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Abstract
Ensuring food safety measures are essential to minimize the risk of foodborne diseases linked to raw food products. Here, 
we investigated the efficacy of an innovative approach for the control of Salmonella Typhimurium found in fresh produces. 
Plasma activated water (PAW) and bacteriophages are emerging effective and valuable alternative methods for microbiologi-
cal decontamination. The efficacy of PAW and a lytic bacteriophage  (109 PFU/mL), both separately and sequentially, against 
S. Typhimurium in fresh produce was investigated. S. Typhimurium  (105–107 CFU/g) were inoculated on lettuce leaves and 
treated with PAW, S. Typhimurium phage SK-T2 or their combination. PAW or bacteriophage inactivated S. Typhimurium, on 
lettuce leaves at different initial populations, by 2.90–3.46 or 1.45–3.25 log CFU/g, respectively. After sequential treatments 
of PAW and bacteriophage, S. Typhimurium populations, initially applied at ~  105 CFU/g reduced by 4.47 log CFU/g, but 
when the order of application was changed (i.e., bacteriophage followed by PAW), the combination synergistically decreased 
the Salmonella numbers below the detection limit of the method used for the enumeration (i.e., <  101 CFU/g). At the high-
level inoculum (~ 7 log CFU/g), consecutive treatments of PAW and phage decreased the S. Typhimurium population by 
3.28 log CFU/g, and a reduction of 6.20 log CFU/g was achieved after reversing the order of treatment. Regardless of the 
bacterial inoculum level, sequential applications of bacteriophage and PAW resulted in a higher level of inactivation. This 
study proved that the bacteriophage–PAW combination constitutes a promising alternative approach to the conventional 
washing process in fresh produce wash waters in the food industry.
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Introduction

The increase in the demand for fresh-cut food produce reflects 
changing consumer preferences and the growing emphasis on 
convenience and health-conscious eating habits in modern 
societies. Accordingly, the rise in foodborne outbreaks from 
raw produce is a concerning trend and has raised awareness 
of the cruciality of food safety and proper handling of fresh 
vegetables and fruits. Fresh or freshly cut fruit and vegetables 
can be potential carriers of foodborne microorganisms due 
to their high nutrient and water content (Han et al., 2022; 
Pan et al., 2019), as well as their exposure to contaminants 

such as sewage water during the production process (Luna-
Guevara et al., 2019). Salmonella contamination through food 
usually originates from poultry and poultry products (Evran 
et al., 2022; Williams et al., 2020). However, in addition to 
Listeria monocytogenes, Shiga toxin-producing Escherichia 
coli and Salmonella contamination and diseases are also 
known to arise from fresh fruits and vegetables (Shang et al., 
2023; Bartz et al., 2017; Bennett et al., 2015, 2018; Hou et al., 
2021)). Addressing food safety issues related to fresh or mini-
mally processed produces is essential, but consumer concerns, 
energy consumption, and toxicity risks also need to be care-
fully considered. Today, the most common method used to 
decontaminate pathogenic microorganisms in fresh produce 
is washing the produce with chlorine-based disinfectants such 
as chlorine gas, sodium hypochlorite, chlorine dioxide, and 
calcium hypochlorite. These chlorine-based disinfectants 
can reduce the microbial load on the product by approxi-
mately 1–2 logs, in which case the intended decontamination 
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effect is not achieved (Gragg & Brashears, 2010; Vengarai  
Jagannathan et al., 2021). It is known that the use of chemical 
disinfectants at high concentrations raises significant concerns 
about the possibilities of by-product formation and its effects 
on health and the environment. (Gil et al., 2009; Patange et al., 
2019; Van Haute et al., 2013). In addition, many pathogens 
have become resistant to traditional sanitizing agents such as 
quaternary ammonium compounds and chlorine, which are 
used to ensure the microbial safety of products and provide 
a more stable and long shelf life (Verraes et al., 2013). New 
residue-free chemical intervention technologies with effec-
tive antimicrobial activity are essential to ensure microbial 
safety without undesirable impacts on organoleptic properties 
of fresh products.

Recently, cold plasma gained attention because of its 
application as a new novel non-thermal technology in the 
food industry. Plasma is known as the fourth state of matter 
and is a partially ionized gas composed of reactive chemical 
and physical species such as UV, electrons, ions, and free 
radicals (Han et al., 2022; Pankaj & Keener, 2017). Gas 
molecules excited by electrical discharges are used to create 
plasma. Exposure of water or its surface to cold plasma dis-
charge results in the transfer of reactive plasma species to the 
water environment. This process brings about changes in the 
properties and chemistry of water, leading to the formation 
of PAW (Shah et al., 2023; Thirumdas et al., 2018). Parti-
cles generated by plasma meet water molecules resulting in 
different types of reagents that exhibit important biological 
activities in biomedical and agricultural applications. Vari-
ous chemical reactions that may occur lead to acidification 
of water with the emergence of reactive oxygen and nitrogen 
species (RONS) during the formation of PAW (Shah et al., 
2023; Thirumdas et al., 2018). PAW generates reactive spe-
cies, including short-lived species like superoxide, singlet 
oxygen, hydroxyl radical, nitric oxide, peroxynitrite, and 
peroxynitric and long-lived species such as nitrate, nitrite, 
ozone, and hydrogen peroxide. The composition and amount 
of reactive species present in PAW are influenced by produc-
tion techniques, including input voltage, plasma activation, 
storage duration, and the source of water (Han et al., 2022; 
Lim et al., 2021; Lin et al., 2019; Liu et al., 2020; Ma et al., 
2016; Risa Vaka et al., 2019). 

In addition to biomedical applications, PAW has been 
widely investigated in the food and agricultural industry 
(Kaushik et al., 2019; Shah et al., 2023). There are several 
studies showing that PAW can be used to eliminate both 
pathogenic and spoilage microorganisms in food products 
such as mushrooms (Agun et al., 2021; Hou et al., 2021), 
strawberries (Hou et al., 2021; Misra et al., 2014), bean 
sprouts (Hou et al., 2021; Xiang et al., 2018), Korean rice 
cake (Han et al., 2020; Hou et al., 2021), eggs (Hou et al., 
2021; Lin et al., 2019), and cabbage (Choi et al., 2019; 
Hou et al., 2021). PAW was found to be effective against 

Salmonella Typhimurium (Shah et  al., 2023), Listeria 
monocytogenes and E. coli O157:H7 (Han et al., 2020), 
methicillin-resistant and susceptible Staphylococcus aureus 
(Han et al., 2020; Shah et al., 2023; Wang et al., 2021), and 
natural microbiota in fresh beef (Shah et al., 2023; Zhao 
et al., 2020). Previous studies have represented that PAW is 
a promising approach in decontaminating produce without 
causing unwanted defects (Cong et al., 2022; Gavahian et al., 
2020; Guo et al., 2017; Han et al., 2022; Lim et al., 2021; 
Ma et al., 2015; Zhao et al., 2019).

Different non-thermal methods have been studied in 
combination with PAW to improve its decontamination effi-
ciency in the food industry. While the synergistic interaction 
of PAW with mild heat (Choi et al., 2019; Han et al., 2022), 
blanching (Han et al., 2022; Muhammad et al., 2019), and 
ultrasound (Han et al., 2022; Zhao et al., 2021) has been 
studied, no study has yet been conducted to examine its 
effect in combination with bacteriophages.

Bacteriophages, commonly referred to as phages, are viral 
entities that specifically target prokaryotic cells (Choińska-
Pulit et al., 2015). Phages are characterized as entities with 
remarkable efficacy in targeting the most common bacterial 
species in our ecosystem. Their estimated abundance ranges 
from  1030 to  1032, exceeding their host bacterial counterparts 
tenfold (Marcó et al., 2012). Following their discovery, it has 
been investigated in various laboratory and clinical trials that 
phages may be an alternative strategy in combating bacte-
rial infections. Although their importance declined with the 
advent of antibiotics, especially in Western medicine, recent 
years have witnessed a resurgence in their importance due 
to the greatly increasing problem of antibiotic resistance 
(Chanishvili, 2012; Gordillo Altamirano & Barr, 2019). 
Apart from their application in human phage therapy, phages 
find usage in different sectors, including food production, 
agriculture, and veterinary medicine. Their role extends to 
enhancing food safety through applications such as reduc-
ing microbial populations in livestock, managing microbial 
loads during food processing, ensuring the sanitation of 
surfaces and equipment that interact with food, and pro-
tecting end products against contamination during storage  
(Sillankorva et al., 2012). In the literature, the effectiveness 
of phages against Salmonella spp. has been studied in many 
foods ranging from milk to cheese, ready-to-eat foods, and 
meat products (Guo et al., 2021; Islam et al., 2019; Modi 
et al., 2001; Phongtang et al., 2019; Zinno et al., 2014). 
Phages can be safely applied on fresh foods in a wide range 
of doses. For example, there is a commercial phage prepara-
tion called Listex™ P100, approved by the FDA, which con-
tains  1011 PFU phage per ml and can be used against Listeria 
spp. in foods (BIOHAZ, 2016). Similarly, in another study 
using high titers of Salmonella spp. phages, it was found that 
there was no adverse change in the sensory properties of the 
food groups tested, including lettuce (Guo et al., 2021). All 
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these suggest that phages have a significant potential for the 
use as biocontrol agents in fresh foods.

The aim of this study was to evaluate the synergistic 
effect of two innovative non-thermal methods and to dem-
onstrate their applicability in fresh foods. For this purpose, 
PAW and phage were used both separately and sequentially 
in the present study to assess the inhibition effect on Salmo-
nella. Salmonella Typhimurium were inoculated onto let-
tuce leaves at two different initial concentrations and then 
counted when PAW and phage treatments were applied both 
separately and sequentially. It is believed that this gap in the 
literature will be addressed, as there is no study examining 
the combined or sequential use of these two known effective 
sanitation methods.

Materials and Methods

Bacterial Strains, Bacteriophage, and Growth Media

Salmonella Typhimurium ATCC BAA-190 (S. Typhimu-
rium) was previously used in a study by (Soykut et al., 
2019) and kindly obtained from Prof. Dr. Sami Fattouch. 
The S. Typhimurium phage SK-T2 used in the present 
study was isolated and characterized in a previous study 
(Evran et al., 2022).

Agar and Tryptic Soy Broth used for preparation of bac-
terial and bacteriophage stocks were obtained from Merck 
(Merck Millipore Corporation, Darmstadt, Germany). Glyc-
erol (Merck Millipore Corporation) at 50% (v/v) was used to 
prepare the stocks of bacteria and phages and all stocks were 
stored at − 18 °C during the study. Tryptic Soy Broth (Merck 
Millipore Corporation), soft agar (0.6%), and agar (1.5%) 
were used for phage titer. DNase and RNase (Sigma-Aldrich, 
St. Louis, MO) were used for phage purification (Tayyar-
can et al., 2022). Concentrated phages were resuspended in 
phosphate-buffered saline (PBS). Peptone water (PW) and 
Xylose Lysine Deoxycholate (XLD) agar were used for the 
enumeration of Salmonella and were provided from Merck 
Millipore (Darmstadt, Germany).

Bacteria Enumeration

S. Typhimurium was counted before and after of PAW, 
phage, and sequential treatments. Briefly, treated and 
control group lettuce leaves were placed into 20 mL PW 
and shaken at 140 rpm for 30 min. After that, 1 mL of 
samples was taken into sterile Eppendorf tubes and serial 
dilutions were prepared. Serial dilutions were spread 
onto XLD agar and incubated at 37 °C for 18–24 h. Fol-
lowing the incubation, typical S. Typhimurium colonies 
were counted.

PAW Preparation and Conditions

Figure 1 represents the schematic of the atmospheric cold 
plasma (ACP) system used in the present study. The PAW 
was prepared using Openair® plasma system (Plasmatreat 
GmbH, Steinhagen, Germany) which includes a generator 
(AS400FG), a plasma jet with a rotation adaptor (PFW10-
RV1004), a transformer (HTR11), pressure supply unit 
(DVE20), and gas connectors described in our previous stud-
ies (Dasan & Boyaci, 2018). The plasma was created by 
discharging at high voltage using a single electrode, generat-
ing a plasma discharge that exited at high velocity from the 
jet nozzle to the water surface. Additionally, the utilization 
of a dual nozzle system comprising of two distinct plasma 
nozzles revolving jointly around a rotary axis was employed 
to guarantee a notably intense and uniform treatment. This 
revolving nozzle grants larger magnitudes to be exposed to 
equalized plasma treatment with a diminished temperature 
surge in the treated zone. As a feed gas, compressed and 
filtered dry air at room temperature (flow rate of 50 L/min) 
was used. The ACP system was operated by using 650 W 
power for 10 min. PAW was generated by exposing 200 mL 
of deionized water (DI) in a cylindrical borosilicate glass 
beaker with a total volume of 600 mL to this plasma and the 
plasma is evenly distributed over the water by rotating the 
nozzle. Such a plasma source produces a three-dimensional 
cone-shaped plasma jet rotating around its axis extending 
out of a 15–30 mm diameter capillary tube about 30 mm 
long at an air gas flow of 50 L/min.

After the PAW formation was completed, pH measure-
ment was taken when the PAW temperature reached 25 °C. 
The pH value of PAW was determined as 2.8.

Storage conditions are critical to prolong the antimicro-
bial activity of PAW. A decreased inactivation efficacy due 
to the post-production storage of PAW has been observed 
(Smet et al., 2019). Therefore, immediately after PAW pro-
duction, the final temperature was always below 45 °C and 
experiments were conducted after the PAW was kept at 4 °C 
for one hour after production.

Bacteriophage Preparation

Lytic bacteriophage of S. Typhimurium phage SK-T2 was used 
for phage treatments. The phage solution for use in all phage 
treatments was concentrated and purified by the following 
experimental steps. Host bacterium and phage were inoculated 
in 100 mL broth and left to incubate at 37 °C for 5 h with 
shaking to achieve a final MOI of 0.01. Following the incu-
bation, the phage and bacterial mixture was centrifuged at 12 
000 × g for 6 min at 4 °C. Then, the phage supernatant was 
passed through of a 0.22-µm syringe filter (Sartorius, Göttin-
gen, Germany). Before phage purification, the titers of phages 
were determined using the double layer agar method. For phage 
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supernatant purification, NaCl was added to a final concentra-
tion of 1 M, and incubation was performed in an ice bath at 4 °C 
for 1 h. After incubation, centrifugation was performed at 18 
000 × g for 15 min at 4 °C. Then, PEG 8000 was added at 10% 
of the volume of the phage supernatant and gently mixed until 
the peg was completely dissolved. The mixture was incubated 
in an ice bath at 4 °C for 18–24 h and then centrifuged at 18 
000 × g for 15 min at 4 °C. After the centrifugation step, the 
supernatant was removed, and the pellet was resuspended with 
PBS buffer. The purified and concentrated phages were stored 
at 4 °C for the experiments (Ekiz et al., 2023).

Inoculation of Lettuce Leaves

Lettuce was obtained from the local market from Ankara, 
Turkiye and stored at 4 °C until used in the experiments. 
Lettuce leaves were cut into 1 g each and then soaked in 
70% ethanol for 5 min after washing with tap water to 
remove visual debris. The cut lettuce leaves were immersed 

in sterile deionized water and placed individually in a ster-
ile petri dish. 100 µL of S. Typhimurium bacterial solution 
 (106 CFU/mL for  105 CFU/gr;  108 CFU/mL for  107 CFU/
gr) was inoculated onto lettuce leaves using the spot inocula-
tion method, with final concentrations of approximately  105 
(lower microbial load, LML) and  107 (higher microbial load, 
HML) CFU per gram. Lettuce leaves were kept at room tem-
perature for 6 h, so that the inoculated bacteria would adhere 
to the lettuce surface and dry before treatments.

PAW Application on Lettuce

The previously prepared PAW solution was divided into 
50 mL each and used as wash water. One g of sample in trip-
licate was transferred to 50 mL of PAW solution and shaken 
at 110 rpm for 10 min to simulate washing conditions. Bac-
terial count was detected the method that described at bacte-
rial enumeration section.

Fig. 1  Schematic diagram of 
PAW preparation
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Bacteriophage Application on Lettuce

50 mL of deionized water was used as wash water for phage 
treatments. Purified phage was added to 50 mL of deionized 
water to adjust the final concentration to  109 PFU/mL. Three 
parallel treatment samples were washed with phage-added 
deionized water by shaking at 110 rpm for 10 min. Then, 
lettuce samples were incubated at room temperature for 
2 h. Bacterial count was detected the method that described 
previously.

Sequential Treatment with PAW Followed 
by Bacteriophage

Three parallel 1-g samples were placed in 50 mL PAW solu-
tion with shaking at 110 rpm for 10 min before sequential 
treatment with phage. Immediately after PAW treatment, the 
samples were transferred to 50 mL of phage solution and 
allowed to stand for 10 min with shaking at 110 rpm and the 
count of bacteria was determined.

Sequential Treatment with Bacteriophage Followed 
by PAW

For the treatment, samples were transferred to 50 mL of 
phage solution (~  109 PFU/mL phage) at 110 rpm for 10 min 
with continuous shaking. After washing, the samples were 
held at room temperature for two hours. Then, the samples 
were dropped into 50 mL PAW solution with continuous 
shaking at 110  rpm for 10 min; then the bacteria were 
enumerated.

Statistical Analysis

The data in this study were presented as mean of three inde-
pendent experiments, and the error bars show the standard 
deviations. Fisher’s least significant difference one-way 
ANOVA (Minitab 17.1.1, Minitab LLC, UK) was used to 
examine significant differences (p < 0.05) between the sam-
ple groups.

Result and Discussion

Effect of PAW Treatment on Bacterial Count

PAW alone was used for bacterial decontamination on let-
tuce. Lettuce leaves loaded with two different concentra-
tions of S. Typhimurium (~  105 and  107 CFU/g) were washed 
with PAW for 10 min and immediately afterwards evaluated 
for bacterial counts. The bacterial load in the samples used 
as control and not washed with PAW was 5.71 and 7.18 
log CFU/g, respectively. After 10 min of PAW treatment, 

bacterial counts of 2.25 and 4.28 log CFU/g were obtained 
for low and high bacterial load, respectively. Overall, the 
bacterial count was decreased by 3.46 and 2.90 log CFU/g 
for the low and high load samples, respectively (Fig. 2). As a 
self-control, washing the S. Typhimurium inoculated lettuce 
with sterile deionized water (not activated with plasma) did 
not cause any reduction resulted after 10 min. The difference 
in bacterial count between the control and treated samples 
was significant according to statistical analysis.

The inactivation efficiency of PAW depends on the con-
centration and composition of RONS, which is influenced 
by the plasma source and discharge and plasma operating 
parameters. Various plasma sources, such as gliding arc dis-
charge, DBD, and plasma jet, can lead to varying levels of 
RONS production in the air plasma. This, in turn, affects 
their transportation into the liquid and the subsequent effi-
cacy of PAW inactivation (Machala et al., 2018). Plasma 
jets and DBDs are generally the most widely used sources 
of plasma generation for PAWs, owing to their ability to 
produce reactive species and their simple structures. Long-
lived RONS and short-lived RONS play significant roles 
in the inactivation process. Recent studies suggested that 
PAW had damaging effects on the cell membrane, integrity, 
and intracellular contents such as nucleic acids (Lin et al., 
2020; Ma et al., 2020). As expected, the decontamination 
efficiency of the PAW treatment decreased as the initial bac-
terial load increased. A higher initial microbial load leads to 
an accumulation of cells on the surface of the sample. Stack-
ing tends to reduce the efficiency of plasma inactivation as 

Fig. 2  Bacterial counts on lettuce leaves inoculated with low (LML) 
and high (HML) numbers of bacteria when PAW was used as wash-
ing solution. Bacteria counts are presented for untreated (UT) and 
treated (T) samples. Control groups for both low and high inoculation 
were not treated with PAW. Bars were used for representing of stand-
ard error of mean. * indicates significant differences between samples 
(p < 0.05)
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the enclosed microorganisms are shielded from the produced 
plasma species (Dasan et al., 2016).

Several studies indicated that PAW has strong antimicro-
bial activity on different types of microorganisms and can be 
used as disinfectant agent for fresh cut produce like spinach 
and kale. In the case of kale, a reduction of 3.48 log CFU/g 
was obtained, while in the case of spinach, complete inac-
tivation (~ 6 log CFU/g) of E. coli population was observed 
in a 10 min of PAW (produced by 30 min plasma discharge) 
treatment (Perinban et al., 2022). Similarly, P. fluorescens 
and L. innocua on lettuce were reduced by 4.5 and 2.4 log 
CFU/g, respectively, after 5 min of PAW treatment (Patange 
et. al, 2019). In another study, Salmonella Enteritidis was 
reported to decrease from 7.92 log CFU/egg to 2.84 CFU/
egg after 60 s of PAW (produced by 20 min plasma dis-
charge) treatment (Lin et al., 2020).

Effect of Bacteriophage Treatment on Bacterial Count

The effect of phage on lettuce leaves loaded with two dif-
ferent bacterial concentrations (~  105 and  107 CFU/g) was 
evaluated with using phage loaded washing water. The 
final phage concentration of the wash water was adjusted 
to  109 PFU/mL and used to wash the bacteria loaded let-
tuce leaves. Bacterial reduction was assessed after phage 
treatment. Washing with the phage solution decreased the 
bacterial numbers by 3.25 and 1.45 log CFU/g for  105 and 
 107 CFU/g loading, respectively (Fig. 3).

Numerous studies conducted by different researchers have 
proven that bacteriophages have great potential to control 

pathogenic bacteria in fresh cut produce. Some studies have 
shown that bacteriophages are an effective tool to eliminate of 
E. coli on peppers (Snyder et al., 2016); L. monocytogenes for 
apple, melon, and pear (Oliveira et al., 2014); Salmonella Ente-
ritidis on fresh-cut melons and apples (Leverentz et al., 2001); 
E. coli O104:H4 in alfalfa sprouts and seeds; and L. mono-
cytogenes in ready to eat meat and cantaloupes (Lone et al., 
2016). Although the use of phage caused a significant bacte-
rial reduction (1.45 log CFU/g) in samples with high bacterial 
inoculation, the reduction was less than in the samples with low 
inoculation. A parallel result was obtained in a study by Yesil 
et al. (2023) that a single application of E. coli phage decreased 
the count of E. coli by 1.5 log CFU/g in spinach.

Effect of Sequential Treatment with PAW Followed 
by Bacteriophage

After individual applications, inoculated lettuce leaves were 
first treated with PAW, then washed with phage loaded deion-
ized water and inoculated at room temperature for 2 h. Con-
trol samples and three parallel treated samples were used for 
sequential experiments. The bacterial counts of control and 
treated samples can be seen in Fig. 4 for low and high bacterial 
load. The counts of control samples were 5.62 and 7.26 log 
CFU/g for low and high bacterial load, respectively. The total 
reductions after successive sequential treatments were 4.47 and 
3.28 log CFU/g for low and high loaded samples, respectively.

PAW, as a non-thermal technology, has also been investi-
gated in combination with another treatment, bacteriophage, 

Fig. 3  Bacterial counts on lettuce leaves inoculated with low (LML) 
and high (HML) numbers of bacteria when phage was used as wash-
ing solution. Bacteria counts are presented for untreated (UT) and 
treated (T) samples. Control groups for both LML and HML were not 
treated. Bars were used for representing of standard error of mean. * 
indicates significant differences between samples (p < 0.05)

Fig. 4  Bacterial counts on lettuce inoculated with low (LML) and 
high (HML) numbers of bacteria when PAW treatment followed by 
phage application. Bacteria counts are presented for untreated (UT) 
and treated (T) samples. No treatment was applied to the control 
groups for both LML and HML. Error bars were used to represent the 
standard deviations. * indicates significant differences between sam-
ples (p < 0.05)
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to increase the efficacy of inactivation. The synergistic inac-
tivation effects using combined treatments were higher than 
individual treatments. PAW followed by phage application 
resulted in a better reduction of S. Typhimurium than PAW 
or bacteriophage alone, possibly because PAW damages 
the cell structures of bacteria and bacteriophage intensifies 
the disruption. Similar results were obtained with the com-
bined use of PAW with airborne acoustic ultrasound, show-
ing better antimicrobial effects on the inactivation of E. coli 
biofilms, possibly because of the better diffusion of RONS 
into the matrix after ultrasound-induced physical damage 
(Charoux et al., 2020). Furthermore, Choi et al., 2019 stated 
that the sequential application of washing for 10 min with 
PAW (produced by 120 min plasma discharge) followed by 
mild heat treatment at 60 °C reduced S. aureus and L. mono-
cytogenes counts up to 3.7 and 3.4 log CFU/g, respectively.

Effect of Sequential Treatment with Bacteriophage 
Followed by PAW

The experiment was carried out by reversing the order of 
application to determine the effect of the order of applica-
tion on bacteria. Sequential treatment with phage follow-
ing PAW was evaluated for bacterial reduction on lettuce 
leaves. Control samples and three parallel treated samples 
were used for the sequential experiments. Treatment groups 
were washed with phage added deionized water for 10 min, 
then incubated for 2 h and treated with PAW for 10 min. 
After all treatments, bacterial counts were calculated, and 
the results are represented in Fig. 5. The bacterial counts 
of untreated control groups were 5.18 and 6.83 log CFU/g 
for low and high loaded samples, respectively. After phage 
and PAW treatments, respectively, the bacterial counts of 
the low loaded samples remained below the detection limit 
(<  101 CFU/g). As a result, the total reduction was about 
5.18 log CFU/g for low loaded samples. The bacterial count 
of the control group was calculated as 6.83 log CFU/g for 
high loaded samples, and the total reduction after successive 
sequential treatments was 6.20 log CFU/g. For all bacterial 
loads, the differences between control and treated samples 
were considered significant according to statistical analysis.

Many studies have shown that bacteriophage and PAW 
treatments are separately effective in controlling pathogenic 
bacteria in fresh-cut foods. However, sequential treatments 
lead to a greater reduction in bacterial counts. Although 
phage and PAW alone reduced the bacterial load, the sequen-
tial treatments of phage and PAW resulted in a much greater 
reduction, especially in the group with the high initial load. 
Many studies in the literature have reported better effects 
when phage is administered sequentially or in combination 
with another antimicrobial (synergistic effect). In the study 
of Yesil et al. (2023), spinach leaves inoculated with two 
different bacterial loads  (105 and  107 CFU/g) were subjected 

to phage and ozone treatments. The study found that the 
sequential application effectively reduced the bacterial popu-
lation in spinach with an initial load of  105 CFU/g to levels 
below the detection limit. They also observed that sequential 
use of phage and ozone treatments in resulted in a greater 
reduction in bacterial loads than when each method was used 
separately (Yesil et al., 2023).

At low initial load, the sequential use of phage and PAW 
reduced the bacterial count below the detection limit. When 
the initial load was low initial loads, both the inhibition effect 
is expected to be greater than at high initial load and the count 
of bacteria is expected to decrease below the detection limit.

Among the four treatments (phage; PAW; PAW followed 
by phage; phage followed by PAW), the most significant 
reduction in bacterial numbers occurred when the phage 
was applied first, followed by the PAW treatment. A similar 
result was also obtained in a study by Stachler et al. (2021), 
who reported that phage treatment before chemical disin-
fectants inactivated Pseudomonas aeruginosa and had a 
better effect than the treatments alone. In contrast, when a 
chemical disinfectant was applied before phage treatment, 
the additional benefit of phage treatment was reported to 
become negligible (Stachler et al., 2021). Furthermore, the 
increase in decontamination efficiency when the sequence 
is reversed can be attributed to different approaches. Primar-
ily, the phage acted on bacterial cells, reducing the bacterial 
load, and lowering it to a concentration where PAW could 
act faster and more easily. It is generally accepted that the 
inactivation ability of PAW is linked to the formation of 

Fig. 5  Bacterial counts on lettuce inoculated with low (LML) and 
high (HML) numbers of bacteria when bacteriophage application fol-
lowed by PAW treatment. Bacteria counts are presented for untreated 
(UT) and treated (T). No treatment was applied to the control groups 
for both LML and HML. Bars were used for representing of stand-
ard error of mean. * indicates significant differences between samples 
(p < 0.05)
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several RONS. Therefore, the concentration of RONS to act 
on a unit bacterial cell may have increased. The reduction of 
bacteria was found to be significantly greater in the acidic 
environment of PAW due to its synergistic effects. On the 
other hand, a low pH condition had only a minimal impact 
(Patange et al., 2019) but could have effects on bacterio-
phage. This is in accordance with other studies reporting 
that plasma treatment could acidify distilled water (Choi 
et al., 2019; Xu et al., 2016). It is also reported by Shen 
et al. (2016) that ROS and low pH show a the synergistic 
bactericidal activity. According to them, lower pH helps to 
inactivate microbial cells by allowing reactive species in 
PAW to penetrate the cells and this highlights the synergis-
tic effect reactive species and the acidity in PAW (Ma et al.,  
2015).

Conclusion

For a decontamination process to be considered effective, a 
reduction in bacterial counts of at least 3-logs is required, 
ideally a reduction of at least 5-logs should be observed. 
Fresh products can easily be contaminated with pathogens 
due to production conditions, fertilizer and irrigation water, 
and processing steps. In the current study, we evaluated that 
individual and combined effect of phage and PAW treat-
ment to control Salmonella on fresh lettuce. According to 
our results, the strongest antimicrobial effect was obtained 
in the group treated with phage first following by PAW. At 
low inoculation level, phage + PAW reduced the bacterial 
count below the detection limit. It appears to be phage, and 
PAW combination can be used to eliminate pathogen bac-
teria at laboratory scale. Further optimization processes are 
required to enable the use of phage and PAW in a large scale 
of production.
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