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Abstract: When exposing food and feedstuff to cold atmospheric pressure plasmas (CAPP), e.g., for
decontamination purposes, possible unwanted effects on the contained nutrients might occur. In the
present study, we thus concentrated on CAPP-induced degrading effects on different sugars, namely
glucose and sucrose. The treatments were performed using admixtures of argon and synthetic air
over durations of up to 12min. Continuous degradation of sucrose and glucose was determined
using ATR-FTIR and XPS analyses. OH stretching bands showed notable broadening in the ATR-FTIR
spectra, which possibly indicates reduced crystallinity of the sugars caused by the CAPP treatment. In
the fingerprint regions, most bands, especially the more intense C-O bands, showed decreases in peak
heights. In addition, two new bands occurred after CAPP treatment. The bands were detectable in
the range between 1800 and 1600 cm~! and potentially can be assigned to C=C and, after comparison
with the results of the XPS measurements, O-C=0 bindings. The XPS measurements also showed
that the O-C=0 bonds probably originated from earlier C-O bonds.

Keywords: sugars; atmospheric pressure plasma; low temperature plasma; degradation; glucose;

sucrose

1. Introduction

Contaminations of food and feedstuff are an ever present problem. The chemical and
microbial contamination of food and feedstuff products poses threats such as a shortened
shelf life and negative health effects depending on the contamination rates and overall toxi-
city of the contaminants. In the past, different decontamination strategies were developed
to treat contaminated crops [1-6].

Recently, the suitability and potential of cold atmospheric pressure plasmas (CAPP)
for the decontamination of foods was shown and reported. For example, it was proven
that cold plasmas can be used to inhibit the growth of fungi in the vegetative state and to
completely inactivate various phytopathogenic fungal species [7-12]. Furthermore, it was
shown that the degradation of their secondary metabolites, known as mycotoxins, is also
achievable [13] as well as the degradation of pesticides [14,15]. Therefore, plasma can play
an interesting role in the decontamination of different crops and bulk goods; for example,
to enhance storage times. However, the effect of a CAPP treatment on the nutritional value
of treated goods can become a limiting factor.

At this point, it is important to thoroughly investigate the impact of a plasma treatment
on the nutrients of the treated product. When applying CAPP, aiming at the decontami-
nation of food crops and other nourishing goods, it is vital to understand the occurring
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degradation effects on toxic contaminants as well as the possible negative effects on con-
tained nutrients. This knowledge can help to customise the application, especially for
sensitive ground products. In the course of the presented study the investigation of the
impact of plasma on sugar as one of the main nutrients within food was investigated
against the background of decontamination. For that reason different sugars were used
as substitute for both, nutrients and mycotoxins, due to their overall comparably complex
chemical structures.

To investigate possible plasma-induced changes of the structure of the sugars, Fourier
transform infrared spectroscopy in the attenuated total reflection mode (ATR-FTIR) was
chosen as the main analysis method due to its quick and easy application [16]. Furthermore,
this approach facilitates quantitative investigations [17-20]. Additionally, X-ray photo-
electron spectroscopy (XPS) measurements were carried out to reference the ATR-FTIR
measurements and to obtain possible additional information.

Until now, only a few studies have been published that deal with the plasma treatment
of sugars. However, so far only the effects of plasma on, for example, sugars dissolved in
water or fruit juices have been investigated [21,22]. To the best of our knowledge, this is
the first time that the plasma-induced effects on sugars in dry conditions were investigated.
By performing the following investigations, we aimed to establish and demonstrate the
idea of relations between the decontamination of unwanted toxins on the one hand and the
possible accompanying and negative reduction in the nutritional value of plasma-treated
food products on the other hand.

2. Materials and Methods
2.1. Sample Preparation

The examined sugars were D(+)-Sucrose (<99.5%, p.a.) and D(+)-Glucose (p.a., ACS,
anhydrous) (Carl Roth GmbH + Co. KG., Karlsruhe, Germany). Figure 1 shows the
molecules in Haworth projection with labeling according to Brizuela et al. [23].
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Figure 1. Sugar molecules of D-glucose (left) and sucrose (right) in Haworth projection.

Using a vibratory mill (Retsch GmbH, Haan, Germany, type MM400), the sugars
were wet-milled to sugar pastes, so-called slurries, for 90 min at a frequency of 20 L.
The dispersing agent was isopropanol and glass beads with a diameter of 1 mm to 1.5 mm
were used as the grinding balls.

The knowledge of the exact sugar content in the slurries was lost when the slurries were
separated from the grinding balls. The slurries (SO) were further diluted with isopropanol
(S1) for an adequate viscosity to be taken up with a pipette (Eppendorf SE, Hamburg,
Germany). Then, 100 uL were applied to glass slides (Knittel Glass GmbH, Braunschweig,
Germany) and dried on a hotplate at 70 °C for about 30s. The sugar masses now on the
glass slides—and thus also the approximate sugar content in S1—were then determined
with quantitative ATR-FTIR spectroscopy and calibration lines (this is described in more
detail in Section 2.3.1). In order to carry out comparable quantitative measurements, the
amount of isopropanol that had to be added to S1 in each case was calculated so that the
sugar proportions in the glucose and sucrose slurries were approximately the same (52).
In addition, it was decided to further reduce the viscosity of the slurries by using more
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isopropanol (S3) as this minimises residues of the slurries in the pipette tip and thus also
reduces the deviations in the amounts of sugar on the glass slides. Subsequently, 100 uL
of the resulting slurries was applied to glass slides and dried in layers on a hotplate at
70°C, with each layer left for about 10s. This resulted in layers of sugar with a diameter
of approx. 1 cm. The amounts of sugars were 1 £ 0.2 mg for glucose and 1.1 £ 0.4 mg for
sucrose. The large deviations in the sugar amounts are also due to the measurement method
(quantitative ATR-FTIR spectroscopy, Section 2.3.1).

The next aim was to perform qualitative measurements of plasma-induced chemical
alterations via FTIR spectroscopy and XPS. For this purpose, major deviations in the
amounts of sugar were accepted. Therefore, the final dilution with isopropanol was
dispensed and only 10 pL instead of 100 pL of the slurries (52) was dropped onto microscopy
cover slips. The subsequent drying on a hotplate at 70 °C did not have to be carried out in
layers due to the lower isopropanol content. As an advantageous effect, the resulting layers
had a significantly smaller diameter of around 5mm and were more homogeneous. These
samples were examined with a 3D microscope. Here, a layer thickness of about 120 um was
determined at the circumference, whereas the sample thickness was approx. 50 pm at its
centre. These large deviations can be explained due to formation of coffee ring-like shapes
of the samples subsequent to the drying process, induced by surface tensions of the diluted
slurries. Subsequently, sugar samples were plasma treated for 1, 2, 4, 8 and 12 min in order
to gain information on the time evolution and temporal impact of plasma treatment.

It should be noted that even though most foods feature a high water content, dry
sugars were investigated in the present work in order to exclude misrepresentations caused
by the solution as well as any impact and interacting interdependencies of the dissolution.
Hence, the basic effects of the applied plasma treatment on sugar molecules can be identified
and evaluated as presented in Section 3.

2.2. Plasma Source and Treatment

The plasma source used in our setup was operated at atmospheric pressure. It primar-
ily consisted of a conical hollow electrode (see Figure 2).

<«— pgas supply

hollow electrode

enclosure

plasma thread
sample
— dielectric
ground electrode

Figure 2. Schematic representation of the structure of the used plasma source.

At a distance of approx. 15mm to the tip of the hollow electrode, a glass plate was
positioned which functioned as a dielectric on the counter electrode. A mixture of 80 %
argon and 20 % synthetic air, adjusted with flow meters (Krohne, Duisburg, Germany, type
DK800), was used as the working gas. A pulsed alternating high voltage was applied to the
hollow electrode, as a result of which a stationary, thread-like direct plasma was ignited
between the hollow electrode and the counter-electrode. This plasma thread consists of
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many individual filaments. Due to the conical shape of the hollow electrode, the plasma
thread is surrounded and stabilised by the gas flow [24].

In the course of the test series, the plasma power was determined by the product
of applied voltage and discharge current using an oscilloscope (Agilent Technologies,
Santa Clara, CA, USA) [25,26]. The voltage was measured between the high-voltage source
and the plasma head using a high-voltage probe (Tektronix, Beaverton, OR, USA, type
P6015A). The measured frequency of the AC voltage fluctuated between 8 and 9.5 kHz and
the voltage was found to be between 8.5 and 10kV. The resulting discharge current was
measured at the counter electrode using a wideband current monitor (Pearson electronics,
Palo Alto, CA, USA). The power dissipated in the plasma during the test series and it
amounted to 10 &= 2W. The voltage and current curves resulting from the measurements at
a power of approximately 10 W are shown in Figure 3.
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Figure 3. U-I-characteristics of the plasma source at a power of approx. 10 W.

2.3. Surface Chemistry

The surface chemistry of the sugars before and after plasma treatment was measured
using FTIR spectroscopy and XPS. Quantitative measurements of sugar levels before and
after plasma treatment were also performed using FTIR spectroscopy.

2.3.1. FTIR Measurements

The plasma-treated sugars were analysed with a commercial FTIR spectrometer
(PerkinElmer, Waltham, United States, type Frontier) in the ATR mode. For each mea-
surement, 64 scans were made with a resolution of 4 cm~! in a wavenumber range from
4000 to 500 cm ™. For this purpose, an ATR unit (Specac Ltd, Orpington, United Kingdom)
which works with a diamond ATR element via single reflection was integrated into the
FTIR spectrometer. All spectra were converted to absorbance spectra and automatically
ATR corrected and baseline corrected with the program Spectra from PerkinElmer. In order
to provide quantitative evaluations of the ATR-FTIR spectra, the spectra were also vector
normalised using the Euclidean normalisation [16]:

ynorm _ Yi - (1)
ie1 (Vi)

In the first step of vector normalisation, the mean y value is subtracted from the
spectrum so that the center of gravity of the spectrum is on the zero line. This causes part
of the spectrum to be negative. Therefore, the minimum of the spectrum was then shifted
to the zero line, so that the entire spectrum was in the positive range again.

Some studies showed that ATR-FTIR spectroscopy is suitable for the the quantitative
analysis of aqueous solutions [17-20]. Based on this, calibration lines were recorded
in a preliminary series of measurements, which established a relationship between the
peak height of the sugar band in the ATR-FTIR spectrum and the sugar concentration in
distilled water. For this purpose, solutions with concentrations of up to 400 —# sugar in
distilled water were measured using ATR-FTIR spectroscopy. In addition to the broad
water bands, the spectra also showed intense bands in the fingerprint area that were a
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result of the dissolved sugar. C-O bands of the sugars at around 1054 cm ! were used

for evaluation. The peak heights of these bands were averaged and plotted against the
associated concentration, resulting in an almost linear relationship. These calibration lines
facilitated the determination of unknown sugar concentrations.

Sugars were plasma treated for 1, 2, 4, 8 and 12min. For the quantitative analysis,
the plasma-treated sugars as well as the untreated reference samples were dissolved in
10 uL of distilled water and dropped onto the ATR crystal so that ATR-FTIR spectra could
be recorded. The peak heights of the C-O bands were compared with the previously
determined calibration lines to determine the sugars’ mass after the plasma treatment.

In addition, a qualitative examination of the plasma-treated sugars was carried out.
Accordingly, the treated sugars on the glass slides were directly pressed onto the ATR
crystal to record ATR-FTIR spectra.

2.3.2. XPS Measurements

To determine the chemical binding state, XPS measurements were performed on a PHI
5000 Versa Probe II (ULVAC-PHI, Chigasaki, Japan) using monochromatic Al-Ka radiation
with a photon energy of 1486.6eV and a power of 25W. For this purpose, the slurries
were dropped onto microscopy cover slips and dried at 70 °C on a hotplate. Detailed
spectra of carbon (Cls), oxygen (Ols), and nitrogen (N1s) with a pass energy of 46.95 eV,
a step size of 0.1eV, and a spot size of 100 pm were collected at a constant electron take-off
angle of 45° for three samples of each variant. The spectrometer was calibrated to the
reference lines of copper and gold at 932.62 eV and 83.9 eV, respectively. The minimum
detector resolution measured at the silver peak Ag (3d5/2) was 0.79 eV with a pass energy
of 46.95eV. During measurement, the temperature was kept constant at room temperature
and the base pressure was 2 x 10~ Pa. In order to avoid charging effects, the measurements
were carried out with the neutralisation of sample charging. The structures were fitted by
applying Voigt profiles after conducting a Shirley-type baseline subtraction.

3. Results
3.1. Measurements Via FTIR Spectroscopy
Figure 4 shows the degradation curves of glucose (black) and sucrose (red) caused

by the plasma treatment. This degradation can be described by an exponential decay in
both cases.

1.6
= Glucose
L4+ Exponential Trend
124 & Sucrose
Exponential Trend

Plasma treatment time [min]

Figure 4. Curves of plasma-induced degradation of glucose (black) and sucrose (red). The degrada-
tion of both sugars follow exponential courses.

The formula of the degradation curves is in general

M(t) =yo+ My e~. @)
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M(t) indicates the mass of the sugar after the plasma treatment time ¢, M the initial
mass, T the half-life and yg the threshold. The half-lives for glucose and sucrose resulting
from the degradation curves can be found in Table 1.

Table 1. Half-lives of glucose and sucrose.

Sugar T [min]
Glucose 4.31+049
Sucrose 3.224+0.18

According to these values, the degradation of sucrose seems to progress slightly faster
than in the case of glucose. This observation may be due to a slightly higher power during
the plasma treatment of sucrose. While the average plasma power measured here was
10W, it was 9.5W for glucose.

In the course of plasma treatment, a colouration of the sugar surfaces was observed in
places, which is due to the oxidation products of the sugars. Figure 5 shows the ATR-FTIR
spectra of glucose and sucrose, each untreated and 12 min plasma-treated.
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8 /\,T\
=
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=
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Figure 5. FTIR spectra of untreated (black) and 12 min plasma-treated (green) sugars: (a) shows this
for glucose and (b) for sucrose.

The range from 1800 to 800 cm ! of the FTIR spectra of untreated glucose and sucrose
shows vibrations of the following vertical bonds: Deformation vibrations (8) of CH, and
OH bonds, wagging vibrations of CHj, rocking vibrations (p) of CH, stretching vibrations
(v) of CO and CC and twisting vibrations of CHj [23,27,28].

The range of the OH stretching vibrations between 3600 and 3000 cm ! as well as some
bands in the fingerprint area of the spectra show some broadening of the bands. This indi-
cates an increasing disorder in OH-bonding and possibly a reduction in crystallinity [29,30].
However, since this broad band does not decrease in peak height despite its broadening,
it can be said that the plasma treatment results in general increase in the hydroxy groups.
In the range between 3600 and 2800 cm ! several bands overlap, which makes it difficult to
determine the progress of peak heights. Because of that, bands of the OH deformation, CH
rocking and CH; deformation vibrations in the fingerprint area were used for evaluation.
This is shown in Figure 6.



Foods 2022, 11, 2786

7 of 13

(a) & 0431 (b) p C32-H (¢) 8 CH, of C37
16 0.014 =
= Glucose (V=1203 cm'l) = Glucose (V= 1282 cm™) 0.0204 = Glucose (v = 1460 em™)
Asymptotic Fit Asymptotic Fit Asymptotic Fit
= 0.0144| & Sucrose (V=1208 cm'l) ®  Sucrose (v = 1280 cm™) »  Sucrose (V= 1461 cm™)
& Asymptotic Fit 0.012 Asymptotic Fi 0.018 g
5 3 012 ymptotic Fit Asymptotic Fit
] .
4 0.012 0.0164
o
I 1
- 0.010
2 00104 0.0144
= T
< !
2 ¥ I
g L 0.012-
7 0.008 — T | o008 f }
0.0104
0.006 T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 g 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12

Plasma treatment time [min] Plasma treatment time [min] Plasma treatment time [min]

Figure 6. Peak heights of the (a) 6 OH, (b) p CH and (c) 6 CH; bands in the FTIR spectra of glucose
(black) and sucrose (red) as a function of the plasma treatment time.

The band at 1203 cm ! of the glucose spectra and the band at 1208 cm ! of the sucrose
spectra, respectively, represent OH peaks. According to Brizuela et al., this can be assigned
to the O43-H deformation mode in sucrose [23]. Because this bond belongs to the glucose
residue and the FTIR spectra of glucose also shows a similarly intense band in this region,
it was assumed that this was the same vibration. This assumption was confirmed by the
band assignment provided by Ibrahim et al. [27]. Figure 6a shows the peak heights of
this band for glucose (black) and sucrose (red) as a function of the plasma treatment time.
While the peak height of this band generally decreases for sucrose, it increases for glucose.
However, not all bands of OH vibrations showed this behaviour. For example, the O39-H
deformation bands at 1386 cm ! (sucrose) and 1381 cm~! (glucose), respectively, showed a
decrease in peak height (see supplementary data).

Figure 6b shows the peak heights of the CH rocking bands at about 1280 cm ™.
According to Brizuela et al., this band was assigned as the rocking vibration of C32-H [23].
These peak heights for glucose show a course similar to the bands of the OH deforma-
tion vibrations, while for sucrose, the peak height of the untreated reference sample is
significantly higher, resulting in a stronger decrease.

The bands of CH; deformation vibration in the range of 1460 cm ! show a rapid
asymptotic decrease in the FTIR spectra of both sugars in the course of the plasma treat-
ment (Figure 6¢). Brizuela et al. assigned the CH; deformation mode of C37 to this
wavenumber [23]. Independently of this, a few other publications also assigned this band
in the FTIR spectra of glucose to a CH; deformation mode [27,31-33]. Because glucose only
has one CH; bond, this vibration can also be assigned to C37.

In Figure 5, a general decrease in the more intense bands in the fingerprint areas can be
seen for both sucrose and glucose. In addition to the already mentioned deformation and
rocking vibrations of some OH, CH and CH; bands, these also contain stretching vibrations
of the C-O and C-C bands. Figure 7 shows the courses of the peak heights of some C-O (a)
and C-C (b) stretching vibrations.

Most of the bands in the fingerprint areas show almost asymptotic decreases in peak
heights. Such a course is also shown by the bands of the C28-O34 stretching mode at
994 cm~! in the FTIR spectrum of glucose and at 989 cm ™! in the sucrose spectrum, respec-
tively. The assignments of the bands of sucrose were made according to Brizuela et al. [23].
The same assignments were used for the band of glucose at slightly higher wavenumbers.
Ibrahim et al. supported this classification, since they also assigned the band to a C-O
stretching vibration [27]. The bands at 920 cm ! in the sucrose spectrum and at 917 cm !
in the spectrum of glucose, respectively, are due to C31-C32 stretching vibrations [23,31].
For sucrose, this band shows an asymptotic decrease, while for glucose it is significantly
less intense and shows a comparatively slight decrease.
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Figure 7. Peak heights of the (a) vCO bands and (b) vCC bands of the FTIR spectra of glucose (black)
and sucrose (red) as a function of the plasma treatment time.

Figure 5 shows a significant increase in peak height at 1077 cm ™! in the spectrum of
plasma-treated glucose. The assignment of this band is not entirely clear. According to
Brizuela et al., the spectrum of sucrose shows the C24-023 stretching band at a slightly
higher wavenumber and that of C31-C37 at a slightly lower wavenumber [23]. Other
studies instead assigned this band to C-O stretching [28,32,33].

Figure 8 shows the peak heights of the two bands formed by the plasma treatment in
the range between 1800 and 1600 cm ™.

a b
0.020( ) 0‘012( )
- } 00101
"5, 0,015 H
5 it 0.008 |
E }
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g { } 0.006 /{,
= 1
2 0.0 *®
= 0.005
= =
£ 0.002 ®  Glucose (V = 1643 em™)
Z, B ®  Glucose (v = 1733 enmr?) Asymptotic Fit
0.000- et . - N
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0 2 4 6 8 10 12 o 2 4 & 8 10 1
Plasma treatment time [min] Plasma treatment time [min]

Figure 8. Peak heights of the bands newly formed by the plasma treatment in the FTIR spectra of
glucose (black) and sucrose (red) as functions of the plasma treatment time: (a) shows the peak
heights of the bands at 1733 cm~L; (b) shows the peak heights of the bands at 1643 em ! and
1643 cm ™!, respectively.

The peak heights of the bands at 1733 cm ™! of both sugars show the greatest increase
within the first minute of plasma treatment. While the peak height of glucose continuous
to increase slightly after 2 min, the peak height of sucrose decreases between 2 and 8 min
before remaining almost constant thereafter.

The two bands at 1643 and 1645 cm ! feature roughly the same increasing trend in
peak heights, except that those of sucrose are slightly higher than those of glucose in
the first two minutes of plasma treatment. These bands are attributed to either the OH
deformation modes of water molecules or C=N or C=C stretching vibrations in the aromatic
region [34,35]. The latter seems to be the most likely in this context and could indicate
degradation products of the sugars. The more intense bands at 1733 cm ! are assigned to
C=0 stretching vibration and thus indicate a functional carbonyl group [16,34].
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3.2. Measurements Via XPS

Figure 9 shows the mean values of the Cls peaks from the measured XPS spectra
of glucose (top) and sucrose (bottom), each of which were untreated (left) and 12 min
plasma-treated (right).

4000
3500 7(:1) C1s of glucose, untreated 1(b) Cls of glucose, 12 min plasma treated
c-0
3000+ B
£ 2500 1
g
© 2000 1
[}
1500 B
1000 4
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] ]
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2 ]
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] - 5
04 i 4—4—"— — -

202 291 290 289 288 287 286 285 284 283 201 200 289 288 287 286 285 284 283 1282

Binding energy [eV] Binding energy [eV]

Figure 9. Cls peak of (a) untreated glucose, (b) 12 min plasma-treated glucose, (c) untreated sucrose
and (d) 12 min plasma-treated sucrose.

The carbon peak can be subdivided into four areas. The maximum at 286.6eV can
be assigned to C-O bonds; the spectra were shifted to this peak [36]. The peaks which
shifted to higher binding energies at 288 and 289.3 eV indicated O-C-O and O-C=0O bonds.
The shoulder at 285 eV may be caused by C-C bonds, indicating atmospheric contamination
of the sugar. The O-C=0 peaks are faintly visible in the spectra of untreated sugars; the
peak becomes significantly more intense as a result of plasma treatment.

In Figure 10, the peak heights of the bands formed during plasma treatment at
1733cm™~! as determined by FTIR spectroscopy are compared to the atomic concentra-
tions of O-C=0 measured by XPS.
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Figure 10. Comparison of the peak height courses of the newly formed bands of the carbonyl
compounds in the FTIR spectra with the atomic concentrations of the O-C=0O bonds of (a) glucose
and (b) sucrose determined via XPS.

A very good agreement between the courses can be noticed. When plotting the FTIR
measurements versus the XPS measurements, a linear relationship can be seen. Taking
the error bars (instrumental weights) into account, the values for glucose correlate with
an R-squared value of 0.9983, for sucrose the R-squared value is slightly lower at 0.9297.
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This indicates that the newly formed bands in the FTIR spectra at 1733 cm ™! are the same
O-C=0 bonds as measured using XPS.

The comparison of the atomic concentrations of the C-O bands and those of the O-C=0
bands revealed that the courses of these two bands are almost axisymmetric, with the
atomic concentrations of the O-C=0 bonds being significantly less intense than those of
the C-O bonds. To illustrate this, the atomic concentrations of these bonds are presented in
stacked bar charts in Figure 11.

(@) (b)

S 45 [ ] Glucose 0-C=0|| 45 [ ]Sucrose 0-C=0
— 401 | |Glucose C-O 40 L |Sucrose C-O
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Figure 11. Stacked bar charts of the atomic concentrations of C-O bonds (grey) and O-C=0 bonds
(blue) of (a) glucose and (b) sucrose.

It can be seen that the sum of the C-O and O-C=0 atomic concentrations remained
almost constant over the plasma treatment time. The mean value of this concentration is
shown as a blue dashed line. It amounts to 34.97 = 0.5% for glucose, while for sucrose it is
slightly higher at 36.80 £ 0.7%. This potentially indicates that the O-C=0O bond is formed
from a C-O bond by attaching another oxygen atom, most likely originating from the used
plasma process gas with a double bond.

4. Discussion

The peak heights of most OH and CH bands and all CH; bands, including those on
the fructose ring of sucrose, show an almost asymptotic decrease in the course of plasma
treatment as observed via ATR-FTIR spectroscopy. A decrease in the peak height of a band
might indicate the opening of the associated bond; the detected C-C band shown was
found within the glucopyranose ring, and a decrease in its peak height may thus indicate
an opening of the ring [37]. Another reason for the decrease in peak heights in the FTIR
spectra may be the impeded movement of bonds, for example due to an increased degree
of crosslinking [38,39].

In the fingerprint area, only the CH bands shown in our study, the OH band of the
CH, group of glucose as well as the band at 1077 cm~! (see supplementary data) feature
an increase in peak heights. The increase in the peak heights of some bands may indicate
degradation products whose spectra overlap with those of the less plasma-affected sugar.
This could lead to altered peak heights and the broadening of some bands. Unlike a few
decreasing OH bands, the bands mentioned show notable band broadening. The spectra of
sucrose also show a broadening of these bands. Another possible reason for this observation
is that the plasma treatment results in the changing of molecules near the widened bands,
resulting in changes of the required vibrational energies and broadening of the bands.
The possible increasing disorder and reduction in crystallinity, which has already been
described, could also be a cause of the broadening of the bands [29,30].

Since the plasma was ignited in an air environment and due to the fact that synthetic
air was added to the working gas, there were more reactive oxygen species available in
the plasma, causing oxidation of the sugar surfaces. Both the XPS and FTIR spectroscopic
results indicate that oxygen species attach to carbon atoms with a double bond, leading to
the formation of carbonyl functional groups. When the ring is closed, this is only possible
at C37 in the case of glucose, with the two hydrogen atoms being split off. This creates the
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uronic acid of glucose, glucuronic acid, whose degradation products include reductic acid
and furfural [40,41]. When the ring structure is open, there are additional possibilities for
the formation of O-C=0 compounds. The processes of hydrolysis and oxidation of sugars
produce, among other things, various carboxylic acids, which also show intense bands of
of C=0 stretching frequencies in the range between 1620 and 1750 cm~! [21,42]. Therefore,
the newly formed bands in the FTIR spectra in this range could also be due to some of
these acids.

As the results showed, the largest changes in the FTIR spectra occurred within the
first minute of plasma treatment. Accordingly, a further study with shorter treatment
durations could provide information on the exact course of the peak heights, whereby the
use of a different plasma source would probably make sense. The suspected reduction
in crystallinity due to the plasma treatment may be clarified by an analysis using X-ray
diffractometry. Optical emission spectroscopy during plasma treatment could provide
more detailed information about possible degradation products as well as a correlation of
the peaks in the emission spectra with those in the ATR-FTIR spectra.

Furthermore, using quantitative ATR-FTIR spectroscopy, a degradation of the sugars
by the plasma treatment could be determined. The degradation of both sugars followed
an exponential course. Thus, sugars displayed similar degradation effects during plasma
treatment as, for example, mycotoxins [13]. The half-lives of the degradation curves sug-
gest that sucrose (T ~ 3.22min) degrades slightly faster than glucose (T ~ 4.31min),
which is probably due to the slightly higher average plasma power during the treat-
ments. Nonetheless, it is clear that both treated sugars in this experiment degrade much
slower compared to mycotoxins such as Fumonisin Bl (T ~ 1.9s) or Sterigmatocystin
(T &~ 5.0s) [13]. This outcome seems particularly interesting as the sugar samples were
treated at comparable power densities to the mycotoxin samples depicted in [13].

5. Conclusions

Both monosaccharide glucose and disaccharide sucrose were plasma treated with cold
atmospheric pressure plasma (CAPP) using a gas mixture of argon and synthetic air for up
to 12 min. It can be concluded that a plasma-based decontamination method, as for example
the CAPP treatment used here, can be applied to sugar-containing foods without the risk
of degrading the contained sugars substantially—providing a short treatment duration.
To validate the suitability of CAPP as a safe food treatment method for decontamination
applications in more detail, it is necessary to assess its impact on further nutrient groups
such as fatty acids, vitamins, etc., as well as their subgroups.
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