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Abstract: As one of the perennial vegetable varieties grown in the south of
Yangtze River in China, Brassica chinensis L. can be produced and supplied
to the market all year round and has high economic value. However, there is
little direct literature on postharvest heat treatment of Brassica chinensis L.
In this study, Peroxidase (POD) was extracted from Brassica chinensis L.
leaves and its enzymatic characteristics such as optimal pH, optimal
temperature, catalytic activation energy, Km and Vmax, thermal stability and
thermal denaturation activation energy were discussed. The results showed
that with o-phenylenediamine as the hydrogen donor substrate of POD and
hydrogen peroxide as the peroxide substrate, the optimal pH was 6.8, the
optimal reaction temperature was 40°C and the activation energy of the
catalytic reaction was 35.34 kJ/mol for POD in Brassica chinensis L. leaves.
As a dual substrate reaction, when o-phenylenediamine was used as the
substrate, the Km value of POD was 1.143 mmoL/L and Vmax was 142.86
U. When hydrogen peroxide was used as the substrate, the Km value of POD
was 2.778 mmoL/L and Vmax was 111.11 U. Thermal inactivation studies
showed first-order inactivation kinetic characteristics and the Arrhenius plot
yielded a straight line with a slope equivalent to the thermal denaturation
activation energy of POD at 199.54 kJ/moL. The thermal inactivation rate of
POD varied significantly between 70 and 80°C (the rate constant k ranged
from -0.446 to -0.970), indicating that the thermal denaturation of POD may
occur between 70 and 80°C. It is expected that the above data would be
beneficial to the optimization of quality control parameters in postharvest
heat treatment and cold-chain transportation of Brassica chinensis L.

Keywords: Brassica chinensis L., Peroxidase, Heat Inactivation, Kinetic
Characteristics, Activation Energy

Introduction

Brassica chinensis L. known as Shanghai green, rape,
green cabbage, and baierbai, etc., belongs to the Brassicae
family. Brassica chinensis L. is heat-resistant, cold-
resistant, and insect-resistant and is a perennial cabbage
variety planted in Shanghai and southern Jiangsu China.
It has a crisp taste and natural taste and can be used in
Japanese, Western, and Chinese dishes with high
economic value. With the rapid development of logistics
storage and distribution technology in China, the
harvested fresh Brassica chinensis L. can be directly sold
locally or transported to the north of China to make up for
the shortage of vegetables in winter in the north. In recent
years, with the expansion of the planting area of Brassica
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chinensis L. in southern Jiangsu, after blanching, the
newly harvested Brassica chinensis L. are transported and
exported through the cold chain to supermarkets in
neighboring countries such as Japan.

Peroxidase (POD, EC 1.11.1.7) is widely distributed in
nature and is a highly active redox enzyme in animals, plants,
and microorganisms (Rusdi et al., 2014; Agunbiade et al.,
2021; Zitare et al.,, 2021; Benslama et al., 2022).
Blanching is an important step in the processing of fruits
and vegetables. Fruits and vegetables can be heated to
obtain storage stability, passivate enzymes that have
adverse effects on product quality, reduce the number of
microorganisms, remove oxygen from tissues, and
enhance the color of most fruits and vegetables. Because
POD is very heat-resistant, it can be used as a standard to
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evaluate the adequacy of blanching of fruits and
vegetables by analyzing POD activity before and after
blanching (Adams et al., 2003).

At present, there is a lot of research on POD including
separation (Dahdouh et al., 2020; 2021), purification
(Al-madhagi et al.,, 2023; Oztekin et al., 2022),
characterization (Dahdouh et al., 2022; Catucci et al.,
2020), kinetic (Potata et al., 2009; Almaz and Agircelik,
2023) and application (Klanovicz et al., 2020; Altahir et al.,
2020; Zhang et al., 2022; Ponce et al., 2004). However, there
is no related literature on the POD of Brassica chinensis L.
and heat treatment. In order to meet the needs of cold chain
logistics and ensure the quality of Brassica chinensis L., it is
urgent to understand some enzymatic characteristics of POD,
especially the effect of heat treatment on POD activity and
related kinetics of POD from leaves of Brassica chinensis L.

In this study, POD was extracted from leaves of
Brassica chinensis L., and enzymatic characteristics such
as optimum pH, optimum temperature, activation energy
of catalytic reaction, Km and Vmax of corresponding test
substrate, thermal stability and thermal denaturation
activation energy were investigated, which may lay a
theoretical foundation for the quality control of Brassica
chinensis L. in the marketing link.

Materials and Methods
Materials and Chemicals

Brassica chinensis L. was purchased from Changshu
City, Jiangsu Province of China. Disodium hydrogen
phosphate, sodium dihydrogen phosphate, potassium
dihydrogen phosphate, sodium chloride, ammonium sulfate,
o-phenylenediamine, hydrogen peroxide, ethanol, etc., were
purchased from Jiangsu Changsheng Chemical Co., LTD.

Extraction of POD from Leaves of Brassica
chinensis L.

Extraction of POD from leaves of Brassica chinensis L.
was based on the reported method (Serrano-Martinez et al.,
2008) with a slight modification.100 g fresh leaves of
Brassica chinensis L. were cut and added with 200 mL
precooled phosphate buffer (0.05 moL/L, pH 7.0),
homogenized and filtered with multi-layer gauze. The
obtained homogenized pulp was centrifuged at 8000 r/min
for 20 min. The supernatant was added with ammonium
sulfate to 55% saturation and salted out for 2 h. Then the
supernatant was centrifuged at 8000 r/min for 20 min to
obtain the precipitate. Then the precipitate was dialyzed
for 24 h to obtain a crude POD solution. The above
operations were carried out at +4°C.

Determination of POD Activity

POD activity from leaves of Brassica chinensis L. was
determined based on the previous method (Fornera and
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Walde, 2010). 3 mL phosphate buffer (0.2 moL/L, pH 6.3),
0.2 mL o-phenylenediamine-ethanol solution (1%, w/w) and
0.5 mL hydrogen peroxide solution (0.3%, w/w) were
added into the colorimetric dish. Finally, 0.5 mL crude
POD solution was added. After mixing, the Optical
Density (OD) change within 2 min at 600 nm was
recorded. The OD-time curve was recorded with the OD
value as the vertical coordinate and the reaction time as
the horizontal coordinate. The POD activity was
calculated from the slope of the initial straight-line part of
the curve. An increase of OD value of 0.01 per minute was
defined as an enzyme activity Unit (U). The blank control
was phosphate buffer without POD (containing substrate
o-phenylenediamine and hydrogen peroxide solution).
The above operations were carried out at 4°C.

Determination of the Optimal Reaction pH of POD

At the optimum reaction temperature, 3 mL phosphate
buffer (0.2 moL/L) at different pH (5.8, 6.0, 6.3, 6.5, 6.8,
7.0, 7.3, 7.5, and 8.0) and 0.5 mL crude POD solution
were added into the colorimetric dish. The mixture was held
for 10 min, respectively. Finally, 02 mL o-
phenylenediamine ethanol solution (1%, w/w) and 0.5 mL
hydrogen peroxide solution (0.3%, w/w) were added and
the OD change within 2 min at 600 nm was recorded after
mixing. The blank control was phosphate buffer with the
corresponding pH and without POD (containing substrate
o-phenylenediamine and hydrogen peroxide solution).

Determination of Optimal Reaction Temperature
of POD

6 mL crude POD solution was taken in a test tube and
placed in a constant temperature water bath at different
temperatures. 3 mL phosphate buffer (0.2 moL/L, pH 6.3),
0.2 mL o-phenylenediamine ethanol solution (1%, w/w)
and 0.5 mL hydrogen peroxide solution (0.3%, w/w) were
added into the colorimetric dish. The colorimetric dish was
placed on a UV-6100 UV-visible spectrophotometer and
the temperature was equilibrated. 0.1 mL crude POD
solution with the corresponding temperature was added.
The change of OD within 2 min at 600 nm was recorded
after mixing. The temperature was 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85 and 90°C, respectively.

Analysis of Activation Energy of POD Catalytic
Reaction

3 mL phosphate buffer (0.2 moL/L, pH6.3), 0.2 mL
o-phenylenediamine ethanol solution (1%, w/w) and 0.5 mL
hydrogen peroxide (0.3%, w/w) solution were added into
the colorimetric dish. The colorimetric dish was placed on
a UV-6100 UV-visible spectrophotometer. After the
temperature was balanced, 0.1 mL crude POD solution
was added. The change of OD value within 3 min at 600 nm
was recorded after mixing. The temperature was 20, 25,
30, 35, 40, 45, 50, 55 and 60°C respectively. The OD-time
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curve was recorded with OD value as the vertical
coordinate and reaction time as the horizontal coordinate.
The velocity constant k of enzyme-catalyzed reaction at
different temperatures was calculated from the slope of
the initial straight line part of the curve. The logarithm Ig
of the wvelocity constant k of the enzyme-catalyzed
reaction was used to plot 1/T and a straight line was
obtained. According to the Arrnenius equation k = Ae
Ea/RT, the slope of the line was Ea/2.3 R, where Ea was
the activation energy of the enzyme-catalyzed reaction
and R was the universal gas constant (Wang et al., 2023).

Determination of Km and Vmax of POD with o-
Phenylenediamine as Substrate

At the optimum reaction temperature, 3 mL phosphate
buffer (0.2 moL/L, pH6.3), 0.2 mL o-phenylenediamine
ethanol solution with different concentrations (0.4, 0.6, 0.8,
1.0, 1.2 and 1.6%, w/w) and 0.5 mL hydrogen peroxide
solution (0.3%, w/w) were added into the colorimetric dish.
Then 0.1mL POD solution was added and mixed. The
change of OD value within 2 min at 600 nm was recorded.
The blank control was phosphate buffer with the
corresponding pH and without POD (containing 0.2 mL o-
phenylenediamine-ethanol solution with the corresponding
concentration and 0.5 mL hydrogen peroxide solution
(0.3%, wiw). The OD-time curve was recorded with the OD
value as the vertical coordinate and the reaction time as the
horizontal coordinate. The initial reaction rate V was
calculated from the slope of the first straight part of the curve
(an increase of OD value 0.01 per minute was defined as an
enzyme activity unit). By using the double reciprocal plotting
method (Lineweaver-Burk method) (Basumatary et al.,
2023), a straight line was obtained by plotting 1/V against
1/[S]. Its slope was Km/Vmax and its intercept on the
vertical axis was 1/Vmax. Vmax can be obtained. The
intercept on the horizontal axis was -1/Km and the Km
value can be obtained.

Determination of Km and Vmax of POD with
Hydrogen Peroxide as Substrate

At the optimal reaction temperature, 3 mL phosphate
buffer (0.2 moL/L, pH6.3), 0.2 mL o-phenylenediamine
ethanol solution (1%, w/w), 0.5 mL hydrogen peroxide
solution with different concentrations (0.1, 0.2, 0.3, 0.4, 0.5
and 0.6%, w/w) were added into the colorimetric dish. Then
0.1 mL POD solution was added to the colorimetric dish.
After mixing, the change of OD value within 2 min at
600 nm was recorded. The blank control was phosphate
buffer with the corresponding pH and without POD
(containing 0.2 mL o-phenylenediamine-ethanol solution
(1%, w/w) and 0.5 mL hydrogen peroxide solution). The OD
time curve was recorded with the OD value as the vertical
coordinate and the reaction time as the horizontal coordinate.
The initial reaction rate V was calculated from the slope of
the initial straight part of the curve. By using the double
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reciprocal plotting method (Lineweaver-Burk method)
(Basumatary et al., 2023), a straight line was obtained by
plotting 1/V against 1/[S]. Its slope was Km/Vmax and its
intercept on the vertical axis was 1/Vmax.Vmax can be
obtained. The intercept on the horizontal axis was -1/Km and
the Km value can be obtained.

Analysis of Thermal Stability of POD

6 mL crude POD solution was added into the test tube
and incubated in a water bath at 40°C for 1 minute. After
incubation, the crude POD solution was moved to another
water bath at 100°C. Then, 0.2 mL crude POD solution
was removed from the test tube at 0-30s, 1, 1.5, 2, 3,5, 7,
and 10 min respectively, and cooled to 0°C in an ice bath
immediately. The activity of the crude POD solution kept
at 0°C without heat treatment was taken as 1 and the
relative residual activity of the enzyme solution after
different heat treatment was calculated.

Analysis of Activation
Denaturation of POD

Energy of Thermal

6 mL crude POD solution was added into the test tube
and incubated in a water bath at 20, 25, 30, 35, 40, 45, 50,
55, 60, 70, 80, 90, and 100°C, respectively. Then the POD
solution (0.2 mL) was removed from the test tube and
cooled to 0°C at 0-30s, 1, 1.5, 2, 2.5, 3, 5, 7, and 10 min,
respectively. The activity of the crude POD solution
without heat treatment kept at 0°C was taken as 1. The
relative residual activity at different temperatures and
different holding times was calculated. The logarithm of
the residual activity percentage of POD was plotted
against the holding time. The slope k of the straight line
was the denaturation rate constant of the enzyme.
Logarithm In of the enzyme thermal inactivation rate
constant k (absolute value) is plotted against /T (K
degree temperature) to obtain a straight line. According to
the Arrnenius equation k = Ae-Ea/RT, the slope of the line
was -Ea/2.3R, where Ea was the activation energy of
enzyme thermal denaturation. R was the universal gas
constant (8.314J /(moL*K)) (Wang et al., 2023).

Data Processing

All experiments were performed in triplicate and the
data were subjected to a one-way analysis of variance
using Origin 2016 (OriginLab Corporation, Northampton,
MA, USA). The results were expressed as mean =+
standard deviation and the statistical significance was set
at p<0.05.

Results and Discussion

The Optimal Reaction pH of POD

Enzyme activity is largely affected by pH, so it is
important to maintain a certain pH value in the process of
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enzyme activity determination (Damodaran and Parkin,
2017). The effect of pH on the activity of POD from
leaves of Brassica chinensis L. was shown in Fig. 1. It
could be seen that the enzyme activity was highest at
pH 6.8. The optimal pH of enzymes in plants and
microorganisms is mostly around 4.5-6.5 (Almaz and
Agircelik, 2023). The reasons why pH affects enzyme
activity may include the following aspects. First,
excessive acid or alkali destroys the spatial structure of
the enzyme, resulting in the denaturation of the
enzyme, the change of enzyme conformation, and the
decrease or loss of enzyme activity. Second, pH affects
the dissociation state of the substrate or the dissociation
state of the relevant groups on the active site of the
enzyme molecule or the dissociation state of the
enzyme-substrate complex. The substrate cannot
combine with the enzyme to form the enzyme-substrate
complex, or the product cannot be generated after the
formation of the enzyme-substrate complex, which
reduces the enzyme activity. Third, pH affects the
dissociation of groups related to the maintenance of the
spatial structure of the enzyme molecules, thus changing
the conformation of the active site of the enzyme and
reducing the activity of the enzyme (Whitaker et al., 2002).

The Optimum Reaction Temperature of POD

The speed of enzymatic chemical reaction is closely
related to temperature. The influence of temperature on
the speed of enzymatic chemical reactions is mainly
manifested in two aspects. When the temperature rises,
the reaction speed is accelerated, just like the general
chemical reaction. With the gradual increase in
temperature, the enzyme will be deactivated due to
gradual denaturation (Damodaran and Parkin, 2017).
The effect of temperature on the activity of POD from
leaves of Brassica chinensis L. was shown in Fig. 2.
Usually, in a certain temperature range, the enzyme
activity increases with the increase of temperature and
decreases when it exceeds a certain temperature limit.
The temperature of the highest activity is the optimum
reaction temperature of the enzyme (Pofata et al.,
2009). It could be seen from Fig. 2 that the activity of
POD was the highest at 40°C, indicating that the
optimal reaction temperature of POD was 40°C.

There are great differences in the optimum temperature
of peroxidase from different sources. Usually, the optimum
temperature of plant peroxidase activity is 15-70°C
(De Oliveira et al., 2021). The optimum temperature of
peroxidase activity in peaches was 40°C (Neves, 2002).
The optimum temperature of peroxidase extracted from
Litchi pericarp was 70°C (Mizobutsi et al., 2010).

Activation Energy of Catalytic Reaction of POD

The effect of temperature on the formation rate of
products catalyzed by POD was presented in Fig. 3.
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The velocity constant k of POD catalytic reaction at
different temperatures was calculated from the slope of
the initial straight line part of the curve. A straight line
was obtained by plotting 1/T with the logarithm Ig of
the speed constant K of the enzyme-catalyzed reaction
(Fig. 4). According to the Arrnenius equation k = Ae
Ea/RT, the slope of the straight line was Ea/2.3R,
where Ea was the activation energy of the enzyme-
catalyzed reaction (Wang et al., 2023). As can be seen
from Fig. 4, the slope of the straight line was -1848.
The activation energy Ea of POD catalyzed reaction
was calculated to be 35.34 kJ/moL. The lower
activation energy of POD reveals the nature of the
damage and easy browning of Brassica chinensis L.
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Fig. 1: Effect of pH on the activity of POD from leaves of

Brassica chinensis L.
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Fig. 2: Effect of temperature on activity of POD from leaves of
Brassica chinensis L.
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Fig. 4: Effect of temperature on the rate constant of POD
catalytic reaction

In addition, it can be seen from Fig. 4 that the speed
constant of the POD catalytic reaction increased steadily
in the temperature range of 20-60°C. According to the
later POD thermal stability analysis, the denaturation
temperature of the POD may be between 70 and 80°C
(Fig. 9). Therefore, when the temperature increased
before peroxidase denaturation, the speed of POD
catalytic reaction was accelerated, indicating that low-
temperature cold storage and hot blanching technology
were the first choice for fruit and vegetable food
preservation (Benslama et al., 2022; Potata et al., 2009).

Km and Vmax of POD with o-Phenylenediamine as
Substrate

The Km value is the substrate concentration when the
initial reaction speed V is half of the maximum reaction

184

speed Vmax. Km is a very important constant in enzyme
research and one of the characteristic constants of
enzymes. It is generally only related to the properties of
enzymes and has nothing to do with the concentration of
enzymes. If an enzyme has several substrates, each
substrate corresponds to a specific Km value (Damodaran
and Parkin, 2017). Therefore, for interested enzymes, the
determination of Vmax and Km is extremely important.
The determination of these two terms can enable us to
predict the speed of enzymatic catalytic reaction under a
certain concentration of enzyme and substrate.

There are usually two types of hydrogen donor
substrates for peroxidase. One is a phenolic compound
and the other is an amine compound. Guaiacol is a
frequently used hydrogen donor substrate (Whitaker et al.,
2002). However, the preliminary experiment showed
that o-phenylenediamine was more sensitive than guaiacol
when the peroxidase activity and residual peroxidase activity
of vegetables were determined by spectrophotometry.
Therefore, o-phenylenediamine was used as the hydrogen
donor substrate of peroxidase in this experiment.

In view of the fact that in this experiment, the reaction
catalyzed by POD involved two substrates and the
corresponding Km of each substrate was different from that
of Vmax. Under the optimum reaction conditions, using the
double reciprocal mapping method (Fig. 5), POD was
used to catalyze the reaction of o-phenylenediamine
with hydrogen peroxide at different concentrations
(1.0-4.0 mmoL/L). The activity of POD was determined
and the Km value of the enzyme was 1.143 mmoL and
142.86 U.

According to the Michaelis equation derived by
Michaelis and Menten in 1913 (Damodaran and Parkin,
2017), an approximate km value can be obtained by
arranging two measurements. The difference between the
two measurements is that the substrate concentration used
in one of the two tests is 5-20 times that of the other and
the highest substrate concentration used in the determination
should not reach the level of complete saturation of the
enzyme. The measured substrate concentrations [S], [S]z and
their corresponding initial reaction velocities V; and V- are
brought into the derived formula:

_ Bhisl.(h =)

Km = AN P AN

()

The Km can be calculated. The greater the difference
between the two substrate concentrations [S]1 and [S]., the
more accurate the measured Km.

POD was used to catalyze the reaction of o-
phenylenediamine with hydrogen peroxide at different
concentrations (1.0-4.0 mmoL/L) in Fig. 5. The initial
reaction velocity corresponding to the lowest and highest
substrate concentrations was put into Eq. (1) to calculate
Km. The Km was 1.131 mmoL/L, which was very close to
Km (1.143 mmoL/L) obtained by the double reciprocal
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method in Fig. 5. The results indicated that the double
reciprocal method was used to determine the Michaelis
constant of POD (Fig. 5) and the concentration of
substrate o-phenylenediamine was selected within a
reasonable range.

Km and Vmax of POD with Hydrogen Peroxide as
Substrate

In addition to the hydrogen donor substrate, the
other substrate of peroxidase is peroxide. The peroxide
base is mainly hydrogen peroxide. However, high
concentrations of hydrogen peroxide can inactivate
enzymes. The concentration of hydrogen peroxide
affects the activity of catalase (Valderrama et al.,
2002). Therefore, it is necessary to explore the
hydrogen peroxide concentration of the substrate in the
design of the experiment so that its selection should be
within a reasonable range.

Under the optimal reaction conditions, POD was
used to catalyze the reaction of hydrogen peroxide with
o-phenylenediamine at different concentrations (2.0-
13.0 mmoL/L) by double-reciprocal mapping method
(Fig. 6). Activity of POD was measured. Km of the POD
was obtained as 2.778 mmoL/L, and Vmax was 111.11 U.

The initial reaction velocity corresponding to the lowest
and highest substrate concentration in Fig. 6 was brought
into Eq. (1) to calculate Km. The Km was 2.671 mmoL/L,
which was basically close to Km (2.778 mmoL/L) obtained
by the double reciprocal method in Fig. 6. The results
showed that the double reciprocal method was used to
determine the Michaelis constant of POD (Fig. 6) and the
concentration of hydrogen peroxide in the substrate was
also selected within a reasonable range.
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Fig. 5: Lineweaver-Burk plot for Km and Vmax determination
of POD
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Fig. 6: Lineweaver-Burk plot for Km and Vmax determination
of POD

Thermal Stability of POD

It is well known that peroxidase is one of the most
heat-resistant enzymes compared with other enzymes
(Serrano-Martinez et al., 2008). Peroxidase from different
sources has different heat resistance (Damodaran and
Parkin, 2017). The thermal stability curve of POD from
leaves of Brassica chinensis L. treated at 100°C was
shown in Fig. 7. It can be seen that the activity of POD
decreased rapidly within a very short time (0-60 s) at
100°C. The activity of POD decreased steadily and
approached inactivation for a period of time after that. The
thermal deactivation curve consisted of a steep straight
line part and a gentle straight line part (Fig. 7). From the
shape of the thermal deactivation curve, it can be
concluded that there were two independent first-order
thermal deactivation reactions in the heat treatment
process (Wu et al., 2023). The steep straight line
represented the inactivation of the thermally unstable part
of the POD. The gentle straight line represented the
inactivation of the thermally stable part of the POD.

After heat treatment, the partial recovery of peroxidase
activity during preservation at room temperature is
enzyme regeneration, which is a characteristic of
peroxidase. The temperature and time of heating and the
temperature and time maintained after heating are the
main factors that determine the regeneration of peroxidase
activity (Adams et al., 2003). In this experiment, the
method to solve the problem of enzyme regeneration was to
cool the heat-treated peroxidase immediately in an ice bath
to 0°C to ensure the reliability of the subsequent test data.

By extending the straight line to zero time of the heat
resistant part of POD in Fig. 7, the proportion of the
activity of the heat-resistant part of POD in the total
enzyme activity can be estimated. In this experiment, the
proportion of heat-unstable and heat resistant parts of
POD was 98.91 and 1.09%, respectively.
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Fig. 7: Thermal stability of POD from leaves of Brassica
chinensis L. treated at 100°C

Activation Energy of Thermal Denaturation of POD

The residual percentage activity of POD in leaves of
Brassica chinensis L. under different blanching
temperatures was shown in Fig. 8. The percentage
residual activity of the samples treated at 20, 25, 30 and
35°C was hasically unchanged, while the samples treated
at 40 and 45°C changed slightly. When the temperature
reached 50°C, with the extension of heat treatment time,
the residual activity of POD changed obviously.

The kinetic curve of POD inactivation at different
blanching temperatures is shown in Fig. 9. In the range of
20-45°C, the logarithm of residual activity of samples was
basically unchanged and the logarithm of residual activity
of samples treated at 50-60°C was slightly changed. When
the temperature reached 70°C, the logarithm of residual
activity of POD changed significantly with the extension
of heat treatment time. The thermal deactivation rate
constant k of the enzyme at each heat treatment
temperature was obtained from Fig. 9, which was -0.01,
-0.017, -0.026, -0.096, -0.312, -0.474, -0.446, -0.970, -1.85
and -4.38 min-1 respectively from 35°C. It can be seen
that the thermal deactivation rate constant k of POD
decreased rapidly after reaching the optimal reaction
temperature of 40°C (-0.017). The k value changed rapidly
between 70 and 80°C. The thermal deactivation rate
constant k changed from -0.446 at 70 to -0.970 at 80°C,
indicating that the denaturation temperature of the enzyme
may occur between 70 and 80°C.

A straight line can be obtained by plotting the
logarithm In of the enzyme thermal inactivation rate
constant k (absolute wvalue) against 1/T (K's
temperature). According to the Arrhenius equation k =
Ae Ea/RT, the slope of the straight line was Ea/2.3R,
where Ea was the activation energy of enzyme thermal
denaturation (Wang et al., 2023). R is the universal gas

constant (8.314 J/(moL*K)). The activation energy of
POD thermal denaturation was 199.54 kJ/moL (Fig. 10).
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Fig. 8: Residual activity curves of POD at different
blanching temperatures

In percent activity
o
N

Time/min

Fig. 9: The kinetic curve of POD inactivation at different
blanching temperatures
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Fig. 10: Arrhenius plot of inactivation rates of POD
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Similar Ea reports included lily bulb peroxidase
(122.84 kJ/moL) (Wang et al., 2023), carrot peroxidase
(151.40 kJ/moL) (Gongalves et al., 2010), and red alga
peroxidase (121.6 kJ/mol) (Fortea et al., 2011). It was
worth noting that zucchini peroxidase had a high Ea of
925 kJ/moL (Neves et al., 2012).

Conclusion

Brassica chinensis L. has strong adaptability, high
yield, and high quality and can be produced and supplied to
the market annually with high economic benefits. It is a
common vegetable variety in southern Jiangsu China with
high yield and wide sales. With the rapid development of
cross-border cold chain logistics technology, freshly picked
Brassica chinensis L. can be transported through the cold
chain and quickly sold to northern China and neighboring
countries or regions such as Japan and Taiwan. In order to
ensure product quality in cold chain management such as
transportation, storage, and distribution, it is particularly
important to know some enzymatic characteristics of POD,
especially the effect of heat treatment on POD activity and
its related kinetics.

The results showed that the POD activity was the
highest at pH 6.8, which was very close to the pH during
heat treatment. Compared with hot water blanching, the
high-temperature  short-term  steam  blanching of
vegetables can shorten the time of heat treatment and
related reactions, which is beneficial to the maintenance
of vegetable quality (Drake and Carmichael, 1986).

The denaturation rate of POD from leaves of
Brassica chinensis L. was different at different
temperatures. The activation energy of POD was
199.54 kJ/moL and the activation energy Ea of the POD
catalytic reaction was 35.34 kJ/mol. The optimum
reaction temperature of POD was 40°C. The suitable
growth temperature of Brassica chinensis L. was
15~22°C, while the environmental temperature during
harvest in southern Jiangsu is generally 3~28°C.
Therefore, the temperature of harvest has little influence
on the quality of Brassica chinensis L. and the key lies in
its postharvest heat treatment and logistics mode.

Similar to most known POD, the POD regeneration
ability of from leaves of Brassica chinensis L. after heat
treatment was strong. The ice bath cooling of the leaves
after heat treatment can effectively reduce the regeneration
of POD. Therefore, after blanching, the harvested fresh
Brassica chinensis L. needs to be transported to the
supermarket through the cold chain for sale.

Furthermore, the regeneration mechanism of POD
from leaves of Brassica chinensis L. needs to be further
studied. Understanding the regeneration mechanism of
POD will help to optimize the heat treatment process
parameters such as pressure, temperature, and time and
clarify the temperature and time of low-temperature
storage after heat treatment. The purpose of the present
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study is to provide a basis for cold chain logistics and
quality control of Brassica chinensis L. It is expected
that the relevant basic research data in this study can
make a useful contribution to the quality control of
Brassica chinensis L.

Acknowledgment

This research was funded by Changshu city science
and technology plan (Key core technology-Social
development) project (CS202309).

Author’s Contributions

Youru Huang: Project administration,
conceptualization, written-original drafted.

Keyu Rong: Investigation, methodology, software,
resources.

Shiman Zhao: Investigation, validation, methodology.

Ning Zhang: Investigation, methodology, data curation.

Nannan Zhou: Methodology, software, resources.

Xinna Li: Methodology and resources.

Maogiang Zheng: Investigation, validation.

Xiaoyu Fan: Software, methodology.

Yingying Song: Methodology and data curation.

Yiyong Chen: Funded acquisition, supervision,
project administration, written-reviewed and edited.

Ethics

This article is original and contains unpublished material.
The corresponding author confirms that all of the other
authors have read and approved the manuscript and that no
ethical issues are involved.

Declarations

The authors declare that they have no competing
interests.

References

Adams, J. B., Brown, H. M., Ledward, D. A., & Turner,
R. (2003). Heat-inactivated peroxidases and the role
of calcium abstraction as a cause of their enhanced
lipid oxidation activity: Potential effects on the
flavour quality of heat-processed vegetables. Food
Chemistry, 80(4), 499-510.
https://doi.org/10.1016/s0308-8146(02)00319-9

Agunbiade, O. J., Famutimi, O. G., Kadiri, F. A., Kolapo, O.
A., & Adewale, I. O. (2021). Studies on peroxidase from
Moringa oleifera Lam leaves. Heliyon, 7(1), e06032.
https://doi.org/10.1016/j.heliyon.2021.e06032

Al-Madhagi, H., Yazbik, V., & Abdelwahed, W. (2023).
One-step isolation and purification of peroxidase
from zucchini heads. Electronic Journal of
Biotechnology, 66, 30-37.
https://doi.org/10.1016/j.ejbt.2023.08.002


https://doi.org/10.1016/s0308-8146(02)00319-9
https://doi.org/10.1016/j.heliyon.2021.e06032
https://doi.org/10.1016/j.ejbt.2023.08.002

Youru Huang et al. / American Journal of Biochemistry and Biotechnology 2024, 20 (2): 180.189

DOI: 10.3844/ajbbsp.2024.180.189

Almaz, Z., & Agircelik, F. N. (2023). Enzymatic
degradation of azo dyes methylene blue and congo
red with peroxidase purified from cauliflower using
affinity chromatography technique: Kinetic study,
optimization and metal binding activity. Journal of
Bioscience and Bioengineering, 136(2), 102-108.
https://doi.org/10.1016/j.jbiosc.2023.05.011

Altahir, B. M., Al-robaiey, T. J., Abbaas, Z. M,
Mashhadi, N., Cordova Villegas, L. G., Taylor, K. E.,
& Biswas, N. (2020). Soybean Peroxidase Catalyzed
Decoloration of Acid Azo Dyes. Journal of Health
and Pollution, 10(25), 200307.
https://doi.org/10.5696/2156-9614-10.25.200307

Basumatary, D., Yadav, H. S., & Yadav, M. (2023).
Potential applications of peroxidase from Luffa
acutangula in biotransformation. Chemical Papers,
77(6), 3181-3200. https://doi.org/10.1007/s11696-
023-02696-5

Benslama, O., Mansouri, N., & Arhab, R. (2022). In silico
investigation of the lignin polymer biodegradation by
two actinomycetal peroxidase enzymes. Materials
Today: Proceedings, 53, 1-5.
https://doi.org/10.1016/j.matpr.2021.12.054

Catucci, G., Valetti, F., Sadeghi, S. J., & Gilardi, G.
(2020). Biochemical features of dye-decolorizing
peroxidases: Current impact on lignin degradation.
Biotechnology and Applied Biochemistry, 67(5),
751-759. https://doi.org/10.1002/bab.2015

Dahdouh, A., Bachir-Bey, M., & Kati, D. E. (2020).
Optimization of Peroxidase Activity of Turnip
(Brassica rapa) Using Response  Surface
Methodology. Acta Universitatis Cibiniensis. Series
E: Food Technology, 24(2), 186-194.
https://doi.org/10.2478/aucft-2020-0017

Dahdouh, A., Boucherba, N., Bouacem, K., Mechri, S.,
Amirouche, A., Aksas, A., Jaouadi, B., & Kati, D. E.
(2022). A new peroxidase from the roots of the
Algerian white turnip (Brassica rapa, variety rapa):
extraction, purification, characterisation, and
antioxidant potential. Biocatalysis and
Biotransformation, 40(6), 432-449.
https://doi.org/10.1080/10242422.2021.1953485

Dahdouh, A., Kati, D. E., Bachir-bey, M., Aksas, A., &
Rezgui, F. (2021). Deployment of response surface
methodology to optimize microencapsulation of
peroxidases from turnip roots (Brassica rapa L.) by
double emulsion in PLA polymer. Journal of Food
Science, 86(5), 1893-1906.
https://doi.org/10.1111/1750-3841.15721

Damodaran, S., & Parkin, L. K. (2017). Fennema’s Food
Chemistry (5" Ed., pp. 358-458). CRC Press.

De Oliveira, F. K., Santos, L. O., & Buffon, J. G. (2021).
Mechanism of action, sources, and application of
peroxidases. Food Research International, 143,
110266.
https://doi.org/10.1016/j.foodres.2021.110266

188

Drake, S. R., & Carmichael, D. M. (1986). Frozen
Vegetable Quality as Influenced by High
Temperature Short Time (HTST) Steam Blanching.
Journal of Food Science, 51(5), 1378-1379.
https://doi.org/10.1111/j.1365-2621.1986.th13131.x

Fornera, S., & Walde, P. (2010). Spectrophotometric
quantification of horseradish peroxidase with o-
phenylenediamine. Analytical Biochemistry, 407(2),
293-295. https://doi.org/10.1016/j.ab.2010.07.034

Fortea, M. I., Lopez-Miranda, S., Serrano-Martinez, A.,
Hernandez-Sanchez, P., Zafrilla, M. P., Martinez-
Cacha, A., & Ndufiez-Delicado, E. (2011). Kinetic
characterisation and thermal inactivation study of red
alga (Mastocarpus stellatus) peroxidase. Food
Chemistry, 127(3), 1091-1096.
https://doi.org/10.1016/j.foodchem.2011.01.105

Gongalves, E. M., Pinheiro, J., Abreu, M., Brandao, T. R.
S., & Silva, C. L. M. (2010). Carrot (Daucus carota
L.) peroxidase inactivation, phenolic content and
physical changes kinetics due to blanching. Journal
of Food Engineering, 97(4), 574-581.
https://doi.org/10.1016/j.jfoodeng.2009.12.005

Klanovicz, N., Camargo, A. F., Stefanski, F. S., Zanivan,
J., Scapini, T., Pollon, R., Warken, A., Paliga, L.,
Preczeski, K. P., Ribeiro, A. A. G. A., Garda-Buffon,
J., Fongaro, G., & Treichel, H. (2020). Advanced
oxidation processes applied for color removal of
textile effluent using a home-made peroxidase from
rice bran. Bioprocess and Biosystems Engineering,
43(2), 261-272. https://doi.org/10.1007/s00449-019-
02222-6

Mizobutsi, G. P., Finger, F. L., Ribeiro, R. A,
Puschmann, R., Neves, L. L. de M., & Mota, W. F.
da. (2010). Effect of pH and temperature on
peroxidase and polyphenoloxidase activities of litchi
pericarp. Scientia Agricola, 67(2), 213-217.
https://doi.org/10.1590/50103-90162010000200013

Neves, F. I. G., Vieira, M. C., & Silva, C. L. M. (2012).
Inactivation Kkinetics of peroxidase in zucchini
(Cucurbita pepo L.) by heat and UV-C radiation.
Innovative Food Science & Emerging Technologies,
13, 158-162.
https://doi.org/10.1016/j.ifset.2011.10.013

Neves, V. A. (2002). lonically Bound Peroxidase from
Peach Fruit. Brazilian Archives of Biology and
Technology, 45(1), 7-16.
https://doi.org/10.1590/s1516-89132002000100002

Oztekin, A., Almaz, Z., & Onlu, S. (2022). Production and
purification of peroxidases from callus cultures of
white and red cabbage for enzymatic decolourization
of reactive blue 19 and acid blue 25 dyes.
Biocatalysis and Biotransformation, 40(4), 286—295.
https://doi.org/10.1080/10242422.2021.1906659


https://doi.org/10.1016/j.jbiosc.2023.05.011
https://doi.org/10.5696/2156-9614-10.25.200307
https://doi.org/10.1007/s11696-023-02696-5
https://doi.org/10.1007/s11696-023-02696-5
https://doi.org/10.1016/j.matpr.2021.12.054
https://doi.org/10.1002/bab.2015
https://doi.org/10.2478/aucft-2020-0017
https://doi.org/10.1080/10242422.2021.1953485
https://doi.org/10.1111/1750-3841.15721
https://doi.org/10.1016/j.foodres.2021.110266
https://doi.org/10.1111/j.1365-2621.1986.tb13131.x
https://doi.org/10.1016/j.ab.2010.07.034
https://doi.org/10.1016/j.foodchem.2011.01.105
https://doi.org/10.1016/j.jfoodeng.2009.12.005
https://doi.org/10.1007/s00449-019-02222-6
https://doi.org/10.1007/s00449-019-02222-6
https://doi.org/10.1590/s0103-90162010000200013
https://doi.org/10.1016/j.ifset.2011.10.013
https://doi.org/10.1590/s1516-89132002000100002
https://doi.org/10.1080/10242422.2021.1906659

Youru Huang et al. / American Journal of Biochemistry and Biotechnology 2024, 20 (2): 180.189

DOI: 10.3844/ajbbsp.2024.180.189

Potata, H., Wilinska, A., Bryjak, J., & Polakovi¢, M.
(2009). Thermal inactivation kinetics of vegetable
peroxidases. Journal of Food Engineering, 91(3),
387-391.
https://doi.org/10.1016/j.jfoodeng.2008.09.017

Ponce, A. G., del Valle, C. E., & Roura, S. I. (2004).
Natural essential oils as reducing agents of
peroxidase activity in leafy vegetables. LWT - Food
Science and Technology, 37(2), 199-204.
https://doi.org/10.1016/j.1wt.2003.07.005

Rusdi, B., Mulyanti, D., & Rodiyah, M. (2014).
Characterization of Peroxidase Enzyme from Water
Spinach (Ipomoea Aquatica Forssk.) Fraction.
Procedia Chemistry, 13, 170-176.
https://doi.org/10.1016/j.proche.2014.12.022

Serrano-Martinez, A., Fortea, M. I., del Amor, F. M., &
Nufiez-Delicado, E. (2008). Kinetic characterisation
and thermal inactivation study of partially purified
red pepper (Capsicum annuum L.) peroxidase. Food
Chemistry, 107(1), 193-199.
https://doi.org/10.1016/j.foodchem.2007.08.028

Valderrama, B., Ayala, M., & Vazquez-Duhalt, R. (2002).
Suicide Inactivation of Peroxidases and the
Challenge of Engineering More Robust Enzymes.
Chemistry & Biology, 9(5), 555-565.
https://doi.org/10.1016/s1074-5521(02)00149-7

Wang, R., Liu, J., Zhang, J., Li, G., & Ding, S. (2023).

Effect of thermal blanching on the inactivation
kinetics of polyphenol oxidase and peroxidase in lily
bulb, and the functional properties of its flours.
Journal of Food Measurement and Characterization,
17(1), 615-626. https://doi.org/10.1007/s11694-022-
01658-x

Whitaker, J. R., Voragen, A. G. J., & Wong, D. W. S. (2002).
Handbook of food enzymology (1% Ed.). CRC Press.

Wu, H. Y., Shi, X. L., & Q.M, Y. (2023). Kinetic Models
of Peroxidase Inactivation in Capsella bursa-pastoris
during Blanching. Science and Technology of Food
Industry, 44(5), 67-73.
https://doi.org/10.13386/j.issn1002-
0306.2022060096

Zhang, J., Jia, X., Wang, G., Ma, S., Wang, S., Yang, Q.,
Chen, X., Zhang, Y., Lyy, Y., Wang, X., Shi, J., Zhao,
Y., Chen, Y., & Wu, L. (2022). Ascorbate peroxidase 1
confers resistance to southern corn leaf blight in maize.
Journal of Integrative Plant Biology, 64(6), 1196-1211.
https://doi.org/10.1111/jiph.13254

Zitare, U. A., Habib, M. H., Rozeboom, H., Mascotti, M.
L., Todorovic, S., & Fraaije, M. W. (2021).
Mutational and structural analysis of an ancestral
fungal dye-decolorizing peroxidase. The FEBS
Journal, 288(11), 3602—-3618.
https://doi.org/10.1111/febs.15687

189


https://doi.org/10.1016/j.jfoodeng.2008.09.017
https://doi.org/10.1016/j.lwt.2003.07.005
https://doi.org/10.1016/j.proche.2014.12.022
https://doi.org/10.1016/j.foodchem.2007.08.028
https://doi.org/10.1016/s1074-5521(02)00149-7
https://doi.org/10.1007/s11694-022-01658-x
https://doi.org/10.1007/s11694-022-01658-x
https://doi.org/10.13386/j.issn1002-0306.2022060096
https://doi.org/10.13386/j.issn1002-0306.2022060096
https://doi.org/10.1111/jipb.13254
https://doi.org/10.1111/febs.15687

