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Abstract Thermal inactivation curves for peroxidase 

in potato extracts were determined in the range of 100 to 

140°C for 10 to 100 sec. The capillary tube method was 

used to obtain isothermal conditions. The come-up time for 

the capillary tubes was accurately calculated by analysis 

method by which thermal inactivation kinetics of enzymes 

in relation to high temperature processing would be more 

easily detected. Heat inactivation of potato peroxidase fol-

lowed fi rst-order reaction kinetics and yielded a curved 

Arrhenius plot for the temperature dependence at high tem-

peratures. Kinetics parameters, k and E
a
, were calculated 

for potato peroxidase. At temperature range of 100–140°C, 

the activation energy of peroxidase was lower than that in 

the range of 78–84°C. It could be elucidated by the scheme 

of thermal inactivation pathway.
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Introduction

Deterioration of raw or processed fruit and vegetable prod-

ucts is mainly attributed to residual enzymatic activity. 

These changes can affect the colour, fl avour, texture, and 

nutrient content (Adams 1991, Ramaswamy and Fakhouri 

1998, Kaur and Kapoor 2001, Premakumar and Khurdiya 

2002, Jayakumar et al. 2007). However, the temperature 

range of traditional heat treatment is between 60 and 100°C, 

and this process always takes long time to inactivate these 

enzymes. A number of nutrients are lost during the pro-

cessing. Haase and Weber (2003) estimated ascorbic acid 

losses during various steps in the processing of French fries 

and observed that loss of ascorbic acid was highest during 

blanching. Therefore, it is desirable to keep the heat treat-

ment to a minimum but suffi cient to completely inactivate 

these enzymes.

A new heat treatment – high-temperature short-time 

(HTST) has been introduced into the food industry. Drake 

and Carmichael (1986) demonstrated that HTST stream 

blanching produced high quality vegetables and imparted 

distinct quality parameters to the frozen vegetables as 

compared with water-blanched vegetables. To monitor the 

heat treatment, peroxidase (POD, EC 1.11.1.7) is often used 

as an indicator enzyme to assess the degree of inactiva-

tion. Its residual activity has adverse effect on the quality 

of processed plant products, resulting in changes such as 

browning, off-fl avour and loss of vitamins. Moreover, it is 

one of the most heat-stable enzymes and its inactivity can 

indicate that other enzymes are unlikely to be active. Perox-

idases catalyze the oxidation of a large variety of substrates 

through the reaction with hydrogen peroxide. It typically 

catalyzes a reaction of the form:

H
2
O

2
 + AH

2
 (electron donor) → A + 2 H

2
O               (1)

Based on this feature, peroxidase is easily assayed to evalu-

ate the degree of inactivation. 

Studies in thermal inactivation kinetics of peroxidase 

in the range of 60 to 100°C have clearly shown biphasic 

curves which are thought to depend on the presence of iso-

enzymes with different thermal stabilities (Wang and Luh 

1983, Powers et al. 1984, Ganthavorn et al. 1991, Forsyth et 

al. 1999). An inactivation biphasic model was proposed by 

Ling and Lund (1978) to describe the inactivation thermal 
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kinetics of an enzyme system formed by a heat-labile frac-

tion and a heat-resistant fraction, both with fi rst-order inac-

tivation kinetics. The difference between kinetic parameters 

for heat-labile and heat-resistant isoenzyme fractions from 

several sources (Ling and Lund 1978, Günes and Bayindirh 

1993) indicated the need and importance of determining the 

kinetics of POD in different vegetable extracts. 

Peroxidase activity was measured in potatoes after 

blanching treatment at 30, 50, 70 and 85°C (Wang and 

Luh 1983, Powers et al. 1984, Ganthavorn et al. 1991,

Tijskens et al. 1997, Forsyth et al. 1999, Anthon and Barrett 

2002). Heat denaturation of enzymes could be described 

using an exponential decay (fi rst order reaction). The tem-

perature dependence of reaction rates could be described 

by Arrhenius’law (Tijskens et al. 1997). Anthon and Barrett 

(2002) reported that peroxidase in potatoes was the most 

resistant and its activity gave simple fi rst-order inactivation 

kinetics but yielded a curved Arrhenius plot for the tem-

perature dependence. However, the early researches in the 

thermal inactivation kinetics of peroxidase from potatoes 

focus on the rules or mathematical modeling between low 

temperature and enzyme inactivation. We report here more 

detailed inactivation kinetic data for peroxidase of potatoes 

during HTST processing.

Materials and methods

Potatoes (Solanum tuberosum variety ‘Favorita’) were 

purchased from local market. Hydrogen peroxide (30%), 

o-phenylenediamine, potassium dihydrogen phosphate 

and dipotassium hydrogen phosphate were purchased from 

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). 

All chemicals were of analytical grade. The phosphate 

buffer was prepared with monopotassium phosphate and 

dipotassium phosphate in distilled water obtaining a molar 

concentration of 0.1M and pH 6.0. The buffer solution was 

cooled to 4°C prior to use.

Preparation of crude extract: Potatoes were rinsed thrice 

with distilled water, peeled with a surgical blade to prevent 

damage of outer pericarp tissue and cut into 0.4±0.1 cm 

thick disks. The sample (100 g) was homogenized in 100 

ml of 0.1 M phosphate buffer (pH 6.0) in a Waring commer-

cial blender (Philips, Holland) and blended for 3 min at high 

speed. The homogenate was fi ltered through 2 layers of 

cheesecloth and then centrifuged for 20 min (4°C, 16000xg) 

in a Sigma 3K30 laboratory centrifuge (Steinheim, Ger-

many). The supernatant was desalted by passage through 

Sephadex G-25 equilibrated with 0.1 M phosphate buffer 

(pH 6) using the centrifugation method of Helmerhorst and 

Stokes (1980). This desalting step was included to remove 

phenolic compounds that caused potato homogenates to 

brown rapidly. The resulting crude POD extract was kept in 

ice-water bath (0°C) prior to heat treatment.

Thermal inactivation experiments: Early studies on ther-

mal inactivation kinetics of peroxidase in plants adopted the 

method of capillary tubes (Resende et al. 1969, Wang and 

Dimarco 1972, Adams 1978, Bhirud and Sosulski 1993, 

Rodrigo et al. 1997). In this study heat inactivation experi-

ments of POD extracts were conducted following the cap-

illary tube method. In order to achieve a quasi-isothermal 

condition, the heating-up time must be as short as possible. 

Enzyme samples (30 μl) were transferred to capillary tubes 

(1 mm i.d., 50 μl total volume) through siphonage. Capil-

lary tubes were immediately sealed on the fl ame of alcohol 

blowtorch, quickly cooled in ice-water bath and stored in 

refrigerator until heat treatment.

Capillary tubes with 30 μl of enzyme extracts were im-

mersed in a thermostatic oil bath (Model HY020, Shanghai 

Laboratory Instrument Works Co., Ltd., China) with con-

trolled temperature. Heat inaction was studied for holding 

temperatures range from 100 to 140°C at exposure time 

between 10 and 100 sec. In order to cool the samples as 

soon as possible, capillary tubes were quickly transferred to 

ice-water bath (0°C). Then enzyme extracts were collected 

in 1.5 ml centrifuge tubes and centrifuged for 5 min (4°C, 

3800xg) in a Sigma 3K30 laboratory centrifuge.

Heat conduction calculation: Capillary tubes are regard-

ed as infi nite cylinder. The come-up time for the capillary 

tubes is accurately calculated based on the theory of heat 

transfer.

where, Θ is excess temperature, L is computing sizes, Bi is 

biot value,                  , h
fp
 is convective heat transfer coef-

fi cient, k is heat conductivity, J
0
 is the zeroth-order primal 

Bessel function, λ
n
 is instability analytical calculation ei-

genvalue and it is in accord with the following equation.

where, J
1
 is the fi rst-order primal Bessel function.

h
fp
→∞, Bi→0. The Eq. 2 could be expressed by the fol-

lowing equation:

Based on Eq. 4, the come-up time for the capillary tubes is 

accurately calculated and analyzed by means of computer 

programming. 

Determination of peroxidase activity: POD activity was 

assayed using a modifi cation of the spectrophotometric 

method of Rastogi et al. (1999) and Préstamo (1989). The 

sample cuvette contained 80 μl enzyme extract and a mix-

ture composed of 2.6 ml potassium phosphate buffer (10 

mM, pH 6.0) with 0.1 ml (1%, w/v) p-phenylenediamine 

as H-donor and 0.2 ml (0.3%, v/v) hydrogen peroxidase as 
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oxidant. An increase in absorbance at 430 nm was recorded 

automatically for 3 min at 30°C (Ultrospec 2100, Unico 

Co., USA). The enzyme extract was replaced by 0.1 ml 

potassium phosphate buffer (10 mM, pH 6.5) in the blank 

sample. Enzyme activity was calculated from the linear part 

of curve obtained by plotting absorbance against incubation 

time. One POD unit was defi ned as an increase of 0.1 in 

absorbance per min (Flurkey and Jen 1978). Thermal treat-

ments of enzymatic extracts were done in triplicate.

Kinetic parameters calculation: For investigations 

above 100°C, reported data of thermal inactivation kinet-

ics have showed linearity (log percent of remaining activity 

versus heating time) or simple fi rst order kinetics. The rate 

constant k for fi rst-order inactivation was determined from 

the slope of inactivation time curve according to Eq. 5:

Log(A/A
0
) = –(k/2.303)t                                              (5)

where, A
0
 is the initial enzyme activity and A is the activity 

after heating for time t.

Slopes of these lines are determined by linear regression 

and calculated rate constants replot in Arrhenius plots. The 

temperature and denaturation constant are related according 

to the Arrhenius equation:

K = Ae–Ea/RT                                                      (6)

where, k represents the rate constant for the denaturation 

process, A is the Arrhenius constant, E
a
 is the apparent en-

ergy of activation, R is the gas constant (8.314 J/mol·K) and 

T is the temperature in K. Taking natural logarithms:

1n(k) = –E
a
 / RT + C                                                    (7)

Slopes and their standard errors are calculated by linear 

regression. Activation energies (E
a
) are calculated from 

slopes of these Arrhenius plots according to Eq. 7.

In some cases inactivation is given as a D value, the time 

required to reduce the enzyme activity to 10% of its original 

value. The D values are calculated by regression analysis of 

the lines obtained by plotting the logarithm of residual per-

oxidase activity expressed as the percentage of initial per-

oxidase concentration against time. They correspond to the 

reciprocal of slope of those lines. According to the Bigelow 

model (Ball and Olson 1957), the D value is directly related 

to the inactivation rate constant k by Eq. 8:

D = 2.303 / k                                                                (8)

Results and discussion

Heat penetration: It was critical to accurately control heat-

ing time in this experiment. The come-up time for the cap-

illary tubes was determined by placing a thermocouple in 

the solution at the center of the tube and recording the time 

necessary for the solution in the tube to reach the set tem-

perature of water bath or oil bath (Anthon and Barrett 2002, 

Cruz et al. 2006, Morales-Blancas et al. 2002). However, it 

was diffi cult to operate and easy to be error prone, especially

in terms of high-temperature. The come-up time could be 

calculated by analysis method. The results are presented in 

the following fi gures obtained by computer programming. 

When capillary tubes were placed in the oil bath (140°C), 

the temperature of inner wall of the capillary tubes reached 

139°C in 0.4 sec, and they could be maintained 139.99°C 

in 0.7 sec (Fig. 1). When capillary tubes were placed in the 

oil bath (100°C), the temperature reached 99°C in 0.4 sec 

and was kept 99.99°C in 0.8 sec (Fig. 1). Thermal inactiva-

tion kinetics of peroxidase in relation to HTST processing 

of vegetables and fruits could be more easily detected by 

this method.

Thermal inactivation of POD: Conventional blanch-

ing processes involved temperatures ranging from 60 to 

100°C and thermal inactivation experiments on potatoes 

were also carried out in the same temperature range (An-

thon and Barrett 2002, Tijskens et al. 1997, Mukherjee and 

Chattopadhyay 2007). Conventional blanching can leach 

larger amounts of nutrients and solids and generate a higher 

waste load than HTST blanching. Sevilla and Luh (1974) 

observed that steam blanching leached fewer solids from 

beans than water blanching. The HTST blanching could 

produce high quality vegetables and impart distinct quality 

parameters to the frozen vegetables as compared to conven-

tional blanched vegetables (Drake and Carmichael 1986). 

Generally, enzyme activities are dependent on temperature 

and heating time. However, this dependency would show 

differences among peroxidases from different sources. It 

was obvious that the residual potato peroxidase activity de-

creased sharply with increasing heating temperature in Fig. 

2. The inactivation rate constant (k) was mainly determined 

by the temperature especially at higher temperatures.

The semilog plots of the residual activity versus heating 

time were linear at all high temperatures studied (Fig. 3). 

The inactivation velocity of peroxidase in potato crude ex-

tracts was enhanced with increase in heat treatment tempera-

ture. For some investigations above 100°C, the reported data 

have showed linearity or simple fi rst order kinetics. Inactiva-

tion of heat-resistant peroxidase in sweet corn at 98–143°C 

followed a fi rst-order reaction (Yamamoto et al. 1961). 

Asparagus peroxidase heated from 110 to 120°C reacted 

0

20

40

60

80

100

120

140

160

0 0.5 1 1.5 2 2.5 3

Heating time, sec

C
e
n

te
r 

te
m

p
e
ra

tu
re

, 
°
C

, 30-100°C; , 30-140°C
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with fi rst-order kinetics (Rodrigo et al. 1996, 1997). The 

inactivation rate constant (k) could be calculated at different 

temperatures according to Eq. 5 and the corresponding D 

values were obtained according to Eq. 7. These results are 

given in Table 1. There was signifi cant correlation between 

the inactivation rate constants and temperatures. With the 

temperature increasing from 100 to 140°C, the inactivation 

rate constants increased by more than 2-fold. Meanwhile, 

time required for 90% inactivation at corresponding tem-

peratures decreased by more than 2-fold.

The kinetic parameter of Arrhenius model, activation 

energies (E
a
) for the potato peroxidase was determined by 

taking ln expression of Arrhenius equation. From the slopes 

of these lines (Fig. 3) inactivation rate constants were cal-

culated and the plot of lnk versus 1/T is shown in Fig. 4. In 

the temperature range of 100 to 140°C, the plots could be 

approximated by straight lines. Activation energy of potato 

peroxidase was found from the slope of the curve as 27.114 

kJ/mol (R2=0.9543). There was apparent temperature-effect 

and time-effect in the thermal inactivation of peroxidase. In 

initial stage of HTST processing, inactivation rate constant 

was more affected by temperature-effect than time-effect. 

This result is also shown in Fig. 2. Most of peroxidase was 

inactivated in a short time. The growth rate of inactivation 

for potato peroxidase became smaller with prolongation of 

treatment time. Residual activation of potato peroxidase 

after treatment at 100 and 140°C for 10 sec was 49.0% and 

16.3%, respectively. Activation energy of potato peroxidase 

in the range of 78–84°C was 478 kJ/mol (Anthon and Bar-

rett 2002). In our experiments, activation energy potato 

peroxidase heated from 100 to 140°C was 27.114 kJ/mol. 

There was an explanation for this fi nding. Enzyme thermal 

inactivation was a complicated process that apparently may 

be described by simple kinetic models, but it consisted of 

many serial steps (Henley and Sadana 1986). The amount of 

potato peroxidase decreased obviously with treatment time 

at high temperature. The molecular structure and the sec-

ondary or tertiary stuctures of zymoprotein were destroyed. 

The thermal inactivation involved at least 2 steps, in the 

fi rst step the zymoprotein unfolds reversibly from native 

structure (N) to yield an unfolded state (U) followed by an 

irreversible step that might be comformational scrambling, 

aggregation or a chemical process that resulted in an inac-

tivated state (I) (Ahren and Klibanow 1985, Fágáin 1995). 

Therefore, the thermal inactivation pathway could be de-

scribed by the following scheme: 

N ⇔ U → I                                                                  (9)

which is usually referred to as the Lumry and Eyring model 

(Lumry and Eyring 1954). In the fi rst step there was a partial 
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Table 1 Inactivation parameters for potato peroxidase

Temp°C K, s–1 D values, s

100 0.017963 128.2051

110 0.021648 106.3830

120 0.024412 94.3396

130 0.036618 62.8931

140 0.039842 57.8035 
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Fig. 4 Ahrrenius plot of the inactivation rates of potato 

peroxidase for thermal inactivation
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loss of activity due to the disruption of the non-covalent in-

teractions maintaining the native conformation. There was 

a temperature point or an appropriate range of temperatures, 

which was assumed as T
ref

 in this paper. T
ref

 was a mid-

point temperature, which was related to the mechanisms 

of peroxidase inactivation. At temperatures below the T
ref

 

protein unfolding (N⇔U) was the rate-limiting step for the 

N-I transition. At high temperatures (T> T
ref

) native protein 

molecules almost became unfolded. The rate of the reac-

tion was determined by the nature of the U-I step, and such 

result led to the low activation energy. The regeneration of 

peroxidase activity after partial deactivation was observed 

(Lu and Whitaker 1974, Adams 1978). These mechanisms 

could also be elucidated by the scheme. After HTST, there 

was residual peroxidase (unfolded state) in samples. The re-

sidual peroxidase (unfolded state) would transform into the 

active peroxdase (native state) at low temperatures, which 

could affect the quality of products.

Conclusion

A new technology, high-temperature short-time (HTST), 

has been introduced into the food industry. High tempera-

ture is able to inactivate enzymes easily and preserve the 

precious natural food constituents like vitamins as much as 

possible. Peroxidase is one of the most heat-stable enzymes 

and often used as an indicator enzyme to assess the degree 

of inactivation of other enzymes. For successful predictions 

of residual potato actives at high temperatures, it is neces-

sary to know the kinetic parameters (k and E
a
). The fi ndings 

of this study would be useful in determining the process 

parameters at high temperatures. Heat inactivation of potato 

peroxidase in the temperature range of 100–140°C was in 

accordance with the fi rst-order model and the activation 

energy was 27.114 kJ/mol. The kinetics parameters of per-

oxidase inactivation at high temperatures were signifi cantly 

different from that at low termperatures. The come-up time 

for the capillary tubes was accurately calculated by analysis 

method and thermal inactivation kinetics of enzymes in 

relation to the high temperature processing could be more 

easily detected by this novel method.
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