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ABSTRACT The aim of this research was to investigate the efficacy of the duty ratio
and applied voltage in the inactivation of pathogens in soybean curd by pulsed
ohmic heating (POH). The heating rate of soybean curd increased rapidly as the ap-
plied voltage increased, although the duty ratio did not affect the temperature pro-
file. We supported this result by verifying that electrical conductivity increased with
the applied voltage. Escherichia coli O157:H7, Salmonella enterica serovar Typhimu-
rium, and Listeria monocytogenes in soybean curd were significantly (P � 0.05) inacti-
vated by more than 1 log unit at 80 Vrms (root mean square voltage). To elucidate
the mechanism underlying these results, the membrane potential of the pathogens
was examined using DiBAC4(3) [bis-(1,3-dibutylbarbituric acid)trimethine oxonol] on
the basis of a previous study showing that the electric field generated by ohmic
heating affected the membrane potential of cells. The values of DiBAC4(3) accumula-
tion increased under increasing applied voltage, and they were significantly
(P � 0.05) higher at 80 Vrms, while the duty ratio had no effect. In addition, morpho-
logical analysis via transmission electron microscopy showed that electroporation
and expulsion of intracellular materials were predominant at 80 Vrms. Moreover, elec-
trode corrosion was overcome by the POH technique, and the textural and color
properties of soybean curd were preserved. These results substantiate the idea that
the applied voltage has a profound effect on the microbial inactivation of POH as a
consequence of not only the thermal effect, but also the nonthermal effect, of the
electric field, whereas the duty ratio does not have such an effect.

IMPORTANCE High-water-activity food products, such as soybean curd, are vulnera-
ble to microbial contamination, which causes fatal foodborne diseases and food
spoilage. Inactivating microorganisms inside food is difficult because the transfer of
thermal energy is slower inside than it is outside the food. POH is an adequate ster-
ilization technique because of its rapid and uniform heating without causing elec-
trode corrosion. To elucidate the electrical factors associated with POH performance
in the inactivation of pathogens, the effects of the applied voltage and duty ratio on
POH were investigated. In this study, we verified that a high applied voltage (80
Vrms) at a duty ratio of 0.1 caused thermal and nonthermal effects on pathogens
that led to an approximately 4-log-unit reduction in a significantly short time. There-
fore, the results of this research corroborate database predictions of the inactivation
efficiency of POH based on pathogen control strategy modeling.
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Soybean curd is produced by precipitating soybean proteins and calcium or mag-
nesium salt, and it has abundant proteins, isoflavones, and antioxidants (1); there-

fore, it has been recognized as a health food that can prevent illnesses, such as stroke,
ischemia, and cancer (2, 3). However, soybean curd has a neutral pH with abundant
proteins and moisture, which are good conditions for microorganism growth (4). Thus,
soybean curd can be easily contaminated by foodborne pathogens, such as Escherichia
coli O157:H7, Salmonella, Listeria spp., and Bacillus cereus, during processing or distri-
bution (5, 6). Ananchaipattana et al. (6) reported that foodborne pathogens, such as B.
cereus and Staphylococcus spp., were detected in soybean curd in Thailand. Kwon et al.
(7) also investigated the contamination level of B. cereus in packaged soybean curd at
a retail market in South Korea and indicated that 12.9% of 85 samples were positive,
with an average level of 1.84 log CFU/g. Several outbreaks of foodborne disease related
to soybean curd have been reported. For instance, infections by Yersinia enterocolitica
were related to contaminated soybean curd in Washington state (8). In March 2012, an
outbreak associated with home-fermented soybean curd was reported and identified as
foodborne botulism caused by eating foods contaminated with botulinum toxin (9). In
addition, it was reported that 670 out of 918 people who ingested soybean curd
(Sasayuki tofu) contaminated by enteroinvasive E. coli (EIEC) showed symptoms of
diarrhea (93.4%), fever (77.5%), abdominal pain (64.5%), and vomiting (19.9%) (10).
These food poisoning cases indicate that appropriate sterilization techniques are
needed in the course of processing to ensure the microbiological safety of soybean
curd.

The ohmic heating (OH) technique (Fig. 1) is a novel alternative to conventional
heating for food processing, such as sterilization, cooking, thawing, and dehydration,
because of the rapid and uniform heating, which retains the safety and high quality of
foods (11, 12). OH generates thermal energy by passing an electric current through
materials acting as electrical resistors. A power supply generates the electric current,
which passes from the electric wire to an electrode and flows through an object
between electrodes. When electricity flows through the substance, electric power
(energy) is lost when electrons collide with other electrons, atoms, or neutrons, which
is the so-called resistance loss (or ohmic loss) (13). Therefore, ohmic loss is converted
into thermal energy, which raises the temperature of a material between electrodes
uniformly and rapidly. OH technology induces fatal thermal damage and the formation
of slight electroporation in a bacterial cell membrane, which leads to cell death due to
leakage of cellular materials (14). There are many factors that affect the efficiency of OH,
such as the applied voltage (voltage gradient), a material’s electrical conductivity, and
the frequency (11, 15). In the previous studies, inactivation efficacy against pathogens
increased at a higher voltage gradient and frequency (16). In particular, OH at high
frequencies of 10 kHz and 20 kHz prevented corrosion and elution of electrodes inac-
tivating E. coli O157:H7, Salmonella enterica serovar Typhimurium, and Listeria mono-
cytogenes effectively (17). With regard to voltage gradients, the temperature of the
sample increased more rapidly when a high voltage gradient was applied, and the log
reduction of pathogens was higher than with lower voltage gradients (16, 18).

Despite its advantages, the severe drawbacks of OH are the corrosion and leakage
of electrode ions during treatment. In the above-mentioned research, the pulsed ohmic
heating (POH) technique significantly reduced corrosion of electrodes by depleting the
charged electrical double-layer capacitor, and then it impeded the faradaic current (19).
High frequency is another preventive measure that obstructs the corrosion of elec-
trodes by impeding full charging of the electrode double layers. In addition to pre-
venting electrode corrosion by the POH technique, titanium is used as an electrode
material because of its electrochemical corrosion resistance property and high stability
(20–22), which minimize the corrosion of electrodes effectively during POH treatment.
Therefore, POH with titanium electrodes is a relatively safe heating technique to
sterilize or pasteurize food, reducing electrode corrosion.

Although considerable research has focused on the soybean curd production
process by OH (23–25), research about the application of POH for inactivation against
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pathogens in soybean curd is limited. In addition, very few studies on POH have been
applied to solid food products for the purpose of foodborne pathogen inactivation.
Based on our previous research showing that the corrosion of electrodes could be
depleted by POH at a duty ratio of 0.1 (19), this research investigated the efficacy of a
POH system (Fig. 1) in inactivating E. coli O157:H7, S. Typhimurium, and L. monocyto-
genes inside soybean curd, depending on the duty ratio at 48 Vrms (root mean square
voltage) and the voltage at a duty ratio of 0.1, and at preventing electrode corrosion.
Furthermore, whether the field strength developed by POH influences membrane
potential, using DiBAC4(3) [bis-(1,3-dibutylbarbituric acid)trimethine oxonol], and elec-
troporation of the cell membrane, depending on the duty ratio and applied voltage,
were analyzed by transmission electron microscopy. This research may provide a basic
database for predicting inactivation efficiency on the basis of modeling, with the aim
of applying it in the food industry.

RESULTS
Temperature profile with regard to duty ratio and applied-voltage analysis. As

shown in Fig. 2A, the temperature increased identically at duty ratios of 0.05 and 0.1
during POH treatment. Approximately 290, 340, 390, and 440 s were required to reach

FIG 1 Pulsed ohmic heating system used in this research (A) and inoculation (�) and temperature measurement (circles) points (B).

FIG 2 Temperature profile depending on the duty ratio at 48 Vrms (A) and applied voltage (Vrms) at 0.1 duty ratio (B) during POH treatment. The error bars
represent standard deviations.
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70, 80, 90, and 100°C, respectively, regardless of the duty ratio, when 48 Vrms was
applied. Thus, the duty ratio exerted no significant influence on the rate of temperature
rise. On the other hand, at the same duty ratio (0.1), the temperature of the sample
increased rapidly over time as the applied voltage increased (Fig. 2B). Approximately
439, 280, 177, and 150 s were required to reach 100°C at 48, 60, 70, and 80 Vrms,
respectively. The time intervals to increase the temperature by 10°C were 50, 30, 20, and
15 s at 48, 60, 70, and 80 Vrms. The heating rate was significantly (P � 0.05) increased
by applying higher voltage, which means that the POH treatment time to reach the
target temperature by means of an increased heating rate decreased noticeably.

Comparison of electric current and conductivity at different duty ratios and
applied voltages. The electric current (in amperes [A]) curves of soybean curd at
different duty ratios and applied voltages during POH treatment are shown in Fig. 3.
The overall trend of the electric current increased almost linearly with increasing
processing time and temperature. In this study, it was observed that the electric current
increased equally when applying duty ratios of 0.05 and 0.1 at the same voltage (48
Vrms) (Fig. 3A). The maximum electric current values of 0.72 and 0.71 A were measured
at duty ratios of 0.05 and 0.1 after 440 s of POH processing. Furthermore, the electric
current values at different duty ratios were analogous to each other overall. Thus, the
results indicate that there were no significant differences (P � 0.05) in the electric
current of soybean curd over time between duty ratios of 0.05 and 0.1. However, it was
observed that, as the applied voltage increased from 48 to 80 Vrms, the electric current
increased simultaneously, as shown in Fig. 3B. The maximum electric current values
depending on each applied voltage were 0.75, 1.05, 1.46, and 1.57 A at 48, 60, 70, and
80 Vrms, respectively, indicating that the electric current of the soybean curd increased
significantly (P � 0.05) as the applied voltage increased.

The calculated electrical conductivity (in siemens [S] per meter) curves (see equation
3) are presented in Fig. 4. Similar to the electric current, the electrical conductivity trend
is linear, depending on treatment time and temperature. When the temperature of the
soybean curd reached 100°C during POH treatment, there were no significant differ-
ences in electrical conductivity between duty ratios of 0.05 and 0.1 (Fig. 4A). However,
the electrical conductivity values were 0.52, 0.59, 0.70, and 0.65 S/m at 48, 60, 70, and
80 Vrms when samples treated by POH reached 100°C (Fig. 4B). Therefore, the electrical
conductivity of soybean curd shows significantly higher values when higher applied
voltages are exerted, although at 70 and 80 Vrms, they showed no significant difference
(P � 0.05).

FIG 3 Electric current (in amperes) depending on the duty ratio at 48 Vrms (A) and applied voltage (Vrms) at 0.1 duty ratio (B) during POH treatment. The error
bars represent standard deviations.
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Effects of duty ratio and applied voltage on inactivation of pathogens in
soybean curd. The log reductions (log CFU per milliliter) of E. coli O157:H7, S.
Typhimurium, and L. monocytogenes inoculated inside soybean curd at different duty
ratios and different applied voltages are presented in Fig. 5 and 6. As shown in Fig. 5,
except for the reduction of E. coli O157:H7 at 80 and 90°C, there was no significant
difference in the reductions based on the duty ratio when 48 Vrms was applied
(P � 0.05). The correlation between surviving populations of pathogens and applied
voltage is presented in Fig. 6. In all pathogens, regardless of the applied-voltage,
reduction of E. coli O157:H7, S. Typhimurium, and L. monocytogenes subjected to POH
treatment tended to increase with increasing POH treatment time and temperature.
When the holding time (HT) was added to the time it took to increase by 10°C after the
temperature of samples reached 100°C (100 with HT), the reduction of pathogens
subjected to POH at 80 Vrms was highest. After POH treatment for 160 s at 80 Vrms, 4.16-,
4.24-, and 3.99-log-unit reductions were observed in E. coli O157:H7, S. Typhimurium,
and L. monocytogenes, respectively, which were more than 1 log unit higher than the
results of other applied voltages. These results indicate that POH treatment at 80 Vrms

has a significant effect on the inactivation of each pathogen when samples are treated
until they reach over 100°C.

Kinetics modeling of inactivation of pathogens. Survival curves were fitted to the
Weibull model (see below) to compare T3d and T5d, which represent the times required
to achieve 3- and 5-log-unit reductions, respectively. As shown in Table 1, all regression
coefficient values (R2), which indicate the best fit to the acquired data that is close to
1, showed values of more than 0.90. Additionally, root mean square error (RMSE) values
between 0.17 and 0.45 were obtained. The lower the RMSE value, the better the Weibull
model fits the data (26). All the survival population curves of pathogens correspond to
convex shapes, because the � values were calculated at more than 1 (27). The � values
of S. Typhimurium and L. monocytogenes were not significantly different from those at
0.1 and 0.05 duty ratios at 48 Vrms. Regarding the results of the � values of pathogens
depending on the applied voltage, the values of all pathogens tended to increase as
applied voltage increased. Except for the case of L. monocytogenes subjected to 48-Vrms

POH at a duty ratio of 0.1, all T5d values were significantly higher than the T3d values
(P � 0.05). When the T3d and T5d values under each different applied voltage condition
at the same duty ratio were compared, both values were reduced as the applied
voltage increased. In particular, T3d values were shortened by approximately 3.98-,
3.61-, and 3.31-fold for E. coli O157:H7, S. Typhimurium, and L. monocytogenes, respec-

FIG 4 Electrical conductivity (in siemens per meter) depending on the duty ratio at 48 Vrms (A) and applied voltage (Vrms) at 0.1 duty ratio (B) during POH
treatment. The error bars represent standard deviations.
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tively, by increasing the voltage from 48 to 80 Vrms. Additionally, the T5d values were
shortened 4.75-, 3.40-, and 3.14-fold for E. coli O157:H7, S. Typhimurium, and L.
monocytogenes, respectively, by increasing the voltage from 48 to 80 Vrms.

Evaluation of cell membrane damage and potential by DiBAC4(3). The DiBAC4(3)

relative accumulation ratio, which is presented as the percentage for the treatment
group relative to the control group, is presented in Table 2. The duty ratio did not exert
a significant effect (P � 0.05) on the relative ratio values for E. coli O157:H7 and L.
monocytogenes, although it had a significant (P � 0.05) effect on values for S. Typhi-
murium. The ratios were highest for E. coli O157:H7, followed by S. Typhimurium and
L. monocytogenes. However, when the results according to each applied voltage were
compared, the DiBAC4(3) values increased with increases in applied voltage. In partic-
ular, the ratios were significantly (P � 0.05) higher for all the pathogens when 80 Vrms

was applied. A comparison of the pathogens showed that E. coli O157:H7 had signifi-
cantly (P � 0.05) higher values than the other pathogens at 48 and 60 Vrms. On the
other hand, the values for S. Typhimurium were significantly (P � 0.05) higher than
those for the other pathogens at 70 and 80 Vrms.

FIG 5 Reduction (log CFU per milliliter) of E. coli O157:H7 (A), S. Typhimurium (B), and L. monocytogenes (C) inoculated on samples after 48-Vrms POH treatment
at duty ratios of 0.05 and 0.1. The error bars represent standard deviations. Different uppercase letters for the same treatment temperature indicate a significant
difference (P � 0.05).
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Transmission electron microscopy. As shown in Fig. 7, cells subjected to POH
under each condition were examined under a transmission electron microscope (TEM).
Although the morphologies of the pathogens showed slightly disrupted cell mem-
branes and trace amounts of cellular material eruption at duty ratios of 0.1 and 0.05 at
48 Vrms (Fig. 7B and C), the disruption was not remarkable. Additionally, the cells
subjected to POH at 60 Vrms did not show morphology significantly different from that
at 48 Vrms. Meanwhile, a morphological difference in the cell membrane and expulsion
of internal cellular materials were observed when the cells were treated by POH at 70
and 80 Vrms (Fig. 7E and F). Fatal disintegration of the cell membrane and intracellular
material efflux was most critical at 80 Vrms. These results corresponded to those for the
reduction and cell membrane potential/damage analysis using DiBAC4(3).

Assessment of texture and color properties of soybean curd after POH treat-
ment. Tables 3 and 4 list the texture properties and color values, respectively, of
soybean curd after POH treatment. Excluding cohesiveness, all the texture properties of
the samples treated with the POH process were not significantly (P � 0.05) different
from those of untreated samples. The cohesiveness of soybean curd subjected to POH
at 48 Vrms under a 0.05 duty ratio for 490 s was reduced by 0.11 compared to the

FIG 6 Reduction (log CFU per milliliter) of E. coli O157:H7 (A), S. Typhimurium (B), and L. monocytogenes (C) inoculated on samples after POH treatment at
different applied voltages at 0.1 duty ratio. The error bars represent standard deviations. Different uppercase letters for the same treatment temperature indicate
a significant difference (P � 0.05).
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control. With respect to the color values of soybean curd after POH, the values of L*, a*,
and b* (see below) were not significantly different (P � 0.05) from those for the
untreated samples.

Electrode corrosion measurement. The concentrations of eluted titanium ions in
samples after POH are presented in Table 5. The concentration of migrated titanium
ions was not detected under all conditions, except for samples treated by POH at 60
Vrms at a duty ratio of 0.1. When the POH treatment was operated at 60 Vrms, 0.02 ppm
of titanium ions in the samples was detected.

DISCUSSION

The principal objectives of this study were to (i) investigate the optimal electrical
conditions of POH for the nonthermal effect in order to inactivate pathogens in
soybean curd and (ii) validate that the POH technique prevents electrode corrosion. The
fundamental principle of the POH technique, which is operated by triggering a pulsed
waveform, is to heat food products using thermal energy caused by the electrical
resistance generated when passing an electric current directly through them. In gen-
eral, much previous research has shown that OH has nonthermal bactericidal effects in
addition to thermal effects. Somavat et al. (28) reported that when tomato juice
samples inoculated with Bacillus coagulans spores were treated by ohmic and conven-
tional heating, the D values (time required to reduce the microbial population by 1 log
cycle at a specific temperature) for ohmic heating at 60 Hz and 10 kHz were significantly

TABLE 1 Weibull modeling of E. coli O157:H7, S. Typhimurium, and L. monocytogenes inactivation in soybean curda

Strain Duty ratio
Applied
voltage (Vrms) Log N0 (log CFU/ml) � R2 RMSE � (s) T3d (s) T5d (s)

E. coli O157:H7 0.05 48 8.15 2.69 0.9446 0.2500 348.40 � 26.78 a 533.98 � 23.71 Ba 653.28 � 64.24 Ab
0.1 48 8.06 1.39 0.9575 0.2402 252.76 � 47.61 b 556.20 � 52.23 Ba 804.63 � 51.78 Aa

60 8.00 2.11 0.9155 0.3705 189.02 � 18.37 c 320.99 � 1.62 Bb 411.63 � 22.16 Ac
70 8.16 3.96 0.9724 0.2408 148.81 � 11.58 c 199.82 � 2.66 Bc 229.56 � 11.58 Ad
80 8.24 2.61 0.9752 0.2937 91.42 � 10.15 d 139.45 � 4.32 Bd 169.96 � 2.07 Ad

S. Typhimurium 0.05 48 7.33 3.15 0.9700 0.1777 372.89 � 8.36 a 529.55 � 4.58 Ba 623.47 � 13.26 Aa
0.1 48 7.23 4.59 0.9485 0.2454 389.40 � 61.46 a 508.94 � 23.54 Ba 577.97 � 6.66 Ab

60 6.89 3.11 0.9592 0.2255 226.07 � 10.46 b 324.25 � 6.45 Bb 383.83 � 19.58 Ac
70 7.64 3.46 0.9536 0.3292 138.66 � 6.97 c 191.91 � 4.00 Bc 223.45 � 11.58 Ad
80 7.35 2.52 0.9376 0.4457 92.96 � 2.74 c 143.97 � 3.78 Bd 176.48 � 6.03 Ae

L. monocytogenes 0.05 48 8.54 5.34 0.9557 0.2233 416.67 � 18.67 a 513.10 � 9.10 Ba 565.38 � 7.67 Aa
0.1 48 8.58 5.04 0.9540 0.2788 394.30 � 24.19 a 500.61 � 18.50 Aa 560.51 � 44.02 Aa

60 8.42 3.07 0.9195 0.3563 226.12 � 12.80 b 324.24 � 8.36 Bb 385.75 � 11.16 Ab
70 8.67 3.99 0.9589 0.3028 148.02 � 10.84 c 196.62 � 3.77 Bc 224.58 � 6.70 Ac
80 8.59 3.30 0.9334 0.4115 106.03 � 11.35 d 150.11 � 1.94 Bd 176.80 � 5.34 Ad

aData are expressed as means � standard deviations from three replications. Values followed by different uppercase letters in the same row are significantly different
(P � 0.05). Values followed by different lowercase letters in the same column are significantly different (P � 0.05).

TABLE 2 DiBAC4(3) accumulation valuesa

Duty ratio
Applied
voltage (Vrms)

DiBAC4(3) accumulation value (%) inb:

E. coli O157:H7 S. Typhimurium L. monocytogenes

0.05 48 168.96 � 4.87 Acd 133.49 � 0.71 Be 126.18 � 2.65 Cd
0.1 48 163.92 � 4.92 Ad 140.79 � 1.89 Bd 128.57 � 3.02 Cd

60 174.11 � 1.35 Abc 162.73 � 2.85 Bc 133.55 � 1.54 Cc
70 179.70 � 3.92 Bb 187.77 � 4.72 Ab 144.64 � 0.88 Cb
80 190.60 � 0.93 Ba 202.09 � 3.52 Aa 181.03 � 2.60 Ca

aValues are presented as the ratio of each treatment group to the control for E. coli O157:H7,
S. Typhimurium, and L. monocytogenes isolates treated by POH at different duty ratios and applied voltages
for the maximum treatment times. Maximum treatment times were 490, 310, 200, and 160 s at 48, 60, 70,
and 80 Vrms, respectively.

bData are expressed as means � standard deviations from three replications. Values followed by different
uppercase letters in the same row are significantly different (P � 0.05). Values followed by different
lowercase letters in the same column are significantly different (P � 0.05).
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lower than those for conventional heating because of the nonthermal effects. Addi-
tionally, according to Sun et al. (29), OH caused nonthermal damage to Streptococcus
thermophilus, as well as thermal damage. They conjectured that OH under appropriate
conditions, such as electric current and frequency, could result in permeability of the
cell membrane and concluded that OH has a nonthermal effect of the electric current.
Therefore, the POH technique is an alternative sterilization process to conventional
heating for inactivation of pathogens.

The cardinal factors affecting the OH process and heating rate included electrical
conductivity, voltage, field strength (voltage gradient), electric current and ionic con-
centration, and electrode design (15, 30, 31). The optimal electrical conductivities of

FIG 7 TEM microphotograph of pathogen cells that were not subjected (A) or subjected (B to F) to the
POH process. The cells were treated at duty ratios of 0.05 (B) and 0.1 (C) under the same applied voltage
(48 Vrms) and at 60 Vrms (D), 70 Vrms (E), and 80 Vrms (F) under the same duty ratio (0.1). Treatment times
were 490, 310, 200, and 160 s at 48, 60, 70, and 80 Vrms, respectively.

TABLE 3 Texture properties of soybean curd subjected to POH for the maximum treatment times under different duty ratios and applied
voltagesa

Duty ratio Applied voltage (Vrms) Hardness (N) Cohesiveness Springiness (N·s) Gumminess (N) Chewiness (N) Resilience

Control Control 22.32 � 3.10 A 0.49 � 0.04 A 0.91 � 0.04 A 11.00 � 1.87 A 9.93 � 1.36 A 0.36 � 0.15 A
0.05 48 23.37 � 2.63 A 0.38 � 0.05 B 0.92 � 0.09 A 9.06 � 2.22 A 8.34 � 2.08 A 0.36 � 0.25 A
0.1 48 23.53 � 0.54 A 0.40 � 0.05 AB 0.87 � 0.04 A 9.41 � 1.30 A 8.19 � 1.48 A 0.22 � 0.14 A

60 24.72 � 0.26 A 0.41 � 0.08 AB 0.92 � 0.07 A 10.11 � 1.79 A 9.26 � 1.71 A 0.35 � 0.23 A
70 23.04 � 1.74 A 0.41 � 0.02 AB 1.19 � 0.45 A 9.32 � 0.50 A 11.20 � 4.65 A 0.38 � 0.23 A
80 24.98 � 3.51 A 0.45 � 0.05 AB 0.95 � 0.08 A 11.10 � 1.80 A 10.46 � 0.89 A 0.38 � 0.25 A

aMaximum treatment times were 490, 310, 200, and 160 s at 48, 60, 70, and 80 Vrms, respectively. The data are expressed as means � standard deviations from three
replications. Values followed by the same uppercase letter in the same column are not significantly different (P � 0.05).
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food products for OH treatment are 10 S/m and above 0.01 S/m (32, 33). Additionally,
the electrical conductivities for food products are classified into three groups, where a
� value of �0.05 S/m is defined as good conductivity (12). As shown in Fig. 4, the
electrical conductivity of soybean curd was above 0.25 and below 0.70 S/m at all
applied voltages; therefore, it has suitable conductivity for the POH process.

The results of this study demonstrated that the duty ratio at the same applied
voltage does not significantly affect the temperature profile, the electrical properties of
soybean curd, and inactivation kinetics against pathogens; however, the specific ap-
plied voltage at the same duty ratio had a significant influence on the properties of
POH. With regard to the temperature profile, the temperature increased equally when
48 Vrms was applied at duty ratios of 0.05 and 0.1, whereas it increased rapidly as the
applied voltage increased and was 2.75 times faster at 80 Vrms than at 48 Vrms (Fig. 2).
This means that the rate of temperature rise was significantly (P � 0.05) higher when a
higher voltage was applied. Therefore, the heating rate showed voltage-dependent
behavior, although the duty ratio did not. The applied voltages in this study could be
converted to electric field strength or voltage gradient by dividing the distance
between two electrodes (12, 15, 17.5, and 20 V/cm). In terms of the electric field
strength, the rate of temperature rise at high electric field strength was significantly
(P � 0.05) higher than that at lower electric field strength. Previous studies have also
reported that the rate of temperature rise is proportional to the electric field strength
or voltage gradient (34, 35). According to the results of Darvishi et al. (36), the time for
heating tomato paste decreased from 235 to 38 s with voltage gradient increases from
6 to 14 V/cm. Additionally, Bozkurt and Icier (37) reported that the time to reach 100°C
decreased with an increase in the voltage gradient from 10 to 30 V/cm. For this reason,
it could be concluded that the heating rate is proportional to the electric field
strength/voltage gradient. This phenomenon could also be delineated in accordance
with Joule’s law, expressed by equation 1:

Q � RI2 t � VIt (1)

where Q is the amount of generated heat (J), R is the value of the electrical resistance
of material (�), I is the electric current that flows through a material, t is the POH
operating time (s), and V is the voltage applied to a material (Vrms) (38).

According to this equation, the amount of heat release is commensurate with the

TABLE 4 Color values of soybean curd subjected to POH for the maximum treatment
times under different duty ratios and applied voltagesa

Duty ratio Applied voltage (Vrms) L* a* b*

Control Control 78.77 � 0.40 A �1.56 � 0.10 A 11.47 � 0.39 A
0.05 48 79.19 � 0.28 A �1.58 � 0.04 A 11.41 � 0.51 A
0.1 48 78.87 � 0.14 A �1.48 � 0.05 A 11.60 � 0.33 A

60 79.31 � 0.53 A �1.59 � 0.07 A 11.48 � 0.31 A
70 79.16 � 0.57 A �1.56 � 0.08 A 11.31 � 0.12 A
80 78.15 � 1.39 A �1.60 � 0.05 A 11.64 � 0.42 A

aThe maximum treatment times were 490, 310, 200, and 160 s at 48, 60, 70, and 80 Vrms, respectively. The
data are expressed as means � standard deviations from three replications. Values followed by the same
uppercase letter in the same column are not significantly different (P � 0.05).

TABLE 5 Titanium concentrations in soybean curd subjected to POH treatment under
each condition for the maximum treatment timesa

Duty ratio Applied voltage (Vrms) Titanium concn (ppm)

0.05 48 NDb

0.1 48 ND
60 0.02 � 0.11
70 ND
80 ND

aData are expressed as means � standard deviations from three replications. The maximum treatment times
were 490, 310, 200, and 160 s at 48, 60, 70, and 80 Vrms, respectively.

bND, not detected.
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square of the electric current and applied voltage. Thus, higher voltage and electric
current generate more thermal energy that heats a material than lower voltage and
electric current (39). In this study, it was observed that as the applied voltage increased,
the electric current increased simultaneously, which is shown in Fig. 3B. However, the
electric current increased equally at duty ratios of 0.05 and 0.1; hence, the quantity of
the generated heat was consistent over time.

Another pivotal factor that has an influence on the temperature profile of POH is the
electrical conductivity (in siemens per meter), which is a rudimentary material property
that determines how well a material transmits, or conducts, electric current. There was
no considerable difference in electrical conductivity between the duty ratios of 0.05 and
0.1, although the applied voltage affected electrical conductivity (Fig. 3). As shown in
Fig. 3, it was observed that electrical conductivity increased linearly in proportion to the
temperature over POH operation time because movement of ionic and polar sub-
stances, such as sodium ion, amino acid, and water, becomes more conspicuous with
increases of temperature. The relationship between the electrical conductivity and
temperature profile in other studies using solid food samples showed the same trend
presented in this study (40–42). We suggest that (i) the applied voltage governs
soybean curd’s temperature profile during POH treatment, rather than the duty ratio,
and (ii) the voltage, electric current, and conductivity were the main factors affecting
the heating rate in this study.

Although inoculated samples were exposed to heat treatment by POH over a
shorter time at 80 Vrms than at 48, 60, and 70 Vrms (the treatment time intervals were
15, 20, 30, and 50 s, respectively), the reduction of pathogens was more than 1 log unit
at 80 Vrms compared with those at 48, 60, and 70 Vrms (Fig. 5). In other words,
inactivation was more effective at 80 Vrms than at the other applied voltages, although
the times of heat generation and internal heat gain were shorter because of the high
heating rate. This means that thermal and nonthermal effects consisting of the electric
field and electric current had a synergistic effect on the bactericidal ratio for pathogens
inoculated into soybean curd. In accordance with previous research, the cardinal factors
of OH for microbial inactivation were the electric field and electric current (33). Pereira
et al. (43) showed that the reason that the D and Z values (the Z value is the increase
in temperature required to attain a 1-log reduction in the D value) of E. coli ATCC 25922
subjected to OH were lower than those for conventional heating could be related to the
electric field. In terms of electric current, in the study of Sun et al. (44), sterilized skim
milk samples inoculated with S. thermophilus strain 2646 were subjected to OH and
conventional heating to the target temperature, and they showed that the reductions
of S. thermophilus treated by OH was much higher than that under conventional
heating to the same temperature because of nonthermal effects as well as thermal
effects. They supposed that the electric current has an influence on microbial inacti-
vation based on a comparison of the survival population curves for OH and conven-
tional heating. In this study, it was observed that the higher electric field strength and
current increased the rate of pathogen inactivation (Fig. 3B and 6). Therefore, we
deduced that POH at high applied voltage could effectively inactivate E. coli O157:H7,
S. Typhimurium, and L. monocytogenes due to the electric field and current.

In regard to inactivation kinetics by Weibull modeling (Table 1), the time to the first
log reduction of the initial population was inclined to decrease with applied voltage
increase regardless of the strain. When the � values of the pathogens were compared,
L. monocytogenes was the highest, which means L. monocytogenes is more resistant to
early treatment than E. coli O157:H7 and S. Typhimurium when subjected to POH
treatment. The T3d and T5d values of E. coli O157:H7, S. Typhimurium, and L. monocy-
togenes prominently decreased as the applied voltage increased. The POH at 80 Vrms

could inactivate pathogens efficiently in a short time. However, three strains showed
similar T5d values, which were 170, 176, and 177 s for E. coli O157:H7, S. Typhimurium,
and L. monocytogenes, respectively. It was demonstrated that the thermal effect is a
predominant factor in microbial inactivation by OH (12, 33). Heat induces damage to
the cell membrane, enzymes, cellular organelles, etc., by denaturing proteins, which is
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caused by disrupting hydrogen bonds and hydrophobic interactions. Thus, it is sur-
mised that not only the cell membrane, but also DNA and other organelles, were
damaged by heat generated by POH, so the T5d of the pathogens tended to be similar
without distinction of strain after the temperature of the sample reached 100°C. On the
basis of these results, we could extrapolate that in the case of inactivation of pathogens
in soybean curds, the minimum applied voltage for generating a prominent nonther-
mal disinfection effect is 80 Vrms.

To investigate the mechanism underlying microbial inactivation by POH, the trans-
membrane potential of the cell was measured using DiBAC4(3) (45, 46), an ionic
fluorescent dye that is sensitive to voltage, and the results were used to evaluate cell
membrane damage in the research. Several previous studies indicated that the external
electric field exerts an influence on the membrane potential (47–50). Membrane
potential is essential for the physiological functions of microorganism, such as metab-
olism, growth, and homeostasis, and it is involved in ATP synthesis; moreover, mem-
brane transport regulates ion concentrations between the outside and inside of the cell
(51–53). When the membrane potential is disturbed by physicochemical reactions,
depolarization of the cell membrane occurs, and the interior of the cell and plasma
membrane are more positively charged than those of a normal cell. The cell membrane
becomes positive or depolarized and causes an influx of DiBAC4(3) into the cell;
therefore, the fluorescent signal is maximized (54, 55). On the basis of this theoretical
background, a degree of cell membrane intactness and inactivation of pathogens could
be measured indirectly through an analysis of the DiBAC4(3) accumulation ratio. The
results shown in Table 2 indicate that POH treatment at 80 Vrms at a duty ratio of 0.1
induced depolarization of the cell membrane and significantly high inactivation of
pathogens (P � 0.05), as the data showed that the DiBAC4(3) accumulation ratio was
highest (P � 0.05) at 80 Vrms. According to Sastry’s description (56), OH causes a charge
to be accumulated at the surface of the cell and leads to pore formation, which is
known as electroporation. Donsì et al. (57) reported that when a biological cell is
subjected to the threshold of the electric field, a critical membrane potential can be
induced. Accumulated charges disturb the voltage gradient of the cell between the
external and internal areas; therefore, the shape of the cell membrane becomes more
variable and separate, and the membrane eventually collapses (49). Consequently,
irreversible pores (electroporation) in the cell membrane are induced by the electric
field. Moreover, a comparison of the DiBAC4(3) accumulation ratio and electric current,
which is the rate of electrical charge, shows that the POH process at 80 Vrms provokes
enough electric field and current to disrupt the membrane potential, resulting in a
significant depolarization of transmembrane potential.

Meanwhile, as shown Table 2, the ratio of DiBAC4(3) accumulation for L. monocy-
togenes was significantly (P � 0.05) lower than those for E. coli O157:H7 and S. Typhi-
murium under all conditions. This result could indicate that the morphological and
biochemical properties, such as the cell size and cell membrane, of microorganisms
have an effect on the threshold value of the electric field strength, which is based on
the research of Hülsheger et al. (48). A comparison between Gram-positive (L. mono-
cytogenes) and Gram-negative (E. coli O157:H7 and S. Typhimurium) bacteria showed
that the ratio of DiBAC4(3) accumulation for L. monocytogenes was significantly lower
(P � 0.05) than those for E. coli O157:H7 and S. Typhimurium. This result could indicate
that Gram-positive bacteria have more resistance to the electric field developed by
POH. The results of this study correspond to those of Lee et al. (58), who reported that
L. monocytogenes, a Gram-positive bacterium, has more resistance to OH than Gram-
negative bacteria. Additionally, previous research (59) showed that the inactivation
level of Staphylococcus aureus was lower than that of E. coli, and the authors explained
that Gram-negative bacteria have much thinner peptidoglycan layers than Gram-
positive bacteria. These phenomena suggest that Gram-positive bacteria have a thick
peptidoglycan layer on the outside of the plasma membrane; therefore, the bacteria
have higher resistance to physical disruption, such as heat, drying, and permeation of
reactive oxygen species (ROS) from plasma, than Gram-negative bacteria (60, 61). Thus,
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the thick peptidoglycan layer permits Gram-positive bacteria to withstand the mem-
brane damage caused by the thermal effect, as well as membrane potential disturbance
from the external electric field. In summary, when cells are treated by POH at 80 Vrms,
the exterior of the cell membrane facing the anode of the electrode becomes nega-
tively charged above the threshold and the interior is positively charged, while in the
cathode of the electrode, the phenomenon is reversed over the threshold; therefore,
the cell is depolarized. For this reason, it was confirmed that the DiBAC4(3) accumula-
tion ratio under 80 Vrms was significantly higher than that for other applied voltages.

To demonstrate the degrees of inactivation of pathogens, cell membrane rupture,
and electroporation, which is optically dependent on the duty ratio and applied
voltage, a TEM analysis was conducted. Studies have compared TEM micrographs of
cells after OH and conventional heating treatment (14, 62, 63). For example, Lee et al.
(63) examined the morphological structure of E. coli O157:H7 using TEM and found that
the structure of the cell treated by OH at 30 V/cm for 180 s was significantly more
collapsed than that under conventional heating due to electroporation. However, only
one study performed a TEM analysis based on the duty ratio and voltage. The TEM
microphotographs obtained in the present study revealed that a duty ratio at the same
applied voltage had no effect on the morphological structure of pathogen cells, while
the applied voltage, especially at 80 Vrms, significantly disrupted the integrity of the cell
structure because the electric field and current contributed to membrane depolariza-
tion and electroporation, as indicated above. Additionally, it was observed that greater
leakage of intracellular materials occurred through the ruptured pores of the cell
membrane after POH treatment at 80 Vrms. This leakage of intracellular materials is
another mechanism for microbial inactivation (64). To summarize the discussion of TEM
microphotographs, this study morphologically demonstrates that POH at higher ap-
plied voltages leads to greater electroporation (electropermeabilization) and eruption
of intracellular materials, which causes a greater reduction of pathogens.

After sterilization of soybean curd, maintaining the original qualities, such as color,
texture, and nutrients, should not be overlooked because these qualities affect con-
sumer acceptance (65). Kamizake et al. (66) reported that consumer acceptance de-
clined when researchers provided soybean curd with a gray color and fracturable
texture made from aged cultivars. According to a study by Obatolu (67), sensory scores
for soybean curds made from different coagulants were influenced by color and
textural attributes. For this reason, this study examined the texture properties based on
a texture profile analysis (TPA) and color values. TPA is an imitative test for analyzing
the rheological properties of materials, such as texture, and it is performed by com-
pressing a sample twice, similar to a masticatory movement. In this study, the cohe-
siveness of soybean curd decreased significantly (P � 0.05) after POH treatment under
an adjusted duty ratio of 0.05 at 48 Vrms for 490 s. Cohesiveness, calculated by dividing
the area under the TPA curve during the first bite from that for the second bite,
represents a textural property relevant to the degree to which a food can be deformed
before it breaks (68) or a sample deforms before it ruptures (69). Additionally, Szcz-
esniak (70) defined cohesiveness as “the strength of the internal bonds making up the
body of the product.” Thus, it is speculated that the internal bonds of soybean curd
weakened after the POH process at 48 Vrms under a duty ratio of 0.05 due to the long
treatment time (490 s) above 100°C. In previous research, sulfhydryl groups of soybean
protein in tofu gel made from soy milk that was heated for a long time were oxidized
and showed a soft texture (71). A study conducted by Furukawa et al. (72) showed that
the cohesiveness of the isolated soy protein began to decrease at 100°C. They indicated
that this phenomenon was due to the fact that excess heat effectuates chemical
degradation of cysteine residues of proteins, which leads to unstable hydrogen and
hydrophobic bonds. Based on these previous research studies, the cohesiveness of
soybean curd decreased after POH treatment at 48 Vrms under a duty ratio of 0.05 for
490 s because excess heat weakens internal molecular bonds. Meanwhile, there were
no significant (P � 0.05) differences in color in comparisons of nontreated and treated
samples. Several studies also showed that OH could maintain a high standard for the
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color properties of food samples. Research by Mercali et al. (73) similarly showed that
there were no significant (P � 0.05) differences in L*, a*, and b* values between OH at
frequencies ranging from 0.1 to 100 kHz and conventional heating.

Despite the advantages of a high heating rate, i.e., inactivation of pathogens and
maintaining the quality of food, the issue of electrode corrosion and elution into the
food should be addressed (74). In the OH process, electrode corrosion occurs through
electrodissolution, where metallic electrodes are dissolved (decomposed) into metal
ions that have toxic potential (75). Specifically, even a trace amount (125 �g/ml) of
titanium dioxide affects cerebral cells and presents potential neurotoxicity (76). Addi-
tionally, a number of research studies have shown that accumulating titanium in the
body is related to yellow nail syndrome, characterized by yellowing of the nails,
respiratory disorders, and lymphedema (77–79). The electrochemical phenomenon of
the electrode (M) could be explained as follows (80): M¡Mn� � ne�, where M is metal
and e is electron. According to the research of Pataro et al. (81), the flux of metal ions
from the electrode to the heating medium was detected, depending on the frequency,
applied field strength, electrical conductivity, and pH. They reported that the migration
of metal ions increased with increasing applied field strength, acidic conditions, and
electrical conductivity of the heating medium. In this study, it was observed that the
POH technique using titanium electrodes can prevent electrode corrosion effectively
(Table 5). According to Samaranayake et al. (82), POH at lower frequencies and longer
pulse widths mitigated the electrochemical reactions, and the concentration of tita-
nium eluted into the heating medium did not exceed the acceptable level according to
the published dietary data. Regarding corrosion and eruption of the electrode, elec-
trons are attracted to the electrode and accumulate when voltage is applied to the
electrode; therefore, electrical double layers are developed (83). At that moment, the
charging current (nonfaradaic current) begins to flow at the surface, where the elec-
trode and material are in contact. In excess of the threshold voltage, a faradaic current,
which is current induced by oxidation or reduction, is generated, with an accompany-
ing electrochemical reaction at each electrode surface. The basic principle of impeding
electrode corrosion and influx into food products by POH suppresses the faradaic
current by changing the direction of the electric current and cutting off voltage before
electrons accumulate (84). With regard to electrode materials, Samaranayake and Sastry
(85) found that the corrosion rate of titanium electrodes was significantly lower
(P � 0.05) than that of stainless steel and graphite electrodes regardless of the pH; thus,
it could be concluded that titanium is more suitable as a material for the electrode
because of its high corrosion resistance. Therefore, this study shows that electrode
corrosion is overcome by (i) applying a pulse waveform to OH and (ii) using titanium
electrodes.

Integration of the results presented here shows that the POH technique at 80 Vrms

and a duty ratio of 0.1 is very effective for inactivation of E. coli O157:H7, S. Typhimu-
rium, and L. monocytogenes in soybean curd due to the nonthermal effect (electropo-
ration), thermal effect, and prevention of electrode corrosion. Therefore, we conclude
that the POH technique is a novel alternative sterilization process to conventional
heating.

MATERIALS AND METHODS
Bacterial culture and suspension preparation. In this research, three strains each of E. coli O157:H7

(ATCC 35150, ATCC 43889, and ATCC 43890), S. Typhimurium (ATCC 19585, ATCC 43971, and DT 104),
and L. monocytogenes (ATCC 19114, ATCC 19115, and ATCC 15313) were acquired from the bacterial
culture collection of the School of Food Science, Seoul National University (Seoul, South Korea). Each
strain was preserved in 0.7 ml of tryptic soy broth (TSB) (Difco, Sparks, MD), mixed with 0.3 ml 50%
glycerol at – 80°C, and then streaked onto tryptic soy agar (TSA) (Difco, Sparks, MD) and incubated at 37°C
for 24 h. The TSA plate was stored at 4°C. A single colony of each strain was inoculated into 5 ml of TSB
and then incubated in a shaking incubator (250 rpm) for 24 h at 37°C to obtain working cultures. All the
strains were mixed. The mixed culture cocktail was harvested by centrifugation (4,000 � g; 20 min; 4°C),
and the supernatant was discarded. The cell pellets acquired were resuspended in 5 ml of sterile 0.2%
peptone water (PW) (Becton, Dickinson and Company, Sparks, MD, USA), corresponding to approximately
107 to 108 CFU/ml.
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Sample preparation and inoculation. Soybean curd was purchased from a local grocery store
(Seoul, South Korea) and stored in a refrigerator at 4°C before use in the experiments. The soybean curd
was cut into 4- by 4- by 3-cm (width, length, and height, respectively) strips using a sterile stainless steel
knife and then placed at room temperature until it reached a constant temperature (23 � 1°C) before
POH treatment. After preparation of the sample, a 10-�l aliquot of the mixed culture cocktail was
inoculated into 5 spots on the soybean curd at intervals of 1 cm (Fig. 1B). The depth of each inoculation
point was 1.5 cm. The final bacterial population of the sample was 108 to 109 CFU/ml for E. coli O157:H7
and L. monocytogenes and 107 to 108 CFU/ml for S. Typhimurium.

Pulsed ohmic heating system and treatment. The fundamental primary composition of the POH
system was the same as in a previous study (86). The POH system was composed of a function generator,
a power amplifier, a digital oscilloscope, a data logger, a computer, and acrylic plate equipment (Fig. 1A).
The function generator produced a variable waveform, with a frequency range of 1 to 10 MHz and a
maximum output level of 5 V. The waveform signals produced were transferred to the power amplifier
and amplified. The amplified waveform signals were transmitted to two titanium electrodes. During the
POH process, the two-channel digital oscilloscope measured the shape of the waveform, frequency,
voltage, and electric current. The temperature was measured using three K-type thermocouples placed
at 3 points in the soybean curd and recorded every 1 s by the data logger to create a temperature history.
The acrylic plate equipment was composed of an acrylic plate and two acrylic supports of the electrodes.
The distance between the two electrodes was 4 cm, and the cross-sectional area contacted by the
soybean curd was 12 cm2. The Benchlink waveform builder program (Keysight Technologies Inc., Santa
Rosa, CA, USA) was used to produce a bipolar pulse waveform, which had a period (T) of 100 �s.
According to equation 2, duty ratios (�) of 0.1 and 0.05 were adjusted to the width (t) of both the positive
and negative pulses to 2.5 �s and 5 �s, respectively (82).

� �
2t

T
(2)

Each of the inoculated samples was treated by POH until the temperature of the sample reached 70, 80,
90, and 100°C, and they were additionally held at 100°C for the time required to increase by 10°C (50, 30,
20, and 15 s at 48, 60, 70, and 80 Vrms) at each duty ratio and applied voltage. After the POH treatment,
the sample was placed in a stomacher bag (Labplas, Inc., Sainte-Julie, QC, Canada) at room temperature
for 5 min to apply residual heat.

Temperature profile measurement. To measure the temperature profile of POH, K-type thermo-
couples, the data logger, and the computer were used to record the temperature of a sample every
second during each treatment. Three temperature measurement points on the samples were selected at
1-cm intervals from the center of the sample surface (Fig. 1B). The temperature was recorded every 20 s
and plotted on a graph.

Electrical conductivity measurement. Electrical conductivity (�), which is the degree of a material’s
ability to allow the transmittance of an electric charge, is derived from the voltage and current (15). After
a two-channel digital oscilloscope was used to measure the voltage and electric current, the electrical
conductivity of soybean curd was calculated as follows (equation 3):

� � LI/AV (3)

where � is the electrical conductivity (in siemens per centimeter), L is the distance between electrodes
(in centimeters), I is the electric current (Arms), A is the cross-sectional area of the sample (in square
centimeters), and V is the voltage (Vrms).

Viable-cell enumeration. After the pulsed ohmic heating treatment, a sample volume of 48 cm3 was
transferred into a sterile stomacher bag containing 192 ml of sterile 0.2% PW. The diluted sample was
homogenized for 2 min using a stomacher (Easy Mix; AES Chemunex, Rennes, France). After homoge-
nization, 1-ml sample aliquots were 10-fold serially diluted with 9 ml of sterile 0.2% PW, and the 0.1%
diluted and homogenized samples were spread plated onto each selective medium. As selective media,
sorbitol MacConkey agar (SMAC) (Difco), xylose lysine deoxycholate agar (XLD) (Difco), and Oxford agar
base (OAB) (Difco) with antimicrobial supplement (Bacto Oxford antimicrobial supplement; Difco) were
used for enumerating E. coli O157:H7, S. Typhimurium, and L. monocytogenes, respectively. All the
spread-plated selective media were incubated at 37°C for 24 h, and then, particular colonies were
counted.

Inactivation kinetics modeling and analysis. Inactivation kinetics were analyzed by applying
GInaFiT (26, 87, 88) via Microsoft Excel (Microsoft Corp.) to identify the time required to achieve 3- and
5-log-unit reductions (T3d and T5d) of each strain. The equation of the Weibull model is as follows
(equation 4):

log N(t) � log N0 � � t

���

(4)

where N0 is the initial inoculum concentration, � is the time to the first log reduction of the first
subpopulation, and � is the shape of the inactivation curve. The equation of the Weibull model was
converted to calculate and predict T3d and T5d (equation 5):

Txd � � 	 (x)
1
� (5)

Cell membrane potential assessment. The membrane potentials of E. coli O157:H7, S. Typhimurium,
and L. monocytogenes were measured using DiBAC4(3) (Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA) in accordance with previous studies (89–91). To assess the membrane potential of
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each pathogen, one strain was inoculated per sample. After POH treatment for 490, 310, 200, and 160 s
(maximum treatment times) at 48, 60, 70, and 80 Vrms, respectively, the inoculated samples were
transferred to a stomacher bag containing PW and homogenized for 2 min. The suspension (40 ml) was
transferred a 50-ml conical centrifuge tube (Falcon, Corning, NY, USA) and centrifuged at 1,000 � g for
15 min to separate the soy milk from the debris of soybean curd. DiBAC4(3) at 2.5 �g/ml in phosphate-
buffered saline (PBS) with 4 mM disodium dihydrogen ethylenediaminetetraacetic acid (EDTA-2Na;
Junsei Chemical Co., Ltd., Tokyo, Japan) was added to the supernatant to disperse E. coli O157:H7 or S.
Typhimurium cells. Then, the suspension was incubated for 15 min at 37°C in a dark room. Compared
with E. coli O157:H7 and S. Typhimurium, the suspension of L. monocytogenes was incubated for 2 min
at 37°C at 0.5 �g/ml in PBS in a dark room. The samples were centrifuged at 10,000 � g for 10 min to
obtain a cell pellet, excessive DiBAC4(3) dye was removed by washing with PBS, and then centrifugation
was performed at 10,000 � g for 10 min. The cell pellets were resuspended in 1 ml of PBS, and the
fluorescence values were determined using a spectrofluorophotometer (Spectramax M2e; Molecular
Devices, San Jose, CA, USA) set to an excitation wavelength of 488 nm and an emission wavelength of
525 nm.

Transmission electron microscopy. TEM examination was conducted to visually contrast pathogens
treated under different POH treatment conditions. Soybean curd samples inoculated with the mixed
culture cocktail were treated by the POH process for 490, 310, 200, and 160 s at 48, 60, 70, and 80 Vrms,
respectively. Then, samples were transported into stomacher bags containing PW and homogenized for
2 min. A 40-ml suspension was placed into a 50-ml polypropylene conical tube and then centrifuged at
1,000 � g for 10 min to isolate the debris of soybean curds, such as proteins, lipids, and other substances.
A 1-ml aliquot of supernatant was transferred to a 1.5-ml microtube (Axygen, Union City, CA, USA) and
centrifuged at 10,000 � g for 10 min. After discarding the supernatant, modified Karnovsky’s fixative,
which is composed of 2% paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate buffer
(pH 7.2), was added to the cell pellet for prefixation at 4°C for 4 h. The prefixed cells were washed in 0.05
M sodium cacodylate buffer (pH 7.2) for 10 min three times. Postfixation was conducted by adding a 1-ml
aliquot of 1% osmium tetroxide in 0.05 M sodium cacodylate buffer (pH 7.2) to each sample at 4°C for
2 h, and then the samples were rinsed two times using distilled water at room temperature. The rinsed
samples were stained with 0.5% uranyl acetate at 4°C as en bloc staining. After 12 h, the stained cells were
dehydrated for 10 min using an ethanol series of 30, 50, 70, 80, 90, and 100% three times. To transition,
100% propylene oxide was added to the dehydrated cells at room temperature for 15 min, and this
process was repeated twice. Thereafter, the cells were permeated using 2:1 and 1:1 solutions of
propylene oxide and Spurr’s resin and 100% Spurr’s resin for 2, 12, and 2 h, respectively. Spurr’s resin was
added to each sample, and the samples were polymerized at 70°C for 24 h. Ultrathin sections were sliced
using an Ultramicrotome (MT-X; RMC, Tucson, AZ, USA) and placed on copper single grids. Following this,
sections were stained with 2% uranyl acetate for 7 min and Reynold’s lead citrate for 7 min in sequence.
Finally, the cells were observed through a 120-kV TEM (Libra 120; Carl Zeiss, Germany).

Quality analysis (color and texture measurement). After pulsed ohmic heating treatment for 490,
310, 200, and 160 s at 48, 60, 70, and 80 Vrms, respectively, the color values (L*, a*, and b*) of a sample’s
six surfaces were measured with a Minolta colorimeter (CR400; Minolta Co., Osaka, Japan). L* indicates
lightness, a* is a measure of redness/greenness, and b* is a measure of yellowness/blueness (92).
Subsequently, each color value was averaged.

The texture properties were measured by TA-XT2 (Stable Micro System, Surrey, United Kingdom) to
identify changes in the rheological features of soybean curd after POH treatment. Before the TPA,
samples subjected to the POH treatment were kept at room temperature until they reached a constant
room temperature. Calibration was performed prior to analysis. The samples were compressed to 50% of
the initial height (50% strain) by a 100-mm-diameter compression plate as the probe at a steady
cross-head speed of 2.0 mm/s. Using Texture Expert software version 1.22 (Stable Micro System, Surrey,
United Kingdom), TPA curves were recorded in real time. Each texture attribute, consisting of hardness,
cohesiveness, springiness, gumminess, chewiness, resilience, and adhesiveness, was calculated from the
imposed force (N) and area (N·s) under the TPA curve (93–95).

Titanium electrode corrosion evaluation. The degree of titanium electrode corrosion was deter-
mined by referring to the methods of Lee et al. (17) and Kim et al. (19). After the samples were treated
by POH for 490, 310, 200, and 160 s at 48, 60, 70, and 80 Vrms, respectively, pretreatment was performed
in order to dry the samples to a powder state and to digest the samples in accordance with the EPA 3051
method, which extracts samples using microwave heating with nitric acid (96, 97). Samples (0.5 g) were
added to 10 ml nitric acid (Chemitop, Chungbuk, South Korea) and decomposed using the microwave
digestion system MARS-6 (CEM Corp., Matthews, NC, USA) for 10 min. The sample with nitric acid was
transferred to a fluorocarbon microwave vessel, which was heated in the MARS-6 system for 3 days at
80°C. The heated sample was cooled down and filtered to settle it. Then, an inductively coupled plasma
mass spectrometer (820-MS; Varian, Belmont, Australia) was used to conduct the quantitative analysis of
the titanium ion concentration in the soybean curd after POH treatment (98–100).

Statistical analysis. All experiments were performed in triplicate. All the data presented in this study
were analyzed with Statistical Analysis System software (SAS Institute, Cary, NC, USA). Mean values were
separated using Duncan’s multiple-range test, and significant differences in the processing treatments
were determined at a significance level (P) of 0.05.
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