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Abstract: Background: The aquaculture sector is vital for food supply and marine species
conservation. However, vibriosis poses significant threats, affecting fish and invertebrates.
Vibrio harveyi outbreaks are increasing due to global warming-driven expansion of virulent
strains. Methods: This study investigates the bactericidal potential of in situ-generated
electrolyzed water (EW) as a complementary strategy to antibiotic therapy. Strains of V.
harveyi isolated from diseased fish were exposed to EW under varying conditions of salinity
(1.5 and 3%), pH (5, 6.5, and 7.5), and free available chlorine (FAC) (5, 20, 25, and 125 ppm)
to reduce bacterial concentrations. Results: EW demonstrated high bactericidal potential at
20-25 ppm FAC and non-acidic pH, reducing bacterial populations by over four logarithmic
units within 15 min. Efficacy diminished when EW was stored for days. Conclusions: EW
shows a promising disinfection method during vibriosis outbreaks and as a preventive
measure during stress in aquaculture. Its advantages include on-site production and
avoidance of concentrated chemicals, which minimize health risks.

Keywords: electrolyzed water; bacterial pathogens; aquaculture; free available chlorine;
pH; Vibrio harveyi; on-site production; sustainable disinfection

1. Introduction

The aquaculture sector has undergone exponential growth since the 1980s, becoming
a crucial component in ensuring global food security [1], especially in low-income and
food-scarce nations [2]. However, this aspect is threatened by the presence of pathogenic
microorganisms affecting fish crops, coupled with the limitation of treatments that do not
generate resistance or have negative effects on aquatic animals.

To combat bacterial diseases, various treatments like antibiotics or heat treatments
are commonly used, as well as other solutions with a broad spectrum of action, including
viruses and parasites [2], although preventive measures such as vaccination are desirable [3].
The overuse of antibiotics has led to resistance in numerous pathogenic bacteria, presenting
significant challenges in controlling diseases. Meanwhile, employing heat treatments leads
to increased energy and economic costs. Thus, the use of disinfection technologies must
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also be considered. The selection of the appropriate disinfectant must consider multiple
aspects, mainly regarding safety and toxicity for cultured species [4].

Faced with these challenges, electrolyzed water (EW) emerges as a sustainable and
safe alternative with remarkable bactericidal capacity [5]. Electrolyzed water is a solution
produced through the process of electrolysis, which involves passing an electric current
through water containing salts or minerals. This process separates the water into acidic
and alkaline components. It is used in various industries, including food production,
healthcare, and agriculture, for cleaning surfaces, disinfecting water, and reducing microbial
contamination. EW offers a sustainable, eco-friendly, and advantageous alternative to
traditional chemical disinfectants [6-8].

In contrast to conventional methods like antibiotics or vaccines, EW avoids the need
for additional chemicals, making it environmentally friendly and suitable for human appli-
cation and for scenarios where the use of hazardous chemicals is not recommendable [8].
Other chlorine species, like commercial bleach and chlorine, are used in pool water to
maintain healthiness and in odontology, respectively. Moreover, the elimination of reliance
on disinfectant chemicals leads to a reduction in the production of toxic waste, which
during EW procedures is negligible, thereby contributing to the establishment of a more
pristine and sustainable environment. Additionally, it is cost-effective to generate [7,9,10],
compared to methodologies like ozone or UV [11]. This advantage is one of the most
important, along with respect for the environment as it degrades over time. Finally, on-site
production capability and ease and safety in its application in environments involving
living organisms transform EW into a potent weapon against pathogens [12].

In terms of its impact on bacteria, it is emphasized that hypochlorous acid (HOCI), an
essential component of electrolyzed water, generates hydroxyl radicals, thus triggering a
relevant bactericidal effect with significant relevance [5]. The optimization of operational
conditions becomes a crucial goal, mainly regarding the conditions under which further
disinfection will be achieved. The main parameters are pH, recommended between 2.5 and
9 [12], and the concentration of free available chlorine (FAC).

The disinfection of bacteria using hypochlorous acid, or free chlorine, has been studied
for decades [13]. Following the introduction of EW to a bacterial culture, the noticeable
effects are the morphological alteration in the cell surface and the permeabilization of the
cytoplasmic membrane [14]. At low chlorine concentrations, surviving microorganisms
experience damage rather than inactivation. Moreover, chlorine targets and disrupts the
bacterial protective barrier, comprising the cell wall and cell membrane [15,16]. This
disinfectant has even been tested in the fight against COVID-19 and is recommended by
the United States Environmental Protection Agency [17]. Its most developed application
has focused on the disinfection and elimination of bacteria and viruses, although the effect
is strongly dependent on the nature of the microorganism. Different trials evidenced that in
the presence of EW, Escherichia coli population underwent a significant reduction (4.83 log)
in colony-forming units (CFUs) at FAC of 43 ppm in only 1 min [18], and even the E. coli
O157:H7 strain had a notable reduction in 3 min with FAC of 1.5 ppm [1]. Salmonella spp.
also showed high susceptibility to EW, but Listeria innocua needed FAC of 89 ppm to achieve
the same reduction (5 log) [12,19].

Additionally, research on efficacy against viruses, including the avian flu virus, has
yielded highly promising results. In fact, a reduction of up to 99% was achieved using a
sample of EW with FAC of 10 ppm [20].

Although it is a less-explored area, EW has demonstrated its promising application
in aquaculture. Hypochlorous acid at 25 ppm reduced the concentration of the bacterial
pathogen Vibrio vulnificus, which causes warm water vibriosis in fish, by 5 log units [21].
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These results suggest that EW could find versatile applications in various industrial pro-
cesses, clinical environments, surface cleaning, among others.

V. harveyi, a Gram-negative marine bacterium, stands out as a significant pathogen
for different marine organisms of economic relevance, such as fish, mollusks, and crus-
taceans [22,23]. Due to climate change, it has become an aquaculture-emerging pathogen
causing economic and biological losses. Moreover, in the last three decades, coinciding
with the rapid development of shrimp aquaculture, V. harveyi has risen as a significant
factor in the occurrence of diseases, causing luminous vibriosis and other syndromes with
massive mortality in larvae and adult shrimps, especially in regions of South America and
Asia [22,24]. The abundance of V. harveyi in water and aquatic biofilms is another factor
that can exacerbate the development of the disease in different cultured fish species such as
seabass [25,26].

Building on previous studies, we hypothesize that electrolyzed water (EW) could
serve as an effective disinfection tool in aquaculture systems to control significant diseases
like vibriosis caused by V. harveyi, a major threat to both invertebrate and vertebrate marine
animals. Our aim is to optimize chlorine concentrations, reducing them to levels suitable for
future in vivo applications, ensuring the effective elimination of bacteria without negatively
impacting marine species.

2. Materials and Methods
2.1. Generation of Electrolyzed Water

The electrolyzed water was produced using a LAMI-50 electrolyzed water generator,
supplied by Aquactiva Solutions (Valencia, Spain). This generator is equipped with a mem-
brane electrolysis cell. A solution of saturated NaCl and deionized water was employed,
eliminating the need for pre-treatment of the inlet water.

For the characterization of the electrolyzed water, parameters such as pH, oxidation—
reduction potential (ORP), and conductivity were measured using the pH/Ion/DO Multi-
meter SG68 provided by Mettler Toledo (Columbus, OH, USA). The FAC concentration
was determined using the Handheld Colorimeter Chlorine UHR, supplied by Hanna In-
struments (RI Woonsocket, Providence County, RI, USA). Each sample was prepared at the
desired FAC level by adjusting the intensity value applied to the cell and by dilution. The
characterization values are given in Table 1. If the desired FAC level was not obtained, a
dilution was carried out to obtain the exact concentration. The %NaCl was adjusted by
adding salt and measuring the conductivity of the sample until the value corresponding to
this percentage in deionized water was obtained.

Table 1. Physico-chemical parameters of the electrolyzed water samples used.

%NaCl Conductivity

Sample FAC (ppm) ORP (mV) (mlo) mSem) pH
SAEW5 5 ggg ézg i%
SAEW25 25 gg? ;:g ZZ:Z 5.0
SAEW125 125 943 15 25.9

960 3.0 49.3
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Table 1. Cont.

Sample FAC (ppm) ORP (mV) 0/(()2/2():1 C(():glllccrtli‘)]ity pH
NEWS 5 %02 30 74

NEW25 25 §§§ ;:(5) AZL;:Z °
NEW125 125 Zg :1{3 igé
SBEWS5 5 Sﬁi éﬁg 421?;
SBEW15 15 23? ég igé

75
SBEW20 20 SZS ;(5) igé
SBEW25 25 SZS ég 4218:2
SBEW125 125 oo 30 189

FAC, free available chlorine; ORP, oxidation-reduction potential; SAEW, slightly acidic electrolyzed water; NEW,
neutral electrolyzed water; SBEW, slightly basic electrolyzed water.

2.2. Bacterial Strains and Cultures

In this study, strains of V. harveyi isolated from diseased cultured sea bass (Dicentrarchus

labrax) in Spain have been used (Table 2). Strains were isolated from the internal organs
of the fish, characterized by using phenotypic and genetic methods in our laboratory, and
stored in our culture bank. Strains were routinely grown in Tryptic soy agar with 1% NaCl
(TSA-1) plates at 28 °C for 24 h and maintained in frozen stocks at —80 °C in LB-1 with 20%
of glycerol until use. Overnight, Luria Bertani broth with 1% NaCl (LB-1) cultures at 28 °C
were used for the assays with EW. The C2 strain, highly virulent for fish, was selected to
optimize experimental conditions in some parts of this study.

Table 2. Origin of the Vibrio harveyi strains used in this study.

Strain ? Source Geographic Location Year of Isolation

C2 Diseased Spain 2020
sea bass

1255 Diseased Spain 2021
sea bass

203 Diseased Spain 2018
sea bass

Labl Diseased Spain 2015
sea bass

SK348 Diseased Spain 2019
sea bass

C3 Diseased Spain 2020
sea bass

972 Diseased Spain 2020
sea bass

a Strains were isolated from diseased cultured sea bass.
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2.3. Bactericidal Assay

Overnight cultures (at 28 °C) in LB-1 were diluted with the same culture medium to
achieve a concentration of 107 CFU/mL. Subsequently, 10 mL of the bacterial suspension
was mixed with 90 mL of the electrolyzed water sample (Table 1) to achieve a starting
concentration around 10° CFU/mL, and the bacterial viability was measured at 1, 5, 10, and
15 min using drop plate counting on TSA-1 plates [27]. Three 10 uL drops for each dilution
were quickly placed at plates in the selected time points. All assays were performed at room
temperature by triplicate. To determine the evolution of the free available chlorine (FAC)
along the assay, mixtures were sampled at 1, 5, 10, and 15 min, and the FAC was measured
using the Handheld Colorimeter Chlorine UHR (Hanna Instruments). In addition, a test
using PBS instead of LB-1 was performed to demonstrate the effect of organic matter on
the electrolyzed water.

2.4. Statistical Analysis

Experimental data were analyzed by IBM SPSS Statistics package version 28.0.0.1.
The variance of the results was assessed using one-way ANOVA, and the significance of
the differences was examined through Duncan’s multiple comparison test. The values
were presented as the mean =+ SD (standard deviation) of replicates. Statistical significance
was tested at a significance level of p < 0.05. Furthermore, to optimize the experimental
conditions and reveal the relevance of the independent variables, the biocidal activity
together with the standardized values of the chemical characteristics of the solutions and
time were fitted using a multivariate general linear model.

3. Results
3.1. Evaluation of the Effect of the Main Operational Labels in the Biocidal Activity

To evaluate the operational parameters involved in the use of EW, key variables such
as FAC, time, pH, salinity, and the C2 strain were selected (Table 2). Specifically, pH values
of 5, 6.5, and 7.5 were tested due to their similarity to real conditions in various aquaculture
facilities [12]. Moreover, FAC solutions of 5, 25, and 125 ppm were assessed to cover a broad
range of potential applications. Salinities of 1.5% and 3% NaCl were chosen to simulate
brackish and marine water conditions, where the bacterium thrives. Importantly, time was
limited to 15 min to minimize potential animal exposure to EW.

Regarding the initial trials, survival percentages exceeding 100% were considered
outliers since differences in colony counts were negligible. The outcomes of these trials are
summarized in Table 3.

In terms of FAC concentration, the highest level tested (125 ppm) demonstrated an
almost immediate effectiveness in bacterial reduction (less than 1 min), irrespective of
pH. While no significant differences were observed between salinities, a slightly higher
reduction was noted at 3%. Conversely, at low FAC concentrations (5 ppm), the effect of EW
was minimal. At 25 ppm, the bacterial population decreased significantly, with survival
percentages varying according to disinfection time (Table 3).

Additional trials conducted with bacterial suspensions in PBS instead of LB-1 medium
revealed rapid reductions in bacterial populations at 25 ppm of free chlorine (SAEW, NEW,
and SBEW). Remarkably, within the first minute, survival rates dropped below 0.01% in all
cases. suggesting that organic matter in the medium influences EW’s antibacterial activity.

Building on these findings, further studies were conducted with FAC concentrations
ranging from 15 to 25 ppm to determine the minimum effective disinfection concentration.
These solutions were prepared at pH 7.5 and salinities of 1.5% or 3% (SBEW15, SBEW20,
and SBEW?25), conditions under which V. harveyi thrives. The results at 5, 10, and 15 min
are shown in Table 3. While SBEW15 was ineffective (survival rate > 65%), SBEW20 and
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SBEW?25 exhibited strong bactericidal effects. Notably, higher salinity (3%) enhanced
disinfection. The optimal conditions identified were SBEW25 for 10 to 15 min, although
extended exposure to SBEW20 also achieved satisfactory results.

Table 3. Survival rate (%) of Vibrio harveyi C2 obtained during the evaluation of the operational labels.

Survival Rate (%) in Electrolyzed Water During (min)

Sample ? %NaCl
1 5 10 15
15 109 + 5 107 + 3 102 +5 99 + 4
SAEW5 3.0 110 + 20 110 + 20 110 + 10 110 + 40
15 150 -+ 50 67 +5 <0.01P <0.01"
SAEW25 3.0 100 -+ 20 8146 040 +010  <0.01P
15 <0.01b <0.01b <0.01" <0.01b
SAEW125 3.0 <0.01b <0.01b <0.01" <0.01b
NEWS 15 130 -+ 30 140 + 50 140 + 20 141+7
3.0 110 + 10 101 + 7 100 + 20 90 - 20
15 80 = 20 64+ 5 50 + 30 30 =+ 20
NEW25 3.0 100 + 20 90 + 20 40 + 30 274 4
1.5 <0.01b <0.01b <0.01" <0.01b
NEW125 3.0 <0.01b <0.01b <0.01" <0.01b
SBEWS 15 120 + 30 110 + 30 106 + 8 130 + 10
3.0 90 =+ 10 100 + 30 93 + 12 90 + 20
15 9345 70 + 11 70 + 20 60 & 20
SBEW15 3.0 97 +3 741+ 12 7347 70 + 20
15 90 + 10 80 + 30 30 + 20 10+ 10
SBEW20 3.0 96 + 2 90 + 20 946 842
15 90 = 20 60 & 10 434 16 24+ 17
SBEW25 3.0 90 =+ 30 54+ 9 447 011+ 0.14
1.5 <0.01b <0.01b <0.01P <0.01b
SBEW125 3.0 <0.01b <0.01b <0.01" <0.01b
Control ] 98 + 13 115 + 10 111 + 35 98 + 8

@ Sample description: SAEW (pH 5.0), NEW (pH 6.5), SBEW (pH 7.5); the numbers indicate the FAC ppm. b The
population of bacteria falls below the detection limit of the counting method (<10?> UFC/mL).

To further understand the impact of the variables, a multivariate general linear model
analysis was performed. This analysis included independent variables such as FAC con-
centration, pH, salinity, time, and their first-order combinations (Table 1). The results
revealed significant contributions (p < 0.05) from FAC, time, and pH-salinity interactions
to bacterial reduction (Table 4). Moreover, combinations such as FAC—time and pH-FAC
were significant, indicating that free chlorine’s effectiveness is influenced by environmental
pH and salinity.

Table 4. Results on statistical analysis applying a multivariate general linear model.

Degrees of Freedom of

Label Value F Hypothesis Sig.
pH 0.085 8.523 4.000 <0.001
FAC 0.710 53.113 8.000 <0.001
Time 0.552 36.801 8.000 <0.001
Salinity 0.023 4.470 2.000 0.012
FAC*salinity 0.130 7.628 8.000 <0.001

pH*FAC 0.105 6.061 8.000 <0.001
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Degrees of Freedom of .
Label Value F Hypothesis Sig.

FAC*time 0.544 12.624 26.000 <0.001

pH*salinity 0.085 9.787 4.000 <0.001

Time*salinity 0.017 0.954 8.000 0.471

pH*time 0.102 2.937 16.000 <0.001

FAC, free available chlorine.

Finally, standard beta coefficients highlighted FAC, time, and pH-salinity as the main
drivers of biocidal activity, with FAC and time being the most influential variables. These
findings align with expectations, as higher concentrations and longer treatments enhance
effectiveness. However, no synergies between variables were observed (Table 5).

Table 5. Results of the linear regression analyses of beta coefficients.

Standardized
Coefficients t Significance
Beta
pH-salinity 0.170 3.512 <0.001
FAC 0.766 3.544 <0.001
Time 0.627 2.927 0.004

FAC, free available chlorine.

3.2. Evaluation of Residual Chlorine

The primary objective of this study was to evaluate the effectiveness of a low-
concentration EW solution in destroying bacteria while minimizing residual chlorine levels.
To achieve this, a comprehensive trial was conducted in which bacterial population data
were collected simultaneously with chlorine concentration measurements. The outcomes
of the experiment are graphically represented in Figure 1, which visually demonstrates
the relationship between chlorine concentration and bacterial population reduction. This
dual data collection allows for a holistic assessment of the disinfectant’s efficacy, ensuring
that the chlorine concentration used is sufficiently low to maintain animal health while still
achieving significant bacterial reduction.

a) 7 | 25
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6 "\\ 20
~5 sl
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= N 15 €
E 4 \\\\ \%
+ Seo @)
%J/ 3 See 10 <
50 ~ S
29 M Tt
5
1 I I
0 0
0 5 10 15
Time (min)
~—m -- Evolution of log (UFC/mL) Residual chlorine

Residual chlorine in contact with LB-1

Figure 1. Cont.
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Figure 1. Evaluation of residual chlorine (free available chlorine, FAC) and Vibrio harveyi C2 popula-
tion (CFU/mL) using slightly basic electrolyzed water (SBEW) with 20 ppm (a) or 25 ppm (b) of FAC.

The results revealed an almost total bacterial reduction, reaching levels below the
detection limit of the counting method within 10 min (Figure 1). Furthermore, the chlorine
concentration decreased to values below 10 ppm within 5 to 10 min, which is an encouraging

result for practical applications.

3.3. Effect of Electrolyzed Water on Vibrio harveyi Strains

Additional trials were performed using different V. harveyi strains (Table 2) under
the previously identified optimal conditions (SBEW25, 3% NaCl). These strains, detailed
in Table 2, were subjected to the same experimental setup to evaluate the disinfectant’s
performance across a broader range of pathogens. The outcomes are visually depicted
in Figure 2, offering a practical and focused evaluation of the efficacy of EW under ideal
conditions. By expanding the assessment to multiple strains, this study provides a more
comprehensive understanding of EW'’s effectiveness against a diverse group of V. harveyi
strains. Although data showed varying levels of susceptibility among the bacterial strains
tested, the reduction in populations was notable, by 2 to 3.5 log units.

4.5
4.0
— 3.5

NN W
o »nn o

1.5

log (CFU reduction

c r
v O

©
o

5 10 15

time (min)

HSK348 mC3 m972 m(C2 m1255 m203 mlabl

Figure 2. Effect of slightly basic electrolyzed water (SBEW) with 25 ppm of free available chlorine on
different Vibrio harveyi strains.



Appl. Sci. 2025, 15, 2334

90f13

3.4. Recently Generated vs. Stored Electrolyzed Water

One of the key advantages of electrolyzed water (EW), as highlighted in the introduc-
tion, is its capability for on-site production [28]. To evaluate the effect of storage time on
biocidal activity, SBEW25 was used as a model. Samples were tested immediately after
preparation, as well as after three and eight days of storage in a closed package under dark
conditions at 5 °C. The survival rates observed over different time intervals are presented
in Figure 3.

140

120

100 =
mt =0 days
mt=3 days
- t =8 days
0 | 7&
0 5 10

15

(o]
o

[e)]
o

B
o

Bacterial survival rate(%)

N
o

time (min)

Figure 3. Survival of Vibrio harveyi C2 strain in electrolyzed water with 25 ppm of free available
chlorine recently generated and stored for 3 and 8 days at 5 °C.

Importantly, the evolution of FAC showed the same pattern in all experiments, ensur-
ing consistency and reliability in the findings. The results demonstrated the swift action
of EW shortly after production, with a 46% reduction in bacterial load within 5 min of
exposure. This effect intensified over time, achieving a 96% reduction after 10 min and an
almost complete elimination (0.1% survival) after 15 min.

For samples stored for three days, a notable bactericidal effect was still observed, albeit
with a more gradual reduction. After 15 min of exposure, bacterial load decreased by 95%,
indicating persistent antimicrobial action despite a slight reduction in efficacy compared to
freshly prepared samples (Figure 3). The sample stored for 8 days showed a non-effect in
the reduction in V. harveyi population. Although further studies would be necessary, this
effect could be attributed to the presence of reactive species of oxygen, which are generated
in the electrolysis process of EW [5].

4. Discussion

The biocidal effect of electrolyzed water against the aquatic pathogen V. harveyi has
been evaluated. The quick effectiveness of 125 ppm FAC in reducing bacterial populations
in less than 1 min underscores its potential utility for surface and facility disinfection.
However, this high concentration may not be suitable for applications involving living
organisms [29]. In contrast, lower concentrations (25 ppm) achieved significant reductions
over time, demonstrating their feasibility for safer applications. This aligns with findings
from previous studies, which have shown the high efficacy of hypochlorous acid (HOCI)
in similar concentrations under moderately acidic conditions, emphasizing its potency
compared to other chlorine species [17]. The variability in bacterial concentrations observed
within the experiments is due to the differential growth (or yield rate) of the bacteria
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among replicates. As they are living organisms, their growth can be affected by any
environmental parameter.

Additionally, the drastic effect observed in the PBS trials (in absence of organic matter)
highlights the medium’s influence on EW’s antibacterial activity. These findings align
with previous studies that emphasize the critical role of the medium in determining disin-
fectant efficacy [30]. For instance, research has shown that organic matter can react with
available chlorine, reducing its effectiveness and necessitating adjustments in disinfection
protocols [31].

The additional assays further underscored the importance of balancing FAC concen-
tration and treatment duration. Although SBEW20 and SBEW25 proved effective, the
enhanced performance observed at higher salinity (3%) suggests that environmental salin-
ity plays a crucial role in improving disinfection. These results corroborate findings from
similar studies, which indicate that increasing salinity during EW production can enhance
antimicrobial efficacy by improving the electrical conductivity and the generation of active
chlorine species [32].

When compared to prior studies, such as Huang et al. [28], which required highly
acidic conditions and higher chlorine concentrations, this study demonstrates a significant
advancement. Equivalent bacterial reductions were achieved at moderate pH and FAC
concentrations, reducing the risks associated with extreme conditions. Furthermore, the
rapid and substantial bacterial reductions observed in this study, especially at 125 ppm
FAC, highlight the superior efficacy of EW compared to findings from Quan et al. [21].

The multivariate analysis provided additional insights, emphasizing FAC, time, and
pH-salinity interactions as the primary variables influencing disinfection. Although no
synergies were found between these factors, their independent contributions offer opportu-
nities for targeted optimizations in disinfection protocols. The role of salinity as a facilitator
for optimal bacterial survival conditions aligns with prior research suggesting that salinity
can enhance the production and stability of hypochlorous acid (HOCI) under certain condi-
tions [32]. Lastly, the emphasis on treatment duration as a critical factor reinforces the need
to carefully consider both chemical and application variables when developing protocols
across industries such as food safety and environmental management.

About the development of chlorine residuals, the findings underscore the potential of
low-concentration EW solutions to effectively reduce bacterial populations while limiting
residual chlorine levels. The almost complete reduction in bacteria within 10 min highlights
the solution’s efficiency, making it a promising option for disinfection protocols where
minimal residues are required. Moreover, the continued decrease in chlorine concentration
even after the bacteria were eliminated, as observed after 5 min, suggests that organic
matter may play a fundamental role in reducing residual chlorine. This phenomenon could
be critical for practical applications, as it demonstrates the possibility of achieving effective
disinfection without leaving harmful chlorine residues. These observations are consistent
with studies that emphasize the interaction of organic matter with disinfectants, which can
modulate their effectiveness and residual levels [31].

In conclusion, these results provide a strong foundation for further studies aimed at
applying this disinfection strategy in real-world conditions. By addressing the interplay
between organic matter and chlorine reduction, future research could refine the use of EW
solutions to optimize both safety and effectiveness in various applications. The findings also
reveal that strains C3, C2, and SK348 were the most susceptible to EW, with survival rates
of 0.11%, 0.15%, and 1.1%, respectively, after 15 min of treatment (Figure 2). Furthermore,
strains 203 and 1255 exhibited comparable reductions, while strain 972 demonstrated
higher survival at 2% (Figure 2). These results highlight the significant effectiveness of
EW as a disinfection strategy against all strains tested, confirming its broad-spectrum
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activity. Despite this, it is worth noting the variability in susceptibility, which underscores
the need for future trials. Specifically, further studies should evaluate these strains using
EW samples with higher FAC and different times of contact or pH to determine whether
similar outcomes could be achieved. Such efforts would enhance the understanding of
EW’s robustness and reliability as a pathogen-control measure.

When comparing the bactericidal activity of other biocides, such as benzalkonium
chloride, our results indicate improved efficacy due to the concentration of this agent.
Several studies have reported that the minimum inhibitory concentration (MIC) of benza-
lkonium chloride for Gram-negative bacteria like E. coli is established at 40 ppm [33]. In
addition, our results show potential in comparison with chlorine because this disinfectant
with a FAC range between 0.1 and 10 ppm requires a contact time of minutes to hours
to achieve a reduction in Legionella population [34]. In our experiments, we achieved a
comparable bacterial reduction using lower chlorine concentrations. Futures studies could
explore the synergetic effect of different agents. Concerning storage, the findings highlight
the immediate and sustained antimicrobial efficacy of EW, particularly when used shortly
after production. As the reduction in the bacteria is below 4 log, we cannot consider a total
biocidal activity. However, the product shows the capacity to contain the proliferation of
the bacterial population within 10 min of contact. Such rapid activity is especially critical in
environments where bacterial contamination poses immediate risks. The sustained efficacy
observed over 15 min further emphasizes EW’s potential for comprehensive pathogen
control. For samples stored for three days, the results indicate that although the bactericidal
activity remains notable, the reduction rate becomes more gradual compared to freshly
prepared EW. A 95% reduction in bacterial load after 15 min demonstrates that EW retains
much of its effectiveness even after storage, supporting its practicality for use in applied
settings. However, the slightly diminished rate of action reinforces the importance of
preparing EW on-site and promptly using it for optimal results. This aligns with findings
from previous studies, which advocate against storing disinfectants and emphasize the ben-
efits of producing EW immediately before use [35,36]. Overall, these results validate EW’s
practicality and efficacy as a versatile and reliable disinfectant for diverse applications.

5. Conclusions

The bactericidal potential of electrolyzed water has been thoroughly evaluated and
confirmed as a highly effective method for reducing in vitro bacterial population using
the pathogen V. harveyi as a model. The rapid and strong bactericidal effect of FAC at
125 ppm within less than one minute underscores its potential in disinfection. A significant
reduction in the concentration of V. harveyi strains was achieved at 20 and 25 ppm of
FAC, a pH of 7.5, and an oxidation-reduction potential (ORP) value close to 950 mV. This
phenomenal bactericidal power positions EW as a promising alternative for controlling
pathogenic bacteria in aquaculture facilities. This study also highlights the critical role of
the environment to determine the EW’s antibacterial activity. In fact, the effect of organic
matter suggests that medium composition influences disinfectant efficacy. This aligns with
prior research indicating that organic matter can react with available chlorine, reducing its
effectiveness and necessitating adjustments in disinfection protocols.

The outstanding ability of EW to eliminate bacteria suggests its direct applicability in
the aquaculture industry. The on-site generation of electrolyzed water using only common
salt (NaCl) and water not only facilitates its immediate application but also reduces health
risks associated with consumers and workers. This innovative approach eliminates the need
for thermal inactivation treatments and also avoids difficult-to-obtain or handle chemicals.

In terms of environmental footprint, it is relevant to highlight that these chlorine-
based disinfectants offer a relatively short lifetime in water and degrade upon contact
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with the organic matter, thus minimizing their environmental impact. The application of
electrolyzed water emerges as a promising technology, opening doors to ongoing research
and development in this field, with significant implications for improving healthy and
sustainable practices in aquaculture and beyond. However, the application of the EW
into aquaculture facilities will require experiments related to the toxicity for the species of
interest. Further experiments are being considered for testing the toxicity of EW for some
marine fish and invertebrate species. In fact, the concentration used in this study is below
the limit reported by Katayose et al. [11] as adverse for marine species, set at 27.2 ppm.
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