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Abstract This study aimed to evaluate the virucidal effect
and potential use as a disinfectant of undiluted and diluted
slightly acidic electrolyzed water (SAEW) on human nor-
oviruses (HuNoVs) using the in vitro suspension test and in
food test. The oxidization reduction potential of SAEW
gradually decreased with the increase in distilled water
volume. Moreover, as the volume of distilled water and the
dilution ratio increased, the available chlorine concentra-
tion of the samples significantly decreased from
31.2 £ 0.63 (SAEW) to 1.3 £ 0.21 (1:10 dilution of
SAEW solution) (p < 0.05). Undiluted SAEW presented
the lowest pH (5.56 + 0.02) and as SAEW was diluted in
distilled water, the pH of the sample increased. Consider-
ing the standard reduction values of pathogenic virus
(> 4.00 log reduction), the reduction value of HuNoVs in
cabbage samples was 4.65 (GL.6) and 4.28 (GIL.4) log.
These results suggest the potential application of SAEW
for inactivating HuNoVs in the food industry.
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Introduction

Human noroviruses (HuNoVs) have been identified as the
causative agents of acute gastroenteritis and are considered
major pathogenic viruses that pose risks for global public
health (Han et al., 2020). HuNoVs are generally transmit-
ted through vomit—oral and/or fecal-oral routes, either by
consumption of food or vegetables contaminated with
human feces, or via direct person-to-person spread (Han
et al., 2020). Recently, HuNoVs have been classified into
10 genogroups: HuNoV genogroup I-X (GI-X), based on
the genetic differences in their capsid proteins. Human
infections are mainly caused by GI and GII, with HuNoV
GI genotype 6 (HuNoV GI.6) and GII genotype 4 (HuNoV
GIL.4) being the causative agents of most infections
worldwide, followed by GIL.3 or GIL.6, and then other
genotypes in varying proportions (Diez-Valcarce et al.,
2019; Gentry-Shields and Jaykus, 2015; Griffin et al,
2014). To ensure the microbiological safety of fresh food,
chemical disinfectant treatments are the primary approa-
ches for decontamination of viral pathogens during various
pre-processing steps. Additionally, suitable disinfectant
treatments are deemed an effective strategy for preventing
the transmission of secondary infections of HuNoVs.

The hygiene practices in the field of the ready-to-eat
(RTE) food industry are of considerable importance, and
optimal virucidal pre-processes have been established to
ensure the virological safety of fresh vegetables. Common
chemical agents, such as ethanol, iodine, hydrogen perox-
ide, organic compounds, chlorine compounds, peracetic-
acid organic compounds, and quaternary ammonium
compounds, are used in various food-related industrial
processes (Hricova et al., 2008).

Among chemical disinfectants, chlorine reportedly pre-
sents the most effective virucidal activity; however, there is
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a risk of formation of potentially corrosive metallic sub-
stances and toxic halogenated disinfection by-products
such as trihalomethanes and haloacetic acids (Shen et al.,
2016). In several cases, chlorine treatment has been
restricted owing to its unpleasant odor and discoloration of
food. Thus, plasma-activated water, ozonated water, and
electrolyzed oxidizing water have been examined for
application as alternative disinfectants to ensure food
quality and safety (Schwarz et al., 2019). Recently, slightly
acidic electrolyzed water (SAEW) with low available
chlorine concentration (ACC; 20 to 80 mg/L), oxidization
reduction potential (ORP; approximately 1,000 mV), and
near-neutral pH (5.0 to 6.0) has been suggested as an
appropriate and acceptable disinfectant for application in
processes related to the manufacture of RTE food products
such as fresh-cut fruit and vegetables, owing to the pres-
ence of its main effective form of chlorine compound, i.e.,
hypochlorous acid (HOCI) (Issa-Zacharia et al., 2011).

According to Rutala and Weber, most users of com-
mercial disinfectants are categorized under “cost per
compliant use” as a key consideration, owing to the eco-
nomic feasibility of disinfection processes (Rutala and
Weber, 2014). However, only a few studies have reported
the virucidal effect of diluted crude SAEW, although suf-
ficient reports are available on the virucidal effect of
undiluted SAEW on pathogens. The purpose of this study
was to determine whether diluted SAEW exhibited viru-
cidal activity. We assessed the virucidal effect of diluted
SAEW on HuNoV GIL.6 and HuNoV GII.4 using the
in vitro suspension test and in food test.

Materials and methods
Viral sample preparation

GL.6 and GII.4 HuNoV were provided by the NoroGene
Research Center (Seoul, Korea). The clinical aliquots of
HuNoV samples were diluted 1:10 in RNase-free water
(Sigma-Aldrich, St. Louis, MO, USA) and vortexed for
1 min. The test sample was stored in 500-pL aliquots
at — 80 °C. In this study, each volume of viral suspension
for inoculation was approximately between 5.5 and 6.0
logy genomic copies/pL. For the disinfection test, all
HuNoV mixtures were prepared using 20 pL of the HuNoV
sample. To prepare the food test mixture, HuNoV (20 pL)
was mixed with 180 pL. of RNase-free water.

Preparation and characterization of SAEW
For SAEW preparation, distilled water (DW) was mixed

inside a electrolysis cell with 5.5% hydrochloric acid (HCI)
and experiments were performed at 12.8 V and 5.0 A using
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a SAEW generator (Purester MP-600 T, Morinaga Engi-
neering Co., Ltd., Tokyo, Japan). For available chlorine
concentration (ACC), a colorimetric method using a digital
chlorine test kit (RC-3F; Kasahara Chemical Instrument
Corp., Saitama, Japan) was used to analyze the prepared
solution. A dual-scale pH meter (Accumet model 15;
Fisher Scientific Co., Fair Lawn, NJ, USA) equipped with
pH and oxidization reduction potential (ORP) electrodes
was used to determine the pH and ORP values of the
prepared solution. SAEW production rates were achieved
at a flow rate of 600 L/h.

Virucidal efficacy of SAEW treatment

Following SAEW preparation, SAEW was diluted from
1:10 to 10:1 with DW to prepare the disinfectant. For
example, to prepare a 1:10 dilution of SAEW solution, 1 L
of SAEW was mixed with 9 L of DW for obtaining a total
of 10 L of the test sample. According to the ratio of
SAEW:DW, test samples were denoted using the range
between S1/W10 (sample 1) and S9/W10 (sample 9). The
virucidal efficacy of SAEW was evaluated using the
modified dilution-neutralization method (European CEN
EN 1276) based on the principles of quantitative suspen-
sion testing (Koivunen and Heinonen-Tanski, 2005). The
Korean Food and Drug Administration recommends the
consideration of CEN EN 1276 as a quantitative suspension
test for the evaluation of microbial inactivation of chemical
disinfectants in food (Fig. S1). Kimchi cabbage (Brassica
rapa subsp.) was purchased from a local market in
Gwangju, Korea. Following removal and discarding of the
damaged outer leaves, intact and fresh cabbage leaves were
cut using a sterile knife into 10 x 5 cm? slices (approxi-
mately 15 g; 0.4 mm in thickness), and each cabbage
sample was washed thoroughly with running tap water.
Prior to the addition of HuNoVs, each sample was soaked
in 4,000 mg/L sodium hypochlorite (NaClO) for 60 s,
which has proven to be a suitable disinfectant to com-
pletely control the natural flora present in fresh cabbage
(Kang et al., 2018; 2019). Sterilized samples were
immersed in neutralization buffer (Sigma-Aldrich) for 60 s
and subsequently rinsed three times with phosphate-buf-
fered saline (PBS, Sigma-Aldrich). Thereafter, each sample
was inoculated with 200 pL viral suspension of HuNoV
and stored at 18 & 2 °C for 30 min until thoroughly dried,
such that viral particles in the viral suspension could
completely adhere to the sample. The inoculated Kimchi
cabbage was added into sterile stomacher bags with
200 mL of the individually prepared SAEW solution,
4,000 mg/L. NaClO (positive control), and PBS (negative
control). For disinfection activation, all samples were
stored for 1 min at 18 £ 2 °C with constant shaking
(60 rpm). Following disinfection, the treated cabbage was
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transferred to a stomacher bag and mixed with 10 mL of a
neutralizing buffer for 1 min to stop the sterilization
activity of SAEW. Then, the cabbage sample was trans-
ferred into 50 mL of PBS and homogenized using the
Stomacher BagMixer R400 (Interscience, Saint Nom,
France) for 5 min, followed by the conduction of a tenfold
serial dilution via addition of 50 mL of the homogenate to
a 50-mL conical tube.

Quantification of HuNoV

Figure S1 depicts a detailed flow diagram of virucidal
evaluation and quantification protocol for the suspension
test of SAEW disinfectants against GI.6 and GII.4 HuNoV
using the optimized quantification. Based on the study
reported by Lee et al. (2018), magnetic bead separation
(MBS)/quantitative reverse transcriptase PCR (RT-qPCR),
which combines the specific MBS technique with RT-
gPCR, showed the achievement of maximum recovery rate
of viral particles from the test samples (Lee et al., 2018).
Furthermore, the MBS/RT-qPCR assay together with a pre-
treatment, combining propidium monoazide as an interca-
lating dye of nucleic acids and sodium lauroyl sarcosinate,
for enhancing the penetration of monoazide into slightly-
damaged capsids was used (Lee et al., 2018).

Viral RNA extraction and quantitative RT-qPCR

Viral RNA extraction from the disinfected samples was
performed using the QIAamp Viral RNA MinElute Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. The primers and TagqMan probes
(Table 1) were optimized for fast one-step RT-qPCR
(Jothikumar et al., 2005). To obtain external standard
curves for HuNoV GI.6 and GIIL.4, tenfold serial dilutions
from 1 to 7 log;o genomic copies of in vitro-transcribed
viral RNA were prepared using RNase-free water as PCR
templates. The standard RNA curves of HuNoV GI.6 and
GIL4 presented with slopes of — 3.355 (R* = 0.989)
and — 3.403 (R2 = 0.997), respectively (data not shown).

The log reduction value for exposure to each test solution
was calculated by subtracting the post-exposure log-trans-
formed HuNoV titer from the log-transformed baseline.
The experimental data of RT-qPCR were analyzed using
the Applied Biosystems 7500 Fast Real-Time PCR detec-
tion system software (ver. 3.0).

Statistical analysis

Duplicate samples were used in individual disinfectant
treatments, and the experiment was performed in triplicate.
For statistical analysis, one-way analysis of variance and
Duncan’s multiple range test were used to compare dif-
ferences among mean values using SPSS Statistics soft-
ware (ver.8.2; Inc., Chicago, IL, USA). A p-value
of < 0.05 was considered statistically significant. The
experimental results have been denoted as log;o genomic
copies/200pL, and regression analysis was performed using
the SigmaPlot software (ver. 14.0; Systat Software Inc.,
USA). Correlation coefficients were obtained using
Microsoft Excel (CORREL statistical function).

Results and discussion

Changes in the physicochemical properties of SAEW
after dilution

Figures 1 and 2 show the changes in pH, ACC, and ORP of
undiluted and diluted SAEW with DW. The analysis of the
initial physicochemical properties of SAEW showed that
ACC, ORP, and pH values were 30.71 £ 0.45 mg/L,
875 £ 4 mV, and 5.56 + 0.01, respectively Overall, the
ORP of SAEW gradually decreased along with the increase
in DW volume. Under the dilution conditions, ORP values
between Sample 5 (S5/W10) and Sample 9 (S9/W10), and
undiluted SAEW remained stable between 858 and
871 mV, whereas ORP values between Sample 1 (S1/W10)
and Sample 4 (S4/W10) significantly decreased from 839
to 801 mV (p < 0.05). DW had an ORP value of 566 mV.

Table 1 Human norovirus (HuNoV) primers and probes used for RT-qPCR

Norovirus Primer/probes  Sequences (5’ — 3')* Target

Human norovirus genogroup I, genotype 6 F-Primer GCC ATG TTC CGI TGG ATG ORF Junction 1/2
R-Primer TCC TTA GAC GCC ATC AT
Probe 1 FAM-AGA TYG CGR TCY CCT GTC CA-TAMRA

Human norovirus genogroup II, genotype 4 F-Primer CAR GAR BCN ATG TTY AGR TGG ATG AG OREF Junction 1/2
R-Primer TCG ACG CCA TCT TCA TTC ACA
Probe 1 FAM-TGG GAG GGC GAT CGC AAT CT-TAMRA

4See reference: Jothikumar et al. (2005)
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As the dilution ratio increased, the ACC level of the
samples significantly decreased (p < 0.05). The ACC
levels of undiluted SAEW and DW were 30.71 £ 0.45 mg/
L and 0.21 £ 0.05 mg/L, respectively. The ACC level up
to Sample 7 (S7/W10) was 20.07 £ 0.11 mg/L and
decreased consistently, whereas the ACC level between
samples 1 and 6 was lower than 20.00 mg/L. Undiluted
SAEW showed the lowest pH, 5.56 &+ 0.02. Furthermore,
as SAEW was diluted in DW, the pH of the samples
consistently increased. The pH of Sample 6 (S6/W10) was
maintained at 6.49 £ 0.01, whereas the pH between S1 and
S5 continued to increase, above 6.50.

SAEW solutions have been recognized as efficient
virucidal agents, along with free chlorine (Issa-Zacharia
et al., 2011). Despite the advantages of virucidal efficacy,
the use of SAEW has limited potential in applications
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pertaining to diluting disinfectants owing to the instability
of its chemical properties. In general, commercially
available disinfectants are provided with information on
the appropriate dilution ratio for intended use, whereas
there is no scientific evidence available on the use of
diluted SAEW for inactivation of foodborne pathogens.
Among several previous studies regarding the chemical
stability of SAEW, Xuan et al. (2016) demonstrated the
stable properties of SAEW under different conditions such
as storage time and application period; however, there was
no evidence of changes in physicochemical properties
regarding the level of dilution of SAEW with DW. Zang
et al. (2019) compared the bactericidal effects of different
ACCs (i.e., 10, 18, and 26 mg/L) of SAEW diluted in
sterile deionized water for the elimination of Escherichia
coli and Salmonella Enteritidis on shelled eggs. The
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authors reported that when SAEW was diluted with sterile
deionized water, ACC decreased and the pH increased
(Zang et al., 2019), whereas variation in ORP values
remained between 647.5 and 675.9 mV and did not show
significant differences (p > 0.05).

Virucidal effect of SAEW in the suspension test

The virucidal effects of the prepared SAEW solution
against HuNoV GI.6 and GII.4 in the suspension test are
shown in Figs. 1 and 2. During this test, the RT-qPCR
assay presented a low detection limit, of approximately 20
viral copies per reaction for both HuNoVs. HuNoV GI.6
and HuNoV GIIL4 treated with 4,000 mg/L NaClO (posi-
tive control) showed reduction values of 6.13 and 5.33
log,o CFU/g, respectively (data not shown). Moreover, the
maximum mean reduction values of HuNoV GI.6 and GII.4
titers were 6.13 and 5.33 log;y genomic copies/200uL in
undiluted SAEW and Sample 6 (S6/W10) to 9 (S9/W10),
respectively; whereas the virucidal efficacy was signifi-
cantly diminished between Sample 1 (S1/W10) and 5 (S5/
W10) (p < 0.05). In addition, DW did not show any
virucidal effect against either of the HuNoVs. Thereafter,
we investigated the correlation between HuNoV titer
reduction values and the changes in ORP, pH, and ACC
levels in the suspension test. The three physicochemical
properties analyzed were significantly correlated with the
reduction in HuNoV titer (p < 0.01). Specifically, the
change in pH presented a negative correlation with the
reduction in HuNoV titer, whereas ORP and ACC changes
showed a positive correlation with that parameter (Fig. 3A-
1 and A-2). Furthermore, the ORP value showed the
strongest correlation with the reduction in HuNoV GIL.6
(R =0.927) and GIIL4 (R = 0.952) titers.

Our results showed changes in the physicochemical
properties of undiluted SAEW and SAEW diluted with
DW, and its virucidal effects. The changes in pH and ACC
values were prominent, whereas those of ORP demon-
strated a gradual change. These variations in physico-
chemical properties have a substantial effect on the
virucidal activity of SAEW (Miyaoka et al., 2021; Moor-
man et al., 2017). However, it is not clear whether ACC,
ORP, pH, or a combination of two or three of these char-
acteristics affect the efficacy of viral control (Al-Haq et al.,
2005). Park et al. (2004) have demonstrated that the low
pH of electrolyzed water may inactivate pathogenic
microorganisms and disturb the microbial growth rate
(Park et al., 2004). The specific pH of SAEW to elicit a
virucidal effect is between 5.0 and 6.5, which is assumed to
render the viral particles more sensitive to active chlorine
by damaging the viral capsid protein to enable HOCI
penetration. Therefore, in agreement with our results, it
was observed that the reduction values of HuNoVs

diminished when the pH of SAEW increased more than
6.5. Additionally, ACC can affect various modes of chlo-
rine disinfection, such as degradation of the capsid protein,
reaction with nucleic acids, and decarboxylation of amino
acids. HOCI is well known for its major disinfection
activity among chlorine compounds (CIO~, Cl,, and
HOCI) (Mahmoud, 2007). The loss of chlorine in elec-
trolyzed solutions causes a decrease in its ACC, leading to
a reduction in its virucidal effect (Morita et al., 2000). Cui
et al. (2009) have reported that ACC reduction due to
chlorine loss is dependent on SAEW storage conditions,
which naturally reduces the bactericidal activity (Cui et al.,
2009). Notably, the relative fraction of chlorine compounds
affected the antimicrobial activity of SAEW, especially
pH. Eventually, the changes in pH and ACC could be
considered as external factors that exert a substantial effect
on the virucidal effect of SAEW. In addition, it was pos-
sible to confirm the acceptable dilution conditions that
ensure a significant virucidal effect, even if SAEW was
used diluted. The variation in ORP among SAEW samples
remained relatively stable within the range of 743 to
875 mV. The ORP changes as SAEW is diluted because
the ORP values of SAEW tend to establish reactions with
the oxidized species in electrolyzed water. Cui et al. (2009)
suggested that the variation of SAEW could be consider-
ably slow owing to the limited oxidized species in DW
(Cui et al., 2009). Therefore, we confirmed that the ORP of
SAEW was stable without considerable changes, ranging
from Sample 6 (S6/W10) to 9 (S9/W10).

Virucidal effect of SAEW in the food test

The food test showed that HuNoV GI.6 and GII.4 popu-
lations in cabbage samples were eliminated, 5.94 and 5.59
log;o genomic copies/200uL, respectively, when subjected
to treatment with undiluted SAEW and Sample 5 (S5/W10)
to Sample 9 (S9/W10) (Table 2). Moreover, the virucidal
effects of Sample 3 (S3/W10) and Sample 4 (S4/W10)
presented reduction values of more than 3 log, whereas for
Sample 1 (S1/W10) and Sample 2 (S2/W10) s, those values
were lower than 2 log for both HuNoVs. In addition, owing
to the detection and quantification limit of the procedures
developed here to study HuNoVs, the log reduction values
displayed by the HuNoVs subjected to treatment with DW
were 0.42 log;o genomic copies/200puL (GI.6) and 0.43
logyp genomic copies/200pL (GIL.4). ORP and ACC were
positively correlated, whereas pH was negatively corre-
lated with HuNoV titer reduction in the food test. ORP
values strongly correlated with HuNoV GIL.6 (R = 0.939)
and HuNoV GIIL.4 (R = 0.943) titer (Fig. 3B-1 and B-2).
As a criterion for virucidal efficacy, a decrease of at
least 4 log could be considered an adequate standard
reduction titer (Tarka and Nitsch-Osuch, 2021). Our
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Table 2 Reduction values of human norovirus (HuNoV) GI.6 and GII.4 on cabbage sample surface

Sample HuNoV GI.6 HuNoV GII.4

log;o genomic copies/200puL Reduction values logo genomic copies/200uL Reduction values

Recovered titer 594 + 0.14 - 5.59 £ 0.11

Distilled water (DW) 552 £0.11 0.42 5.16 £ 0.07 043
Sample 1 (S1/W10) 4.69 £ 0.09 1.25 4.53 £ 0.03 1.06
Sample 2 (S2/W10) 4.07 £ 0.08 1.87 3.69 + 0.05 1.90
Sample 3 (S3/W10) 2.19 + 0.13 3.75 2.01 £0.15 3.58
Sample 4 (S4/W10) 1.29 £ 0.07 4.65 1.31 £ 0.11 4.28
Sample 5 (S5/W10) BDL 4.65 < BDL 428 <
Sample 6 (S6/W10) BDL 4.65 < BDL 428 <
Sample 7 (S7/W10) BDL 4.65 < BDL 428 <
Sample 8 (S8/W10) BDL 4.65 < BDL 428 <
Sample 9 (S9/W10) BDL 4.65 < BDL 428 <
SAEW (S) BDL 4.65 < BDL 428 <

Slightly acidic electrolyzed water (SAEW), distilled water (DW), and diluted SAEW solution were used. Sample 1 (S1/W10) denotes a the serial
dilutions of SAEW solution, 1 L of SAEW was mixed with 9 L of DW for obtaining a total of 10 L of the test sample

“Below detection limit

experimental data regarding the reduction value of HuNoV
titer in cabbage samples were 4.65 (GIL.6) and 4.28 (GIL.4)
log for Sample 4 (S4/W10). Our results indicate that, when
the mixture ratio of undiluted SAEW solution and DW was
4:6, more than 4 log of norovirus present in cabbage was
reduced. These results demonstrate the potential
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application of SAEW via implementation of the dilution
method for inactivating HuNoVs. Furthermore, the scien-
tific evidence based on the stable properties of diluted
SAEW can reduce cost per optimum usage conditions. In
conclusion, our study demonstrates the potential applica-
tion of diluted SAEW as a virucidal agent. Thus, it has
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implications for utilization in the food industry. The sci-
entific evidence of the stable properties of diluted SAEW
indicated its potential to save cost per compliant use.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10068-
021-01011-w.
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