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Decontamination of Aflatoxin-Forming Fungus and Elimination
of Aflatoxin Mutagenicity with Electrolyzed NaCl Anode
Solution
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Electrolysis of a 0.1% (17.1 mM) solution of NaCl using separate anode and cathode compartments
gives rise to solutions containing active chemical species. The strongly acidic “anode solution” (EW-
(+)) has high levels of dissolved oxygen and available chlorine in a form of hypochlorous acid (HOCI)
with a strong potential for sterilization, which we have investigated here. Exposing Aspergillus
parasiticus at an initial density of 103 spores in 10 uL to a 50-fold volume (500 L) of EW/(+) containing
ca. 390 umol HOCI for 15 min at room temperature resulted in a complete inhibition of fungal growth,
whereas the cathode solution (EW(—)) had negligible inhibitory effects. Moreover, the mutagenicity
of aflatoxin By (AFB,) for Salmonella typhimurium TA-98 and TA-100 strains was strongly reduced
after AFB; exposure to the EW(+) but not with the EW(—). In high-performance liquid chromatography
analysis, the peak corresponding to AFB; disappeared after treatment with the EW(+), indicating
decomposition of the aflatoxin. In contrast, the routinely used disinfectant sodium hypochlorite, NaOClI,
of the same available chlorine content as that of EW(+) but in a different chemical form, hypochlorite
(OCI) ion, did not decompose AFB; at pH 11. However, NaOCI did decompose AFB; at pH 3, which
indicated that the principle chemical formula to participate in the decomposition of AFB; is not the
OCI~ ion but HOCI. Furthermore, because the decomposition of AFB; was suppressed by pretreating
the EW(+) with the OH radical scavenger thiourea, the chemical species responsible for the AFB;-
decomposing property of the EW(+) should be at least due to the OH radical originated from HOCI.
The OH in EW(+) was proved by electron spin resonance analysis.
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INTRODUCTION Developing measures to control mycotoxin contamination is
a high priority for the food and animal feed industries. The most
reliable method to prevent mycotoxicosis is to avoid the use of
contaminated materials, to disinfect fundiO( 11), and to
inactivate mycotoxin. In the control against aflatoxins, many
researchers have proposed and/or attempted measures to inac-
tivate them {2, 13) or to suppress their production by fungi
(14), for example, through exposure to ammonia vapor at high
temperature 15). Most of the proposed methods are not
necessarily practical, however, because they not only decompose
aflatoxin but also deplete the quality of the food and feed
materials themselves; furthermore, most proposed methods are
*To whom correspondence should be addressed. F8It-138-40-5564. expensive and energy_consuming_ Therefore, research into

Fa¥:Hzfééﬁsj%;iigﬁf_ma'I: ted@fish-hokudai.ac.jp. effective and energy-saving measures of decomtanimation has

Securing the safety of food and animal feed is one of the
most important factors in the welfare of humans and livestock.
Among the many types of microorganisms that cause food borne
disease, toxic fungi and their products (mycotoxins) threaten
the health of humans and livestock by contaminating food and
feed materialsi—4). One of the most highly potent mycotoxins,
aflatoxin, is produced byAspergillus flaus and Aspergillus
parasiticusand causes both acute liver damage and liver cancer
(5-9).

gKinki University. attracted much interest recentlyg( 17).
! ng;‘ﬁ;"‘ bmsg',gﬁly%?'%rcsﬁ%mgy_ With the aim of finding a secure, effective, and energy-saving
U National Institute of Infectious Diseases. method to disinfect mycotoxin-producing fungi and to inactivate
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mycotoxin, we examined the effect of an electrolyzed dilute Taple 1. Physicochemical Parameters of Electrolyzed NaCl Solutions®
NaCl solution. This solution is generated by electrolyzing dilute

NaCl solution, usually around 320 mM, with commercially anode cathode ultrapure
available electrolysis devices at between 3 and 50 V of dc for ___Parameter solution solution water®
several minutes in either a single-compartment chamb@&r ( EW(+) EW(-)

or a two-compartment chamber separated by an ion exchange- PH- _ 250 +0.06 11.65+0.12 5.82+0.04
able diaphragm19). When the two-compartment chamber js  2/alable chlorine 39.4+0.89 051008 ND

used, a str_or)gly acidic solution, or the “anode so_lution” (EW- [m,\ﬁ’])pm) [0.75+ 0.02] [0.01 + 0.002] IND]

(+)), containing hypochlorous acid (HOCI) forms in the anode  dissolved oxygen 14.4+0.99 1.9+011 50+0.27
compartmentZ0). The chemical species that form in the cathode (ppm)

compartment that forms the “cathode solution” (EYY( have ORP (mv) 1,164 £33.62 -878+£8.43 264 £ 26.48
not been fully characterized yet, but this solution exhibits some

antioxidative effects. Miyashita et aR1) reported an antioxi- @ Data were presented as the mean + SD for 5 measurements. Available chlorine

dative effect of EW{) on highly unsaturated fat and oils such for EW_(+) r'epresents HOCI in parts per million ang millimolar and that for EW(-)
as linoenic acid ethy ester, docosahexaenoic acid ethyl estery G T IR 0L 8 S, RE D SO e
m“nme:jn’ and so_gn.ds_hlrahata et aga)’ OT thel_cl)(ther h_a.n_d’ fCorp.). Electrolysis was carried out for 10 min at room temperature in a diaphragm
reporte SUper0X|_ e Ismutase- and catalase-like activities 0 type apparatus (Superoxseed Labo) using 17.1 mM (0.1%) NaCl in ultrapure water
the EW(). In an initial test, we found that the EW{ could prepared with a Mill-Q filtration apparatus.

successfully disinfect a mycotoxicosis-causing fungus and

inac_tivate its myqo_toxins. Here’_ we report that the_ EW( “available chlorine meter” (Central Kagaku, Tokyo, Japan). The
sterilizes A. paratisicusand eliminates the mutagenicity of  oxidation/reduction potential (ORP) and pH were also measured.

aflatoxin B; (AFB;) for Salmonella typhimuriunstrains TA- Physicochemical data obtained from five measurements are presented
98 and TA-100. in Table 1, and a detailed analysis of the properties of disinfection
and deactivation of aflatoxin-forming funguaspergillus parasiticus
MATERIALS AND METHODS and its products by the electrolyzed NaCl solutions is given in the
Results and Discussion.
Chemicals and ReagentsAflatoxins By, B, Gi, and G were Disinfection of A. parasiticuswith Electrolyzed NaCl Solutions.

purchased from Sigma-Aldrich (St. Louis, MO). The chemicals used A, parasiticusIFO-30179 (equivalent to ATCC15517) was used to
were high-performance liquid chromatography (HPLC)-grade aceto- examine the antimicrobial activity of the electrolyzed solutions against
nitrile (Wako Pure Chemicals, Osaka, Japan), HPLC-grade methanol mycotoxin-producing fungus. All experimental procedures were carried
(Wako Pure Chemicals), trifluoroacetic acid (G. R. grade, Nakalai out in an isolated safety box for biohazard prevention. Freeze-dried
Tesque, Kyoto, Japan), chloroform (G. R. grade, Nakalai Tesque), ethyl fungus spores, purchased from the Institute of Fermentation Osaka
acetate (Nakalai Tesque), sodium chloride (G. R. grade, Nakalai (Dosho-machi, Kita ward, Osaka, Japan), were suspended in sterilized
Tesque), mannitol (G. R. grade, Wako Pure Chemicals), and thioureadistilled water at a concentration of él§pores/mL and then inoculated
(G. R. grade, Wako Pure Chemicals). The water used for electrolysis into a liquid medium specific foA. flavus andA. parasiticus(AFPA
and other procedures was purified with a Milli-Q system (Millipore, medium that consisted of 20 g of yeast extract, 10 g of peptone, 0.5 g
MA). Other chemicals used were guranteed reagent grade purchasechf ammonium ferric citrate, 100 mg of chloramphenicol, and 2 mg of
from Nakalai Tesque. 2.6-dichloro-4-nitroanilineri 1 L of 1.5% agar). After 210 h growth

Safety Precautions Aflatoxins are extremely toxic, mutagenic, and  of the fungus, an aliquot was taken to estimate the cell population with
carcinogenic compounds. As a safety precaution, all neat aflatoxin an adenosine'Sriphosphate analyzer (Toa-Electronics Inc., Tokyo),
reagents were handled in a glovebox or thoroughly controlled safety and the culture was diluted with sterilized distilled water to make a
cabinet in a P2 level facility. Degradation of aflatoxin solutions was stock cell suspension containing®l€blony-forming units (cfu)/mL.
performed by mixing with 10% KOH in ethanol and subsequent For the disinfectant experiment, X0 containing 18 cfu from the
autoclaving in the tightly sealed vials. However, after the inactivation stock cell suspension was separately mixed with 0.01, 0.02, 0.1, 0.2,
effect of the electrolyzed anodic NaCl solution (E¥) was confirmed, 0.5, and 1 mL of the electrolyzed NaCl solutions. The BYgf 0.01-1
aflatoxin was mixed with enough volumes of excess BYMp destroy mL contained ca. 8, 15, 80, 150, 390, and g@fbl HOCI, respectively.
aflatoxins in a tightly sealed vial, kept for 30 min, and then subjected The estimated concentration of available chlorine in the form of the
to autoclaving at 122C for 20 min. Contaminated glassware, vials, OCI~ anion in the 1-, 2-, 10-, 20-, 50-, and 100-fold volumes of EW-
tubes, etc. were sealed in high-security disposals, autoclaved at 121(—) are ca. 0.1, 0.2, 1.1, 2.2, 5.5, and 11 nmol, respectively. In the
°C for 20 min, and thereafter incinerated. control test, cell suspensions were exposed to 17.1 mM (0.1%) NaCl.

Preparation of Electrolyzed NaCl Solutions.Electrolyzed NaCl After each exposure for 15 min, sterilized distilled 10 mM mannitol as
solutions were prepared by electrolyzing 0.1% (17.1 mM) NaCl solution a terminator was added to the suspension to a volume of 2 mL.
at 9—12 V of direct current (dc) for 10 min using a two-compartment Subsequently, 1.0 mL of each sample solution was inoculated on to
type batch scale electrolysis apparatus (Super Oxseed Labo, AoiAFPA agar medium and incubated for 5 days at@5The disinfection
Electronic Corp., Kannami, Shizuoka, Japan) divided by an ion effect was evaluated by the occurrence of fungal colonies on the agar
exchangeable diaphragm. Electrolyzed NaCl solutions were preparedplate. As the fungal growth could not be determined precisely by cfu,
5—10 min before their use in tests to evaluate their disinfectant and the growth was presented semiquantitatively.
decomposition properties against AFBrming fungus and its product Treatment of Aflatoxins with the Electrolyzed NaCl Solutions
aflatoxins. or NaOCI. AFB; and a mixture of aflatoxin B B, G, and G were

The general definition of available chlorine includes free form dissolved in chloroform in use. Aliquots containing 40 ng of the
chlorine such as HOCI, gland hypochlorite ion (OC) that accept aflatoxin mixture (10 ng of each aflatoxin) or 10 ng of AFiere
an electron and bound form chlorine such as chloramines. However, placed in vials, and chloroform was evaporated undeMglumes of
considering the fact that the abundance of chemical formulas mentionedEW(+) or NaOCI solution (16-2000uL representing 81600 xmol

above is largely dependent upon pH ari¢, jor HOCIl = 7.4 23— of the active chlorine species) HOCRQ) in EW(+), and NaOCI

25), we mean the available chlorine for EW) and for sodium solution kept at pH 3 or OClin NaOCI solution kept at pH 11 were
hypochlorite (NaOCI) kept at pH 3 molar concentration of HOCI, added to tubes containing the aflatoxins so that the molar ratio of “active
whereas those for NaOCI kept at pH 11 and for E¥/(hean OCI. chlorine” to aflatoxin ranged from 1 to 200. Tubes containing aflatoxins
The available chlorine concentration of both the EWand the EW- and EW() were allowed to sit for 10 min. Similar volumes (20

(—) was measured by iodometry and by electrotitration using an 2000ul) of EW(—) were added to separate aflatoxin-containing tubes,
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but the concentrations of “active chlorine” in the form of O@i these was detected by fluorometry with excitation at 365 nm and emission

tubes were a one hundredth of those of BW{n each case. Samples at 412 nm. Twenty microliters was injected onto the column.

were then examined for aflatoxin content as described below. SeparateChromatographic analysis was run for three times.

experiments with 10 ng of AFBsamples were conducted in a similar To examine how the elimination of ARBvith EW(+) was affected

manner except that incubation times (0, 2.5, 5, 10, and 60 min) and by reaction temperature, free radical scavengers (mannitol or thiourea)

temperatures (0, 20, 30, and 48) were varied. At the end of the  AFB; were quantified on the HPLC without derivatization to save

incubation periods, absolute ethanol was added to all tubes so that aanalysis time.

final volume of 1 mL was achieved. Samples were prepared for and  (b-2) Effect of Reaction Temperature with EMy@nd AFB on the

analyzed by HPLC as described below. Elimination of AFB. To examine the effect of temperature on the
Effect of Radical ScavengersAssuming that reactive chemical  deactivation of AFBby EW(#), 25ug (80 nmol) of AFB was exposed

species, such as OH radicals and/or Cl radicals originating from HOCI, to 0.17umol of HOCI in 0.1 mL of EW¢) for 5 and 60 min at OC.

are involved in the disinfectant process, we examined the effect of The EW(+) was evaporated off under vacuo and then dissolved in 1

pretreatment of the EW) before exposure to ARBwith mannitol mL of ethyl acetate; 1@L was injected onto the column. The decrease

that has been regarded as OH radical specific scaver@§grafd of AFB; (80 nmol) and the appearance of secondary product by the

thiourea that has been regarded as a universal radical scavedger ( reaction with EW{) (0.17 umol) at 0, 20, 30, and 48C for 0—60

28). Mannitol was added to the EW{ at ratios of 1 to 10 (molar min were also monitored by HPLC.

ratio of mannitol to available chlorine as HOCI); similarly, thiourea (b-3) Effect of Pretreament of EWJ with Radical Scaengers on
was added to the EAK) at ratios of 0.03 to 1 (molar ratio of thiourea  the Elimination of AFB To confirm the participation of free radical
to available chlorine as HOCI). Exposure of AFB the EW(t) (OH radical) in EW(+) on the elimination of AFB, 0—200xL of 30

containing mannitol or thiourea was performed at room temperature mM mannitol was added to 6Q@L of EW(+) containing 0.38mol
for 10 min and then, the reaction products were extracted with GHCI HOCI by the mixing molar ratio of 0-, 1-, 2-, 5-, and 10-fold for 10
and separated by HPLC to examine changes in AFBee the min prior to exposure to AFB(128 nmol).

chromatographic analysis section below for HPLC conditions. To examine the effect of pretreatment with thiourea on the
Chromatographic Analyses of Aflatoxins Treated with Electro- elimination effect of EWA), 1 mM thiourea was added to 60 of

lyzed NaCl Solutions.(a) High-Performance Thin-Layer Chromatog- ~EW(+) containing 0.3§:mol HOCI by the mixing ratios of thiourea/

raphy (HPTLC)AFB; and a mixture of equal amounts of AGR\FB, HOCI in EW(+) 0-, 0.03-, 0.1-, and 1-fold. Kept standing for 10 min

AFG,, and AFG that were exposed to different molar ratios of EW- at 0°C, the thiourea-treated EW/{) was exposed to 128 nmol of AkB
(+), EW(-), NaOCl used at pH 11, and NaOCI at pH 3 in the separate for 10 min at 30°C.

experiments as explained in the previous section were subjected to After 10 min of reaction with radical scavenger-treated B\t
HPTLC. After aflatoxin was exposed to increasing molar ratios of the 30 °C, the reactant was dissolved in 40 of chloroform, and then, 10
electrolyzed NaCl solutions, 1.0 mL of ethyl alcohol was added to the uL was injected onto an HPLC column to determine the remaining
mixture, and 0.5 mL of ethyl acetate was added and shaken vigorously AFB;.

to extract aflatoxin and its reaction products into the organic solvent ~ AFB; solutions reacted with/without EW{) and pretreatment of
phase. Extraction with ethyl acetate was repeated three times. EthylEW(+) with/without radical scavenger were analyzed on an HPLC
acetate was carefully evaporated off under amgék stream, and then,  equipped with a Hitachi L-6200 Intelligent Pump, fluorescence detector
100 uL of fresh ethyl acetate was added. Twenty microliters of the (Hitachi F-1050), Hitachi D-2500 Chromato-Integrator, and reversed-
ethyl acetate extract of aflatoxin/electrolyzed solution reaction mixtures phase column ODS-80 (4.6 mm 150 mm) (TOSOH TSK-Gel)
and 20uL of either the AFRB solution or the aflatoxin mixture, with without any chemical derivatization. Gradient elution was used at a
or without exposure to electrolyzed solution, were applied to HPTLC flow rate of 1.0 mL/min with 30% acetonitrile in water from 0 to 40
plates (10 cmx 10 cm, silica gel 60 precoated plate; Merck Darmstadt, min, followed by a linear increase in acetonitrile from 30 to 100%

Germany) and developed with a 9:1 (v/v) mixture of CkjGicetone between 40 and 70 min. Eluants were monitored flurorometrically using
for 7 cm. Aflatoxin analogues were detected as a bluish-white spot excitation wavelength at 365 nm and emission wavelength at 450 nm.
under UV-A (365 nm) illumination. For the radical scavenger experiments, elution peaks were monitored

(b) HPLC. (b-1) HPLC of Detiatized AFB. Following up the results at 365 nm, but all other analytical conditions were the same as described
of HPTLC, the change of AFBwas further examined quantitatively =~ above. The chromatographic run was repeated three times in each
on HPLC. Because preliminary experiments with HPTLC revealed that analysis.
exposing EWA) containing 24-56 umol HOCI to 1.3 nmol AFB Mutagenicity Test for Salmonella typhimuriumTA-98 and TA-
diminished the AFB spot gradually, the decrease of AfFBvas 100.The mutagenicity of AFBwas evaluated by a conventional Ames
quantitatively determined by HPLC after derivatization to trifluoroacetic test usingS. typhimuriunstrains TA-98 and TA-10020). Cultures of
acid. For the sample without any treatment as a control, 400 ng (1.3 S. typhimuriuniTA-98, containing a histidine frame-shift mutant, and
nmol) of AFB; in 10 uL of ethanol was put in the sealed vial, and TA-100, containing a histidine missense mutatid@)(were purchased
then, ethanol was evaporated off under féllowed by trifluoroacety- from the Institute of Fermentation, Osaka. After 200 ng of ARB64
lation with 20uL of trifluoroacetic acid anhydride (G.R grade, Wako  nmol) was mixed with either 106L of EW(+) containing a 0.76 nmol
Pure Chemicals, Inc.) in a tightly sealed glass vial by vigorous shaking equivalent of HOCI as the available chlorine and the mixture was kept
and then incubated for 15 min at room temperature in the dark. Next, standing for 10 min, a 20L aliquot was added to 5Q@L of S9 mixture
180uL of a 1:9 (v/v) mixture of acetone/water was added. The solution or phosphate buffer (pH 7.5 for S9 mixture), followed by 1000f S.
was further mixed vigorously, and then, 2Q of the reactant was typhimuriumTA-98 or TA-100 strains containing 1@fu/mL. For the
subjected to HPLC. For exposure to EW( 400 ng (1.3 nmol) of control, 100uL of dimethyl sulfoxide was added in place of the
AFB; in 10 uL of ethanol was taken; then, ethanol was evaporated off electrolyzed solution. The mixture was incubated for 20 min atG7
under N; then, 10, 20, 30, 40, 50, 60, and ZD of EW(+) containing with shaking, and then, 2 mL of soft agar was added before inoculation
8, 16, 24, 32, 40, 48, and 56nol of HOCI, respectively, were added on to Voget-Bonner E agar medium3() for 48 h at 37 °C.
to react with AFB for 15 min. After 15 min of reaction, reacted ArB Mutagenicity was assessed by the numbers of colonies of revertant
solutions were evaporated off under vacuum and then trifluoroacetylated occurring in the presence of the S9 mixture. Other experimental
by the same procedure as described for the ARiBhout EW() conditions were the same as for the mutagenicity assay of,&FB
treatment. HPLC was run on a Hitachi high-performance liquid dichloride by Swenson et al3®). The mutagenicity test was repeated
chromatograph equipped with Intelligent Pump (Hitachi L-6200), a five times, and data were presented as the meatandard deviation
Hewlett-Packard HP1046A programmable fluorescence detector and(SD) forn = 5.
integrator (Hitachi D-2500). Reacted samples were separated on a Identification of Radical Species by Electron Spin Resonance
reversed-phase octadecyl silane column (Zorbax ODS, Du Pont Co.) (ESR). The anode solution was analyzed by ESR spectroscopy to
(4.6 x 250 mm) and eluted with a 35:65 (v/v) mixture of acetonitrile  determine whether hydroxyl radicals (QHnight be involved in its
and water at a flow rate of 1.0 mL/min at room temperature. AFB  disinfection properties. The anode solution (200 was mixed with
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Table 2. Effect of Electrolysis Time on Physicochemical Properties of
the Anode Solution [EW(+)]

electrolysis available ORP
time (min) chlorine («M) pH (mVv)

0 ND 5.50 £0.10 376 +29

1 ND 3.53+£0.08 983+ 25

3 88+222 2.94 +£0.07 1065 +5

6 371+17.4 2.66+0.12 1109+9

10 624 + 145 2.56 £0.05 1120+£3

15 976 + 25.4 2.50 £0.05 1157 +2

20 1617 + 5.6 2.45+0.07 1163+ 1

30 2356 £ 26.1 2.37£0.04 1165+1

aA 17.1 mM (0.1%) NaCl solution was electrolyzed at 9-11 V dc at room
temperature (25 °C) using a diaphragm type device (Superoxseed Labo). Data
are the means + SD for n = 4. Figure 1. Disinfection of A. parasiticus by electrolyzed NaCl anode solution
(EW(+)) A. parasiticus at a concentration of 103 cfu in 0.01 mL was

10 uL of an 890 mM solution of the spin-trapping agent DMPO (5,5-  immersed in increasing volumes of EW(+) for 12 h at room temperature.
dimethyl-1-pyrroline-1-oxide) to make a spin adduct and then analyzed The solution was then inoculated on to AFPA agar medium and incubated
by ESR spectrometry using a JES-RE3X/ESR data system ESPRIT330for 5 days at 30 °C. C (lower left Petri dish): untreated control; %10
(JEOL) and previously described experimental conditic8. ( (lower right Petri dish): 10-fold volume of EW(+), containing ca. 80 umol

Namely, ESR spectra were recorded with a JEOL JES-RE3X that HOCI; %20 (upper left Petri dish), 20-fold volume of EW(+) containing
was controlled by a computer system JEOL ES-ESPRIT 300. Measure-160 umol HOCI; x50 (upper middle Petri dish), 50-fold volume of EW(+)
ment conditions were as follows: magnetic field, 335:55 mT; containing 390 «mol HOCI; x100 (upper right Petri dish), 100-fold volume

resonance frequency, 9.41 GHz; modulation frequency and modulation EW(+) containing 800 zmol HOCI. Note white fluffy mycelia present
width, 100 kHz and 0.063 mT; microwave power, 4 mW; response on the control. x10. and x20 Petri dishes

time, 0.1 s; amplitudex 300; sweep time, 2 min. The spin trap reagent,
DMPO (8.9M), was purchased from Dojin Laboratories (Kumamoto,
Japan).

ESR measurements were done under the experimental conditions:
An 890 mM DMPO water solution, 1@L, anode solution, 20@L, volume ratio of electrolyzed solution
and FeSQ@solution, 50uL, and a volume of 13@L were mixed and '
were transferred to a flat quartz ESR cuvette.QThe cuvette was placed added solution __control__ x1 X2 10 x20 50 x100
in an ESR spectrometer, and recordings were made at room temperature anode solution A A A e 1 -
The ESR parameter, hyperfine-coupling constant (hfcc) obtained from Catfodesolution -+ kbt bbb bbb kbt bt bt
ESR spectra of spin adducts, was finally determined by the computer

Table 3. Fungicidal Effect of Electrolyzed NaCl Solutions on A.
parasiticus?

simulation by using hfcc assigned to a spin adduct (DMD) a Ten microliters of the cell suspension (102 cfu) was added to freshly prepared
generated by the reaction of DMPO and hydroxyl radical (HO) in anode anode or cathode solution at different mixing ratios (0100 times the volume ratio).
solution. The estimated concentrations of HOCI in the 10-, 20-, 50-, and 100-fold volumes

of EW(+) are ca. 8, 15, 80, 150, 390, and 800 xmol, respectively. The estimated
concentration of available chlorine in the form of OCI~ anion in the 10-, 20-, 50-,
and 100-fold volumes of EW(-) are ca. 0.1, 0.2, 1.1, 2.2, 5.5, and 11 nmol,
respectively. In the control test, cell suspensions were exposed to 0.1% NacCl.

. . . After each exposure, cells were then inoculated on to AFPA agar plates and
tions. The physicochemical parameters of the ENU( incubated at 25 °C for five days. As the fungal growth could not be determined

EW(-), and ultrapure water used for electrolysis varied precisely by cfu, the growth is presented semiquantitatively: +++, full growth on

considerably Table 1). The EW(t+) was strongly acidic, had  pjate; +, few colonies; -, no growth. Experiment was repeated in triplicate.
high levels of dissolved oxygen and available chlorine in the

form of HOCI, and had a high ORP. By contrast, the EW(

was strongly alkaline, had a low level of dissolved oxygen, and  To examine the practical capability of EWJ to disinfect
had an extremely low ORP-878 mV). Available chlorine was  microorganisms including fungi attaching on the surface of food
almost negligible in the EWK). In other words, the EW) is materials, we compared its effect with black pepper corn,
highly oxidative, whereas the EW] is highly reductive; in  turmeric finger, and coriander seeds. At least 50 mL of EYV(
addition, the parameters of both of these solutions were distinctly 0.57 mM HOCI, satisfying concentration, to kill microbes
different from those of the ultrapure water. The data presented mentioned above worked to clean up attaching microbes on the
in Table 1 were obtained from the electrolysis of 0.1% (or 17.1 surface 61 g of spices when EWK) was used in combination
mM) NacCl for 10 min; however, the values of these parameters, with EW(—) (34) (Suzuki et al., unpublished data). Notably,
in particular the available chlorine that functions as an oxidant, the attached microorganisms, including fungi and spores
were dependent on the length of electrolysis tinable 2). observed by scanning microscopy, were not killed after a single

Disinfection of A. parasiticus with Electrolyzed NaCl 15 min exposure to a 50-fold volume of the E¥W(containing
Solution. To disinfect 16 cfu of A. parasiticuscompletely, at 30 umol HOCI. However, a 15 min exposure to a 50-fold
least a 50-fold volume of the EW), providing 20-30 ppm volume of the EW(), followed by a 15 min exposure to a
of available chlorine, or equivalent to 38680umol of HOCI, 50-fold volume of the EW), did effectively kill the microbes.
was requiredKigure 1). In other words, at least 0-4.6 mM Thus, although the EWK) seems to be an effective disinfectant
of HOCI in the EW{) must be secured in the suspension to in model situations, for practical applications, a combined use
disinfect 1 cfu of A. parasiticuscompletely. By contrast, the  of the EW() and the EW{) might be needed. Detailed
EW(-) did not disinfectA. parasiticus(Table 3). These data  information will be reported later in an appropriate journal
were obtained from a model experiment. (Suzuki et al., in preparation).

RESULTS AND DISCUSSION

Physicochemical Properties of Electrolyzed NaCl Solu-
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Figure 2. HPTLC analysis of aflatoxin exposed to electrolyzed NaCl solutions and NaOCI. After the aflatoxin was exposed to increasing molar ratios of
the electrolyzed NaCl solutions, solutions were prepared for HPTLC as described in Materials and Methods. (a) HPTLC of individual aflatoxins By, By,
G;, and G, (10 ng of each) and a mixture of all four aflatoxins with or without exposure to EW(+). By, By, G;, G,, and mix indicate aflatoxins without
treatment; numbers indicate the molar mixing ratio of the aflatoxin mixture to the EW(+). Lane 1, 1:0.7 x 105 2, 1:2.8 x 105 3, 1:4.2 x 105 4, 1.5.6
x 105 5, 1:7.0 x 105; 6, 1:14 x 105; 7, 1:28 x 105; 8, 1:42 x 10°. Note that no fluorescent spot is seen with an approximately 28 x 10°-fold molar addition
of HOCI in the EW(+) over the 40 ng (ca. 0.12 nmol) of sum of 10 ng each of 4 aflatoxin analogues mixture. (b) AFB; after exposure to EW(+) or EW(-).
Ten nanograms (0.03 nmol) of AFB; was mixed with EW(+) by the molar ratio of 1:0.7 x 10° to 1,7 x 10° in molar equivalent terms of AFB; to HOCI
in EW(+). The EW(-) does not contain significant concentration of HOCI; however, 1-10-fold volumes were added to the AFB; solution. Lane 1, control
AFB; (10 ng); Lanes 2-5, AFB; exposed to EW/(+) of 0.7 x 105-fold, 2.1 x 10%-fold, 3.5 x 10°-fold, and 7.0 x 105-fold molar equivalents of HOCI. Lanes
6-9, AFB; exposed to 1-, 3-, 5-, and 10-fold volumes of EW(-). (c) AFB; after exposure to NaOCl at pH 11.5. Ten nanograms (0.03 nmol) of AFB; was
mixed with NaOCI solutions containing between molar ratio of AFB; to EW(=) by 1:0.7 x 10° and 8 (1:5.6 x 10°) in terms of molar equivalents of
available chlorine as OCI~ anion at pH 11.5. Lane C, control AFBy; lanes presented by numerals 1-8 mean mixing ratio with NaOCl: 1, 0.7 x 105; 2,
1.4 x 105 3, 2.1 x 105, 4, 2.8 x 105, 5, 3.5 x 105, 6, 4.2 x 105 7, 4.9 x 105 8, 5.6 x 10° Note that AFB; does not disappear even at 5.6 x 10°-fold
mixing ratio. The arrow indicates AFB;. (d) AFB; after exposure to NaOClI at pH 3. Ten nanograms (0.03 nmol) of AFB; was mixed with NaOCI solutions
by the molar ratios of AFB; to HOCI between 1:0.7 x 10° and 1:5.6 x 10°. Molar equivalents of available chlorine of NaOCI can be regarded as HOCI
after pH adjustment at 3.0. Lane C, control AFBy; lanes represented by numerals 1-8 mean mixing ratio with NaOCl the same as panel ¢ except for
pH 3. The arrow indicates AFB;. The AFB; spot disappeared after exposure to 4.9 x 10° times the molar amount of NaOClI at pH 3. Note that the mixing
ratio and experimental conditions were exactly the same as panel ¢ except for pH value. Note that AFB; disappears at 4.9 x 105-fold molar mixing ratio
(lane 7). Compare the chromatogram in panel c.

HPTLC Assessment of the Degradation of AflatoxinThe 2d). These results indicate that NaOCI exists in the form of
fluorescent spots of AFBand the B, By, G;, and G mixture HOCI at pH 3 and OCl at pH 11. Namely, the chemical species
of aflatoxin on HPTLC plates disappeared after exposure to involved in destroying aflatoxin is not the CtGon but is HOCI,
seven times the molar amount of available chlorine in the form which can give rise to a reactive OH radical and probably a CI
of HOCI to each aflatoxinKigure 2a). The EW(t+) completely radical.
abolished the AFBspot; however, the strongly alkaline EW- HPLC Assessment of the Degradation of Aflatoxin. Figure
(—) had no effect on AFB(Figure 2b). Theoretically, reactive ~ 3a shows that the trifluoroacetylated ArBeak on HPLC
chlorine that can be expressed as available chlorine includingdisappeared after exposure to the EW)/(The peak height of
HOCI, OCI, or dissolved Clcannot be formed in the cathode trifluoroacetylated AFB, which eluted at 5.1 min, decreased
compartment. The existence of low level available chlorine in with increasing molar ratios (on the basis of available chlorine
the EW() should be due to leakage of EW) in the anode as HOCI) of the EW{) and disappeared completely after
compartment into the cathode solution through the ion exhange-exposure to 43x 10° times the molar amount of HOCI in
able membrane of the device. EW(+) (Figure 3b). Although the peaks eluting at 3.1 and 8.3

Exposure of AFBto eight times the molar amount of NaOCI  min have not been assigned as yet, the peak at 8.3 min is likely
at pH 11.5 did not abolish the ARBpot Figure 2¢); however, to be a reaction product of ARBormed after exposure to the
AFB; disappeared if NaOCIl was adjusted to pH 3g(re EW(+).
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Figure 3. Reduction in AFB; peak height on HPLC after exposure to the
anode solution. (a) Reduction in AFB; peak height with exposure to
increasing volumes of EW(+) containing from 0 to 4.9 x 10° times the
molar amount of HOCI. (A) AFB; without EW(+) exposure. The peak at
5.1 min corresponds to trifluoroacetylated AFB;. The peak eluted at 3.15
min was not identified. (B) AFB; exposed to 0.19 x 105-fold molar excess
of HOCI in EW(+). Eluted peaks at 3.12 and 8.25 min were not identified.
(C) AFB; exposed to 0.44 x 10°fold molar excess of HOCI in EW(+).
Other experimental conditions are in the Materials and Methods. (b)
Decrease of AFB; content with increasing contact molar ratio of HOCI in
EW(+). AFB; (400 ng corresponding to 1.3 nmol) was contacted to EW-
(+) varying its HOCI as described in the Materials and Methods. The
content of the remaining AFB; was determined by HPLC and plotted.
Ordinate, relative amount of remaining AFB; (percent); abscissa, mixing
molar ratio of HOCI in EW(+) to AFB;. Each plot represents the mean of
three measurements.

Suzuki et al.
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Figure 4. Effect of EW(+) exposure time on AFB; and its reaction products
at 0 °C. AFB; (80 nmol) was exposed to EW(+) (8.5 umol HOCI as
available chlorine) at pH 2.3, for either 5 or 60 min at 0 °C. AFB; was
analyzed by HPLC without derivatization as described in the Materials
and Methods. Chromatogram on top (represented by A), AFB; without
exposure (the AFB; peak on the chromatogram is 1/8 scale of the real
size); chromatogram in the middle (represented by B), exposure of 6.8
umol HOCI in EW(+) to 80 nmol AFB; for 5 min at 0 °C; chromatogram
at the bottom, exposure of 6.8 umol HOCI in EW(+) to 80 nmol AFB; for
60 min exposure at 0 °C. Note that the decrease in the AFB; peak eluting
at 12.5 min was accompanied by the appearance of a major peak at tg
= 8 min (8-OH-9-CI-AFB;) and a minor peak at tz = 35 min. The minor
peak at t = 35 min was identified as an artifact. Note that the
chromatograms shown were obtained without derivatization of the reaction
products and so differ from those shown in Figure 3.

temperature on the annihilation of AFBy EW(+) was assessed
by HPLC (Figure 4). Free AFB eluted as a single peak at 12.5
min, but this peak was replaced with a major peak at 8 min
that was identified as 8-OH-9-CI-AREand a minor peak at 35
min that was identified as 5,9-dichloro-8-acetoxy-AF@n
artifact product) after AFBwas exposed to EWK) at 0°C for
either 5 or 60 minigure 4A—C). The relation of the exposure
temperature to both the disappearance of AR the
appearance of a reaction product, 8-OH-9-CI-ARR = 8 min),

is shown inFigure 5. As the amount of AFBdecreased, the
amount of reaction product increased. Low temperature slightly
slowed the disappearance of AEBut even after 5 min of
exposure even at fC, almost 40% of AFB had disappeared.
Considering the fact that the peak eluting at 8 min is 8-OH-9-
CI-AFB;, the significant disappearance of AFBith an increase

of the OH, Cl adduct of AFBat 0°C suggests that this reaction

Identification of the reaction product was carried out on liquid is initiated by free radicals. Exposing AlBo an equimolar
chromatography mass spectroscopy (LC-MS) in another experi-amount of HOCI in the EW{) for 5 min decreased the amount

ment without derivatization. LC-MS analysis of AlfBnd its
reaction products with EW) revealed the formation of 8-OH-
9-CI-AFB;, 5,9-dichloro-8-OH-AFB, and 5,8,9-trichloro-AFRB

Detailed information on the identification of the reaction

of AFB; by 40%.

Effect of Radical Scavengers on AFBDegradation. Figure
6 shows the effect of the addition of mannitol and thiourea to
the EW() before exposure to ARB As the molar ratio of

products will be reported later (Suzuki et al., in preparation). mannitol to available chlorine in the EW{ increased, the

Effect of Reaction Time, Temperature, and Available

Chlorine Concentration. The effect of exposure time and

percentage of the decomposed AFgcreased. Similarly, when
AFB; was exposed to EWK) containing one-tenth of the molar
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Figure 5. Effect of temperature and exposure time on the AFB; and the
appearance of its reaction product 8-OH-9-CI-AFB; eluting at 8 min. The 80 -
ordinate indicates the fluorescence intensities at 450 nm; the abscissa
indicates the exposure time in minutes. (A) Decrease in AFB; with
increasing exposure time at various temperatures. (B) Increase in
appearance of the reaction product, 8-OH-9-CI-AFB; (tz = 8 min), with
increasing exposure time at various temperatures. Experimental conditions
are the same as in Figure 4. Each plot represents the mean of three
measurements.

60

40 1

amount of thiourea to HOCI in EWK), only 25% of AFB was
destroyed, and with an equal molar ratio of thiourea to HOCI,
AFB; was not destroyed at all. The known radical scavenging
effect of mannitol and especially thiourea indicates distinctly 0 , r r ,
that the disappearance of AEB due to a free radical-mediated o0 o2 o4 o8 o8
reaction. The reason mannitol did not protect AEBmpletely Thiourea (mM)
from the EW{) may be due to an insufficient concentration I I
of mannitol. For mannitol to exhibit an OH radical-scavenging o . (n:ol o
effect, a higher concentration to scavenge OH radicals satis-
factorily is required because 10 times as much molar amount Figure 6. Effect of radical scavengers on the degradation of AFB; by
of mannitol to HOCI protected only 16% of AREFigure 6a). EW(+). Either mannitol or thiourea was added to the EW/(+) at increasing

Mutagenlc|ty Of Electro'yzed So|ut|on Treated AFB]_ molar ratios as HOCI (0640 mM) before exposure to AFB]_ (0128 mM)
Three nanomoles of ARBshowed a high mutagenicity for both ~ Exposure of radical scavenger-treated EW(+) was done for 10 min at 30
S. typhimuriuniTA-98 and TA-100 strainsTable 4), but this °C. The ordinate shows the relative amount of remaining AFB, calculated
mutagenicity disappeared after a 10 min exposure to-EMV( @ @ percentage of the sum of the total peak area of control AFB;
Table 4 shows the reduction in ARBmutagenicity caused by monitored at 365 nm; the abscissa indicates molar ratios of radical
increasing molar amounts of HOCI in the EW)( Mutagenicity scavenger to HOCI in EW(+). (a) Effect of mannitol addition to EW(+) on
was reduced markedly after exposure to ca. 20_f0|d mo'ar the of AFBl Mannitol was added to EW(+) at 2-10 times the molar amount
amount of HOCI in the EW{) and showed less than 200% of of HOCI in EW(+) prior to exposure of EW(+) to AFB;. (b) Effect of thiourea
re'ative mutager”C'ty |nd|Cat|ng mutager”C'ty negative by addition to EW(+) on the degl'adation of AFBl Thiourea was added to
exposure to ca. 60-fold molar amount or equivalent to 173 nmol EW(+) at 0.1-1.0 times the molar amount of HOCI in EW(+) prior to
of HOCI in both TA-98 and TA-100 strains. exposing EW(+) to AFB,.

ESR Analysis of Chemical Species in Anode Solutiorf.o
identify radical species, the EW{] was subjected to ESR using OH radicals and kD, in the EW(t). Furthermore, we con-
the spin-trapping agent DMPO. At first, a weak spectrum firmed the presence of HOCI at the acidic pH range in the
indicating the formation of the OH radical was obtained (data EW(+) by comparing ultraviolet spectra between 200 and 350
not shown). Subsequently, to enhance the spectrum, we addechm; i.e., we obtained similar spectra identical to those of
10 mL of 1 mM FeSQ@and 10 mL of DMPO to the EW). In standard HOCI and NaOCI and EW) under different pH
the presence of Féion, an ESR spectrum typical of the reaction values as reported by Nakagawara et a@) vith EW(+) and
of DMPO with hydroxyl radicals (Fenton reaction3s), as NaOCI under different pH conditions.
shown inFigure 7, was obtained, suggesting that the EWY( In summary, we have shown that electrolyzed NaCl anode
also contains bD,. Thus, these results indicate the presence of solution (EW(t)) sterilizesA. paraciticusand eliminates the

20 4

Remained AFB1 ( % of original amount)
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Table 4. Effect of Anode Solution on the Mutagenicity of AFB;2

relative mutagenicity for
Salmonella typhimurium (%)

sample TA-98 TA-100
AFB; (3 nmol) 4039 + 250 1010 + 36
AFB; + anode solution
3+ 58 nmol 514 +12 224+38
3+ 173 nmol NG 27+1
3+ 288 nmol NG 9+1
3 +575 nmol NG NG

2 The mutagenicity test was carried out on His~ S. typhimurium TA-98 and
TA-100 according to Maron and Ames (1983). Three nanomoles of AFB; was
exposed to increasing volumes of the EW(+) with 0.77 mM (40 ppm) HOCI as
available chlorine for 10 min at room temperature. This solution was then
preincubated with an S-9 mixture for 20 min and incubated with S. typhimurium
for 48 hours at 37 °C. Data are represented as the percentage of relative
mutagenicity, which was calculated by [(cfu of the sample — cfu of the blank)/cfu
of the blank] x 100. NG, negative growth (i.e., equal number of colony formation
or less than the blank that did not include AFB;). Different volumes of the EW(+)
are expressed as nanomoles of HOCI. Data represent (mean + SD) for five separate
experiments.

g T 1 1 T T T
DMPQ method
(5.5 -Dimethyl - )pyroline -y~ 0xide)
CH,:{ RALL TN !:H
CH, Y;l' CH,” N7 TOH
o 1 ' ] 1 N 1
a3c 332 334 338 338
Field (=T3

Figure 7. DMPO spin trapped ESR signal of the EW(+). ESR spectrum
of DMPO incubated with EW(+). The ordinate represents the intensity of
signal; the abscissa indicates the intensity of the magnetic field. The typical
1:2:2:1 “fingerprint”, demonstrating electron adduction, shows that OH
radicals are present in the EW(+).

mutagenicity of aflatoxin AFR Aflatoxin breaks down after
exposure to EWK), as determined by HPLC analysis; however,

the chemical formula of the reaction products was not described

in detail here. We have succeeded in identifying the major
reaction product to be 8-OH-9-CI-ARBYy LC-MS and nuclear

magnetic resonance techniques. In the following paper, we
describe the chemical formulas of the products formed after the

exposure of ABEFto EW().
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