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Abstract: A study was carried out on the disinfection

efficiency of electrolyzed oxidizing water (EOW) on

spores of Bacillus subtilis var. niger. The results showed a

remarkable fungicidal rate of 100% after 20 min duration

of 191 mg/L active available chlorine (ACC). The disinfection

effect was improved with increased ACC or prolonged

disinfection time, while organic interferents exerted a

strong concentration-dependent inhibition against the

disinfection. The disinfection mechanism was also

investigated at bio-molecular level. EOW decreased

dehydrogenase activity, intensified membrane permeability,

elevated suspension conductivity, and caused leakage of

intracellular K+, proteins, and DNA, indicating a damage

of cell walls and membranes. Effects of EOW on

microbiological ultra-structures were also verified by

transmission electronic microscopy (TEM) images,

showing that EOW destroyed protective barriers of the

microbe and imposed some damages upon the nucleus

area.

Keywords: electrolyzed oxidizing water (EOW),

disinfection factor, disinfection efficiency, spore of Bacillus
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Introduction

The outbreak of epidemic diseases in recent years (such as

severe acute respiratory syndrome, bird flu, and Type A

H1N1) has seriously threatened human life. As a new

environment-friendly disinfectant, electrolyzed oxidizing

water (EOW) has drawn broad attention.

EOW, as an innovative disinfectant characterized by its

high efficiency, broad antimicrobial spectrum, low cost,

high level security, and non-toxic residues, has been

broadly used such as in livestock products, food processing,

agriculture, medicines, and health care industry. It could

sterilize medical devices and help treating dental diseases

and burn wounds (1); it performed much better than UV in

air disinfection (2); it could kill common food-borne

pathogens to keep food safe (3-6); it could also greatly

improve the immunity of the animals in farms (7,8).

Researches of the disinfection mechanism of EOW have

been on its leading factors and disinfection targets. There

are 4 major theories about its leading factors (9-13), any of

which explained the mechanism based on a certain

physical or chemical property of EOW, including low pH,

high oxidation-reduction potential (ORP), active oxygen or

certain active available chlorine (ACC). Meanwhile, our

study showed a cooperation of the various active factors,

resulting in a much stronger effect of disinfection than the

simple accumulation of that of the single factors (14). In

terms of the acting targets of EOW, Urakami et al. (15)

found vesicle structures on the surfaces of EOW-treated

Gram-negative bacteria and propidium iodide (PI) inside the

cells, meaning cell walls and membranes damaged by

EOW; Cloete et al. (16) reported proteins damaged by

EOW in Pseudomonas and Escherichia coli. Liao et al.

(10) detected characteristic absorption peaks of DNA and

β-galactosidase in EOW-treated bacterial suspension,

indicating destabilization of membrane.

An important criterion for a disinfection method is

whether it can kill spores of some representative bacteria.

Spores, namely the resting body, widely exist in nature and

come into being when the bacteria stop growing. Because
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of their special and complex structure, spores are with the

strongest resistance in bio-society. In this paper, we used

spores of Bacillus subtilis var. niger as study objects to

investigate the impact of ACC, organic interferent, and

disinfection time on the disinfection effect by the

suspension quantitative germicidal test. Furthermore, we

discussed the disinfection mechanism of EOW on the basis

of permeability changes of cell membranes, leakages of

important inclusions, ultrastructural damages, and changes

of enzymatic activity, using UV-visible absorption spectra

and transmission electronic microscopy (TEM). The results

would lay a solid foundation for further researches of

EOW.

Materials and Methods

Apparatus, reagents, and test strains The main

apparatus we used in this study were CTRO-60A Water

Electrolyzer (Nanjing Ultra-purified Water Co., Ltd.,

Nanjing, China), JY92-IID Ultrasonic Cell Pulverizer

(Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China),

Cary1E UV-Vis spectrophotometer (Varian Inc., China

Ltd., Shanghai, China), 3510 atomic absorption spectro-

photometer (Shanghai Precise & Scientific Instrument Co.,

Ltd., Shanghai, China), and EM-1230 TEM (Jeol Ltd.,

Tokyo, Japan).

The main culture medium and reagents were nutrient

agar medium, Na2S2O3, 2,3,5-triphenyltetrazolium chloride

(TTC), and Tris which were all analytically purified by

Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai,

China).

The test strains were spores of B. subtilis var. niger

(ATCC 9372) obtained from the China General

Microbiological Culture Collection Center (CGMCC).

Measurement of ACC of EOW EOW was produced in

a CTRO-60A water electrolyzer. Its ACC could be

controlled by adjusting the electrolysis voltage and the

electrolysis time. The iodometric method (17) was used to

measure ACC.

Preparation of bacterial suspension Five to 10 mL of

B. subtilis var. niger, which had grown for 18-24 h in

nutrient broth and periodically transferred in the same

medium for 3-5 times, was inoculated onto the surface of

nutrient agar in Roche bottle and placed at 37oC for 5-7

day. When the spore germination rate reached 95%, which

was detected by microscope, 10.00 mL sterilized distilled

water was added into the bottle and bacterial mass was

scratched lightly by L-Rod. The bacterial suspension was

taken out, 5.00 mL sterilized distilled water was added to

wash the bacteria, with the procedure being repeated. Then

the bacteria suspension was collected into an Erlenmeyer

flask with glass beads and turned into homogeneous spore

suspension by shaking for 5 min. The agar clots were

filtered out with sterilized cotton or gauze from the spore

suspension, and then the filtered spore suspension was put

into a sterilized tube and centrifuged at 3,500×g for 30 min.

The supernatant was abandoned and the spores were re-

suspended with distilled water for 3 times. Finally, the

washed spores were suspended in an Erlenmeyer flask with

distilled water and some glass beads added, then the

residual bacteria were eliminated under 80oC water bath

for 10 min. The prepared spores were stored at 4oC for use.

The colonies were rinsed and collected into sterilized

cuvettes by tryptone physiological saline (TPS) and diluted

to different concentrations by TPS for further analysis.

Bovine serum albumin (BSA) was mixed with bacterial

suspension in proportion (0, 0.3, and 3%, w/v) to evaluate

the influence of organic interferent on EOW’s disinfection

rate.

Neutralizer appraisal test Taking spores of B. subtilis

var. niger as an indicator microorganism, we carried out 6

groups of experiments according to the neutralizer

identification procedure in the Disinfection Technical

Guidelines (18).

Preparation of the analytical sample One mL portion

of microorganism suspension was mixed thoroughly with

4.00 mL EOW for a predetermined disinfection time (20

min in Table 2; 60 min in Table 3; 0-30 min in Fig. 1-3;

and 0-60 min in Fig. 4). Then 1.00 mL neutralizer,

containing 5.00 g/L sodium thiosulfate and 0.03 mol/L

phosphate-buffered saline (PBS, 0.01 mol/L KH2PO4, 0.02

mol/L Na2HPO4, pH 7.2-7.4), was added. After 10 min of

neutralizing, the mixture was taken as the treated sample

for further analysis. The control sample was prepared by

replacing EOW with 4.00 mL of tryptone physiological

saline (TPS).

Suspension quantitative germicidal test One mL

portion of analytical sample (including the treated sample

and the control sample, the same as below) was inoculated

and cultivated for 72 h. The number of living microorganisms

was determined by viable count method. The killing

logarithm (KL) value and the disinfection rate were

obtained as follows (18).

KL=N0−Nx (1)

Disinfection rate (%)=(1−10Nx/10N0)×100 (2)

where, Nx denotes the logarithm value of the average

number of living bacteria in the treatment group and N0

denotes that in the control group.
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Measurement of TTC-dehydrogenase activity Two

mL portions of Tris-HCl buffer and 2.00 mL TTC-glucose

were added to 6.00 mL analytical sample. The mixture was

incubated for 2 h at 37±1oC for color development. Then

5.00 mL methylbenzene was added to the mixture and the

product was extracted for 1 h at room temperature to

collect the organic phase. The absorbance of the organic

phase was detected at 485 nm, using methylbenzene as

reference (19), Dehydrogenase relative activity (DRA) was

obtained by the following equation:

DRA (%)=(Mx/M0)×100 (3)

where, Mx denotes the absorbance value of the treated

group and M0 denotes that of the control group.

Measurement of conductivity The analytical sample

was centrifuged at 14,000×g for 3 min. The supernatant

was collected and its conductivity was measured using

DDS-11C conductivity meter (Jiangsu Zhengji Instruments

Co., Ltd., Jintan City, China) with DJS-1 electrode

(electrode constant=1).

Measurement of intracellular K+ leakage The analytical

sample (0.75 mL), 1% cesium nitrate solution (3.00 mL),

and double-diluted nitric acid (1.00 mL) were added into a

50-mL volumetric flask in sequence. The total volume was

determined to 50 mL. Then K+ concentration in the

supernatant was measured using flame atomic absorption

spectrophotometry at 766.5 nm (20).

Measurement of intracellular protein leakage The

analytical sample was centrifuged at 14,000×g for 3 min.

One mL portion of the supernatant was collected and

stained with 5.00 mL Coomassie brilliant blue G-250

staining solution for 5 min. The leakage of proteins was

detected using colorimetric assay at 595 nm by the

Bradford method (21).

Measurement of intracellular DNA leakage Six mL of

the analytical sample was centrifuged at 14,000×g for 3

min. The absorbance of the supernatant was measured at

260 nm by UV Spectrophotometry (22).

Detection of the microbiological ultra-structure For

TEM, the ultra-thin sections were prepared according to

the procedures (23), and then examined in EM-1230 TEM

(Jeol Ltd.).

Statistical analyses Results are expressed as mean±

standard error (SE) of triplicate experiments. Student’s t-

test was used to assess the statistical significance of

differences. The p-values of less than 0.05 were considered

statistically significant.

Results and Discussion

Results of neutralizer identification tests In the

neutralizer identification tests, 5.00 g/L sodium thiosulfate

in 0.03 mol/L PBS (pH 7.2-7.4) was selected as the

optimal neutralizer. Results in Table 1 were obtained

according to the Disinfection Technique Guidelines. There

were 2 groups, one with organic interferent (0.3% BSA)

and the other without (Table 1). As shown in Table 1,

whether there was organic interferent or not, the number of

spores in group 1 was much smaller than that of group 2.

In group 3, 4, and 5, the error rates of the numbers of

spores were 5.97 and 1.98%, respectively, which also

conforms to the requirement of the neutralizer identification

procedure (<15%) in the Disinfection Technique Guidelines.

Thus, it could be concluded that the neutralizer effectively

neutralized the residual effect of EOW and its production

had no harm on the tested bacterium.

Disinfection effect of EOW Table 2 and 3 demonstrated

Table 1. Neutralizer identification results of EOW on spores of B. subtilis var. niger

Group (No.)

0.3% BSA No interferent Note

 Average number of 
spores of B. subtilis

var. niger (CFU/mL)

Error rate of the
number of spores of

B. subtilis var. niger in
group 3, 4, and 5 (%)

Average number of 
spores of B. subtilis

var. niger (CFU/mL)

ERror rate of the 
number of spores of B. 

subtilis var. niger in 
group 3, 4, and 5 (%)

1 0 0 Cell suspension+EOW

2 (0.98±0.06)×103 (2.20±0.12)×102 Cell suspension+
EOW+neutralizer

3 (1.88±0.09)×107

5.97

(1.70±0.08)×107

1.98

Cell suspension+
neutralizer

4 (1.66±0.06)×107 (1.71±0.09)×107 Cell suspension+
neutralization product

5 (1.93±0.10)×107 (1.63±0.06)×107 Cell suspension+TPS

6 0 0 TPS+neutralizer
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the disinfection efficiency of EOW on the spores of B.

subtilis var. niger. The positive control was of 1.26×107

CFU/mL, the logarithm value 7.10. EOW possessed

predominant fungicidal efficiency. While there wasn’t any

interferent, the 100% killing rate was achieved only with

160 mg/L of ACC for 60 min (KL=7.10) or 191 mg/L of

ACC for 20 min (KL=7.10). The disinfection effect was

improved with increased ACC or prolonged time: as ACC

increased from 116 to 160 mg/L, KL increased from 0.17

(29.53%) to 2.26 (99.45%) in the 20 min process and from

2.07 (99.20%) to 7.10 (100%) in the 60 min one. Organic

interferent significantly suppressed EOW disinfection: with

0.3 and 3% of organic interferent as well as 160 mg/L of

ACC in the 60 min process, KL only reached 0.24

(42.66%) and 0.01 (2.68%), much lower than 7.10 (100%)

with no organic interferent.

Compared with the non-sporeforming Staphylococcus

aureus and E. coli, spores of B. subtilis var. niger were

more resistant to EOW for a different bio-structure, and

could not be wiped out in a short time with low ACC.

Spores are the most resistant bio-units in bio-society with

a complicated structure-the thick and dense outer wall

prevents cell death due to the difficulty of EOW infiltration

into the cell, and so does the electrical potential difference

inside and outside the cell. Therefore, besides low pH and

high ORP, a higher ACC is also needed for a complete

elimination of spores of B. subtilis.

Changes of TTC-dehydrogenase activity With a low

molecular weight, TTC can be absorbed by living

microorganisms through cell walls and membranes then

transformed into a water-insoluble red product 2,3,5-

triphenylformazan (TF). The yields of TF can be used to

characterize the dehydrogenase relative activity (19) by

colorimetric assay.

The change of TTC-dehydrogenase activities in the

EOW-treated (93.5 mg/L) spores of B. subtilis var. niger

were presented in Fig. 1, showing the activities decreasing

with time. The decrease of the activities resulted in

inhibitions of respiration and anabolism (24).

The change of TTC-dehydrogenase activities might be

ascribed to low pH, high ORP, and ACC of EOW. Its pH

(<2.7) would obviously affect the enzyme activities of

most pathogens which inhabit in neutral or alkalescent

environment, while its high ORP would quickly consume

electrons from the cells and severely interrupt enzyme

metabolism. What's more, the small and charge-free

hypochlorous acid molecules in EOW could damage the

Table 2. Changes of killing logarithm values to spores of B. subtilis var. niger with EOW treatment (20.0 min)

Water quality of EOW
No interferents 0.3% interferents 3% interferents

ACC/(mg/L) ORP/mV pH

220.5 1,187 2.47 7.08±0.031) 0.81±0.03 0.04±0.01##

190.8 1,187 2.50 7.09±0.02* 0.17±0.02**, ## 0.03±0.02##

160.3 1,178 2.53 2.24±0.03** 0.11±0.03*, ## 0.03±0.02#

115.7 1,173 2.57 0.17±0.03** 0.09±0.02# 0.04±0.02#

1)Mean±SD (n=3); Symbols are significantly different at the same column (*p<0.05, **p<0.01) and at the same row (#p<0.05, ##p<0.01).

Table 3. Changes of killing logarithm values to spores of B. subtilis var. niger with EOW treatment (60.0 min)

Water quality of EOW
No interferents 0.3% interferents 3% interferents

ACC/(mg/L) ORP/mV pH

220.5 1,187 2.47 07.09±0.021) 7.14±0.03000, 0.13±0.02##

190.8 1,187 2.50 7.09±0.01 3.25±0.03**, ## 0.10±0.03##

160.3 1,178 2.53 7.10±0.02 0.24±0.03**, ## 0,0.03±0.02*, ##

115.7 1,173 2.57 0,2.07±0.03** 0.10±0.02**, ## 0.05±0.02#,

1)Mean±SD (n=3); Symbols are significantly different at the same column (*p<0.05, **p<0.01) and at the same row (#p<0.05, ##p<0.01).

Fig. 1. Activities change of TTC-dehydrogenase as EOW’s
disinfection proceeded. Means with symbols are significantly
different; *p<0.05, **p<0.01
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intra-cellular phosphate dehydrogenases thus causing cell

death.

Changes of conductivity The conductivity change in

bacterial suspension could reflect the permeability change

of the cell membranes (25). Higher membrane permeability

leads to more inclusion leakage, thus to a higher

conductivity.

The conductivity alterations in the suspension of EOW-

treated (ACC, 150 mg/L) spores of B. subtilis var. niger

were presented in Fig. 2, showing a rapid increase from

2.30×103 to 3.70×103 µs/cm in 1 min after EOW treatment,

followed by a mild increase till a steady state. The

conductivity raise indicated that EOW increased the

membrane permeability which caused leakage of inclusions.

Thus we concluded that EOW damaged the membranes of

the spores of B. subtilis var. niger.

Leakages of K+ Intracellular K+ is vital to various cell

processes and its low concentration would cause cell death

(26), which could be triggered by cell membrane damage.

The K+ leakage levels of EOW-treated (ACC, 149 mg/

L) spores of B. subtilis var. niger were presented in Fig.

3A, rocketing to 0.44 µg/mL in 15 min, then tended to

slow down, which was similar with the changes of the

conductivities. The quick leakage of K+ lent further support

for the fact that EOW imposed damages on the membranes,

which resulted in imbalances of the osmotic pressure and

ion channels, followed by large K+ leakage. Finally the

spores died of intracellular K+ shortage (27).

Leakages of proteins As intracellular proteins would

leak out when cell membranes are damaged, the leakage

amount can be used to quantify the damage on the cell

walls and membranes.

The protein leakage levels of EOW-treated (ACC, 151

mg/L) spores of B. subtilis var. niger were shown in Fig.

3B, which increased at first reaching its peak of 8.5 µg/mL

at 20 min and then underwent a slight decrease.

Protein leakage increased with time at first, probably

because of membrane damage while the decrease of protein

leakage at later stage might have 2 reasons. Firstly,

intracellular materials may get solidified after a period of

EOW action; secondly, the leaked proteins may react with

Fig. 2. Conductivities change as EOW’s disinfection proceeded.
Means with symbols are significantly different; **p<0.01

Fig. 3. Leakage of cellular inclusions change as EOW’s
disinfection proceeded. K+ (A), protein (B), and DNA (C)
leakages change. Means with symbols are significantly different;
*p<0.05, **p<0.01
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the active chlorine and the hypochlorite in EOW as well as

new eco-oxygens produced from hypochlorite, transforming

protein configurations with N-Cl bonds or others which

resulted in protein denaturation (28) and mis-detection.

Leakages of DNA The leakage levels of DNA

represents the leakages of nucleus compounds, and also the

membrane damage caused by EOW.

The leakages of DNA in EOW-treated (ACC, 149 mg/L)

spores of B. subtilis var. niger were shown in Fig. 3C,

which increased quickly at first reaching a peak value of

20.5 µg/mL at 15 min, then underwent a decrease.

The leakage of DNA, indicating the leakage of nucleus

molecules, further proved the damage of the cell’s outer

wall and membrane. The increasing leakage at early stage

was due to EOW damage on the outer walls and membranes.

While at later stage, the declination was probably owing to

the unique hypochromic effect of DNA (29), which was

closely related to its double helix structure. That is to say

EOW might react with the negative-charged phosphates on

the DNA skeleton, changing its conformation (resulting

some of the chromophores invaginated) by decreasing the

charge density on its main chain, leading to a decrease of

absorbance at 260 nm, which was represented by a

declination of leakage.

Analysis on the microbiological ultrastructure TEM

photos of B. subtilis var. niger spores before and after

EOW’s disinfection (ACC, 150 mg/L) were shown in Fig.

4. The normal B. subtilis var. niger spore was elliptical with

a complete structure, a smooth surface, a thick and clear

cell wall with high electron density, a transparent cortical

region with uniform cytoplasm inside and a clear nucleus

also with high electron density (Fig. 4A). After EOW’s

disinfection for 15 min, the spore was obviously deformed

and looked swollen, with uneven electron density in the

wall; the cortical region got irregular in which the cellular

structure became disordered; and the nucleus was also a

little swollen (Fig. 4B). After 30 min, there were more

damages on the surface; the cortical region turbid and

unevenly thick, the nucleus loosened as well as the electron

density got uneven (Fig. 4C). Eventually, after 60 min, the

spore surface became irregular, with breaches in the wall;

the cortical region was unsymmetrical, invaginating partly

into the nucleus; the nucleus appeared a little dissolved,

and the intracellular materials leaked out, with only an

empty cell wall or spore coat left (Fig. 4D).

The above mechanism research revealed that EOW

Fig. 4. Ultrastructure of spores of B. subtilis var. niger before and after EOW’s disinfection. Before EOW’s disinfection (×1.2×105)
(A), EOW’s disinfection for 15 min (×1.5×105) (B), 30 min (×8.0×104) (C), and 60 min (×1.0×105) (D)
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decreased dehydrogenase activity and rapidly enhanced the

membrane permeability.The inactivation of spores of B.

subtilis var. niger under the effect of EOW was caused by

comprehensive factors including the destruction of

microbiological protective barriers, the leakage of cellular

inclusions, and the decrease of dehydrogenase activities.
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