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Abstract: With increasing drug resistance of Pseudomonas aeruginosa, a new sterilization method is
needed. Plasma has been shown to be an effective method of sterilization, but no researchers have
studied the effect of plasma on bacterial metabolism. In this paper, we studied the emission spectrum,
liquid phase active particles, and other physical and chemical properties of a portable plasma device.
Pseudomonas aeruginosa were then treated with activated water generated by surface plasma discharge.
Using gas chromatography time-of-flight mass spectrometry (GC-TOF-MS) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis, we obtained the differential metabolite pathways. The
results showed that, after plasma activated water treatment, the carbohydrate metabolism of the
bacteria was inhibited and the metabolic processes of protein and amino acid decomposition were
enhanced. Therefore, water activated by atmospheric-pressure cold plasma can significantly change
bacterial metabolites, thus promoting bacterial death.

Keywords: Pseudomonas aeruginosa; GC-TOF-MS mass spectrometry; emission spectrum; metabolism

1. Introduction

Pseudomonas aeruginosa, is widely distributed in nature and is one of the most common
bacteria in soil. According to the World Health Organization, Pseudomonas aeruginosa ranks
second [1-3] among all bacterial infections. However, due to the high infection rate of
Pseudomonas aeruginosa, it has a high level of drug resistance, and so a new sterilization
method is needed [4]. Atmospheric-pressure low-temperature plasma is a new technology
where the temperature is similar to room temperature, so that plasma can be directly used
in the treatment of organisms. Atmospheric-pressure cold plasma has been developed
for biomedical applications, such as skin disease treatment, cancer treatment, beauty
treatments for skin, dentistry, disinfection and sterilization applications [5-11]. Low-
temperature plasma has the advantages of a low sterilization temperature, fast sterilization,
no by-products and relatively comprehensive sterilization [9,12,13]. At the same time,
the cost of plasma sterilization is much lower than that of traditional sterilization [14].
Boudam et al. found that both ultraviolet light and oxidation-active substances in plasma
can inactivate spores [15]. Moisan et al. found that the main role of plasma in sterilization
is the role of ultraviolet light [16].

Liu et al. studied the changes of cyanobacteria, Clostridium and other bacteria in raw
pond water treated with plasma [17]. Zhang et al. studied an atmospheric micro-plasma
jet device and found that it could inactivate Pseudomonas sp HB1 in water, and studied the
effect of various active particles on sterilization [18]. Shen et al. found that active substances
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are the main cause of plasma sterilization [19]. Sharma et al. studied a dielectric barrier
discharge (DBD) plasma discharge device and found that the active substance produced by
DBD can inhibit the growth of pathogens such as bacteria [20]. Chengliu et al. studied a
coaxial plasma using helium gas as the working gas, and evaluated its sterilization effect by
using Escherichia coli. They found that the plasma had a significant bactericidal effect [21].
Shintani et al. found that the primary cause of nitrogen plasma sterilization was the active
particle ONOO™ [22], and Tonmitr et al. investigated the effect of different working gases
on bactericidal efficacy [23]. Nguyen et al. reported a plasma-based nanomaterial that
promotes apoptosis of cancer cells [24]. Attri et al. found that plasma-treated lysozyme
can significantly induce apoptosis of cancer cells [25]. Semmler et al. found that plasma
treatment can cause autophagy and apoptosis of cancer cells, thus inhibiting the spread
of cancer [26]. Freund’s study found that plasma activated normal saline induce colon
cancer cell deaths by stimulating the immune response [27]. Bacterial metabolism is an
important activity in life, so studying the effect of plasma on bacterial metabolism is of
great significance [28-30].

The influence of bacterial metabolism after plasma treatment has seldom been re-
ported, and so in this study we used a portable plasma discharge device of activated water
for treating Pseudomonas aeruginosa. We then detected the metabolites to study the changes
in bacterial metabolites and signaling pathways.

2. Materials and Methods
2.1. Plasma Generation and Detection

In this study, we used a portable surface discharge device to generate plasma. The
device is driven by a 12 V DC battery with an inverter to AC 220 V voltage. It is connected
to a high-voltage module for boosting, has a high-voltage electrode (stainless steel) and
ground electrode (stainless steel), and uses a PTFE dielectric plate to achieve battery-driven
plasma along the surface discharge. Figure 1 shows the physical and structural drawings
of the device.

HV electrode

Dielectric layer

Ground
GND1

Figure 1. Portable plasma equipment setup.
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The discharge voltage of the device is 6 kV and the frequency is 15 kHz. It has an
oscilloscope (DPO3052; Tektronix, Beaverton, OR, USA), voltage probe (P6015A; Tektronix),
and current probe (P6139A; Tektronix). Figure 2 shows the current and voltage waveform
of the device. Emission spectra (OES, ANDOR, Belfast, UK) were captured by an ANDOR
SR-7501 grating monochromator (grating slot 1200 lines - MM ~1). The concentration of the
active particles in the liquid phase was measured using a chemical fluorescence probe kit
(Biyuntian company, Shanghai, China) and a 96-well plate.
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Figure 2. Voltage and current waveform of the device.

2.2. Culture and Detection of Bacteria
2.2.1. Bacterial Culture Conditions

Pseudomonas aeruginosa was used in this study. The bacteria were grown in LB Broth
produced by Meilun, and were cultured on a 180 r/min shaker at 37 °C before being
sterilized in an autoclave (121 °C, 20 min).

2.2.2. Activity Testing of Bacteria

Under aerobic conditions, luciferase can catalyze the oxidation reaction between
luciferin and adenosine triphosphate (ATP) to form oxyluciferin and emit fluorescence. The
Biolum handheld ATP fluorescence detector was developed based on the above principle.
By detecting the intensity of the fluorescence signal, the content of bacteria in the target to be
tested can be determined. By comparing with the control group, the sterilization efficiency
of the device can be obtained. Before the experiment, the Quickswab was removed from
the refrigerator and left for 20 min to return to room temperature. Samples were taken from
the control group and the treatment group, and the reagent was injected into the reaction
tube and had full contact with the swab. After the complete reaction, the swab was put
into the ATP detector to detect the ATP content of bacteria [31,32].

Flow cytometry [33] involves one-by-one detection of a single row of cells or microbial
particles. Its advantages include high-throughput, multiparameter, and multicolor fluo-
rescence analysis detection, identification of microbial characteristics, and more accurate
counting. By detecting the content of bacteria in each group of samples and comparing this
with the control group, the sterilization efficiency of the device can be determined.

Therefore, in this paper, we used the above two methods to detect the activity and
number of bacteria.
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2.2.3. Sample Preparation

In order to detect the changes in bacterial metabolites of Pseudomonas aeruginosa treated
by plasma, two groups of samples were taken: control group (C group) and Pseudomonas
aeruginosa treated with plasma activated water for 1 min (1T group). The biology of each
group was repeated 5 times, and a total of 10 groups of samples were obtained.

The manufacturers of all reagents used below are listed in Table 1.

Table 1. List of laboratory reagents.

The Name of the Reagent CAS Purity Manufacturer

Methanol 67-56-1 HPLC CNW Technologies

Chloroform 67-66-3 HPLC Adamas

Pyridine 110-86-1 HPLC Adamas

Methoxyamine hydrochloride 593-56-6 AR TCI

2-Chloro-L-phenylalanine 103616-89-3 >98% Shanghai Hengbai Biotechnology
BSTFA (with 1% TMCS, v/v) - - REGIS Technologies

FAMEs

_ - Dr. Ehrenstorfer

All samples were transferred into a 2 mL tube, and 1000 pL prechilled extraction mixture
(methanol/chloroform (v:v) = 3:1) and 5 uL internal standard (2-Chloro-L-phenylalanine,
1 mg/mL stock) were added. Samples were vortexed for 30 s and homogenized with
a ball mill for 4 min at 35 Hz, followed by ultrasonication for 5 min in ice water. After
centrifugation at 4 °C for 15 min at 10,000 rpm, 800 puL supernatant was transferred to a
fresh tube.

To prepare the pooled biological quality control (PBQC) sample, 150 uL of each sample
was taken out and combined together.

After sample evaporation in a vacuum concentrator, 20 pL of methoxyamine hy-
drochloride (20 mg/mL in pyridine) was added and then incubated at 80 °C for 30 min,
then derivatized by 30 puL of BSTFA reagent (1% TMCS, v/v) at 70 °C for 1.5 h. Gradu-
ally cooling samples to room temperature, 5 uL of Fatty Acid Methyl Ester (FAMEs) in
chloroform was added to the QC sample.

All samples were then analyzed by gas chromatography time-of-flight mass spectrom-
etry (GC-TOF-MS).

2.2.4. GC-TOF-MS Mass Spectrometry

GC-TOF-MS analysis [34,35] was performed using an Agilent 7890 gas chromatograph
coupled with a time-of-flight mass spectrometer (30 m x 250 um x 0.25 um, J&W Scientific,
Folsom, CA, USA). The system utilized a DB-5MS capillary column. A 1 uL aliquot of the
sample was injected in splitless mode. Helium was used as the carrier gas, the front inlet
purge flow was 3 mL min~!, and the gas flow rate through the column was 1 mL min~!.
The initial temperature was kept at 50 °C for 1 min, then raised to 310 °C at a rate of
10 °C min—?!, and then kept for 8 min at 310 °C. The injection, transfer line, and ion source
temperatures were 280, 280 and 250 °C, respectively. The energy was —70 eV in electron
impact mode. The mass spectrometry data were acquired in full-scan mode with a m/z
range of 50-500 at a rate of 12.5 spectra per second after a solvent delay of 6.33 min.

2.3. Data Analysis and Processing Methods
2.3.1. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA)

OPLS-DA was used to analyze the results. We filtered out the orthogonal variables
in metabolites that were not related to classification variables, and analyzed the non-
orthogonal variables and orthogonal variables respectively, so as to obtain more reliable
information about the correlation between the difference between groups of metabolites
and the experimental group. In the process of data analysis and calculation, the software
SIMCA (V15.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden) was adopted.
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2.3.2. Univariate Statistical Analysis (UVA)

Compared with multivariate statistical analysis, UVA focuses more on the independent
changes in metabolite levels, which is more helpful to us for analyzing and obtaining
differential metabolites. In this part, we used originPro (2021B SR29.8.5.212 Learning
Version) software.

3. Results
3.1. Testing the Discharge Performance of the Device

The discharge characteristics of the device were studied by measuring the discharge
uniformity, spectrum, physical and chemical properties of activated water and the con-
centration of active particles. Figure 3 is the uniformity test result of the discharge of the
device. It can be seen from the figure that the emission spectra of the six randomly selected
points are basically the same, so it can be considered that the discharge of the device is
relatively uniform. Figure 4a shows the emission spectrum of the device, where N, (B-A)
represents the first positive band system of nitrogen. N,(C-B) represents the second positive
band system of nitrogen. N, *(B-X) represents the first negative band of nitrogen positive
ions, indicating that a large number of nitrogen-containing active particles (RNS) can be
produced when the equipment discharges [36,37]. Figure 4b shows the concentrations of
active particles of nitric oxide and hydrogen peroxide in the activated water treated by the
device at different times. It can be seen that with a longer discharge time, the content of
active particles in the water also increases. Figure 5 shows the sterilization effect of the
device, indicating that the plasma produced by the device has a strong sterilization effect.
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Figure 3. Portable detection of surface discharge uniformity: (a) emission spectra of six randomly selected points;
(b) distribution of the six points.
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Figure 4. (a) Spectrogram of portable surface discharge; (b) Detection of liquid phase active particles in portable plasma
activated water.
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Figure 5. Activity test of Pseudomonas aeruginosa treated by plasma activated water.

3.2. Detection and Analysis of Bacterial Metabolites
3.2.1. Data Analysis

e  Data Pre-Analysis

The completeness and accuracy of the data are of great importance to biology. A
single peak was first filtered to remove noise. Deviation values were filtered based on
the interquartile range, followed by normalization of the data using the internal standard
(IS) [38]. The internal standard used in this experiment was 5 pL 2-chloro-L-phenylalanine
(1 mg/mL). After pretreatment of the metabolite data, 272 peaks were obtained (the
processed data table is shown under the Mean in the Supplementary File S2).
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e  OPLS-DA was used for the unsupervised evaluation of metabolite characteristics

Through OPLS-DA analysis, we screened out orthogonal variables unrelated to clas-
sification variables in bacterial metabolites, and analyzed the differences between non-
orthogonal variables and orthogonal variables, so as to obtain more reliable bacterial
metabolites. Firstly, the first principal component was analyzed by the OPLS-DA model.
The validity of the model was verified by R?Y (the interpretability of the model to the
classification variable Y) and Q? (the predictability of the model) obtained by sevenfold
cross-validation. Parameters of the OPLS-DA model are shown in Table 2.

Table 2. OPLS-DA model parameter table. The model parameters are the comparison between the
treatment group and the control group. A is the number of principal components of the model, N
is the number of observations of the model (here, it is the number of samples), R%X represents the
model’s interpretation of X variable, R?Y represents the model’s interpretation of Y variable, and Q?
represents the predictability of the model.

Type A N R2X (cum) R%*Y (cum)  Q? (cum) Title
OPLS-DA 1+1+0 10 0.584 0.968 0.667 1ITVSC

Figure 6 shows that the two groups of samples are remarkably differentiated, with the
samples essentially within the 95% confidence interval (Hoteling’s T-squared ellipse). The
abscissa represents the differences between the two groups of samples, and the ordinate
represents the differences within the groups of samples. The displacement test randomly
changes the displacement order and times of the classification variable Y (n = 200) to
avoid overfitting the test model, so as to establish the corresponding OPLS-DA model to
obtain the R%Y and Q? values of the random model, which plays an important role in the
evaluation of the importance of the model. The closer the R2Y and Q? values are to one,
the better the model will be. In general, R?Y and Q? values higher than 0.5 are better, while
a higher R%Y and Q? is acceptable. This shows that the original model has good robustness
and there is no over-fitting phenomenon. Therefore, plasma treatment of Pseudomonas
aeruginosa has a great impact on metabolomics.
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Figure 6. Dispersion points diagram of the OPLS—DA model of group 1T versus Group C.
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e UVA

According to the obtained metabolite data (mean form in Supplementary File), we
selected the card value of differential metabolites when the p-value of the Student’s t-test
was less than 0.05, and the projection importance of the first principal component variable
of the OPLS-DA model was greater than 1, as shown in Table 3. Fold change is the multiple
relationship between the two experimental data groups (1T group data/C group data).
When the fold change value is less than 1, it indicates that the metabolite is down-regulated;
the smaller the fold change value is, the greater the downregulation range is.

Table 3. Differential metabolites: 1T and C were the relative quantitative values of the substance in the treatment group

and control group, respectively. The VIP is to compare this group of substances with the OPLS-DA model obtained by

predicting significance of variables. The p-value is obtained by the t-test for the substance in the group comparison. p < 0.05.

Kyoto Encyclopedia

Name of Metabolite of Genes and 1T C VIP p Fold Change Vi}?:;t;m
Genomes (KEGG) ID

Monostearin — 0.01078 0.00780  1.87020  0.00942 1.38200 up
1-Monopalmitin — 0.01756 0.01171 232257  0.00019 1.50025 up
Melatonin C01598 0.60762 0.13105  2.43275  0.00004 4.63664 up
Thioctamide C00579 0.70170 0.15122  2.42728  0.00005 4.64036 up
Xanthotoxin C01864 0.03646 0.00905 242773  0.00001 4.03036 up
Androsterone C00523 0.03348 0.00734  2.42492  0.00001 4.56092 up
Putrescine C00134 0.04506 0.02701  1.68454  0.04890 1.66810 up
Leucine C00123 0.07612 0.03049 132756  0.02636 2.49651 up
Elaidic acid C01712 0.00815 0.00348  2.33537  0.00113 2.34486 up
D-(glycerol 1-phosphate) C00093 0.00459 0.00268  2.06144  0.00654 1.71301 up

1,4-Cyclohexanedione C08063 0.00604 0.00767  1.83149  0.02327 0.78668 down

Cellobiose C06422 0.00153 0.00330  1.13819  0.00447 0.46277 down

The upregulated metabolites indicated that the metabolites accumulated and the
metabolite-related pathways were inhibited, while the downregulated metabolites indi-
cated that the metabolites were consumed more and the metabolite-related pathways were
enhanced [29].

3.2.2. Analysis of Differential Metabolites

The different metabolites obtained by the above analysis are often biologically similar
or complementary in results and functions, or are positively or negatively regulated by the
same metabolic pathway, showing similar or opposite expression characteristics among
different experimental groups. Hierarchical clustering analysis of these characteristics is
helpful for us to to classify metabolites with the same characteristics and find the variation
characteristics of metabolites between experimental groups.

For each group comparison, we calculated the correlation coefficient of the quantitative
value of the differential metabolites using Pearson’s method, which was presented in the
form of a thermal map (Figure 7). In the figure, the color blocks at different positions
represent the correlation coefficient between the metabolites at corresponding positions.
Red represents a positive correlation, while blue represents a negative correlation. Non-
significant correlations were marked with crosses.
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Figure 7. Thermal diagram of correlation analysis between group 1T and Group C.

3.2.3. Pathway Analysis of Differential Metabolites

Metabolic reactions in organisms are not carried out alone, but by a variety of genes
and proteins to form complex pathways and networks, and they affect and regulate each
other, so that the whole metabolic process will be systematically changed. Therefore,
based on the KEGG database [39,40], we searched for the metabolic pathways in which
the above-mentioned differential metabolites were located. Through comprehensive anal-
ysis (including enrichment analysis and topological analysis) of the pathway where the
differential metabolites are located, we can further screen the pathway and find the key
pathway with the highest correlation with the differential metabolites. The results are
shown in the KEGG Pathway file in the Supplementary File S2 (refer to the Supplementary
File S2 for specific results) (Supplementary Materials). The differential metabolites were
marked on the pathway map, with bright blue representing downregulation and bright
red representing upregulation.

These metabolic pathways were then analyzed, and metabolic pathways related to
the above differential metabolites were screened out. For specific analysis results, see the
Pathway Analysis file in the Supplementary File S2. The results of metabolic pathway
analysis are presented in a bubble map in Figure 8. Each bubble in the bubble diagram
represents a metabolic pathway, and the abscissa and bubble size represent the impact
factor size of this pathway in the topology analysis. The larger the bubble size is, the larger
the impact factor is. The vertical coordinate and bubble color represent the p-value of the
enrichment analysis (negative natural logarithm, namely -In p-value). The darker the color
is, the smaller the p-value is and the more significant the enrichment degree is.
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Figure 8. Pathway analysis diagram of group 1T versus group C.

4. Discussion

Pseudomonas aeruginosa has the second highest infection rate among all bacteria and
has strong drug resistance. As a new technology, cold atmospheric plasma has attracted
extensive attention in sterilization applications. Studies have proved that atmospheric-
pressure low-temperature plasma can effectively sterilize.

Studies have demonstrated the bactericidal effect of atmospheric-pressure low-
temperature plasma, and it is generally believed that reactive nitrogen oxides are re-
sponsible for the death of bacteria [24-27]. Meanwhile, some scholars also explored the
metabolites of Pseudomonas aeruginosa [41]. However, to our knowledge there is an absence
of studies which have tested the effects of plasma treatment on bacterial metabolism.

In this paper, we studied the entire metabolic process to understand the effect of
plasma on bacterial metabolism. Firstly, we detected the physical and chemical properties
of the portable device from the perspective of the emission spectrum and liquid phase active
particles, and then detected and statistically analyzed the metabolites of the treatment
group and the control group.

We demonstrated that mass metabolic profiling using GC-TOF-MS mass spectrometry
revealed many significant differences between the control and plasma treated Pseudomonas
aeruginosa groups. By KEGG analysis of metabolic pathways, we found that bacterial
metabolites Melatonin and Thioacetamide in Pseudomonas aeruginosa were significantly in-
creased after plasma treatment. Both metabolites belong to organ heterocyclic compounds,
which are the decomposition products of protein and amino acids [42], so the metabolic
pathways related to protein amino acids are promoted, while Cellobiose is significantly
reduced. The metabolites belong to phenylpropanoids and polyketides, which are the de-
composition products of carbohydrates in bacterial metabolism, indicating that the glucose
metabolism pathway is inhibited. The metabolic pathways of Glycolipid metabolism and
Glycerophospholipid metabolism showed the most obvious changes. On these two path-
way maps (found in the KEGG database), the differential metabolite (Glycerol 3-phosphate)
is marked in red. For details, please check Supplementary File S1. So metabolic path-
ways are upregulated because of an increased metabolite content. Thus, plasma treatment
inhibits glucose metabolism in Pseudomonas aeruginosa and promotes the breakdown of
proteins and amino acids, leading to bacterial death. While other researchers have stud-
ied the Pseudomonas aeruginosa metabolome, some scholars showed that in the process
of drug killing of Pseudomonas aeruginosa, the synthesis of lipopolysaccharide and pepti-
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doglycan was significantly reduced, and the level of lipid amino acid was increased [43].
Hussein et al. showed that the metabolic pathway of killing Pseudomonas aeruginosa in-
cluded the destruction of carbohydrate metabolism, the reduction of amino sugar levels
and the downregulation of the nucleotide bank [44]. Mielble et al. studied the metabolomic
information of Pseudomonas aeruginosa and found changes in carbohydrate catabolism and
a metabolic shift to amino acid utilization [45]. It proved that plasma sterilization and drug
sterilization caused similar metabolic changes in bacteria.

5. Conclusions

In this paper, Pseudomonas aeruginosa was treated with a portable plasma device,
and the main causes of bacterial death were explored through metabolomics. The study
of this paper provides a new angle for scholars to study plasma sterilization—bacterial
metabolism. However, as bacterial metabolism is a complex process, the study in this
paper is not sufficient, and a large number of subsequent experiments are needed for
further exploration.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/app112210527/s1, Supplementary File S1: KEGG pathway, Supplementary File S2: Differential
metabolites and differential metabolic pathways.
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