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Abstract
Wastewater treatment plants (WWTPs) have been implicated as direct key reservoir of both antibiotic-resistant bacteria 
(ARB) and antibiotic-resistant genes (ARGs) associated with human infection, as high concentrations of ARBs and ARGs 
have been detected in recycled hospital wastewater. Among the ARBs, the carbapenem-resistant Acinetobacter baumannii 
has been ranked as priority 1 (critical) pathogen by the World Health Organization (WHO), due to its overwhelming burden 
on public health. Therefore, this study is aimed at investigating non-thermal plasma (NTP) technology as an alternative 
disinfection step to inactivate this bacterium and its ARGs. Culture-based method and PCR were employed in confirming 
the carbapenem resistance gene blaNDM-1 in A. baumannii (BAA 1605). Suspension of carbapenem-resistant A. baumannii 
(24 h culture) was prepared from the confirmed isolate and subjected to plasma treatment at varying time intervals (3 min, 
6 min, 9 min, 12 min, and 15 min) in triplicates. The plasma-treated samples were evaluated for re-growth and the presence 
of the resistance gene. The treatment resulted in a 1.13 log reduction after 3 min and the highest log reduction of ≥ 8 after 
15 min, and the results also showed that NTP was able to inactivate the blaNDM-1 gene. The log reduction and gel image 
results suggest that plasma disinfection has a great potential to be an efficient tertiary treatment step for WWTPs.
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Introduction

Today, clinical isolates of Acinetobacter baumannii, resistant 
to carbapenems (last resort antibiotics), are being reported 
globally and have earned the term “red alert” human patho-
gen, among the medical fraternity (Howard et al. 2012; Dekic 

et al. 2019). The World Health Organization (WHO) even 
categorized A. baumannii, carbapenem-resistant as critical 
priority 1 class (World Health Organisation 2024; Soni et al. 
2022). A. baumannii is a gram-negative bacterium, that is, 
non-motile, pleomorphic, and strictly aerobic (Howard et al. 
2012; Viehman et al. 2014; Valencia-Martín et al. 2019; Raut 
et al. 2020; Shi et al. 2020). It is commonly associated with 
aquatic environments (Howard et al. 2012), but it is also noto-
rious for surviving desiccation and surviving for prolonged 
periods on all kinds of surfaces (dry and wet) (Fishbain and 
Peleg 2010; Viehman et al. 2014; Valencia-Martín et al. 
2019; Raut et al. 2020). This key feature facilitates its dis-
semination within the health care setting and it often leads to 
outbreaks (Fishbain and Peleg 2010; Viehman et al. 2014), 
which are rampant among immunocompromised individu-
als, especially patients and convalescing persons who have 
been in the hospital for a long time (> 90 days). Causing 
life-threatening infections such as respiratory tract infection, 
bacteremia, meningitis, urinary tract infections, and wound 
infection have limited options for treatment (Fishbain and 
Peleg 2010; Howard et al. 2012; Valencia-Martín et al. 2019; 
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Raut et al. 2020; Shi et al. 2020). These clinical manifesta-
tions often result in patients being admitted to the intensive 
care unit, having surgical procedures done on them, and 
being hospitalized for longer periods (Fishbain and Peleg 
2010). In critical cases, it eventually leads to the demise of 
suffering patients (Raut et al. 2020). A. baumannii has devel-
oped resistance to commonly used antibiotics during the last 
30 years (Dekic et al. 2019), accentuating its status amongst 
the most common and serious multi-drug resistant (MDR) 
bacteria, ESKAPE (Enterococcus faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas 
aeruginosa, and Enterobacter spp.). Its intrinsic resistance 
mechanisms, together with the acquisition of foreign deter-
minants, enable it to switch its genomic structure, quickly 
capturing resistance markers under antibacterial pressure 
(Howard et al. 2012).

Over the last decade, viable A. baumannii of clinical sig-
nificance has been reported in natural environments outside of 
hospital settings, being recovered in rivers, wastewater treat-
ment plants, untreated hospital wastewaters, and urban waste-
waters. There is, however, very little information about the 
environmental factors that influence the survival of A. bau-
mannii in waters from which it was found (Dekic et al. 2019). 
Most studies have investigated and observed the presence of 
carbapenem-resistant A. baumannii (CRAB) after secondary 
treatment in WWTPs (Pulami et al. 2023). One of the few 
studies that have investigated the effectiveness of disinfection 
have reported CRAB and the NDM-1 gene in the effluent of 
the WWTP after chlorine disinfection (Hrenović et al. 2016). 
This is because chlorination tends to have a selective effect 
on antibiotic-resistant genes (ARGs), decreasing abundance 
of genes (gene copies per mL of sample) while increasing 
the prevalence of the gene (gene copies per total bacteria) 
(Manaia et al. 2018; Chen et al. 2020b). The ARGs are even-
tually transferred and adapted into new bacteria, leading to 
the inception and genetic transformation across bacteria and 
the development of antibiotic resistance (Yuan et al. 2015; 
Sarangapani et al. 2019; Chen et al. 2020b; Jin et al. 2020).

The inability of WWTPs to inactivate antibiotic-resist-
ant bacteria (ARBs) and ARGs is not limited to chlorina-
tion; studies have proven that when either chlorination or 
UV irradiation or ozone oxidation is applied in WWTPs, 
they might destroy the bacteria by disintegrating its DNA 
or cellular structure. However, ARGs may still persist for 
a long time in the cell debris and in the environment, even-
tually resulting in bacteria developing antibiotic resist-
ance (Yuan et al. 2015; Sarangapani et al. 2019; Chen 
et al. 2020b; Jin et al. 2020). This recycled drinking water 
becomes a direct key reservoir of ARBs and ARGs associ-
ated with human infection (Ekwanzala et al. 2018), mak-
ing wastewater both a resource and a problem (Unuofin 
2020). One of the emerging and promising technology 
in the treatment of water and wastewater is the use of 

non-thermal plasma discharges. Non-thermal plasma has 
found great applications in the last two decades from fields 
such as medicine (plasma medicine), agriculture (plasma 
agriculture), semi-conductor, plasma etching, surface 
modification of different materials, and synthesis of nano-
particles amongst many others. Although its application in 
the inactivation of certain gram-negative and gram-posi-
tive bacteria has been explored in the last decades (Gwan-
zura et al. (2021)), there are very few studies that have 
explored cold plasma with regard to the deactivation of 
antibiotic-resistant bacteria and their genes. Therefore, this 
study is aimed at using non-thermal plasma (NTP), a type 
of advanced oxidation process (AOP), as an alternative 
tool for both water treatment and wastewater reclamation 
and reuse, as it is able to produce reactive oxygen spe-
cies (ROS) like the indiscriminate hydroxyl radical •OH, 
breaking down organic matter while inactivating ARBs 
and ARGs (Foster 2017; Chen et al. 2020c; Umar 2022). 
In particular, this study appraises the effectiveness of NTP 
on treating a saline suspension of planktonic typed strain, 
Acinetobacter baumannii ATCC BAA 1605, based on the 
concentration of its by-products, pH, and conductivity.

Materials and methods

Non‑thermal plasma reactor

A 250 mL capacity Schott bottle fitted with a designed 
air-tight machined polytetrafluoroethylene (PTFE) was set 
up as a batch reactor for the treatment of samples (Fig. 1). 
Other components associated with the experimental setup 
are copper electrodes and high-voltage cable. The PTFE, 
which sealed the rector, was machined to create an orifice, 
which was fitted with a hollow copper electrode with an 
outer diameter of 12.7 mm. One end of the hollow copper 
electrode had four copper prongs (30 mm × 3 mm) welded on 
to it. The hollow electrode was connected to a high voltage 
end of a high voltage direct current power supply designed 
and manufactured by Jeenel Technology Services (Pty) Ltd 
in South Africa. The power supply has a maximum capac-
ity of 40 kV and 15 mA. The ground electrode was a flat 
copper disk and had a gap of 50 mm between it and the cop-
per electrode (prongs). The gap between the surface of the 
solution and the prongs was 15 mm. To initiate the plasma 
discharge, the voltage was set at 23 kV, but it went down to 
10 kV after the initialization of the discharge, and current 
of 0.7 mA, sustaining a 7 W discharge power throughout 
the treatment. The insert at the bottom shows the discharge 
generated which is a streamer in nature. The white masking 
tape was wrapped around the hollow copper electrode to 
prevent arc formation at the neck of the reactor.



49813Environmental Science and Pollution Research (2024) 31:49811–49822	

Organism and reagents

The ATCC BAA 1605 type strain of A. baumannii adopted 
for this study was purchased from Laboratory Specialties 
PTY LTD Trading as Thermo Fisher Scientific in Randburg, 
South Africa. It was originally isolated in a Canadian hos-
pital from the sputum of a military returnee from Afghani-
stan and was characterized as multi-drug resistant (ATCC, 
USA). Imipenem antibiotic, Luria Bertani (LB) broth, and 
LB agar were purchased from Sigma Merck in South Africa. 
Nucleomag DNA/RNA water kit was procured from Sepa-
rations in Randburg, South Africa. Primers were delivered 
by Inqaba in Pretoria, South Africa. All reagents were of 
analytical grade.

Antibiotic screening and non‑thermal plasma

Antibiotic screening

The study confirmed the resistance of A. baumannii using 
culture methods (Rashmei et al. 2016). The bacteria were 
cultured in Luria Bertani (LB) broth and incubated under 
orbital conditions (160 rpm) at 37 °C for 24 h. Serial pas-
saging on LB agar plates supplemented with increasing con-
centrations of imipenem (2 µg/mL, 4 µg/mL, 8 µg/mL, and 
16 µg/mL) confirmed resistance (Ebomah and Okoh 2020; 
Reinke et al. 2020), particularly when growth occurred at 
16 µg/mL imipenem. Isolates thriving under these condi-
tions were identified as the standard carbapenem-resistant 
bacterial strain (CRBS) for subsequent inactivation experi-
ments in the study.

Colony count and non‑thermal plasma treatment 
of Acinetobacter baumannii

The standard A. baumannii (1 mL) was inoculated into nutrient 
broth (2 L) and prepared according to manufacturer’s instruc-
tions. The standard was incubated at 37 °C for 24 h (aerobically 
at 160 rpm). After incubation, the solution was centrifuged at 
4500 rpm for 5 min to retrieve the bacteria pellets. The pellets 
were then washed twice with physiological saline solution and 
centrifuged at 4500 rpm for 5 min after each wash. Thereafter, 
the pellets were resuspended in 2 L physiological saline solu-
tion. The solution (1 mL) was plated on LB agar plates con-
taining 16 µg/mL imipenem antibiotic and incubated at 37 °C 
for 48 h. The colonies were counted which gave an average 
plate count of 5.5 × 109 CFU/mL before plasma treatment. 
The volume of treated water samples was 50 mL per treatment 
time. The plasma treatment was done for different durations 
in a range of 3, 6, 9, 12, and 15 min (Rashmei et al. 2016) in 
triplicate. After plasma treatment, the samples were plated on 
LB agar plates containing 16 µg/mL imipenem antibiotic, and 
incubated at 37 °C for 48 h. After incubation, the colony-form-
ing units (per mL) were determined and used for log reduction 
calculations (Reinke et al. 2020). Copper is known to have 
antimicrobial properties (Benhalima et al. 2019; Ortega-Nieto 
et al. 2023); therefore, in order to check if it assisted the plasma 
discharge, the bacterial suspensions were exposed to a copper 
electrode, without electric discharge for 15 min.

Physiochemical and structural characterization

The Black Comet C-25 Spectrometer (StellarNet, Inc) was 
used to investigate the discharge characteristics and the 

Fig. 1   The non-thermal plasma 
batch reactor setup used for 
treatment Hollow copper 

electrode

Copper prongs

Ground copper 
electrode

Plasma 
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High voltage
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Bacterial 
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formation of the chemical species. The H
2
O

2
 and nitrite/nitrate 

ions gave absorbances at < 350 nm, but they are usually not 
obvious on the optical emission spectra. In order to obtain 
more accurate results (Zhang et al. 2021), the Lovibond® 
SpectroDirect single-beam spectrophotometer for water test-
ing (Tintometer Group, Germany) was used to determine the 
concentration of ( H

2
O

2
 ), ( NO−

2
 ), and ( NO−

3
 ) after treating the 

bacterial suspensions with CAP for 3, 9, and 15 min. Different 
reagents were reacted with constant volume (10 mL) of the 
bacterial suspensions, for measurements of H

2
O

2
 and NO−

2
 , 

while only 0.5 mL of the bacterial suspensions was used for 
measurements of NO−

3
 . For H

2
O

2
 measurements, titanium tet-

rachloride reagent was used, whereas for NO−

2
 and NO−

3
 meas-

urements, N-(1-Naphthyl)-ethylenediamine and 2,6-dimeth-
ylphenole reagents were used, respectively. Moreover, the 
reaction time and spectrophotometric reading related to the 
observed species were carried out according to the manu-
facturer’s manual (GmbH 2021). The PL-700AL pH meter 
was used to determine the pH, and the WTW Cond 3310 was 
used to determine the conductivity of the bacterial suspension 
before the plasma treatment and after 3, 6, 9, 12, and 15 min 
of the plasma treatment.

Scanning electron microscopic (SEM) analysis

The bacterial suspensions (before NTP and 15 min after 
respective treatments) were centrifuged for 5  min at 
4500 rpm, the supernatant was discarded, and the pelleted 
cells were retrieved. Phosphate washing buffer was used 
to wash serum/media away for 15 min, the buffer was then 
removed by centrifuging, and the cells were retrieved; 
afterward, 2.5% of glutaraldehyde/formaldehyde solution 
was added and fixed for 1–24 h. The fixative solution was 
removed, the pellets were washed with phosphate washing 
buffer 3 times (15 min for each wash), and the buffer was 
removed. Then, 1% of osmium tetroxide (OsO4) solution 
and post-fixing was done for 1 h. OsO4 fixative solution was 
removed in the fume cupboard, and the first buffer wash was 
added in the fume cupboard. Washing was done with phos-
phate washing buffer 3 times (15 min for each wash), and 
the buffer was removed. A graded series of ethanol (30%, 
50%, 70%, 90%, and 3X 100%) for 15 min each was used to 
dehydrated the pellets. The pellets were left in the last 100% 
ethanol for 30 min. A 50:50 mixture of HMDS and 100% 
ethanol was added and left for 1 h (sample was covered). 
The ethanol: HMDS mixture was removed, and HMDS was 

added and left for 1 h (sample was covered). HMDS was 
removed and fresh one was added; the container was left 
open for samples to dry. The samples were mounted onto 
aluminum stubs and coated with carbon and then examined 
in the SEM (Zeiss Gemini Ultra Plus FEG-SEM (field emis-
sion gun – scanning electron microscope) with BS, energy 
dispersive spectroscopy (EDS), and electron backscatter 
diffraction (EBSD) detectors).

Molecular analysis

DNA was extracted from the bacterial suspension before and 
after NTP treatment using the kit according to Nucleomag’s 
instructions. The extracted DNA was used as template DNA 
for the PCR assay to confirm the presence of blaNDM-1 gene 
in A. baumannii. The primer used in this study can be found 
in Table 1.

The PCR mixture contained 5 µL of PCR master mix 
with chosen 0.5 µL of forward primer, 0.5 µL of reverse 
primer, 2.5 µL of template DNA, and 1.5 µL of milli-q 
water to make up a reaction volume of 10 µL. The PCR 
conditions for blaNDM-1 were initial denaturation at 95 °C 
for 3 min, followed by 30 cycles for 1 min at 95 °C, anneal-
ing at 55 °C for 1 min, and extension at 72 °C for 1 min 
30 s, with a final extension at 72 °C for 10 min. The BIO 
RAD T100 Thermal cycler was used. The PCR products 
were stained with ethidium bromide (Anand et al. 2015; 
Odjadjare and Olaniran 2015) and observed using electro-
phoresis in 1% agarose gel (Querci et al. 2020). According 
to Lee et al. (2012), the most efficient method of separat-
ing DNA fragments is agarose gel electrophoresis and the 
addition of ethidium bromide allows fluorescence of DNA 
under UV light. The BIO RAD PowerPac basic with Mini 
Sub Cell GT was used for electrophoresis. The presence or 
absence of the genes on the gel images gave an indication 
of the ability of plasma treatment to inactivate resistance 
genes (Anand et al. 2015).

Results and discussion

Physicochemical properties of plasma discharge

NTP produces reactive nitrogen species (RNS) such as 
nitrites (NO2

−) and nitrate (NO3
−) (Sanito et  al. 2022; 

Sreedevi and Suresh 2023; Zhang et al. 2023) and reactive 
oxygen species (ROS) such hydroxyl (OH) and hydrogen 

Table 1   Primer used in this study

Name Forward primer (5′–3′) Reverse primer (5′–3′) Size (bp) Reference

blaNDM-1 GGT​GCA​TGC​CCG​GTG​AAA​TC ATG​CTG​GCC​TTG​GGG​AAC​GS 660 (Anand et al. 2015)
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peroxide (H2O2) (Sreedevi and Suresh 2023; Sanito et al. 
2022) in both the adjoining gaseous and liquid mediums 
(Sreedevi and Suresh 2023). The ROS and RNS play an 
important role in the inactivation of bacteria (Domonkos 
et al. 2021; Das et al. 2022). Figure 2 indicates that the NTP 
reactor generated a streamer discharge that mainly consisted 
of ROS and RNS, such as NO line (239.5 nm), O+ lines 
(435.5 nm and 464.5 nm), OH lines (307.5 nm, 309 nm), N2 
lines (316 nm, 337 nm, and 404 nm), N+ lines (344.5 nm 
and 394.5 nm), and O line (777.5 nm). The oxygen (O2) 
and nitrogen (N2) present in the atmospheric air individu-
ally undergo electron impact ionization reactions, resulting 
in electrons and positive ions (O2

+ and N2
+) that separate 

and eventually enable streamer propagation which resulted 
in the formation of NO, O+, N+, and O in the gas phase 
(Nijdam et al. 2020). In wet air or in liquids, the •OH, H2O2, 
and ozone (O3) are formed. The nitrogen oxides (NO) dis-
solve in water forming nitrite ions and nitrate ions (Zhang 
et al. 2023). Among ROS, •OH has the highest oxidation 
potential, the most reactive, and is considered to play an 
important role in NTP bacterial treatment (Beber de Souza 
et al. 2015; Magureanu et al. 2021; Zhang et al. 2023). The 
strong oxidation potential (2.8 V) of the •OH is higher than 
the conventional disinfectants, chlorine (1.36 V), and ozone 
(2.07 V), and it can damage DNA (Foster 2017; Sharma 
et al. 2019; Rekhate and Srivastava 2020; Magureanu et al. 
2021; Azuma et al. 2022). The •OH radical has diverse 
impact on normal protein structure which is one of the pri-
mary targets in bacteria during disinfection, including oxi-
dation of amino acids and modification of sulfur groups, 
causing irreversible damage to cells and inactivation of ARB 
and ARGs (Chen et al. 2020c; Sreedevi and Suresh 2023).

Treatment time resulted in an increase of both concen-
trations of nitrates ( NO−

3
 ) and nitrites ( NO−

2
 ). The highest 

concentration for both species was observed at 15 min, the 
concentrations were 6 ± 0.3 mg/L and 1.55 ± 0.078 mg/L 
for NO−

3
 (Fig. 3a) and NO−

2
 (Fig. 3b), respectively. This 

correlated with a study that showed an increase in the con-
centration of nitrates and nitrites with time, although they 
attained a concentration of 41.41 mg/L and 5.27 mg/L of 
NO

−

3
 and NO−

2
 , respectively, after the same treatment time. 

Their reactor configuration was a dielectric barrier discharge 
with deionized water (Pandey et al. 2023). Nitrites tend to be 
oxidized to nitrates (Picetti et al 2022), which explains why 
nitrates were higher than nitrites in this study.

A concentration of 0.065 mg/L hydrogen peroxide ( H
2
O

2
 ) 

was only observed after 15 min of plasma treatment (Fig. 3c). A 
study resulted in nil production of H

2
O

2
 after plasma treatment 

(Pandey et al. 2023), while in another study, H
2
O

2
 was observed 

immediately after treatment, but the concentration decreased 
with the time of incubation (Sreedevi and Suresh 2023). H

2
O

2
 

usually increases quadratically or linearly with plasma treat-
ment time, but the cells in the medium uptake it with incubation 
time (Pandey et al. 2023; Sreedevi and Suresh 2023).

The ( H
2
O

2
 ), ( NO−

2
 ), and ( NO−

3
 ) have a relatively long life-

time and can react to secondary products post-discharge. The 
post-discharge reactions between the by-products occurring 
in plasma-activated water (PAW) can result in the genera-
tion of peroxynitrous (HNO3)/peroxynitrite (ONOO−) acid, 
which significantly participates in the antibacterial activ-
ity of PAW. The long-lived reactive species result (Rezaei 
et al. 2019; Tsoukou et al. 2020) in continued inactivation 
of cells in water and microbial cells being killed by contact 
with water that had first been activated by discharges without 
being subjected to the plasma plume (Naïtali et al. 2010). 
The long-term, post-plasma effect is mainly caused by the 
reaction between H2O2 and ozone during the peroxone pro-
cess that forms •OH (Magureanu et al. 2021).

The pH was 7.07 before treatment, and it went down to 
3.76 after 15 min of plasma treatment (Fig. 3d). The drop 
in pH is similar to other studies which also achieved pH of 
3.78 and 3.85, respectively, both at 15 min plasma treatment 
time (Pandey et al. 2023). The nitrates and nitrites led to the 
formation of HNO3, which resulted in the reduction of pH 

Fig. 2   Optical emission spectra 
from hydroxyl radical OH spe-
cies in non-thermal plasma dur-
ing treatment of A. baumannii 
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in this study. The low pH keeps the oxidizing potential of 
ozone at 2.08 V which can decrease to 1.4 V under alkaline 
conditions (Zeghioud et al. 2020). The production of hydro-
gen radicals also increases under acidic conditions, which 
then react with H2O2 and H2O to produce more •OH. An 
acid pH range of 3–4 is said to be conducive for production 
of •OH (Magureanu et al. 2021) and results in the increase 
in cell membrane permeability, enabling easy penetration 
of reactive molecules through the cell walls (Zhang et al. 
2023).

The conductivity was 11.5 mS/cm before treatment, and 
it increased to 12.24 mS/cm after 15 min of plasma treat-
ment (Fig. 3e). The ROS and RNS produced during NTP 
treatment result in varying conductivity of the water (Pan-
dey et al. 2023). In one study, the conductivity fluctuated 
between 2.57 mS/cm and 3.31 mS/cm over 30 min of NTP 
treatment (Liew et al. 2023), and in another study, the con-
ductivity increased from 1 to 123 µS/cm over 15 min treat-
ment time (Pandey et al. 2023). Although the conductivity 
in this study increased with reaction time, it still remained 

fairly low as compared to the initial conductivity. This may 
be because a low conductivity favors the production of O3 
and H2O2 which contribute to the destruction of the pollut-
ants (Jiang et al. 2014; Zeghioud et al. 2020). The increment 
is said to be an indication of a loss in cell membrane integ-
rity of bacteria (Wang et al. 2022).

Inactivation of ARBs and ARGs

Evaluation of re‑growth

The log reductions increased with treatment time, and the 
highest log reduction of 9.74 ± 0.49 (close to 100% reduc-
tion) was observed after 15 min of treatment (Table 2 and 
Fig. 4). This indicated that NTP resulted in reduction of 
CRAB with time, proving that NTP be a better alternative 
disinfection step. Copper on its own resulted in the low-
est log reduction (0.40) of A. baumannii, perhaps due to 
the solid elemental state employed. A study has shown that 
copper in salt form results in the greatest antimicrobial 
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Fig. 3   a–e Concentration of a nitrates, b nitrites, and c hydrogen peroxide during non-thermal plasma treatment of A. baumannii. d pH and e 
conductivity readings of A. baumannii bacterial suspension during non-thermal plasma treatment

Table 2   Percentage reductions 
of A. baumannii (BAA 1605) 
after non-thermal plasma 
treatment

NB: ≤ 100 implies that theoretical reduction was 100%; however, the presence of culturable colonies practi-
cally negates occurrence of 100% reduction

Control (0 min) Copper 3 min 6 min 9 min 12 min 15 min

CFU/mL 5.5 × 109 2.2 × 109 4.1 × 108 5.25 × 107 3.65 × 105 1.4 × 103 1
Log reduction 0 0.4 1.13 2.02 4.18 6.6 9.74
% reduction 0 60 92.5 99.04 99.993  ≤ 100  ≤ 100
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effectiveness for all the bacteria that were tested (Benhal-
ima et al. 2019), which might be due to its ability to ion-
ize to Cu2+ which makes it very toxic and reactive; hence, 
soluble copper catalyzes the formation of ROS, like H2O2, 
responsible for lipid peroxidation and DNA/RNA damage. 
It disrupts the binding of sulfur or iron to their respective 
enzymes, resulting in poor protein metallization and inacti-
vation of the bacteria (Salah et al. 2021; Virieux-Petit et al. 
2022). Moreover, it is observed that Cu2+ could facilitate the 
destruction of bacterial membrane, double-stranded DNA, 
and single-stranded RNA through copper-catalyzed Fenton-
like reactions produced by the reactions of Cu2+/H2O2 (Li 
et al. 2021). The copper electrode used in this study did not 
have a significant effect on the reduction of A. baumannii, 
and it was solely the plasma discharge that resulted in the 
log reductions.

Evaluation of cellular disintegration

The cells of A. baumannii cells appeared smooth and coc-
cobacilli before NTP treatment, further confirming retention 
of its cellular structure (Fig. 5) (Jamiu and Okesola 2023).

However, after 15 min NTP treatment, the surface of A. 
baumannii cells had undergone significant changes (Fig. 6). 
The A. baumannii cells were destroyed and lost their charac-
teristic coccobacilli morphology or rod shape as compared 
to their normal cell structure before NTP treatment. This 
further demonstrates that NTP interaction with the cell 
membrane causes it to rupture, expelling its intracellular 
components. Ultimately, this leads to cell death, preventing 
the growth of A. baumannii and exposing its ARGs to direct 
NTP attenuation (Zhang et al. 2023). This phenomenon 
could be attributed to the accumulation of the ROS and RNS 
free radicals on the cell membrane (Mazandarani et al. 2022; 
Zhang et al. 2023), exceeding the tensile strength of the cell 
membrane, rupturing the cell membrane, and eventually 

inactivating the bacteria (Zhang et al. 2023). Ultimately, 
the authors presume that the disintegration of the cellular 
membrane might be achieved through either or both of two 
phenomena: lipid peroxidation and electroporation. During 
lipid peroxidation, plasma-generated reactive radicals (espe-
cially OH groups) detach the polar head moieties and fatty 
acid tails of phosphatidyl choline residues that make up the 
lipid bilayer of the cell plasma membranes. This results in 
crosslinks between adjacent fatty acid tails, which allows 
unrestrained influx of radicals and water molecules, thereby 
causing membrane lesions and pore formation. Conversely, 
electric fields generated by plasma could increase transmem-
brane potential, which initiates lipid bilayer breakdown and 
membrane pore creation. The pores might be recoverable or 
might become irrecoverable in cases of increased electric 
field and time, leading to necrosis and cell rupture (Sreedevi 
and Suresh 2023). The fact that A. baumannii is a gram-
negative bacterium also made it easy for NTP to destroy its 
membrane as it is easier for NTP to inhibit gram-negative 
bacteria than gram-positive bacteria (Yan et al. 2021; Zhang 
et al. 2023). This is because gram-negative bacteria have a 
thinner peptidoglycan layer and an outer membrane with 
components such as lipopolysaccharide (LPS) and proteins 
which are sensitive to ROS (Zhang et al. 2023).

Copper is capable of forming ions (Cu+ and Cu2+), which 
damage the membrane and infiltrate the cell and induce oxi-
dative stress response involving endogenous ROS. However, 
the A. baumannii cells in this study were not distorted by 
copper treatment, maintaining their coccobacilli or rod shape 
throughout the treatment (Fig. 7). This might be because 
the copper employed in the study was not in ionic form, 
or because the outer membrane of gram-negative bacteria 
makes them less susceptible to antibacterial agents (Salah 
et al. 2021). A study compared SEM images of (E. coli) 
gram-negative and (Staphylococcus aureus) gram-positive 
cell after plasma treatment, the destruction was more visible 

lo
g 

R
ed

uc
tio

n

Time (min)

Fig. 4   Log reduction of A. baumannii (BAA 1605) after non-ther-
mal plasma treatment. Where log reduction = log10 (initial CFU/final 
CFU)

Fig. 5   SEM image of A. baumannii before non-thermal plasma treat-
ment
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Fig. 6   SEM images of A. baumannii after 15 min of non-thermal plasma treatment

Fig. 7   Scanning electron microscopic images of A. baumannii after copper treatment
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on the E. coli cells as there was cell breakage effects on the 
E. coli cells and only shrinkage and irregular shape on the 
S. aureus cells (Han et al. 2016).

Detection of resistance gene (blaNDM‑1) attenuation

According to Bradford et al. (2005), the concentration of the 
present DNA is indicated by the fluorescence of the bands. 
Therefore, dull bands have a lower concentration of DNA 
as compared to the bands that are brighter. The band size 
of our blaNDM-1 was evaluated to be 230 bp, and its bright-
ness decreased with time, illustrating that the genes were 
inactivated with time (Fig. 8). Although the genes were not 
completely inactivated after 15 min, the progression in time 
showed a considerable reduction in blaNDM-1, which we pre-
sume might be totally eliminated with increased time and/
or electric field. Interestingly, our results are indeed remark-
able, when compared with a study that employed plasma-
generated Fenton-oriented reactions (Cu2+/H2O2 and Fe2+/
H2O2) and recorded measurable gene copies of blaTEM-1 after 
10 min, despite achieving enhanced ARG inactivation by 
Cu2+ and Fe2+ (Li et al. 2021). Chlorination achieved a max-
imum reduction of 100% (Mao et al. 2015), UV achieved a 
maximum reduction of 99% (Chen et al. 2020a), and ozone 
achieved a maximum of 98.1% (Jäger et al. 2018) of ARGs. 
But these came at a cost to the environment as chlorine 
forms harmful by-products, such as halo-organics (Luuk-
konen et al. 2014; Anthony et al. 2020) and ozone forms 
bromate (Luukkonen et al. 2014; Anthony et al. 2020), as 
concentrations of the disinfectants used were impractical and 
much higher than those currently used in WWTPs (Zhang 
et al. 2017; Wallmann et al. 2021; Umar 2022). The good 
thing about NTP is even with an increase in reaction time, no 
harmful chemicals are used. The grounded electrode surface 
or diameter can also be increased at fixed discharge gap in 
order to optimize the area of plasma discharge. Oxygen-
containing feeding gas can also be used, instead of air and 

argon, and the least removal occurs in nitrogen-containing 
feed gas as it has been widely demonstrated to result in the 
fastest degradation of contaminants degradation. This is 
because oxygen-containing gas has been widely demon-
strated to result in the fastest degradation of contaminants 
as it induces the production of O-based active species and 
O3 that boosts the production of •OH (Jiang et al. 2014; 
Magureanu et al. 2021).

Conclusions

The 15-min treatment demonstrated the most pronounced 
impact on A. baumannii reduction, coinciding with a dimin-
ishing intensity of the resistance gene in A. baumannii over 
time. This observation, coupled with the log reductions, sub-
stantiates the temporal efficacy of NTP in completely eradi-
cating both ARBs and ARGs. The mechanism underlying 
this effectiveness is attributed to the increasing presence of 
•OH and long-lived species ( H

2
O

2
 , NO−

2
 , and NO−

3
 ), which 

exhibit a time-dependent augmentation. These species facili-
tate the generation of more •OH and participate in post-dis-
charge reactions, significantly contributing to the antibacte-
rial activity of plasma-activated water (PAW). Concurrently, 
they contribute to pH reduction to levels conducive for bac-
terial destruction, while the expected low conductivity is 
maintained. Interestingly, SEM results validate the theory 
that CAP disrupts the tensile strength of the cell membrane, 
inducing rupture and consequent cell death, thereby prevent-
ing bacterial growth, including the presumed preservation 
of ARGs. The study excludes the antimicrobial contribution 
of copper, emphasizing the sole attribution of log reductions 
to NTP, as corroborated by SEM findings. These collec-
tive results underscore the promising potential of plasma 
treatment as an efficient disinfection step for wastewater. 
However, it is advisable to extend the treatment duration as 
well as increase electric field supply for ARGs, given that 
the observed inactivation of ARBs may not correspond to 
the inactivation of ARGs. This recommendation aligns with 
the pursuit of conclusive gene elimination outcomes.

With regard to the potential of this technology, the 
development of continuous flow dielectric barrier dis-
charge and corona discharge reactors provides a great 
opportunity for scale-up. For example, in the work of Nai-
cker et al. (2023), the authors investigated the potential 
of the non-thermal plasma in the treatment of effluent in 
the tertiary stage of the wastewater treatment plant and 
the cost with retrofitting the technology to other existing 
ones towards the improvement of the quality of the effluent 
that is discharged into the river. Moreover, the review by 
Mosaka et al. (2023) also highlighted the importance of 
the non-thermal plasma technology and the challenges that 
still needs to be overcome in its large-scale applicability. 

L 1 2 3 4 5           6          7           8 

1000bp

500bp

300bp

100 bp

Fig. 8   Effect of periodic non-thermal plasma treatment on the carbap-
enem-resistant gene of A. baumannii. L: DNA ladder, 1: + ve control, 
2: copper control, 3: 3 min, 4: 6 min, 5: 9 min, 6: 12 min, 7: 15 min, 
and 8: -ve control
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Overall, this technology demonstrates a great potential for 
the deactivation of the antibiotic-resistant bacteria and 
their genes in a batch reactor, while the reactor design for 
implementation for scale-up is being considered from the 
perspective of the treatment of hospital wastewater.
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