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A B S T R A C T

The widespread dissemination of antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGs) poses 
a significant threat to global public health and environmental safety. Conventional disinfection methods always 
fail to prevent ARG transmission, sometimes even exacerbating antimicrobial resistance (AMR). In this study, we 
developed a liquid ground-electrode dielectric barrier discharge (lgDBD) plasma process to mitigate ARB 
(Escherichia coli MG1655 carrying the plasmid RP4) and ARGs (AmpR, TetA, and KanR) that demonstrated rapid 
and effective performance: under a 12 kV voltage, a 6.90-log reduction in ARB was achieved within 6 min, with 
an ARG removal efficiency exceeding 2.74-log copies/mL within 10 min. The electrical energy per order (EEO) for 
ARB and ARGs removal was only 0.268 kWh⋅m− 3 and 0.975–1.125 kWh⋅m− 3, respectively, significantly out
performing other disinfection processes that rely on electrical energy. Moreover, lgDBD significantly suppressed 
intragenus and intergenus conjugative transfer, with maximum reductions of 98.6 % and 98.1 %, respectively. A 
finite element model was also employed to analyze the spatiotemporal distribution of reactive species in the basic 
discharge unit, and this revealed that free oxygen atoms and O(1D) play critical roles in the generation and 
reactions of oxidative reactive species (ORSs). The oxidation of essential biomolecules by ORSs effectively blocks 
the transmission of ARGs, and the electroporation induced by the strong electric field further facilitates this 
process. In summary, this study elucidates the mechanisms of ORSs generation and action in lgDBD and offers a 
promising solution for controlling antibiotic resistance pollution in aquatic environments.

1. Introduction

The growing prevalence of antibiotic resistant bacteria (ARB) and 
the spread of antibiotic resistance genes (ARGs) pose significant threats 
to global public health and environmental safety [1–3]. ARB and ARGs 
in aquatic environments are of particular concern, as horizontal gene 
transfer (HGT) facilitates the transmission of ARGs between different 
populations, increasing the risk of resistance dissemination [4,5]. 
Although traditional disinfection processes, such as chlorination and 
ultraviolet (UV) irradiation, have been widely employed for bacterial 
control [6–10], studies have shown that these methods often fail to 
completely inactivate ARB and have limited effectiveness in inhibiting 
the conjugative transfer of ARGs, sometimes even exacerbating bacterial 
resistance [11,12]. Therefore, innovative processes for efficiently con
trolling ARB and ARGs are urgently needed to address the challenges 
associated with the spread of antibiotic resistance in aquatic 

environments.
Advanced oxidation processes (AOPs) have been widely applied for 

bacterial inactivation and ARG removal [13–15]. Dielectric barrier 
discharge (DBD) is an emerging AOP that has recently garnered much 
attention with respect to its possible applications in water treatment, soil 
remediation, and air pollution control [16–20]. DBD plasma generates a 
variety of oxidative reactive species (ORSs), such as hydroxyl radicals 
(⋅OH), peroxynitrous acid (ONOOH), ozone (O3), and hydrogen 
peroxide (H2O2), which can effectively inactivate bacteria and degrade 
contaminants [21–24]. Compared to conventional AOPs, DBD process 
offers advantages such as ambient temperature operation, no need for 
chemical reagents, and no secondary pollution [20,25,26]. However, the 
limited utilization of reactive species and low gas–liquid mass transfer 
efficiency have constrained the practical application of DBD in many 
applications where its potential benefits are the greatest [27–29].

To overcome the limitations of traditional DBD, a novel liquid 
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ground-electrode dielectric barrier discharge (lgDBD) process has been 
developed [30]. The lgDBD process enhances the utilization and mass 
transfer efficiency of reactive species by allowing direct contact between 
the plasma and the target water [31]. It has demonstrated excellent 
performance in degrading organic micropollutants and disinfecting 
disinfection-residual-bacteria [32]. However, its potential to mitigate 
the risks associated with antibiotic resistance transmission requires 
further investigation. Additionally, understanding of the ORSs involved 
in the lgDBD process remains limited, primarily focused on reactions 
occurring in the liquid phase while neglecting those in the gas-phase 
plasma [33]. The generation of lgDBD plasma relies on applying high 
voltage across an insulating dielectric barrier which leads to the ioni
zation of air and the production of free electrons [34]. These free elec
trons collide with air molecules to generate a variety of excited-state 
species. At the gas–liquid interface, these excited-state species undergo 
dissolution into the liquid phase or trigger interfacial reactions that form 
ORSs such as reactive oxygen species and reactive nitrogen species [35]. 
Although free electrons and their derived excited-state species play key 
roles in the formation and transformation of oxidative reactive species, 
their short lifetimes together with interference from complex multiphase 
systems make it difficult for conventional detection methods to elucidate 
these mechanisms completely.

In this study, Escherichia coli MG1655 that harbored an RP4 plasmid 
carrying three distinct types of ARGs (AmpR, TetA, and KanR) was used 
as a model ARB in order to evaluate the effects of lgDBD on ARB inac
tivation, ARG removal, and ARG conjugative transfer. Additionally, a 
finite element model of a basic discharge unit was employed to analyze 
the spatiotemporal distribution of reactive species during the lgDBD 
process. This study aims to elucidate the generation and action mecha
nisms of ORSs involved in the lgDBD process using the combined anal
ysis of various reactive species and cell damage.

2. Materials and methods

2.1. Reagents and strains

Pure water and ultrapure water used in experiments were obtained 
from an ULUP-II-100 ultrapure water production system. All reagents 
and bacterial strains used in experiments are described in detail in Text 
S1.

2.2. Experimental setup

A detailed description of the experimental setup and the bacterial 
inactivation experiment is provided in Text S2. In the conjugation 
transfer experiments, Escherichia coli MG1655 (RP4) was inoculated in 
Luria-Bertani (LB) broth containing ampicillin (Amp) (200 mg/L) and 
tetracycline (Tet) (10 mg/L), Escherichia coli HB101 in LB was inoculated 
broth containing streptomycin (Str) (30 mg/L), and Pseudomonas putida 
GDMCC1.445 was inoculated in LB broth containing chloramphenicol 
(Chl) (30 mg/L), each followed by shaking incubation at 37 ◦C overnight 
for approximately 14 h. The cultures were then centrifuged at 3,000 rpm 
for 5 min and resuspended in phosphate-buffered saline (PBS). The 
bacterial suspensions were prepared in PBS to reach roughly 108 CFU/ 
mL for use in conjugation transfer experiments. Next, one liter of the 
plasmid donor strain Escherichia coli MG1655 (RP4) was placed into the 
liquid-grounded electrode DBD reactor. After 10 min of lgDBD treatment 
at 9–12 kV, the bacterial suspension was centrifuged and resuspended in 
PBS. Five milliliters of the donor strain were mixed with 5 mL of 
Escherichia coli HB101 (for intraspecies conjugation) and 5 mL of Pseu
domonas putida GDMCC1.445 (for interspecies conjugation) and incu
bated at 37 ◦C with shaking for 16 h. Receptor and transconjugant 
concentrations were determined using the plate-counting method. 
Intraspecies conjugation transconjugants were cultured on LB solid 
medium containing Amp (200 mg/L), Tet (10 mg/L), and Str (30 mg/L), 
and the receptor strain was cultured on LB solid medium containing Str 

(30 mg/L). Interspecies conjugation transconjugants were cultured on 
LB solid medium containing Amp (200 mg/L), Tet (10 mg/L), and Chl 
(30 mg/L), and the receptor strain was cultured on LB solid medium 
containing Chl (30 mg/L).

Detailed procedures for determining inactivation efficiency, 
discharge power, energy efficiency, and conjugative transfer frequency 
are provided in Text S3.

2.3. Analytical methods

For confocal microscopy analysis, the samples were stained with 
SYTO 9 and propidium iodide (PI) [36]. The absolute abundances of the 
ARGs (AmpR, TetA, and KanR) in the bacterial suspensions were 
measured using real-time PCR, and the antibiotic susceptibility of each 
strain was determined using the broth microdilution method [37–40]. A 
detailed description of the analytical methods can be found in Text S4.

Optical emission spectra (OES) were obtained using a high- 
resolution fiber optic spectrometer (ULS3648-USB2-UA-25). Electron 
paramagnetic resonance (EPR) spectra were acquired as spin traps on 
CIQTEK EPR200-Plus spectrometer with a scanning range of 
3,300–3,400 G, a center field of 3,350 G, and a modulation frequency of 
100 kHz in the signal channel. Reactive species quenching experiments 
employed TBA as the ⋅OH scavenger, BQ as the O2

⋅- scavenger, and TEMP 
as the 1O2 scavenger [30].

2.4. Simulation methods

Parallel streamer solver with kinetics (PASSKEy) code was used to 
construct a two-dimensional model of the basic discharge unit of the 
liquid-grounded electrode. A detailed description is provided in Text S5.

3. Results and Discussion

3.1. ARB inactivation by lgDBD process

Fig. 1a shows the log reduction rate of Escherichia coli MG1655 (RP4) 
in lgDBD under different input voltages. At an input voltage of 9 kV, 
Escherichia coli MG1655 (RP4) suffered a 6.58-log reduction within 10 
min. As the input voltage increased, the inactivation rate exhibited a 
clear upward trend as well. At 12 kV, Escherichia coli MG1655 (RP4) 
suffered a 6.90-log reduction within 6 min and was completely inacti
vated (>7.00-log) within 8 min. This enhanced inactivation efficiency 
with increased input voltage can be attributed to the intensified degree 
of plasma ionization. The intensification promotes more frequent colli
sions between free electrons and gas molecules that leads to an increased 
generation of ORSs and thereby accelerates the inactivation process. 
Additionally, the strong electric field facilitates electroporation, result
ing in increased cell membrane permeability and aiding the penetration 
of reactive species into bacterial cells [41,42]. Therefore, high input 
voltage effectively promotes bacterial inactivation, making lgDBD a 
promising technique for reducing ARB risk in water.

Fig. 1b further presents the variation trends in the pseudo-first-order 
kinetic rate constant and energy efficiency (G6-log) for lgDBD inactiva
tion of Escherichia coli MG1655 (RP4) under different input voltages. G6- 

log refers to the volume of water treated per unit energy consumption 
when achieving a 6-log reduction in bacteria. These results show that the 
kinetic rate constant increases with the input voltage, which aligns with 
the observed trend in the log reduction rate. The pseudo-first-order ki
netic rate constant reached its maximum at 12 kV, at 1.135 CFU ml− 1 

min− 1. However, the energy efficiency G6-log exhibited a different 
pattern. It peaked at 11 kV (3,313.82 L/kWh), followed by 9 kV 
(3,124.95 L/kWh), and the energy efficiency at 12 kV (3,104.32 L/kWh) 
and 10 kV (2,571.6 L/kWh) was relatively lower. The optimal sterili
zation rate and energy efficiency were achieved at 12 kV and 11 kV, 
respectively. The discrepancy in these optimal voltages arises because 
higher input voltages enhance the sterilization rate by increasing 
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reactive species production, but they also significantly raise energy 
consumption [43–45]. Within the 9–11 kV range, increases in energy 
input yielded substantial efficiency gains, indicating that the energy was 
indeed effectively utilized. However, beyond 11 kV, further increases in 
energy input resulted in diminishing returns, as the additional energy 
consumption did not correspond to proportionate improvements in 
sterilization efficiency. This ultimately led to a decline in overall energy 
efficiency. Therefore, in practical applications it is crucial to select input 
voltage and other operational parameters carefully in order to meet 

required sterilization levels while balancing treatment efficiency and 
energy consumption for optimal performance.

3.2. ARG removal by lgDBD process

The absolute quantities of three ARGs, AmpR, TetA, and KanR, in the 
bacterial solution before and after lgDBD treatment were quantified 
using real-time PCR. To evaluate the removal effect of lgDBD on ARGs 
under different input voltages (9–12 kV), the concentrations of the three 

Fig. 1. (a) Logarithmic inactivation efficiency of Escherichia coli MG1655 (RP4) under various initial voltages; Conditions: bacterial initial concentration: 107 CFU/ 
mL; pH: 7.0. (b)Pseudo-first-order inactivation rate constants and energy efficiencies at different initial voltages.

Fig. 2. The logarithmic degradation rates of AmpR, TetA and KanR in lgDBD at different voltages.
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ARGs before and after treatment were compared. As shown in Fig. 2a, 
before lgDBD treatment, the initial concentrations of AmpR, TetA, and 
KanR were 5.810 × 109 copies/mL, 2.433 × 109 copies/mL, and 2,775 
copies/mL, respectively. After 10 min of lgDBD treatment at 12 kV, 
however, all three ARGs showed significant removal, with the highest 
log removal rate of 3.16-log copies/mL coming for KanR, followed by 
2.80-log copies/mL for AmpR and 2.74-log copies/mL for TetA. Overall, 
the log removal rates of the three ARGs were all greater than 2.74-log 
copies/mL after 10 min of treatment, though, indicating that lgDBD 
has high efficiency in removing ARGs.

Fig. 2b-d show the trends in the log degradation rates of AmpR, TetA, 
and KanR as a function of voltage. These each increased significantly 
with input voltage. For example, for AmpR, when the input voltage 
increased from 9 kV to 12 kV, the log removal rate increased from 2.24- 
log copies/mL to 2.80-log copies/mL. This increase in removal rate is 
primarily attributable to the enhanced production of ORSs at higher 
voltages [46–48]. ORSs, such as ⋅OH and O2

⋅-, are widely recognized as 
key reactive species in the degradation of resistance genes [49–51]. 
They react directly with DNA molecules, causing DNA strand breaks or 
base oxidation, thereby effectively disrupting the structure of ARGs. 
Different ARGs responded differently to lgDBD treatment due to varia
tions in their molecular and structural characteristics. For instance, 
AmpR exhibited a significantly higher removal rate than either KanR or 
TetA. This difference may stem from the relative accessibility of the 
target sites within the ARGs to ORSs. ARGs with more exposed or flex
ible structures may be more susceptible to oxidative damage, whereas 
those with tightly packed or protected structures, may be more resistant 
to attack [52,53]. Additionally, the chemical composition of ARGs, 

including the presence of oxidative stress-resistant nucleotide se
quences, may also influence their susceptibility to ORSs [54].

Table S2 compares the inactivation efficiency of ARB, the removal 
efficiency of ARGs, and the electrical energy per order (EEO) across 
lgDBD, traditional disinfection processes such as UV, chlorine, and 
ozone, as well as other plasma-based processes. The results show that the 
lgDBD process achieved > 7.00-log ARB inactivation and 2.74–3.16-log 
ARGs removal within 10 min, surpassing the performance of most 
existing plasma-based and conventional disinfection methods. The en
ergy efficiency of lgDBD further highlights its advantages. The EEO of 
ARB and EEO of ARGs for lgDBD were only 0.268 kWh⋅m− 3 and 
0.975–1.125 kWh⋅m− 3, respectively, demonstrating a significant 
advantage over other processes that rely solely on electrical energy 
consumption. In addition, lgDBD does not require chemical additives, 
which reduces the risk of secondary pollution and makes it a more 
environmentally friendly alternative for disinfection technology. 
Therefore, lgDBD represents a highly competitive solution for AMR 
control by combining rapid and effective ARB inactivation and ARG 
removal with exceptional energy efficiency.

3.3. The effects of lgDBD on ARG conjugative transfer

Escherichia coli MG1655 (RP4) was selected as the donor strain for 
conjugative transfer experimentation, Escherichia coli HB101 was used 
as the intragenus conjugation transfer recipient strain, and Pseudomonas 
putida GDMCC1.445 was used as the intergenus conjugation transfer 
recipient strain. The minimum inhibitory concentrations of antibiotics 
for each strain are listed in Table S4. Escherichia coli MG1655 has no 

Fig. 3. (a, b) Intragenus conjugation transfer rate and (c, d) intergenus conjugation transfer rate of ARG.
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antibiotic resistance, Escherichia coli MG1655 (RP4) has Amp and Tet 
resistance, Escherichia coli HB101 has Str resistance, and Pseudomonas 
putida GDMCC1.445 has Chl resistance. In the conjugative transfer 
experiment, the working concentrations were set as Tet 10 mg/L, Amp 
200 mg/L, Str 30 mg/L, and Chl 20 mg/L in order to ensure that different 
resistance genes were expressed under corresponding conditions and 
could be effectively monitored.

Fig. 3a shows that prior to lgDBD treatment, the intragenus con
jugative transfer frequency of plasmid RP4 from donor Escherichia coli 
MG1655 (RP4) to recipient Escherichia coli HB101 was 6.130 × 10− 5. 
After 10 min of lgDBD treatment at an input voltage of 12 kV, however, 
the intragenus conjugative transfer frequency significantly decreased to 
7.658 × 10− 7, a reduction of 98.6 %. There was no significant difference 
in the intragenus conjugative transfer frequency under 10 kV and 11 kV. 
Fig. 3b further illustrates that the reduction in intragenus conjugative 
transfer frequency correlated positively with input voltage.

Additionally, an intergenus conjugation transfer experiment was 
conducted between donor Escherichia coli MG1655 (RP4) and recipient 
Pseudomonas putida GDMCC1.445 as shown in Fig. 3c-d. Here, prior to 

lgDBD treatment, the intergenus conjugation transfer rate of plasmid 
RP4 was 2.073 × 10− ⁶, significantly lower than the intragenus con
jugative transfer frequency. This difference may reflect the natural 
barrier of intergenus conjugation transfer compared to intragenus 
conjugation transfer [37]. After 10 min of lgDBD treatment, the intra
genus conjugative transfer frequency significantly decreased, with rates 
of 9 kV (2.175 × 10− 7), 10 kV (1.668 × 10− 7), 11 kV (7.271 × 10− 8), and 
12 kV (4.001 × 10− 8), and reductions ranging from 89.5 % to 98.1 %. 
Overall, lgDBD treatment significantly inhibited both intragenus and 
intergenus conjugative transfer rate of ARGs, with more pronounced 
inhibition under high voltage conditions.

The significant inhibition of conjugative transfer rates by lgDBD can 
be attributed to multiple synergistic mechanisms. First, ORSs generated 
by lgDBD oxidize and damage key biological macromolecules, including 
plasmid RP4, that serve as carriers for ARGs. This oxidative damage 
disrupts the structural integrity and functionality of the plasmids, 
effectively blocking the transmission pathway of ARGs. Second, the 
strong electric field in lgDBD induces electroporation, a process that 
disrupts bacterial cell membranes. Electroporation not only facilitates 

Fig. 4. The basic discharge unit model using PASSKEy code. (a-c) Electron density, (d-f) oxygen density, and (h-j) O(1D) density.
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the entry of ORSs into cells, but also causes irreversible damage to 
bacterial cells, leading to a significant reduction in the number of viable 
bacteria, which further suppresses conjugative transfer rates [30]. By 
leveraging this dual mechanism to disrupt the conjugative transfer 
process between bacteria, lgDBD effectively reduces the risk of ARG 
dissemination.

3.4. A basic discharge unit model of lgDBD

To understand better the generation and behavior of reactive species 
during lgDBD discharge, this study constructed a finite element model of 
the basic discharge unit of lgDBD based using PASSKEy code. Non- 
thermal plasma is a quasi-neutral medium composed of equal amounts 
of free electrons and positive ions [55]. Free electrons not only consti
tute the physical essence of non-thermal plasma but also serve as the 
main source of its high reactivity [56,57]. Therefore, the density dis
tributions of free electrons and their spatiotemporal variations are 
crucial for understanding plasma reaction processes. As shown in 
Fig. 4a-c and Fig. S2, at the onset of discharge, the electron avalanche 
effect rapidly generates a large number of free electrons (Reactions (1) 
and (2). This effect occurs as free electrons accelerate under the applied 
electric field and collide with neutral molecules, releasing more elec
trons and forming a chain reaction [58]. As the plasma stream propa
gates, the concentration of free electrons gradually decreases, displaying 
a non-uniform distribution of free electron density in both space and 
time, which reflects the plasma propagation conditions. 

e- + N2 = 2e- + N2
+ (1)

e- + O2 = 2e- + O2
+ (2)

In lgDBD, the spatiotemporal distribution of reactive species is the 
core factor that determines reaction efficiency. Simulation results indi
cate that the main reactive species generated during lgDBD discharge 
include free oxygen atoms (O) and excited-state oxygen species (O(1D)) 
[59]. Free oxygen atoms are produced by collisions between free elec
trons and oxygen molecules or positive ions (Reactions (3)–(8) and are 
uniformly generated along the propagation path of the plasma stream 
(Fig. 4d-f and Fig. S3). These free oxygen atoms can react with molecules 
at the gas–liquid interface to produce liquid-phase ORSs, which enhance 
the oxidative capacity of lgDBD. Furthermore, a portion of the free ox
ygen atoms dissolve directly into water, further promoting the degra
dation of pollutants in water [60]. 

e- +O2 = e- + O + O                                                                      (3)

e- + O2 = O- + O                                                                           (4)

e- + O4
+ = O + O + O2                                                                   (5)

e- + O2
+ = O + O                                                                           (6)

O- + N2
+ = O + N + N                                                                   (7)

O2
– + O = e- + O2 + O                                                                   (8)

As an excited-state oxygen species, O(1D) is also abundantly gener
ated during the discharge process, and it plays an important role in the 
chemical reactions of lgDBD [61]. O(1D) is primarily formed by colli
sions between free electrons and O2 (Reaction (9). Its spatiotemporal 
distribution is shown in Fig. 4h-j and Fig. S4. Unlike free oxygen atoms, 
O(1D) is more concentrated in the tip region of the plasma stream, and 
this distribution difference is mainly due to the relatively short lifespan 
of O(1D), which rapidly diminishes through reactions with O2 and N2 
where it is converted into free oxygen atoms (Reactions (10)–(11). 

e-+ O2 = e- + O + O(1D)                                                               (9)

O(1D) + O2 = O + O2                                                                  (10)

O(1D) + N2 = O + N2                                                                  (11)

The distribution of the electric field intensity during discharge is also 
noteworthy. As shown in Fig. S5, the electric field intensity within the 
discharge region varies with the propagation of the plasma streamers, 
with a maximum value of 2.66 × 106 V/m. Such a high electric field can 
induce electroporation in bacteria[41], where the strong electric field 
temporarily disrupts bacterial cell membranes, creating pores that allow 
the entry of reactive species into the cells. Furthermore, these pores can 
become permanent under prolonged exposure to high-intensity fields, 
leading to irreversible membrane damage and cell death. This electro
poration effect thus facilitates the interaction between ORSs and bio
logical macromolecules such as plasmids, accelerating the inactivation 
of ARB and the removal of ARGs.

3.5. The mechanism of ARB and ARG removal by lgDBD

During lgDBD discharge, a large number of oxygen- and nitrogen- 
based reactive species are generated, and their complex chemical reac
tion mechanisms pose challenges to deciphering their role in ARB and 
ARG removal [62,63]. To identify the specific reactive species in lgDBD 
and their mechanisms of action, we employed EPR analysis in this study. 
As shown in Fig. 5a, when 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) 
was used as the spin trap, a clear ⋅OH peak was detected, indicating the 
generation of hydroxyl radicals during lgDBD discharge. This generation 
of ⋅OH is primarily due to the reaction between O(1D) and water mol
ecules (Reaction (12). Additionally, some smaller, regular peaks were 
observed beside the ⋅OH peak (highlighted in the purple box in Fig. 5a), 
but due to the low signal intensity, they could not be accurately iden
tified. Based on related literature, these accompanying peaks may be 
from DMPOO, or they could be overlay of signals from multiple reactive 
species [28,30]. These observations suggest that the generation of 
reactive species in lgDBD is complex, requiring further in situ EPR 
studies for more detailed investigation. As shown in Fig. 5b, when 
2,2,6,6-tetramethylpiperidine (TEMP) was used as the spin trap, a 1:1:1 
peak appeared, indicating the generation of singlet oxygen (1O2) during 
lgDBD. After introducing Escherichia coli MG1655 (RP4) bacterial solu
tion, the EPR spectra for ⋅OH and 1O2 disappeared, however, suggesting 
that these species had fully reacted with the bacteria and facilitated ARB 
inactivation. Moreover, the presence of reactive species generated by 
lgDBD was confirmed through OES (Fig. 5c), which showed the exis
tence of nitrogen excited species and free oxygen atoms, further vali
dating the composition of reactive species produced during lgDBD 
discharge [64,65]. 

O(1D) + H2O → H2O2* → 2⋅OH                                                    (12)

To confirm the role of reactive species in the inhibition of con
jugative transfer rates in lgDBD, a quenching experiment was also 
conducted. Tert-butanol (TBA), TEMP, and benzoquinone (BQ) were 
used as quenchers for ⋅OH, 1O2, and O2

⋅− , respectively [31], and the re
sults are shown in Fig. 5d. Compared to direct lgDBD treatment, the 
addition of TBA, TEMP, and BQ resulted in varying degrees of increase in 
both intragenera and intergenera conjugative transfer rates, which 
suggests that ⋅OH, 1O2, and O2

⋅− all contributed to the inhibition of 
conjugative transfer rates. The largest increase in conjugative transfer 
rates was observed with the addition of TBA, indicating that ⋅OH is the 
primary reactive species in lgDBD. The addition of TEMP and BQ had a 
limited inhibitory effect on the intragenera and intergenera conjugative 
transfer rates, indicating that 1O2 and O2

⋅− played a secondary role in this 
process. In summary, ⋅OH, 1O2, and O2

⋅− jointly promoted the inhibition 
of conjugative transfer rates in lgDBD.

In addition, electron microscopy analysis was performed to elucidate 
the mechanism of ARB inactivation. Fig. S6 shows scanning electron 
microscope images of ARB before and after lgDBD treatment. The 
obvious deformation, damage, and lysis of bacteria in Fig. S6b indicate 
that cell membrane damage was a key factor in ARB inactivation 
[66,67]. Fig. S7 presents the results of laser confocal microscopy. After 
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dual staining, live bacteria appeared green, while bacteria with 
damaged cell membranes appeared red [68]. Hence, after lgDBD treat
ment, the bacteria transitioned from green to red and yellow, providing 
visual evidence of cell membrane damage.

Fig. 6 shows a proposed mechanism diagram for lgDBD. During 
lgDBD treatment, free oxygen atoms and O(1D) play a key role in the 
generation and action of reactive species, formed through collisions 
between free electrons and O2. O(1D) reacts with H2O to generate 
excited H2O2, which rapidly converts into ⋅OH, and free oxygen atoms 
collide with O2 to form O3. In the water being treated, these reactive 
species disrupt the integrity of bacterial cell membranes through 
oxidation and electroporation, inactivating ARB. Furthermore, the 
reactive species also damage important biological macromolecules such 
as plasmid RP4, further blocking the spread of ARGs.

The scalability and feasibility of lgDBD for practical water treatment 
applications both require careful consideration. Although lgDBD has 
shown promising efficiency in laboratory-scale experiments, several 
challenges must be addressed for large-scale implementation. One major 
limitation is the energy consumption associated with maintaining a 
stable discharge, especially at higher voltages. Further research is 
needed to optimize the discharge parameters in order to reduce energy 
consumption without compromising treatment efficiency. Additionally, 
scaling up the lgDBD system must ensure uniform plasma generation 
and consistent reactive species distribution across large volumes of 
water. This may involve designing advanced reactor geometries. In 
conclusion, lgDBD shows significant potential for controlling ARB and 
ARGs in water treatment, and future efforts should focus on improving 
energy efficiency, scaling up system design, and addressing environ
mental considerations with the goal of ensuring its practical applica
bility and sustainability.

4. Conclusion

In this study, lgDBD process was applied to inactivate ARB and 
remove ARGs in water. Experiments demonstrated that under an input 
voltage of 12 kV, Escherichia coli MG1655 (RP4) achieved complete 
inactivation (>7.00-log) within 8 min. lgDBD exhibited significant 
removal efficiency for ARGs (AmpR, TetA, and KanR), with log reduc
tion rates exceeding 2.74-log copies/mL after 10 min of treatment. 
Additionally, lgDBD significantly inhibited the conjugative transfer of 
ARGs, reducing both intra-species and interspecies transfer rates by 
more than 98 %, thus minimizing the risk of resistance gene trans
mission. Furthermore, we clarified the spatiotemporal distribution of 
key reactive species (such as O and O(1D)) and electric field intensity in 
the gas-phase plasma by constructing a finite element model. These 
reactive species generate ORSs at the gas–liquid interface, causing 
oxidative damage to plasmids and blocking the transmission of ARGs, 
with the electroporation induced by the strong electric field further 
facilitating this process. Overall, this study highlights the tremendous 
potential of the lgDBD process for controlling ARG dissemination and 
offers new insights into ARG pollution control in water treatment.
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