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Abstract Kinetic and thermodynamic studies were carried out at different time–
temperature combinations in order to evaluate the suitability of alkaline
phosphatase (ALP) and γ-glutamyl transferase (GGT) as markers for the heat
treatment of milk. The average activities of the enzymes in bovine milk were
0.46±0.02 U.mL−1 for ALP and 4.05±0.26 and 4.55±0.24 U.mL−1 for GGT in
milk with different fat levels. A detailed comparative kinetic study of ALP
inactivation was performed in the temperature range of 50 to 75 °C in raw whole
milk and buffer in order to assess the stabilizing effect of milk compounds on
ALP. The degree and rate of inactivation of GGT in raw cow’s milk with 1.5%
and 2.5% fat were measured in the temperature range of 60 to 85 °C. Kinetic
studies showed that the thermal inactivation of ALP and GGT followed first-order
kinetics. The influence of temperature on the inactivation rate constant was
quantified using the Arrhenius equation and was characterized by activation
energy (Ea) values of 214.09±12.9 and 222.02±5.6 kJ.mol−1 for inactivation of
ALP in buffer and raw milk. For GGT, Ea values ranged from 190.8±6.06 to
183.7±8.4 kJ.mol−1 for enzyme inactivation in low-fat milk and in milk
containing 2.5% fat, respectively.

牛乳中碱性磷酸酶和γ—谷氨酰转移酶失活的动力和热力学参数

摘要 通过研究不同温度和不同时间相结合条件下乳中碱性磷酸酶(ALP)和γ –谷氨酰转移酶

(GGT)的动力学和热力学参数来评价热处理乳的适宜性,并以此作为热处理乳的标志。牛乳
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中碱性磷酸酶的平均酶活是 0.46±0.02 U.mL−1, 不同脂肪含量的牛乳中γ –谷氨酰转移酶的平

均酶活是 4.55±0.24 U.mL−1。碱性磷酸酶失活的具体动力学研究在 50–75°C 温度范围内进

行,以全脂乳和缓冲剂进行对照,缓冲剂用来评价乳中其他化合物对碱性磷酸酶稳定性的影

响。在脂肪含量分别是 1.5%和 2.5%牛乳中,分别检测了温度范围为60–85°C 时γ –谷氨酰转

移酶(GGT)失活程度和失活速率。动力学研究结果显示碱性磷酸酶 (ALP) 和γ –谷氨酰转移

酶(GGT)热失活遵循一级动力学方程。温度对失活率常数的影响用阿雷尼厄斯方程式定量,
碱性磷酸酶 (ALP) 的失活用活化能值来表示,缓冲剂和原料乳中的活化能值分别是 214.09±
12.9 和 222.02±5.6 kJ.mol−1。对于γ –谷氨酰转移酶 (GGT), 在低脂肪奶和脂肪含量为 2.5%的

奶中, γ –谷氨酰转移酶失活的活化能值范围为 190.8±6.06 到 183.7±8.4 kJ.mol−1。

Keywords Milk enzymes . Heat treatment . Kinetic . Safety
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1 Introduction

The heat treatment of milk should involve the minimum required time/temperature
combinations to obtain hygienic quality and extend the shelf life without causing
significant heat-induced damage (Blel et al. 2002). An effective heat treatment of
milk is essential to ensure the absence of pathogenic microorganisms and hence
improve product safety for the shelf life of pasteurized milk. Several heat treatments
induce chemical and physical changes in milk which could be used as indices of the
severity of the heat treatment used. Furthermore, heat-induced changes of milk
constituents are in general limited in the temperature range used for the thermization
(56–68 °C) or pasteurization (72–90 °C). Since the activities of enzymes are
(relatively) easily assayed in a large number of samples, their inactivation is easier to
monitor than other heat-induced changes.

The sensitivity to heat of some indigenous enzymes makes them good
indicators for the severity or effectiveness of the heat treatments used for milk
and milk products, as they posses higher thermal resistance in comparison to
most of the heat-resistant, nonspore-forming pathogens found in milk (Wilińska
et al. 2007).

Alkaline phosphatase (ALP; EC 3.1.3.1) activity has been conventionally used as
an index of adequate pasteurization, and the detection of ALP activity of thermally
treated liquid milk products has become a common procedure for milk quality
control (Murthy et al. 1992). The sensitivity of this test hinges on the initial
concentration of ALP in raw milk. Hence, the higher the initial activity detected
the more sensitive the test becomes. In addition, the sensitivity depends on the
method of analysis of residual enzyme activity. Therefore, ALP is considered to
be the most important enzymatic indicator both for legal reasons and ensuring
the adequate pasteurization of milk resulting in the hygienic safety of pasteurized
milk (Shakeel-Ur-Rehman et al. 2003).

Other indigenous milk enzymes are useful as time–temperature treatment
indicators e.g. lactoperoxidase, which is used for distinguishing between high-
temperature short-time (HTST) and high pasteurization (>20 s at 85 °C) (Walstra et
al. 1999). The xanthine oxidase (XO) and γ-glutamyl transpeptidase are other heat
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labile enzymes (Zehetner et al. 1995) that may be valuable indicators of the thermal
impact on milk. Andrews et al. (1987) considered XO as a suitable indicator for the
thermal treatment of milk in the temperature range of 80 to 90 °C. On the other
hand, Griffiths (1986) mentioned that the natural variability in the activity of XO in
milk is too large to be used as a reliable index of heat treatment. XO is the most heat
stable enzyme in cream but the least stable in skim milk. The enzyme was not
completely inactivated after 120 s at 80 °C, and a z value of 6.8 was calculated
(Griffiths 1986).

γ-Glutamyl transferase (GGT; EC 2.3.2.2) is a membrane-bound enzyme that has
been shown to be distributed between skim milk (74%) and cream (23%)
(Baumrucker 1979). Natural variations in the concentration of GGT in milk is low
and heat inactivation follows first-order kinetics (Zehetner et al. 1995). The enzyme
is relatively heat stable and has been proposed as a marker enzyme for milk
pasteurized in the range of 72–80 °C for 15 s (Fox and McSweeney 1998).

Although the detection of ALP activity in milk is significant, due mainly to its
accepted use as an index of HTST pasteurization, this enzyme may not be the
most appropriate for this purpose because (a) reactivation of ALP under certain
conditions causes difficulties in the interpretation of the test results; (b) the
enzyme appears to be fully inactivated by subpasteurization conditions (70 °C for
16 s); and (c) the relationship between log10% initial activity and pasteurization
equivalent is less linear than the relationship of lactoperoxidase or GGT (Fox
2003). Even though both enzymes are concentrated in the fat globule membrane
and hence in cream (Fox 2003), Claeys et al. (2004) suggested that variations in the
level of fat do not substantially affect the applicability of ALP as an intrinsic
indicator for thermal treatment. On the other hand, McKellar (McKellar 1996)
suggested that GGT was about nine times more stable in ice cream mix than in
whole milk.

Therefore, the aim of this work was to investigate the potential roles of ALP and
GGT activities as indicators of adequate pasteurization of milk. The inactivation
kinetics of ALP was investigated in raw milk and in buffer with the pH value of milk
to assess the stabilizing effect of milk components. Heat stability profiles of bovine
milk GGT were examined to establish the suitability of this enzyme to be used for
monitoring less stringent or even more severe heat treatments than typical
thermization and pasteurization conditions. The inactivation kinetics of GGT was
assessed in raw milk with different levels of fat (1.5% and 2.5%). In addition, the
aim of the kinetic studies was to quantitatively describe the time–temperature
inactivation of enzymes activities. Moreover, the reactivation of the ALP in milk was
studied after heat treatment at different temperatures for 30 min and storage at room
temperature for 48 h and 3 weeks.

2 Materials and methods

Bulk milk samples of an indigenous breed of cow (20 individuals, Romanian
Simmental cows) were obtained from a local farm (Galati, Romania). The
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samples were collected between May and July. Milk composition was determined
using a Portable Milk Analyzer (Milk-Lab Ltd, Odham, Lancashire, UK), and pH
measurements were performed on an InoLab pH meter 730 (WTW, Weilheim,
Germany).

Alkaline phosphatase (EC 3.1.3.1) from calf intestine, grade I (120 U.mg−1) was
purchased from AppliChem GmbH (Darmstadt, Germany). p-Nitrophenylphosphate,
L-γ-glutamyl p-nitroanilide (γ-GPNA) and glycylglycine were purchased from Alfa
Aesar GmbH & Co. KG (Karlsruhe, Germany). All solvents and chemical reagents
were of analytical grade.

The raw milk was stored at 4 °C for 1 day before being skimmed. Before
centrifugation, the milk was heated to 35 °C. A portion of milk was skimmed by
centrifugation (6,000 rpm/60 min) using an FT 15 Disc Bowl Centrifuge (Armfield
Inc, Ringwood, England). Milk samples were standardized to a fat content of 1.5%
and 2.5% fat content from the initial raw milk which contained 3.5% fat.

2.1 Isothermal inactivation of enzyme

Thermal inactivation kinetics of ALP and GGT in raw milk were conducted using
the capillary tube method as an efficient way to allow fast heat transfer and accurate
holding times. Glass capillaries (length, 100 mm; inner diameter, 1 mm; and wall
thickness, 0.15 mm) were filled with 100 μL of samples, sealed, and immersed in a
water bath (Digibath-2 BAD 4, Raypa Trade, Spain) at the adjusted temperature for
the different holding times (50–75 °C for ALP and 60–85 °C for GGT at 0–30 min).
After thermal treatment, the capillaries were immediately immersed in ice water to
allow rapid cooling.

2.2 Reactivation studies

A reactivation step was performed in order to check the reversibility of the reactions.
For GGT activities, both the treated and untreated samples were stored at maximum
temperature of 6 °C and to ensure that no reactivation had occurred after 1 week of
storage.

The reactivation of ALP was measured for the heat-treated samples at
different temperatures for 30 min and stored at room temperature for 48 h and
3 weeks.

2.3 Enzyme activity assays

ALP catalyzes the transformation of p-nitrophenylphosphate to phosphate and
p-nitrophenol. The activity of ALP was determined spectrophotometrically at
405 nm and at 37 °C (Dinnella et al. 2004; Fadiloğlu et al. 2006). A volume of
2.9 mL of substrate solution (4 mmol.L−1 p-nitrophenyl phosphate in sodium
carbonate–bicarbonate buffer, pH 9.6) was introduced into a spectrophotometer
cuvette containing 50 μL of enzyme solution. The blank solution used in the
measurements was prepared by heating 1 mL of raw milk for 1 min at 95 °C.

GGT activity was analyzed spectrophotometrically by quantifying p-nitroaniline
according to a modification of the method described by Zehetner et al. (1995).
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One mL of milk was diluted with 10 mL of double distilled water. Substrate buffer
was prepared immediately before use and consisted of 0.1 mol.L−1 Tris, 89 mmol.
L−1 NaCl, 48 mmol.L−1 glycylglycine, and 4.8 mmol.l−1 γ-GPNA, with the pH
adjusted to 8.0 with 1 mol.L−1 HCl.

The samples and substrate were preheated separately at 40 °C for about
3 min in a water bath. The (un)treated samples (50 μL) were added to 2.5 mL
substrate solution and the released p-nitroaniline was measured within 15 min in
3 mL cuvettes (10 mm path length) at a wavelength of 410 nm. The blank solution
used in the measurements was prepared by using the same amount of substrate
and distilled water instead of sample. The reaction rate was linear for at least
15 min.

The enzymes activities per milliliters were calculated using the following
formula:

Units:mL�1 ¼ $A min�1
� �� VRð Þ= "1ð Þ= VEð Þ � d ð1Þ

where: ΔA = the change in absorbance at 405 nm and 410 nm respectively, VR =
reaction volume, ελ = the millimolar absorption coefficient of p-nitrophenol at
405 nm (18.2 L−1.cm−1.mmol−1) and of p-nitroaniline at 410 nm (8.8 L−1.cm−1.
mmol−1) respectively, VE = enzyme volume (0.05 mL) and d is the dilution factor.

The residual activity of the enzymes was calculated using the following formula:

Residual activity %ð Þ ¼ A

A0
� 100 ð2Þ

where: A and A0 are the activities of the treated and untreated enzyme solution
respectively.

All spectrophotometric measurements were made using a UV–VIS GBC Cintra
202 spectrophotometer (Australia).

2.4 Kinetic data analysis

ALP and GGT inactivation was described by the first-order reaction (Eq. 3). The
inactivation rate constant (k) was derived from the slope of the regression line
obtained by plotting the natural logarithm of relative residual activity as a function of
inactivation time (t).

ln
A

A0
¼ �kt ð3Þ

The kinetic parameters were estimated in a global fit using nonlinear regression
analysis of relative residual response values (one step method) according to Eq. 4
(Claeys et al. 2001):

log
A

A0

� �
¼ � t

Dref

� �
� 10 T�Tref

z½ � ð4Þ

where D is the decimal reduction time (i.e. time needed to reduce the initial activity
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by one log unit at a constant temperature) and z is the temperature increase necessary
to induce a 10-fold reduction of D.

The temperature dependence of the inactivation rate constants was estimated
using the Arrhenius model (Eq. 5):

ln ðkÞ ¼ ln ðk0Þ þ Ea

R
� 1

T0
� 1

T

� �� �
ð5Þ

where T and T0 are the absolute and the reference temperature (K), k0 is the rate
constant at T0, Ea is the activation energy (kJ.mol−1) and R is the universal gas
constant (8.314 J−1.mol−1.K−1). The activation energy was estimated using linear
regression analysis on equation.

All statistical procedures were performed using the SAS software package,
version 9.2 (SAS Institute, Cary, USA).

The thermodynamic parameters enthalpy (ΔH, kJ.mol−1), entropy (ΔS, kJ.mol−1),
and free energy of activation (ΔG, kJ.mol−1) were calculated according to the
following expressions:

$H ¼ Ea � RT ð6Þ

$S ¼ R ln A� ln Kb=hp� ln Tð Þ ð7Þ

$G ¼ ΔH � TΔS ð8Þ
where ln A is the ordinate intersection of the straight line obtained by linear
regression for Ea calculation (Eq. 5), Kb is the Boltzmann constant (1.38066×
10−23 J.K−1), hp the Planck constant (6.62618×10−34 J.s−1), R the gas constant, and
T the absolute temperature.

3 Results and discussions

3.1 Thermal inactivation

ALP is probably the most important indigenous milk enzyme from a dairy safety
point of view, due to the almost universal usage of the enzyme test as an index of the
efficiency of HTST pasteurization. Since milk is a vector for pathogenic bacteria
(D’Aoust et al. 1988), the test is of great significance to public health as a mean of
assessing the thoroughness of heat treatments or the addition of raw milk to heated
products (Marchand et al. 2009). Evaluation of the effectiveness of pasteurization is
based on the inactivation of ALP due to different time–temperature treatments
required for effective pasteurization (Andrews 1992).

Detailed thermal inactivation of ALP was performed in the temperature range of
50 to 75 °C for 0 to 30 min in bovine milk in order to compare the kinetics of
inactivation and to establish indices to control the efficacy of the heat treatment.
Inactivation experiments were also performed in 10 mmol.L−1 MgCl2 buffer solution
pH 6.6, to assess the stabilizing or destabilizing influence of the milk components.
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The average enzyme activities values in bovinemilk (n=20) was 0.46±0.02 U.mL−1

for ALP and 4.05±0.26 and 4.55±0.24 U.mL−1 for GGT in milk with different fat
contents. Thus, the levels of GGT in raw milk were 8% to 10% higher than those of
ALP, making it more sensitive and accurate as a testing marker.

A detection limit of 0.1% of raw milk diluted in commercial UHT milk was
observed for ALP. The detection limit for GGT was 0.1% raw milk in the case of the
milk with 1.5% fat and 0.2% in the case of the milk with 2.5% fat content.

Figure 1 shows the relative residual ALP (a) and GGT (b) activities in the different
media plotted as a function of inactivation temperature after 5 min. At 50 °C, 7.4% of
ALP activity in milk was lost after 5 min, whereas the loss in enzyme activity in buffer
was about 2.3%. The enzyme inactivates both in milk and buffer after 5 min of
thermal treatment at 70 °C. Regarding the GGT activity, it can be seen that at 60 °C,
15.9±1.2% and 12.5±0.6% of the initial activity were lost after 5 min of heating. In
the higher temperature range, the enzyme was inactivated faster, with a complete
inactivation at 76 °C.

The decrease in ALP activity in the two different media after heating, expressed
as residual activity, is given in Fig. 2. Figure 2a represents the reduction in the
activity of ALP in 10 mmol.L−1 MgCl2 buffer solution treated at different
temperatures. There are significant differences in the activities of ALP depending
on the temperature applied. In the temperature range of 50 to 62.5 °C, a decrease in
activity from 22.8% to 99.9% was observed after 30 min of heating. ALP was
completely inactivated after 20 min at 65 °C or 1 min at 75 °C.
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Fig. 1 Thermal stability of
a alkaline phosphatase (ALP)
and b γ-glutamyl transferase
(GGT) in raw milk (open
squares) and buffer (closed
squares) and in milk with 1.5%
fat (open triangles) and 2.5% fat
(closed triangles), respectively.
Residual activity was measured
after 5 min treatment at different
temperatures. Experimental
points were the average of three
repetitions. For more details, see
Section 2
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In raw milk, the inactivation of ALP was more rapid compared with buffer solution,
especially in the higher temperature range (Fig. 2b). In the temperature range of 50 to
62.5 °C, the decrease in ALP activity varied from 42.7% to 99.5% after 30 min of
heating. The time–temperature combination needed for complete inactivation of the
enzyme was 70 °C/5 min or 75 °C/30 s. The ALP test is considered negative if the
ALP activity measured in milk is not higher than 350 mU.L−1 (Dinnella et al. 2004).
This limiting value was achieved by the different time–temperature treatments applied
in this study.

Figure 3 represents the reduction in the activity of GGT in milk with different fat
contents. After 30 min of heating at 60 °C, the residual activity was 25.7±0.4% and
27.4±0.7% in milk with 1.5% and 2.5% fat, respectively. In the higher temperature
range, the corresponding GGT activities after 30 s at 85 °C were 6.6±0.25% and
about 7.3% in milk with 1.5% and 2.5% fat, respectively. A complete inactivation of
GGT was observed at 85 °C after 1.5 min of heating for both media.

3.2 Kinetic and thermodynamic parameters

The relationship between the heat sensitivity of the target microorganism and of the
thermal intrinsic indicator can be expressed in terms of D and z values which is the
standard method of describing the heat inactivation kinetics of microorganisms
according to the thermal death time model. Thermal inactivation of ALP and GGT
could accurately be described by a first-order model, as indicated by the linear
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Fig. 2 Thermal inactivation of
alkaline phosphatase (ALP)
activity (A/A0) at different
temperatures: 50 (filled dia-
monds), 52.5 (filled squares), 55
(filled triangles), 57.5 (error
marks), 60 (white squares), 62.5
(filled circles), 65 (white circles),
67.5 (white diamonds), 70 (white
triangles), 72.5 (minus symbol),
and 75 °C (asterisks).
Treatments were performed in
buffer (a) and raw milk (b).
Plotted lines correspond to ex-
perimental data fit to a first-order
kinetic model
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relationships obtained by plotting the retention values as a function of heating time
on a logarithmic scale (Figs. 4 and 5) and confirmed by the r2 values. The model
was appropriate for the data, since residuals represented only the experimental errors
and were randomly distributed when plotted. In all cases there was a good
correlation between experimental and calculated values (r2 0.99).

The D values were calculated according to the thermal death time model
(D=2.303/k).

The corresponding D values for ALP together with standard errors and r2 values are
given in Table 1. The D values decreased with increasing temperature from 50 to 75 °C,
indicating a faster inactivation of ALP at higher temperatures. The D values ranged from
121.8±3.83 min to 0.40±0.06 min for ALP inactivation in milk and from 258.7±
11.4 min to 0.41±0.05 min in buffer solution. It is worth mentioning that at 50 °C, the
D value for ALP inactivation in buffer solution was 2.1 times higher than the
corresponding value for inactivation in raw milk. This is probably due to the relative
higher thermal stability of the ALP in milk. It seems that the bovine milk environment
had a protective effect on ALP inactivation as compared with buffer.

For the inactivation of ALP in raw milk, Claeys (2003) reported D values of
304.04±24.85 min at 54 °C and 4.32±0.67 min at 64 °C. Fadiloğlu et al. (2006)
suggested D values of 217.0±12.50 min at 50 °C, 9.3±0.27 min at 60 °C, and 2.9±
0.09 min at 70 °C.

The corresponding D values for GGT inactivation together with standard errors
and r2 values are also given in Table 1. The D values decreased with increasing
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temperature from 60 to 85 °C, indicating a faster inactivation of GGT at higher
temperatures. For GGT inactivation in milk with 1.5% fat,D values ranged from 50.6±
1.3 min at 60 °C to 0.45±0.05 min at 85 °C. In milk with 2.5% fat content, D values
decreased from 38.3±1.5 min at 60 °C to 0.49±0.04 min at 85 °C. Blel et al. (2002)
reported D values of 7.2 min at 69 °C and 0.34 min at 75 °C. These results are
roughly in agreement with D values reported elsewhere (Stănciuc et al. 2011) for the
heat-induced inactivation of GGT in skimmed, whole milk, and cream.

The temperature resistance values (temperature increase needed for a 10-fold
decrease of D) were estimated using a nonlinear regression analysis. The
corresponding z values were 10.02±0.3 (°C) for the inactivation of ALP in buffer
solution and 9.19±0.2 (°C) for the inactivation of ALP in milk, respectively.

For GGT inactivation, z values had similar values (11.8±0.26 °C for GGT
inactivation in milk with 1.5% fat and 11.6±0.25 °C for inactivation in milk with
2.5% fat).

The z values obtained are higher than those previously reported in the literature. For
example, Claeys (2003), Blel et al. (2002), Levieux et al. (2007), and Marchand et al.

Table 1 Decimal reduction time (D) values and temperature resistance value (z) for alkaline phosphatase
(ALP) and γ-glutamyl transferase (GGT)

Temperature (°C) ALP GGT

Buffer solution Raw milk Milk 1.5% fat Milk 2.5% fat

D (min) r2 D (min) r2 D (min) r2 D (min) r2

50 258.76±11.41a 0.99 121.85±3.83 0.99 n.d.

52.5 89.96±6.03 0.99 68.74±12.35 0.99

55 58.60±3.45 0.97 46.71±7.83 0.99

57.5 35.76±1.47 0.99 29.26±5.77 0.97

60 24.92±2.03 0.98 16.68±5.97 0.98 50.61±1.30 0.99 38.30±1.50 0.96

62.5 16.25±2.32 0.99 8.97±3.45 0.95 n.d.

65 9.90±1.58 0.99 5.47±2.36 0.97 19.33±0.91 0.99 20.07±1.11 0.97

67.5 7.21±1.33 0.99 2.73±0.86 0.99 n.d.

70 2.57±0.98 0.96 1.39±0.59 0.97 8.47±0.12 0.99 7.98±0.30 0.97

72.5 1.15±0.73 0.97 0.83±0.15 0.95 n.d.

73 n.d. n.d. 3.63±0.21 0.99 3.54±0.80 0.96

75 0.41±0.05 0.99 0.40±0.06 0.97 n.d.

76 n.d. 1.84±0.50 0.96 1.85±0.70 0.97

80 1.06±0.60 0.97 0.90±0.03 0.98

85 0.45±0.05 0.99 0.49±0.04 0.99

Dref (min) 1.66±0.12 1.54±0.13 2.70±0.10 2.71±0.11

z (°C) 10.02±0.30 9.19±0.20 11.80±0.26 11.60±0.25

D value: time required for 1 log reduction in activity at a specific temperature. z value: increase in
temperature required for 1 log change in D value

n.d. not determined, Dref decimal reduction time at a reference temperature
a Standard error of regression
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(2009) reported z values ranging from 5 to 8 °C for thermal inactivation of ALP. The
results obtained in this study are more consistent with values suggested by Fadiloğlu
et al. (2006) who reported z values of 11.8±0.69 °C for ALP inactivation in raw milk.

The z values for GGT inactivation are consistent with the values obtained
previously for the heat sensitive enzyme in skimmed milk (10.8±0.06 °C) and whole
milk (12.27±0.12 °C) (Stănciuc et al. 2011).

The inactivation rate values (k), calculated from the slope of Eq. 3 are given in
Table 2. The inactivation of ALP was faster in milk in comparison to buffer solution,
with the k value being 2.6 times higher for ALP inactivation in milk at 67.5 °C.

At 60 °C, the inactivation of GGT is faster in milk with a higher fat content,
whereas at 85 °C the enzyme is slightly stable when compared with the inactivation
rate in low-fat milk.

To calculate the activation energy (Ea), the natural logarithm of the inactivation
rate constant k was plotted against the reciprocal of the absolute temperature in
Kelvin (T) according to the Arrhenius Eq. 5. The linear regression and the
coefficient of correlation of the Arrhenius plots were y=−26,704x+78.3 (r2=
0.994) and y=−25,748x+75.06 (r2=0.967) for ALP inactivation in milk and buffer
and y=−22,952x+65.8 (r2=0.995) and y=−22,102x+63.4 (r2=0.989) for GGT
inactivation in milk with 1.5% and 2.5% fat, respectively, confirming that the
inactivation of the enzymes follows first-order kinetics.

Table 2 Inactivation rate constant (k) and activation energy for alkaline phosphatase (ALP) and γ-
glutamyl transferase (GGT) inactivation in buffer and raw milk

Temperature (°C) k×10−2 (min−1)

ALP GGT

Buffer solution Raw milk 1.5% fat 2.5% fat

50 0.89±0.15a 1.09±0.18 n.d.

52.5 2.56±0.78 3.35±0.69

55 3.93±0.84 4.93±0.66

57.5 6.44±0.29 7.87±0.54

60 9.24±0.26 13.80±0.98 4.55±0.23 6.01±0.30

62.5 14.17±0.13 25.65±0.47 n.d.

65 23.24±0.49 42.03±0.53 11.91±0.27 11.47±0.50

67.5 31.94±0.55 84.23±0.74 n.d.

70 89.37±0.54 165.02±0.47 27.18±1.25 28.85±0.31

72.5 199.9±0.88 275.19±0.51 n.d.

73 n.d. 63.34±0.65 65.00±0.63

75 557.15±1.05 572.89±0.62 125.11±1.01 124.45±1.20

80 n.d. 215.26±1.23 255.5±0.70

85 506.80±2.36 468.99±0.90

Ea (kJ.mol−1) 214.09±12.90 222.02±5.60 190.8±6.06 183.7±8.41

n.d. not determined
a Standard error of regression
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The temperature dependence of the rate constants for thermal inactivation of ALP
and GGT in different media is depicted in Fig. 6. Ea values were 214.09±12.9 kJ.
mol−1 (r2=0.96) and 222.02±5.6 kJ.mol−1 (r2=0.99) for the inactivation of ALP in
buffer and raw milk, respectively. These values are in the same range as the
activation energies reported by Fadiloğlu et al. (2006) (207.8±17.1 kJ.mol−1), but
significantly lower than those reported by Claeys (2003) (432.1±6.3 kJ.mol−1) for
ALP inactivation in bovine milk.

For GGT inactivation, Ea values ranged from 190.8±6.06 kJ.mol−1 (r2=0.99) to
183.7±8.4 kJ.mol−1 (r2=0.98) for enzyme inactivation in milk with 1.5% and 2.5%
fat content, respectively. These values are significantly lower than those reported by
Zehetner et al. (1995) who suggested an activation energy of 457 kJ.mol−1 but in close
agreement with those suggested by Stănciuc et al. (2011) who reported values ranging
from 214.8 to 174.5 kJ. mol−1 for GGT inactivation in skimmed milk and cream.

It is clear that the different environmental conditions that can affect system
stability must be considered, including factors such as the presence of β-
lactoglobulin, which can protect inactivation of ALP, or different thermal treatment
conditions, when analyzing the differences in rate constants/decimal reduction times,
and activation energies/z values reported in the literature.

However, from Tables 1 and 2, it can be concluded that ALP inactivates faster in
milk in comparison to buffer as indicated by both the z and Ea values. As regards
GGT, the inactivation pattern as a function of fat content was similar.
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The activation energy value enabled the determination of enthalpy, entropy, and
free energy of activation (Table 3).

The high values of enthalpy and the positive values of the entropy and free
energy indicate that, during thermal treatment, ALP and GGT underwent a large
change in conformation. Concerning the influence of temperature on the
conformation of ALP from bovine intestinal mucosa, Bortolato et al. (1999)
suggested three denaturation steps. The first corresponds to the loss of ALP
activity (at 45–60 °C), and was correlated to modifications of the enzyme
conformation. The second temperature-induced step, appearing at about 60 °C,
corresponds to the thermal unfolding transition of ALP probed by intrinsic
fluorescence (at 65 °C) and the appearance of hydrophobic regions. This second
step might correspond to the heat-induced monomerization. The third step, after
70 °C, might reflect the temperature-induced aggregation of ALP and corresponds
to the formation of intermolecular β-sheets with a concomitant loss of some α-
helices. Also, the positive value for ΔS indicates that the transition state is highly
disordered compared with the native state. Degrees of freedom are liberated in
going from the native state to the transition state, which, in turn, increase the rate
of the reaction.

The results obtained in this study are in fair agreement with those reported by
Dannenberg andKessler (1988) for the heat denaturation of β-lactoglobulin in skim milk
or whey (ΔH, 262–368 kJ.mol−1; ΔG, 99–109 kJ.mol−1; and ΔS, 0.44–0.63 kJ.mol−1)
and with those reported by Levieux et al. (2007) for the inactivation–denaturation
kinetics of bovine milk alkaline phosphatase during mild heating using a monoclonal
antibody-based immunoassay and colorimetric assay (ΔH, 303.48–308.14 kJ.mol−1;
ΔG, 77.71–84.85 kJ.mol−1; and ΔS, 0.67–0.69 kJ.mol−1). Data regarding the
thermodynamic parameters of GGT inactivation were not found in the literature.

3.3 Reactivation studies

ALP totally inactivated by heat treatment can, under certain conditions, progressively
recover part of its activity. Reactivation of ALP has considerable practical significance
since the Romanian regulatory test for pasteurization assumes the negative reaction of
ALP. From this point of view, it was decided to measure the enzyme activity after 48 h
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and 3 weeks of storage at room temperature in raw milk samples previously heat treated
at different temperatures for 30 min. The results are given in Fig. 7.

Significant reactivation of up to 43% of the original enzyme activity occurred
after 48 h and then declined on prolonged storage. Lyster and Aschaffenburg (1962)
also suggested a reactivation of ALP in milk of up to 30%.

There is evidence that the form of the enzyme which becomes reactivated is
membrane bound, and several factors which influence reactivation have been
established. Mg2+ and Zn2+ strongly promote reactivation (Fox 2003).

Reactivation of ALP in a complex medium such as milk, is strongly dependent on the
presence of sulfhydryl (−SH) groups, provided by the presence of β-lactoglobulin. The
one free thiol group per molecule becomes highly reactive during heat treatment
especially at temperatures of up to 75 °C (Sava et al. 2005) and can be involved in
reactivation. From this point of view, these results provide useful technical information
for the relevant competent authorities in order to consider the reactivation of ALP
during storage or a possible cross contamination during pasteurization.

4 Conclusions

Two possible intrinsic indicators for the heat treatment of bovine milk were studied
in media of different complexities. For the different time–temperature combinations
used in this study, both ALP and GGT showed first-order inactivation kinetics. The
comparison of the rate constants of inactivation of ALP in media of different
complexities revealed that the inactivation of the enzyme is faster in raw milk,
especially at higher temperatures. These experiments confirmed that the stabilization
of the enzymes by milk components had an entropic character since minimal
differences among the activation energies of inactivation reactions were found. The
obtained results suggested that the enzymes become reactivated to a certain degree
after heat treatment and storage at room temperature.

The inactivation kinetics of GGT was compared in raw milk containing different
levels of fat. No significant differences occurred for the kinetic parameters in the
temperature range of 65 and 80 °C.

Additional experiments are needed in order to evaluate the possibilities to use
these enzymes as indicators of industrial processing. Therefore, the kinetic data need
to be compared with microbial inactivation kinetic data and with industrially applied
and legally defined heat-treatment processes.
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