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  ABSTRACT 

  Lactoferrin and lactoperoxidase are whey proteins 
with biological properties that may provide health 
benefits to consumers. These properties are vulnerable 
to potentially denaturing conditions during processing. 
High-pressure treatment is an appealing alternative 
to the traditional heat processing of foods because it 
exerts an antimicrobial effect without changing the 
sensory and nutritional quality of foods. In this work, 
the effect of high-pressure treatment on the denatur-
ation of lactoferrin and lactoperoxidase present in skim 
milk and whey, and as isolated proteins in buffer, was 
studied over a pressure range of 450 to 700 MPa at 
20°C. Denaturation of lactoferrin was measured by the 
loss of reactivity with their specific antibodies using a 
sandwich ELISA. Denaturation of lactoperoxidase was 
determined by measuring the loss of enzymatic activity 
using a spectrophotometric technique. No substantial 
inactivation of lactoperoxidase was observed in any 
treatment assayed. The concentration of the residual 
immunoreactive lactoferrin after each pressure treat-
ment was determined, and the data were subjected to 
kinetic analysis to obtain D and Z values. Denatur-
ation of lactoferrin increased with pressure and holding 
time, and D values were lower when lactoferrin was 
treated in whey than in milk, and lower in both whey 
and milk than in phosphate buffer. Thus, protein is 
denatured more slowly in buffer and in milk than in 
whey. Denaturation of lactoferrin in the 3 media was 
found to follow a reaction order of n = 1.5. Volumes of 
activation of about −34.77, −24.35, and −24.09 mL/
mol were obtained for lactoferrin treated in skim milk, 
whey, and buffer, respectively, indicating a decrease in 
protein volume under pressure. 
  Key words:    lactoferrin ,  lactoperoxidase ,  high pres-
sure ,  denaturation kinetics 

  INTRODUCTION 

  Bovine milk contains several bioactive components 
that exert a protective effect against infectious agents. 
Lactoferrin, lactoperoxidase, and lysozyme are nonspe-
cific factors that are known to be effective against mi-
croorganisms (Severin and Wenshui, 2005). Lactoferrin 
is a basic glycoprotein present in milk that belongs to 
a family of iron-binding proteins (Ward et al., 2005); it 
consists of a single polypeptide chain with a molecular 
weight of 80 kDa. Crystallographic analysis has revealed 
that lactoferrin is structured in 2 globular lobes, each 
lobe containing one iron-binding site in an interdomain 
cleft (Wakabayashi et al., 2006). 

  Lactoferrin exhibits both bacteriostatic and bacteri-
cidal activity against a wide range of microorganisms, 
including gram-positive and gram-negative bacteria. 
The main antimicrobial mechanism of lactoferrin is 
attributed to its capacity to sequester iron, thereby 
depriving potential pathogens of this essential nutrient. 
Lactoferrin also can bind to the lipopolysaccharide of 
gram-negative bacteria, which causes destabilization 
of the bacterial cell wall (Farnaud and Evans, 2005). 
Other biological activities have been attributed to lac-
toferrin, such as regulation of iron absorption, immune 
system modulation, cellular growth promoting activity, 
and antitumor activity (Ward et al., 2005). Recently, 
oral administration of lactoferrin has been reported to 
benefit human health because of its biological functions 
(Wakabayashi et al., 2006). These findings support the 
use of lactoferrin as an ingredient in foods and special 
products (Shah, 2001). Until now, bovine lactoferrin 
obtained on a large scale from bovine skim milk and 
whey has been used as a supplement in products such 
as infant formula, yogurt, specialized milk-based and 
other beverages, and nutritional supplements as well as 
in cosmetics and products for dental hygiene (Waka-
bayashi et al., 2006; Tomita et al., 2009). 

  Lactoperoxidase is a basic protein present in milk that 
consists of a single polypeptide chain with a molecular 
weight of approximately 78 kDa (Seifu et al., 2005). 
It plays an important role in protecting the lactating 
mammary gland and the intestinal tract of the new-
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born against pathogenic microorganisms (Naidu, 2000). 
Lactoperoxidase needs the presence of 2 other factors, 
hydrogen peroxide and thiocyanate, in equal amounts 
to develop its antimicrobial function. Lactoperoxidase 
catalyzes the peroxidation of thiocyanate, generating 
hypothiocyanite and other products that impair the 
function of bacterial metabolic enzymes (Pruitt and 
Kamau, 1991). The molecular mechanisms of such in-
hibitory effects have been identified from oxidative kill-
ing to blockage of glycolytic pathways or interference in 
cytopathic effects (Naidu, 2000).

The most widely recommended industrial application 
of the lactoperoxidase system in food production is in 
the dairy industry for the preservation of raw milk in 
tropical climates where refrigeration facilities are not 
available. However, other novel applications are being 
explored. Activation of the lactoperoxidase system has 
been reported to suppress excessive acid production of 
yoghurt during refrigerated storage; thus, it maintains 
a favorable balance between sweetness and sourness for 
at least 2 wk (Nakada et al, 1996).

Milk preserved by the lactoperoxidase system can be 
used to improve the microbiological quality of raw milk 
cheese (Seifu et al., 2005). Lactoperoxidase may also 
be used to preserve highly heat-sensitive foods such as 
salad dressings, spreads, beverages, dips, and desserts 
(Pruitt and Kamau, 1991). In addition, the lactoper-
oxidase system has been applied in the preservation of 
cosmetics, ophthalmic fluids, and products related to 
dental hygiene (Naidu, 2000; Seifu et al., 2005).

The stability of lactoferrin and lactoperoxidase to 
technological treatments commonly applied to foods 
is an important aspect to be considered when these 
proteins are intended for use as bioactive components 
in food. Thermal treatment of foods is extensively used 
to inactivate pathogenic and spoilage microorganisms 
and enzymes, to make them safe for human consump-
tion, and to extend shelf-life. However, thermal treat-
ments can result in some unfavorable changes, such 
as protein denaturation, nonenzymatic browning, and 
loss of vitamins and volatile compounds (Singh, 2004). 
The thermal stability of lactoferrin and lactoperoxidase 
has been well reported, these proteins being considered 
sensitive to heat treatment (Sánchez et al., 1992; Lu-
dikhuyze et al., 2001; Marín et al., 2003).

Over the last decade, high-pressure treatment of 
foods and food components has gained interest as a 
nonthermal processing technology for preservation. The 
major benefit of applying high-pressure treatments in 
food processing is that it is effective in inactivating mi-
croorganisms and certain enzymes while leaving small 
molecules, such as flavor compounds and vitamins, 
intact (Rastogi et al., 2007). However, the sensitivity of 
proteins to high-pressure treatments varies along with 

changes in the molecular structures (Huppertz et al., 
2002; López-Fandiño, 2006).

Some studies have been conducted on pressure-in-
duced denaturation of lactoperoxidase, and discrepan-
cies in results have been reported, likely because of the 
use of different media to treat the protein and different 
methods to measure denaturation. García-Graells et al. 
(2003) suggested the potential of the lactoperoxidase 
system to improve the bactericidal efficiency of high-
pressure treatment for food preservation. They found 
that the supplementation of bovine skim milk to the 
lactoperoxidase system strongly increased high-pressure 
inactivation of different bacteria.

To our knowledge, no reports on the effect of pressure 
treatment on denaturation of lactoferrin are available. 
Using electrophoresis, it has been shown that after 
treatment of whey protein concentrate solutions at 800 
MPa for 30 min, lactoferrin is found in disulfide-bonded 
aggregates formed with other whey proteins and that 
only a faint band of monomeric lactoferrin is present in 
the treated sample (Patel et al., 2004). Furthermore, 
high-pressure treatment of bacterial suspensions in the 
presence of lactoferrin has been reported to increase 
the bactericidal activity and spectrum of this protein 
against several vegetative bacteria (Masschalck et al., 
2001). These findings have commercial significance 
regarding the use of high-pressure processing in the 
manufacture of safe and high-quality products contain-
ing lactoferrin or lactoperoxidase.

The aim of this work was to study the effect of high-
pressure treatment on denaturation of the minor whey 
proteins lactoferrin and lactoperoxidase. The present 
work includes the treatment of proteins present in skim 
milk and whey and as isolated proteins in buffer. We 
calculated kinetic parameters for the denaturation pro-
cess of lactoferrin in the 3 media. The model allows 
the pressure-induced denaturation of lactoferrin to be 
calculated on the basis of pressure and holding time.

MATERIALS AND METHODS

Materials

Bovine lactoferrin, with an iron saturation of around 
26%, and lactoperoxidase were kindly donated by Fina 
Research (Seneffe, Belgium) and fresh raw bovine milk 
by Quesos Villa Corona (El Burgo de Ebro, Zaragoza, 
Spain). Tetramethylbenzidine substrate (TMB) was 
supplied by Zeu-Inmunotec (Zaragoza, Spain). Com-
plete and incomplete Freund’s adjuvant, ovalbumin, 
lactoperoxidase substrate 2,2 -azinobis (3-ethylbenz-
thiazoline-sulfonic acid; ABTS) and horseradish per-
oxidase (HRP; 250 to 503 units/mg) were supplied by 
Sigma (Poole, UK), and BrCN-activated Sepharose 4B 
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was from Pharmacia Biotech (Uppsala, Sweden). The 
rest of the reagents and chemicals not otherwise speci-
fied were of analytical grade.

Milk and Whey Preparation

Milk was skimmed by centrifugation at 2,000 × g at 
4°C for 30 min, followed by filtration of the subnatant 
through glass wool to remove fat particles. Fat con-
centration in skim milk, as determined by the Gerber 
method, was found to be less than 0.18% (wt/wt). Chy-
mosin (1 mg/mL) was added to skim milk at 30 μL/mL 
and the milk was left to coagulate at 35°C for 45 min. 
Finally, whey was centrifuged at 1,000 × g for 15 min 
at 4°C to remove curd particles.

Pressure Treatment

Lactoferrin and lactoperoxidase were dissolved in 0.15 
M NaCl, 10 mM potassium phosphate buffer (pH 7.4) 
at 200 μg/mL. Samples of skim milk, whey, and protein 
solutions were introduced into Eppendorf tubes without 
headspace and treated in a Stansted Fluid Power FPG 
11500B high-pressure food processor (Harlow, Essex, 
UK). The temperature of the samples, the chamber, 
and the pressurization fluid were pre-equilibrated to 
20°C for at least 1 h before treatment. Temperature and 
pressure in the chamber were monitored throughout 
the run using data logging equipment. Rate of pressure 
increase was maintained at 240 MPa/min. The increase 
and decrease of temperature during pressurization or 
depressurization was about 2°C per 100 MPa as a result 
of adiabatic heating or cooling. Samples were treated 
from 450 to 700 MPa for different times at 20°C. After 
pressure treatment, the samples were stored at 4°C 
overnight before analysis.

Isolation and Conjugation  
of Anti-Lactoferrin Antibodies

Antisera against purified bovine lactoferrin were 
obtained in rabbits according to Wehbi et al. (2005). 
Specific anti-lactoferrin antibodies were obtained by 
immunoadsorption using a column with bovine lac-
toferrin insolubilized in Sepharose-4B. A volume of 
15 mL of anti-lactoferrin antisera was applied to the 
column and washed with 150 mM NaCl, 15 mM potas-
sium phosphate buffer (pH 7.4) until the absorbance of 
the eluate at 280 nm was <0.02. Retained antibodies 
were eluted with 0.5 M NaCl, 0.1 M HCl-glycine buf-
fer (pH 2.8) and immediately neutralized with 0.5 M 
Tris buffer (pH 8.0). Finally, antibodies were dialyzed 
against potassium phosphate buffer at 4°C overnight, 
concentrated, and frozen at −20°C until use. Purified 

anti-lactoferrin antibodies were conjugated with HRP 
using the periodate technique as described by Catty 
and Raykundalia (1989).

Measurement of Lactoferrin Concentration

A sandwich ELISA assay was developed to determine 
bovine lactoferrin following the method of Franco et al. 
(2010). Maxisorp microtritation plates (Nunc, Roskilde, 
Denmark) were coated with 100 μL per well of anti-
lactoferrin antibodies (5 μg/mL) in 15 mM Na2CO3, 35 
mM HNaCO3 buffer (pH 9.6), and incubated overnight 
at 4°C. After washing the plates 3 times with 300 μL 
per well of PBS (8 mM Na2HPO4, 3 mM KCl, 0.14 
M NaCl, 1.5 mM KH2PO4 buffer, pH 7.4), containing 
0.05% Tween 20, blocking of residual protein binding 
sites was performed with 300 μL of 3% (wt/vol) oval-
bumin in PBS, at 37°C for 2 h. The wells were washed 
again, and samples and lactoferrin standards from 10 
to 1,000 ng/mL were added to wells and incubated for 
1 h. The plate was then washed 5 times and incubated 
with 100 μL of HRP-labeled anti-lactoferrin antibodies 
in PBS for 1 h at 37°C. Then, the plates were washed 
5 times with PBS-Tween and incubated with 100 μL 
of TMB substrate per well for 30 min at 37°C. Finally, 
the enzymatic reaction was stopped by adding 50 μL 
of 2 M H2SO4 per well, and the absorbance determined 
at 450 nm using a microplate reader (Labsystem Mul-
tiskan, Helsinki, Finland).

Measurement of Enzymatic
Activity of Lactoperoxidase

Enzymatic activity was measured following the spec-
trophotometric method described previously (Marín et 
al., 2003). To each cuvette were added 50 μL of sample 
and 1 mL of 0.65 mM ABTS substrate in 0.1 M sodium 
phosphate buffer (pH 6.0). The reaction was initiated 
by adding 1 mL of 0.1 mM hydrogen peroxide. Increas-
ing absorbance at 412 nm was measured during 1 min 
at 20°C in a UV-visible spectrophotometer (Unicam, 
Cambridge, UK) using a rate method. The blank was 
prepared with 1 mL of substrate, 50 μL of sample, and 
1 mL of phosphate buffer. The activity of lactoperoxi-
dase was calculated from the slope of the linear part of 
the regression line when absorbance increase was plot-
ted versus reaction time.

Calculation of D and Z Values

The time required for 90% protein denaturation at 
constant pressure (D value) was calculated for each 
treatment by regression analysis of the lines obtained 
by plotting the logarithm of immunoreactive lactofer-
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rin expressed as the percentage of the initial protein 
concentration against time. The D values correspond to 
the reciprocal of the slope of those lines. The effect of 
pressure on the D value was also studied: the pressure 
(MPa) necessary to reduce the D value by 1 logarithmic 
cycle (Z value) was calculated by regression analysis 
of the line obtained by plotting the logarithm of D 
values against the corresponding pressures. Z value 
corresponds to the reciprocal of the slope of that line.

Kinetic Analysis and Reaction Order

The denaturation process of a protein can be de-
scribed by the general equation

 −dc/dt = kcn,  [1]

where −dc/dt represents the rate of protein denatur-
ation, k is the rate constant, c is the protein concentra-
tion at each pressure, and n is the reaction order.

For n = 1, −dc/dt = kc, −dc/c = kdt,

and integrating,

 ln (c0/ct) = kt  [2]

is obtained, where c0 is the initial protein concentration 
(for time 0) and ct is the concentration of undenatured 
protein at each holding time. When the denaturation 
process follows first-order kinetics, the graphical repre-
sentation of Eq. [2] gives a straight line, and the value 
b of the ordinate intercept (t = 0) is close to zero. 
By regression analysis, the value of the constant k is 
obtained from the slope of the lines.

For n ≠ 1, when the general Eq. [1] is integrated,

 (ct/c0)
1−n = 1 + (n − 1) k (c0)

n−1 t  [3]

is obtained. For non-first-order reactions, the represen-
tation of the results according to Eq. [3] yields straight 
lines, and from its slope the rate constant k is obtained.

The ordinate intercept (time t = 0) for a non-first-
order reaction should be b = 1 if the process follows the 
estimated reaction order.

Calculation of Activation Volumes  
and Frequency Factors

When the natural logarithm of the rate constants 
(ln k) is plotted against the pressure, the values of the 
activation volumes and frequency factors can be deter-
mined using Eq. [4].

 ln k = ln k0 − pVa/R T,  [4]

where k is the rate constant, k0 the frequency factor, R 
the universal gas constant, T the absolute temperature, 
p the pressure, and Va the activation volume.

RESULTS AND DISCUSSION

The effect of high-pressure treatment on denaturation 
of lactoferrin and lactoperoxidase in 3 different media, 
skim milk, whey, and phosphate buffer, was studied 
in this work. The degree of denaturation of lactoferrin 
subjected to pressure treatment was estimated by mea-
suring the loss of reactivity with its specific antibodies 
using a sandwich ELISA. Conventional immunoassays 
rely on labeling the interaction of a protein and antibod-
ies and, in general, are particularly useful for detecting 
conformational changes in proteins with concomitant 
lost of epitopes as a result of denaturation (Tremblay 
et al., 2003). These techniques have been widely used 
to study the effect of heat treatment on denaturation of 
whey proteins (Sánchez et al., 1992; Mainer et al., 1997; 
Wehbi et al., 2005). Calibration curves were obtained 
using the relationship between the values of the absor-
bance and the concentration of lactoferrin standards in 
PBS; the relationship was linear within the range from 
10 ng/mL to 1 μg/mL (r2 > 0.97). The concentration 
of lactoferrin in the samples was determined by inter-
polating the corresponding absorbance in the standard 
curve obtained for each plate, which was adjusted to 
a second-order polynomial equation. Denaturation of 
lactoperoxidase was evaluated by determining the re-
sidual enzymatic activity. This activity was measured 
by a spectrophotometric method using ABTS as the 
substrate.

Previously, preliminary experiments were carried 
out to determine an appropriate range of pressures 
and times of treatment. We observed that lactoferrin 
in phosphate buffer and milk denatured slowly at 400 
MPa. In contrast, denaturation of lactoferrin in whey 
was very fast at pressures above 700 MPa. Thus, a 
range from 450 to 700 MPa was chosen. Furthermore, 
with the current commercial trend toward using higher 
pressures for shorter times, information is needed on 
the effect of higher pressures on whey and other food 
proteins (Walker et al., 2004).

Results obtained in the pressure treatment of lac-
toperoxidase from 450 to 700 MPa indicated that the 
enzyme is highly resistant to pressure as it was not 
affected by any pressure treatment applied to milk, 
whey, or protein solutions, even after a treatment at 
700 MPa for 15 min. Our results agree with those pre-
viously reported, which indicated that lactoperoxidase 
shows extreme resistance to high-pressure treatment. 
Ludikhuyze et al. (2001) observed that no substantial 
inactivation, or only minor inactivation, occurred after 
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treatment of lactoperoxidase in milk and diluted whey, 
respectively, at 700 MPa for 140 min at temperatures 
between 20°C and 65°C. In fact, a very pronounced an-
tagonistic effect between high temperature and pressure 
was observed by those authors; that is, at 73°C, a tem-
perature where thermal inactivation of lactoperoxidase 
at atmospheric pressure occurs rapidly, application of 
pressure up to 700 MPa completely inhibits enzyme 
inactivation. The fact that pressure greatly slows the 
rate of inactivation during the early stage of thermal 
treatment indicates that a considerable increase in 
volume of the molecules occurs in going from the na-
tive to the activated state during pressure treatment 
(Johnson and Campbell, 1945). Likewise, Rademacher 
and Kessler (1997) reported that even after treatment 
of lactoperoxidase for 4 h at 800 MPa and 40 to 60°C, 
residual activities >50% were measured. They attrib-
uted the high-pressure stability of lactoperoxidase to its 
monomeric structure, which is stabilized by 8 disulfide 
bonds. Seyderhelm et al. (1996) found that pressure 
treatment of raw bovine milk at 600 MPa and 25 to 
40°C for 30 min resulted in about 20% reduction of 
lactoperoxidase activity. Seyderhelm et al. (1996) also 
noted that about 70% of activity was lost when the en-
zyme was treated in Tris buffer, pH 7, indicating that 
lactoperoxidase is more stable in milk than in buffer. 
However, we did not observe any reduction in lactoper-
oxidase activity in phosphate buffer after treatment at 
600 MPa at 20°C for 25 min.

It has been also reported that the combination of 
high-pressure treatment and the lactoperoxidase sys-
tem cause a strongly synergistic inactivation of a wide 
range of gram-negative and gram-positive bacteria. 
Therefore, lactoperoxidase may be an interesting addi-
tional technology to improve the safety of high-pressure 
food preservation (García-Graells et al., 2003).

Much has been published on the effect of high-
pressure treatment on the major bovine whey proteins 
β-LG and α-LA (Huppertz et al., 2002, 2004; Anema et 
al., 2005; López-Fandiño, 2006). However, information 
is lacking about the effect of this technology on the 
minor whey proteins such as lactoferrin. In this study, 
we performed kinetic studies at a range of pressures 
and holding times to predict the level of denaturation 
of lactoferrin induced by pressure treatment.

Results obtained in this work indicated that the de-
gree of lactoferrin denaturation increased with pressure 
and time of treatment (Figure 1). The graphs show 
the concentration of lactoferrin at each holding time 
expressed as a percentage of the initial protein concen-
tration. The data in Figure 1 are the results of a single 
experiment, whereas mean values of duplicate data 
from 2 independent experiments were used to calculate 
all kinetic parameters. Data obtained in the pressure-

induced denaturation of lactoferrin can be evaluated 
using processes similar to those used in studying ther-
mal denaturation (Anema and McKenna, 1996; Claeys 
et al., 2003; Anema et al., 2005).

The D and Z values were calculated as described in 
Materials and Methods (Table 1). The CV of D values 
obtained from the different experiments for all pres-
sures were <11%. At all pressures, D values were lower 
when lactoferrin was treated in whey than in milk, and 
were much lower in both than when lactoferrin was 
treated in phosphate buffer (Table 1). These results 
indicate that lactoferrin is denatured more slowly when 
it is treated in buffer than in milk, and more slowly in 
milk than in whey. Furthermore, D values changed as a 
function of pressure (Figure 2), giving Z values of 200.1, 
283.5, and 243.1 MPa in milk, whey, and phosphate 
buffer, respectively (Table 1). These findings suggest a 
greater pressure dependence of the denaturation pro-
cess for lactoferrin when it is treated in milk or buffer 
than in whey.

Results obtained in this work are in accordance with 
those reported for heat-treated lactoferrin, which was 
found to be more heat-sensitive when treated in milk 
than in phosphate buffer (pH 7.4). This fact has been 
attributed to changes in the calcium phosphate bound 
to caseins, which changes to a more amorphous state 
with increasing temperature. Thus, interactions of 
lactoferrin with caseins would be enhanced and, conse-
quently, lactoferrin heat sensitivity increased (Sánchez 
et al., 1992). The greater decrease of milk pH compared 
with that of phosphate buffer could also contribute to 
the low thermoresistance of lactoferrin when treated in 
milk. However, different behavior has been reported for 
other whey proteins subjected to high pressure, such 
as IgG, which is more baroresistant in colostrum than 
in buffer (Indyk et al., 2008) or for β-LG and α-LA, 
which are more pressure-resistant in milk than in whey 
(Huppertz et al., 2004).

The values of immunoreactive lactoferrin after pres-
sure treatment at different pressures and times were 
subjected to reaction kinetic analysis assuming a reac-
tion order of n = 1.5. The graphical representations of 
the ratio between concentration of denatured protein 
at each holding time and initial protein concentra-
tion plotted against time are shown in Figure 3. The 
slopes of those lines correspond to the rate constants 
(k) presented in Table 2. The straight lines obtained 
have coefficients of correlations >0.87 and intersect the 
ordinate close to 1, as shown in the graphical repre-
sentations and in Table 2. These results indicate that 
the value n = 1.5 is suitable, at the pressures studied, 
to mathematically describe the process of lactoferrin 
denaturation. Other orders of reactions (n = 1 and n = 
2) were tried and did not result in a better fit.
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The reaction order observed for the thermal denatur-
ation of lactoferrin in skim milk and phosphate buffer 
has been reported to be n = 1 (Sánchez et al., 1992). 
To explain differences in the order of reaction of whey 
proteins subjected to thermal treatment, Dannenberg 
and Kessler (1988) postulated intermediate and con-
secutive reactions that would appear as a reaction of 
higher order. The same could be assumed for pressure-
induced denaturation because the unfolding of proteins 
occurs under high-pressure conditions and is followed 
by the formation of aggregates (Hinrichs et al., 1996; 
Anema et al., 2005). Thus, the presence of disulfide-
bonded aggregates consisting of lactoferrin and other 
whey proteins has been observed in whey protein con-
centrated solutions subjected to high-pressure treat-
ment (Patel et al., 2004). Differences in the reaction 
order of induced-denaturation of lactoferrin between 
thermal and pressure treatments suggests differences in 
the predominance of individual steps in the overall de-
naturation mechanism, as has been reported for other 

Figure 1. Effect of pressure treatment on the denaturation of lac-
toferrin in (a) skim milk, (b) whey, and (c) buffer at different pressures 
(□ = 450, � = 500, � = 550, � = 600, Δ = 650, 
 = 700 MPa); c 
is the concentration of immunoreactive protein at each holding time 
expressed as percentage of the initial concentration.

Table 1. Values of D and Z1 for lactoferrin treated in skim milk, whey, 
and buffer at different pressures 

Item Milk Whey Buffer

D450 (s) 12,092 3,463 46,729
D500 (s) 7,435 2,316 25,510
D550 (s) 2,917 1,406 13,623
D600 (s) 2,068 992 12,048
D650 (s) 1,220 798 7,710
D700 (s) 682 410 3,566
Z (MPa) 200.1 283.5 243.1
1D value = time (s) required for 90% protein denaturation at constant 
pressure (subscript shows pressure in MPa); Z value = pressure (MPa) 
necessary to reduce D value by 1 logarithmic cycle.

Figure 2. Effect of pressure on D values for the loss of immuno-
reactivity of lactoferrin in skim milk (�), whey (�), and buffer (
). 
D value = time (s) required for 90% protein denaturation at constant 
pressure.
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whey proteins (Anema and McKenna, 1996; Anema et 
al., 2005).

As the denaturation reactions were performed at a 
range of pressures, the activation volumes (Va) and fre-

quency factors (ln K0) of lactoferrin for each treatment 
medium could be determined using Eq. [4]. The natural 
logarithms of the rate constants (ln k), obtained from 
the slopes of the straight lines shown in Figure 3, were 
plotted against pressure (Figure 4). The relationship 
between ln k and pressure was linear in the overall pres-
sure range for lactoferrin in the 3 media. The values of 
Va (−34.77, −24.35, and −24.09 mL/mol) and ln K0 
(−15.60, −12.06, and −14.97) obtained for lactoferrin 
treated in milk, whey, or buffer, respectively, are in 
the range reported for the pressure-induced unfolding 
of other whey proteins (Hinrichs et al., 1996; Anema 
et al., 2005). In all cases, negative Va were obtained, 
which indicates that denaturation of lactoferrin follows 
Le Chatelier-Brown’s principle, which predicts that un-
der pressure, reactions of volume decrease are favored 
(Hinrichs et al., 1996; Royer, 2002). Negative Va values 
also indicate that the rate of denaturation of lactoferrin 
increases with pressure, as was observed in the current 
study.

To achieve a shelf life of milk of 10 d at a storage 
temperature of 10°C, a pressure treatment of 400 MPa 
for 15 min or 600 MPa for 3 min at 20°C is necessary 
(Rademacher and Kessler, 1997). A similar treatment 
performed at 600 MPa at 20°C would decrease immu-
noreactive lactoferrin to about 75, 65, and 98% in milk, 
whey, and buffer, respectively, compared with the cor-
responding untreated samples.

Kinetic parameters obtained in this work allow 
prediction of the pressure-induced denaturation of 
lactoferrin based on pressure and holding time. These 
parameters are greatly influenced by the composition of 
the medium. These aspects should be considered in the 
design of pressure treatments of lactoferrin to preserve 

Figure 3. Denaturation of lactoferrin in (a) skim milk, (b) whey, 
and (c) buffer assuming a reaction order of n = 1.5 (□ = 450, � = 500, 
� = 550, � = 600, Δ = 650, 
 = 700 MPa); ct is the immunoreactive 
protein concentration at each holding time, and c0 is the initial protein 
concentration. 

Figure 4. Relationship between ln k (where k is the rate constant) 
and pressure for the denaturation of lactoferrin in skim milk (�), whey 
(�), and buffer (
).
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its integrity, and thus its biological function, when 
lactoferrin is added to special food or pharmaceutical 
products.
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