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Abstract
Heat treatment is commonly used to inactivate micro-organisms in liquid foods in order to improve food
safety and extend shelf life. However, using heat treatment to kill spores also thermally damages the
food, which can adversely affect the ﬂavor and lead to loss of nutrients. We have developed an apparatus
to apply a high electric ﬁeld alternating current (HEF-AC) that inactivates heat-resistant microbe spores
in liquid food while preserving the freshness of raw food. In this study, HEF-AC was applied to inactivate
Bacillus subtilis spores in fresh orange juice. As a result, B. subtilis spores were reduced four logarithmic
orders of magnitude. The purpose of this work was to clarify the quality change of treated juice. To
achieve this purpose, we used an ultra-high-temperature (UHT) treatment for comparison. Five selected
quality components of orange juice treated with HEF-AC maintained higher values than when treated
with UHT while having an equal inactivation effect.
Discipline: Food
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Introduction
Heating has been generally used for inactivating microorganisms in foods, but heat treatment of foods also destroys
delicate fragrance components and useful functionality
components. Therefore, a high electric ﬁeld pulse9, a
high-intensity light pulse and radioactive rays have been
researched and developed both domestically and abroad
as non-thermal inactivation methods, but these methods
are expensive and their use is limited to food industry
applications that demand large-scale processing.
Internal heating caused by an electric current has
been used for 100 years and can be divided into two types,
microwave heating and ohmic heating. Microwave heating
technology has spread from industrial use to home use with
products employing electromagnetic energy at a frequency
of 2.45 GHz for heating food. The ohmic heating method
is older than microwave heating and was reportedly used
to inactivate micro-organisms in milk in 19201. However,
ohmic heating using a high frequency of around 20 kHz has
become a useful technology in the food industry and has

been used to process ﬁsh cake since 1990 because of the
increased stability and increased energy efﬁciency. It had
been believed for a long time that micro-organisms in food
were inactivated by the electrical effects of ohmic heating.
However, Palaniappan et al. reported that ohmic heating did
not induce electrical effects for inactivation10, and Imai et
al. reported on the characteristics of the breakdown of the
cell membrane when an electric ﬁeld was used in the ohmic
heating of vegetables, where the voltage in a cell was close
to 1 V7.
A high electric ﬁeld pulse, a non thermal inactivation
technology, inactivates micro-organisms in foods using
high-voltage pulse sterilization with a very narrow pulse
width (less than 10 μs) and high electric ﬁeld strength (more
than 10 kV/cm).
A potential difference is induced between the two ends
of the cell membrane when a high-strength electric ﬁeld is
used on a cell for sterilization. A hole subsequently opens in
a local fragile site of the membrane by electricity perforation
through a mechanism called electroporation. Hulsheger
et al. reduced Escherichia coli two orders of magnitude
when they applied 30 pulses of 30 μs width in a 12 kV/cm
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electric ﬁeld6. Qin et al. succeeded in reducing Escherichia
coli six orders of magnitude by applying 60 pulses with 3
μs width in a 40 kV/cm ﬁeld12. Pothakamury et al. applied
50 pulses at 16 kV/cm to Staphylococcus aureus in a food
model of milk and reduced the bacteria by four orders of
magnitude11. Electroporation is known to be generated on
a cell membrane when an electric potential exceeding 1
V per cell is applied13,14. Uemura et al. developed a high
electric ﬁeld alternating current (HEF-AC) technology that
combined ohmic heating and a high electric ﬁeld. HEF-AC
was originally designed to inactivate Escherichia coli in
liquid foods by Uemura and Isobe15. The inactivation was
caused by a combination of electric ﬁeld effect and Ohmic
heating effect. Geveke et al. applied a 20 kHz, 18 kV/cm
electric ﬁeld called a radio frequency electric ﬁeld to E.
coli in apple juice at a moderately low temperature of 50°C,
reducing the E. coli to 3 log by the high electric ﬁeld effect.
High-voltage pulses were not able to inactivate spores5.
Uemura et al. used a HEF-AC with an electric ﬁeld of 10
kV/cm on Bacillus subtilis spores that were added to orange
juice and reduced the number of bacteria by four orders of
magnitude by heating the electrode exit to 120°C16. Inoue
et al. used a HEF-AC on various microorganisms, including
the highly heat-resistant spores that were added to a model
liquid, and reduced the bacteria by over three orders of
magnitude8. With HEF-AC, rapid heating at temperatures
higher than 100°C was required to inactivate B. subtilis
spores in a short time. In this study, we inactivate B. subtilis
spores in a orange juice by a practical scale HEF-AC and
compare the quality change of HEF-AC treated orange juice
with a ultra high temperature (UHT) treated one.

Materials and methods
1. Micro-organism strain
The strain of B. subtilis (JCM2744) used in this study
was obtained from the Japanese Collection of Microorganisms.
2. Orange juice
Frozen concentrated orange juice from Louis Dreyfus
Citrus (Brazil) was purchased from Nisshin Trading Co. The
orange juice used in the experiment was obtained by dilution
to ﬁve times with distilled water and had a Brix of 11.0 and
pH of 4.0. The juice contained 9% pulp (analysis by USDA
method).
3. HEF-AC setup
Figure 1 outlines the HEF-AC setup. Raw orange juice
in a tank is fed at a constant ﬂow rate of 100 L/hour. The
internal pressure in the pipe between the feeder pump and
the relief valve is controlled at 0.5 MPa by the pressure of
the valve. The AC power supply had a 2,000 V maximum
output voltage, 50 kW maximum output power and a 20 kHz
square-wave AC. An electric treatment unit was constructed
with a parallel plate electrode made of titanium (6.0 mm in
width and 32 mm in length, with 4.0 mm between electrodes)
and a surrounding insulator made of Teﬂon (Fig. 2).
4. UHT setup
An ultra-high-temperature (UHT) sterilizer (25 HV
hybrid UHT/LTST, Micro Thermic Inc., USA) was used
for comparison. Table 1 presents the temperature history of
samples for HEF-AC treatment and UHT treatment.

Fig. 1. HEF-AC setup
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5. Analysis of quality
(1) Linalool and limonene
Aromatic hydrocarbons linalool and limonene in the
orange juice were measured as follows. Solid-phase microextraction was used to extract analytes from the headspace
above the orange juice. Aromatic hydrocarbons were
adsorbed by Solid Phase Micro Extract (SPME). Ten mL
samples and 3 g of salt in a ﬂat-bottom vial (Agilent) were
heated to 50°C, and the aromatic gas in the headspace was
then adsorbed onto SPME resin (SUPELCO, SPME Fiber
Assembly 2 cm - 50/30 μm DVB/Carboxen/PDMS) for 15
min. A gas chromatograph-mass spectrometer (GC-MS)
was performed by selected-ion recording (SIR) on a Mass
Selective Detector (5972, Agilent, USA) equipped with a
gas chromatograph (GC6890, Agilent, USA) and a capillary
(DB-Wax 60 m, 0.25 cm inside diameter, J&W Scientiﬁc).
The oven was programmed at 50°C (2 min) and heated to
250°C at 5°C/min, with a ﬁnal hold time of 5 min. Samples
were injected in pulsed splitless mode with He as the carrier
gas at a ﬂow rate of 1.0 mL/min. Total extract yields
were determined by gas chromatography ﬂame ionization
detection (GC-FID) on a Hewlett Packard 6890 GC system,
and individual compounds were quantiﬁed using corrected

GC-MS (SIR) or full-scan signals with d14-para-terphenyl
(D14) and 3-methylhenicosane (aC22) as internal standards.
(2) β-carotene
β-carotene was analyzed using high-performance liquid
chromatography (HPLC) including a VP Diode Array
Detector (SPD-M10A, Shimadzu, Japan; refer to the method
of Khachik et al.). The analytical and semi-preparative
separations employed a combination of isocratic and gradient
chromatography. An isocratic mixture of acetronitrile (85%),
methanol (10%), dichloromethane (2.5%), and hexane
(2.5%) at time 0 was followed by a linear gradient beginning
at time 10 min and completed at time 40 min. The ﬁnal
composition of the gradient mixture was acetonitrile (45%),
methanol (10%), dichloromethane (22.5%), and hexane
(22.5%). The chromatographic analyses were monitored at
470 nm. Analytical separations used a YMC-Pack (250 mm
length × 4.6 mm i.d.) ODS-A (5 μm spherical particle, 12 nm
hole) column (YMC Co. Ltd., Japan) at 30°C.
(3) Hesperidin
Hesperidin was analyzed using HPLC (SPD-M10A
with VP Diode Array Detector, Shimadzu, Japan) with a
column (ODS-A, YMC). A methanol-phosphate buffer
(30:70 v/v) was used as the mobile phase. The column had
an average particle size of 5 μm and a 250 mm length ×
4.6 mm i.d. Shim-pack CLC-ODS analysis was run under
isocratic elution with a ﬂow rate of 1.0 mL/min at 25°C and
an injection volume for all samples of 25 μL. The efﬂuent
was monitored by an ultraviolet-visible detector (UV-vis
Detector, Shimadzu, Japan) at 280 nm.
(4) L-ascorbic acid
The L-ascorbic acid concentration was measured using
HPLC (SPD-M10A including VP Diode Array Detector,
Shimadzu, Japan) with a column (Polyamine II, YMC,
Japan) at 250 nm wavelength. Two and one half grams of
orange juice were mixed with 2.5 mL of 8% metaphosphoric
acid solution to stabilize ascorbic acid and then diluted to
10 mL with ethanol. The mixture was centrifuged at 3,000
rpm for 10 min. Then 800 μL of the supernatants was mixed
with 800 μL of 2% metaphosphoric acid and ﬁltered through
a 0.45 μm membrane ﬁlter. A 20 μL aliquot of the samples
was injected into the HPLC. Separation was performed
using a Polyamine II column (250 mm length × 4.6 mm

Fig. 2. Longitudinal section of electrode unit

Table 1. Liquid ﬂow parameters for HEF-AC and UHT
Flow rate
[L/h]
HEF-AC

60

Rising time
[s]
0.046

Holding time
[s]

Cooling time
[s]

0.86

60

UHTf

156

36

4.3

36

UHTS

78

72

8.6

72

UHTf : fast ﬂow.
UHTS: slow ﬂow.
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i.d., particle size 5 μm, YMC, Japan). The detector was set
to 250 nm. A solution consisting of acetonitorile to 50 mM
ammonium dihydrogen phosphate at a ratio of 75:25 v/v was
used as the mobile phase at a ﬂow rate of 1.0 mL/min.

Results and discussions
1. Inactivation of B.subtilis spores
An electric ﬁeld of 2.8 kV/cm to 3.0 kV/cm was
applied to 106 cfu/mL B. subtilis spores in the orange juice
(Fig 2); the outlet temperature and the sterilization effect are
presented in Fig. 3. The sterilization effect increased when
the electric ﬁeld strength applied by the HEF-AC increased,
and the electrode exit temperature rose from 110°C to
120°C. The sterilization effect increased with increasing
outlet temperature, and the spores were reduced by four
orders of magnitude at 120°C.
The B. subtilis spores in orange juice were sterilized
and reduced by three (four) orders of magnitude by UHT
processing at 110°C for 4.3 s (8.6 s) holding time (Fig. 4).
We compared quality components between the high-strength
AC electric ﬁeld at 120°C and the UHT at 110°C for 8.6 s.
We concluded that HEF-AC at 120°C is equally effective for
inactivating B. subtilis spores in orange juice with UHT at
110°C for 8.6 s.
2. Quality change of orange juice
Figures 5 and 6 present the comparison of the content
of linalool and limonene that are fragrance components
of orange juice after the HEF-AC and UHT treatments.
These results demonstrate that 24% more linalool and 15%
more limonene remained in the orange juice after HEF-AC
treatment than after UHT treatment. Figures 7, 8 and 9
depict the effects on β-carotene, hesperidin and L-ascorbic
acid content in orange juice after HEF-AC treatment and

Fig. 3. Viability loss of B. subtilis spores in orange juice
using HEF-AC at different outlet temperatures
n: Viable counts at indicated temperature
N0: Initial viable counts
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Fig. 4. Viability loss of B. subtilis spores in orange juice
using UHT at different ﬂow rates
n: Viable counts at indicated temperature
N0: Initial viable counts

Fig. 5. Change of linalool in orange juice after HEF-AC or
UHT

Fig. 6. Change of limonene in orange juice after HEF-AC or
UHT
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UHT treatment. These results indicate that 25% more βcarotene, 18% more hesperidin and 8% more L-ascorbic acid
remained in the orange juice after HEF-AC treatment than
after UHT treatment.
The results revealed that HEF-AC treatment clearly
retained more functional components of orange juice
compared to conventional UHT treatment. Most likely,
this was due to the fact that the holding time, in case of
HEF-AC was almost ten times shorter than in the case of
UHT treatment, so that HEF-AC preserved these functional
components.

Summary
The HEF-AC technique provided effective inactivation
of B. subtilis spores in orange juice due to its shorter heating
time. We also found that HEF-AC retained more fragrance
and nourishment components in orange juice than UHT. In

Fig. 9. Change of L-ascorbic acid after HEF-AC or UHT

addition, we conﬁrmed that the HEF-AC technology can be
scaled up and can be applied to consecutive processing, making it a suitable inactivation technology for practical use.
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