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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) often causes serious infections in hospi-
tals. Vancomycin is widely accepted as the standard therapy for MRSA infection, but its widespread
use has resulted in the generation of vancomycin-resistant S. aureus (VRSA). To reduce the potential
risk of MRSA and VRSA emergence in aquatic environments, we investigated the degradation of
methicillin and vancomycin by cold atmospheric pressure plasma jet (APPJ) irradiation using N2, O2,
and CO2 gases. The concentrations of methicillin and vancomycin in distilled water were decreased
in a time-dependent manner by the plasma jet irradiation; that is, compared with the pre-treatment
levels, the concentrations of methicillin and vancomycin were reduced by 20 to 50% after plasma
jet irradiation for 10 s. No methicillin and vancomycin signals were detected after 300 s irradiation.
Reactive species generated from the plasma jet electrophilically attacked and fragmented the antibi-
otic molecules. The present method realizes direct plasma ignition in a solution, and therefore, the
reactive species can easily react with antibiotic molecules. In addition, plasma can be generated from
various gas species that are abundant in the atmosphere. Therefore, cold APPJ irradiation can be
a powerful, cost-effective, and environmentally friendly means for the treatment of antibiotics in
aqueous samples.
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1. Introduction

The discovery of penicillin has paved the way for the isolation of a huge number of
antibiotics from microorganisms and their synthesis in an effort to overcome infectious
diseases. However, the indiscriminate use of antibiotics has resulted in the emergence
of antimicrobial-resistant microorganisms in the body and the environment. Methicillin-
resistant Staphylococcus aureus (MRSA), which shows resistance to β-lactam antibiotics,
has been isolated worldwide [1]. Vancomycin, a glycopeptide antibiotic, is the standard
therapy for MRSA infection. Recently, however, the emergence of MRSA less suscepti-
ble to vancomycin (vancomycin-intermediate Staphylococcus aureus; VISA) or resistant to
vancomycin (vancomycin-Resistant Staphylococcus aureus; VRSA) has been reported [2].
The spread of infections caused by such antimicrobial-resistant bacteria in hospitals [3]
or their release from hospitals into the environment [4,5] has become a serious public
health concern. Diwan et al. have reported that the amount of new quinolone antibiotic
ciprofloxacin used in hospitals is clearly correlated with its concentration in wastewater [6].
Zhang et al. have reported a positive correlation between the number of antimicrobial-
resistant Escherichia coli (E. coli) and the antimicrobial concentrations in a river [7]. Those
findings indicate that the release of antibiotics into the environment has a potential risk of
generating antimicrobial-resistant microorganisms. In addition, horizontal gene transfer
may lead to the emergence of bacteria with multiple antibiotic resistance genes. Indeed, it
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is reported that 86% of bacteria detected in wastewater containing antibiotics have more
than 20 antibiotic resistance genes, and 95% of bacteria contain at least one mobile genetic
element [8]. In a WHO report published in 2014, the increase in the number of deaths
associated with antimicrobial resistance (AMR) was seriously considered, and coordinated
global actions to mitigate AMR were established [9]. Thus, AMR is an urgent and seri-
ous public health threat that should be addressed in the 21st century, where infectious
diseases abound.

Antibiotics are released into the environment, such as surface water and soils, through
human and animal excreta, effluents and wastes from pharmaceutical manufacturing
plants [10–13], and the use of antimicrobial pesticides in agriculture [14] and aquacul-
ture [15]. Despite the global use of antibiotics, few wastewater treatment plants (WWTPs)
are available. Furthermore, it has been reported that the removal efficiency of antibiotics
was inadequate in a WWTP [16]. As a result, various kinds of antibiotics have been detected
in the aquatic ecosystem, such as surface water [17,18], groundwater [19,20], seawater [21],
and drinking water [22,23]. The half-lives of antibiotics in aquatic environments range from
a few minutes to a few dozens of days [24]. However, a constant amount is present in the
environment because of the continuous discharge of antibiotics, resulting in a high risk of
developing resistant strains.

Several treatment processes, such as biodegradation, filtration, coagulation, floccu-
lation, sedimentation, adsorption, and oxidative degradation, have been developed to
minimize the release of antibiotics into the environment [25]. Biodegradation in activated
sludge is effective for the treatment of organic matter in wastewater [26]. However, the
presence of high concentrations of contaminants, including antibiotics, can easily affect
the biological activity of degrading antibiotics. On the other hand, filtration, coagulation,
flocculation, sedimentation, and adsorption include a potential disadvantage of generat-
ing solid waste containing undegraded antibiotics [25]. Oxidation by chlorine dioxide
or chlorine is effective in degrading β-lactam antibiotics [27,28]. However, the reactivity
may decrease as the matrix of the effluent becomes more complex [27]. In addition, chlori-
nated byproducts, which may be highly toxic to organisms, are formed by the oxidation
treatment with chlorine compounds [27,29]. Oxidation by radical species is a powerful
technique that completely degrades organic molecules into CO2 and H2O. Radical species,
including hydroxyl radicals with a high oxidation potential (E0 = 2.8 V), are generated
through ozonation [30,31], the Fenton/photo-Fenton reaction [32,33], photolysis [34,35],
semiconductor photocatalysis [36,37], and an electrochemical reaction [38,39]. The forma-
tion of hydroxyl radicals by ozonation is pH-dependent [40], and the mass transfer rate of
ozone from the gas phase to the liquid phase limits effective oxidation. The Fenton reaction
with ferrous ions is a robust oxidization reaction; however, a low pH is preferable to avoid
precipitation of ferrous oxyhydroxide [41]. Ultraviolet radiation generates ferrous ions
from ferric hydroxide and accelerates the oxidation [42]. In this photo-Fenton reaction,
the turbidity of water inhibits light penetration to adversely affect the oxidation efficiency
in the same manner as that observed in photolysis and semiconductor photocatalysis. In
the case of an electrochemical reaction, the oxidation of antibiotics occurs at the anode.
Therefore, a low flow rate of water is desirable to increase the oxidation efficiency while
decreasing the volume of water to be treated. These conventional treatment processes have
both advantages and disadvantages and therefore, it is necessary to develop an efficient
antibiotic degradation method that combines several of these treatment processes or other
innovative methods.

In this study, we applied a cold atmospheric pressure plasma jet (APPJ) irradiation
technique that is widely used in materials and biomedical research [43,44]. Reactive species
are supplied to a solution irradiated with AAPJ, and reactions between the reactive species
and solvent molecules produce other types of reactive species [45]. Therefore, the oxidative
degradation of antibiotics by the reactive species generated from APPJ is possible. We
previously reported the degradation of tetrodotoxin, a pufferfish toxin, by plasma jet
irradiation for 600 s [46]. In addition to purified simple gaseous species, ambient air is
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also applied as a plasma source in this technique [45]. Hence, the present APPJ technique
is a powerful, cost-effective, and environmentally friendly means for the treatment of
wastewater containing antibiotics.

2. Materials and Methods
2.1. Reagents

Methicillin sodium salt was purchased from Toronto Research Chemicals Inc. (North
York, ON, Canada). Vancomycin hydrochloride was purchased from FUJIFILM Wako Pure
Chemicals (Osaka, Japan). The chemical structures of these two antibiotics are depicted in
Figure 1. As the mobile phase in liquid chromatography, acetonitrile (ACN, LC-MS grade),
distilled water (LC-MS grade), formic acid (FA, 98–100%), and 1 M ammonium formate were
purchased from Kanto Chemical (Tokyo, Japan). Milli-Q water with a specific resistance
of 18.2 MΩ cm (Merck Millipore, Burlington, MA, USA) was used for the preparation of
methicillin and vancomycin solutions.
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Figure 1. Chemical structure of (a) methicillin and (b) vancomycin.

2.2. Cold Atmospheric Pressure Plasma Jet Irradiation

Both methicillin and vancomycin were dissolved in and diluted with Milli-Q water to
make 32 µg/mL, and 1 mL of each of the solutions was dispensed into a well of a 24-well
plate for gas bubbling treatment and plasma jet irradiation. Plasma jet was generated
from high-purity nitrogen (N2), oxygen (O2), and carbon dioxide (CO2) gases using an
in-house plasma generator [45]. Plasma gas was supplied at a flow rate of 3.0 L/min, and
a high voltage of 9 kV with a frequency of 16 kHz was applied to generate a plasma of
approximately 10 W between the two electrodes. The plasma generator was placed 15 mm
above the surface of the antibiotic solutions in the well, and a plasma jet was irradiated for
10, 60, and 300 s. We also prepared samples bubbled with N2, O2, and CO2 gases for 300 s.
All samples were collected in a microtube and stored at −25 ◦C before measurements.

2.3. Determination of Methicillin and Vancomycin by Liquid Chromatography Quadrupole
Time-of-Flight Mass Spectrometry (LC-Q/TOF-MS)

The concentrations of methicillin and vancomycin were determined by liquid chro-
matography (Prominence UFLC, Shimadzu, Kyoto, Japan) quadrupole time-of-flight mass
spectrometry (LC-Q/TOF-MS; X500R QTOF, AB Sciex, Foster City, CA, USA) hyphenated
technique. For the separation of antibiotics, an Intrada Organic Acid column (150 × 2 mm,
3 µm; Imtakt Corp., Kyoto, Japan) was used under gradient elution with a mobile phase
including 0.1% FA, 10% ACN (A) and 100 mM ammonium formate, 10% ACN (B). The
gradient conditions were as follows: 0 to 1 min: 0% B and 1 to 7 min: 0–100% B. The flow
rate was 0.2 mL/min, and the injection volume was 5 µL. Methicillin and vancomycin were
analyzed in the negative ion mode, and the signals at m/z 379.10 ± 0.01 and 1446.42 ± 0.01
were monitored, respectively (Figure 2). Details of the operational settings and parameters
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are summarized in Table 1. The concentrations were determined from the regression curves
obtained from the standard solutions of methicillin and vancomycin, having concentra-
tions of 1.6, 3.2, and 6.4 µg/mL in 80% ACN. The plasma jet-irradiated sample solutions
were diluted 10 times with 80% ACN, and the maximum concentration was 3.2 µg/mL.
Measurement of the sample solutions was repeated three times. The recovery of methicillin
and vancomycin from the plasma-irradiated or gas-bubbled solutions was calculated by
comparing their concentrations with those of control solutions.
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Table 1. Instrumentation and operational settings.

Instrument (Liquid Chromatography) Prominence UFLC

Column Intrada Organic Acid column
Flow rate 0.2 mL/min

Injection volume 5 µL
Column oven temperature 60 ◦C

Instrument (ESI-Q/TOF/MS) X500R

Polarity Negative
Mode IDA

m/z range 100–1500
Accumulation time 200 ms

Ion spray voltage floating −4500 V
Declustering potential −50 V

Collision energy −10 V
Collision energy spread 0 V

Source gas 1 50 psi
Source gas 2 60 psi
Curtain gas 25 psi

Ion source temperature 300 ◦C

3. Results

Methicillin and vancomycin were detected by Q/TOF-MS after separation by LC. The
signals at m/z 379.10 and 1446.42 were monitored. Strong peaks detected at the retention
times of 6.8 min and 1.4 min were assigned to methicillin and vancomycin, respectively
(Figure 2).

The peak areas were calculated to determine the concentrations of the antibiotics in
the sample solutions. The resulting amounts of the antibiotics in the solutions irradiated
with APPJ or bubbled with gases were calculated from the concentration and volume of the
solution and are shown in Figure 3. For both methicillin and vancomycin, the 10 s plasma jet
irradiation degraded the antibiotics to 50 to 80% of their original amounts. The remaining
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antibiotics in the solutions were completely degraded within 60 s for methicillin and 300 s
for vancomycin; their concentrations were below the detection limit (0.33 µg/mL for both
compounds). On the other hand, bubbling with each gas used as a plasma source did
not degrade the antibiotics. These results suggest that the reactive species generated from
the plasma jet reacted with the antibiotics in the solutions, resulting in a time-dependent
decrease in the antibiotic concentration in the solutions.
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Figure 3. Relative amounts of (a) methicillin and (b) vancomycin in the solution after plasma or gas
treatment. The values represent the relative amount of antibiotics in plasma (10 s, 60 s, and 300 s)
and gas-treated solution to that in untreated control sample. The results of N2, O2, and CO2 plasma
were depicted as black, gray, and pale gray bars, respectively. Data represent mean value of repeated
measurements (S.D., n = 3), and the data for which the signals on the corresponding m/z were not
detected are expressed as N.D.

The degradation rates of the antibiotics by the different gas species slightly varied:
methicillin was more rapidly degraded by N2 and CO2 plasma than O2 plasma at 10 s,
whereas vancomycin was more rapidly degraded by O2 plasma than N2 and CO2 plasma
at 60 s. To confirm the repeatability of the plasma jet irradiation, the irradiation of each
plasma jet for 10 s was repeated three times, and the collected samples were analyzed. The
repeatability of the plasma jet irradiation was <5% in each condition (Figure 4). Hence,
the difference in the degradation rate of the antibiotics is dependent on the gas species.
However, the average degradation rate was markedly different from those obtained in
the first experiment (Figure 3). Because large amounts of the antibiotics were degraded
within 10 s, slight differences in the analytical conditions would lead to large day-to-
day variation (i.e., reproducibility). This has hindered efforts to elucidate the plasma
degradation potential of the gas species.

The amounts and kinds of reactive oxygen species vary depending on the gas species
used as a plasma source [45–47]. In our previous research, we found that N2 plasma
produced more hydroxyl radicals than the plasma generated with other gases [45]. The
reactive species in CO2 plasma are singlet oxygen and hydrogen peroxide [45]. More ozone
is produced with O2 plasma than with N2 and CO2 plasma [47]. We initially speculated
that hydroxyl radicals having a high oxidation potential (E0 = 2.8 V) are responsible for
the degradation. However, despite the high production of hydroxyl radicals, no clear
superiority of N2 plasma for the degradation of antibiotics was observed in this study.
This contradictory result is partly attributed to differences in the plasma conditions from
our previous research (e.g., plasma gas flow rate, height of plasma irradiation from liquid
surface, and irradiation time). The amounts of reactive species are dramatically changed
by the distance from the plasma nozzle [48,49] and the irradiation time [48,50]. The
composition of reactive species also varies significantly among the gas phase, the interface
region, and the liquid phase, owing to their lifetimes and Henry’s constant [48]. Moreover,
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not only reactive oxygen species such as hydroxyl radical, hydrogen peroxide, singlet
oxygen, and ozone but also substantial amounts of reactive nitrogen species such as nitric
oxide, nitric acid, nitrous acid, and peroxynitrite are produced by the interaction with
N2 in the atmosphere [51,52]. In our previous study, the level of nitric oxide was below
the detection limit when N2, O2, and CO2 plasma was irradiated into water [45]. Some
of the reactive oxygen and nitrogen species, which are mainly radicals, are short-lived
molecules [52]. This has hindered efforts to determine the precise concentrations of the
reactive species and to perform highly reproducible plasma irradiation. Therefore, it is
difficult to quantitatively elucidate the contribution of specific reactive species to antibiotic
degradation. However, it should be noted that N2, O2, and CO2 plasma jet irradiation
generated reactive species that resulted in the rapid degradation of the antibiotics in this
study. Hence, the APPJ technique can greatly contribute to minimizing the occurrence of
infectious diseases caused by antimicrobial-resistant organisms.
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4. Conclusions

We investigated the degradation of two antibiotics, methicillin and vancomycin, by
APPJ irradiation. Both methicillin and vancomycin were degraded in a time-dependent
manner. Compared with the pre-treatment levels, the amounts of methicillin and van-
comycin were decreased by 20 to 50% after plasma jet irradiation for 10 s. Methicillin
and vancomycin were completely degraded after plasma jet irradiation for 60 s and 300 s,
respectively. The present AAPJ technique can generate reactive species in solution, and the
reactive species can easily react with the antibiotics in the solution. In addition, APPJ can be
generated from ambient air. Therefore, the AAPJ technique is a powerful, cost-effective, and
environmentally friendly means of degrading antibiotics contaminating the hydrosphere.
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