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Effects of Pulsed Electric Fields on the
Activity of Enzymes in Aqueous Solution
R.-J. YANG, S.-Q. LI, AND Q.H. ZHANG

ABSTRACT: A group of selected enzymes were subjected to continuous pulsed electric field (PEF) treatments to
evaluate the inactivation effect of PEF. For a treatment time of 126 �����s, 51.7% and 83.8% of pepsin was inactivated
at 37.0 kV/cm and 41.8 kV/cm, respectively. Enzyme activity of polyphenol oxidase decreased 38.2% when treated at
33.6 kV/cm for 126 �����s. Enzyme activity decreased 18.1% and 4.0% for peroxidase treated at 34.9 kV/cm and
chymotrypsin treated at 34.2 kV/cm, respectively. No significant change in lysozyme activity was observed after PEF
from 0 to 38 kV/cm for 126 �����s. Both PEF and the induced heat contributed to the observed inactivation effect,
depending on the properties of enzymes and test conditions.
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Introduction

High-voltage pulsed electric fields (PEF) is an emerging non-
thermal food-preservation technology, which has been re-

searched and developed close to commercial stage (Barbosa-Cano-
vas and others 2000; Zhang and others 2002; Min and others 2003a,
2003b). Compared with thermal processing, PEF has a number of
advantages including minimal changes of flavor, taste, color, nutri-
ents (Mertens and Knorr 1992; Knorr 1999; Ayhan and others 2001,
2002), and functionality (Li and others 2003). Therefore, PEF is re-
ceiving considerable attention from the food industry. Many stud-
ies investigated the inactivation of microorganisms by PEF and
effects on quality and shelf-life of foods. PEF is effective in inacti-
vating a wide range of microorganisms at ambient temperature.
Little impact on the flavor of the treated foods compared with heat
treatment was observed (Yeom and others 2000b).

Inactivation of both microorganisms and enzymes is critical in
food processing and preservation. However, compared with the
extensive studies on the inactivation of microorganisms by PEF,
there are limited reports about the effects of PEF on enzymes.
Moreover, the conclusions about the effects of PEF on enzyme in-
activation from different research groups are inconsistent.

Ho and others (1997) reported that the sensitivity of enzymes to
PEF varied from enzyme to enzyme. Under the tested conditions
(13 to 87 kV/cm, 0.5 Hz, 2-�s pulse width, 30 pulses), lipase, glucose
oxidase, and �-amylase exhibited a significant activity reduction of
70% to 85% after PEF treatment. Peroxidase and polyphenol oxi-
dase showed a moderate reduction of 30% to 40%. Alkaline phos-
phatase activity showed only a slight reduction of 5%. Pepsin activ-
ity was not decreased but significantly increased at 20 kV/cm to
about 45 kV/cm. Van Loey and others (2002) studied effects of
mono-polar square-wave high electric field pulses on several en-
zymes using flexible laboratory-scale equipment and reported that
lipoxygenase, polyphenol oxidase, pectin-methylesterase, and
peroxidase are resistant to PEF treatment in distilled water but

sensitive in more complex liquid dairy or fruit and vegetable prod-
ucts. Van Loey and others (2002) suggested that the inactivation of
enzymes by PEF is actually caused by thermal effects. Yeom and
others (1999) studied inactivation of heat-stable papain by PEF in
a continuous system and reported that irreversible reduction of
activity was observed in PEF-treated papain, and the activity was
not recovered after 24 h storage at 4 °C. Yeom and others (1999)
suggested that the inactivation of papain is because of the loss of
�-helix structure in papain molecules, and heat contributes mini-
mally to the observed inactivation effect. Yeom and others (2000a)
investigated the effects of PEF on pectin methyl esterase (PME)
activity in a pilot-plant system and observed that about 90% of PME
activity was inactivated by PEF treatment at 35 kV/cm for 59 �s.
Significant activity reductions of polyphenol oxidase after PEF treat-
ment with bipolar exponential decay pulses, 97% in apple extract at
24.6 kV/cm for 6000 �s, 72% in pear extract at 22.3 kV/cm for 6000
�s (Giner and others 2001), and 70% in peach extract at 24.30 kV/cm
for 5000 �s (Giner and others 2002) were reported. Grahl and Märkl
(1996) investigated alkaline phosphatase, lactoperoxidase, and li-
pase in raw milk using a batch PEF device with the chambers com-
posed of 2 parallel carbon electrodes (A = 50 cm2, d = 0.5 cm) and
reported an activity reduction of lipase of 60% at an energy input of
200 kJ/L but no inactivation of alkaline phosphatase and lactoper-
oxidase after PEF treatment of 21.5 kV/cm and a total energy input
of 400 kJ/L. However, the research conducted by Castro and others
(2001) observed 65% activity reduction of alkaline phosphatase in
raw milk after PEF treatment at 18.8 kV/cm with 70 pulses. Vega-
Mercado and others investigated the effect of PEF on plasmin in
simulated milk ultra-filtrate (Vega-Mercado and others 1995a) and
an extracellular protease from Pseudomonas fluorescens M3/6 in 3
media (Vega-Mercado and others 1995b, 2001) using a continuous
treatment chamber (gap = 0.6 cm) and reported that plasmin activ-
ity decreased 90% after PEF treatment with 50 pulses of 2 �s at 30
and 45 kV/cm. Eighty percent of activity reduction was achieved in
tryptic soy broth with yeast extract after 20 pulses of 2 �s at 18 kV/
cm. No significant inactivation of protease in casein-Tris buffer was
observed after PEF treatment. However, the proteolytic activity of
protease in skim milk after PEF treatment at 25 kV/cm and 0.6 Hz
increased. These results indicate that environmental conditions
might influence the sensitivity of enzymes to PEF. Bendicho and
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others (2003) investigated the effectiveness of PEF on inactivation
of a protease from Bacillus subtilis inoculated in milk using 8 colinear
chambers connected in series in a continuous PEF equipment and
reported that protease activity decreased with increased treatment
time or field strength and pulse repetition rate. Milk composition
affected the results and higher inactivation levels were reached in
skim milk than in whole milk. The maximum inactivation (81%) was
attained in skim milk after an 866-�s treatment at 35.5 kV/cm and
111 Hz. No differences were observed between 4- and 7-�s pulse
widths when total treatment time was kept the same.

Different research groups used different PEF devices and differ-
ent treatment conditions. The results about the effects of PEF on
enzymes from different research groups are inconsistent. Al-
though stainless steel was chosen as electrode materials in almost
all of the studies on inactivation of enzymes by PEF, the geometry
of the treatment chambers and electrodes vary from parallel plate,
coaxial cylinder to cofield. It affects the distribution of electric field
and the dosage taken by enzyme in different location of the cham-
ber. The wave shape used varies from exponential decay to square
wave, where pulse width may be measured at 37% peak and 50%
peak, respectively. Polarity of the pulse may take either bipolar or
monopolar. The variation in media, such as the variety of electro-
lytes and the ion strength and pH, has effects on the stability of
enzymes. Different electrical conductivities of the media will result
in different temperature gradient with the same electric field
strength and treatment time. The pulse frequency and cooling
system before and after treatment chambers also affects the treat-
ment temperature. The temperature control/registration during
PEF treatment is often not considered or reported in details so that
no distinction can be made between thermal and PEF effects on
enzymes. It is necessary to take into account all of the PEF system
and experimental conditions, such as electric field strength, number
of pulses, wave shape pulse width and batch, and stepwise or con-
tinuous circulation, in making a comparison between different
studies.

The majority of published work was conducted with either batch
process using parallel electrodes or continuous process using coax-
ial electrodes. Reported total treatment time is much longer than
the practical range (<200 �s). Furthermore, although inactivation
of some food-related enzymes by PEF has been investigated and
reported, the mechanism involved is not clear. The objectives of this
study were (1) to investigate the inactivation of enzymes by a con-
tinuous PEF processor with cofield flow treatment chambers, which
has been developed close to commercial stage at the Ohio State
Univ., (2) to evaluate the effects of environment conditions such as
pH, electrical conductivity, heat induced during PEF treatment, and
temperature, and (3) to find the primary variable responsible for
the inactivation of enzymes by PEF.

Materials and Methods

Materials
Five enzymes, pepsin, lysozyme, peroxides, chymotrypsin, and

polyphenol oxidase, were selected based on their size, structure,
cofactors, and properties for this study. Pepsin, lysozyme, perox-
ides, and chymotrypsin are monomers, whereas polyphenol oxi-
dase from mushroom is a tetramer with a molecular weight of 128
kD (Jolley and others 1969a, 1969b). The thermostability of perox-
idase is much higher than that of the other 4 enzymes. Peroxidase
and polyphenol oxidase are metal-containing enzymes, and Fe3+

and Cu2+ (Brooks and Dawson 1966) are essential for their activities,
respectively. Pepsin has a very low optimum pH of 2, and lysozyme
has a low molecular weight of 14.3 kD.

Pepsin (P-6887, from porcine stomach mucosa, purified by crys-
tallization followed by chromatography, essentially salt-free), per-
oxidase (P-1432, from soybean, essentially salt-free powder),
lysozyme (L-6876, from chicken egg white, 3 × crystallized, dialyzed,
and lyophilized, approximately 95% protein), polyphenol oxidase
(T-7755, from mushroom), �-chymotrypsin (C-4129, from bovine
pancreas, 3 × crystallized from 4 × crystallized chymotrypsinogen,
dialyzed essentially salt-free and lyophilized powder), and other
chemicals were purchased from Sigma Co. (St. Louis, Mo., U.S.A.).

Preparation of enzyme solutions
Enzymes were dissolved in cooled (4 °C to 6 °C) media with a

selected pH and electrical conductivity just before PEF or heat treat-
ment. The media for tested enzymes are listed in Table 1. The en-
zyme concentration was based on the activity of the pure enzymes
purchased from Sigma. The concentrations of all enzyme solutions
for this study of were within the values recommended by Sigma for
activity assays.

PEF treatment
A bench-scale continuous PEF system (OSU-4A, The Ohio State

Univ., Columbus, Ohio, U.S.A.) was used to treat the enzyme solu-
tions. A schematic diagram is shown in Figure 1. A model 9310 trigger
generator (Quantum Composer Inc., Bozeman, Mont., U.S.A.) was
used to control replication rate and duration time of pulses. Volt-
age, current, frequency, and waveform were monitored by a 2-
channel 1-GS/s (60 MHz bandwidth) digital real-time oscilloscope
(Model TDS 210, Tektronix Inc., Wilsonville, Ore., U.S.A.). Figure 2
shows a typical set of voltage and current waveforms used in this
study. Six cofield flow tubular chambers (Yin and others 1997) with
a 2.92-mm electrode gap and a 2.3-mm inner dia were grouped in
3 pairs, and each pair were connected with stainless-steel tubing
with a 2.3-mm inner dia. The enzyme solutions were alternatively
treated by positive and negative high-voltage pulses, when bipolar
pulses were applied. A 95-cm-long stainless-steel tube with a 2.3-
mm inner dia was connected to each pair of chambers, about 65 cm
of the tube was coiled and submerged in a water bath (Model 1016,
Fisher Scientific Inc., Pittsburgh, Pa., U.S.A.) to cool enzyme solu-
tions after PEF treatment. Type K thermocouples (Fisher Scientif-
ic) were attached to the surface of the stainless-steel coils, 2.5 cm
away from the PEF zones along the flow direction. The temperatures
of inlet (T1, T3, and T5) and outlet (T2, T4, and T6) of the chambers

Table1—Selection of media for each enzyme

Enzyme
Enzyme Media concentration

Pepsin 7 mM HCl 70 to 90 Units/mL;
0.6 to 0.8 �mol

protein/mL
1 mM HCl + NaCla 70 to 90 Units/mL

10 mM potassium 70 to 90 Units/mL
phosphate + NaCla

Lysozyme 10 mM potassium 750 to 1000 Units/mL
phosphate + NaCla 15 to 20 �g protein/mL

Peroxidase 10 mM potassium 10 to 13 Units/mL;
phosphate + NaCla 80 to 100 �g/mL

Polyphenol 10 mM potassium 150 to 200 �g/mL;
oxidase phosphate + NaCla 300 to 400 units/mL

Chymotrypsin 10 mM potassium 3 to 4 Units/mL;
phosphate + NaCla 70 to 90 �g protein/mL

aNaCl was used to adjust the electrical conductivity.
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were monitored during PEF treatment by dual-channel digital ther-
mocouple readers (Fisher Scientific). The places where thermocou-
ples were located were isolated from atmosphere by an insulation
tape (Polyethylene Cloth, Bron, Phoenix, Ariz., U.S.A.). The temper-
atures were recorded when the readings were stable. The distance
between the chamber and the nearby inlet or outlet temperature
checkpoint was about 2.5 cm. The distance between the tempera-
ture checkpoint and the surface of cooling water was 15 cm. When
the total treatment was set as 126 �s, the flow rate of the enzyme
solution was 22 cm/s, and it took about 0.1 s for the enzyme solution
to get to the temperature checkpoint from the chamber and about
0.7 s to get to the cooling coil from the temperature checkpoint. The
temperatures of enzyme solution before (T0) and after (T7) PEF or
heat treatment were measured by mercury thermometer. A micro
gear pump (Model 020-000-010, Micropump, Inc., Vancouver,
Wash., U.S.A.) maintained a continuous flow of enzyme solution.
PEF treatment time (t) was calculated with the number of pulses
received in the chambers (Np), which is obtained from residence
time in a chamber (Tr) as follows:

Tr = V/F (1)

where V is the volume of a chamber (mL), and F is the flow rate
(mL/s),

Np = Tr × f (2)

where f is the pulse repetition rate (pulses per second, pps), and t
is the total treatment time (�s) defined by

t = Np × Nc × � (3)

where Nc is the number of treatment chambers and � is the pulse
width (�s).

Heat treatment
Heat treatment was conducted with the same set of coils with

PEF chambers, which was used in PEF treatment. However, put the
first 2 coils into 1 water bath for heating and the last coil into a 0 °C
ice-water bath for cooling (Figure 3). The enzyme solution was
pumped through the heating and cooling system by the same fluid-
handling system that was used in PEF treatment. Similar temper-
ature profile was obtained by adjusting the temperature of the
water bath and the flow speed of the enzyme solution. Samples
were collected from the outlet of the last cooling coil and immedi-
ately put into a 0 °C ice-water bath and quickly shaken for further
cooling. Temperatures at checkpoints were monitored during heat
treatment by a dual-channel digital thermocouple reader (Fisher
Scientific) as in PEF treatment. The distance between the temper-
ature checkpoint and the surface of hot water in the bath was
about 15 cm. When the flow rate was set as 22 cm/s, which was
equal to the flow rate in a PEF treatment with a total treatment time

Figure 1—Diagram of the pulsed electric field (PEF) bench-
scale processing unit (OSU-4A). Temperatures of inlet (T1,
T3, and T5) and outlet (T2, T4, and T6) of each pair of cham-
bers were measured by thermocouples. T0 and T7 were
measured by mercury thermometers.

Figure 2—Bipolar square-wave pulse pair. Trace 1 is the
measured voltage with 5 kV per division. Trace 2 is the
measured current with 20 A per division. Time scale is 5
�s per division.

Figure 3—Diagram of the heat treatment unit. Tempera-
tures of inlet (T1, T3, and T5) and outlet (T2, T4, and T6) of
each pair of chambers were measured by thermocouples.
T0 and T7 were measured by mercury thermometers.
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of 126 �s, it took about 0.7 s for the enzyme solution to get into or
out of the heating coils from the corresponding temperature check-
points.

Measurements of enzyme activity
Standard enzymatic assay procedures (Sigma Co.) were followed

to prepare the reagents and determine the enzyme activity of un-
treated (control), PEF-treated, or heat-treated enzyme solutions.
The assays, major apparatus, and parameters are shown in Table 2.

Relative residual activity
The relative residual activity (RRA) of enzymes was expressed as

percentage of the activity of the treated enzyme solution to the
control. For PEF treatment, the control samples passed through the
whole system at the same water-bath temperature as it was during
PEF treatment, but without turning on PEF. For heat treatment, the
control passed through the system when the temperatures of the
both water baths were set at 0 °C. Before activity assay, all samples
were kept in 0 °C ice-water bath.

Calculation of adiabatic temperature increase and
adiabatic temperature increase constant

The calculation of adiabatic temperature increase was calculated
using the following equation:

�T = (V I � f tr)/(Cp v �) (4)

where �T is the adiabatic temperature increase (°C); V is the peak
pulse voltage across a PEF chamber; I is the peak current passing
through a PEF chamber (amps); � is the pulse width (s); f is the pulse
repetition rate (pps); tr is the resident time of sample within a PEF
chamber; Cp is the specific heat of sample (J/g·°C); v is the volume
of the PEF chamber (cm3); and � is the density of the sample (g/
cm3).

The current, I, was determined by

I = V / R = V�A / (dFR) (5)

where d is the gap distance between the 2 electrodes in a PEF

chamber (m); � is the electric conductivity of the sample (S/m); and
A is the cross sectional area of the treatment zone (m2).

In a cofield flow PEF chamber, the electrodes are tubular sec-
tions rather than flat-end surfaces of the cylindrical sample. There-
fore, the equivalent load resistance, R, carries a correction factor FR,
which was determined experimentally as the ratio of calculated
current, assuming flat-end cylindrical sample and measured cur-
rent.

Statistical analyses
All experiments were duplicated at lease twice, and the assay for

enzyme activity of each sample was replicated at the same time.
The data presented are the means of each experiment. Analysis of
variance was performed to determine variations among treat-
ments.

Results and Discussion

Inactivation of selected enzymes by PEF treatment
PEF treatments for each enzyme were carried out at same condi-

tions (inlet temperature 4 °C, ice-water bath for cooling between
each pair of chambers, 2 �s pulse width, 800 pps pulse repetition
rate, 126 �s total treatment time), except the media and electric
field strength. Figure 4 illustrates the effect of PEF treatment on
the activity of pepsin, lysozyme, peroxidase, polyphenol oxidase,
and chymotrypsin. The sensitivities of enzymes to PEF are differ-
ent from enzyme to enzyme. The inactivation efficiency of PEF on
enzymes increases with the increase of electric field strength when
the total treatment time and other parameters were maintained
same. Pepsin exhibited an activity reduction of 35.1% at 32.9 kV/
cm, 51.7% at 37.0 kV/cm, and 83.8% at 41.8 kV/cm. Polyphenol ox-
idase showed an activity reduction of 16.1% at 28.8 kV/cm and
38.2% at 33.6 kV/cm. Peroxidase showed an activity reduction of
8.4% at 31.5 kV/cm and 18.1% at 34.9 kV/cm. Only 4% of chymot-
rypsin activity was inactivated after PEF treatment at 34.2 kV/cm
for 126 �s. Lysozyme was not affected in activity by PEF treatment
under the tested conditions. Pepsin and polyphenol oxidase are
more sensitive to PEF treatment than peroxidase, chymotrypsin,
and pepsin.

Table 2—Assay method and apparatus for each enzyme

Major parameters

Reaction Wavelength and
Enzyme Assay method Major apparatus condition light path Reference

Pepsin Spectrophotometric Spectronic Genesys 38 °C, 280 nm, Anson 1938
stop rate determination 5 spectrometer 10 min 1.0 cm

(Milton Roy, Rochester,
N.Y., U.S.A.)

Lysozyme Continuous turbidmetric UV-2401 PC spectro- 25 °C, 450 nm, Shugar 1952
rate determination photometer (Shimadzu pH 6.2, 1.0 cm

Co., Kyoto, Japan) 5 min

Peroxidase Continuous spectro- UV-2401 PC spectro- 20 °C 450 nm Chance and Maehly
photometric rate photometer pH 6.0 1.0 cm 1955
determination 5 min

Polyphenol Continuous spectro- UV-2401 PC spectro- 25 °C, 280 nm, Duckworth and
oxidase photometric rate photometer pH 6.5, 1.0 cm Coleman 1970

determination  8 min

Chymotrypsin Continuous spectro- UV-2401 PC spectro- 25 °C, 256 nm, Wirnt 1974
photometric rate photometer pH 7.8, 1.0 cm
determination  5 min
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A slight increase of activity of pepsin after PEF treatment at 10 to
20 kV for 126 �s was observed. Ho and others (1997) argued that
PEF does not inactivate pepsin but enhances its activity. With the
increase of electric field strength, the residual activity was increased
by 240% of its original activity at 35 kV/cm, and no inactivation was
observed in the range of 0 to 70 kV/cm for 60 �s. Figure 4 indicates
that when the dosage of PEF treatment was less than 20 kV/cm for
126 �s there was no detectable inactivation. The reduction of activ-
ity rapidly increased with the increase of electric field strength
higher than 20 kV/cm. No pepsin activity was detected after PEF
treatment was achieved at 35 kV/cm for 350 �s.

Figure 4 revealed that PEF treatment at 0 to 38 kV/cm for 126 �s
has no detectable inactivation effect on lysozyme activity. Ho and
others (1997) reported that with the increase of electric field
strength, the residual activity of lysozyme decreased first (0 to 15
kV/cm, 60 �s) then increased (15 to 45 kV/cm, 60 �s), and de-
creased again after reached the highest point after PEF treatment
at 45 kV/cm for 60 �s.

Both polyphenol oxidase and peroxidase are of concerns in fruit
and vegetable preservation. Inactivation of polyphenol oxidase and
peroxidase is required in the early step of processing to avoid the
damage of the flavor, color, and nutrient of the product. Polyphe-
nol oxidase and peroxidase were not fully inactivated under the
normal PEF dosage required by inactivating microorganisms such
as 35 kV/cm for 59 �s for orange juice (Ayhan and others 2001), 34
kV/cm for 166 �s for apple juice and cider (Evrendilek and others
2000), and 40 kV/cm for 57 �s for tomato juice (Min and others
2003b). Higher inactivation of polyphenol oxidase by PEF treat-

ment with higher dosages were reported, for instance, 97% in apple
extract at 24.6 kV/cm for 6000 �s, 72% in pear extract at 22.3 kV/cm
for 6000 �s (Giner and others 2001), and 70% in peach extract at
24.30 kV/cm for 5000 �s (Giner and others 2002).

Temperature increase induced during PEF treatment was ob-
served. The correction factor calculated with Eq. 5 was between
1.15 and 1.35, depending on the electric conductivity of the sample
and the voltage applied because the cooling did not completely
cool the sample back to the inlet temperature. The maximum adi-
abatic temperature increase was 42 °C, 34 °C, 25 °C, 22 °C, and 26 °C
per pair of chambers at the maximum dosages applied in the stud-
ies as illustrated in Figure 4. The traveling distance from the exit of
the chamber to cooling ice bath was 10 cm and the sample exposed
to the enhanced temperature for as short as 0.12 s. With inlet tem-
perature at 4 °C, the maximum temperature that the samples ex-
posed to was 46 °C, 38 °C, 29 °C, 26 °C, and 30 °C for pepsin,
lysozyme, peroxidase, polyphenol oxidase, and chymotrypsin, re-
spectively. Exposing the enzyme solutions to these temperature for
0.12 s can contribute minimally (less than 5%) to the observed in-
activation effect on enzyme activity.

In general, the larger an enzyme and the more complex its struc-
ture, the more susceptible it is to high temperature. However, the
data shown in Figure 4 suggest that the sensitivity of the tested
enzymes to PEF has no relationship with their thermostability and
size. Peroxidase is the most thermostabe enzyme among all of the
tested enzymes, but it is not the most PEF resistant. Pepsin, the
more sensitive enzyme to PEF among the tested enzymes, has a
molecular weight of 35500, the size of which is between lyzozyme
(MW 14300) and peroxidase (MW 44000). The structure of polyphe-
nol oxidase (a tetramer with a molecular weight of 128000) is much
larger and more complex than that of pepsin (a monomer). However,
the sensitivity of these 2 enzymes to PEF is similar. Therefore, the
mechanism involved in inactivation of enzymes by PEF may be
different from that by heat.

Effect of heat produced by PEF treatment on the
inactivation of enzymes

Enzymes are heat-labile substances. PEF treatment will generate
minimal amount heat, depending on the selected dosage and media
used. The induced heat will in turn cause increase in temperature
that, when high enough, may cause thermal inactivation of enzymes.
It remains an issue (Van Loey and others 2002) whether PEF or in-
duced heat or both are responsible to the inactivation of enzymes. To
investigate the thermal contribution during PEF treatment, the same
coil unit with the treatment chambers used in PEF inactivation study
was used for thermal inactivation tests. The coils before the 3rd pair
of chambers were immersed in the hot-water bath. The coils after the
3rd pair of chambers were immersed in the ice-water bath (Figure 3)
to cool the enzyme solution immediately after treatment. The high-
est temperature in the heat treatment was kept slightly higher than
the highest temperature obtained in PEF treatment. Because there
were cooling coils between 2 pairs of PEF chambers, the actual heat
treatment dosage is more severe in the heat treatment setup than
that in the PEF setup. The temperature profile that the pepsin and
polyphenol oxidase experienced and enzyme activity reduction after
PEF or heat treatment are shown in Figure 5. When the highest tem-
perature was about 50 °C, the thermal inactivation of pepsin was less
than 5%, whereas the inactivation by PEF achieved 54%. The effect
of PEF on the inactivation of pepsin was significant (P < 0.05). The
same conclusion could be extracted from the results of polyphenol
oxidase tests. When the highest temperature is 5 °C lower in the PEF
test than that in the thermal test, the enzyme activity reduction
(36.8%) in the PEF test was 19.4% higher than that (17.4%) in the

Figure 4—Inactivation of 5 enzymes by pulsed electric field
(PEF). The pulse width and total treatment time were 2 �s
and 126 �s, respectively. The media and pH and electrical
conductivity for different enzymes are as follows. Pepsin:
7 mM HCl; pH 2.1, 0.352 S/m; the adiabatic temperature
increase was 42 °C per pair of chambers at 41.1 kV/cm
for 126 �s. Lysozyme: 25 mM potassium phosphate buffer;
pH 6.5; 0.345 S/m; the adiabatic temperature increase was
34 °C per pair of chambers at 38.2 kV/cm for 126 �s. Per-
oxidase: 25 mM potassium phosphate buffer; pH 6.0; 0.341
S/m; the adiabatic temperature increase was 25 °C per
pair of chambers at 34.2 kV/cm for 126 �s. Polyphenol
oxidase: 25 mM potassium phosphate buffer; pH 6.4; 0.342
S/m; the adiabatic temperature increase was 22 °C per
pair of chambers at 32.7 kV/cm for 126 �s. Chymotrypsin:
1 mM HCl + NaCl; pH 2.9; 0.343 S/m; the adiabatic tem-
perature increase was 26 °C per pair of chambers at 34
kV/cm for 126 �s. The sample exposed to the adiabatic
temperature before cooling for 3 time periods of 0.12 s.
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thermal test. Pepsin is more sensitive to PEF treatment than polyphe-
nol oxidase.

For the experiments shown in Figure 5, the temperature profile
of each enzyme experienced during PEF treatment was similar at
the same electric field strength because of the similar electrical
conductivity of each enzyme. In general, when an electric field of
33.5 to 35 kV/cm and a total PEF treatment of 126 �s were applied,
the highest measured temperature is in the range of 42 °C to 43 °C,
lower than that shown in Figure 5. Although heat produced during
PEF treatment contributed to the inactivation of enzyme, most of
the reduction of activity shown in Figure 4 was achieved by PEF.

Effect of electric field strength on the inactivation of
pepsin

To evaluate the effect of heat produced during PEF treatment
on the inactivation of enzymes, further experiments were conduct-
ed with the change of temperature in each pair of PEF chambers
maintained constant; the results are illustrated in Figure 6. Temper-
ature increase of enzyme solution with the same electrical conduc-
tivity is an indicator of the PEF dosage received by enzyme solu-
tion. To maintain the temperature increase in each pair of chambers
constant, the treatment time was changed with the change of elec-
tric field strength. It was achieved by adjusting the flow rate of
enzyme solution. The data in Figure 6 suggest that RRA of pepsin
decreases with the increase of electric field strength with the same
temperature increase. When the temperature increase in each pair
of chambers was 23 °C and 28 °C, the activity reduction of pepsin
was increased from 18.8% and 36.4% at 17.8 kV/cm to 34.6% and
60.1% at 32.9 kV/cm, respectively. Higher electric field strength was
more effective in inactivating pepsin.

The influence of electrical conductivity and pH of
enzyme solution

The pH and ion strength of the system has critical influence on
enzymes. Buffers instead of real food were used in this study for
simplicity and repeatability. For the pepsin study, HCl solution was
selected as the medium for pH 2.0. The electrical conductivity of 7
mM HCl with a pH of 2.1 is higher than 0.3 S/m. For the study of
polyphenol oxidase, 10 mM, pH 6.5 potassium phosphate was cho-
sen as the basic medium, and the electrical conductivity was adjust-

Figure 5—Profile of the temperature change of pepsin (a) and polyphenol oxidase (b) solution during heat or pulsed
electric field (PEF) treatment. PEF refers to a PEF inactivation test of 39.0 kV/cm for 126 �s for pepsin and 32.8 kV/
cm for 126 �s (a) for polyphenol oxidase (b). Heat refers to a thermal inactivation test. RRA represents the relative
residual activity.

ed by adding NaCl. Figure 7 shows the influence of electrical con-
ductivity on inactivation of pepsin, polyphenol oxidase, and chy-
motrysin by PEF. Electrical conductivity has a significant effect on
the inactivation of pepsin and polyphenol oxidase but not chymot-
rypsin (Figure 7). In fact, PEF had no significant influence on the
activity of chymotrypsin under the tested condition. The higher the
electrical conductivity of the medium, the more effective the PEF
inactivation of pepsin and polyphenol oxidase. Pepsin RRA de-
creases more rapidly in a medium with a conductivity of 0.385 S/m
than that with a conductivity of 0.307 S/m when electric field
strength increased higher than 20 kV/cm. The same trend was also
observed for polyphenol oxidase.

PEF treatment with higher electrical conductivity media will in-
duce more heat and higher temperature increase at the same elec-
tric field strength for same treatment time. The adiabatic temper-
ature increases in the enzyme solutions were calculated (data not
shown) and matched well with the measured temperatures. The
difference in enzyme inactivation effect by PEF between the sam-
ples treated in media with different electric conductivity is illustrat-
ed in Figure 7a and 7b. The difference may contain some contribu-
tion of the heat. However, the difference is caused mainly by PEF
because the curves begin departure at 20 kV/cm, at which the
maximum adiabatic temperature increase (among all the condi-
tions tested in this study) per pair of chamber was less than 15 °C.
When the electric field strength was lower than 30 kV/cm, the high-
est temperature the enzymes experienced was lower than 40 °C,
which does not cause detectable activity loss of enzyme activity.
Because of differences in the electrical conductivity in different
food products, the sensitivity of certain enzymes may vary in differ-
ent system.

Most charged residues are distributed on the surface of a pro-
tein, and less than 5% are buried inside the globular molecule.
Structural stability and functional properties of proteins are be-
cause of a delicate balance of a number of interactions, mainly
noncovalent in nature. Among them, electrostatic interactions are
critical factors (Koumanov and others 2001). The electrostatic inter-
actions are functions of pH, temperature, ion strength, and electric
field. Higher electrical conductivity means more free ions in the
solution. High concentration of free ions may assist suppress or
disrupt the electrostatic interactions under pulsed electric field.

http://www.ift.org


Vol. 69, Nr. 4, 2004—JOURNAL OF FOOD SCIENCE FCT247URLs and E-mail addresses are active links at www.ift.org

Fo
od

 Ch
em

ist
ry

 an
d T

ox
ico

log
y

PEF inactivation of enzymes . . .

Under the conditions described in Figure 7, the maximum adia-
batic temperature increase per pair of chambers was 30 °C at 37.2
kV/cm with 0.307 S/m buffer and 38 °C at 37.8 kV/cm with 0.385 S/
m medium, 13 °C at 41.1 kV/cm with 0.112 S/m buffer, 26 °C at 34.2
kV/cm with 0.342 S/m, 13 °C at 44 kV/cm with 0.099 S/m, and 25 °C
at 32.4 kV/cm with 0.343 S/m medium for pepsin, polyphenol oxi-
dase, and chymotrypsin, respectively. With an inlet temperature of
4 °C, the maximum temperature for tests illustrated in Figure 7 was
42 °C. Exposing the 3 enzyme solutions at 40 °C for 0.36 s (3 × 0.12
s) causes no detectable loss of enzyme activity.

Table 3 shows the influence of both of electrical conductivity
and pH on the inactivation of pepsin by PEF. The data show that
both pH and conductivity are critical factors. The RRA of pepsin
decreased from 74.1% to 44.1% whereas the pH increased from 2.1
to 6.4 in almost the same conductivity and PEF treatment. In an
optimum pH of 2.0, pepsin had highest stability against PEF. The
RRA of pepsin decreased from 90.2% to 44.1% whereas the conduc-
tivity increased from 0.132 to 0.301 S/m in the same pH (pH 6.4)
and PEF treatment. Different media with different electrical con-
ductivity were used as the medium for a certain enzyme by differ-
ent research groups. Some conflicting results reported by different
research groups might be caused by the difference in electrical

conductivity of the media. Calculated adiabatic temperature in-
crease induced by PEF was summarized in Table 3. However, be-
cause the exposing time for samples at the enhanced temperature
was only 0.12 s, we attributed little of the observed inactivation ef-
fects to the induced temperature increase.

Effect of temperature on the efficiency of PEF on
inactivating enzymes

Potassium phosphate buffer (10 mM, pH 6.4) was selected for
the study of effect of temperature on the efficiency of PEF on inac-

Table 3—The influence of pH and conductivity on the inac-
tivation of pepsin by pulsed electric field (PEF) treatmenta

Conditions

Electric
Conduc- fields Relative

tivity strength residual �����Tb

Media pH  (S/m) (kV/cm) activity (%) (°C)

7 mM HCl 2.1 0.302 34.2 74.1 � 0.6 24.4
2.1 0.302 38.4 48.1 � 1.3 31.2

1 mM HCl + 2.9 0.301 34.2 61.7 � 1.0 23.0
NaCl

10 mM KPBc 6.4 0.132 37.7 90.2 � 1.4 14.2
6.4 0.132 41.8 82.2 � 0.4 15.8

10 mM KPB + 6.4 0.301 34.2 44.1 � 1.9 24.2
NaCl

aSample exposing time to the enhanced temperature was 0.12 s.
b�T refers to the calculated adiabatic temperature increase per pair of
chambers (°C).
cKPB refers to potassium phosphate buffer.

Figure 6—Effect of electric field strength on the inactiva-
tion of pepsin

Figure 7—The influence of electrical conductivity on the
inactivation of enzymes by pulsed electric field (PEF). The
pulse width and total treatment time were 2 �s and 126
�s, respectively. (a) pepsin; (b) polyphenol oxidase; (c) chy-
motrypsin by PEF.
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tivating pepsin. A relatively low electrical conductivity of 0.128 S/m
was chosen to minimize the effect of heat. The temperature profile
during PEF treatment was controlled by adjusting the temperature
of water bath.

Table 4 shows the effect of temperature on the efficiency of PEF
on inactivating pepsin and polyphenol oxidase, respectively. The
effect of heat produced during PEF treatment in all experiment
shown in Table 4 shall be ignored because of the relatively low tem-
perature. The data indicate that PEF is more effective in inactivat-
ing pepsin and polyphenol oxidase in higher temperature. It is ex-
pected because higher temperature results in higher mobility of
charged groups and dipoles of enzyme protein under the electric
field.

Conclusions

The sensitivity of enzymes to PEF treatment varies from enzyme
to enzyme. The sequence of sensitivity to PEF of the 5 tested

enzymes at their optimum pH from high to low is pepsin, polyphe-
nol oxidase, peroxidase, chymotrypsin, and lysozyme. Lysozyme
activity was not affected by PEF below 38 kV/cm. Both PEF and the
induced heat by PEF treatment contribute to the inactivation of en-
zymes. The contribution of PEF and the induced heat to the ob-
served enzyme inactivation depends on the properties of enzymes
and the test conditions, including the efficiency of the cooling sys-
tem. The inactivation effect of PEF on enzymes was affected by
electric field strength, electrical conductivity, and pH of the media,
especially the electrical conductivity. Some conflicting results re-
ported by different research groups may be caused by the differ-
ences in electrical conductivity of media.
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