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Abstract

Electrolyzed water (EWV) is a widely used disinfectant agent with high oxidation—reduction potential (ORP).
Although EWV has been used in many areas, such as food hygiene, agriculture, and animal husbandry, the studies
presented in the literature are not enough to clarify the toxic effects of EW. The aim of this study is, therefore,
to produce EWs at different pH, ORP, and chlorine concentrations and to assess their safety in terms of
toxicology. At the beginning of the study, the antimicrobial activity of the EVV types with respect to bacteria
and fungus was investigated. EWs below pH 7 were all effective in inactivating Enterococcus hirae, Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans completely. In vitro studies of cell cultures
revealed that different concentrations of EWs were not cytotoxic for the L929 cells under 10- to 80-fold
dilutions. In addition, it has been determined that produced EVVs did not have irritation potential, according to
the in vitro EpiDerm ", reconstituted skin irritation test in the frames of biocompatibility tests. For the mucous
membrane irritation test, the hen’s egg test-chorioallantoic membrane experiment was performed, and EWs
were found to have no eye irritation. In conclusion, it has been shown that produced EWs with antimicrobial
efficacy were found to be safe for skin and eye according to in vitro biocompatibility study studies. Thus, the
establishment of a technological infrastructure for the EW production and the use of produced EW as an
effective disinfectant in the food, medical, and agricultural areas should be encouraged.
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The EW is a clean technology that has been highly
favored in recent days. The technology is based on
electrolysis of water containing sodium chloride or

Introduction

The electrochemical (unipolar) activation of water con-
sists of the possibility to significantly change speed and
selectivity of many chemical reactions, as well as prop-
erties and state of the liquid itself. This is achieved by
using the energy of the metastable state of substances
after a nonequilibrium electrochemical effect. The
emergence and preservation of additional potential
energy of water are due to the activation of atoms, ions,
and molecules in the liquid itself that leads to the
appearance of anomalous values of physicochemical
parameters. The excited, metastable state of the solu-
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tion after electrochemical exposure is called activated
state. Electrochemically activated solutions are
referred to in the literature as electrolyzed water (EW).
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potassium chloride in an electrolysis chamber, where
anode and cathode electrodes are separated by an ion-
permeable diaphragm.' Positive charge forms at the
anode surface through an oxidation process, whereas
a reduction process takes place at the cathode surface.
Herewith, two new products form in the cathode and
anode zone, known as catholyte and anolyte, respec-
tively. The oxygen gas and many active species, such
as chlorine, chlorine dioxide, and free radicals, are
being formed in the anolyte zone, while hydrogen gas
and sodium hydroxide are being formed in the cath-
olyte zone.*”

The catholyte and anolyte have peculiar charac-
teristics: the former has high alkalinity (pH > 11)
with low oxidation—-reduction potential (ORP <
—800 mV) and the other has high acidity (pH <
2.5) with strong ORP value (ORP > 1100 mV) and
free chlorine concentration (FCC) that can be
between 40 and 1500 ppm.*> Saturated with reduc-
ing agents, the catholyte (mentioned as CEW here-
after) acquires a high adsorption-chemical activity,
as well as properties of strong detergent. On the other
hand, the presence of a sufficient number of strong
oxidants and free radicals in the anolyte turns it into
a solution with strongly pronounced biocidal prop-
erties. The anolyte, namely EW, has been used as a
disinfectant agent because of its high oxidation
potential and the active species content.® EW pro-
duced in a variety of forms is widely used in many
areas such as food hygiene, agriculture and animal
husbandry, medicine and medical field, restaurants,
schools, and hotels.”® Depending on the intended
use, two different types of water as strong acidic
EW (StAEW) and slightly acidic EW (SAEW) can
be produced.” For example, StAEW is known to
have a strong bactericidal effect on the most known
pathogenic bacteria with its low pH, high ORP, and
FCC.'® On the other hand, SAEW has a nearly neu-
tral pH, lower ORP value, and FCC. The SAEW has
attracted much interest, because it contains low free
chlorine, has less Cl, gas emissions, has low corro-
sive effects on surfaces, and is a highly effective
antimicrobial agent with limited phytotoxic effects
compared to hypochlorous acid derivatives.'' There-
fore, SAEW has been considered as a medical disin-
fectant due to the corrosive effects of StAEW.'?
Mixed electrolyzed water (MEW) is the name of a
preparation that obtained mixing anolyte and catho-
lyte (in an equal volume of each in our case). It is
expected that the solutions do not lose their superior

features after mixing due to the unipolar (i.e. irrever-
sible) reaction during electrolysis.

The use of EW as a biocide has emerged
recently.'*'* However, all biocidal products require
authorization before they are released into the market,
according to European Chemicals Agency Guidance
on the Biocidal Products Regulation published in
2018, and it is necessary to show their safety profile.
One of the mandatory test methods to evaluate the
toxicological profile for human dermal exposure is
to examine the skin irritation potential of the prod-
ucts.'® Skin irritation is the production of reversible
damage of the skin following the application of a test
substance (TS) for up to 4 h. The assessment of skin
irritation has typically performed using laboratory
animals. However, to reduce the use of in vivo testing,
alternative in vitro methods for assessing skin irrita-
tion potential have been developed using a recon-
structed human epidermis (RhE) model.'® The RhE
model is highly preferred for assessing the biocom-
patibility of disinfectants.'”'® According to the same
guideline, the other test method that needs to be per-
formed is the evaluation of eye irritation.'> Although
it has not validated yet, the Interagency Coordinating
Committee on the validation of alternative methods
(ICCVAM) recommended hen’s egg test-
chorioallantoic membrane (HET-CAM) test method
is highly preferred to predict eye injury hazard poten-
tial of chemicals. As an alternative to in vivo Draize
Rabbit eye test, HET-CAM is mimicking the vascular
changes in the CAM.""2%2! As well, products may
come within the remit of the regulations concerning
medical devices for human use,*? depending on the
disinfectants’ intended uses. For surface medical
devices on the skin, the standard recommends evalu-
ating also their cytotoxicity, besides sensitization and
irritation capacity.?

The antimicrobial effect on various microorgan-
isms’ of the EWs has been presented for years.'>'*
Accordingly, the usage of the EWs has been recog-
nized in many areas such as food hygiene, agriculture,
and animal husbandry. However, the studies pre-
sented in the literature are not enough to clarify the
toxic effects of EW. In this study, therefore, the pur-
pose of this work was to expose the safety profile of
EWs, which is widely used as a disinfectant and/or as
a medical device. Therefore, EWs at different pH and
chlorine concentrations were produced, and their der-
mal biocompatibility properties were investigated by
testing cytotoxicity, eye irritation, and skin irritation
assays in vitro.
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Figure |. The scheme of the electrolyzed water production.

Materials and methods

Production and characterization of electrolyzed
water

The EWs were produced by the electrolysis of tap
water containing 5 g/L of sodium chloride in a
divided, circular electrochemical reactor. The reactor
comprises a steel cathode, a carbon-based anode, and
a semipermeable membrane separator. It has 250 mL
of the EW production capacity through a single batch
run. A power supply (TTechnic, Istanbul, Turkey)
was used to provide direct current, and the electric
potential is given to the anode and cathode surface.
A scheme of the EW production is given in Figure 1.
To produce EW, the brine solution was added into the
reactor, and the power supply was operated during the
desired reaction time. The brine water was separated
into ions because of the unipolar electrochemical pro-
cess in the reactor. The brine water has a very weak
current within it (i.e. approximately 350 mV), and the
change of ORP value in the anolyte and catholyte
zone in the opposite direction started with the onset
of electrolysis. The EWs below pH 7 were collected
from the anodic side of the reactor after electrolyzing
was finished. CEW was collected from the cathodic
side during the same run for StAEW. MEW was an
equal amount of StAEW and CEW produced under
the same conditions. SAEW was obtained by produc-
ing lower applied current and longer electrolysis time
than StAEW produced. The production conditions
and properties of EWs are shown in Table 1. The EWs
were freshly prepared on the day of each experiment.

To determine the characterization of EWs, the
measurements of pH (Ohaus, Parsippany, NJ/USA),
conductivity (Hanna Ins., USA), and ORP (Oakton,

Singapore) were performed. FCC (i.e. the sum of
hypochlorous acid and hypochlorite ions concentra-
tion) of EW was determined using N,N-diethyl-p-phe-
nylenediamine colorimetric method.**

Preparation of bacterial culture

The ATCC cell lines used for the microbiological
tests were Escherichia coli (10536) and Pseudomonas
aeruginosa (15442) as gram-negative bacteria; Sta-
phylococcus aureus (6538) and Enterococcus hirae
(ATCC 10541) as gram-positive bacteria; and Can-
dida albicans (10231) as fungus. At first, 10 mL of
tryptic soy broth were transferred to labeled sterile
tubes for each test bacteria. The tubes inoculated with
the bacteria were incubated for 18-20 h at 37°C in a
shaking incubator set at 120-150 r/min. The follow-
ing day, the tubes were centrifuged at 3000 r/min for
20 min at 4°C. The supernatant was removed, and the
precipitate was suspended in 10 mL of phosphate
buffer and centrifuged again. The supernatant was
removed and resuspended in 10 mL of phosphate buf-
fer. The initial inoculums concentration was adjusted
to 1.5 x 10® CFU/mL using phosphate buffer.

Microbiological tests through EW Treatment

The microbiological tests were performed according
to procedures EN 1276%° and EN 1650°° of the Eur-
opean National Standards. For each treatment with
EW, 1 mL of bacteria suspension and 1 mL of bovine
serum albumin were mixed in a sterile test tube. Then,
this mixture was transferred to a new tube that already
contained 8 mL of EW and they were mixed properly.
In the case of the control sample, the mixture was
added in 8 mL of sterilized dH,O instead of EW.
After the desired contact time, the reaction was
quenched with 9 mL of Dey—Engley neutralizing
broth. This form of the mixture was accepted as
1:10 dilution and then 10-fold serial dilutions were
made up to 10~ dilutions. For bacterial counting,
1 mL of each dilution was spread over the petri dish
including tryptic soy agar by using a sterile swab. In
the case of fungi counting, malt extract agar was used
in the same way. The incubation period was 24 h for
bacteria at 37°C and 48 h for fungus at 30°C. After the
incubation period, colonies were counted, and agar
plates containing 30-300 colonies were considered
as significant. Logarithmic reduction values for each
sample were calculated upon the differences between
the logarithmic value of the initial and residual num-
ber of bacteria.
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Table I. Production details and characteristics of EVVs.

EW type

StAEW SAEW MEW CEW
Current (A) 22 0.22 22 22
Voltage (V) 30.7 6.4 30.7 30.7
Contact time (s) 45 120 45 45
Diagram Anolyte Anolyte Anolyte + catholyte (1:1, vol/vol) Catholyte
pH 243 + 0.05 5.63 + 0.25 549 + 0.10 9.36 + 0.07
ORP (mV) 1141 + 12.22 865 + 21.79 898 + 5.69 Greater than — 100
FCC (mg/L) 32.87 + 4.62 8.68 + 1.69 17.80 + 1.33 0.66 + 031

EW: electrolyzed water; StAEWV: strong acidic EW; SAEWV: slightly acidic EW, MEW: mixed EW; CEW: catholyte EW; ORP: oxidation—

reduction potential; FCC: free chlorine concentration.

Cell viability with MTT assay

Cell viability was determined by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. L.929 mouse fibroblast cell line (ATCC) was
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Fountain Drive, Pailey/UK) supple-
mented with 10% fetal bovine serum, streptomycin,
and penicillin used from Gibco at 37°C in 5% CO,.
The cells were seeded 1 x 10* per well in 96-well plate
and incubated for 24 h to form a semiconfluent layer.
After 24 h, the cells were exposed to four different
concentrations of EW by serial dilutions with DMEM
(1.25%, 2.5%, 5%, and 10%, vol/vol). After 24 h incu-
bation, MTT was added to wells at 0.5 mg/mL of con-
centration and incubated for an additional 2 h at 37°C.
After discarding the medium from plates, 100 pL of
isopropanol was added to the wells. The absorbance of
the MTT formazan was determined at 570 nm by a UV-
spectrophotometric plate reader (BioTek ELx808™,
Turkey). Viability was defined as the ratio (expressed
as a percentage) of absorbance of the cells exposed to
compounds to the cells treated with 0.5% dimethyl
sulfoxide (DMSO; as control). As positive control
(PC), DMSO 20% (vol/vol) (Sigma, USA) was used.
All measurements were conducted in triplicate, and
error bars were given in the relevant figure. The cell
viability ratio was determined to be the ratio between
the absorbance of the tested well and the absorbance of
the control well by using the following equation:

Relative cell viability TS (%)
= [OD570T5/ Mean of OD570Nc] x 100

where ODs7gtg is the OD of the TS and ODs7onc 18
the OD of the negative control (NC).

Eye irritation, in vitro

To evaluate the potential eye irritancy of EWs, ICC-
VAM recommended HET-CAM test method was
applied, and the reactions on the CAM were scored
according to lysis, hemorrhage, and coagulation
within 300 s of the EW exposure.'” To summarize
the method, fertile White Leghorn chicken eggs
weighing between 50 and 60 g were incubated at
38.3 + 0.2°C and 58 + 2% relative humidity until
day 9. The air cell of the egg was marked and cut with
a drill and then pared it off. Scores based on test
protocol if lysis occurs within 30 s is 5, within 2 min
is 3, and within 5 min is 1. For scoring of hemorrhage,
if the reaction occurs within 30 s score is 7, within
2 min is 5, and within 5 min is 3. Lastly, for coagula-
tion, the reaction within 30 s is scored as 9, within
2 min is 7, and within 5 min is 5 as well.'°

The inner membrane was moistened with 0.9% (wt/
vol) NaCl in the incubator for a maximum of 30 min.
After decanting the 0.9% NaCl solution, the inner
membrane was carefully removed with forceps; 0.3
mL of EWs, a known eye irritant, 1% (wt/vol) sodium
dodecyl sulfate (SDS) as a PC, and 0.9% NaCl as a NC
were applied directly onto the CAM surface according
to the test protocol. Then, reactions were observed on
the CAM over a period of 300 s. The time for the
appearance of each of the noted end points, namely,
hemorrhage, lysis, and coagulation, was monitored and
recorded at fixed time intervals of 0.5, 2, and 5 min.
The results were considered acceptable if the NC and
PC each induced a response that falls within the clas-
sification of nonirritating and severely irritating,
respectively. According to historical control studies,
this indicates that using 0.9% NaCl as the NC, the
irritation score (IS) value was zero and using 1% SDS
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as PC, the IS values ranged between 10 and 19. The
classification of severe irritancy for a TS was assigned
when the IS value was greater than 9.

In vitro skin irritation test

To predict skin irritation potential of EWs, the recon-
structed human epidermal model EpiDerm (EPI-200,
MatTek, Ashland, MA/USA) validated by European
Centre For the Validation of Alternative Methods
(ECVAM) was used.'® According to manufacturer
instructions, tissues were topically exposed to 30 pL
of the undiluted tested EWs, NC, or PC to three single
tissues each for 60 min; 5% SDS (in H,O) solution was
used as PC and sterile Dulbecco’s phosphate-buffered
saline (DPBS), pH 7.4, was used as NC and tested con-
currently with EW samples. Tissue was thoroughly
rinsed with sterile DPBS and excess of DPBS was
removed by gentle shaking as well as blotted on sterile
blotting paper. Tissue inserts were transferred to new
well plates prefilled with fresh assay medium. After a
24-h incubation period, the medium was collected for
analysis of inflammatory cytokine interleukin (IL)-1a,
which is a complementary measurement of response to
physical or chemical stress of keratinocytes according
to EpiDerm protocol. After 3-h MTT incubation, the
blue formazan salt formed by cellular mitochondria was
extracted with 2 mL/tissue of isopropanol. Then, the
optical density of the extracted formazan was deter-
mined at 570 nm using a spectrophotometer. The reduc-
tion of the viability of the tissues exposed to EWs in
comparison to NC was used to predict the skin irritation
potential. The remaining relative cell viability below
50% was considered as the irritant according to Epi-
Derm protocol:

Relative viability TS (%) = [ODrs/ Mean of ODxc]
x 100

where ODrg is the OD of the TS and ODy¢ is the OD
of the NC.

IL-1 o« analysis

The concentration of IL-1a released from the RhE
tissues into the assay medium during the exposure
period was measured by commercially available quan-
titative enzyme-linked immunosorbent assay (ELISA)
system according to the manufacturer’s instructions
(Abbkine Human IL-1ac ELISA Kit, Wuhan, China).
The concentration of IL-1« for each sample was cal-
culated and a two-fold increase or greater, compared to

the NC, was considered a positive irritation response
according to EpiDerm-skin irritation test (SIT) proto-
col.?” Results represent the mean + SD of three indi-
vidual IL-1« released from the RhE tissues.

Statistical analysis

GraphPad Prism Software version 6.0 (San Diego,
California, USA) was used for all the statistical anal-
yses. Data related to cell viability were analyzed by
using one-way analysis of variance following the post
hoc tests by Turkey. p Value <0.05 was considered
statistically significant.

Results

Characterization of electrolyzed water

Figure 2 shows the change of pH, FCC, and ORP
value against electrolysis time. The increment of
chlorine concentration caused the decrement of pH
value during EW production, as shown in Figure
2(a). The reason for the pH decrease in the media
is the formation of chlorine gas, hypochlorous acid,
and hydrochloric acid in aqueous media.” The form
of chlorine compounds (OC1™, Cl,, or HOC]I) present
in a disinfectant is majorly affected by the pH of the
solution. Hypochlorous acid is the most active form
of chlorine, and its activity is the maximum at a pH
of 5.0-6.5. At a higher pH > 7.5, the inactive hypo-
chlorite ion (OC1™) predominates, and very little of
the active hypochlorous acid is available (HOCI).
In our cases, the sum of the HOCI and OCI™ (i.e.
FCC) increased up to 378 mg/L at the end of the 20
min of electrolysis time. As another parameter for
monitoring EW, ORP is a measure of the intensity
of the oxidation—reduction processes in the system
and is determined by the ratio of concentrations for
oxidation and reduction sorts of ions forming during
the reaction. As seen from Figure 2(b), the original
ORP value of brine water (i.e. 351 mV) changed
toward the opposite directions during electrolysis.
The ORP value of EW in the anodic side of the reactor
reached 1000 mV in a short time, and over time, it
increased to around 1200 mV. The increment of the
ORP value generally remains at about 1200 mV.'*2®
In the case of the cathode zone, the ORP value
started to decrease toward minus values and reached
to —960 mV after 30 min, as seen from Figure 2(b).
Lower ORP values of a solution indicate a high ten-
dency to donate electrons. The CEW with these ORP
values acts as a reducing agent and can take pH value
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Figure 2. Characteristic parameters of EW during electrolysis: (a) pH and FCC change and (b) ORP change (5 g/L of
sodium chloride concentration, | ampere of applied current). EW: electrolyzed water; ORP: oxidation—reduction

potential; FCC: free chlorine concentration.

from 7 to 12.8.°2° As it can be seen from the maxi-
mum values of the pH and ORP parameters, the pH of
the CEW corresponds to a practically concentrated
alkali solution, and the pH of the anolyte corresponds
to the concentration of the acid solution.

Microbiological test

Microbiological tests were conducted on E. hirae, E.
coli, S. aureus, P. aeruginosa, and C. albicans with the
application of StAEW, SAEW, MEW, and CEW for
each bacterium (see Table 2). Since CEW is a reducing
agent and has no disinfection capacity due to its low
ORP values (<—100 mV), no decrease in the number
of bacteria was observed in the tests carried out with
CEW for 10 min (data not given). StAEW was very
effective against all test microorganisms even in very
short periods. Complete cell death was provided in all
microorganisms in 1 min of the contact time. Due to the
limited use of StAEW, microorganism tests were also
conducted with MEW and SEAW, whose pH values
were close to the neutral ones. A complete bacterial
inactivation was achieved in 10 min with MEW and/or
SEAW; however, the cell death ratio reduced at lower
contact times. With the decrease of the chlorine concen-
tration of EWs, the time required for cell death increases.

Cell viability

The effect of the 24-h exposures to four different
concentrations of EW (1.25%, 2.5%, 5%, and 10%,
vol/vol) on the cell viability is shown in Figure 3. In
all experimental doses of four different EW samples,

cell viability was above 70%, which was evaluated, as
the samples were not cytotoxic on L929 mouse fibro-
blast cell line. Cell viabilities did not show a dose-
dependent response in StAEW- and SAEW-treated
group, while MEW and CEW exposure resulted in a
dose-dependent decrease in cell viability. The cell
proliferation rate was significantly increased (116.05
+ 2.38%) at the lowest dose (1.25%) of CEW. In
addition, PC (i.e. DMSO 20% (vol/vol)) significantly
reduced cell viability of L929 cell line.

Hen’s egg test-chorioallantoic membrane

In HET-CAM screening test for eye irritancy, after
moistening, 0.3 mL of each EW was applied directly
onto the CAM surface. Then, reactions on the CAM
were scored over a period of 300 s. According to the
results, the IS value of PC was scored as 12, which is
in the acceptable range according to the ICCVAM
protocol. The tested EWSs did not cause lysis, hemor-
rhage, and coagulation according to HET-CAM scor-
ing (Figure 4). The IS values (max 1) for the tested
EWs indicate that there was no eye irritancy potential
for the produced EWs (Table 3).

Skin irritation

According to the manufacturer’s protocol, the assay
met the acceptance criterion as far as the mean viabi-
lity of PC (5% SDS) tissues expressed as a percentage
of the NC tissues is <20% (Figure 5). None of the
tested EWs was assessed as causing any skin irritation
because the mean relative viability of three individual
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Figure 3. Relative cell viability on L929 cell line after the 24-h exposure of four different concentrations of EWs. Results
represent the mean + SD of three independent experiments, which were repeated at 3 weeks. Negative control: medium
(DMEM), positive control: 20% DMSO. Significant difference compared to control: *p < 0.001; **p < 0.0001. EW: elec-
trolyzed water; StAEW: acidic EW; SAEWV: slightly acidic EW; MEW: mixed EW; CEW: catholyte EW; DMEM: Dulbecco’s

modified Eagle’s medium; DMSO: dimethyl sulfoxide; SD: standard deviation.

StAEW

SAEW

Figure 4. HET-CAM in vitro irritation test for detecting ocular irritancy. NC: negative control (0.9% NaCl); PC: positive
control (1% SDS); EW: electrolyzed water; StAEW: strong acidic EW; SAEWV: slightly acidic EWW; MEW: mixed EW; CEWV:
catholyte EW; HET-CAM: hen’s egg test-chorioallantoic membrane; SDS: sodium dodecyl sulfate.

resistance against the acidic media increases (i.e. pH 2—
3), microorganisms do not give growth at ORP <400 -+
550 mV and at ORP > 900 = 1050 mV.> The applica-
tion of EWs to the microorganisms changes the pH and
ORP values of nutrient media or, in other words, the
speed and the direction of oxidation—reduction pro-
cesses in the system. In this way, EWs can affect the
functional properties of electroactive components of
biological systems. Furthermore, EW is an aqueous
medium with enhanced electroacceptor properties. In
the chloride-type anolytes, the greatest biocidal activity
is due to the free radicals C1O°, C1°, and HO", whose

sources are both HCIO and C1O ™. Moreover, the highest
oxidizing ability of the anolyte in reactions on the mem-
branes of bacterial cells is associated with the presence
of both forms

HCIO + CIO” — CIO* + ClI© + HO°

In addition to this reaction, water oxidation with
the release of oxygen takes place at the anode

2H,O — 4e — 4H 40O,

Depending on the micro conditions on the anode
surface, reactions of the hydrogen peroxide and a
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Table 3. Irritation score of tested EWs according to HET-
CAM protocol.

Tested groups IS  Result

StAEW I No irritation potential
SAEW 0  No irritation potential
MEW 0 No irritation potential
CEW I No irritation potential
NC 0  No irritation potential

PC 2 Strong irritation potential®

EW: electrolyzed water; StAEW: strong acidic EW; SAEW:
slightly acidic EW, MEW: mixed EW; CEW: catholyte EW; NC:
negative control; PC: positive control.

*The severe irritancy classification for a test substance is assigned
when the value is greater than 9.

Relative viability %
SAEW. 1124
v . MEW; 104,1 -
o | N
1
100 T 1 I [ =
50 1
[Pcia7]
o
NC PC StAEW SAEW MEW CEW

Figure 5. Percentage of relative cell viability after Epiderm
SIT in vitro irritation test. Results represent the mean +
SD of three individual tissues. NC: negative control (DPBS);
PC: positive control (5% SDS); EW: electrolyzed water;
StAEWV: strong acidic EW; SAEW: slightly acidic EW; MEW:
mixed EW; CEW: catholyte EW; SDS: sodium dodecyl
sulfate; SIT: skin irritation test; SD: standard deviation.

number of its decomposition products formation also
can take place

2H,0 — 2e — H,0, + 2H"

The products of these reactions, possessing high
reactivity, can be stored for a long time in the anolyte,
which has low pH values (2-4) and high redox poten-
tial (800—1200 mV). Electrochemical reactions occur-
ring in the cathode zone are associated with the water
reduction reaction

2H,O + 2¢ — H, + 20H™

When an electron passes from a cathode to a hydro-
xonium ion, a number of highly active products arise,
which provide catalyst properties to catholyte. The
resulting active water for a long time keeps low values
of the redox potential (from —700 to —960 mV) and
high pH values (9.5-13).

IL-1a (pg/mL)
PC, 338.5
400

300 l

200

CEW, 76.2
100 NC, 44.8 StAEW, 58.1 SAEW, 55.3

MEW, 30.5 =
=3 —

NC PC StAEW SAEW MEW CEW

Figure 6. IL-1a released into the assay medium after
exposure of EpiDerm™ tissues to controls and EW sam-
ples. Results represent the mean + SD of three individual
tissues. NC: negative control (DPBS), PC: positive control
(5% SDS). *p < 0.05 vs. NC; *p < 0.01 vs. NC; **p <
0.0001 vs. PC. EW: electrolyzed water; StAEW: strong
acidic EW; SAEWV: slightly acidic EW; MEW: mixed EWV;
CEW: catholyte EW; SD: standard deviation; DPBS:
Dulbecco’s phosphate-buffered saline; IL: interleukin; SDS:
sodium dodecyl sulfate.

Free radicals and atomic oxygen oxidize the mem-
brane of the bacterial cell. From the thermodynamic
point of view, the formation of atomic oxygen is the
energetically favorable process causing the growth of
the entropy factor and the decrease of the Gibbs
energy. As a chemical oxidizer, “active” oxygen dis-
rupts the work of oxidative—reductive enzymes. By
oxidizing catalytic groups in the active center, it inter-
feres with their participation in the separation of
hydrogen from the substrate and in the transfer of
protons and electrons to the respiratory chain.

The processes of free-radical oxidation strengthen-
ing at the tissue level are accompanied by the accu-
mulation of either lipid peroxides or products of lipid
peroxidation in cell membranes and mitochondria that
leads to an increase in the oxygen utilization and
influences the oxidative phosphorylation. The
destructive effect of free radicals on bacteria has been
reported comparing the EW with NaOCI and C10,.*?
Although the mechanism leading to the final death of
bacteria was similar for all disinfectants, the antimi-
crobial test with the EW resulted in faster lipid per-
oxidation and more release of intracellular micro- and
macromolecules than that of NaOCI and CIlO,.

The use of the EW is well known and becoming
favorable because chemical disinfectants, such as ben-
zalkonium chloride, formaldehyde, and glutaraldehyde,
are potentially toxic to humans and corrosive to the
application area.>* Despite the increased use of EWs
and evidence of their effects on microorganisms in the
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literature, the assessment for its toxic effects has been
relinquished up to date. It is desirable for a disinfectant
agent to be noncytotoxic as well as killing microorgan-
isms adequately, and not to damage the living organisms
or materials to which it is applied. Therefore, it is not
sufficient to investigate the potency of EW only in terms
of ability to destroy specific pathogens.

To assess the cytotoxicity of the produced EW, the
MTT assay was performed in the mouse fibroblast cell
line (L929) in this study. 1929 cells were used due to
their ease of culturing in a reproducible manner. Also,
according to Swain et al.,>> this cell line is suitable for
preliminary cytotoxicity evaluation for a wide range of
biomaterials because of suitable proliferation rate and
adherence on most of the biomaterial surface. In all
experimental doses of four different EW samples, cell
viability was above 70%, which was evaluated, as the
samples were not cytotoxic on L929 mouse fibroblast
cell line. In similar 24-h exposure model, the results
indicated that EWs were not cytotoxic, since the cell
viability was above 70% for all tested concentrations
(1.25% =+ 10% vol/vol) of four different types of EW.
Similar to our results, Gomi et al.*® reported that the
24-h exposure to AEW (pH 2.8) did not lead to cyto-
toxicity on human pulp cells, when dilutions between
10 and 1000 fold (vol/vol) were used. In another
study,’’ strong alkaline EW (pH: 12.15, ORP: —1068
mV) and StAEW (pH: 2.49, ORP: 955.9 mV) were
tested for 24 h on stratum corneum tissue sample of
the hairless rat by MTT assay, and it was observed that
both EWs are highly safe.

In addition to the pharmaceutical compatibility and
industrial studies on EWs, there are several cytotoxi-
city studies investigating the effect of EW on the can-
cer cell lines due to its variable capacity to oxidation/
reduction.*®*® Tsai et al.>® suggested that the treatment
by CEW (pH: 8.10 =+ 9.50, ORP: —160 mV -+ —400
mV) together with glutathione combination signifi-
cantly decreased the survival rate of HL-60 leukemia
cells for 48- and 72-h exposure. According to the study,
EW may lead to dose- and time-dependent cytotoxicity
in combination with glutathione through a
mitochondria-dependent pathway while this effect was
not seen with 24-h exposure.®® In a different study,*”
the effect of apple juice reconstituted with alkaline EW
(pH 10.59, ORP: —139 mV) on human colon adeno-
carcinoma (HT-29) cells was investigated. It was sug-
gested that HT-29 cells treated with 0.5 uL/mL of
apple juice reconstituted with alkaline EW for 72-h
showed a decreasing effect on the cell viability when
a dose of alkaline EW increased. This effect was

attributed to the antioxidant activity of polyphenol-
rich apple juice and EW, which may alter cell func-
tions, such as cell proliferation and cell cycle arrest.*”

In vitro test methods are becoming more popular as
an alternative to the animal test methods.* In our
study, we, therefore, preferred in vitro alternative test-
ing methods for the evaluation of the irritation poten-
tial of the EW samples. In the HET-CAM assay
method for the detection of eye irritants, none of the
produced EWs caused lysis, hemorrhage, and coagu-
lation, and so it was evaluated as nonirritant, accord-
ing to testing score. Although it is not yet a valid
method, a good correlation between the results
obtained by the HET-CAM test and the eye irritation
tests on rabbit was shown in previous studies.*'**?
HET-CAM is also recommended by ICCVAM to pre-
dict eye irritation potential of chemicals.'® This
method was also preferred for the evaluation of vagi-
nal irritancy potential of chemicals.*’

Irritation potential of EW samples was evaluated with
the validated EpiDerm SIT. All the EWs were assessed
as nonirritant, according to the European Union (EU)
and Globally Harmonized System (GHS) classification
because the mean relative viability of three individual
tissues exposed to the EW samples was not lower than
50% of the mean viability of the NCs.'®

EpiDerm-SIT was highly preferred for the in vitro
SIT of chemicals, including cosmetics, pharmaceutical
ingredients, and medical devices.**** In addition to the
irritation test, assay medium was collected following
the exposure period, and IL-1« levels were measured
as a secondary end point, which is the indicative
response of keratinocytes in case of physical or chem-
ical stress. Measurement of IL-1a was described as
additional data, which helps to ensure the correct clas-
sification of the tested material.?” EpiDerm-SIT results
are consistent with that of cell viability assay. Since the
two-fold increase or greater compared to the NC was
considered a positive irritation response according to
the test protocol, StAEW samples were considered to
have no potential for irritation.?’

Conclusions

According to the microbiological assay conducted in
this study, StAEW, SAEW, and MEW provided the
complete bacteria inactivation in 10 min. With elec-
troactivation, water gains high activity of ions that
provide the destruction of bacteria without any harm
to the living cell. In the cytotoxicity assay, no signif-
icant difference was observed between EW groups. In
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the HET-CAM assay for detecting the potential eye
irritancy, none of the tested EWs caused eye irritation,
according to the testing score. Besides, the SIT
showed that none of the tested EWs caused dermal
irritation, which was also confirmed by IL-1« assay.

In conclusion, it has been shown that EW samples
produced in the anolyte zone (i.e. StAEW, SAEW,
and MEW) have antimicrobial efficacy and are safe
according to the cytotoxicity and several biocompat-
ibility tests. Catholyte EW has no cytotoxicity effect
and irritation potential. In addition, the EWs are rea-
sonably easy to produce without using any chemicals
except salt, which provides an advantage both in the
technical and economical manner.
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