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to develop novel disinfection methods since the conventional chlorine disinfection was in-
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efficient in inactivating chlorine-resistant bacteria, inducing the viable but non-culturable
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(VBNC) bacteria and forming disinfection by-products (DBPs). In this study, the inactivation
of four model strains including Gram-negative (G− ), Gram-positive (G+ ) and environmental
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samples by atmospheric-pressure air-liquid discharge plasma (ALDP) was assessed system-
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atically. The results showed that ALDP was superior in inactivating all of the samples com-

Pathogenic bacteria

pared with chlorination. During 10 min ALDP treatment, the G− bacteria were completely

Viable but non-culturable state

inactivated, and the G+ one was inactivated by more than 4.61 logs. The inactivation of bac-

Intracellular- and extracellular

teria from a campus lake and a wastewater treatment plant effluent exceeded 99.82% and

genes

97.78%, respectively. For G− bacteria, ALDP resulted in a much lower (102 ∼103 times) levels

Disinfection mechanism

of VBNC cells than chlorination. ALDP could effectively remove the chlorine-resistant bacteria. More than 96.41% of the intracellular DNA and 99.99% of the extracellular DNA were removed, whereas it was only 56.35% and 12.82% for chlorination. ALDP had a stronger ability
to destroy cell structure than chlorination, presumably due to the existence of ROS (·OH, 1 O2
and O2 − ). GC-MS analysis showed that ALDP produced less DBPs than chlorination. These
findings provided new insights for the application of discharge plasma in water disinfection,
which could be complemental or alternative to the conventional disinfection methods.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Disinfection of drinking water and wastewater was important
in preventing the spread of pathogenic microorganism in the
urban water cycle (Craun, 2017; Tornevi et al., 2016). Chlorination was the most widely used disinfection method all over
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the world. However, more and more disadvantages of chlorination were emerging during its application over a hundred
years.
Firstly, chlorine-resistance could be developed in bacteria, even in pathogenic species. It was reported that Pseudomonas aeruginosa (P. aeruginosa) in tap water and hospital wastewater were still culturable with 0.5-2 mg/L chlorine
treatment (Medeiros et al., 2007). Chlorine-resistant bacteria were more likely to be antibiotic resistant. For example,
Sphingomonas harvested from chlorinated drinking-water systems was ready to acquire resistance to the antibiotics when
exposed to tetracycline (Khan et al., 2016). When the cellular structure was damaged, intracellular antibiotic resistance
genes (ARGs), which were much more refractory, could be
released as the secondary contaminants (Molin et al., 2003;
Wang et al., 2016; Xu et al., 2016; Zhang et al., 2018). The
relative abundance of antibiotic-resistant bacteria and genes
could be increased by several to hundred times in a drinking water treatment plant and facilitated the horizontal gene
transfer (HGT) according to previous publications ( Liu et al.,
2018; Shi et al., 2013; Xu et al., 2016). Moreover, chlorine
disinfection could induce many bacteria into the viable but
non-culturable (VBNC) state. VBNC bacteria would potentially
threaten the public health as they were persistent to the disinfection and cannot be detected by conventional plate counting
methods (Chen et al., 2018; Ramamurthy et al., 2014).
Chlorination also forms toxic disinfection by-products
(DBPs) (Pan et al., 2021). Up to now, more than 700 DBPs have
been identified to be developmental toxic, cytotoxic, mutagenic and carcinogenic including THMs, HAAs, aromatic halogenated ones, and so on (Li et al., 2021; Yang et al., 2013). The
above problems would be intensified by the chlorine-resistant
bacteria since they would lead to greater chlorine dosage demand.
Based on the above, it was necessary to develop an alternative disinfection method which not only achieve inactivation
of bacteria, but also efficiently degrade the ARGs and avoid
the induction of VBNC bacteria. It would be more ideal if the
DBPs formation could be prevented. Low-temperature plasma
should be regarded as such a candidate. It could generate various active agents, including ROS/RNS (such as ·OH, ·1 O2 , ·O2 − ,
etc.) to eliminate various pollutants, particularly the refractory ones in the environment (Gorbanev et al., 2018; Kim et al.,
2016; Planas et al., 2016). It was a promising advanced oxidation process (AOP) due to its high efficiency and environmental compatibility.
In recent years, application of various discharge plasma
technologies on the elimination of pathogenic microorganisms in water or wastewater systems had been investigated
(Hong et al., 2019; Yang et al., 2020). It was demonstrated that
the discharge plasma could remove the model strains and the
ARGs carried by them effectively (Han et al., 2016; Ji et al., 2018;
Toyokawa et al., 2017; Li et al., 2021; Tian et al., 2016). Further,
Wang et al. (2020) studied that the initial concentration was106
CFU/mL, the D-values of yeast were 3.149 when used a gas
phase surface discharge plasma reactor. The microplasma UV
lamp photons were more efficient in sterilizing MS2 compared
with mercury lamp UVC and UVC light-emitting diodes (UVCLED) (Milad Raeiszadeh et al., 2020). However, a number of the
critical questions were still unanswered. For examples, most
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studies used Escherichia coli (E. coli, G− ) as the model strain, the
effects on G+ bacteria with more refractory cell wall contents
and on environmental bacteria with complicated community
structure was unclear. Was it still effective in reducing the induction of VBNC bacteria? And could it effectively remove the
persistent intracellular and extracellular DNA? It was hoped
to develop a method to realize all of the above purposes, i.e.
not only the bacteria themselves but also the derivative microbiological contaminants were completely eliminated. This
was exactly what the “intensified inactivation” in the title of
the paper referred to.
In this study, an atmospheric-pressure air-liquid discharge
plasma (ALDP) device with uniform and stable discharge was
built, where the active species formed in the gas phase were
introduced into the liquid phase by high-speed airflow. By determining the culturability, VBNC bacteria, resistance genes
and other aspects, the inactivation efficiency of ALDP against
Gram-negative (G− ) and Gram-positive (G+ ) model strains and
environmental samples from a surface water and waste water
treatment plant (WWTP) effluent were tested with chlorination as the control. At the same time, the possible inactivation
mechanism was explored by combining the staining of the
dead and live bacteria, the change of peptidoglycan (PG) content and the identification of active species. It was expected
this study would be helpful in finding an effective complementary or alternative technology for conventional disinfection approaches.

1.

Materials and methods

1.1.
Bacteria strains, plasmid and environmental
bacterial samples
The bacterial strains used in this study were E. coli DH5α, P.
aeruginosa1, Salmonella sp., and Staphylococcus aureus (S. aureus),
where the first three were selected to represent the G− bacteria and the fourth was G+ one. The E. coli strain also harbored
the PBR322 plasmid (4361 bp) with resistance genes to tetracycline (tetC), which was synthesized by our lab. P. aeruginosa
PAO1 was presented by Prof. Guo Feng, School of Life Sciences,
Xiamen University, China. Salmonella sp. and S. aureus were isolated from the domestic sewage by our lab. The cultivation of
these four pathogens was described in Appendix A Text S1.
Two environmental samples were applied in this study.
One was the surface water from Furong Lake, and the other
was the treated domestic sewage from the university wastewater treatment station. Both sites were at Xiang’an Campus of
Xiamen University, China. The mixed bacterial community in
the raw water samples were directly tested without pretreatment. The physicochemical parameters of the environmental
water samples were shown in Appendix A Table S1.

1.2.

ALDP disinfection device

The schematic diagram of the ALDP disinfection device was
shown in Fig. 1. The device mainly consisted of a cylindrical
double-layer quartz plasma generator tube, a reaction tank,
an AC high-voltage power supply (CORONA LAB. CTP-2000K)
and a Voltage Regulator. The details of the plasma generator
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Fig. 1 – (a) Device schematic, (b) Lwassajous figures and (c) voltage and current waveforms of ALDP.

were shown in Appendix A Text S2. The discharge voltage and
current waveforms were sampled using a digital oscilloscope
(TBS 1102B, Tektronix Technology Co., Ltd., USA).
The inactivation tests were performed in the reaction
tank with prepared model strains or environmental samples
spiked. An input power of 60 W and a gas flow rate of 10 L/min
were applied in this study. A discharge power was calculated
to be 44 W (Eq. (1)) according to the Lwassajous diagram. The
plasma treatments were at 0, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0 and 10 .0
min reaction intervals.
Pd = fCm A

(1)

where the Pd (W) represented the discharge power, f (Hz) was
the frequency of discharge, Cm (P) was the capacitance of this
device and A was the area of the Lwassajous-Figure.
As for the tests of their removals, the plasmids were firstly
extracted and concentrated (as described in Section 1.5.1)
from the pure culture. Then they were diluted to a suitable
concentration and treated by ALDP directly.
A conventional chlorine disinfection with 1.0 and/or 2.0
mg/L chlorine dosage for 30.0 min of operation was taken as
the control treatment, i. e. all conditions except the inactivation agent and strength were the same.

1.3.

Bacterial counting

1.3.1.

Culturable Bacteria

Heterotrophic plate counting (HPC) was used for culturable
bacteria analysis. The control and treated groups were serially
diluted with phosphate buffer solution (PBS) to a suitable gradient, respectively and evenly smeared on the nutrient agar
(NA). After 24 hr of incubation at 37°C, the counts of culturable bacteria were obtained. Each sample was determined in
triplicate and the averaged result was obtained.

1.3.2.

VBNC bacteria

The number of VBNC bacteria could be obtained by subtracting the number of culturable bacteria from the total viable
bacteria. In this study, the 16rRNA gene copies of total viable
bacteria was determined via the PMA-qPCR method. The copy
numbers were transformed into the total viable cell numbers
through a pre-established standard curve correlating them
(Appendix A Table S2) (Guo et al., 2020). Then the VBNC cell
numbers were ready to be obtained. PMA-qPCR was used to
obtain cells with intact membranes and the details of it as depicted in Appendix A Text S3.
DNA extraction and quantitative measurement were performed followed, and the procedure were as described in
Section 1.5.2.

1.4.

Analysis of Cellular integrity

Changes in cell membrane integrity were detected using the
LIVE/DEAD ® BacLightTM Bacterial Viability Kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). SYTO 9 was a green fluorescent nucleic acid dye that stained all cells, and propidium iodide (PI) was a red fluorescent nucleic acid dye
that penetrated the cell membrane of damaged or dead
cells to stain and covered the green fluorescence of SYTO9
(Wilkinson, 2018). The specific dyeing details were described
in Appendix A Text S4.
The extent of damage to the cell structure was further explored using Bacteria PG ELISA KIT (Shanghai Jianglai Co., Ltd.,
China). The kit uses the double antibody sandwich method to
determine the bacterial PG, the final reaction was characterized by color shade positively correlated with the content of
PG. The standard curve of PG was as seen in Appendix A Fig.
S1. The PG contents were assayed according to the manufacturer’s protocol.
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1.5.

DNA/plasmid Extraction and qPCR

1.5.1.

DNA/plasmid Extraction

In order to evaluate the removal efficiency of the i-DNA and
plasmids, the DNA were extracted and concentrated, which
details were shown in Appendix A Text S5.

1.5.2.

Real-time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (qPCR) was
used to quantify the target genes. Appendix A Text S6 and Table S2 indicated the details of the primers and operation profiles of qPCR.

1.6.

Illumina sequencing of 16S rRNA genes

PMA-pretreated DNA extracts were used to assess changes in
the community structure of viable microorganisms in actual
water samples before and after ALDP and chlorine treatment.
Primers 341F: CCTACGGGRBGCASCAG and 806R: GGACTACNNGGGTATCTAAT were used to amplify the V3-V4 region of the
16s rRNA gene (Berg et al., 2012; Michelsen et al., 2013). Specific gene amplification and analysis procedures were shown
in Appendix A Text S7.
Finally, the overall profile of the microbial community in
the lake water after ALDP and chlorine treatment was assessed by nonmetric multidimensional scaling (NMDS) analysis. Species diversity was assessed using the average of the
top 30 taxa in genus-level abundance.

1.7.

Detection of active free radicals

The short-lived species were detected by Electron Paramagnetic Resonance spectrometer (EPR, Bruker E500, Germany)
(Wang et al., 2018). DMPO, TEMP, and DMSO+DMPO were used
to capture ·OH, 1 O2 and O2 − , respectively. Specifically, PBS or
DMSO solution were continuously treated by ALDP for 1.0 min,
and 1 mL sample was taken out and added to the centrifuge
tube that had been loaded with the capture agent in advance.
After mixing by the oscillator, a capillary was used to absorb
the product to a suitable scale, and then put into the sample
cell of the resonant cavity of the EPR instrument for detection.
In the control group, the same reagents were added but without ALDP treatment, the samples were put into the sample cell
in the same way.
The parameters were adjusted as follows: scan range, 200
G; field set, 3447 G; scan time, 30 sec; modulation amplitude, 1
G.

1.8.

DBPs identification

The water samples from Furong Lake were selected to identify
the formation of DBPs after ALDP and chlorine treatment. Excessive Na2 S2 O3 solution was added to the sample to quench
the residual oxidant to terminate the reaction and then analyzed for DBPs by gas chromatography-mass spectrometry
(GCMS-QP2010, USA) according to GB/T 5750.10-2006 Standard
Test Method for Drinking Water. The analysis procedure is as
follows: mobile phase, high-purity helium (>99.95%); GC, Rxi5MS 30 m∗ 0.32 mm (inner diameter), 0.25 μm; capillary column, 35°C (2 min) → (30°C/min) →160°C (4 min); carrier gas,
helium (>99. 99%), flow rate: 1. 0 mL/ min.
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MS, Ion source, EI, temperature, 280°C; Iinterface temperature, 260°C; ionization energy, 70 eV; scan range, 35 am∼300
amu; scan time, 0.45 sec; flyback time, 0.05 sec.

1.9.

Statistical analysis

Data were obtained from three independent experiments. Values from all experiments were expressed as mean ± standard
deviation (SD) and were shown by error bars in the graph. Additionally, Statistical analysis was performed using GraphPad
Prism 8.0. The paired sample t-test was use to compare experimental parameters of each sample after 10.0 min of ALDP
treatment. The differences were expressed as ∗ P < 0.05, ∗∗ P
< 0.01.

2.

Results and discussion

2.1.

Inactivation performance

2.1.1.

Inactivation of culturable bacteria

The surviving curves of the ALDP-treated four model
pathogenic bacteria and two actual water samples determined by plate counting method were displayed in Fig. 2. The
ALDP treatment showed different inactivation effect on different targets. Specifically, the exposure for 10.0 min of ALDP
could completely inactivate all of the G− bacteria with an initial concentration of 107 CFU/mL. However, the inactivation
efficiency of S. aureus, the G+ bacterium, was less than 5 logs
(4.61±0.14 logs) under the same conditions. The ALDP treatment present obviously superiority to conventional chlorination in decreasing the bacteria numbers, the culturable bacteria were usually 1 or 2 logs lower in ALDP than the chlorination. Moreover, ALDP treatment still showed inactivation advantage in the treatment of actual water samples. ALDP could
provide an inactivation of 2.75±0.07 logs (p<0.001) for Furong
Lake and 1.67±0.09 logs (p<0.001) for WWTP effluent, while
chlorination showed no more than 1.59 logs of removal for
both environmental samples, regardless of the chlorine concentration.
The inactivation kinetics were also shown as the chart top
right in each sub-figure in Fig. 2. The inactivation rate constants were kSalmonella sp . > kP. Aeruginosa > kE. coli > kS. aureus . Magnitude of the inactivation rate constants for the three G− bacteria were almost the same, other than G+ bacterium. In fact,
S. aureus and E. coli could be effectively sterilized by plasma
exposure directly and remotely (Ikawa et al., 2010). However,
S. aureus showed a higher intrinsic plasma-resistant capacity than G− bacteria due to the PG-driven thicker outer layer
(Pompl et al., 2009). With respect to the environmental samples, the competition of plasma demand from the natural organic matters such as humic substances as well as the complicated mixed community structure should account for the
lower inactivation, but the inactivation effect was still better
than chlorination.
In general, compared with chlorination, the inactivation efficiency of ALDP had advantages for both model pathogenic
strains and environmental bacteria. However, it was difficult
to examine whether the bacteria were completely inactivated
only by the traditional plate counting method which based on

84

journal of environmental sciences 117 (2022) 80–90

Fig. 2 – The surviving curves of the ALDP/chlorine-treated four model pathogenic bacteria and two actual water
samples.Conditions: input power 60 W; air flow rate 10 L/min; cell density 7 log CFU/mL; pH=7.0±0.2; [chlorine]01 =1.0
mg/L; [chlorine]02 = 2.0 mg/L.

Fig. 3 – VBNC pathogens with chlorine and ALDP treatment. Conditions: input power 60 W; air flow rate 10 L/min; cell
density 7 log CFU/mL; pH=7.0±0.2; [chlorine]0 =1.0 mg/L.

the culturability of the bacteria. For example, if the bacterial
cells were induced into the VBNC state during chlorination,
they would lose their culturability, i. e. living and dividing capacity in the media, but still keep their cell structure intact and
could resuscitate with appropriate conditions, which poses a
hidden danger to water quality safety (Chen et al., 2018; Guo
et al., 2019; Oliver et al., 2005). Therefore, it was necessary to
investigate the induction of VBNC bacteria on this basis.

2.1.2.

Effect of disinfection on inducing VBNC bacteria

Various disinfection processes could induce bacteria into the
VBNC state including chlorine, chloramine, UV and even
ozone, though the induction intensities varied significantly.
In this section, the induction of VBNC bacteria by ALDP and
chlorination was compared. As described above, the number
of VBNC bacteria was determined by comparing the difference between viable and culturable cells (Chen et al., 2018;
Guo et al., 2019), where the viable cell numbers could be transformed from the target gene copy numbers of the target bacteria via a pre-established standard curve.
As shown in Fig. 3, 105 cells/mL of viable E. coli and 103 culturable E. coli remained with 1.0 min of ALDP treatment, so the
concentration of VBNC E. coli was 105 cells/mL. With the ALDP

treatment extended to 10.0 min, the VBNC bacteria number
concentration decreased to 104 cells/mL. While, there left 106
VBNC E. coli after a chlorination of 1 mg/L at 30.0 min. This
superiority of ALDP in decreasing the VBNC bacteria also lied
in P. aeruginosa (Fig. 3b) and Salmonella sp. (Fig. 3c), which decreased to 103 , 104 cells/mL, respectively, while the number of
VBNC bacteria decrease to 105 and 107 after chlorination. With
respect to the G+ strain, S. aureus in VBNC state remained at
107 , decreased by 0.95 logs compared with the initial spiked
bacteria. However, chlorine treatment induced 1.27 logs higher
concentrations of S. aureus cells into VBNC state. In general,
the experimental results showed that both ALDP and chlorination could induce bacteria into VBNC state, but obviously
much less was in the case of ALDP.
There was consensus that microbial-related health risks
in drinking water may have been largely underestimated due
to the presence of VBNC bacteria (Guo et al., 2020; Wang
et al., 2012; Ye et al., 2021; Zhang et al., 2015) due to the
viability they maintained even in the oligotrophic environment. Moreno et al. (2007) found that during the chlorination of drinking water, Helicobacter pylori could survive in the
VBNC state. Furthermore, a plenty of studies proved that
VBNC bacteria could resuscitate to active ones with the divid-
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ing proliferation capacity if they meet proper nutritional and
environmental conditions like in the human gastrointestinal tracks. In addition, Zhu et al. (2022) found that chlorineinduced (2 mg/L, 2.5 hr) VBNC E. coli HM016 caused 90% mortality of G. mellonella, indicating that VBNC cells were still
pathogenic. Besides chlorine, other disinfectants like UV, were
also reported to have this induction effect (Ding et al., 2017;
Zhu et al., 2022). Minimizing the induction of VBNC bacteria in drinking water was a top priority so the new disinfection methods that resulted in much less VBNC pathogens
was needed. Hence the ALDP treatment seemed such a solution since its strong oxidation capacity would directly destroy the cellular structure and lead to the death of much more
bacteria.

2.2.

Removals of i-DNA and e-DNA by ALDP

The process of destruction of the cell structure was generally accompanied by the release of the cellular contents including genes. This release would probably increase the risks
of the ARGs spreading through HGT. The genes were doublestranded DNA sequences and were refractory to chlorination.
It was proved that the e-ARG did not decrease at all (e-kanR),
while the i-ARG only decreased by 0.5 to 1.2 logs when the
chlorine as 12.5 mg/L, 1 hr (Yoon et al., 2017). Therefore, it was
of great significance to investigate the removal of genes inside
and out of the cell during the inactivation process.
After 10.0 min of ALDP treatment, the target gene copies
of E. coli, P. aeruginosa, Salmonella sp. and S. aureus decreased
about 99.29%, 97.45%, 99.86% and 96.41% respectively (p < 0.01)
(Fig. 4a-d). The gene copies of Salmonella sp. had the highest removal efficiency, which was consistent with the removal effect
of VBNC bacteria in Fig. 3. ALDP had a relatively poor removal
effect on the target gene of S. aureus, mainly because G+ bacteria had a thicker PG and led to less release of the cellular
contents (Fig. 6). However, the effect of chlorine on gene removal was not obvious, removal efficiency was less than 0.66
logs. The comparison showed that the ALDP treatment was
obviously more powerful in remove the bacterial genetic material.
The above scenario simulated the removal of i-DNA. However, there would be e-DNA in the environment though their
concentration might be very low. In this study, we also investigate the reduction of the risks of the e-DNA by the ALDP.
PBR322 plasmids were diluted into a plasmid solution, which
was used as a model for e-DNA. The tetC (217 bp), located in
plasmid, was targeted to quantify the ARG damage. The results were shown in Fig. 4e. It was found that the concentration of the target gene in the plasmid decreased 99.99%
by the former. Similar results were also reported, e.g. Li et al.
(2021) proved that the relative abundance of intI1 decreased
significantly after the plasma treatment, which was an important mobile element for ARGs transfer by conjugation. However, chlorination only showed a significant lower removal of
12.82% of the tetC gene in this study. Therefore, ALDP showed
a significant advantage in fragmenting both i-DNA and e-DNA
other than chlorination. Since the free DNA have the horizontal transfer potential in the aquatic environment, ALDP would
greatly reduce the ubiquitous risks of ARGs to public health if
it could be applied.
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2.3.
Effects of ALDP on Community structures of lake
water and WWTP effluent samples
Since the samples were pretreated with PMA, so the DNA extracted represent the genome of the viable bacteria. Fig. 5
showed the changes in the abundance of viable microbial
communities in Furong Lake and WWTP effluent after ALDP
and chlorine treatment. The relative abundance of Candidatus Megaira, a intracellular symbiotic bacteria, was increased 10.61% in samples of Furong Lake (Fig. 5a), which
was possibly due to its multi-barrier protection from the host
and itself made it more resistant to disinfectants (He et al.,
2021; Lanzoni et al., 2016). Besides, Cyanobium_PCC-6307, and
hgcl_clade decreased from 12.19%, 30.38% to 2.13%, 1.66%
(Fig. 5a). It was noteworthy that, hgcl_clade has a strong stress
tolerance to chlorine (Song et al., 2019), but ALDP could overcome the obstacles and still achieved effective inactivation.
In WWTP effluent, Arcobacter was an anti-chlorine pathogen
(Ferreira et al., 2016), but its relative abundance was significantly reduced by 4.29 percent points after ALDP treatment (Fig. 5b). This was also verified in Fig. 2., P. aeruginosa,
as a chlorine-resistant bacteria, was effectively inactivated
by ALDP. Furthermore, no significant changes in the relative
abundance of either surface water or WWTP effluent occurred
after chlorination due to the competition of natural organics
in actual water sample for chlorine demand.
The bacterial community composition of each sample was
analyzed by PCoA based on the Weighted unifrac distance and
Unweighted unifrac distance. The closer the samples are, the
more similar the species composition structure is. Population
shifted among different samples were displayed in Fig. 5c. After plasma and chlorine treatment, there was a big difference
between the viable community structure of Furong Lake water, while Chlorine treatment did not change significantly. In
addition, as expected, viable community structures in WWTP
effluent were not significantly different. In brief, the difference
in community structure between Furong Lake water and domestic sewage may be due to the more homogeneous microbial community structure of the former, as shown in Appendix
A Fig. S3a, b and c.
Therefore, it suggested the ALDP process was effective in
removing the chlorine-resistant bacteria, which was important because chlorine was the most widely used disinfectant currently and chlorine resistance was a common phenomenon.

2.4.

Cellar integrity characterization

Fig. 6 a-d showed the changes of cellular membrane integrity
of E. coli, P. aerouginosa, Salmonella sp. and S. aureus during the
ALDP treatment (The complete image was shown in Appendix
A Fig. S3.). Prior to the treatment, intact cells migrated rapidly
to the left after 1.0 min ALDP treatment, the damage gates
of the four bacteria accounted for 69.80%, 95.84%, 66.84% and
93.25% of the total bacteria respectively, which showed membrane integrity was impaired. Afterwards, three G− bacteria
migrating to the dead zone was 85.69%, 81.38%, 86.35%, indicating that most of the membranes were severely damaged
and led to the death of the bacteria eventually. However, the
leftward shifts of S. aureus was 8.91% that significantly less
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Fig. 4 – Quantitative PCR (qPCR) results on genes of typical pathogens with chlorine and ALDP treatment. (a-d) target genes
of pathogenic bacteria; (e) tetC in PBR322 plasmid. Conditions: input power 60 W; air flow rate 10 L/min; cell density 7 log
CFU/mL; pH=7.0±0.2; [chlorine]0 =1.0 mg/L.

Fig. 5 – Changes of community structure of Furong Lake water and WWTP effluent after ALDP and chlorine treatment at
genus. Conditions: input power 60 W; air flow rate 10 L/min; [chlorine]0 =1.0 mg/L.

than G− bacteria. This showed that the former had stronger
abilities to resist plasma due to its thicker peptidoglycan layer.
These explained the difference between culturable inactivation of bacteria (Fig. 2), VBNC bacterial reduction (Fig. 3) and
gene removal (Fig. 4), that was, the cell structure of S. aureus
was less damaged after ALDP treatment, whose membrane integrity was much greater than that of G− bacteria. As a result,
some bacteria did not lose their activity completely and increased the difficulty of ROS entering the cell, which affected
the degradation of i-DNA. In addition, chlorine damaged the
membrane of the four bacteria to the same extent as ALDP
treatment for 1.0 min indicating chlorination had weaker ability to destroy cell structure which brought poorer ability to kill
the bacteria compared with the latter.
In addition, in order to further prove the damage of membrane, the effect of ALDP on PG, the main component of cell,

was tested, too. E. coli was chosen as the research object as
Fig. 6 shows similar trends. The result was shown in Appendix A Fig. S2. Its concentration increased after 1.0 min of
ALDP treatment, indicating that the cell structure was damaged, which was consistent with the results in Fig. 6. After 3.0
min, the concentration of PG decreased indicating that continuous ALDP treatment could further fragment it. With solo
chlorination, low concentrations of PG were detected in the
samples. The results in Fig. 6 proved that the cell structure
was damaged by chlorine, but to a much lesser extent than
ALDP.
This
was
further
confirmed
by
others.
Zhu et al. (2019) found that when the active species acted
on bacteria, they oxidized and attacked biological macromolecules on the cell membrane, such as protein and fat,
resulting in changes in cell surface morphology and mem-
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Fig. 6 – Flow cytometry of (a) E. coli, (b) P. aerouginosa, (c) Salmonella sp. and (d) S. aureus after ALDP and chlorine treatment.
Conditions: input power 60 W; air flow rate 10 L/min; cell density 7 log CFU/mL; pH=7.00±0.20; [chlorine]0 =1.00 mg/L.

brane potential. The experimental results well explained the
reason why ALDP could further intensify the inactivation
effect on bacteria compared with chlorine, i.e. ALDP has a
stronger ability to destroy the cell structure, and was more
likely to cause the complete loss of cell viability and remove
the intracellular and extracellular ARGs.

2.5.

Involved reactive species for inactivation

When the plasma was triggered, electrons and various active
radicals were generated, such as H2 O2 , -NO3 , -NO2 and other
short-lived ROS (Dodd 2012; Kan et al., 2020; Rumbach et al.,
2015; Wang et al., 2019). In this study, DMPO, TEMP, and
DMSO + DMPO solutions were used as spin-trapping reagents
for EPR analysis of ·OH, 1 O2 and O2 − respectively. The result
was depicted in Fig. 7. The appearance of three typical peak
shapes proved that the plasma did produce three kinds of
short-lived radicals.

It was well known that cell membranes were inevitably
damaged after reaction with ROS, causing lipid peroxidation (Farmer et al., 2013; Sasaki et al., 2016), which were in
accordance with above results (Fig. 6). Xu et al. (2021) deduced that destruction of cell structure created an opportunity for plasma-generated free radicals to enter the cell
interior, at which point the bacterial contents leak, physiological dysfunction, and eventually apoptosis or necrosis.
Li et al. (2021) selected mannitol, L-his and superoxide dismutase (SOD) as the scavengers of ·OH, 1 O2 and O2 − , respectively, and verified that these three short-acting free radicals
played an important role in inactivating bacteria. This has also
been proven by other studies (Xu et al., 2020; Hu et al., 2021).
Zhang et al. (2020) found that ·OH and 1 O2 made major contributions to destroy the e-DNA structure. The ·OH induced damage to four deoxynucleotides and strand breaks, and 1 O2 enhanced the break of deoxyguanosine substantially. Similarly, it
was reported that the structural integrity and surface topography of DNA were damaged, and the base pairs in genome
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Table 1 – DBPs formed in samples from Furong Lake
with chlorination and ALDP treatments. Conditions: input power 60 W; air flow rate 10 L/min; [chlorine]0 =1.0
mg/L.
DBP species
Trichloromethane
Chlorates
Carbon tetrachloride
Dichloroacetic acid
Trichloroacetic acid
Bromodichloromethane
Dichloro(nitro)methane
Bis-chloromethyl

Chlorination
8.24 μg/L
?
?
?

ALDP
-

“-”, Below the detection limit; “?”, Suspected to exist.

Fig. 7 – Analysis on reactive species roles (a: EPR of ·OH; b:
EPR of O2 − ·; c: EPR of 1 O2 . Conditions: input power 60 W;
air flow rate 10 L/min; cell density 7 log CFU/mL;
pH=7.0±0.2.

were destroyed by ROS attacks (Alexander et al., 2016). Therefore, we could speculate that when the plasma accumulated
to a certain extent, it would cause serious damage to the cell
membrane, causing the bacteria to completely lose the ability
to survive. At the same time, ·OH, 1 O2 and O2 − may entered the
cell and further destroyed the genetic material, attacked the
leaked contents of cells and control the production of derived
pollutants.

2.6.

2.7.

Energy efficiency evaluation

Energy yield was a significant factor in evaluating the feasibility of practical application. The energy yield (G) for E. coli
inactivation was calculated as follows,
G=

log (E .col i )
pt

(2)

where P is the discharge plasma power, t is the treatment
time, and log(E. coli) is the removed amount of E. coli. Energy
yield of ALDP and those of other methods are summarized in
Appendix A Table S2. Compared with the ALDP, the ultraviolet irradiation, Photoelectrocatalytic oxidation, Photo-Fenton,
Ultraviolet/TiO2 had relatively weak ARB deactivation performance and low energy yield (Li et al., 2021). In summary, the
surface plasma treatment time was shorter, the ARB inactivation efficiency was higher, and the energy cost was more
economical.

DBPs formation

In chlorine or chloramine disinfection, substrates compete
with microorganisms for the disinfectants, which may reduce the disinfection efficiency and lead to the formation
of DBPs (Gunten et al., 2018). On the other hand, the disinfectant demand increased with the existence of persistent
waterborne bacteria, which also leads to an increase formation of DBPs (Park et al., 2016; Roux et al., 2017). Hundreds
of halogenated DBPs, such as aromatic halogenated DBPs,
had shown high levels of developmental toxicity, cytotoxicity, and growth inhibition (Liu et al., 2014; Wang et al., 2014;
Yang et al., 2013). Furthermore, Wang et al. (2021) reported
have shown that plasma can also significantly reduce the formation potential of Carbonaceous and nitrogenous DBPs in
the subsequent chlorination. Eight typical DBP species were
determined in this study to compare the ALDP and conventional chlorination with respect to the toxic DBPs formation
(Table 1). However, only Trichloromethane (TCM) was detected
as 8.24 μg/L. Bromodichloromethane, Dichloro(nitro)methane
and Bis-chloromethyl occurred suspiciously. The left four
species were below the limit of detection. These results indicated that ALDP could not only achieve comprehensive intensified inactivation of bacteria and reduce the risk of HGT, but
also reduced the formation of DBPs.

3.

Conclusion

In this study, the intensified inactivation of four model
pathogenic microorganisms and two mixed environment bacteria samples by ALDP was investigated, where the “intensified” meant the simultaneous elimination of bacterial cells
and their derived contaminants.
1. ALDP treatment performed high inactivation efficiency for
four model bacteria with an initial concentration of 10^7
CFU/mL, ALDP could remove all three G− bacteria and 5
logs of G+ bacteria (S. aureus), respectively. The inactivation efficiency of ALDP was 2.75±0.07 logs and 1.67±0.09
logs, respectively, for lake water samples and WWTP effluent. The removals of most samples were significantly
higher than those of conventional chlorine treatment.
2. ALDP significantly reduced the derivative microbial contaminants during disinfection. The residual VBNC bacteria after ALDP treatment was much lower than that after chlorination, that is, 2∼3 logs and 1.27 logs for G− and
G+ bacteria, respectively. The removal efficiency of i-DNA
in four model strains and tetC in PBR322 plasmid were 2
or even higher times higher than chlorination. In addi-
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tion, ALDP could destroy the stability of the community
structure of the actual sample and effectively remove the
chlorine-resistant bacteria.
3. The differences in the ALDP removal efficiencies on G− and
G+ bacteria were mainly determined by the content of peptidoglycan in the bacterial cell wall, which could be proved
by flow cytometry analysis and degradation of peptidoglycan monomers.
In general, ALDP could achieve intensified inactivation of
pathogenic bacteria and overcome the defects of conventional
chlorination disinfection, which would be a promising complementary or alternative disinfection method.
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