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ABSTRACT: The glucose oxidation cascade is fascinating; although oxidation products
have high economic value, they can manipulate the biological activity through
posttranslational modification such as glycosylation of proteins, lipids, and nucleic acids.
The concept of this work is based on the ability of reactive species induced by cold
atmospheric plasma (CAP) in aqueous liquids and the corresponding gas—liquid
interface to oxidize biomolecules under ambient conditions. Here, we report the
oxidation of glucose by an argon-based dielectric barrier discharge plasma jet (kINPen)
with a special emphasis on examining the reaction pathway to pinpoint the most

kINPen Plasma Jet

prominent reactive species engaged in the observed oxidative transformation. Employing CH,OH

Dp-glucose and D-glucose-"*Cy solutions and high-resolution mass spectrometry and ESI- on Yy outsion HO%&/ T OOH
tandem MS/MS spectrometry techniques, the occurrence of glucose oxidation products, ~ oF—f on & oN o LS
for example, aldonic acids and aldaric acids, glucono- and glucaro-lactones, as well as less  p.¢)ciucose T

abundant sugar acids including ribonic acid, arabinuronic acid, oxoadipic acid, 3-deoxy-

ribose, glutaconic acid, and glucic acid were surveyed. The findings provide deep insights into CAP chemistry, reflecting a switch of
reactive species generation with the feed gas modulation (Ar or Ar/O, with N, curtain gas). Depending on the gas phase
composition, a combination of oxygen-derived short-lived hydroxyl (*OH)/atomic oxygen [O(°P)] radicals was found responsible
for the glucose oxidation cascade. The results further illustrate that the presence of carbohydrates in cell culture media, gel
formulations (agar), or other liquid targets (juices) modulate the availability of CAP-generated species in vitro. In addition, a
glycocalyx is attached to many mammalian proteins, which is essential for the respective physiologic role. It might be questioned if its
oxidation plays a role in CAP activity.

B INTRODUCTION

Cold atmospheric plasma (CAP), as an emerging technology,
was found effective in a wide range of biomedical and

short-lived species are confined to the surface. It is assumed
that they contribute to the effect of the chemical impact on the
target molecules, especially proteins.”’ ~**

biotechnical applications such as chronic wound care,' In contrast, the chemical impact of CAP on carbohydrates

implant optimization,” cancer therapy,”® food processing,”*
nanotechnology, and catalytic materials.” Plasma sources can
adopt a wide range of designs'®'' yet for clinical and
biomedical research plasma jets such as the kINPen
dominate."” To current knowledge, the interference of CAP-
derived reactive oxygen and nitrogen species with cellular
redox signaling processes triggers diverse downstream events
on the biological level.">! Among these, modulation of
immune responses and changes in cell survival stand out.
Determined by the individual design of a CAPs source and
controlled by parameter variation, various short- and long-lived
reactive species such as singlet oxygen ('O,), hydroxyl radical
(*OH), atomic oxygen [O(°P)], superoxide anion radicals
(*0,7), ozone (O;), nitric oxides (NxOy), and hydrogen
peroxide (H,0,) are generated alongside free electrons, and
neutral particles (e.g, metastable argon (Ar), Ar*, Ar,, and
N,)."*"7'® In addition, auxiliary effects of (vacuum-) UV
radiation and electromagnetic fields are discussed.'”*’

While electrical fields and long-lived species have a
significant penetration depth, UV radiation and the primary
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remains underexplored so far, with only a few reports available.
Li et al.” reported that treating 20 mM of aqueous (D,0O/
PBS) sugar solutions (p-ribose, -glucose, and D-sucrose) with
air dielectric-barrier discharge plasma (1 mm distance of
contact surface) led to a full decomposition into low-
molecular-weight organic acids, for example, oxalic, glycolic,
tartaric, glyceric, and formic acid. However, in the majority of
in vitro studies investigating CAP effects, carbohydrates are
involved as the primary energy source of cell culture media
(5—10 mM) or as gelling agents (% range).6’26 The potential
oxidation products may contribute to the observed effects and
the subsequent conclusions.
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Besides fundamental considerations in CAP-related bio-
medical research, the oxidation of carbohydrates by CAP as a
scalable and cost-efficient method may offer new opportunities
in chemical processing. An increasing interest in carbohydrate
conversion into high-value compounds utilized as food
additives, detergents, antioxidants, cosmetics, biodegradable
polymers, pharmaceutics, and medicinal products®” led to the
development of various (bio)catalytic methods besides the
traditional chemical oxidation,”® for examgle, enzymatic
oxidation,” nanoparticle-based electrolysis,”” metal nano-
zymes,”' supported transition metal-catalyzed oxidation,**’
and electrochemical oxidation.”* The depolymerization of
biomass (75% carbohydrates) for glucose fuel cells or to
produce valuable chemicals, such as aldonic acids and aldaric
acids, lactones, gluconolactone, glucarolactones, and other
sugar acids, are another focus.>>™2

It is reported that the hydroxyl radical plays the main role in
glucose oxidation, for example, in catalyst-free ultrasonic
irradiation,” photocatalytic transformation,” heat steriliza-
tion,” and microwave reactions.*' Taking this existing
knowledge on the mechanism of reactive species—based
glucose oxidation modifications into account, we intended to
shed more light on the D-glucose oxidation cascade by CAP-
induced reactive species. The argon jet plasma applied for the
study delivers *OH and O, radicals along with singlet oxygen
OzlAg and atomic oxygen O(°P) radicals, ultimately yielding
H,O, as long-lived reactive species.4 -

Since glucose is an isomeric molecule with several chiral
carbons and a high possibility of oxidation and polymerization,
the structure elucidation of glucose oxidation products is
challenging. However, a deep understanding of the CAP
oxidation mechanism and the role of engaged reactive species
is required. To achieve this, a combination of electrospray
ionization high-resolution mass spectrometry and tandem MS/
MS spectrometry was emgployed, taking recently published
approaches into account.*** In addition, we used isotopic
labeling (D-glucose-'>C¢ and p-glucose-'>Cg) to infer the origin
of the oxidation products. Besides the CAP-focused knowledge
gain, we explored the opportunity of utilizing CAP-induced
reactive species to oxidize glucose concerning carbohydrate
oxidation chemistry and low-MW carbonomics.

B METHODS AND PROCEDURES

Sample Preparation. The 50 mM stock aqueous solution
of p-glucose and p-glucose-'>C4 (Sigma-Aldrich) was prepared.
The glucose solution was diluted in H,O to a final
concentration of 2 mM before each treatment experiment. In
the setup, the gas flux-mediated evaporation was compensated
by adding the predetermined amount of H,O to keep the
initial concentration constant. All treated samples with the
denoted gas variations from 1 to 10 min were divided into
aliquots and diluted in a 1:4 ratio (v/v) using 20% methanol
(MeOH) in S mM of ammonium formate (Sigma-Aldrich
Chemie GmbH, Germany) solution at pH 7.4 in order to be
subject to the high-resolution mass spectrometry. Mass
spectroscopy experiments were performed for plasma treat-
ment time points (1, S, and 10 min), and resulting p-glucose
oxidation modifications were assessed. All samples were
incubated for 2 h before subjecting to the mass spectrometer
at ambient temperature.

Cold Atmospheric Plasma Treatments. All experiments
were performed at ambient temperature using a kINPen IND
(kINPen; neoplas tools GmbH, Germany). The argon (Ar) gas

flow rate was set at 1.5 and 3 standard liters per minute (slm)
of pure argon that served as the main feed gas. The cold
plasma is generated at the tip of the central electrode and
expands into the ambient air. For some experiments, the
plasma effluent was shielded by a N, curtain (3 slm) to avoid
interfering with atmospheric oxygen. Plasma treatment was
performed in four regimes: 3 slm Ar, 3 slm Ar/0.5% O,, 1.5
slm Ar + N, curtain gas, and 1.5 slm Ar/0.5% O, + N, curtain
gas. 3 slm N, curtain gas was applied. All gases were purchased
from Air Liquide, France (99.999% pure). A 750 uL volume of
aqueous glucose solution (2 mM) was placed in a 24 well-plate
(Sarstedt, Germany) and treated from 1 to 10 min with a
plasma jet nozzle to a liquid distance of 9 mm for all plasma
treatments. A tiny chamber equipped with a borofloat-33
window (25 mm X 1 mm, Nano Quarz Wafer GmbH) and
MgF, window (25 mm X 1 mm, Korth Kristalle GmbH) were
employed to determine the role of vacuum ultraviolet (VUV)/
ultraviolet radiation (UV) irradiation by blocking the gas—
liquid interface as reported."’

Mass Spectrometry Analysis. To elucidate the p-glucose
("*C/"C) oxidation products, high-resolution mass spectrom-
etry was performed using a TripleTOF 5600 mass
spectrometer from AB Sciex. All 400 uM diluted samples in
20% MeOH in 5 mM of ammonium formate were directly
infused (7 pL/min) into the turbo ion source using negative
electrospray ionization. Survey spectra acquisition was
performed in a range of 20—1000 (m/z), and peaks were
fragmented using collision-induced dissociation. The MS
system was calibrated using Sciex tuning solution containing
cesium iodide. All samples were subjected to using identical
system settings (capillary temperature: 250 °C), curtain gas: 35
psi N,, ion source gas 2: 35 psi N,, and ion spray voltage: 3.8
kV. Oxidation product fragmentation spectra (MS/MS) were
acquired in the product ion mode (collision energies: 10—70
eV and declustering potential: 80 V). All spectra were
normalized, peak areas were calculated, and duplicates with
standard deviation were shown.

Reactive Oxygen Species Assays and Liquid Analysis.
Singlet oxygen ['O,(a'A,)] was determined using a singlet
oxygen sensor green (SOSG, Invitrogen from Thermo Fisher,
USA), and its fluorescence was measured at A,,/A.,, 485/535
nm.”* Hydrogen peroxide (H,0,) was quantified wvia its
reaction with titanium(IV) oxysulfate (TiOSO,, 5% Ti(IV) in
sulfuric acid, Sigma-Aldrich Chemie GmbH, Germany)
according to previous protocols,”’ and measured at A, 407
nm. In some experiments, H,O, was analyzed using the
Amplex UltraRed reagent stock (Invitrogen, USA) according
to the reported protocols.”* OH/O radicals were analyzed by
terephthalic acid (TPA) assay."” 5 mM TPA was treated with
plasma, and the fluorescence of the product 2-hydroxyter-
ephtalic acid (HTPA) was measured at 4.,/A., 360/465 nm.
All aforementioned samples were analyzed using a Tecan plate
reader (infinite M200 pro, Tecan Group Ltd., Switzerland). An
electrochemical sensor was employed for the measurement of
CAP-generated hypochlorite produced via the reaction of
atomic oxygen [O(°P)] with chlorine in phosphate-buffered
saline (PBS). The sensor consisted of a toluidine blue redox
system covalently attached to a gold electrode, which can
precisely detect hypochlorite in solution.”® A calibration curve
was plotted based on the current-time response of the sensor
recorded by a potentiostat AUTOLAB PGSTAT302N
(Deutsche METROHM GmbH & Co. KG, Germany) in
PBS (pH 7.4) at 0.30 V versus Ag/AgCl reference electrode for
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Figure 1. (a) Schematic illustration for the plasma treatment of 750 L p-glucose solution in a 24 well plate (the nozzle of the kINPen device could
be shielded with N, flow that affects the type of reactive species production), (b) schematics of the kINPen IND plasma jet (reprinted with some
minor changes with permission from ref 55 (Lackmann et al.ss) , Copyright 2018, Springer Nature, http://creativecommons.org/licenses/by/4.0/ );
(c) plasma jet and its effluent applied to treat D-glucose solutions; (d) pH of the water and p-glucose solution measured after plasma treatment with
Ar and Ar/O, admixture regime; (e) pH of the water and p-glucose solution measured after the same plasma treatment regime with only the nozzle
shielded with the N, flow. MFC = mass flow controller and slm = standard liter per minute.

successive addition of hypochlorite. Then, the plasma-treated
samples were analyzed at the same potential. The quantifica-
tion of nitrite (NO,”)/nitrate (NO;~) was performed via ion
chromatography (ICS-6000, Thermo Fisher Scientific),
according to a protocol reported by Lackmann et al.”' Each
treatment condition was triplicated for each assay.

Data Analysis and Visualization. Data acquisition, mass
signal integration, and calculation were performed by using
Analyst TF 1.51 software (AB Sciex), Peakview software
(version 1.1.1.2, AB Sciex), and Prism 9 (version 9.2.0,
GraphPad Software, USA). Data are from two independent
experiments (each with technical duplicates) and show mean
and standard deviation.

B RESULTS AND DISCUSSION

Cold Atmospheric Plasma Treatment. In this study,
oxidation of glucose was carried out using a kINPen argon
plasma jet. The kINPen consists of a grounded ring electrode
enclosing a ceramic capillary having a 1.6 mm diameter, where
a powered central rod electrode is located inside (2—6 kVpp at
1.1 MHz). The Ar gas flow was kept constant inside the
capillary and admixed with O, as the second feed gas, as shown
in Figure la,b. In addition, N, curtain gas was also applied in
parallel to exclude atmosphere gasses that impact the CAP-
induced reactive species chemistry (Figure 1a). The N, curtain
gas shielded the active effluent and protected the reactive
species from colliding with ambient molecular oxygen.

Thereby, the type and concentration of sensitive, reactive
species, especially atomic oxygen, increases and allows
interaction with the liquid and entities dissolved in the
solution.” Our previously published investigations well shown
the influence of several parameters, for example, gas
composition and flow rate, the distance of nozzle jet to
solution surface, and exposure duration of samples to the
reactive species.”” These parameters directly impact the
concentration and type of generated reactive species, which
will be discussed in the subsequent section.

In the first step, 2 mM D-glucose in pure water was exposed
to CAP (Figure 1c), and the pH of pure water and D-glucose
solutions was monitored (Figure 1d,e). The pH dropped
significantly with treatment time, especially in the p-glucose
solution samples, which are associated with the significant
production of acids. After S min of plasma treatment under Ar
and Ar/O, + N, curtain gas, the pH values dropped to below
3.5. Further treatment up to 10 min yielded a minimum pH
value of 2.5. The pH of the solution after Ar plasma treatment
was more acidic than in the Ar/O, case, reflecting the different
formations of nitric acid and nitrous acid during the plasma
treatment.>* Notably, a contribution of produced acids by CAP
in D-glucose-containing samples must be considered.

D-Glucose Oxidation Products. The mass spectra of
diluted samples of p-glucose, p-glucose-*C4 and 1:1 (v/v)
ratio of p-glucose and D-glucose-'*C¢ were recorded after
plasma treatment. This dilution was considered to improve the
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Figure 2. High-resolution mass spectra included '>C and '*C atoms after plasma treatment with the denoted gas variations for 10 min. (Left) Mass
spectra of p-glucose, (Middle) mass spectra of p-glucose-">Cg, and (Right) mass spectra of a 1:1 ratio (v/v) of p-glucose and p-glucose-"*Cy. The
applied plasma gas variations are shown with surrounded box (see Method and Procedures section for more details).

signal intensity of glucose oxidation products by forming the
anionic adducts.” The p-glucose-'*Cg solutions were examined
to elucidate the oxidative modifications (and fragmentation
pattern) regarding the multiple oxidations pathways. In
addition, a mixture of D-glucose and D-glucose-"*Cg solutions
was treated to clarify the possible reaction of carbon dioxide
from the air with CAP-induced ROS and its effect on the
abundance of glucose oxidation products.

The mass spectra of D-glucose solutions after plasma
treatment for 10 min versus untreated sample are shown in
Figure 2. Full-range mass spectra (20—1000 m/z) of all
aforementioned samples before and after plasma treatment are
collected in Supporting Information (Figures S1—S13). As
shown in Figure 2, the MS signal for p-glucose was observed at
m/z 179.05 [C¢H;,04—H]~, whereas unit charged ion at m/z
185.07 belongs to the p-glucose-'*C4 with 6 amu higher weight
due to the BC atoms. In addition, the D-glucose can be seen by
the [C4H,,06 + CHOO]™ at m/z 225.05 (monoisotopic mass
of formate is 44.9982), whereas the p-glucose-'>C4 was
observed at m/z 231.07. The MS signal at m/z 178.03 might
belong to the concurrent formation of a [C¢H;,O4—2H]"*
radical anion.”® The signal at m/z 161.04 (167.06 m/z for p-
glucose-">Cy) is formed by the loss of one water molecule
{[C¢H,00s—H] "} and a double bond formation (Figure 2).

Additionally, other fragment anions were observed at m/z
359.11, 367.09, 381.09, and 547.15 (Supporting Information
Figure S2). The MS signals at m/z 359.11 (MS/MS
fragmentation: m/z 359.11 — 179.04, 161.03, 119.02, and
89.01) are derived from a noncovalent glucose—glucose

31986

complex in the negative ion mode {[C},H,,0,,—H] }, most
likely due to its high intermolecular hydrogen bonds.*>>” The
corresponding ions were also observed in the mass spectra of
D-glucose—13C6 samples at m/z 371.15. However, the ESI-MS/
MS of other observed signals, as shown in Figure S2, are most
likely derived from the dissociation of deprotonated glucose,
and the deprotonated ion can undergo oligomerization.

Delaux et al.”® reported that generated radicals in the gas
phase of the nonthermal atmospheric plasma could reasonably
react with cellulose, cleaving the glycosidic bonds and yielding
soluble oligomers. However, further oxidation of carbohydrates
by CAP-induced reactive species has not been studied to the
best of our knowledge. The postulated reaction mechanism of
D-glucose oxidation is depicted in Scheme 1 based on the
finding of our experiments and published studies on catalyst-
driven glucose oxidation.’>***” The number of MS signals
increased significantly after plasma treatment, corresponding to
various products evolved from alcohol (—OH) oxidation to
predominantly form aldehydes (—CHO) and carboxylic acids
(—COOH). The primary oxidation products of both p-glucose
and p-glucose-"*C yielded from CAP-induced reactive species
are listed in Table 1. The structures of the different p-glucose
oxidation modifications were also examined by ESI-MS/MS
analysis and respective fine masses (see Table 1 for both p-
glucose and D-glucose-"*Cy).

The products at m/z 195.04, 193.03, and 177.03 were more
predominant, as shown in Figure 1. The p-gluconic acid
[CeH,,0,—H]™, 195.04 m/z is the most abundant oxidation
product. As shown in Table 1, the MS/MS spectrum of the
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Scheme 1. Postulated Oxidation Modifications of D-Glucose after Plasma Treatment
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OH H HO 2-oxo0-D-gluconic acid 5-0xo0-D-gluconic acid
OH O o o
[CsHgO4) [CsHgOeI OH fe} l C5 oxidation
m/z: 133.05 m/z: 165.04 HO
3-deoxy-D-ribose D-ribonic acid OH oH O oL
CeHsOg' 0 0 [CeHzOx1
miz: 177.04 m/z:191.03
D-glucono-1,5-lactone HO OH OH  25-dioxo-D-gluconate

“Partially adopted with permission from ref 30 (Copyright 2020, Springer Nature, https://creativecommons.org/licenses/by/4.0/), ref 33
(Copyright 2019, American Chemical Society (ACS), https://creativecommons.org/licenses/by/3.0/)., and ref 59 (Copyright 2020, Royal Society

of Chemistry (RSC), https://creativecommons.org/licenses/by—nc/S.O/).

signal at m/z 195.04 is comparable with commercially available
p-gluconic acid in the same infusion method (MS/MS 195.05
— 129.01, 75.00, and 59.01, see Supporting Information
Figure S15).

The p-gluconic acid can be oxidized further, yielding, for
example, [C¢H,,0,—H]™ (193.05 m/z) and [C4H;,0s—H]~
(177.03 m/z) in different pathways (Scheme 1). The oxidation
of the aldehyde (—CHO) group of glucose to produce the
gluconic acid is much faster than the oxidation of the hydroxyl
group (—OH) at position C-6 of p-gluconic acid to L-guluronic
acid (C¢H,00, 193.03 m/z), (ROH — RCHO — RCOOH).
However, the MS signal at m/z 193.03 might belong to the p-
glucuronic acid. Indeed, p-glucuronic acid in a cyclic pyranose
form (Scheme 1) can also be generated via direct oxidation of
glucose on a C-6 carbon atom that may also refer to the same
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MS signal at m/z 193.03. 2-Keto- and S-keto-p-gluconic acids
(with the chemical formula of C¢H,,O5; 193.03 m/z) can be
generated via oxidation of 2-keto-D-glucose {[C¢H,(Os—H]™;
177.04 m/z} and/or directly via D-gluconic acid. Oxidation of
the aldehyde (—CHO) group of 2-keto-D-glucose to produce
the 2-keto-D-gluconic acid might be faster than the oxidation of
the primary alcohol (—OH) group of gluconic acid to produce
L-guluronic acid. Nevertheless, it is expected that the MS signal
at m/z 193.03 belongs mainly to the L-guluronic acid, which
could further transform to D-glucaric acid m/z 255.06
{[C¢H;,04 + CHOO]™, observed}. It is essential to mention
that the oxidation of an aldehyde (—CHO) group of L-
guluronic acid to p-glucaric acid {{C¢H,;,Os—H]7; 209.03 m/
z} is in accordance with the general knowledge of aldehyde
chemistry. However, the p-glucaric acid production with the C-
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Table 1. Observed p-Glucose and p-Glucose-'>C¢ Oxidation Modifications After Plasma Treatments Monitored by High-

Resolution Mass Spectrometry and Tandem Mass Spectrometry

m/z values'>’C (*C)
195.04 (201.06)
195.04" (200.06)°
193.03 (199.05)
177.03 (183.05)
177.03" (182.04)7
165.03 (170.05)
165.03" (169.04)
163.01 (168.03)
159.04 (165.04)
133.01 (138.05)
129.01 (134.03)
87.01 (90.01)
209.039 (215.03)
255.06” (261.08)
223.04/ (229.06)
223.04" (229.06)

MS/MS values™*C (*3C)

129.01, 75.00, 59.01
(134.03, 77.01, 61.01)°

159.02, 129.01, 117.01, 99.00, 87.00, 71.00, $9.01
(165.04, 134.03, 103.01, 90.01, 74.02, 61.01)
149.00, 133.00, 89.01, 75.00, 71.00

(152.04, 134.03, 77.01, 61.01)

101.01, 73.00 (105.03, 75,00)

129.00, 99.00, 85.00 (134.03, 103.01, 89.03)
89.00, 71.00, $9.01

85.00, 57.00 (89.03, 60.04)

73.00, 59.01, 41.00 (75.00, 61.01, 43.00)
191.01, 129.01, 117.01, 103.00, 87.00, $9.01°
(183.05, 165.04, 134.03, 121.02, 90.01, 77.01)
177.03, 159.02, 129.01, 99.00, 87.00

(183.05, 165.04, 134.03, 103.01, 90.01)

165.03, 147.02, 113.01, 59.01 (170.05, 152.04, 118.03, 61.01)

molecular ions (generic names)
[CeH,0,—H] ™ (p-gluconic acid)®
[C{H,,0; + CHOO]~
[C¢H,00,— H]™ (p-glucuronic acid)®
[CeH,i0s—H]™ (2-keto-p-Glucose)®, (glucono-1,4-lactone)*
[CH,O, + CHOO]~
[CsH,,04—H]~ (p-ribonic acid)
[C,H O, + CHOO]"~
[CsH,,0,—H]™ (p-arabinuronic acid)
[C¢HgOs—H] ™ (2-oxoadipic acid)
[CsH,,0,—H]™ (3-deoxy-p-ribose)®
[CsH4O,—H]™ (glutaconic acid)®
[C3H,0;—H]™ (glucic acid)
[CeH,00s—H] ™ (p-glucaric acid)
[C¢H,,05 + CHOO]"
[C,H,,054—H]" (esterified D-glucaric acid)
[CeH,,0, + CHOO]™

“See Supporting Information Figure S14 for more details. “Tonization with formate anion. “Observed only after 5—10 min plasma treatment.
4Observed only after plasma treatment with the Ar/O, + N, curtain gas regime. “Very weak MS signals.f Esterification product in the presence of
methanol in solution. #Product identity monitored by comparison with authentic compounds.

6 dicarboxylic acid chain-terminating function was not
observed at m/z 209.03. Instead, it was detected at m/z
255.06, most likely due to its tendency to ionize with formate
anion as [C¢H,(Og + CHOO]™ during ionization.

The oxidation chemistry of the secondary alcohol on the C-2
position of glucose could lead to the production of 2-keto-p-
glucose (C¢H,4Og, 177.03 m/z). The MS signal at m/z 177.03
might also belong to glucono-1,4- and 1,5-lactone (inter-
molecular dehydration pathway of gluconic acid) (Scheme 1).
Notably, the glucono-1,4-lactone (C¢H,,Og, 177.04 m/z) is
thermodynamically more stable than glucono-1,5-lactone
(CgH O, 177.04 m/z), which was reported to more easily
rehydrolyze.” It is known from the literature that the glucono-
1,5-lactone can hydrolyze in an aqueous solution to gluconic
acid spontaneously at acidic pH.>> However, the susceptibility
of p-glucose and its oxidation products to CAP-induced ROS
led to a complex mixture, the deciphering the full oxidation
mechanism is challenging. Nevertheless, our findings show that
the three identified oxidation products m/z 195.04, 193.03,
and 177.03 are more predominant than other oxidation
products after plasma treatment, with the denoted gas
variations as shown in Figure 2. Comparison with authentic
compounds (tandem mass spectrometry analysis) proved the
presence of later-mentioned oxidation products (Supporting
Information Figures S15—S20). The abundance of oxidation
products will be discussed in detail in the subsequent section.
The MS signal at m/z 159.04 might belong to the 2-oxoadipic
acid (C¢HgOys), which is in accordance with the m/z value of
the D-glucose-"*Cg solution at m/z 165.04. Other glucose
oxidation products observed have less than six carbons
indicating a subsequent C—C bond cleavage except for a
signal at m/z 223.04 (see Table 1). The MS signal at m/z
223.04 might belong to the methanol esterified p-glucaric acid
(C-H,0g) in solution or [C4H,;,0s + CHOO]™. The MS
signals at m/z 165.03 (CsH,Og), m/z 163.01 (CsH,05), m/z
133.0 (CsH,,0,), and m/z 87.01 (C3H,O;) are likely
attributable to D-ribonic acid, p-arabinuronic acid, 3-deoxy-p-
ribose, and glucic acid, respectively (see Scheme 1 for chemical
structures). The MS signal at m/z 129.01 (glutaconic acid,
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CsH(O,) was also observed, along with the corresponding MS
signal at m/z 134.03 in D—glucose—13C6 oxidation. The signal m/
z 87.01 might belong to p-glucic acid as a dialdehyde product
of glucose oxidation.

Less-abundant products at m/z 209.02, 191.01, and 175.03
were also detected by applying Ar/O, + N, curtain gas for 10
min, as labeled with the star symbol in Figure 3.

Molecular ions analysis of less-abundant oxidation products
is listed in Table 2. The p-glucaric acid, as a further oxidation
product of L-guluronic or p-glucuronic acid, is in equilibrium
with p-glucaro-lactones (1,4- and 3,6-lactone) at m/z 191.03
{[C¢HsO,—H] 7}, (see Scheme 1). A similar MS signal at m/z
197.03 was also observed after treating the p-glucose-"*Cq
solution (see Supporting Information). Nevertheless, the
formation of D-glucaro-1,4-3,6-dilactone was not observed in
the MS spectra of D-glucose and p-glucose-'">Cy solutions after
plasma treatment with the Ar/O, + N, curtain gas regime. It is
reported that only a minor amount of mono oxo-p-gluconic
acids are products of p-glucose oxidation in basic conditions,”’
which is different from the expected pH range after plasma
treatment. Nonetheless, we cannot exclude the formation of
2,5-dioxo-p-gluconate (191.03 m/z) from 2-oxo- and S-oxo-p-
gluconic acid. The MS signal at m/z 175.03 might belong to
the Dp-glucurono-1,4- and —3,6-lactone and r-gulurono-6,3-
lactone (all with the unique chemical formula as CgHgOg) as
depicted in Scheme 1, which corresponds to a similar MS
signal at m/z 181.04 in p-glucose-"*Cg solution {[CsHgO4—
H]~; see Supporting Information}. However, the glucurono-
lactone {[C,H;Os—H]™; 175.03 m/z} is partially ionized with
formate anion and observed at m/z 220.14 {{C(HO4 +
CHOO] ™} during ionization. It is necessary to point out that
the L-gulurono-6,3-lactone is in equilibrium with L-guluronic
acid and Dp-glucuronic acid, while p-glucurono-1,4- and —3,6-
lactone is in equilibrium with p-glucuronic acid. Furthermore,
adipic acid {[C¢H;,0,—H]™; 145.00 m/z} as the product of
complete dehydration of p-glucaric acid (209.04 m/z) was also
observed after 10 min plasma treatment with the denoted gas
variations, which is more predominant after plasma treatment
with Ar/O, + N, curtain gas. Adipic acid production was even
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D-glucose Table 3. Fragmentation Pattern Analysis of p-Glucose
Oxidation Products Yielding From the CAP-Induced
1%105 Pl Reactive Species Impact (Performed via Comparing the MS
2 Signal of p-Gl -3¢, Sampl d 1:1 (v/v) Mixt f
. g ignal of p-Glucose-">C4 Samples and 1:1 (v/v) Mixture o
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S Pl (Be) molecular ions (BC) molecular ions
£ 4x104] S _ B
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2104 3 (231.07) (118.03)
© 179.05 [C¢H,,04—H]~ 103.03 [CH;0;,—H]~
0 ’ (185.07) (107.03)
161.04 [CeH,005—H]~ 101.02 [C,H,0,-H]~
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(154.05) (104.00)*
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Figure 3. High-resolution mass spectra of D-glucose solution after
plasma treatment for 10 min. Plasma gas variations, including Ar
discharge and Ar/O, admixture coupled with N, curtain gas to treat
samples as shown with the surrounded box (see method section for
details). * Less-abundant MS signals that were only observed after 10
min plasma treatment with Ar discharge only and Ar/O, + N, curtain
gas regimes.

Table 2. Molecular Ions Analysis of Less-Abundant
Oxidation Products Derived From Plasma Treatment With
the Ar/O, + N, Curtain Gas Regime

m/z values'>C m/z values'2C

(BC) molecular ions (BC) molecular ions
191.03 [CeHyO,—H]™  145.00 [CeH,,0,—H]"
(231.07) (151.00)"
175.03 [CHO—H]~ 220.14 [CHOx+CHOO]~
(181.04) (226.03)"

“Not observed.

lower than glucaric acid production, which was also detected at
m/z 255.06 {[CH,,0Os + CHOO]"}. However, related MS
signals in the p-glucose-'*Cg spectra were not identified for the
two later-mentioned oxidation products. As discussed above
and known in the literature, the oxidation of p-glucose to D-
glucaric acid requires specific conditions, for example, catalysts,
extremes of pH or temperature, and O, pressure, which is slow
and difficult.®’

Plausible fragmentation patterns of both p-glucose and D-
glucose-"*Cy in high-resolution mass spectra are also shown in
Table 3. According to Domon and Costello’s analyzing

method,®” several fragmentation patterns can be considered
due to the formation of X/A ions (C—C bond cleavage) at
different ring positions. For instance, the formation of m/z
119.02 is related to either the 0,1 or 4,5 glucose ring cleavage,
which is in accordance with the previous study.”® The
proposed cross-linked cleavage of D-glucose, D-gluconic acid,
and D-glucaric acid are summarized in Scheme S1. On the
other hand, utilizing MS/MS analyses, as shown in Figure S21,
we identified the fragmentation (daughter) products by
changing the collision energy from the parent D-glucose
molecule. The fingerprint ionization of D-glucose (m/z 179.04)
by considering the total carbon atoms proved fragmentations
pattern compared with p-glucose-'>C4 at m/z 185.07. The
main fragment jons were detected at m/z 89.01 (p-
glucose-"*Cy isotope: 92.03) and m/z 59.01 (*Cg isotope:
61.01) corresponded to [C;H¢O;]” and [C,H;0,] , respec-
tively.

However, the reaction mechanism was further elucidated
using ESI-MS/MS analysis of pure commercially available
oxidation modifications to quantify oxidation modifications as
postulated in Scheme 1. Hence, the pure form of significant
oxidation modification products was measured by high-
resolution mass spectrometry and compared with the mass
spectra of D-glucose oxidation products in solution after plasma
treatment. To gain further mechanistic insight into the
oxidation cascade induced by CAP, the ESI-MS/MS spectra
were further recorded and compared with plasma-treated
samples by adjusting the main MS/MS signals (Supporting
Information Figure S22).

Abundance of p-Glucose Oxidation Products. In order
to gain insight into the impact of CAP-driven oxidation,
modulated by gas mixtures, N, shielding, exposure times on
the occurrence of dominant oxidation products, and relative
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Figure 4. Relative abundances of p-glucose oxidation products (see Scheme 1 for details) after plasma treatment with the denoted gas variations
from 1 to 10 min. After plasma treatments, the percentage of oxidation modifications is defined as the peak area of each oxidation modification
quantified in each sample relative to the peak area of nonoxidized glucose [C4H,,0s—H]™ at m/z 179.0S.

abundances were analyzed. The peak area of the molecule ion
at m/z 179.05 (185.07 for p-glucose-*C¢) was used to
calculate the relative abundance of observed oxidation product

ions in percent (%, Figure 4 and in the Supporting Information

Figure S23).
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This approach visualizes differences/similarities in the
underlying oxidation mechanisms dependent on the plasma
conditions.*®> As expected, the abundance of the oxidation
products increased with treatment time, regardless of gas-phase
composition. The argon-only condition showed the weakest
impact when compared to all other conditions. Using a N,
curtain around the Ar discharge yielded increased product
abundance, corresponding to the preservation of gas-phase
species by avoiding their collision with ambient oxygen
molecules. Likewise, an admixture of 0.5% O, to the feed
gas led to an overall increase of oxidation products, indicating a
more substantial oxidative impact due to a higher yield of pro-
oxidant reactive species than the Ar-only condition. If the N,
curtain is used additionally, this condition yielded the highest
consumption of glucose and subsequent oxidation product
abundance (Figure 4). Clearly, the strong formation of atomic
oxygen and singlet oxygen in the gas phase, combined with the
protective nitrogen curtain, allowed the highest densities of
ROS in the interface region and the liquid. The relative
abundances of MS signals at m/z 195.04, 193.03, and 177.03
were boosted under highly oxidizing treatment conditions (O,
admixture and shielding). D-gluconic acid at m/z 195.04
increased about 8-fold after applying the Ar/O, + N, curtain
gas compared to Ar/O, admixture alone (10 min treatment).
The abundance of the products at m/z 193.03 and 177.03
increased approximately 10-fold and S-fold, respectively, after
applying the N, curtain gas to the Ar/O,. In contrast, their
abundances were low for pure Ar discharge conditions. Similar
behavior was observed for the products at m/z 165.03 and
163.01 that increased about 10-fold and 4-fold, respectively,
under Ar/O, + N, shielding conditions. The oxidation
products at m/z 159.04 and 133.01 were exclusively observed
after 10 min in the Ar/O, + N, curtain gas. As shown in Figure
4, the abundance of these oxidation products was significant
for Ar/O, + N, curtain gas compared to Ar discharge only,
pointing to the higher level of oxygen-derived reactive species
in these conditions. In addition, the MS signals at m/z 129.01
and 87.01 were increased about 2-fold and 6-fold, respectively,
after applying the N, curtain gas to the Ar/O, admixture
regime. Notably, the abundance of p-glucaric acid {[C4H;,O4
+ CHOO]7, 255.06 m/z} remained independent of the N,
curtain (Figure 4). This observation might indicate a role for
reactive nitrogen species, which are suppressed by the N,
curtain, or decay reactions that are facilitated by atomic
oxygen/singlet oxygen. Interestingly, only trace amounts of
glucarolactones (191.01 m/z) and gulurunolactones (175.03
m/z) were observed after plasma treatment under the pure Ar
discharge (Figure S). At the same time, their abundance was
significantly higher after plasma treatment with Ar/O, + N,
curtain gas regime. This phenomenon is most likely due to the
higher pH level of solution after plasma treatment that
facilitated the dehydration reaction of corresponded oxidized
products (see Scheme 1). An admixture of O, (plus shielding
with N,) led to a significant increase of signals at m/z 209.04
and 193.03, pinpointing strong oxidant ROS responsible for
their occurrence and further dehydration reactions. As shown
in Figure S, no significant change was observed in the
abundance of glucuronolactone ionized with the formate anion
(220.14 m/z). In comparison, the abundance of adipic acid
(145.01 m/z) was significantly increased under the Ar/O, +
N, curtain gas regime. The observed p-glucose oxidation
product abundancies indicated a significant role of oxygen-
derived reactive oxygen species in solution that will be
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Figure S. Relative abundances of p-glucose oxidation products after
plasma treatment with the denoted gas variations from 1 to 10 min.
After plasma treatments, the percentage of oxidation modifications is
defined as the peak area of each oxidation modification quantified in
each sample relative to the peak area of nonoxidized glucose
[C¢H1,06—H]™ at m/z 179.05. Note: the oxidation modifications at
m/z 191.01, 175.03, and 145.00 were not observed after 1 min plasma
treatment with Ar discharge and Ar/O, admixture regimes. n.d. = not
determined.

discussed in the subsequent section. Although we expected
that the atomic oxygen [O(3P)] and hydroxyl radical (*OH)
could be involved in glucose oxidation due to their higher
production, in particular, in the oxygen-enriched plasma
effluent that is shielded with N, flow. However, the p-glucose
consumption and D-gluconic acid production were monitored
after plasma treatment by plotting calibration curves of
authentic compounds at m/z 179.05 (p-glucose) and m/z
195.04 (p-gluconic acid), respectively. As shown in Figure S24,
the glucose concentration was decreased below 100 #M under
the Ar/O, + N, curtain gas regime (treatment time: 10 min),
while only 10—20 uM of p-gluconic acid was detected in the
same treatment condition.

CAP-Induced Reactive Species Chemistry. CAP gen-
erates a high amount of various short- and long-lived reactive
species. Via transport processes and reactions at the gas—liquid
interface, some of these are available for chemical reactions in
the liquid bulk or the boundary layer, depending on their
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electronic structure and reactivity. Among these, hydrogen
peroxide (H,0,), hydroxyl radical (*OH)/atomic oxygen
[O(3P)], and singlet oxygen ('O,; a'Ag) were detected or
quantified in this study. In agreement with previous reports,
when water was treated with CAP, a high amount of
bicarbonate (HCO;™), carbonate radicals (CO;°~), and nitrate
(NO;7) can be produced, which were detected in the recorded
mass spectra at m/z 61.98, 60.99, and 59.98, respectively. As
shown in Table 4, the peak area of HCO;™ and CO;* have

Table 4. Mass Spectra Analysis of 1:1 Ratio (v/v) of p-
Glucose:n-Glucose-'>C, Solution After Plasma Treatment
Diluted with 1:4 Ratio (v/v) of 20% MeOH in 5§ mM of
Ammonium Formate at pH 7.4

CAP treatment regime”

m/z values  chemical formula  control (%)  Ar (%) Ar/O, (%)
61.98 NO, 6 32 9
60.99 HCO;~ 6 6 6
59.98 CO;°~ 100 100 100
44.99 HCO,~ 75 60 100

“The results for 10 min plasma treatment.

remained constant, while other signal percentages were
changed by changing the plasma treatment regime. Tresp et
al®* found that both bicarbonate and carbonate in solution
could react with *OH to form CO;*". In addition, nitrite may
form due to the interaction of the plasma effluent with ambient
air. Therefore, the highest amount of NO;~ was observed
when the treatment regime with only Ar feed gas was applied,
which is related to the reaction of nitrite (NO,”) in the
presence of hydrogen peroxide (H,0,). The deposition of
nitrite/nitrate was also measured via ion chromatography in
water and glucose-containing solution. The results showed that
by applying the Ar discharge and Ar/O, + N, curtain gas, the
maximum amount of NO,”/NO;~ was detected (see
Supporting Information Figure S25). CAP treatment of D-
glucose solution resulted in relatively higher nitrite levels in all
denoted gas variations. However, nitrate production was
independent of glucose present in the treated solution.

Notably, formic acid production could be linked to the
reaction of CO, from the air with oxygen-derived short-lived
reactive species (Table 4). It could also refer to its production
from D-glucose oxidation (see Supporting Information Figure
$26).

In the first step, plasma’s effect on producing H,0O, as the
main long-life reactive species present in the liquid bulk was
investigated in water and 2 mM of D-glucose solution. As
shown in Figure 6a, the concentration of H,0, in D-glucose
solutions was significantly higher after S and 10 min plasma,
irrespective of the feed gas composition. Relatively high
concentrations of H,O, were deposited by treating the sample
with Ar feed gas in a time-dependent manner. In the presence
of D-glucose, up to about 750 M after plasma treatment for 10
min were detected, while in pure water, only 490 uM were
observed. In contrast, an H,O, concentration of about 550 uM
was determined in D-glucose solutions treated with Ar/O, + N,
curtain gas for 10 min, while in pure water, only 100 uM were
deposited at the same time (Figure 6a). This indicates the
production of H,O, as the by-product of CAP-induced b-
glucose oxidation or a reduced decay via O/OH radicals
forming superoxide anion radicals that are disproportionate to
H,0, and water. To confirm our suggestion, more experiments

were conducted by measuring the amounts of produced H,0O,
during the treatments of solutions containing various D-glucose
concentrations. As shown in Figure 6b, increasing the glucose
concentration led to the significant enhancement of produced
H,0, during 5 min plasma treatment under the Ar/O, + N,
curtain gas regime compared to only Ar discharge. The
concentration of produced H,0, almost remained constant by
treatment of D-glucose solutions more concentrated than 8
mM under Ar/O, + N, curtain gas due to the available
molecular level of glucose and CAP-induced oxidant per
plasma exposure period, while the produced H,O, from the Ar
treatment at the same solution remained constant and
independent of the D-glucose concentrations for solutions
containing more than 1 mM p-glucose. This phenomenon not
only proved that the glucose oxidizes effectively by plasma
treatment with Ar/O, + N, curtain gas regime but is also
related to glucose utilization for the in situ production of H,O,
in the oxidation cascade. For Ar/O, + N, curtain gas
treatment, the highest concentration of H,0, coaligns with
the highest glucose consumption. It has been shown that
hydroperoxyl radicals (*OOH) are formed during glucose
oxidation, which in low pH convert to H,0, (*OOH + *0,” +
H* - H,0, + 0,).% Therefore, it might be hypothesized that
both in vitro and in vivo, a local increase in *OOH and H,0,
formation may result from carbohydrate, especially the bp-
glucose, oxidation due to plasma treatment. Subsequent effects
on biomolecules and signal cascades, especially in the presence
of catalysts or free thiols, should be considered.

On the other hand, it is known that the relatively mild
oxidizing reagent H,O, oxidizes D-§lucose only in the presence
of an appropriate (metal) catalyst.”*®” In the absence of such,
H,0, (100, 500, and 1000 xM) did not oxidize p-glucose in
solution (measured pH value = 6.4; see Supporting
Information Figures S27 and $28). In the following, irradiation
of H,O, in the VNIR range as emitted from Ar discharge
equipped with a borofloat-33 window to photolytically cleave
H,0, to *OH either did not take place/or was too small
extend to oxidize the glucose (Figure $29).

As shown in Supporting Information Figure S30, no H,0,
formation was determined using borofloat-33 (UV-A and
visible lights; transparent >100 nm). In contrast, H,0,
concentration was determined at about 10—20 uM in the
presence of VUV radiation using the MgF, window (trans-
parent >100 nm). The results suggest that the VUV radiation
has a small contribution to H,0, production compared to
deposited H,0, induced by CAP-generated reactive species in
solution. The VUV photolysis is partially involved in the
production of a small amount of *OH and consequently H,O,
via reactions R1—R3.°*%” Parallel to the abovementioned
experiments, the impact of CAP-activated water solutions was
studied by its addition to the p-glucose solution. Only trace
amounts of p-gluconic acid and p-glucaric acid (m/z 195.05
and 255.23) were observed (Supporting Information Figure
S31), whereas H,0, deposition was only significant after
plasma treatment with only Ar discharge. This result shows
that short-lived reactive species such as 'O,, *OH, and O(°P)
are engaged in the glucose oxidation cascade and that H,0, is
a by-product of this process.

In nonthermal plasma liquid chemistry, the molecular O, in
the gas phase can mainly generate a large amount of metastable
O(’P) and superoxide (*O,”) that can travel to the surface
(R4—R6). Ozone photolysis can slightly contribute due to its
related slow dissolution in water when using O, as admixture
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Figure 6. Reactive species profiles after plasma treatment. (a) H,0, concentration determination directly after plasma treatment in water and p-
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'Ag) quantification using the SOSG Assay Kit, (d) *OH/O(®P) concentration in liquid media via conversion of TPA to HTPA in phosphate buffer
(TPA assay), (e) O(’P) profile by following the concentration of hypochlorite (ClIO~) in PBS via electrochemical sensing. *2 mM p-glucose

solution samples. n.d. = not determined.

gas (R7 and R8). However, both sources of O(*P) can involve
in the formation of *OH (R9).** For the kINPen, high
concentrations of the aforementioned short-lived oxygen-
derived reactive species are froduced mainly in the Ar/O,
admixture plus N, curtain gas.”* The radical reaction generated
during the plasma treatment is shown below

H,0 + hv - H" + OH"~ (R1)
OH™ — ‘OH + e~ (R2)
OH + *OH — H,0, (R3)
0, +e - °0; (R4)
O,+e >0+0+e" (RS)
O+4+e - OCP) +e” (R6)

0+0, -0, (R7)
0, + hv - 0, + O(P) (R8)
OCP) + H,0 — 2°OH (R9)
*0; - '0, + e (R10)
*0; + H,0, —» 'O, + "OH + OH~ (R11)
*0; + *OH — 'O, + OH~ (R12)

It is known from CAP chemistry that N, curtain gas prevents
the quenching of IOZl and O(’P) by collision with ambient O,
molecules, and in this condition, gas—liquid interface densities
are the highest. Conversely, an O, curtain decreases their
densities.”* *0,~ that is generated in the discharge and may
additionally be formed during glucose oxidation contributes to
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several reactions (R10—R12) to produce '0,.”° By using
SOSG, relative quantification of 'O, was achieved and revealed
a slightly time- and working gas composition-dependent
formation (Figure 6¢). However, the dynamic is less impressive
than for H,0,. The most prominent 'O, production was
detected after 10 min Ar/O, plasma treatment using N,
curtain gas, parallel with a strong *OH/O(°P) deposition
(see Figure 6d,e). In the presence of p-glucose, 'O, deposition
was slightly increased, excluding a direct role of 'O, for p-
glucose oxidation (Figure 6c). However, it should be kept in
mind that SOSG is under debate, and the chosen approach
allowed a relative quantification only. The data allow the
assumption that a combination of OH/O radicals has a
prominent role in D-glucose oxidation.

Gas-phase O(°P) formation, transport to the gas—liquid
interface and the boundary layer, and its conversion to *OH
radicals (R9) were proposed in the literature.”' Sugars are also
known as "OH scavengers.”” To explore the role of OH/O
radicals in the present experimental setting, the terephthalic
acid (TPA) assay was applied to quanti?r OH/O radicals
concentration as previously described.”” It should be
emphasized that the assay is claimed to be specific for OH
radicals; however, due to the quick interchangeability of O(*P)
and *OH in aqueous systems, the selectivity is hampered.*
Monitoring the concentration of OH/O radicals in pure water
was impeded by the poor solubility of TPA, and a phosphate
buffer was used instead. As shown in Figure 6d, the *OH/
O(’P) deposition increased significantly with treatment time
and is modulated by the working gas composition. As
expected, the highest amount of OH/O radicals was deposited
when O, was admixed to the feeding gas. When the N, curtain
is applied, this is even more pronounced. However,
irregularities after 10 min of treatment were observed. It
must be assumed that the apparently lower deposition of OH/
O is due to the attack of the initial product hydroxyterephthalic
acid (HTPA) and the subsequent formation of a non-
fluorescent product, ultimately resulting in limited linearity
of the assay. An alternative explanation would be the loss of
*OH due to recombination, but this is unlikely regarding the
negligible H,0, production under these conditions (see Figure
6a). A straightforward treatment time dependence OH/O
deposition was observed for a pure Ar discharge. In this case,
the assay detects predominantly *OH radicals generated from
the photolysis of water by the argon excimer VUV traveling the
noble gas channel to the gas—liquid interface.’” Of note, the
concentration of OH/O radicals in D-glucose solutions
remained almost unchanged, seemingly contradicting reports
on OH radical-driven oxidation of glucose (Amaniampong et
al,*® Rinsant et al.”*). It should be considered that, in both
cases, bulk liquid reactions were described, while in the current
CAP-driven oxidation, a decisive role of the interface region
must be admitted. This includes transport processes, strict
nonequilibrium conditions, and the consumption of the
reactive species at the surface. In addition, the reaction
between OH/O radicals and TPA is quicker than with glucose
due to higher electron densities at the aromatic ring. A
contributing role of the higher pH in phosphate buffer on the
reaction rate and mechanism shall not be excluded.

In parallel to the abovementioned experiments, to prove the
contribution of the short-lived ROS 'O, and especially O(*P)
on glucose oxidation, the scavenger L-histidine was added to
the solution. In this case, the peak area of p-glucose at m/z
179.0S remains approximately constant (Supporting Informa-

tion Figure S33). Instead, the L-histidine signal at m/z 154.04
declined. This was especially obvious when the Ar/O, + N,
curtain gas regime was applied, indicating a high level of O(*P)
(and '0,) that reacted with the histidine now. Therefore, we
assume that OH/O radical species are the main reactive
species involved in D-glucose oxidation. This is reflected in the
oxidation products as depicted in Scheme S2. The MS signal at
m/z 170.05 is most likely generated by reaction with O(°P) or
*OH, generated according to R6. The product of histidine
oxidation at m/z 187.06 related to the 'O, scavenging (see
Scheme S2) observed when the pure Ar discharge was shielded
with N, flow. However, as a less relevant generated species by
plasma, 'O, could not directly influence glucose oxidation;
nevertheless, 'O, might undergo the small conversion of H,0,
to *OH and, consequently, D-glucose oxidation in solution.

In an orthogonal approach, the deposition of O(°P) was
determined using its reactivity with chloride ions, ﬁgielding
hypochlorite (CIO™) using an electrochemical sensor.” "7* The
experiments were performed in PBS with/without glucose (2
mM). The amount of produced hypochlorite is related to the
gas—liquid interface concentration of O(*P) (Figure 6e). The
data confirm the results of the TPA assay, showing a massive
increase in hypochlorite production under the Ar/O, + N,
curtain gas regime. Interestingly, the CIO™ formation in the
presence of glucose shows significant differences between the
Ar discharge only and Ar/O, admixture with N, shielding flow.
This difference allows us to conclude that O(°P), not *OH,
plays the main role in glucose oxidation, at least in the Ar/O, +
N, curtain gas case: in Ar discharge only, VUV leads to the
photolysis of water and subsequently to the formation of OH
radicals that react with chloride ions, but not with the glucose,
leaving the ClO™ levels unchanged. In contrast, the O(’P)
formed in the Ar/O, admixture shielded with the N, flow case
reacts with chloride ions and glucose, yielding lower CIO™
levels in its presence. It may be assumed that the free traveling
path of O(®P) is larger than for *OH, allowing a reaction with
the glucose also in the boundary layer below the gas—liquid
interface. Experiments using caged o(°P) generators support
this notion.”” Again, the strict nonequilibrium conditions of
the plasma—liquid interaction must be taken into consid-
eration. In bulk reactions (e.g, H,O, and a catalyst), the
situation is different. However, no glucose oxidation products
were observed in a control experiment by adding 10 mM of
hypochlorite solution to the p-glucose, suggesting that glucose
only reacted with O(°P) and not the hypochlorite. An
alternative and/or contributing role can be attributed to the
pH during the CAP-driven oxidation. The ClO~ concen-
trations in PBS (pH ~ 7.4) and KCI (0.14 M M; pH ~ 3—4)
showed a similar behavior (see Supporting Information Figure
S34). This suggests that O(*P) induced oxidation of p-glucose
is not pH-dependent, while the *OH-induced oxidation of p-
glucose is pH-dependent.

Although it is hard to interpret the responsible reactive
species pattern on D-glucose oxidation by plasma discharges, it
can be assumed that depending on the gas phase composition
and the treatment regime, a combination of OH/O radicals is
responsible. O(°P) is the primary oxidant of glucose in the case
of Ar/O, admixture with or without N, curtain gas. A more
robust oxidative impact yields highly oxidized products with
higher yields than the pure Ar discharge in these conditions.
This is in accordance with the literature using atmospheric
pressure plasma jet with helium as feed gas admixed with
oxygen.”® Benedikt et al.”' also reported that the O(*P) could
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directly oxidize organic molecules. On the contrary, *OH
radicals are the major responsible oxidants in Ar only
discharges of the kINPen, to some extent irrespective of the
feed gas. Further investigations are required to fully rationalize
the oxidation mechanism using cold plasma.

B CONCLUSIONS

In summary, CAP was employed to generate oxygen-derived
reactive species oxidizing the model carbohydrate p-glucose,
yielding mainly D-gluconic acid at m/z 195.04, isobaric
products at m/z 193.03 with D-glucuronic acid, L-guluronic
acid, and 2- or 5-oxo-p-gluconic acid, along with glucono-
lactones at m/z 177.03 and a number of minor products, for
example, at m/z 255.06 {{CcH;,03 + CHOO]} and m/z
209.03 (p-glucaric acid). Up to 90% of the glucose was
converted within 10 min when 'O, O(’P)/ *OH were the
dominant reactive species (Ar/O, conditions with gas
shielding). When blocked by the scavenger L-histidine, the
glucose conversion rate is significantly decreased. The long-
lived species, hydrogen peroxide, is irrelevant for oxidation.
These results indicate that carbohydrates are relevant targets
for cold plasmas, and given their presence in both in vitro and
in vivo applications of CAP, must be taken into consideration.
The formation of secondary hydrogen peroxide and hydro-
peroxyl radicals during glucose oxidation may lead to local
activation of redox signal cascades.

Although further investigations are still required to fully
reveal the role of individual reactive species on the glucose
oxidation process, our results suggest that a combination of
*OH/O(®P) radicals are responsible for the glucose break-
down. Apart from the biomedical implications sparked by the
findings, our work suggests future exploitation of cold plasma
as nascent environmentally friendly technology for carbohy-
drate oxidation chemistry to produce valuable aldonic acids
and aldaric acids. This subject area is under investigation by
our group.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c02965.

Mass spectra of D-glucose after plasma treatment; MS/
MS spectra of oxidation products after CAP treatment;
mass spectra of standard authentic compounds; MS/MS
spectra of D-glucose at m/z 179.04 and p-glucose-"3Cg at
m/z 185.07; MS/MS spectra of standard authentic
compounds; proposed cross-ring cleavages of p-glucose;
relative abundance of D-glucose-"*C oxidation products;
D-glucose oxidation concentration and D-gluconic acid
production determinations after plasma treatment;
deposition of nitrite/nitrate profile; relative abundance
of formic acid production after plasma treatment; mass
spectra of p-glucose by direct addition of H,0,; pH of
solution by direct addition of H,O,; mass spectra of p-
glucose after direct addition of H,0, (400 pM in
solution) that were exposed to Ar discharge regime
blocked with borofloat-33 window; H,O, production
determination due to VUV/UV transmission to the
solution by blocking the gas—liquid interface; deposited
H,0, concentration determination after plasma treat-
ment in water; mass spectra of D-glucose after 5 min
plasma treatment under denoted gas variations and

shielding; schematic illustration of scavenging pathway
of L-histidine in D-glucose solutions; and effect of radical
scavenger’s L-histidine on D-glucose oxidation efficiency
in water (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Mohsen Ahmadi — Leibniz Institute for Plasma Science and
Technology (INP Greifswald), Center for Innovation
Competence (ZIK) plasmatis, Greifswald 17489, Germany;
orcid.org/0000-0002-7018-0460;
Email: mohsen.ahmadi@inp-greifswald.de
Kristian Wende — Leibniz Institute for Plasma Science and
Technology (INP Greifswald), Center for Innovation
Competence (ZIK) plasmatis, Greifswald 17489, Germany;
orcid.org/0000-0001-5217-0683;
Email: kristian.wende@inp-greifswald.de

Authors

Zahra Nasri — Leibniz Institute for Plasma Science and
Technology (INP Greifswald), Center for Innovation
Competence (ZIK) plasmatis, Greifswald 17489, Germany

Thomas von Woedtke — Leibniz Institute for Plasma Science
and Technology (INP Greifswald), Center for Innovation
Competence (ZIK) plasmatis, Greifswald 17489, Germany;
Leibniz Institute for Plasma Science and Technology (INP
Greifswald), Greifswald 17489, Germany; University
Medicine Greifswald, Institute for Hygiene and
Environmental Medicine, Greifswald 17489, Germany;

orcid.org/0000-0002-1097-4832

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c02965

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is funded by the German Federal Ministry of
Education and Research (GN: 03Z22DN12 to K.W.).

Bl ABBREVIATIONS

CAP cold atmospheric plasma

Ar argon

slm standard liters per minute

ROS reactive oxygen species

RONS  reactive oxygen and nitrogen species
TPA terephatalic acid

HTPA  2-hydroxyterephtalic acid
VUV vacuum ultraviolet

UM micromolar

mM millimolar

MS/MS tandem mass spectrometry
m/z mass-to-charge ratio

0, oxygen

°0,” Superoxide

atomic oxygen

*OH hydroxyl radical

'0, singlet oxygen

H,0,  hydrogen peroxide
hydroperoxide radical
(OR ozone

ClO™  hypochlorite
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