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The combined effects of temperature (4, 20 and 40°C) and high-pressure treat- 
ments (250, 450 and 600 MPa for 30 min) on the physicochemical characteristics 
of skim milk were studied. At 4, 20 and 40°C the effects of high-pressure treat- 
ments were similar (except for the treatment at 250MPa), leading to an increase 
in protein hydrophobicity, a decrease in lightness, a decrease in average diameter 
of particles and slight solubilization of calcium and phosphorus from the colloi- 
dal to the aqueous phase of the milk. At the same time, denaturation of j3-lacto- 
globulin probably occurred. At 4o”C, and especially at 250 MPa, the effects were 
very different because protein hydrophobicity remained unchanged and the 
average diameter of particles increased with the presence of two distinct popula- 
tions of casein micelles. These results are discussed in relation to the effect of 
high-pressure treatments on protein structure. 0 1997 Elsevier Science Ltd. All 
rights reserved 

INTRODUCTION 

The effects of high-pressure treatment on protein stabi- 
lity are governed by Le Chatelier’s principle, which 
indicates that a volume decrease with increasing pres- 
sure will tend to adjust itself to nullify that change. At 
the same time, reversible and irreversible conforma- 
tional changes may occur by disruption or stabilization 
of hydrophobic interactions, ionic and hydrogen bonds 
(Carter et al., 1978; Masson, 1992; Weber, 1992; Gross 
& Jaenicke, 1994). Many studies have been performed 
on food proteins using high-pressure treatment (Chef- 
tel, 1992; Tausher, 1995), and several experiments on 
milk have been reported. Physicochemical analyses 
reveal that the application of high hydrostatic pressure 
at a temperature of 20°C to skim milk leads to a 
decrease in the mean hydrodynamic diameter of casein 
particles, a decrease in turbidity and lightness, and an 
increased viscosity (Johnston et al., 1992; Desobry- 
Banon et al., 1994). A parallel increase in exposure of 
hydrophobic groups occurs (Johnston et al., 1992). 
These modifications are probably due to a conforma- 
tional change of casein micelles (Shibauchi et al., 1992; 
Buccheim & Prokopeck, 1992). Values for soluble cal- 
cium concentration after high-pressure treatment are 
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contradictory. According to Johnston et al. (1992) 
there is a slight increase in calcium activity between 200 
and 600MPa, whereas, according to Desobry-Banon et 
al. (1994), the soluble calcium concentration is maximal 
(0.6 glitre-‘) at 250MPa. Recently, Lee et al. (1996) 
showed that the colloidal structure of the calcium case- 
inate micelles is also drastically disrupted in a similar 
manner to that observed for the native casein micelles in 
skim milk. 

The properties of acid-induced gels and of rennet gels 
prepared from high-pressure-treated skim milk have 
also been investigated. The acidification of pressurized 
milk by gluconic acid &lactone induces a faster coagu- 
lation than with unpressurized milk (Desobry-Banon et 

al., 1994). The gel strength obtained increases with 
increasing high-pressure (Johnston et al., 1993; Des- 
obry-Banon et al., 1994) and a resistance to syneresis 
was observed. High-pressure treatments (above 
230MPa) lead to a shorter rennet clotting time (Shi- 
bauchi et al., 1992; Desobry-Banon et al., 1994). 

Temperature is also a physical variable which affects 
the physicochemical properties of milk (Walstra & Jen- 
ness, 1984). This study therefore attempts to examine 
the effects of high-pressure treatments combined with 
temperature on the physicochemical characteristics of 
skim milk. Complementary results obtained with whey 
protein-free milk are also described. 
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MATERIALS AND METHODS 

Milk and native phosphocaseinate suspension 

Reconstituted milk was prepared from a low-heat skim 
milk powder at a concentration of 9.37% (w/w). The 
native phosphocaseinate powder, obtained from a milk 
retentate enriched in native casein micelles by micro- 
filtration, was supplied by P. Schuck (Schuck et al., 
1994). The native phosphocaseinate suspension was 
reconstituted in a milk ultrafiltrate to produce a casein 
concentration of 25 g 1itre-i; 0.01% thimerosal (Sigma 
Chemical Co., St Louis, MO, USA) was added to pre- 
vent bacterial growth. 

High-pressure treatment 

The reconstituted milk or native phosphocaseinate sus- 
pension was packed into flexible plastic bottles without 
headspace. Pressure treatments were performed at 250, 
450 and 600MPa in a hydrostatic pressure unit (ACB; 
GEC Alsthom, Nantes, France). The samples were 
pressurized for 30min. Just before high-pressure treat- 
ment, the milk samples were at 20°C. The temperature 
of the hydrostatic pressure unit was controlled at 4, 20 
or 40°C. Previous experiments using a thermocouple 
placed inside the sample showed that a pressurization 
time of 15min was required for the milk samples to 
reach temperatures of 4, 20 or 40°C. After high-pressure 
treatment, samples were stored overnight at 20°C before 
analysis. It is worth nothing that, between 5 h and 45 h 
after pressurization, the lightness of the samples was 
constant under these storage conditions. Pressurization 
of milk samples and subsequent analyses were carried 
out in triplicate. 

Analyses 

Spectrofluorimetric measurement 
Exposure of hydrophobic groups of proteins was mea- 
sured by the fluorescent probe binding method of 
Bonomi et al. (1988). Briefly, spectrofluorimetric mea- 
surements were taken on an LS 50B spectrofluorimeter 
(Perkin-Elmer, Quentin-en-Yvelines, France). The fluor- 
ophor 8-anilino- 1-naphthalenesulphononic acid (ANS; 
Sigma) was used; when interacting with hydrophobic 
sites of proteins, its fluorescence parameters were an 
excitation wavelength of 390nm and an emission wave- 
length of 480nm. Aliquots of treated milk samples 
(1 ml) were diluted with 50 mM potassium phosphate 
buffer, pH 6.8, to a final volume of 10 ml, and titrated at 
room temperature with small aliquots of an aqueous 
solution of ANS (final concentration between 0 and 
300~M) until no further increase in fluorescence was 
observed. The emission and excitation slits were both 
set at 2.5nm bandwidth. Analysis of the binding data 
allowed the maximum fluorescence reached at saturat- 
ing ANS concentration (F,,,, i.e. asymptotic value of 

the titration curve) to be determined. This value was 
taken as 100 for unpressurized milk samples. 

Lightness measurement 
A microcolour tristimulus calorimeter (Chromameter 
CR-300; Minolta, Carrieres-sur-Seine, France) was used 
for colour testing. Calibration was performed using the 
Minolta calibration plate (standard tristimulus values: 
Y = 92.4; x = 0.3161; y = 0.3325). Results were expres- 
sed using the L* value according to CIE-LAB (Com- 
mission Internationale de I’Eclairage, 1971). In this 
system, L* defines the position of the sample on the 
light-dark axis. 

Particle size analysis 
A laser granulometer (N4MD Coulter; Coultronics, 
Margency, France) was used to evaluate the average 
diameters of particles at 20°C. The milk sample was 
diluted in 20mM imidazole-HCl buffer pH 6.6, con- 
taining 5 mM CaCl* and 50mM NaCl; after stabiliza- 
tion for 10min inside the cell holder, light intensity 
scattering at 90 o was measured for 600 s. 

Observation of casein micelles by transmission elec- 
tron microscopy was made on a Philips CM12 appara- 
tus (Philips Industrie, Bobigny, France) in transmission 
mode, at 80 kV. Milk samples were diluted l/250 in 
0.2M sodium cacodylate buffer at pH 7.4. An aliquot 
was dropped onto a collodion-treated carbon grid 
(300mesh, 3 mm diameter). After 30 s, excess sample 
was removed on a filter paper and the grid was 
immersed in a 2% (w/v) uranyl acetate solution for 
2 min. The grid was drained and then air-dried. Multiple 
fields were viewed and typical fields photographed. 

Determination of hydration of ultracentrijiigedpellet 
Each milk sample (including unpressurized sample) was 
centrifuged at 77 OOOg (Beckman 50.2 Ti rotor) for 2 h in 
a Beckman L8 ultracentrifuge at 20°C. Supernatants 
were carefully separated from the pellet. Then, drained 
pellets were weighed and dried at 103°C for 7 h to 
remove water of hydration. The difference between the 
weight before and after drying, expressed as grams of 
water per gram of dry pellet was taken as the water of 
hydration. 

Determination of calcium and phosphorus content 
The calcium content in the ultracentrifugal supernatant 
(filtered through a 0.45 ,um filter) was determined by 
atomic absorption spectrometry (Varian AA 300 equip- 
ment; Les Ulis, France) according to Brule et al. (1974). 
The phosphorus content in the ultracentrifugal super- 
natants was determined according to the standard 
method of the International Dairy Federation (1987). 

Casein analysis by reversed-phase high-performance 
liquid chromatography (RP-HPLC) 
Caseins were separated by RP-HPLC on a Cd column 
(Vydac 214 TP 5415; Touzart Matignon, Vitry-sur-Seine, 
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France), 150mmx4.6 mm internal diameter, particle 
size 5 pm, at 40°C using gradient elution with acetoni- 
trile at a flow rate of 1 mlmin-i. Solution A was tri- 
fluoroacetic acid dissolved in double-distilled water 
(1 ml litreel); solution B was 1 ml of trifluoroacetic acid 
dissolved in acetonitrile-double-distilled water (80:20, v/ 
v). Milk samples and ultracentrifugation supernatants 
were diluted 20-fold and 4-fold, respectively. After 
equilibration of the column with 37% of solution B, 
caseins (50 ~1) were applied and eluted by increasing the 
concentration of solution B as follows: 0-30min, 37- 
54%; 30-35min, 54100%. Eluted peaks were detected 
by absorbance at 214nm. It is worth noting that RP- 
HPLC analyses of caseins are commonly performed 
after dissolution of the sample in a buffer containing a 
reducing agent (e.g. mercaptoethanol or dithiothreitol) 
to improve the chromatographic separation (Leonil et 
al., 1995). In this case, as the aim was to visualize 
potential interactions between proteins via intermole- 
cular disulphide bonds, this chemical reduction was not 
performed. 

Nitrogen analysis 
The non-casein nitrogen and non-protein nitrogen con- 
tents were determined as the nitrogeneous compounds 
that were soluble at pH 4.6 and in 12% trichloroacetic 
acid solution, respectively. These analyses were per- 
formed on milk, before and after high-pressure treat- 
ment, using the Kjeldahl method. The non-casein 
protein concentration was calculated by multiplying the 
non-casein nitrogen concentration by the factor 6.38. 

wLactalbumin and B-lactoglobulin analysis by gel 
permeation HPLC (GP-HPLC) 
ol-Lactalbumin and B-lactoglobulin of the ultracentrifu- 
gation supernatant were separated and quantified by 
GP-HPLC using a Progel-TSK G3000 column (Supelco, 
Saint Germain-en-Laye, France). Samples were diluted 
4-fold and eluted with 30% acetonitrile in water con- 
taining 0.1% trifluoroacetic acid. Eluted peaks were 
detected by absorbance at 214nm. 

RESULTS AND DISCUSSION 

Global effects of high-pressure treatment in combination 
with temperature on milk 

ANS is known to bind hydrophobic areas of proteins 
accessible to the aqueous solvent. Upon binding, its 
fluorescence is drastically enhanced so that exposed 
hydrophobic surface areas can be quantitatively deter- 
mined. The exposure of hydrophobic regions of milk 
proteins measured by binding of ANS as a function of 
high-pressure treatment and of temperature is presented 
in Fig. 1. At 4°C the F,,,,, values increased with high- 
pressure treatment up to 450MPa, then slightly 
decreased with treatment at 600MPa. At 20°C there 

was an increase in F,,,,, values from 0 to 600 MPa. The 
increase was lower at 20°C than at 4°C. Surprisingly, at 
40°C the F,,, value remained unchanged between 0 
and 250MPa; then it increased up to 600MPa. These 
variations in F,,, indicate structural modifications to 
the milk proteins because, when a protein is partially or 
completely disorganized, hydrophobic segments may be 
differently exposed. However, the modified proteins 
were not determined. It is worth nothing that Johnston 
et al. (1992), who studied the conformational changes of 
milk proteins induced by application of hydrostatic 
pressure up to 600MPa at 20°C have also reported an 
increase in F,,,,, value. 

Effects of high-pressure treatment in combination with 
temperature on casein micelles in milk or in native 
pbospbocaseinate suspension 

The lightness of the different milk samples as a function 
of high-pressure treatment and temperature is shown 
Fig. 2. Globally, lightness decreased up to a high-pres- 
sure treatment of 450 MPa. These decreases in lightness 
were lower at 40°C than at 20°C and 4°C. Then, 
between 450 and 600MPa, the lightness was constant. 

Fmax 
150 

90 ’ 1 I I I I I 

0 100 200 300 400 500 600 

Pressure MPa 

Fig. 1. Combined effects of temperature and high-pressure 
treatment on the exposure of hydrophobic regions of milk 
proteins. Hydrophobicity was measured by the binding of 
fluorescent probe 8-anilino- 1 -naphthalenesulphonate (ANS) 
to proteins according to the method described by Bonomi et 
al. (1988). Analysis of binding data allowed the determination 
of the maximum fluorescence, F,,,,,, attainable at saturated 
ANS concentration (FmaX corresponds to the asymptotic value 
of the titration curve). The F,,,,, of unpressurized milk was 
taken as 100. The accuracy of the F,,,,, determination was 
f 10. The temperature of the hydrostatic pressure unit was 
regulated at 4°C (m), 20°C (+ ) or 40°C (*). Samples were 
pressurized for 30min and stored overnight at 20°C before 

analysis. 
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At 2o”C, the decrease in lightness was similar to that 
observed by Johnston et al. (1992) and Desobry-Banon 
et al. (1994). It should be noted that high-pressure 
treatment of 250MPa carried out at 4, 20 or 40°C on 
native phosphocaseinate suspension (corresponding to a 
whey protein-free milk) induced the same decreases in 
lightness as those observed with milk samples (results 
not shown). On the other hand, decreases in milk light- 
ness were also observed when casein micelle disintegra- 
tion was induced by calcium-chelating agents such as 
sodium salts of hexametaphosphate, orthophosphate, 
citrate and EDTA (Johnston & Murphy, 1992). Thus, 
from these decreases in lightness after high-pressure 
treatment, and Rayleigh’s equation (which shows that 
light scattering is dependent on the 6th power of the 
particle radius), it can be deduced that a decrease in 
particle size occurred. Moreover, these structural chan- 
ges in milk were irreversible, because the initial lightness 
was never recovered even after 45 h of storage at 20°C. 
Using spectrofluorimetric measurements in the presence 
of ANS, Johnston et al. (1992) showed that the effect of 
high-pressure treatment on the exposure of hydrophobic 
groups persisted for at least 8 days. A comparison with 
other proteins indicates that high-pressure treatment 
also induced structural changes in protein aggregates 
which can be reversible or irreversible: this was shown 
by the dissociation and inhibition of multimeric 
enzymes after high-pressure treatment (Penniston, 1971) 
or by the pressure-induced dissociation of brome mosaic 
virus (Silva & Weber, 1988). On the other hand, Silva et 
al. (1986) indicated that, after decompression, complete 
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Fig. 2. Combined effects of temperature and high-pressure 
treatment on the milk lightness. The accuracy on the lightness 
value was f 2units. Complete conditions of high-pressure 
treatment and sample storage are described in the legend of 

Fig. 1. and sample storage are described in the legend of Fig. 1. 

Fig. 3. Combined effects of temperature and high-pressure 
treatment on the average diameter of particles determined by 
laser granulometry. Milk samples were diluted with 20mM 
imidazole-HCl buffer pH 6.6, containing 5mM CaC12 and 
50mM NaCl. The accuracy of the particle size determination 
was f 10 nm. Complete conditions of high-pressure treatment 

reassociation of tryptophan synthase p2 subunits takes 
place. In the same way, Ruan and Weber (1989) described 
the total recovery of enzyme activity of yeast glycer- 
aldehyde phosphate dehydrogenase after high-pressure 
treatment and decompression. 

The combined effects of temperature and high pres- 
sure treatments on the average diameter of particles 
obtained by laser granulometry are shown in Fig. 3. 
High-pressure treatment at 250MPa resulted in differ- 
ent particle sizes, depending on the temperature. At 4, 
20 and 4o”C, the average diameter of particles was 133, 
184 and 252nm, respectively. Under the same condi- 
tions of pressurization, changes in particle size were also 
observed by transmission electron microscopy (Fig. 4). 
For the unpressurized milk sample, the micelle size was 
about 100 nm (Fig. 4(A)). After high-pressure treatment 
of 250MPa at 4°C and 2O”C, particle sizes of about 
50 nm were determined (Figs 4(B) and (C), respectively). 
After high-pressure treatment of 250MPa at 4O”C, two 
distinct populations were detected (Fig. 4(D)), with 
particle sizes of about 50 nm and 250nm (arrows, 
Fig. 4(D)). These lower diameter values obtained with 
electron microscopy compared to the mean size of par- 
ticles obtained with laser granulometry arise from sam- 
ple dehydration (Pierre et al., 1995). The presence of 
small particles would explain the decrease in the appar- 
ent lightness (Fig. 2), and the presence of large particles 
would explain the observed increase in the average dia- 
meter of particles determined by laser granulometry 
(Fig. 3). On the other hand, high-pressure treatment of 
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250MPa carried out at 4, 20 and 40°C on native phos- 
phocaseinate suspension induced the same unexpected 
variations in the average diameter of particles as those 
observed with milk samples (190, 160, 185 and 285 nm 
for unpressurized and pressurized native phosphocasei- 
nate suspensions at 4, 20 and 40°C). High-pressure 
treatment of 450 and 600MPa at 4, 20 and 40°C on 
milk samples led to similar decreases in average diame- 
ters of particles determined by laser granulometry. The 
decreases in the average diameter of particles after high- 
pressure treatment of milk samples at 20°C are in 
accordance with the results of Buccheim and Prokopeck 
(1992) using electron microscopy and with those of 
Desobry-Banon et al. (1994) using laser granulometry. 

The effects of high-pressure treatment in combination 
with temperature on hydration of the ultracentrifuged 

pellet are illustrated in Fig. 5. High-pressure treatment 
caused a substantial increase in hydration from 2.0 to 
2.4g water g-’ dry pellet. At 4, 20 and 40°C these 
increases were similar. Then, above 250MPa and up to 
600 MPa, hydration was constant (about 2.4-2.5 g water 
g-’ dry pellet), except for the high-pressure treatment of 
600 MPa at 40°C where we observed a slight decrease in 
hydration. These increases in hydration were caused by 
pressure-induced ionization, changes in amino acid side- 
chains and peptide bonds resulting from solvent expo- 
sure, and diffusion of water into cavities located in the 
hydrophobic core (Masson, 1992; Johnston et al., 1992). 
Moreover, these increases in hydration in relation to the 
particle size decreases (Fig. 3) are in good agreement 
with the results of Anema and Creamer (1993) which 
indicated that smaller particles have greater solvation. 

Fig. 4. Combined effects of temperature and high-pressure treatment on the size of casein micelles negatively stained by many1 
acetate and observed by transmission electron microscopy. A, B, C and D correspond to unpressurized and pressurized milk sam- 
ples (250 MPa) at 4, 20 and 40°C respectively. Complete conditions of high-pressure treatment and sample storage are described in 

the legend of Fig. 1. 
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The shape of the plots of soluble calcium (Fig. 6(A)) 
and phosphorus (Fig. 6(B)) concentrations against high- 
pressure treatment suggested that, after pressurization 
of milk at 4, 20 or 40°C slight solubilization of calcium 
and phosphorus occurred. No temperature effect was 
observed. Thus, between 0 and 250MPa, significant 
solubilization (about 20 and 25 mg kg-’ of calcium and 
phosphorus, respectively) was observed. Similar results 
were obtained after pressurization of native phospho- 
caseinate suspension in ultrafiltrate under the same 
conditions (results not shown). With milk samples, 
above 250 MPa and up to 600 MPa, no supplementary 
calcium and phosphorus solubilization was observed. 
As the solubilizations of calcium and phosphorus were 
quantitatively similar, it can be suggested that these 
elements both came from colloidal calcium phosphate. 
Moreover, as the soluble casein concentration was 
unmodified after high-pressure treatment (because no 
chromatographic peak for caseins was detected in the 
aqueous phases of milk; results not shown), it can be 
concluded that the slight solubilization of calcium and 
phosphorus was not related to the solubilization of an 
individual casein. 

Effects of high-pressure treatment in combination with 
temperature on whey proteins in milk samples 

High-pressure treatment of 250MPa at 4, 20 or 40°C 
induced similar decreases in the non-casein protein 
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Fig. 5. Combined effects of temperature and high-pressure 
treatment on pellet hydration. The pellets were obtained by 
centrifugation at 77 OOOg for 2 h, and then weighed and dried 
at 103°C for 7 h. The difference between the weight before and 
after drying, expressed as g water gg’ dry pellet was taken as 
the water of hydration. The accuracy of the determination of 
the hydration value was l O.l g water g-t pellet. Complete 
conditions of high-pressure treatment and sample storage are 

Fig. 6. Combined effects of temperature and high-pressure 
treatment on the calcium (A) and phosphorus (B) concentra- 
tions in the aqueous phases of milk samples. These concen- 
trations were evaluated in the supernatant obtained by 
centrifugation at 77 OOOg for 2 h. The accuracy of the calcium 
and phosphorus determination was +2%. Complete condi- 
tions of high-pressure treatment and sample storage are 

described in the legend of Fig. 1. described in the legend of Fig. 1. 

content (Fig. 7). When the high-pressure treatment was 
increased to 600MPa, the non-casein protein content 
decreased more rapidly as the temperature increased. As 
observed with heat treatment (Ferron-Baumy et al., 
1991) and also with high-pressure treatment (Johnston 
et al., 1992), these decreases in non-casein protein con- 
tent were related to an alteration of the whey proteins. 
Interaction between P-lactoglobulin and k-casein has 
been reported after heat treatment (Jang & Swaisgood, 
1990; Walstra, 1990). One of the consequences is an 
increase in rennet clotting time (Ferron-Baumy et al., 
199 1). On the other hand, after high-pressure treatment, 
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Fig. 7. Combined effects of temperature and high-pressure 
treatment on non-casein protein contents. The accuracy of the 
non-casein protein determination was & 0.1 g litree’. Complete 
conditions of high-pressure treatment and sample storage are 

described in the legend of Fig. 1. 

a decrease in rennet clotting time was observed 
(Shibauchi et al., 1992; Desobry-Banon et al., 1994). 
This result suggested that an association between fi-lac- 
toglobulin and k-casein, as observed after heat treat- 
ment, was unlikely. Whey proteins were probably self- 
aggregated and not covalently associated to caseins. 
However, from this analysis of soluble nitrogen at pH 
4.6, the altered whey proteins were not identified. It 
should be noted that, at the same time, the non-protein 
nitrogen contents were unmodified and constant (about 
0.337 glitree’ nitrogen), indicating that there was no 
proteolysis of caseins and whey proteins. 

The effects of high-pressure treatment and tempera- 
ture on the percentage of a-lactalbumin and P-lactoglo- 
bulin remaining in the supernatants of different milk 
samples after centrifugation at 77000g for 2 h were 
determined by GP-HPLC. In all cases, the percentage of 
a-lactalbumin was higher than 95%, while the percen- 
tage of (3-lactoglobulin decreased as applied high pres- 
sure increased (Fig. 8). Moreover, the decrease in 
percentage of P-lactoglobulin was slightly enhanced as 
the temperature increased. P-Lactoglobulin, at milk pH, 
is not denatured in the temperature range 440°C. Thus, 
this decrease, which probably corresponds to denatura- 
tion of P-lactoglobulin, would be mainly due to the 
high-pressure treatment. Since the percentage of p-lac- 
toglobulin decreased alone, no association between a- 
lactalbumin and P-lactoglobulin existed in the ultracen- 
trifugation pellet. This difference in denaturation 
between a-lactalbumin and P-lactoglobulin was also 
observed by Nakamura et al. (1993) in 10% whey 
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Fig. 8. Combined effects of temperature and high-pressure 
treatment on the percentage of g-lactoglobulin remaining in 
the supernatant obtained by centrifugation at 77 OOOg for 2 h. 
100% corresponds to the l3-lactoglobulin concentration in the 
supematant of unpressurized milk. The accuracy of the g-lac- 
toglobulin determination was &5%. Complete conditions of 
high-pressure treatment and sample storage are described in 

the legend of Fig. 1. 

protein concentrate. It could be caused by the difference 
in the number of disulphide bonds @-lactoglobulin has 
two disulphide bonds and a-lactalbumin has four). The 
resistance to high pressure of a-lactalbumin was prob- 
ably due to its more rigid molecular structure. With 
pure solution, a conformational change in P-lactoglo- 
bulin during and after high-pressure treatment inducing 
an irreversible unfolding and aggregation, with forma- 
tion of intermolecular S-S bonds, was observed 
(Dufour et al., 1994; Dumay et al., 1994; Futenberger et 
al., 1995). Moreover, the specific proteolysis of p-lacto- 
globulin (in whey protein concentrate) by thermolysin, 
trypsin or pepsin was enhanced under pressure, prob- 
ably as a result of changes in the structure of p-lacto- 
globulin (Dufour et al., 1992; Stapelfeldt et al., 1996). 
From these results, an irreversible pressure-induced 
denaturation of P-lactoglobulin in milk samples can be 
proposed. As regards bovine serum albumin, it seems 
that no major alteration to its secondary structure 
occurs (Hayakawa et al., 1992). 

CONCLUSION 

From these results, we have described more fully the 
effects of high-pressure treament on the physicochemi- 
cal characteristics of skim milk. Thus, we have con- 
firmed that high-pressure treatment induces an 
irreversible disintegration of casein micelles into smaller 
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particles and an increase in protein hydrophobicity. 
Moreover, we have demonstrated an increase in casein 
micelle hydration, slight phosphorus and calcium solu- 
bilization and B-lactoglobulin denaturation. These 
changes were related to pressure-induced changes in the 
hydrogen bonds and in the hydrophobic and electro- 
static interactions, which are responsible for maintain- 
ing the structural integrity of micelles and of the 
conformation of globular proteins. 

On the other hand, these results showed that it is 
possible to affect differently the physicochemical char- 
acteristics of milk by combination of temperature (4, 20 
and 40°C) and high-pressure treatment (250, 450 and 
600MPa). The effects of temperature and of high pres- 
sure on protein equilibria were not easy to follow or to 
interpret. However, knowing that the combination of 
temperature with high-pressure treatment changes the 
physicochemical characteristics of milk by acting on the 
mineral balance, molecular associations and single pep- 
tide chain proteins (Walstra & Jenness, 1984; Weber, 
1992), different hypotheses can be offered on the effect 
of temperature at 250 MPa. First, a temperature-depen- 
dent dissociation of casein micelles under high pressure 
followed by different kinds of reassociation during the 
release of pressure can be suggested. Second, we can 
propose a dissociation of casein micelles under high 
pressure followed by a temperature-dependent reasso- 
ciation during the release of pressure. Third, a combi- 
nation of these two hypotheses, i.e. a dissociation which 
depends on the temperature under high pressure and a 
reassociation also depending on the temperature during 
the release of pressure, could occur. Thus, after high- 
pressure treatment of 250MPa at 40°C association of 
casein molecules into clusters could take place. A fourth 
hypothesis, suggesting that, under these conditions 
(250 MPa, 40°C) non-covalent interactions between 
denatured whey proteins and modified casein micelles 
could exist and that, under other conditions of high- 
pressure treatment and temperatures, these associations 
would not be favourable, seems unlikely because similar 
results were obtained with milk and whey protein-free 
milk. Further work is therefore needed to clarify the 
mechanism of high pressure as a function of tempera- 
ture. Moreover, as the physicochemical characteristics 
of these milk samples were very dependent on the high 
pressure and temperature applied, it would be interest- 
ing in further studies to test the functional effects such 
as emulsifying and foaming properties. 
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