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Abstract

This study evaluated the virucidal efficacy of acidic electrolyzed water (AEW) against African swine fever virus (ASFV) and avian influenza
virus (AIV), according to the Animal and Plant Quarantine Agency (APQA) guidelines for efficacy testing of veterinary disinfectants. AEW (pH
5.0-6.5) was prepared using a commercially available “Electrolyzed Water Generator” with a free chlorine concentration (FCC) of 5-140
ppm, and its efficiency in reducing the titer of ASFV and AIV was tested in a suspension under low- and high-level organic soiling. Under low-
level organic soiling conditions, AEW with FCC 240 ppm was effective against ASFV; under high-level organic soiling conditions, AEW with
FCC =80 ppm was effective against ASFV. Under low-level organic soiling conditions, AEW with FCC 260 ppm was effective against AIV; under
high-level organic soiling conditions, AEW with FCC 2100 ppm was effective against AIV. The virucidal effect of AEW seemed dependent on
the FCC and the presence of organic soiling. Based on these data, we recommend the following minimum FCCs in AEW treatment for routine
disinfection in veterinary field under low- and high-level organic soiling conditions: for ASFV, 50 ppm and 100 ppm; and for AIV, 75 ppm and
125 ppm, respectively. In conclusion, the virucidal effects of AEW against ASFV and AIV emphasize its potential utility as a disinfectant, and
we suggest considering organic soiling conditions while using AEW for implementing effective control measures for field applications.
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In South Korea, African swine fever virus (ASFV) was first detected at a farrow-to-finish farm, and it caused outbreaks of African swine fever
(ASF) in 2019 [16]. In addition, a continuously evolving highly pathogenic avian influenza virus (AIV) has been identified since the first
outbreak of the H5N1 highly pathogenic avian influenza (AI) in 2003 [14]. The emergence of infectious animal disease viruses has had
devastating economic consequences. Between 2013 and 2016, approximately 48 million livestock were killed in Korea in an attempt to
prevent the spread of Al [8].

ASFV and AlV are pathogenic, enveloped viruses, that are highly detrimental to the pig and poultry industries. They spread via direct contact
with infected animals and are capable of spreading via the environment, including through contact with materials contaminated by virus-
containing matter. Currently, there are no adequately successful disease control measures against ASFV and AlV, and the mass culling of
infected animals and animals that may have had contact with them is an essential strategy as prevention and control is largely dependent on
disinfectants are important tools for biosecurity programs [5, 12].

Chlorine-based disinfectants, such as sodium hypochlorite, are widely used owing to their high efficacy and low cost. As a disinfectant,
chlorine is a strong oxidant and is used to control against a broad spectrum of bacteria and viruses in the clinical, agricultural, and food

industries [4, 11, 25, 27,28,29]. However, a common concern is that it is potentially toxic, corrosive, and volatile and leaves toxic residues
[1, 10, 27]. Advances in technology have allowed large-scale production of stable chlorinated water through the electrolysis of diluted salt
solution, which is also referred to as “electrolyzed water (EW)” or “electrochemically activated (ECA) water” [4, 25, 30].

Notably, numerous studies have demonstrated the advantages of acidic EW (AEW); these include, broad-spectrum antimicrobial activity,
non-environmental hazards, reduced corrosion, non-toxicity, low cost, and ease of onsite production, which indicate its usefulness and
Hypochlorous acid (HOCI) is a form of free chlorine and an active component of AEW. AEW is generated by passing an aqueous salt (NaCl) or
acid solution (HCI) through an electrolytic cell where the electrolysis reaction takes place. The aqueous salt solution is supplied to the
electrolytic cell and the subsequently produced chlorine ion is electrolyzed to chlorine which in turn undergoes reaction with water to
generate HOCI. As shown in Fig. 1, HOCI further dissociates into hypochlorite ions (OCI-), which is also referred as free chlorine, and
hydrogen ions (H*). The reaction is reversible and pH dependent [20]. These three species exist in equilibrium, and the pH of the solution
dictates the predominant chlorine species; undissociated HOCI predominates at lower pH, whereas dissociated OCl- predominates at higher
pH [20]. AEW is considered to have a pH of 5.0-6.8 and contains HOCI as the predominant species (approximately 95%), which is a more
effective, and stronger oxidant than OCI- [1, 10, 20, 30].
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Fig.
Main chemical reaction in electrolysis and structures of free chlorines. (1) The ratio of hypochlorous acid (HOCI) to hypochlorite ions (OCl-)

varies in dependence of the pH. The reaction is reversible and both species are referred to as free chlorine. (2) Structural formula of HOCI. (3)
Structural formula of OCI-.

In South Korea, the disinfectants used and their effective concentrations are officially approved when they are tested according to the Animal
and Plant Quarantine Agency (APQA) guidelines for efficacy testing of veterinary disinfectants. As the critical evaluation of the specific
efficacy and toxicity of AEW on ASFV and AlV is lacking, we aimed to evaluate the virucidal efficacy of AEW against ASFV and AIV according
to the APQA guidelines. In addition, we aimed to optimize its effective free chlorine concentration (FCC) under various organic soiling
conditions to confirm the virucidal effect.

MATERIALS AND METHODS

Preparation of the treatment solution

AEW was prepared using a commercially available “Electrolyzed Water Generator” (HAS-1560; Enputech Co., Ltd., Gyeonggi-do, Korea) in our
laboratory. Following manufacturer’s instructions, a provided electrolyzing agent and tap water (temperature 15-25°C, hardness <80 ppm)
were simultaneously pumped into the generator at 4.0-12.0 1/min with a current of 50 A. AEW with FCC was obtained by modulating the
flow rate through the generator, and it was adjusted to pH 5.0-6.5. The FCC was measured using a free chlorine and chlorine ultra-high range
meter (HI 96771; Hanna Instruments, Woonsocket, RI, USA) and pH was measured using a pH meter (Seven Compact; Mettler Toledo,
Columbus, OH, USA) according to the manufacturer’s instructions. The working AEWs were prepared on the day of use and stored at 4°C until
use.

Viruses and cultures

ASFV strain BA71V (KVCC VR1900048) and low pathogenic avian influenza virus (LPAIV) HON2 strain A/chicken/Korea/MS96/1996 (KVCC
VR 1100013) were provided by the Korean Veterinary Culture Collection (KVCC, Gyeongsangbuk-do, Korea). The ASFV was propagated and
titrated using a Vero cell line (Korean Cell Line Bank [KCLB] no. 10081) provided by KCLB (Seoul, Korea). Vero cells were maintained and
propagated in a Dulbecco’s modified Eagle’s medium (DMEM) (Corning Inc., Corning, NY, USA) supplemented with 10% fetal bovine serum
(FBS) (Corning Inc.), 1% MEM non-essential amino acids (NEAA) (Gibco, Grand Island, NY, USA), and 0.1% gentamicin sulfate solution (GS)
(Corning Inc.). ASFV infection was identified by the cytopathic effect (CPE) after 5 days of infection. The LPAIV was propagated and titrated
using 9- to 11-day-old embryonated chicken eggs. LPAIV infection was determined using a hemagglutination (HA) assay as described in the
World Organisation for Animal Health (OIE) manual [32].

Virucidal efficacy assays

The experiments were performed according to the APQA guidelines for efficacy testing of veterinary disinfectants [3], and were carried out in
triplicate.

Preparation of the virus inoculum

Viruses were mixed 1:19 with each appropriate diluent in the following conditions:

@ For the low-level organic soiling (LS) conditions, we used hard water (CureBio, Seoul, Korea) as the virus diluent

@ For the high-level organic soiling (HS) conditions, we used hard water containing 5% FBS as the virus diluent
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For the virus control condition, we used hard water without disinfectant. In addition, hard water was used instead of the virus-diluent
mixture as a control for determining the toxicity caused by the AEW (Table 1).

Table 1.

Treatment groups for the determination of disinfectant effective dilution factors

Composition of each treatment group

Treatment

Hard water Soiling Disinfectant Virus
Low-level organic soiling + - + +
High-level organic soiling + + + +
Virus control + - - +
Disinfectant toxicity control + - + -

+, presence; -, absence.

Virus-disinfectant reaction

The virus inoculum was mixed at a ratio of 1:1 with AEW containing 5, 10, 20, 40, 60, 80, 100, 120, and 140 ppm of free chlorine.
Subsequently, the virus-AEW mixtures were incubated at 4°C for 30 min (vortexed every 10 min) and further diluted with an equal amount
of DMEM containing 10% FBS for the ASFV mixtures and phosphate-buffered saline (PBS) (Corning Inc.) containing 10% FBS for the LPAIV
mixtures to quench AEW activity.

Virucidal efficacy against ASFV

The mixture of AEW-treated ASFV were serially diluted 10-fold in microtiter plates with DMEM containing 2% FBS, 1% NEAA, and 0.1% GS
up to 10-7. Aliquots of 0.1 ml of the diluted and undiluted mixtures were transferred into six wells of a microtiter plate containing Vero cell
cultures and the virus-induced cytopathic effect (CPE) was evaluated after 5 days of incubation. The viral titer was calculated using the
Spearman-Karber method [24] and was expressed as 50% tissue culture infectious dose per 0.1 ml (TCIDso/0.1 ml) in log units. All viral
experiments were conducted in a biosafety level 3 (BSL-3) facility at APQA in South Korea.

Virucidal efficacy against AIV

The mixture of AEW-treated AIV were serially diluted 10-fold in PBS containing 1% GS up to 10-5. Five embryonated chicken eggs (10-day
embryos) were inoculated into allantoic cavity with 0.2 ml of the diluted and undiluted mixtures and were incubated at 37°C for 5 days. For
virus control, 0.2 ml of the diluted mixture starting with 10-3 was inoculated into five embryonated chicken eggs. The allantoic fluid was
harvested from the embryonated chicken eggs and the viral titer was determined using the HA assay as described in the OIE manual [32].
Viral titer was calculated using the Spearman-Karber method [24] and expressed as 50% egg infectious dose per 0.2 ml (EIDso/0.2 ml) in log
units.

Inactivation analysis

Inactivation efficacy against the viruses was determined by subtracting the titer obtained from the AEW treatment from the titer of the
corresponding virus control in log units. The final viral titer was determined as the median value of the triplicates withina 20% (+ 10%)
error range. If the difference was 24 log, indicating a more than 10,000 times reduction of the viral titer, the corresponding FCC of AEW was
considered to be an effective concentration against the virus. Based on the study data, a recommended concentration was suggested as a
preventative measure for field application, which was calculated as 125% of the corresponding effective concentration as described in APQA
guidelines for efficacy testing of veterinary disinfectants [3].

Experimental control measures

It was crucial that the minimum post-exposure /neutralization titer for the virus control group was at least 2 x 105 TCIDso/ml or EIDso/ml to
enable measurements of more than 4 log reduction in titer by AEW treatment. It was also essential to verify that the AEW itself was free of
toxic effects on cells and embryos.

RESULTS

Determination of the effective concentration of AEW against ASFV

The titer of ASFV was measured after the virus was incubated with AEW. ASFV-induced CPE was observed after 5 days of infection, and the
viral titers were compared with control viral titers under the corresponding organic soiling conditions. Table 2 shows the log reduction
values obtained under the two separate experimental conditions, LS and HS. Under LS conditions, AEW treatments of 20 ppm or lower FCC
did not exhibit enough virucidal efficacy against ASFV to meet the 4-log reduction, while a 24.3-log reduction was obtained with 40 and 60
ppm FCC. Under HS conditions, a 4.6-log reduction was obtained with an AEW treatment of 80 ppm FCC, and a higher FCC generated a 24.8-
log reduction for this virus.

Table 2.

Virucidal efficacy of acidic electrolyzed water under low- and high-level organic soiling conditions against African swine fever virus
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Free chlorine
concentration
(ppm)

Control

10

20

40

60

80

100

120

140

Experiments

Low-level organic soiling

Virus titer

(logio TCIDs0/0.1

ml)

4.7
4.8
5.2

4.3
4.5
4.0

33
3.9
3.2

Log
reduction

0.4
0.3
1.2

1.4

0.9
2.0

Not performed

Median
value

0.4

1.4

1.4

High-level organic soiling

Virus titer

(logio TCIDs0/0.1

ml)

5.3
5.0
5.3

2.0
1.8
13

0.7
<0.5
<0.5

Log
reduction

Not performed

33
3.2
4.0

4.6
24.5
>4.8

Median
value

33

4.6



Low-level organic soiling High-level organic soiling

Free chlorine

concentration Experiments . . . .
( ) Virus titer Log Median Virus titer Log Median
ppm
(log1o TCIDso/0.1 reduction  value (log1o TCIDso/0.1 reduction  value
ml) ml)
3 <0.5 24.8

TCIDso, 50% tissue culture infectious dose.

Determination of the effective concentration of AEW against AIV

The titer of AIV was measured after the virus was incubated with AEW. The HA assay was performed after 5 days of infection to determine
the titer values, and the viral titers were compared with control viral titers under the corresponding organic soiling conditions. Table

3 shows the log reduction values obtained under the two separate experimental conditions, LS and HS. Under LS conditions, the reduction
was limited to 3.4 logs with AEW of 40 ppm FCC; however, a 4.4-log reduction was obtained with the AEW treatment of 60 ppm FCC and a
higher FCC generated a 25.2-log reduction for this virus. Under HS conditions, AEW treatments with 80 ppm or lower FCC showed
insufficient virucidal efficacy against AIV to meet the 4-log reduction, while a 24.2-log reduction was obtained with 100 and 120 ppm FCC.
Table 3.

Virucidal efficacy of acidic electrolyzed water under low- and high-level organic soiling conditions against avian influenza virus

Low-level organic soiling High-level organic soiling
Free chlorine
((:on::)ntration Experiments Virus titer Log Median Virus titer Log Median
P f:;)gw E1Ds0/0.2 reduction  value l[:;)gm EIDs0/0.2 reduction  value
1 6.7 6.9
Control 2 5.7 - - 6.1 - -
3 5.3 6.3
1 3.3 3.4 5.5 1.4
40 2 1.9 3.8 3.4 5.1 1.0 1.4
3 1.9 3.4 49 1.4
1 1.7 5.0 4.7 2.2
60 2 1.3 4.4 4.4 4.7 1.4 1.8
3 0.9 4.4 4.5 1.8
1 <0.5 26.2 2.7 4.2
80 2 <0.5 25.2 25.2 3.7 2.4 2.6
3 <0.5 24.8 3.7 2.6
1 <0.5 26.2 2.3 4.6
100 2 <0.5 25.2 25.2 2.3 3.8 4.2
3 <0.5 4.8 2.1 42
1 <0.5 26.2 1.9 5.0
120 2 <0.5 >5.2 >5.2 1.1 5.0 5.0
3 <0.5 4.8 0.9 5.4

EIDso, 50% egg infectious dose.

Virucidal efficacy of AEW against ASFV and AIV

The effective and recommended concentrations against the viruses examined in this study are summarized in Table 4. As shown in Tables

2 andand 3,3, the efficacy of AEW in this study was dependent on FCC, and the presence of HS reduced the efficacy of AEW, requiring higher
effective concentrations. The effective FCCs of AEW against ASFV under LS and HS conditions were 40 ppm and 80 ppm, respectively,
whereas those against AIV were 60 ppm and 100 ppm, respectively. Based on these results, we recommend using AEW with the following
FCC, which are suggested concentrations indicating 125% of the corresponding effective concentrations as described in the APQA guidelines
for efficacy testing of veterinary disinfectants for routine veterinary field applications depending on organic soiling conditions: for ASFV, 50
ppm and 100 ppm, and for AIV, 75 ppm and 125 ppm under LS and HS conditions, respectively. None of the FCC of AEW showed toxicity to
the cell cultures and embryos (data not shown).
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Table 4.
Summary of virucidal efficacy of acidic electrolyzed water examined in this study

ASFV AlV

Conditions Free chlorine concentration (ppm)

Effective Recommended Effective Recommended
Low-level organic soiling 40 50 60 75
High-level organic soiling 80 100 100 125

ASFV, African swine fever virus; AIV, avian influenza virus.

DISCUSSION

Disinfection is crucial for stopping further spread of disease during outbreaks and to sanitize contaminated agricultural and veterinary
facilities, especially in farm settings. Several chemical substances are generally accepted as disinfectants for inactivating enveloped viruses.
FAO-recommended disinfectants effective against enveloped viruses belonging to OIE category A, including ASFV and AlV, are groups of
detergents, oxidizing agents, alkalis, and glutaraldehyde [7]. Among them, sodium hypochlorite is the most widely used chlorine-based
oxidizing disinfectant and many studies have confirmed its virucidal effect is the main active substance in disinfectants against ASFV and AIV
agents [30].

Here, we aimed to evaluate the efficacy of AEW (pH 5.0-6.5) as a disinfectant against ASFV and AIV. We carried out experiments according to
the APQA guidelines [3]. Increasing the FCC of AEW increased the efficacy of AEW on the viruses, indicating that the virucidal effect of AEW
was solely dependent on the FCC in the solution.

The predominant active oxidizing agent in AEW at pH 5.0-6.8 is considered to be HOCI. Several previous studies investigating the general
efficacy of HOCl reported its favorable antimicrobial effects against a wide range of bacteria, fungi, and viruses, including foot-and-mouth
ASFV. In the present study, under LS conditions, AEW with FCCs 240 ppm and 260 ppm resulted in a 24-log reduction against ASFV and AlV,
respectively. Under HS conditions, AEW with FCCs 280 ppm and 2100 ppm resulted in a 24-log reduction against ASFV and AlV, respectively.
Consistent with our results, previous studies have also observed a significant reduction in AIV by AEW. Tamaki et al. [29] reported that EW
(pH 6.4) containing approximately 40 ppm FCC showed virucidal effects against AIV. Hakim et al. [9] also reported the virucidal ability of EW
(pH 6) containing 50 ppm FCC (25.2-log reduction), and higher efficacy when treated with 100 and 200 ppm FCC (5.3- and 5.5-log reduction,
respectively). In their studies, all solutions lost the disinfection efficacy for reactions in the presence of organic soiling. Kim et al. [15]
observed similar levels of efficacy of AEW (pH 4.0-6.5). Moreover, they performed the same test used in this study, and their results also
showed virucidal effects against AIV using the method in the APQA guidelines. They observed that AEW with an FCC 2100 ppm resulted in a
3-log reduction against AIV under HS conditions, and 120 ppm FCC showed toxicity to embryos. A possible reason for the difference in the
detailed effective FCC is attributable to the difference in pH values of AEW and/or initial titers of the viruses within certain ranges. It has
been reported that decreasing the pH in AEW increases the virucidal potential of AEW [21, 29]. Moreover, Yilmaz et al. [34] reported that the
initial viral titer strongly influences the results of a disinfectant test, and a high initial titer can influence results to the disadvantage of the
tested disinfectants.

The APQA guidelines classify the objects of disinfection according to the level of organic soiling content. Generally, livestock barn floors, filth,
carcasses, animal transport vehicles, and animal transport equipment are classified as objects with high levels of organic soiling; livestock
barns, animal drinking water, livestock surfaces, appliances, fish farms, and general transport vehicles are classified as objects with low
levels of organic soiling [3]. Disinfectants need to be effective under dirty conditions; therefore, the present study used FBS as organic soiling
to simulate dirty conditions. It has been demonstrated that increased exposure to organic soiling decreases the FCC, resulting in a reduction
in the virucidal effects of chlorine-based disinfectants, including EW [1, 9, 10, 30]. This is because HOCI is reduced by reacting with nitrogen
compounds in organic soiling to form chloramines before interacting with any virus that might be present [6, 30].

To evaluate the virucidal efficacy of AEW in the presence of underlying organic soiling in the reaction, we carried out an evaluation under
different organic soiling conditions. Our results showed a reduction in the virucidal effects caused by protein load (organic soiling), and were
consistent with those reported by previous studies, wherein decreased disinfection efficacy was observed in viruses exposed to organic
viruses in the presence of high organic soiling.

As expected, in this study, AEW at pH 5.0-6.5 showed virucidal efficacy (as disinfectants) against ASFV and AIV. Moreover, its virucidal
efficacy was dependent on the FCC in the reaction. However, it has been reported that the virucidal efficacy of highly acidic EW (pH <2.5) did
not require the presence of free chlorine [29]. In our study, no relevant toxicity of any tested AEW was observed, verifying its high
biocompatibility.

AEW has been regarded as a new disinfectant in recent years and applied in various fields including clinical settings, agriculture and food
industries, livestock management, and other fields. Considering the large environmental burden of chemical disinfectants for the control and
prevention of infectious diseases, it is worth noting that disinfection with EW has favorable ecological features; it reverts to normal water or
diluted salt water after use, requiring no toxic waste disposal management [2, 4, 29]. The main advantage of AEW is the simplicity of
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production and application. It is a disinfectant that can be produced on site, thus avoiding problem associated with handling of dangerous
chlorine including transport and storage [23]. Additionally, EW is cost effective because the electricity charges, cost of chemical salts, and
water are the major operating expenses involved in running the EW production system, besides the initial investment of equipment [23].
According to data from the AEW generator manufacturer in this study, usage of AEW as a disinfectant enables significant cost savings on
disinfection by almost 80 percent annually. It includes expenses for purchasing electrolyzing agent, disposal of wastewater generated.
Rahman et al. [23] also reported cost effectiveness of EW against its counterpart glutaraldehyde.

In conclusion, the virucidal efficacy of AEW against ASFV and AIV emphasizes its potential utility as a disinfectant. Several environmental
factors such as temperature, contact time, and protein load are found to govern the efficacy of disinfectants in field applications [9, 23, 35].
Efficacy of most disinfectants is negatively influenced by protein load, low temperature and short contact time. The importance of the factors
has already been recognized in the APQA guidelines by requiring 4°C and 30 min as obligatory and =10, -5 and 10°C and 1, 5 and 15 min as
optional test conditions depending on the characteristics of the disinfectants and the objects of disinfection for official approval. Therefore,
we suggest considering the feasible disinfection conditions of AEW for implementing effective control measures in field applications.
Furthermore, this highlights the necessity for future studies to establish the efficacy profiles of newly introduced disinfectant substances.
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