
Electrochemical Reaction and Oxidation of Lecithin under Pulsed
Electric Fields (PEF) Processing
Wei Zhao,* Ruijin Yang,* Qi Liang, Wenbin Zhang, Xiao Hua, and Yali Tang

State Key Laboratory of Food Science and Technology and School of Food Science and Technology, Jiangnan University, No. 1800
Lihu Road, Wuxi 214122, China

ABSTRACT: Pulsed electric fields (PEF) processing is a promising nonthermal food preservation technology, which is ongoing
from laboratory and pilot plant scale levels to the industrial level. Currently, greater attention has been paid to side effects
occurring during PEF treatment and the influences on food qualities and food components. The present study investigated the
electrochemical reaction and oxidation of lecithin under PEF processing. Results showed that electrochemical reaction of NaCl
solutions at different pH values occurred during PEF processing. Active chlorine, reactive oxygen, and free radicals were detected,
which were related to the PEF parameters and pH values of the solution. Lecithin extracted from yolk was further selected to
investigate the oxidation of food lipids under PEF processing, confirming the occurrence of oxidation of lecithin under PEF
treatment. The oxidative agents induced by PEF might be responsible for the oxidation of extracted yolk lecithin. Moreover, this
study found that vitamin C as a natural antioxidant could effectively quench free radicals and inhibit the oxidation of lipid in NaCl
and lecithin solutions as model systems under PEF processing, representing a way to minimize the impact of PEF treatment on
food qualities.
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■ INTRODUCTION

Pulsed electric fields (PEF) processing, which has gotten more
attention in the past few years, is a nonthermal food processing
technology mainly used in liquid food to inactivate micro-
organisms and enzymes.1−3 As compared with thermal
preservation methods, the most important advantages of PEF
are effectively preserving food freshness and reducing energy
consumption.5,6 PEF is a potential complement to or
replacement of thermal preservation methods and has under-
gone rapid development close to commercial application.7,8

The mechanism of microbial inactivation by PEF is
attributed to the permeabilization and damage on the cell
membrane when the applied electric field exceeds a certain
threshold value.9 As compared with the extensive studies on the
inactivation of microorganisms and enzymes by PEF, there are
few reports about the effects of PEF on food components,
especially food lipids.9−11 To our best knowledge, only a few
studies mainly discussed the possible occurrence of an
electrochemical reaction and electrode corrosion during PEF
processing.4,5 However, there are few experimental reports on
the electrochemical reaction during PEF processing and the
influence on food components.4

PEF has been successfully applied to different kinds of foods
rich in lipids such as milk, soymilk, fruit juice−soymilk
beverage, and liquid egg.12−18 However, the effects of PEF,
especially the electrochemical reaction under PEF processing
on food lipids, have not been studied so far. Knowledge on
electrochemical reaction and food lipids oxidation in PEF
processing would be useful for the application and development
of PEF technology in the food industry. For example, egg is rich
in lecithin, which is an important functional lipid. The research
on the effects of PEF on egg yolk lecithin is particularly
necessary and significant. Therefore, yolk lecithin was selected

to investigate the effect of PEF on the physical and chemical
properties of food lipids in the present study. The aim of this
study was to investigate the lipid oxidation and related
electrochemical reaction during PEF processing.

■ MATERIALS AND METHODS
Materials. Fresh eggs were purchased from the market. Standard

lecithin (L-α-PC, lyophilized powder) and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) were from Sigma & Aldrich. All other chemicals were
analytical grade.

PEF Processing. A bench scale continuous system (OSU-4L, The
Ohio State University, Columbus, OH) with square-wave pulses was
used in this study. After going through each pair of chambers, the
treated sample was cooled by passing through a coiled tube with a 2.3
mm inner diameter, which was submerged in a heat exchange bath
(Fisher Scientific Inc., Pittsburgh, PA) with cold water (5 °C). The
pre- and post-PEF exposure temperatures (Tinlet − Toutlet) at the inlet
and outlet of the treatment chamber were measured using a K-type
thermocouple (OMEGA, Stamford, CT). The highest temperature
achieved in all tests was lower than 30 °C. The flow rate, pulse
repetition rate, and pulse width were set 0.187 mL/s, 600 Hz, and 2 μs,
respectively. Sterilized dark brown glass bottles of 20 mL were directly
filled from PEF treatment system. After that, the containers were
tightly closed, leaving as less amount of headspace as possible, and
stored away from light at 4 °C.

Extraction of Yolk Lecithin. Yolk lecithin was extracted by the
organic solvent precipitation method.19 Egg yolk was separated from
the whole egg and resolved in acetone. The suspension was filtered
after stirring at 40 °C for 2 h. The filter residue was dissolved in the
solution of ethanol and petroleum ether (3:1; v/v), then stirred, and
extracted for 2 h. After suspension by air pump filtration, a filter liquor
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was obtained. Rough yolk lecithin was quantified and dissolved in
NaCl solution (pH 7.0) with an electrical conductivity of 830 μs/cm
after rotary evaporation. Lecithin was re-extracted from yolk lecithin
solution samples according to the method of Bligh and Dyer.19 The re-
extracted lecithin was redissolved in chloroform and stored in the dark
at −50 °C for further analysis.
For HPLC analysis, both rough and standard samples were directly

dissolved in chilled chloroform to achieve a concentration of 5 mg/
mL. The HPLC analysis were performed on the Agilent 1100 (Agilent
1100, United States) with a Waters 2996 ultraviolet detector (Waters,
United States) at 210 nm. Chromatography was carried out at 30 °C,
using a Lichrosorb Si60 column (4.6 mm × 250 mm; 5 μm particles)
(Merck, Germany). The injection volume was 5 μL. The mobile
phases consisted of n-hexane, isopropanol, and deionized water (6:8:1,
v/v/v) containing 1% acetate solution. The premixed mobile phase
first passed through solvent filtration, followed by column washing for
0.5 h. It was sufficient to achieve a background current in the range
0.4−1.0 nA. According to the chromatogram and calculation, the
content of rough yolk lecithin was 90.9% (Figure 1). Yolk lecithin (5
mg/mL) was dissolved into NaCl solution (pH 7.0) with an electrical
conductivity of 830 μs/cm for PEF processing.

Determination of Oxidation of Yolk Lecithin. Acid Value (AV)
and Peroxide Value (POV). The POV was determined according to
AOAC.20 The results were expressed as mg KOH/g lipid and mequiv/
kg, respectively.
Carbonyl Value. The carbonyl value was determined according to

the method described by Azad Shah et al.21 with some modification. In
brief, 2,4-dinitrophenylhydrazine (2, 4-DNPH) solution was prepared
by dissolving 50 mg of 2,4-DNPH in 100 mL of 1-BuOH containing
3.5 mL of HCl. The lecithin sample (20−200 mg) was weighted into a
10 mL volumetric flask and filled with 1-BuOH. One milliliter of
lecithin solution was transferred to a 15 mL test tube and then mixed
with 1 mL of 2,4-DNPH solution. The test tube was incubated at 40
°C for 20 min and mixed with 8 mL of 8% KOH in 1-BuOH. The
mixture was separated centrifugally (2000g, 5 min) to obtain the upper
solution and then measured at 420 nm with ultraviolet spectropho-
tometer (723N, Shanghai Precise Scientific Instrument Co., Shanghai,
China) and compared with standard series.
Determination of Active Chlorine and Active Oxygen of

NaCl Solutions with Different pH Values. NaCl was dissolved in
deionized water to achieve an electrical conductivity of 830 μs/cm.
The pH of NaCl solution was adjusted to 4.0, 7.0, and 10.0 using 0.1
mol/mL HCl and NaOH solution. The active chlorine was determined
by using iodometric titration.
For the detection of active oxygen species, O3 was determined by

ultraviolet spectrophotometer method. KI (15 mL), fresh sample (30
mL), and 3 mol/mL HAC (5 mL) were added into 50 mL
colorimetric tube in sequence. The solution was determined on an
ultraviolet spectrophotometer (UV1201, Ruili Instrument Co., Beijing,

China) at 352 nm. The O3 concentration was calculated according to
KIO3 standard curve using the equation:

=O (mg/L)
O (mg) corresponding to absorption value

volume of the sample3
3

H2O2 was determined by fluorescence spectrophotometry immediately
after PEF treatment. A 0.47 mL amount of 1.6 mmol/L H2SO4, 0.2
mL of 1.5 mmol/L (NH4)2Fe(SO4)2, 0.15 mL of 5.32 mmol/L
benzoic acid, and 3 mL of different NaCl solutions were added to 10
mL test tubes, mixed, and allowed to stand for 20 min followed by
diluting to 5 mL with redistilled water, and the pH was adjusted to 12.
The excitation wavelength, emission wavelength, and slit width were
set at 300, 401, and 500 nm, respectively, on a fluorospectropho-
tometer (RP-530IPC, Shimazu manufacturing institute, Japan). The
concentration of H2O2 was calculated according to the standard curve,
and the value was expressed as μmol/L solution.

Electron Spin Resonance Spectroscopy (ESR) Detection of
Free Radicals. The NaCl solutions (pH 4.0, 7.0, and 10.0) with an
electrical conductivity of 830 μs/cm were anaerobic (flushed with
nitrogen for several minutes). The spin trap (DMPO, 220 mM)
dissolved in NaCl solutions, containing 1.5% acetonitrile. The liquid
samples were enclosed into glass capillary (100 mm × 1 mm i.d.) and
then were stored in nitrogen canister for the further ESR
measurements. ESR measurements were conducted with a Bruker
EMX 12/10 computer-controller spectrometer. The spectra of spin
adducts were recorded at the following conditions: microwave power,
20 mW; modulation frequency, 100 kHz; modulation amplitude, 2 G;
and scan time, 84 s. Every sample was swept five times to acquire a
suitable signal-to-noise ratio. The g factor and hyperfine coupling
constants of DMPO spin adducts were determined from the measured
spectra.

Statistical Analysis. All measurements were carried out in
triplicate, and the results are expressed as means ± standard deviations.
Data were subjected to one-way analysis of variance (ANOVA)
followed by Duncan's multiple range test to identify differences among
the means at P < 0.05 using a SPSS software package (version 11.03,
SPSS, United States).

■ RESULTS AND DISCUSSION

Effects of PEF Treatment on the Concentration of
Active Chlorine in NaCl Solution. To investigate the
electrochemical reaction of foods with different acidic and
alkaline properties during PEF treatment, NaCl solutions with
an electrical conductivity of 830 μs/cm and different pH values
were used in this study, because sodium ion (Na+) and chloride
ion (Cl−) are the most common ions in foods. During PEF
treatment, electrochemical reactions may result in partial
electrolysis of the solutions, leading to corrosion of the
electrode and introduction of small particles of electrode
material into the liquid.4,22,23 Electrolysis of NaCl solution with
direct current (DC) is known to generate different types of
effective bactericidal components. The primary bactericidal
components are active chlorine species (ACS) with high redox
potentials, including dissolved chlorine gas (Cl2) produced by
electrolysis at the anode, hypochlorous acid (HOCl) formed by
the hydrolysis of Cl2, and hypochlorite anions (OCl).24−26

Effects of PEF treatment on the active chlorine of NaCl
solutions with different pH values are shown in Figure 2. The
results showed that electric field strength had significant effects
(p < 0.05) on the concentration of active chlorine generated
during PEF treatment. The concentration of ACS steadily
increased as the electric field strength increased at a fixed pH,
indicating that the stronger the PEF strength was, the greater
the increment of ACS concentration was. The pH value of
NaCl solution also had significant effects (p < 0.05) on the ACS

Figure 1. Chromatogram of yolk lecithin with HPLC-UV detection.
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concentration. There are more ACS generated in neutral
aqueous than that in both acidic and alkaline aqueous.
During PEF treatment, it could be thought to produce ACS

according to the following reactions:27,28

→ +− • −2Cl 2Cl 2e (1)

→•2Cl Cl2 (2)

+ → + + <+ −Cl H O HOCl H Cl (pH 5.0)2 2 (3)

→ + >− +HOCl OCl H (pH 5.0) (4)

From the eqs 3 and 4, it can be inferred that pH was an
important factor on the type and the quantity of ACS generated
by PEF treatment. Similar results were found in the studies of
Chen et al.29 and Czarnetzki et al.,30 where more ACS
generated when the pH of NaCl solution under electrolysis was
between acidic and alkaline pH. The possible reason was
deduced that the solubility of chlorine dramatically decreased at
low pH, and high pH would induce disproportionation of ACS,
which is also known as dismutation and is a specific type of
redox reaction in which a species is simultaneously reduced and
oxidized to form two different products. Although electrolysis is
very different from PEF treatment, these studies might be
helpful to explain the phenomenon in the present study. The
knowledge on the electrochemical reaction under PEF
treatment is still very limited. Further experimental research
is very worthwhile to elucidate how electrochemical reactions
occur in PEF treatment.
Effects of PEF Treatment on the Reactive Oxygen in

NaCl Solution. The oxidation of lipids is often related to
reactive oxygen species (ROS). ROS are very strong oxidants
including O3 (ozone),

1O2 (single oxygen), O2
•− (superoxide

radical), HO2
• (hydroperoxide radical), ·OH (hydroxyl radical),

H2O2, etc. Table 1 illustrates the effects of PEF treatment on
the H2O2 of NaCl solutions with an electrical conductivity of
830 μs/cm and different pH values. The results showed that
PEF treatment had significant effects on the H2O2 concen-
tration. The increment of H2O2 concentration was a function of
the applied electric field strength and pH of NaCl solution. At
each pH of NaCl solution, H2O2 was detected until the applied
electric field strength exceeded a critical value. The pH of NaCl

solution also had significant effects on the H2O2 concentration.
The maximal values of H2O2 concentration were 1.053, 2.035,
and 1.805 μmol/L at pH 4.0, 7.0, and 10.0 for 35 kV/cm under
test conditions, respectively. Similar with the ACS, the H2O2
concentration of neutral solution was relatively higher.
Active oxygen species (AOS) is a generic name given to a

variety of molecules and free radicals derived from molecular
oxygen. O3 is an allotrope of O2, which shows a higher oxidative
ability, and was attained from the discharge of O2. In the water
environment, H2O2 was produced through O2 photolysis and
further reacted with O3 to form hydroxyl radical (·OH) with
high reactivity. Apparently, ·OH is the main product of these
kinds of reactions.31 In this study, O3 has not been detected at
all applied electric field strengths and different pH values.
Hydrogen peroxide (H2O2) is a type of relatively stronger
oxidant, which possesses a function of sterilization and
anticorrosion. Meanwhile, H2O2 is a type of mild reducing
agent as well, which can form O2 and H2O by means of
disproportionation reaction spontaneously (eq 5).

→ +2H O 2H O O2 2 2 2 (5)

H2O2 can be formed by disproportionation reaction of
superoxide anion radical. It can react with iron ion (from the
electrode corrosion) to format ·OH of high reactivity (eq 6).

+ → + + ·−H O Fe(II) Fe(III) OH OH2 2 (6)

From the results discussed above, H2O2 was constantly
accumulated in the processing chamber with electric field
strength rising up during PEF treatment. It is believed that
many more reactive oxygens such as singlet oxygen (1O2),
superoxide anion radical (O2

−), and hydroxyl radical (·OH)
would be produced in the PEF treatment chamber, which is
vital for food lipid oxidation.

Detection of Free Radicals in NaCl Solution under PEF
Treatment. The free radicals in NaCl solutions with an
electrical conductivity of 830 μs/cm and different pH values
under PEF treatment were detected. Figure 3 shows the ESR
spectra of radical adducts of DMPO in NaCl solutions. NaCl
solutions with different pH values exhibited identified ESR
spectra. Figure 3A illustrates the ESR spectrum of DMPO
adducts of NaCl solution without PEF treatment. There was no
ESR signal in the ESR spectrum of the control, while there were
very intense ESR spectral signals of NaCl solution under PEF
treatment (Figure 3B). The NaCl solution produced a DMPO
spin adduct signal, indicating that hydrogen radicals were
generated under PEF processing.

Figure 2. Effects of PEF treatment on the active chlorine of NaCl
solutions with an electrical conductivity of 830 μs/cm and different pH
values.

Table 1. Effects of PEF Treatment on the H2O2 of NaCl
Solutions with an Electrical Conductivity of 830 μs/cm and
Different pH Values

H2O2 (μmol/L)

PEF treatment for
400 μs at each

strength (kV/cm)
pH 4.0 (mean

± SD)
pH 7.0 (mean

± SD)
pH 10.0 (mean

± SD)

blanka (ND)c (ND) (ND)
controlb (ND) (ND) (ND)
25 (ND) (ND) (ND)
30 (ND) 0.177 ± 0.023 (ND)
35 1.053 ± 0.035 2.035 ± 0.041 1.805 ± 0.043

aBlank means the NaCl solution without any processing. bControl
means NaCl solution passed through pipes of PEF without electric
field and pulse on. cND, not detected (below the detection level).
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As shown in Figure 3B, the spectra contain a triplet with the
same intensities, and each triplet line is further split into
another triplet with intensities of 1:2:1. The two triplet patterns
were both centered at g = 2.0098. It was concluded that the first
triplet peaks arising from the hyperfine splitting were due to
one nitrogen atom of the DMPO adduct with a hyperfine
coupling constant (aN = 1.65 mT), and the second triplet peaks
were caused by the two identical β-protons (aH

β = 2.23 mT) of
the DMPO adduct. The ESR spectra of hydrogen radical
adducts of DMPO were also simulated using Biomolecular EPR
Spectroscopy Software (Figure 3C). The ESR spectra
experimentally obtained (Figure 3B) were identical with the
simulated ESR spectra of hydrogen radical adducts of DMPO,
evidencing that hydrogen radicals were generated under PEF
processing.
Effects of PEF Treatment on the Oxidation of Lecithin.

Lecithin is a phospholipid that widely exists in fauna and flora,
which primarily includes phosphatidylcholine (PC), phospha-
tidylethanolamine (PE), phosphatidic acid, and phosphoinosi-
tide (PI). In a narrow sense, lecithin only refers to PC. Lecithin
is some kind of amphoteric molecule, which are essential cell
membrane components. It is known that lecithin plays a role in
emulsifying action because of both the lipid solubility and the
hydrophilic property. Yolk lecithin mainly consists of palmitic
acid, oleic acid, stearic acid, and linoleic acid. Most of them are
unsaturated fatty acids. Because of having many polyunsatu-
rated fatty acids, yolk lecithin is easily oxidized in the presence
of an oxidizing substance. To be specific, fatty acids of long
chain were hydrolyzed from lecithin to become free fatty acids.
In the presence of oxidizing agents, unsaturated fatty acids are
rather easily oxidized to form hydroperoxide (PCOOH).
Through the course of chain transition, PCOOH could be
degraded into many kinds of second oxidative products such as

aldehydes, alcohol, acid, and polymer.32,33 Therefore, it is
necessary to test the oxidation of yolk lecithin under PEF
treatment.
The effects of electric field strength on the oxidation of

lecithin are shown in Tables 2 and 3. As compared with the

control, there was no significant difference in AV of lecithin
initially after PEF processing at 0−35 kV/cm and throughout
the storage period at 4 °C (Table 2), indicating that the electric
field strength has no apparent effect on lecithin hydrolysis,
whereas significant effects of electric field strength on POV of
lecithin were found (Table 3). POV steadily increased with the
electric field strength and storage time increasing. The effects of
PEF treatment time on the oxidation of lecithin are shown in
Tables 4 and 5. Similar with electric field strength, the PEF
treatment time had no significant effect on AV of extracted
lecithin initially after PEF processing at 35 kV/cm for 0−800 μs
and throughout the storage period at 4 °C (Table 4). Table 5
demonstrates the effect of PEF treatment time on POV of
lecithin. Generally, POV of lecithin dramatically increased with
the increase of PEF treatment time and storage time. Moreover,
the carbonyl value was not detected at all applied electric field
strengths after cold storage for 0−15 days.
These results confirmed the occurrence of oxidation of

lecithin under PEF treatment. It has been shown that
generation of active chlorine, active chlorine, and other free
radicals took place in the NaCl solutions during PEF. The
concentration of active chlorine and H2O2 of NaCl solutions
with different pH values increased with the increase of applied
electric field strength, especially for those neutral solutions.
Liquid egg belongs to neural solution with a pH of 7.0−8.0. So,

Figure 3. ESR spectra of radical adducts of DMPO in NaCl solution.
(A) Without PEF treatment and (B) with 35 kV/cm PEF treatment
for 400 μs. (C) Computer-simulated spectra of DMPO adducts: aN =
1.65 mT, aH

β = 2.23 mT, and line width = 0.08 mT.

Table 2. AV of Lecithin Extracted from Egg Yolk Initially
after PEF Treatment and Throughout Storage Period (4 ± 1
°C)a

AV (mg KOH/g lipid)

storage (days) control 25 kV/cm 30 kV/cm 35 kV/cm

0 0.67 a 0.66 a 0.67 a 0.71 a
3 0.67 a 0.65 a 0.67 a 0.72 a
6 0.68 a 0.66 a 0.68 a 0.72 a
9 0.74 b 0.69 a 0.72 a 0.77 b
12 0.78 b 0.73 a 0.78 b 0.80 b
15 0.83 c 0.79 b 0.82 b 0.85 c

aThe PEF treatment time is 400 μs at each strength. The value is the
average of three replicates. The data marked with different letters in
the same row were statistically different at P = 0.05.

Table 3. POV of Lecithin Extracted from Egg Yolk Initially
after PEF Treatment and Throughout Storage Period (4 ± 1
°C)a

POV (Mequiv/kg lipid)

storage (days) control 25 kV/cm 30 kV/cm 35 kV/cm

0 0.64 a 0.62 a 0.76 b 0.82 c
3 0.64 a 0.63 a 0.77 b 0.82 c
6 0.64 a 0.64 a 0.76 b 0.82 c
9 0.70 d 0.72 d 0.82 c 0.96 e
12 0.73 d 0.83 c 0.91 e 1.07 f
15 0.80 c 0.94 e 1.06 f 1.28 g

aThe PEF treatment time is 400 μs at each strength. The value is the
average of three replicates. The data marked with different letters in
the same row were statistically different at P = 0.05.
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these oxidative agents induced by PEF might be responsible for
the oxidation of extracted yolk lecithin.
As is known, as compared with conventional thermal

pasteurization methods, foods were less affected initially after
PEF processing and were maintained in higher quality
throughout the storage period.7,34,35 A large number of
literatures have fully demonstrated that small molecular
compounds in plant-based foods, mainly aroma compounds
and health-related phytochemicals, were not significantly
affected by PEF.34−36 However, recent studies have looked at
some side effects of PEF processing and the influences on food
qualities and food components such as proteins7,37 and
anthocyanin.38 How to minimize the impact of PEF treatment
on food qualities remains unknown. In this study, vitamin C
(0.01 mg/mL) was added into NaCl and lecithin solutions to
quench free radicals and inhibit oxidation. Figure 4 shows ESR
spectra of radical adducts of DMPO in NaCl solution with 0.01
mg/mL vitamin C. The ESR spectra without (Figure 4A) and
with 35 kV/cm PEF treatment for 400 μs (Figure 4B) were
identified, only displaying some bands of vitamin C. It suggests
that vitamin C completely quenched the free radicals under
PEF treatment. The oxidation of lecithin solutions during PEF
processing was also inhibited by vitamin C. There was no
significant change in AV and POV of lecithin initially after PEF
processing at 0−35 kV/cm and throughout storage period at 4
°C. Vitamin C as a natural antioxidant is widely contained in
foods, especially in plant-based foods. It could effectively
quench free radicals and inhibit oxidation of lipid in NaCl and
lecithin solutions as model systems under PEF processing. In
the same way, other radical quenchers like butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and

tocopherol should have effects on the inhibition of lipid
oxidation induced by PEF, but this is an area that has not been
fully elucidated, and further research is required.
PEF processing is a promising nonthermal food preservation

technology, which is ongoing from laboratory and pilot plant
scale levels to the industrial level. More studies are needed to
investigate the effects of PEF treatment on the food quality and
food components. The present study confirmed that the
electrochemical reaction could occur during PEF processing,
producing many oxidizing substances and further causing
oxidation of lipids in foods. Vitamin C could effectively quench
free radicals and inhibit oxidation of food lipids under PEF
processing.
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Table 4. AV of Lecithin Extracted from Egg Yolk Initially
after PEF Treatment and Throughout Storage Period (4 ± 1
°C)a

AV (mg KOH/g lipid)

storage (days) control 200 μs 400 μs 600 μs 800 μs

0 0.71 a 0.70 a 0.72 a 0.70 a 0.71 a
3 0.71 a 0.70 a 0.72 a 0.71 a 0.71 a
6 0.72 a 0.72 a 0.73 a 0.70 a 0.72 a
9 0.73 a 0.73 a 0.73 a 0.72 a 0.74 a
12 0.73 a 0.73 a 0.74 a 0.74 a 0.75 a
15 0.75 b 0.74 b 0.76 b 0.75 b 0.76 b

aThe PEF treatment strength is 35 kV/cm. The value is the average of
three replicates. The data marked with different letters in the same row
were statistically different at P = 0.05.

Table 5. POV of Lecithin Extracted from Egg Yolk Initially
after PEF Treatment and Throughout Storage Period (4 ± 1
°C)a

POV (Mequiv/kg lipid)

storage (days) control 200 μs 400 μs 600 μs 800 μs

0 0.64 a 0.76 b 0.76 b 0.88 c 1.02 d
3 0.68 a 0.77 b 0.78 b 0.92 c 1.19 e
6 0.72 a 0.80 b 0.81 b 0.98 g 1.36 f
9 0.75 b 0.83 b 0.93 c 1.34 e 1.75 f
12 0.78 b 0.87 c 0.99 g 1.57 h 1.93 i
15 0.80 b 0.96 g 1.06 d 1.86 i 2.24 j

aThe PEF treatment strength is 35 kV/cm. The value is the average of
three replicates. The data marked with different letters in the same row
were statistically different at P = 0.05. Figure 4. ESR spectra of radical adducts of DMPO in NaCl solution

with 0.01 mg/mL vitamin C. (A) Without PEF treatment and (B) with
35 kV/cm PEF treatment for 400 μs.
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(31) Covarrubias, L.; Hernańdez-García, D.; Schnabel, D.; Salas-
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