the Figure are related to FTIR spectra measured in the 2800–3700 cm− 1 range (a, b) and in the 900–1800 cm− 1 range (c, d) and to Raman spectra (e, 
f). The line inside the box plots denotes the median value and the whiskers are drawn up to the largest data points that fall within 1.5 times the interquartile range. 
The dotted lines and labels in the loading plots correspond to wavenumber values bold marked in Table 2.
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acquisitions, and testing additional HNC subtypes to consolidate trans
lation toward preclinical validation. While this study was conducted on 
in vitro cell line models, which provide a controlled environment for 
mechanistic insights, future work could extend these observations to 
more complex in vivo systems. Only selected long-lived reactive species 
(H₂O₂ and NO₂⁻) were quantified in the present study, providing a 
focused view of oxidative effects; further investigations could expand 
the panel of monitored species to deepen mechanistic understanding. 
Importantly, PCA offered a robust exploratory tool to highlight key 
spectral changes and sample differentiation, laying the groundwork for 
more detailed analyses in future studies.
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