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There is a growing body of research on the infection of cow milk by Prototheca algae, a potential human path-
ogen. This study presents investigations on plasma treatment to inactivate Prototheca directly in milk. However,
microbiological tests revealed a surprisingly high survival rate of Prototheca in milk compared to saline solution
treated under the same conditions. This phenomenon appears to be due to presence of proteins that act as
scavengers of plasma reactive species, with OH® radicals playing a major role. Studies using MALDI-TOF MS,

FTIR, XPS and UV-VIS on a model solution of peptone K (simulating the molecular structure of milk protein
fractions) confirmed the high reactivity of peptides with OH® radicals, leading primarily to the substitution of
hydrogen atoms with hydroxyl groups and cleavage of peptide chains. The obtained results encourage a broader
consideration of proteins’ role in plasma treatment processes, including applications in food products and plasma

medicine.

1. Introduction

Cold plasma is emerging as an innovative and promising non-thermal
technology for food decontamination. It has been tested across a wide
range of applications, from meat and dairy products to fruits, juices,
herbs, and spices (Hertwig et al., 2015; Murtaza et al., 2024; Pankaj
et al., 2018; Surowsky et al., 2015). Despite extensive research on the
effect of plasma on food products, including its impact on microorgan-
isms and their killing, as well as on the modification of food ingredients,
the mechanisms driving these processes are still not fully understood
and are under active discussion (Gavahian et al., 2018; Liao et al., 2017;
Sarangapani, Keogh, et al., 2017). This complexity arises from the va-
riety of plasma types used (e.g., jet plasma, spark discharge, corona
discharge, dielectric barrier discharge, low-pressure plasma), the wide
range of its generation conditions, and the various procedures employed
for plasma treatment (Kopuk et al., 2022; Moosavi et al., 2020; Zhou
et al., 2020).

It is well-established that plasma’s effects on food products are due to
reactive species (free electrons, free radicals, ions, ion radicals, excited
atoms and molecules) produced during its generation, typically using
inert (non-polymerizing) working gases. Common gases in atmospheric-
pressure plasma for food processing include argon, oxygen, nitrogen, or
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air. High-energy radicals like O®, OH®, O35, NO* are particularly reactive
(Kopuk et al., 2022). However, these species have different lifetimes and
concentrations, influenced by both generation conditions and the envi-
ronment in which they act — this may be a gas phase (e.g., air) in the case
of surface treatment of solid materials, or a liquid phase (aqueous so-
lution) if liquids such as juices or milk are processed (Moszczynska et al.,
2023). Additionally, by-products resulting from the reactions of the
plasma reactive species, such as O3 (mainly in the gas phase) or H2O,
(primarily in the liquid phase), as well as UV radiation produced during
plasma generation, should also be considered.

Setting aside the complex chemical structure of food components,
the variety of plasma reactive species and the differences between gas
and liquid phases in plasma reactions pose major challenges for devel-
oping even basic guidelines for specific plasma treatments. Each case
currently requires a tailored approach based on dedicated research. This
is especially true for aqueous solutions, where dissolved organic and
inorganic substances can significantly influence plasma’s biocidal ac-
tivity (Hummert et al., 2023).

Milk, with its complex composition, exemplifies this challenge; its
components significantly affect the plasma decontamination process
(Nguyen et al., 2022). However, due to the thermal sensitivity of these
components, cold plasma, as a non-thermal technology, appears to be a
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promising solution (Coutinho et al., 2018; Rathod et al., 2021). Cold
plasma treatment has attracted considerable interest as a method to
ensuring microbiological safety in milk while preserving its sensory,
nutritional, and physicochemical properties. At the same time, it is also
seen as a tool for controlled modification of milk’s structure and prop-
erties. Studies have examined various types of cow milk, including liquid
forms such as raw, pasteurized, UHT, whole, semi-skimmed, and skim-
med milk (Gurol et al., 2012; Kim et al., 2015; Korachi et al., 2015;
Ponraj et al., 2017; Sharma & Singh, 2022) as well as powdered milk
(Chen et al., 2019). Additionally, research has focused on freeze-dried
bovine colostrum (Bogustawska-Was et al., 2023), isolated milk com-
ponents in solid or liquid phases, such as sheep milk casein (Zhang et al.,
2024), bovine milk casein and whey proteins (Ng et al., 2021; Segat
et al., 2015), milk protein concentrate (Bormashenko et al., 2021), and
the alkaline phosphatase enzyme naturally present in milk (Segat et al.,
2016). Overall, despite challenges with plasma treatment technology,
research supports its potential for milk decontamination and encourages
further studies to expand its applications.

An important but underrecognized issue is the contamination of milk
by Prototheca algae, a topic of increasing interest. Evidence suggests that
milk and dairy products contaminated with Prototheca, such as butter
and cheeses, may be sources of human infection (Abdelhameed, 2016;
Libisch et al., 2022; Nardoni & Mancianti, 2023; Rivelli Zea et al., 2024).
Removing this pathogen from milk is therefore as essential as elimi-
nating other harmful microorganisms. However, Prototheca shows heat
resistance and can survive high-temperature treatments (Lassa et al.,
2011; Melville et al., 1999). Thus, alternative methods are needed to
inactivate this pathogen in milk effectively.

A promising approach is the use of cold plasma. Our previous studies
(Tyczkowska-Sieron, Markiewicz, et al., 2018; Tyczkowska-Sieron,
Kapica, et al., 2018) demonstrated high sensitivity of Prototheca zophii to
plasma treatment, with greater susceptibility than Candida albicans
treated under similar conditions. However, these studies involved solid
surface treatment (agar plates with pathogen cells spread uniformly for
inhibition zone measurements). To date, no studies have been conducted
on Prototheca inactivation directly in milk in the liquid phase.

Based on the results from solid surface studies, we hypothesized that
plasma treatment could also effectively decontaminate liquid milk from
Prototheca. Thus, the goal of this work was to verify plasma’s efficacy in
inactivating Prototheca cells in liquid milk without significantly altering
its nutritional properties, and in the absence of positive results, to
identify the underlying reasons.

2. Materials and methods
2.1. Materials

Commercial UHT cow milk (0.5 % fat) from Mlekpol Dairy Cooper-
ative (Poland) was used for the tests. Skim milk samples were obtained
by centrifuging it in a high-speed centrifuge (type 5430R, Eppendorf
Poland Ltd.) at 12,700 rpm and 18,213 xg for 30 min. Milk casein
pancreatin hydrolysate, peptone K (hereinafter peptone), from BTL Ltd.
(Poland) was used as a model protein substance in milk. The amino acid
composition of peptone, its physicochemical characteristics, and mo-
lecular weight distribution, provided by the manufacturer, are listed in
the Supplement in Tables S1, S2 and S3, respectively. Lactose mono-
hydrate pure p.a. (Chempur, Poland) was used as a model substance for
carbohydrates in milk. To study the activity of peptone in scavenging
plasma reactive species, methylene blue trihydrate (MB) provided by
Thermo Fisher GmbH (Germany, Catalog no.: J60823.30) was selected.

For microbiological tests, a sterile saline solution (API NaCl 0.85 %
Medium; bioMérieux SA, France) was used (henceforth: saline). All
other aqueous solutions were prepared using ultrapure water from a
Millipore Direct-Q 3 UV system (Merck KGaA, Germany).
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2.2. Plasma treatment system

Plasma treatment was performed using a cold atmospheric pressure
plasma jet — kINPen 11 V (Neoplas GmbH, Germany) (Reuter et al.,
2018). A schematic diagram of this plasma treatment system is provided
by Fig. S1. The plasma jet model operates at a frequency of 1.0 MHz and
a peak-to-peak voltage of 3.0 kV. Argon (99.999, Linde Gaz, Poland) was
used as the feed gas with a flow rate of 10% scem. To control the plasma
generation atmosphere, a shielding head device was used. Oxygen or
nitrogen (both 99.999, Linde Gaz, Poland) at 100 sccm, controlled by
SLA5850 flow meters (Brooks Instrument, USA), were used as shielding
gas, along with versions of the same gases saturated with water vapor at
room temperature. The plasma jet nozzle was positioned 8-10 mm from
the surface of the treated solution. A Cimerec+ series magnetic stirrer,
model SP88857108 (Thermo Scientific, USA), with a 6 mm diameter and
25 mm long glass-embedded dipole, stirred the solution at a speed of
120 rpm. Each time, a 4 mL solution was plasma treated in a 6.8 mm
deep borosilicate glass Petri dish with a 47 mm internal diameter.
Plasma treatment time ranged from 1 to 60 min depending on the so-
lution. For direct plasma treatment of an agar substrate surface, the
plasma jet nozzle was placed 15.2 mm above the surface, with a 3-min
exposure time.

2.3. Microbiological tests

The reference strain of Prototheca wickerhamii (RE-4608014 ATCC
16529, American Type Culture Collection) was used in this study. An
inoculum suspension of P. wickerhamii (hereinafter Prototheca) was
prepared from a 72-h culture in saline, achieving an optical density of
0.5 on the McFarland scale (approx. 10° CFU/mL), adjusted using a
DEN-1B McFarland densitometer (SIA Biosan, Latvia). From this sus-
pension, 50 pL was added to 5 mL of the test solution to obtain a test
suspension with approx. 10* CFU/mL. Test solutions included saline,
0.5 % fat milk, skimmed milk, and model solutions of peptone and
lactose, with concentrations of 2.5 and 4.5 wt% respectively, reflecting
typical milk protein and carbohydrate levels. A 50 pL sample of each test
suspension, before and after plasma treatment, was inoculated onto
Sabouraud dextrose agar (bioMérieux SA, France) Petri dishes and
incubated at 35 °C for 72 h. Colony counts were recorded.

For direct plasma treatment of Prototheca cells pre-exposed to a so-
lution, 100 pL of the cell suspension was spread evenly on Sabouraud
dextrose agar, plasma-treated for 3 min, then incubated at 35 °C for 72
h, and inhibition zones were measured.

All plasma treatment experiments were repeated twice, with CFU
counts performed in triplicate per experimental sample.

2.4. MALDI-TOF mass spectrometry

MALDI-TOF mass spectra were obtained using an Axima Perfor-
mance instrument with a nitrogen laser (337 nm) (Shimadzu Corp.,
Japan). The pulsed extraction ion source accelerated ions to a kinetic
energy of 20 keV. All data were collected in a positive-ion linear mode,
with laser energy set just above threshold level. The system was exter-
nally calibrated using polyethylene glycol (PEG) standards (Merck
KGaA, Germany). 2,5-dihydroxybenzoic acid (DHB, >99.0 % HPLC)
(Merck KGaA, Germany) served as the matrix, prepared in 70/30
acetonitrile/water with 0.1 % trifluoroacetic acid (TFA, >99.0 %)
(Merck KGaA, Germany) at 10 mg/mL. A 0.5 pL of peptone solution
(untreated or plasma-treated) was mixed with 0.5 pL of matrix on the
MALDI plate, dried, and then inserted into the mass spectrometer. Mass
spectra were collected from a minimum 200 laser shots and processed
using Biotech Launchpad ver. 2.9.1 (Shimadzu Corp., Japan).

2.5. FTIR spectrometry

FTIR spectra were recorded using a Jasco 6200 FTIR spectrometer
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with a liquid nitrogen-cooled MCT detector (Jasco Inter. Co., Ltd.,
Japan). Aqueous peptone solutions (untreated or plasma-treated) were
drop-coated onto ZnSe plates (Pike Technologies, USA) dried at 35 °C for
48 h, and vacuum-evaporated for an additional 24 h to remove all
moisture. ZnSe plates with peptone samples were used for FTIR mea-
surements in transmission mode. Spectra were collected from 5000 to
600 cm™! with 1 cm™! resolution, averaging 100 scans. Spectra were
corrected by subtracting the substrate response.

2.6. XPS spectrometry

Elemental composition and chemical structure of peptone were
analyzed by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS
Ultra DLD spectrometer (Kratos Analytical Ltd., UK). Samples were
deposited on a gold sheet as for ZnSe in FTIR. Monochromatic Al Ka X-
rays (1486.6 eV) excited photoelectrons, with spectra collected from
three 0.2 mm? spots per sample. Anode power was set to 180 W, and the
electron analyzer pass energy to 20 eV for high-resolution measure-
ments. Measurements used a charge neutralizer, and spectra were
analyzed with Kratos Vision 2.2.10 software, calibrated to the Au 4f;/
gold peak at 84.0 eV.

2.7. UV-VIS spectrometry

UV-VIS spectra were recorded using a UV-1800 spectrophotometer
(Shimadzu Corporation, Japan) from 190 to 1100 nm with 1 nm steps.
Quartz cuvettes (Thorlabs Inc., USA) of 10 mm and 1 mm path lengths
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were used. Peptone solutions, before and after plasma treatment, were
tested in 1 mm cuvettes after 7-fold dilution in ultrapure water, used as
the reference solution.

For methylene blue (MB) decolorization studies, 10 ppm MB solu-
tions in ultrapure water and with added peptone were measured in 10
mm cuvettes, both without plasma treatment and after plasma treatment
for 1 to 15 min. In all cases, analogous solutions without MB were used
as references.

2.8. pH measurements

The pH measurements were performed using a CX-505 multifunc-
tional laboratory instrument (Elmetron G.P., Poland) with a combined
ERH-12-6 pH probe for small volumes. The probe was calibrated using
standard buffers at pH 10.01, 7.01, and 4.01 (Hanna Instruments,
Poland). For each test, 4.0 mL of solution was poured into a 10 mm vial,
and the probe was immersed for the measurement.

2.9. Statistical analysis

Statistical analysis was conducted using Statistica software (version
6; StatSoft, Inc., USA). Results are presented as means =+ their standard
deviations. Differences between mean inactivation values were esti-
mated with the difference test method, considering p < 0.05 as signifi-
cant. Kinetics of MB decolorization and Prototheca inactivation were
fitted by linear regression, with coefficient of determination (r2)
calculated.
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Fig. 1. Plasma-induced inactivation of Prototheca as a function of: (a) — plasma jet distance d (Ar plasma, 15 min treatment); (b) — working gas types (d = 8 mm, 15
min treatment); (c) — Prototheca solution types (Ar + O, plasma, d = 8 mm, 15 min treatment); (d) — Prototheca solution types (Ar + O, plasma, d = 8 mm, 60 min
treatment). Examples of the raw data underlying the results presented in this figure are shown in the Supplementary data (Item 3).
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3. Results
3.1. Microbiological analysis

The first stage of the study of Prototheca inactivation in milk was to
determine the optimal parameters of plasma treatment, using a sus-
pension of Prototheca cells (10* CFU/mL) in saline. Keeping the
discharge power and gas flow rates fixed as described in Sec. 2.2, and
assuming a plasma operation time of 15 min, we analyzed the influence
of the jet distance (d) from the solution surface and the composition of
the gas mixture in which the plasma was generated. Fig. 1(a) shows the
dependence of Prototheca inactivation (expressed as the ratio of the
number of surviving cells N to the initial number of cells Ny) as a
function of the plasma jet distance during plasma generation in argon
alone, while Fig. 1(b) shows the inactivation of Prototheca depending on
the environment in which the plasma was generated, at a jet distance of
8 mm. Based on these results, all further studies on the effect of plasma
on solutions, both with and without Prototheca, were carried out using
plasma generated in Ar with an O3 shielding gas (Ar + O3) and an 8 mm
jet distance, taking these conditions as standard.

A surprising result, confirmed several times, was the extremely weak
effect of killing Prototheca cells in contaminated milk (10* CFU/mL)
using the above-selected plasma treatment parameters. This contrasts
with their suspension in saline subjected to the same treatment, where
the process was much more intensive (Fig. 1(c)). This result indicates the
important role of milk components, which likely involve very effective
quenching of plasma reactive species, preventing them from contacting
Prototheca cells and thereby blocking the possibility of their inactivation.
To explain the causes of this phenomenon, it is necessary to determine
which milk components are particularly responsible for the observed
“quenching” of plasma and which plasma active species are primarily
involved in this process.

The first component of milk whose effect on plasma deactivation was
determined was fat. A sample of the same milk as before, only skimmed
in the centrifugation process (Sec. 2.1), was taken for the study. This
sample was then infected with Prototheca (10* CFU/mL) and treated
with plasma. Unfortunately, no visible cell-killing effect was observed in
this case either (Fig. 1(c)).

The next components of milk that were considered were proteins and
carbohydrates. The studies were conducted in solutions simulating the
presence of these milk components separately, thus allowing the
determination of their individual effect on the survival of Prototheca. A
model protein solution, an aqueous solution of peptone with a concen-
tration of 2.5 wt%, was used, corresponding to the average casein con-
tent of milk. The model carbohydrate solution was prepared by
dissolving lactose at a concentration of 4.5 wt% in water, which also
corresponds to the average lactose content in milk. The results of the
study on Prototheca inactivation in these solutions after exposure to
plasma for 15 and 60 min are presented in Figs. 1(c) and 1(d). As shown,
peptone significantly reduces the effect of plasma on Prototheca cells (p
< 0.05), while lactose has no statistically significant effect (p > 0.05)
compared to the saline solution. Therefore, it can be concluded that a
special role in blocking the effect of plasma on Prototheca cells should be
attributed to peptide structures.

Two possible scenarios of blocking the effect of plasma on Prototheca
should be considered (Zhang et al., 2016). Firstly, we can assume that
there is a permanent interaction between the Prototheca cell membrane
and some of the peptide structures, which protects the cell surface and
prevents access by plasma reactive species. Secondly, we can assume
that the peptide structures are very active scavengers of plasma reactive
species, rapidly reducing their concentration and thus the possibility of
attacking Prototheca cells. To determine a probable scenario, tests of
plasma treatment of Prototheca cultures inoculated on plates with a
medium and measuring the inhibition zones were carried out. Culture
samples were taken from Prototheca-infected solutions of pure saline,
peptone, and lactose, mentioned above. An example of the test result is
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shown in Fig. 2. The lack of differences in the size of the inhibition zones
clearly indicates the absence of permanent binding of the peptide
structures with the cell membrane and protection of the cells from the
action of plasma, which, in the case of such an effect, would be man-
ifested by a reduction of the inhibition zone. Therefore, further research
was directed toward exploring the second scenario and determining the
role of peptide structures in the process of scavenging plasma reactive
species.

3.2. Changes in the molecular composition of peptone by plasma
treatment

The study of changes in the peptone structure regarding macromo-
lecular composition caused by plasma action was performed using the
MADI-TOF MS technique. Fig. 3(a) shows MALDI mass spectra for the
raw peptone solution (the same as used in microbiological studies) and
this solution subjected to plasma treatment for 15 and 60 min, collected
for m/z 500-2500. Detailed results of the m/z range 500-1000,
1000-1200, 1200-1500, and 1600-2100 are shown in Figs. S3-S6. Due
to the complex composition of the peptone mixture, accurately assigning
peaks at a specific m/z values to the structure and sequence of amino
acids in the peptide chains is very difficult based on the MALDI spec-
trum, but it is possible to attempt a general characterization of the
changes occurring as a result of plasma treatment.

The first change that can be noticed in Fig. 3(a) is a decrease in the
relative intensity of peaks in the higher m/z value region compared to
the peaks at the lower m/z values. To confirm this tendency, the average
molecular mass was estimated in the tested range of 500-2500 m/z as a
comparative parameter using the simple equation:

Y [L e (m/z), ]

M, ZIT (@)

where M is the average molecular mass and I; is the peak intensity for a
given (m/z);. The calculations assumed that under experimental condi-
tions, almost exclusively singly charged ions are produced (z = 1)
(Niessen & Falck, 2015). The obtained values are shown in Fig. 3(b).
This result suggests that peptide molecules may be cleaved, leading to
the formation of shorter chains by plasma treatment. Conversely, it can
be assumed that free amino acids included in the peptone (Table S1),
whose molecular mass is below 500 Da, undergo polycondensation as a
result of the plasma action, forming short oligopeptide chains and thus
enriching the content of components corresponding to lower m/z values
in the studied range of 500-2000 m/z, which may also be manifested by
a decrease in the average molecular mass in this range. However, studies
conducted on the action of plasma on aqueous solutions of amino acids
do not confirm this assumption (Takai et al., 2014; Zhou et al., 2016),
leaving the cleavage of peptide chains as the more justified explanation
(Kopuk et al., 2022; Liu et al., 2017).

The second effect of plasma action that can be concluded based on
the results obtained from MALDI-TOF MS measurements is the change in
the chemical structure of peptone as a result of interaction with reactive
oxygen species leading to oxidation processes. In Fig. 3(a), in the MALDI
mass spectrum of the peptone sample exposed to plasma for 15 min,
additional peaks can be found at m/z values higher by 16 compared to
the spectrum for the raw sample. For the peptone sample treated with
plasma for 60 min, the peaks corresponding to the native peptide
structures disappear significantly, and a clear increase in the peaks
corresponding to the oxidized forms is observed. A telling example is the
disappearance of the peak at m/z 1941.7 present in the mass spectrum of
the raw peptone sample and the appearance of a distinct peak at m/z
1957.8 in the mass spectrum of the peptone sample treated with plasma
for 60 min. A similar effect of an increase in molecular mass by 16 Da is
also visible in the case of the peak at m/z 1854.5 transformed into the
peak at m/z 1871.0, as well as the related peaks at m/z 1286.1 and



E. Tyczkowska-Sieron et al. Food Chemistry 480 (2025) 143865

Fig. 2. Prototheca culture tests for suspension in saline, peptone and lactose solutions with distinct inhibition zones after jet plasma treatment (Ar + O, plasma, d =
15.2 mm, 3 min treatment).

1155.1
100 - (a) * raw peptone
80 |
1127.8
60 - 1854.5
930.2 l
40| :
l 1941.7
1676.7
20 1286.1
689.6 l
0 r'Lrwlﬁ.”.‘lrr..‘r.l Ifﬁnl.l.‘. g .“v.‘.l J I N 1400
| 1155.0 (b)
100 15 min treatment =
o\'? e 1300
o 80f 2 I
LC) ©
3 §
2 60} &
2 3 1200
© S
Qo 40} =
© 841.3 1127.4 2
5 S 1100 |
L 689.8 930.0 1854.8 [
@ 20 1103.2 z
l 1677.1 1942.0
o e A I I
0 b, SER WU S—— —
100 1155.1 0 15 60
60 min treatment _ Plasma treatment time [min]
80 |
60
1127.3
40 i
BRpe 1104.3 5 _l :
842.0 : l ; l
i 7682, 9306 16772 18710
1302.1 :
L l 1957.8
0 . W T TTPRRPOY | [T 5. [SR——
600 800 1000 1200 1400 1600 1800 2000 2200 2400
m/z

Fig. 3. MALDI-TOF MS results for peptone solution: (a) — mass spectra for untreated (raw) and plasma-treated for 15 and 60 min. The arrows indicate example peaks
that shift by m/z = +16, resulting from the binding of an oxygen atom to a given structure during plasma treatment.; (b) — estimated average molecular mass,
according to eq. (1), as a function of plasma treatment time.
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1302.4. These examples can be examined in more detail in Figs. S5 and
S6.

The literature contains several reports indicating that amino acids in
peptides are excellent targets for reactive oxygen species derived from
plasma. A commonly observed modification is the introduction of one
oxygen atom in the form of hydroxyl group (Verlackt et al., 2017;
Wenske et al., 2021). Therefore, the change in the m/z values of peaks by
16 during plasma treatment can be interpreted in our case, for instance,
as the replacement of the hydrogen atoms in C-H groups with hydroxyl
groups. This will be confirmed by the FTIR and XPS results presented
below.

3.3. Changes in the chemical structure of peptone by plasma treatment

To more precisely analyze the interaction of plasma reactive species
with the components of peptone, changes in their chemical structure
occurring during plasma treatment were examined. For this purpose,
FTIR analysis, XPS spectrometry, and UV-VIS absorption spectrometry
were employed.

3.3.1. FTIR analysis

Fig. 4 shows FTIR spectra obtained in the range of 600-5000 cm ™!
for raw and plasma-treated (for 15 and 60 min) peptone samples.
Although these spectra are very similar to each other, subtle differences
can be found that should be attributed to the action of the plasma. These
differences are primarily visible in the ranges 2850-3450, 1500-1700,
and 800-950 cm™!. The normalized FTIR spectra for these ranges are
shown in Fig. S7(a), (b), and (c), respectively. As can be seen, with an
increase in the plasma treatment time, there is a systematic increase in
the intensity of the bands at 3273, 1646, 1588 and 845 cm’l, along with
a decrease in the intensity of the bands at 2962 cm™! and 922 cm™?.

Due to the complex molecular structure of peptone, it is difficult to
unambiguously assign specific bands to their corresponding functional
groups. The literature reports several results regarding FTIR spectra for
proteins (Barth, 2007; Poulsen et al., 2016; Seshadri et al., 1999; Szyk-
Warszynska et al., 2019; Whitehead et al., 2011) or specifically peptones
(Trivedi, Branton, et al., 2015; Trivedi, Nayak, et al., 2015), as well as
plasma-treated proteins (Jahromi et al., 2020; Ng et al., 2021; Zhang
et al., 2024). Unfortunately, they are not unambiguous, and in inter-
preting our spectra, we must reference both the generally recognized
data on infrared absorption spectra (Larkin, 2011; Silverstein et al.,
2005; Stuart, 2004), and the MALDI-TOF MS studies presented above, as
well as the XPS results discussed later.

raw peptone

15 min treatment

60 min treatment

Transmitance [a.u.]

5000 4000 3000 2000

Wavenumber [cm_1]

Fig. 4. FTIR spectra of untreated (raw) and plasma-treated (for 15 and 60 min)
peptone samples. Spectrum ranges discussed in detail are marked in gray.
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Regarding the band at 3273 cm ! (Fig. S7(a)), there is no doubt that
the increase in its intensity during plasma exposure is attributable to an
increase in the content of hydroxyl groups in the structure of the mol-
ecules that comprise peptone. The large width of this band suggests an
increase in the number of intermolecular hydrogen bonds formed with
the participation of the resulting —OH groups. In turn, the decrease in
the intensity of the band at 2962 cm™?, visible in the same figure, which
arises from C—H stretching in alkanes, indicates partial abstraction of
protons from carbon atoms of C—H bonds (Moosavi et al., 2020). It is
likely that the hydrogen atoms are substituted with —OH groups, as
suggested in Sec. 3.2.

Particularly important for the analysis of peptide structure is the IR
absorption in the range of 1500-1700 em! (Fig. S7(b)). This range is
usually assigned to the peptide bond (secondary amide), in which the
amide I band (C=0 stretch, near 1650 c¢m ™) and amide TI band (N—H
bend and C—N stretch, near 1550 cm ™) are distinguished. In practice,
the amide I band is primarily used to assign secondary structures to
proteins. Deconvolution of this band into individual sub-bands allows
for the determination of the relative amounts of different secondary
structures of proteins (a-helixes, p-sheets, turns, random coils)
(Carbonaro & Nucara, 2010; Stuart, 2004). However, it should not be
forgotten that there are also strong bands in this range associated with
primary amines (N—H bend) and primary amides (C=O stretch), which
can be correlated with the maxima visible in Fig. S7(b) at 1588 em'and
1646 crn’l, respectively (Silverstein et al., 2005). The molecular mass
distribution of the investigated peptone (Table S3), and the MALDI-TOF
MS measurements (Fig. 3(a)), show that the peptide chains are mainly
composed of several amino acid residues, reaching a maximum the
length of about 10 amino acids. This practically excludes the possibility
of observing a stable secondary structure of such chains (Ramirez-
Alvarado et al., 1999; Su et al., 1994). The increase in band intensity in
the range of 1500-1700 cm ! (Fig. S7(b)) should therefore be attributed
to an increase in primary amine and primary amide groups due to the
action of plasma on the peptone solution. This is consistent with ex-
pected changes in the chemical structure of peptone (e.g., resulting from
chain cleavage) caused by reactive oxygen species, as supported by
studies reported in the literature (Davies, 2005; Liu et al., 2017; Xu &
Chance, 2007). However, it cannot be excluded that plasma-induced
changes may occur in the secondary structure of the original milk
proteins.

Some subtle but nevertheless clear changes were also observed in the
845 cm~ ! and 922 cm ! bands (Fig. S7(c)). The first of these bands, the
intensity of which increases with the time of plasma exposure, can also
be attributed, considering the XPS studies discussed later, to the
wagging vibrations of N—H bonds in secondary amines (C—NH-C),
which are one of the possible chemical moieties formed as a result of
plasma-initiated transformations. The 922 cm™! band can be attributed
to the P—O—P group and its out-of-phase stretching vibrations (Larkin,
2011), or, what seems more justified, to the P—O stretching vibrations in
phosphate ions (PO%’) (Nakamoto, 2009; Silverstein et al., 2005). The
decrease in the intensity of this band during plasma exposure may be
associated with the participation of P—-O—P or PO}~ groups, probably
contained in some additional non-protein components of peptone
derived from milk, in the formation of phosphate groups (e.g.
C—O—PO%‘, C—N—PO%_) located in the side chains of amino acids in the
predicted phosphorylation process, the occurrence of which has already
been proposed as a result of plasma treatment of sheep milk casein
(Zhang et al., 2024). This interpretation requires further studies on the
possible phosphorylation process occurring as a result of plasma expo-
sure, but it is consistent with the XPS results presented below.

3.3.2. XPS analysis

Deeper insights into the chemical structure of the studied peptone
were obtained through XPS investigations. Fig. 5(a) shows typical low-
resolution XPS wide scan spectra for peptone samples before and after
plasma treatment. The presented spectra indicate that the tested samples
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Fig. 5. XPS results for peptone samples: (a) — wide scans for untreated (raw) and plasma-treated for 15 and 60 min; (b) - relative contents of elements.

contain carbon, oxygen, nitrogen and a very small amount of sulfur —
elements that are part of amino acids — as well as a minor quantity of
phosphorus, whose origin and role were previously mentioned in the
FTIR analysis. The spectra also identified the presence of sodium from
NaCl, which is present at about 1 % in the tested peptone (Table S2),
along with gold used as a substrate for the samples and as a reference
material for calibration of the spectra.

At first glance, it is evident (by comparing the heights of the O 1s and
C 1s bands) that the oxygen content increases relative to the carbon
content with the duration of plasma treatment. Fig. 5(b) shows the
relative contents of elements compared to the carbon content, which
was assumed to be constant, as a function of the plasma treatment time.
As observed, the oxygen content increases statistically significantly (p <
0.05) due to plasma action, as already pointed out in the MALDI-TOF MS
(Sec. 3.2) and FTIR (Sec. 3.3.1) studies, and which should be associated
with the action of reactive oxygen species on the components of
peptone. The lack of significant changes in nitrogen content (p > 0.05)
indicates the absence of reactive nitrogen species, which, despite the
conditions of plasma generation in oxygen (Sec. 3.1), could appear as a
result of further contact with air. No changes in the sulfur and phos-
phorus content are observed during plasma treatment either (p > 0.05),
which seems justified.

However, the lack of changes in the elemental composition of
peptone (except for oxygen) does not mean that the remaining molec-
ular structure does not change apart from the emergence of new oxygen

groups. To explore this issue, the core-level spectra of C 1s, N 1s, O 1s, S
2p, and P 2p were measured and subsequently numerically deconvo-
luted for further analysis. As with FTIR analysis, the mixture of many
components in peptone and the high complexity of their chemical
structure pose significant challenges in unequivocally determining the
content of specific moieties and their changes during plasma treatment.
Nevertheless, an attempt was made to identify the fundamental quali-
tative changes in the molecular structure of peptone observed as a result
of plasma treatment, based on a wide range of XPS results reported in the
literature (Table 1) and by correlating the conducted XPS analysis with
our FTIR and MALDI-TOF MS results.

Fig. S8 shows examples of deconvoluted core-level spectra for the
extreme cases studied: raw and 60 min plasma-treated peptone. Table 1
lists the binding energies (B.E.) for the fitted components shown in
Fig. S8, their assigned chemical structures, atomic concentration (at.%),
and references on which the band analysis was based.

The spectrum of carbon C 1s has been deconvoluted into five bands,
whose relative intensity — and therefore the relative atomic concentra-
tion of the assigned groups — clearly changes as a result of plasma
treatment. The C; band, due to the very low content of C=C bonds in the
tested peptone (which can only be found in four amino acids: Phe, His,
Trp, and Tyr (Table S1)), was assigned as a single band promarily to C —
C and C — H connections (with a very small share of C=C). As a result of
plasma treatment, the concentration of these bonds clearly decreases,
while the concentration of C — OH bonds increases at a similar level (C3
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Table 1
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XPS results for untreated (raw) and 60 min plasma-treated peptone samples. The table presents binding energies (B.E.) for the deconvoluted bands shown in Fig. S7,
along with the assigned chemical structures, atomic concentrations (at.%), and relevant references used for band analysis.

XPS Band Raw Plasma Assignment Ref.
spectrum treatment
60 min
B.E. at. B.E. at.
% %
Cy 284.6 40.7 284.6 22.4 C-H, C-C, C=C
C1s gj 5222 12; ;:ZZ igg g;(;}? ii\ien;eg;:) et al., 2021; Ederer et al., 2017; Fears et al., 2013; Ganguly et al., 2011; Le Saux
Cy 287.7 21.7 287.9 19.1 HN-C=0 >C=0 o
Cs 289.0 4.2 289.0 5.1 HO — C=0
0y 530.8 46.3 530.8 331 HN-C=0
(o)} 531.5 35.8 531.4 40.0 HO — C=0** > C=0 3 i . . .
O1s 05 532.6 17.9 532.4 235 HO** — C=0, C — OH (Artemenko et al., 2021; Ederer et al., 2017; Ganguly et al., 2011; He et al., 2022)
Oy - - 533.3 34 N-O
N; 399.6 809 399.6 495 HN-C=0
N 1s N, - - 400.2 14.9 H,N — C=0 (Abe & Watanabe, 2004; Artemenko et al., 2021; Ederer et al., 2017; Fears et al., 2013; Rao
N3 400.9 16.3 400.9 29.7 C — NH, (C — NH3) et al., 2014; Silva et al., 2012)
Ny 402.0 2.8 402.1 5.9 C—-—NH-C
S1 164.1 46.7 164.0 10.3 C—-SH
Sz 165.1 53.3 165.1 110 C-S-C
— - 166. 22.2 — SOH, C—(5=0) —
S 2p Ss 66.4 g 28 I:ICC (?03;70(3 (Adams et al., 2009; Siow et al., 2018; Varodi et al., 2021)
S4 - - 168.3  39.9 c =5 -
Ss - - 169.5 16.6 C—SOsH
P, 132.2 100 — - P—0-PPO}
P
P2p P, - - 133.5 100 g - I?I B gg% (Amaral et al., 2005; Dake et al., 1989; Swift, 1982; Szczerska et al., 2023; Yao et al., 2022)
- N —PO3

(**) denotes the atom to which the band refers. It concerns moieties in which two atoms of the same element occur in different configurations. The standard deviation

of atomic concentrations (at.%) is within +5 %.

band). This confirms the process of hydrogen substitution with the —OH
group in the C — H bond suggested by MALDI-TOF MS (Sec. 3.2) and
FTIR (Sec. 3.3.1) studies due to the action of, for example, OH® radicals
(Wenske et al., 2021):

~C—H+OH'-> ~ C*+H,0 2)

~C'+OH'» ~C—-OH 3)

The C, band is assigned to carbon atoms (C**) in the C** — N bond,
which can occur, for example, in a configuration such as a secondary
amide (peptide bond) (~C(=0) — NH — C**~), a primary amine (~C**
— NHy), or a secondary amine (~C** — NH — C**~). The small increase
in C — N concentration observed as a result of plasma exposure (Table 1)
can be interpreted as a result of the increase in the concentration of
secondary amines and the decrease in C — N concentration due to the
cleavage of this bond in the peptide bond and the formation of a primary
amide (~C(=0) — NHy) (Davies, 2005). Secondary amines, present in
small amounts in raw peptone (e.g. in amino acids Pro or Arg
(Table S1)), may increase in concentration due to plasma action, for
example according to the reaction (4) proposed below between ~C°
radicals formed in reaction (2) and nitrogen-centered radicals formed in
reaction (5) of peptide bond cleavage:

~C+'NH-C " ~—>~C"-NH-C" ~ ©)

~C(=0)-NH-C" ~ +OH'> ~C(=0)—0H+ *NH-C" ~ (5)

The C4 and C5 bands have been associated with the carbonyl group
C=0 bond occurring in the peptide bond and carboxyl group, respec-
tively. The C4 band can also be associated with carbonyl groups in the
form of a ketone or aldehyde group (>C=0), which, although not ex-
pected in raw peptone, may appear as a result of plasma treatment.
Plasma treatment generally causes a decrease in the intensity of the Cy4
band and an increase in the intensity of the Cs band. This can be
explained by a decrease in the concentration of peptide bonds and an
increase in the concentration of carboxyl groups (Table 1). This occurs,
for example, as a result of reaction (5), which is associated with the

cleavage peptide chains observed in MALDI-TOF MS studies. It should be
added, however, that the cleavage of peptide chains at the NH—C**
bond, leading to the formation of primary amide groups, does not
change the intensity of the C4 band. In contrast, the possible appearance
of >C=0 groups may increase its intensity.

The analysis of the oxygen O 1s spectrum (Table 1) regarding the
C=0 bond confirms a decrease in the concentration of peptide bonds
(HN—C=0) (0; band) and an increase in the concentration of carboxyl
groups (HO—C=0%**) and ketone or aldehyde groups (>C=0) (O2 band).
The analysis concerning the C—O bond clearly confirms the increase in
the concentration of hydroxyl groups (band O3), which are primarily the
result of reaction (3) but also of reaction (5). In addition to the afore-
mentioned groups, another type of bond appears after plasma action,
namely N—O, which has not been identified in raw peptone (band O.).
This bond likely forms due to nitrogen-centered radicals (e.g., as per
reaction (5)) or according to the reaction (Hayon et al., 1970):

~C(=0)~NH-C~ +OH'- ~ C(=0)—~N*—C~ +H,0 (6)

and subsequently participates in reactions involving oxygen (Os) pre-
sent in the plasma-treated solution or directly recombines with oxygen-
centered radicals created during the action of plasma (Davies, 2005;
Wenske et al., 2021).

The spectrum of nitrogen N 1s, resolved into four bands (with the N4
band occurring only in plasma-treated peptone), confirms the changes in
the chemical structure of peptone predicted above due to plasma
treatment. The N; band, assigned to nitrogen atoms in the peptide bond,
indicates a clear decrease in its concentration under the influence of
plasma. The final result of peptide bond cleavage (~C(=0)-NH—C~)
may involve its breaking at the C(=0)—|—NH site (e.g. reaction (5)),
leading to an increase in the concentration of primary and secondary
amine groups (reaction (4)), the N3 and N4 bands, respectively, as well as
breaking at the NH—|—C site, resulting in the appearance of a primary
amide (N5 band).

The content of both sulfur and phosphorus in the studied peptone is
very low (Fig. 5), so they should not be assigned any major role in the
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global transformation of the chemical structure caused by plasma action.
Nevertheless, for the sake of completeness, it is worth examining the
changes occurring in the sulfur and phosphorus groups, which were
detected despite very weak XPS signals.

The analyzed sulfur S 2p bands exhibited a doublet structure due to
the presence of the S 2p3,2 and S 2p; /2 peaks. Therefore, they should be
fitted using a 2:1 peak area ratio (S 2p3,2/S 2p1/2) and a 1.2 eV splitting
(with lower binding energy for S 2p3,2) (Castner et al., 1996). Due to the
low intensity of the S 2p spectra and the consequently higher noise level
(Fig. S8), the separated S 2p bands assigned to specific groups were not
subjected to further deconvolution and were treated as sums of the S
2ps3/2 and S 2p;y /o peaks, similarly to what has been reported in other
cases (Estevez et al., 2017). In raw peptone, two bands, S; and S, were
identified, which were assigned to the C — SH and C — S — C groups
(Table 1). These groups occur in very small amounts in peptone, being
part of the chemical structure of cysteine and methionine, respectively
(Table S1). Plasma treatment causes the oxidation of C — SH (Aranda-
Rivera et al., 2022) and C — S — C (Davies, 2005) groups by reactive
oxygen species, as revealed by the subsequent bands, Ss3, S4 and Ss,
which were associated with sulfeno (C — SOH) and sulfinyl (C—(S=0) —
C), sulfino (C — SO2H) and sulfonyl (C—(0=S=0) — C), as well as sulfo
(C — SO3H) groups containing sulfur atoms in increasingly higher
oxidation state, respectively.

The phosphorus P 2p bands, like the sulfur S 2p bands, consist of a
doublet of P 2p3,, and P 2p; /5, which peaks with an area ratio of 2:1 are
split by a distance of 0.87 eV. Similarly to sulfur, the low intensity of the P
2p bands (Fig. S8) justifies the lack of their deconvolution into P 2p3,2 and
P 2p; /2, leading to the analysis of the total P 2p bands, as is usually done
(Amaral et al., 2005). In both raw and plasma-treated peptone, only a
single P 2p band was found, which was clearly shifted toward higher
binding energy as a result of the plasma treatment (Table 1). Based on the
literature (Table 1), the P 2p band at 132.2 eV for raw peptone was
assigned to the P — O — P or PO}~ groups, while the P 2p band at 133.5 eV
for peptone after plasma treatment was attributed to the phosphate
moieties C — O — PO%’ andC - N — PO%’, thus confirming the results of
the FTIR analysis (Sec. 3.3.1) and the possibility of the phosphorylation
process under the influence of plasma (Zhang et al., 2024).

The C — O — PO%™ and C — N — PO%™ moieties are likely created as a
result of reactions between the phosphate groups present in the peptone
solution, originating from additional non-protein components, and
carbon-centered and nitrogen-centered radicals formed in the side
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chains of amino acids by the action of hydroxyl radicals, according to the
simple reactions: (Karpel Vel Leitner et al., 2002; Wenske et al., 2021):

~C—OH+OH*-» ~C—-0"+H,0 @)
~ C—NH; +OH*— ~ C—NH"* +H,0 ®

3.3.3. UV-VIS absorption analysis

Fig. 6(a) shows absorption spectra in the range of 190-320 nm for an
aqueous solution of raw (untreated) peptone and for this solution
treated in plasma for 15 and 60 min. The spectra are presented as a
dependence of the specific absorption coefficient (A) on the wavelength
of light. Two bands with maxima at approximately 203 nm and 274 nm
are clearly visible; then, as the wavelength of light increases, the ab-
sorption drops quickly, forming an absorption tail approaches zero and
remains at this level throughout the entire visible light range. The
revealed bands are typical for protein structures, where absorption in
the range 180-230 nm is due almost entirely to T — ©* transitions in the
peptide bonds, while the range 230-300 nm is associated with aromatic
rings in amino acids such as Trp, Tyr, and Phe (Table S1) (Antosiewicz &
Shugar, 2016; Nielsen & Schellman, 1967).

While the 203 nm band does not show any significant changes as a
result of plasma treatment, the 274 nm band clearly changes its intensity
(Fig. 6(b)). This indicates the elimination of aromatic rings as a result of
the action of plasma reactive species. At this stage of research, it is
difficult to clearly determine the path of this process and its products.
For example, it may occur via an intermediate product, which is a
hydroxycyclohexadienyl radical formed in the reaction of OH® radicals
with aromatic rings, as shown in the case of the amino acid Phe (Xu &
Chance, 2007), leading to further reactions of this radical that remove
aromatic conjugation. However, the most probable pathway appears to
be the opening of the aromatic ring as a result of the action of OH®
radicals (Liang et al., 2021; Liang et al., 2024; Sarangapani, Danaher,
et al., 2017). One of the products in this case are >C=0 groups, which
were mentioned in Sec. 3.3.2.

Another difference in the absorption spectrum between the raw
peptone solution and the plasma-treated solution is visible in the ab-
sorption tails, where the A coefficient is noticeably higher as the plasma
treatment time increases (Fig. 6(c)). It is assumed that in the case of
protein solutions, absorption above 320 nm should be attributed
exclusively to light scattering by the aggregates present (Padmanaban &
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Fig. 6. UV-VIS results for untreated (0 min) and plasma-treaded for 15 and 60 min peptone solutions: (a) — absorption spectra in the 190-320 nm rage; (b) - 274 nm
band intensity as a function of plasma treatment time; (c) — absorption tails in the 270-350 nm range; (d) — aggregation index (AI) as a function of plasma treat-

ment time.
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Menon, 2017; Raynal et al., 2014). As previously shown, during the
action of plasma on the peptone solution, the concentration of hydroxyl
groups increases in the peptide chains, which leads to increased aggre-
gation through the formation of hydrogen bonds.

The parameter that describes the level of aggregation in a given
system is the aggregation index (AI), determined according to the
following equation (Katayama et al., 2005; Padmanaban & Menon,
2017):

A340

Al =100 X ————
Asgo — Asao

)

where Aggg and A4 denote the values of the specific absorption coef-
ficient for 280 nm and 340 nm, respectively (Fig. 6(c)). Fig. 6(d) shows
the aggregation index calculated in this way as a function of the plasma
treatment time. After 60 min of plasma exposure, the Al value more than
doubled, confirming the obvious increase in aggregation.

3.3.4. pH analysis

It is well known that the action of cold atmospheric plasma on water
or aqueous solutions of various chemical compounds causes their acid-
ification, sometimes even quite significantly. In the case of plasma
generated in the air, the decrease in pH value is generally attributed to
the formation of nitric and nitrous acids, although one should not
overlook the products of chemical transformation of compounds present
in solutions (Oehmigen et al., 2010; Sarangapani, Danaher, et al., 2017;
Wang et al., 2022; Zhang et al., 2024; Zhou et al., 2016).

The pH measurements carried out on the aqueous solution of peptone
tested by us before and after plasma treatment for 60 min showed only a
slight decrease in pH value, from 6.90 + 0.01 to 6.70 + 0.03, respec-
tively. The generation of plasma in oxygen (Sec. 3.1) and the XPS
analysis (Sec. 3.3.2), which indicates a practical absence of chemical
transformations resulting from the presence of reactive nitrogen species,
justify the assumption that in this case, the formation of nitric acids can
be neglected. The observed slight increase in acidity can be attributed to
the establishment of acid-base balance under the new conditions, where
the concentration of both acidic carboxyl groups and basic amino groups
increases (Table 1).

3.4. Peptone activity in scavenging plasma reactive species

The plasma generated in oxygen, which was used in this work, is
primarily a source of reactive oxygen species. XPS studies confirmed
their intensive participation in the reconstruction of the chemical
structure of peptone, indicating at the same time the lack of participa-
tion from potential reactive nitrogen species (Sec. 3.3.2). Among the
oxygen species, hydroxyl radicals (OH®) play a particularly important
role in plasma chemistry. They usually have a much higher concentra-
tion in the solution treated with plasma compared to other oxygen
species, and also show much higher activity than the latter (Ji et al.,
2019; Kanazawa et al., 2012). Therefore, OH® should be considered a
key factor in blocking the plasma interaction with Prototheca cells by
proteins (Liu et al., 2017).

It has been found that a good quantitative indicator of OH® is
methylene blue (MB), which changes color from dark blue to colorless in
the presence of these radicals in a sample solution (Satoh et al., 2007).
The intensity of the band at approximately 664 nm in the UV-VIS ab-
sorption spectrum of the MB solution was used as a measure of MB
concentration and applied to calculate its degradation as a function of
plasma exposure time (Bansode et al., 2017; Tange et al., 2020). This
relationship can be considered a reflection of OH® concentration.

In the studies conducted in this work, an aqueous MB solution with a
concentration of 10 ppm was used, in the form of a pure water solution
and a solution with added peptone. Both the concentrations of peptone
(2.5 wt%) and the plasma treatment procedure were the same as in the
case of microbiological tests (Sec. 3.1). Fig. S9 shows the absorption
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spectra in the range of 500-750 nm for the tested solutions over different
plasma treatment times. In each of these cases, a decrease in the in-
tensity of the 664 nm band is visible with the duration of plasma
exposure; however, the MB solution with peptone shows a much smaller
change compared to the MB solution in pure water.

To quantitatively analyze these changes, pseudo-first-order kinetics
was proposed to describe them (Garcia et al., 2017):

A

ln14_0 =kt

10)

where Ag and A denote the absorbance of the 664 nm band for the initial
solution and the solution after the time t of plasma exposure, respec-
tively, and k is the apparent rate constant. Fig. 7 presents the results
from Fig. S9 as the dependence of In(A/Ap) as a function of t, which, as
can be seen, fits eq. (10) with a high correlation @ > 0.99). The
determined values of the k coefficient are also provided, which are in the
range of those found for the plasma degradation of MB by other authors
(Chandana et al., 2015; Garcia et al., 2017). The obtained result clearly
confirms the blocking effect of peptone, which scavenges OH® radicals
with high efficiency, reducing their concentration and, consequently,
significantly reducing the degradation of MB.

4. Discussion

The studies conducted on the killing of Prototheca cells in cow milk
using cold atmospheric plasma generated in a mixture of argon and
oxygen clearly showed the practically absence of such an effect, whereas
in an aqueous saline solution, very intense killing of these cells was
observed (Fig. 1(c)). This result indicates the important role of milk
components in quenching plasma reactive species and blocking their
effect on Prototheca cells. To determine which milk components are
particularly active in this blocking process, microbiological tests were
carried out on skimmed milk and solutions of peptone and lactose. The
concentrations of these solutions were similar to the concentrations of
proteins and carbohydrates in average milk, amounting to 2.5 and 4.5
wt%, respectively. Based on the obtained results, it was determined that
milk proteins are responsible for blocking the killing of Prototheca cells
(Figs. 1(c) and 1(d)).

Further studies focused on determining the role of proteins in this
process: how they they block the action of plasma reactive species on
Prototheca cells, and what the mechanism of this process is. Direct
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Fig. 7. Decolorization of methylene blue (MB) by plasma treatment, described
by pseudo-first-order kinetics, according to eq. (10): @ — solution in water, A —
solution in water with added peptone (k — apparent rate constant, r*> — coeffi-
cient of determination). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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exposure of Prototheca cell cultures that had previously been in contact
with peptone solution or saline solution showed no effect on their killing
efficiency (Fig. 2). Thus, these results indicate a pathway for blocking
the killing effect through intensive scavenging of plasma reactive species
by components of peptone, preventing them from coming into contact
with Prototheca cells. Taking into account the average size of the cells
(about 6.5 pm in diameter) (Kano, 2020) and their initial number (about
10* CFU/mL) (Sec. 2.3), it can be calculated that the ratio of their vol-
ume to the volume of the solution in which they are located is only 10~°.
In contrast, the peptone solution, in terms of the number of its statistical
molecules with an average molecular mass of 628 Da (Table S3), con-
tains about 2.5 x 10'° of them per mL. This justifies the conclusion that
there is a significantly higher chance of contact between plasma reactive
species and peptone molecules than with Prototheca cells.

As already mentioned, the plasma was generated in an oxygen-rich
atmosphere, so mainly reactive oxygen species were expected. This
was confirmed by XPS studies showing a clear increase in oxygen con-
tent in peptone and no change in nitrogen content after plasma treat-
ment (Fig. 5(d)). Based on studies by other authors on the action of
plasma on aqueous solutions (Ji et al., 2019; Kanazawa et al., 2012; Xu
& Chance, 2007), it was assumed — which was confirmed by our results
(MALDI-TOF MS, FTIR, XPS, UV-VIS) - that the reactive oxygen species
with the highest concentration and reactivity in aqueous solution are
hydroxyl radicals (OH®), which are responsible for the first step in the
mechanism of plasma action on the peptone solution. These radicals in
aqueous solution exist as OH*(H20),, hydrates, which can be present in
solution for a long time and have similar chemical properties to isolated
OH® molecules (Zhou et al., 2016). Molecular dynamics simulations
performed to provide atomic-scale insight into the initial interaction
between OH® and peptide systems in solution confirm the tremendous
reactivity of these radicals, indicating that after only 10 ps nearly half of
them have already reacted with the model peptide (Verlackt et al.,
2017).

Blocking the killing of microbial cells by plasma reactive species in
solutions containing additional dissolved substances has been reported
several times, for example, in the presence of urea (Hummert et al.,
2023) or bovine serum albumin (Zhang et al., 2016). A similar effect was
also shown for the degradation of aflatoxins in milk using cold plasma,
where the process occurred much more slowly than in standard solution
(Nguyen et al., 2022). However, there is currently no deeper under-
standing of the reasons why the effective impact of plasma on a given
substance or microorganism is blocked by another substance.

Some attempts to explain the behavior of proteins in this regard have
attributed of this role to the sulfhydryl group (—SH) present in the amino
acid cysteine (Cys) (Hummert et al., 2023; Zhang et al., 2016). This takes
advantage of previous works on albumins, which pointed to the
important role of the sulfhydryl group of Cys in quenching oxidative free
radicals (Otagiri & Chuang, 2009; Di Simplicio, Cheeseman, & Slater,
1991). As a result of the reaction of the sulfhydryl group, for example,
with the OH® radical, it is oxidized to the sulfeno group —SOH, which is
then further oxidized in the presence of reactive oxygen species to form
the sulfino group —SO2H and finally the sulfo group —SOsH (Aranda-
Rivera et al., 2022).

In our case, attributing the OH"® radical scavenging effect solely to the
sulfhydryl groups in Cys (one —SH group per one Cys molecule) is un-
justified considering the very low Cys content in peptone, which is 0.4
wt% (Table S1). This very low sulfur content was confirmed by XPS
studies (Fig. 5(d)), which also showed an obvious effect of oxidation of
—SH groups (Table 1, Fig. S8). However, this negligible effect, as already
mentioned above, cannot explain the scavenging of reactive oxygen
species.

The OH" radical scavenging process should primarily be attributed to
the substitution reactions of hydrogen atoms in the constituent peptone
molecules (peptide chains and isolated amino acids (Table S1)) with
hydroxyl groups (reactions (2) and (3)). The effective occurrence of
these reactions as a result of plasma action was confirmed by FTIR
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(Fig. S7(a)) and XPS (Fig. S8, Table 1) studies. The increased concen-
tration of —OH groups was also attributed to the aggregation effect, the
occurrence of which was demonstrated based on UV-VIS optical ab-
sorption measurements (Figs. 6(c) and (d)).

Another important change in the chemical structure of peptone,
which is a consequence of the initiating reaction with OH® radicals, is
the cleavage of peptide bonds (~C(=0)—|—NH—||-C~), manifested by
the fragmentation of peptide chains, as demonstrated by MALDI-TOF MS
studies (Fig. 3(a)). Such cleavage can take place at the (|) position,
resulting in an increase in the concentration of carboxyl groups (reaction
5) and primary or secondary amine groups (reaction 4). In turn, cleavage
at the (||) position leads to the appearance of primary amide groups. The
above chemical changes occurring as a result of plasma action were
indicated by FTIR studies (Figs. S7(b) and (c)) and XPS (Table 1).

Moreover, UV-VIS optical absorption studies revealed the process of
opening aromatic rings (Figs. 6(a) and (b)). Such rings are present in the
amino acids included in peptone: Phe (4.09 wt%), Trp (1.09 wt%), and
Tyr (1.86 wt%) (Table S1). One of the likely products of aromatic ring
opening may be carbonyl groups, presumably identified by XPS studies
(Table 1).

Another process observed during the action of plasma on the peptone
solution, which, due to its negligible intensity, does not play a significant
role in the scavenging of OH® radicals, is phosphorylation. Carbon-
centered and nitrogen-centered radicals are formed in the side chains
of amino acids by reaction with OH® (reactions (7) and (8)), creating
moieties such as C—O—PO%’ and C—N—PO3". XPS studies indicate that
such a process occurs (Table 1, Fig. S8).

The process of scavenging the main reactive oxygen species, OH*
radicals, by peptone, which has been adopted as a model for the mo-
lecular structure of protein fractions found in milk, drastically reduces
the concentration of these radicals and the chance of contact with Pro-
totheca cells, thus blocking the possibility of killing them. The very high
efficiency of the OH® reaction with peptone molecules was confirmed by
the results of studies on the rate of decolorization of an aqueous solution
of methylene blue (MB) under the action of plasma (Fig. 7). Assuming in
the first approach that the determined values of the apparent rate con-
stant k can be represented as:

k=k Cou" an
where Cdy is a parameter proportional to the concentration of OH®
radicals decolorizing MB, the calculated decrease in this concentration
after the addition of 2.5 wt% peptone is more than eightfold.

A simple estimation of the decrease in the concentration of OH*
responsible for the killing of Prototheca in the presence of peptone was
also carried out, analogous to the above. Assuming, as in the case of
decolorization of the MB solution, that the killing of Prototheca follows
pseudo-first-order kinetics, modifying eq. (10) can be written:

N

lnN—O =kt
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where Nj is the initial number of cells, and N is the number of cells that
survived after time t of plasma exposure. The relationship of In(N/Nj) as
a function of t, based on the results in Figs. 1(c) and (d), is shown in
Fig. S10. Then using eq. (11), where Coy is now a parameter propor-
tional to the concentration of OH® killing Prototheca cells, it can be
calculate that the decrease in this concentration in the presence of
peptone, which plays the role of OH® scavenger, is fifteenfold, a similar
order to that determined for MB decolorization.

From Fig. S10, it is also possible to estimate the plasma treatment
time required to achieve the same inactivation of Prototheca as with a
15-min plasma treatment of a suspension with the same initial cell count
in saline solution. This time is about 230 min, which disqualifies the use
of cold plasma as a method for decontaminating liquid milk from Pro-
totheca, if only because of the very significant changes in the chemical
structure of proteins, the occurrence of which after such a long period of
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plasma treatment is evident from the studies discussed above.
5. Conclusions

The primary conclusion of this work is the clear demonstration of the
important role of protein fractions in blocking cold plasma-induced
inactivation of microorganisms present in their surrounding environ-
ment. Detailed studies conducted on Prototheca-infected cow milk did
not confirm the hypothesis posed in the Introduction (Sec. 1) — namely,
that plasma treatment would be an effective method for decontami-
nating liquid milk from Prototheca. It was established that the main
reason for this failure is precisely the presence of the protein in the milk.

Studies conducted on an aqueous suspension of Prototheca cells, with
peptone used as a milk protein model system and cold plasma generated
in an oxygen atmosphere, showed that the blocking effect on cells
inactivation is due to the highly effective reactivity of peptone compo-
nents with reactive oxygen species, among which the hydroxyl radicals
OH" plays a predominant role. The molecules of peptone components act
as OH® scavengers, rapidly reducing the radicals’ concentration and thus
their ability to react with cells. This increases cell survival rates many
times over compared to studies performed on a suspension without
protein structures.

It was determined that the mechanism of OH® scavenging by peptone
primarily involves the substitution of hydrogen atoms in peptide chains,
as well as in isolated amino acids, with hydroxyl groups. Additionally,
we observe the cleavage of peptide chains, leading to the formation of
carboxyl, primary and secondary amine, and primary amide groups. To
a lesser extent, reactions also include cleavage of aromatic rings,
oxidation of sulfhydryl groups, and phosphorylation. All these reactions
alter the chemical and physicochemical properties of peptides, which,
given the prolonged plasma treatment time required to achieve suffi-
cient Prototheca inactivation, disqualifies plasma treatment as a simple
method of milk decontamination that does not alter the product
properties.

The high reactivity of protein fractions with reactive oxygen species,
mainly OH® radicals, generated by cold oxygen plasma, demonstrated
both directly in milk and in peptone solution, undoubtedly has a broader
significance beyond this particular attempt to decontaminate cow milk.
The reactions described above — driven solely by the molecular structure
of the amino acids forming peptide chains — are of a general nature and
can be expected to occur in any instance of plasma action on proteins.

Cold plasma is increasingly being tested in food processing, agri-
culture (for plasma-activated seed treatments), and plasma medicine. It
is essential to consider that in all these applications, the presence of
proteins in plasma-treated objects will undoubtedly influence the
outcome of the process.
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