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Abstract 

Milk preservation requires technologies that extend shelf life while minimising undesira-
ble changes in product quality. This study compared the effects of pasteurisation, sterili-
sation, and high hydrostatic pressure processing (HHP) on the physicochemical proper-
ties and protein profiles of raw whole bovine milk. The samples included untreated raw 
milk as the control, pasteurised milk (72 °C for 42 s), sterilised milk (121 °C for 15 min), 
and HHP-treated milk processed at 300, 400, 500, or 600 MPa for 5 min. Colour, pH, rhe-
ological behaviour, SDS-PAGE, and Native-PAGE were evaluated. Sterilisation caused 
the greatest total colour difference (ΔE* = 13.95), whereas pasteurisation resulted in a 
barely perceptible change (ΔE* = 0.64), and HHP-treated samples showed perceptible but 
lower colour differences (ΔE* = 3.42–3.97). Sterilisation also caused the most pronounced 
pH decrease and the highest shear stress values over most of the measured shear-rate 
range. SDS-PAGE profiles of raw and HHP-treated milk remained broadly similar, while 
Native-PAGE revealed pressure-dependent reductions in native β-lactoglobulin band in-
tensity, particularly at 500 and 600 MPa. Pasteurisation and 600 MPa treatment reduced 
the κ-casein-associated band intensity by 54% and 58%, respectively. Overall, HHP in-
duced less pronounced physicochemical and electrophoretic changes than sterilisation, 
although higher pressure levels caused measurable protein restructuring. 

Keywords: milk; thermal processing; high pressure processing; HHP; electrophoretic 
techniques 
 

1. Introduction 
Milk preservation presents a considerable technological challenge because of the 

highly perishable nature of milk and the need to achieve an appropriate balance between 
microbial safety, shelf life, and the retention of its natural physical, sensory, and nutri-
tional properties. It provides essential macro- and micronutrients required for human 
growth and development. Milk proteins are characterised by high biological value, as 
they contain all essential amino acids and exhibit high digestibility [1]. Conventional ther-
mal preservation methods are well established, economically feasible, and effective in im-
proving milk safety and shelf life. Nevertheless, depending on the intensity of the 
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treatment, they may adversely affect certain sensory, nutritional, and bioactive properties 
of milk. Although non-thermal processing technologies offer promising alternatives, their 
widespread implementation remains constrained by challenges related to process stand-
ardisation, industrial scalability, and economic feasibility [1,2]. 

Traditional thermal treatments, including pasteurisation, ultra-high-temperature 
processing, and sterilisation, may alter protein structure, flavour, and heat-sensitive bio-
active components [3–5]. Thermal processing may also reduce the retention or biological 
activity of heat-sensitive nutrients, including certain vitamins and immunologically active 
proteins [2]. Heating can disrupt protein secondary structures, including α-helices and β-
sheets, and promote protein unfolding and aggregation. Under sufficiently severe thermal 
conditions, proteins such as α-lactalbumin and lactoferrin may undergo structural modi-
fication [6]. Whey proteins, particularly β-lactoglobulin, can also form aggregates with 
other whey proteins and caseins through hydrophobic interactions and disulphide-bond 
interchange. These changes may reduce protein solubility and modify the functional prop-
erties of milk [7,8]. 

High-pressure processing (HPP) is a non-thermal or minimal-heat food preservation 
technology in which pressures typically ranging from 300 to 600 MPa, or higher, are ap-
plied to inactivate vegetative microorganisms and selected enzymes in milk. It therefore 
represents a potential alternative to conventional thermal pasteurisation. HPP can im-
prove microbial safety while limiting heat-induced changes in nutritional and sensory 
characteristics and preserving a substantial proportion of heat-sensitive bioactive compo-
nents [9]. However, although HPP is effective against vegetative microbial cells, bacterial 
spores are considerably more pressure-resistant. Consequently, effective spore inactiva-
tion at commercially feasible pressure levels may require optimisation of treatment con-
ditions or combination with mild thermal processing [10]. 

At the molecular level, HPP primarily modifies non-covalent interactions, including 
hydrophobic interactions and hydrogen bonds, rather than directly disrupting the cova-
lent backbone of proteins. Pressure can compress internal protein cavities and alter hy-
dration and solvation volumes, thereby modifying protein conformation. Although high 
pressure may cause partial or complete protein unfolding, its structural effects are often 
less extensive than those induced by severe thermal treatments, allowing a greater pro-
portion of the native protein structure to be retained under appropriately selected condi-
tions [11]. High-pressure treatment can nevertheless induce substantial changes in milk 
proteins. Pressure-induced disruption or dissociation of casein micelles may alter the dis-
tribution of proteins and minerals between the colloidal and soluble phases. Whey pro-
teins may also undergo pressure-dependent unfolding, denaturation, association with ca-
sein micelles, and aggregation. These modifications can affect their solubility, technologi-
cal functionality, and biological activity [12–14]. These pressure-induced modifications of 
bovine milk proteins are influenced by several factors, including pressure level, treatment 
time, temperature, pH, and the initial composition of the milk matrix [15]. Under specific 
conditions, HHP has also been reported to modify the immunogenicity of β-lactoglobulin 
and promote the release of bioactive peptides, suggesting potential applications in the 
development of functional and reduced-allergenicity dairy products [16]. Under selected 
pressure and pH conditions, HHP may increase protein solubility and water-holding ca-
pacity and modify the antioxidant and antibacterial activities associated with milk pro-
teins [17]. 

High hydrostatic pressure processing of milk and dairy products has been exten-
sively reviewed, and its effects on microbial safety, physicochemical properties, protein 
structure, and technological functionality are well documented [18,19]. However, direct 
experimental comparisons using the same raw whole bovine milk matrix and combining 
conventional thermal treatments with several HHP levels remain more limited. In 
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particular, fewer studies have evaluated colour, pH, rheological behaviour, SDS-PAGE, 
and Native-PAGE together in order to relate macroscopic physicochemical changes to de-
naturing and native electrophoretic protein profiles. 

The specific contribution of the present study lies in the combined use of SDS-PAGE 
and Native-PAGE across pasteurised, sterilised, and pressure-treated milk samples. SDS-
PAGE was used to evaluate the apparent molecular mass distribution of milk proteins 
under denaturing conditions, whereas Native-PAGE was applied to assess changes in na-
tive electrophoretic behaviour, which is influenced by protein size, charge, and confor-
mation. The parallel use of these two methods enabled the differentiation of major 
changes in protein band patterns from more subtle pressure-induced changes in native 
protein behaviour that may be less apparent under denaturing SDS-PAGE conditions. 
This complementary approach enabled a more detailed comparison of heat- and pressure-
induced protein modifications within the same raw whole bovine milk matrix. 

Therefore, the aim of this study was to compare the effects of pasteurisation, sterili-
sation, and high-pressure treatment at 300–600 MPa on the physicochemical characteris-
tics and electrophoretic protein profiles of raw whole bovine milk. 

2. Materials and Methods 
2.1. Materials 

RAW Milk 

Raw, unpasteurised milk samples were obtained from a family farm located in Pápa, 
Hungary. The herd consisted of Bos taurus Hungarian Simmental dairy cows. The milk 
did not undergo any preliminary treatment and was considered whole milk. Following 
collection, the samples were transported to the laboratory under refrigerated conditions 
(4 °C) until further analysis. 

2.2. Methods 

2.2.1. High-Pressure Processing (HHP) 

High-pressure experiments were performed using a Resato FPU-100-2000 labora-
tory-scale high-pressure processing system (Resato International B.V., Assen, The Neth-
erlands), consisting of a pressurising unit (1600 mm × 2200 mm × 830 mm) and a control 
unit (1300 mm × 950 mm × 1400 mm). The milk samples were divided into the following 
treatment groups: untreated control (0 MPa), pasteurised (72 °C for 42 s), sterilised (121 
°C for 15 min), and high-pressure-treated samples at 300, 400, 500, and 600 MPa. The hold-
ing time at the target pressure was 5 min for all high-pressure treatments. Before pro-
cessing, all samples were packaged in pressure- and heat-resistant polyethylene pouches. 
The headspace was minimised manually before sealing in order to reduce residual oxy-
gen. Propylene glycol (Resato PG fluid) was used as the pressure-transmitting medium in 
the pressure vessel. The initial temperature of the samples was maintained at 1–3 °C by 
cooling in ice water. Based on the initial sample temperature of 1–3 °C and the estimated 
adiabatic temperature increase of approximately 3 °C per 100 MPa, the estimated sample 
temperatures at the target pressure were approximately 10–12 °C at 300 MPa, 13–15 °C at 
400 MPa, 16–18 °C at 500 MPa, and 19–21 °C at 600 MPa. Pressure profiles within the 
sample holder were continuously monitored throughout the treatments. 

2.2.2. Colour Measurements 

Colour measurements were performed using a Minolta CR-400 tristimulus colorim-
eter (Konica Minolta Co., Ltd., Osaka, Japan). Before measurement, the instrument was 
calibrated using the manufacturer’s standard white calibration plate. Each sample was 
measured five times under reflectance mode. The instrument provided the CIELAB colour 
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coordinates L*, a*, and b*, which were used to evaluate the colour characteristics and col-
our changes of the samples. The total colour difference (ΔE*) between untreated and 
treated samples was calculated using the mean values of L*, a*, and b* according to the 
following equation: 

∆E* = [(∆L*)2 + (∆a*)2 + (∆b*)2]0.5, (1)

where ∆L*, ∆a* and ∆b* are the differences between the values of L*, a* and b* in the un-
treated and treated samples [20]. 

2.2.3. pH Measurement 

pH measurements were performed using a Testo 206-pH2 pH meter (Testo SE & Co. 
KGaA, Titisee-Neustadt, Germany). Before use, the instrument was calibrated with stand-
ard buffer solutions of pH 4.00 and 7.00 according to the manufacturer’s instructions. The 
instrument was equipped with an integrated temperature sensor. Measurements were 
performed in triplicate for each sample. 

2.2.4. Rheological Measurements 

The rheological behaviour of the samples was determined using a Rheomat 115 rota-
tional viscometer (Contraves, AG, Zürich, Switzerland) according to the modified method 
of Islam and Azemi [21]. Before the measurements, all samples were conditioned to 4–5 
°C. For each measurement, 100 mL of sample was transferred into the No. 145 measuring 
cup, and the 7/7 measuring system was installed according to the manufacturer’s instruc-
tions. Measurements were performed over a shear-rate range of 6.65–1008 s−1, and the cor-
responding instrument readings (α) were recorded. Each sample was measured three 
times. The shear stress (τ, mPa) was calculated from the instrument reading using the 
measuring system constant (z = 195.5) according to the following equation: τ = α × z, where 
α is the instrument reading. The calculated shear stress values were plotted as a function 
of shear rate to compare the rheological behaviour of the untreated, thermally treated, and 
high-pressure-treated milk samples. 

2.2.5. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using handcast 
4–15% polyacrylamide gels (acrylamide/bis-acrylamide, 83 × 73 × 1.0 mm) in a vertical 
electrophoresis system (Mini-PROTEAN® Tetra System, Bio-Rad Laboratories, Hercules, 
CA, USA). A prestained protein molecular weight marker (Precision Plus Protein™ Stand-
ards All Blue, Bio-Rad Laboratories, Hercules, CA, USA) covering the molecular weight 
range of 10–250 kDa was used. Milk samples were prepared by dilution with 2× Laemmli 
sample buffer containing 2-mercaptoethanol (Bio-Rad Laboratories, Hercules, CA, USA). 
After mixing with Laemmli sample buffer, the samples were heated at 95 °C for 5 min to 
promote protein denaturation and then cooled to room temperature before loading onto 
the gel. For SDS-PAGE analysis, a protein concentration of approximately 3–5 mg/mL was 
targeted for all samples. After electrophoresis, the gels were stained with 0.2% Coomassie 
Brilliant Blue R-250 for 30 min. Gel images were acquired using a Gel Doc™ XR+ System 
(Bio-Rad Laboratories, Hercules, CA, USA). Band intensities were quantified using Quan-
tity One software version 4.5 (Bio-Rad Laboratories, Hercules, CA, USA). The intensity of 
each protein band was expressed as relative intensity (%), calculated relative to the corre-
sponding band intensity of the untreated control samples. 

2.2.6. Native Polyacrylamide Gel Electrophoresis (Native PAGE) 

Native polyacrylamide gel electrophoresis (Native PAGE) was performed using the 
same handcast 4–15% polyacrylamide gel system described for SDS-PAGE, with the 
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omission of sodium dodecyl sulfate (SDS), reducing agents, and other denaturing agents, 
according to the method of Wall et al. [22]. Under these conditions, protein separation is 
based on differences in the charge-to-mass ratio of the native protein molecules. The sam-
ple dilutions were identical to those used for SDS-PAGE. However, the samples were pre-
pared using a mixture of sample buffer, running buffer and sucrose (20%, w/v). The run-
ning buffer was prepared from 3.03 g Tris and 14.4 g glycine per litre, corresponding to 
approximately 25 mM Tris and 192 mM glycine, with a nominal pH of approximately 8.3. 
The same buffer system was used for all samples to maintain consistent electrophoretic 
conditions during Native-PAGE separation. Electrophoresis was performed at a constant 
voltage of 200 V for approximately 70 min. 

2.2.7. Statistical Analysis 

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 
20.0 (IBM Corp., Armonk, NY, USA). Data are presented as mean ± standard deviation 
(SD). The effects of the different treatments were evaluated by one-way analysis of vari-
ance (ANOVA). When significant differences were detected (p < 0.05), Tukey’s post hoc 
test was applied for multiple comparisons of the mean values. 

2.2.8. GenAI 

During the preparation of this manuscript, the authors used ChatGPT (OpenAI) to 
review and improve English language clarity, grammar, sentence structure, formatting 
and readability of text that had already been written by the authors. Scopus AI was used 
as a literature search engine and discovery tool to identify scientific publications. 

3. Results 
3.1. Colour 

Figure 1 presents the effects of the different treatments on the CIELAB colour coor-
dinates of the milk samples. Previous studies have shown that pressure treatments of 100 
and 200 MPa induce only minor changes in the colour of raw milk. Therefore, these pres-
sure levels were not included in the present study. Instead, pasteurised and sterilised milk 
samples were incorporated to provide a broader comparison with conventional thermal 
treatments, thereby facilitating a more comprehensive evaluation of the colour changes 
induced by high-pressure processing. One-way ANOVA revealed significant differences 
(p < 0.05) in all three CIELAB colour coordinates (L*, a*, and b*) compared with the un-
treated control samples. Similarly, reported significant changes in all three colour coordi-
nates following high-pressure treatment of skim milk (600 MPa, 15 min) [23]. 

The L* values showed that pasteurised milk exhibited colour characteristics similar 
to those of the high-pressure-treated samples, whereas sterilised milk displayed lower L* 
values. Tukey’s post hoc test further demonstrated that no significant difference was ob-
served between raw and pasteurised milk. Likewise, the L* values of sterilised milk and 
samples treated at 300–600 MPa belonged to the same homogeneous group, with no sig-
nificant differences among them (p = 0.410). The pronounced colour change in sterilised 
milk may be related to heat-induced protein denaturation, lipid degradation, carotenoid 
oxidation, and Maillard reactions [3]. Increasing the pressure level from 300 to 600 MPa 
did not result in any further substantial changes in L*, and these values remained compa-
rable to those of sterilised milk. The comparatively moderate colour changes observed 
following HPP are broadly consistent, that milk treated at 400–600 MPa for 1–5 min re-
tained key quality characteristics similar to those of raw milk [24]. 
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Figure 1. CIELAB colour coordinates (L*, a*, and b*) of untreated control, pasteurised, sterilised, 
and high-pressure-treated milk samples. Within each treatment group, the bars represent L*, a*, and 
b* values from left to right, respectively. Bars represent mean ± SD. Different lowercase letters above 
or below the columns indicate significant differences among treatments within the same colour co-
ordinate according to Tukey’s post hoc test (p < 0.05). 

The a* coordinate showed only minor differences among raw, pasteurised, and high-
pressure-treated milk samples (Figure 1), ranging from −3.18 in raw milk to −3.63 in pas-
teurised milk, whereas sterilised milk exhibited a distinctly different a* value. A similar 
trend was observed for the b* coordinate; however, sterilised milk showed a substantially 
higher b* value (17.93) than all other samples, indicating a markedly more yellow appear-
ance. 

The total colour difference (ΔE*) summarizes the combined changes in the individual 
colour coordinates (Figure 2). Because ΔE* was calculated relative to the untreated raw 
milk control, the control sample served as the reference point for all treated samples. Ac-
cording to the ΔE* values, the colour difference between raw and pasteurised milk was 
barely perceptible. In contrast, all high-pressure-treated samples exhibited clearly percep-
tible colour differences relative to the untreated control. The ΔE value of sterilised milk 
corresponded to a large colour difference according to the classification [20], indicating 
that sterilisation induced substantially greater colour changes than either pasteurisation 
or high-pressure treatments. 
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Figure 2. Total colour difference (ΔE*) of pasteurised, sterilised, and high-pressure-treated milk 
samples calculated relative to the untreated raw milk control. The untreated control served as the 
reference for ΔE* calculation; therefore, it does not represent an independently calculated colour-
difference value and is not shown as a separate bar. 

3.2. pH 

Differences in the pH values of the milk samples are presented in Figure 3. One-way 
ANOVA followed by Tukey’s post hoc test showed that both thermal and high-pressure 
treatments significantly affected the pH of raw milk (p < 0.05). However, all high-pressure-
treated samples and the pasteurised milk sample were assigned to the same homogeneous 
group, indicating that their pH values did not differ significantly (p = 0.057). In these sam-
ples, pH decreased only slightly compared with the untreated raw milk, whereas sterili-
sation resulted in a more pronounced decrease of several tenths of a pH unit. 

 

Figure 3. pH values of untreated control, pasteurised, sterilised, and high-pressure-treated milk 
samples. Bars represent mean ± SD. Different lowercase letters (a–c) above the columns indicate 
significant differences among treatments according to Tukey’s post hoc test (p < 0.05). 

3.3. Rheological Behaviour 

The rheological behaviour of untreated, thermally treated, and high-pressure-treated 
milk samples is presented in Figure 4. The shear stress values increased with increasing 
shear rate in all samples. Sterilised milk showed the highest shear stress values over most 
of the measured shear-rate range, whereas the high-pressure-treated samples remained 
closer to the untreated control and pasteurised milk. 

In the present study, the high-pressure-treated samples showed flow curves closer to 
those of the untreated control and pasteurised milk than to that of sterilised milk. This 
trend is broadly consistent with previous findings reporting that the viscosity of HHP-
treated milk remained close to that of untreated milk [25]. However, because replicate-
based power-law modelling was not performed in the present study, no conclusion is 
drawn regarding the flow behaviour index (n) or consistency coefficient (K). 
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Figure 4. Shear stress as a function of shear rate for untreated control, thermally treated, and high-
pressure-treated milk samples. 

3.4. SDS-Polyacrylamide Gel Electrophoresis Protein Profiles 

Following separation according to apparent molecular mass, protein bands were de-
tected at positions characteristic of the major bovine milk proteins. The casein fractions 
(αs1-CN, β-CN, and κ-CN) were detected in the region of 23–29 kDa, β-lactoglobulin (β-
LG) at approximately 16 kDa, α-lactalbumin (α-LA) variants at 11–12 kDa, lactoferrin (Lf) 
at approximately 87 kDa, bovine serum albumin (BSA) at approximately 68 kDa, and the 
immunoglobulin heavy chain (IgHC) at approximately 60 kDa [26,27]. 

Similarly, it was found that consistent no marked differences were observed between 
the SDS-PAGE profiles of raw and pasteurised milk (72 °C for 42 s) [27]. Densitometric 
analysis indicated an approximately 10% difference in relative band intensity between the 
raw and pasteurised milk samples. The electrophoretic profile of raw milk also closely 
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milk sample (121 °C for 15 min), which exhibited clear signs of extensive heat-induced 
protein modification. The intensities of the casein bands decreased markedly, whereas the 
bands corresponding to whey proteins were no longer detectable under the applied ana-
lytical conditions. These changes suggest extensive heat-induced denaturation and aggre-
gation, accompanied by altered protein solubility. The electrophoretic profiles of the un-
treated control, thermally treated, and high-pressure-treated samples are presented in Fig-
ure 5. Densitometric analysis showed that the intensity of the casein bands in the sterilised 
sample decreased by more than 40%. Nevertheless, like previous research, the caseins ex-
hibited greater thermal stability than the whey proteins [28]. 
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Figure 5. SDS-PAGE protein profiles of untreated control, thermally treated, and high pressure-
treated milk samples. Lane 1, molecular weight marker (250–10 kDa); lane 2, untreated raw milk (0 
MPa); lane 3, pasteurised milk; lane 4, sterilised milk; lanes 5–8, milk treated at 300, 400, 500, and 
600 MPa, respectively. 

3.5. Native-Polyacrylamide Gel Electrophoresis Protein Profiles 

Native-PAGE revealed treatment dependent changes in the electrophoretic behav-
iour of the milk proteins (Figure 6). Pasteurisation reduced the intensity of the κ-casein-
associated band by 54%, whereas a comparable reduction of 58% was observed only after 
treatment at the highest pressure level of 600 MPa. In contrast, pasteurisation caused no 
marked changes in the bands corresponding to α-lactalbumin and β-lactoglobulin. 

 

Figure 6. Native-PAGE protein profiles of untreated, thermally treated, and high-pressure-treated 
milk samples. Lane 1, untreated control (0 MPa); lane 2, pasteurised milk; lane 3, sterilised milk; 
lanes 4–7, milk treated at 300, 400, 500, and 600 MPa, respectively. 

The sterilised sample exhibited extensive loss and smearing of the major protein 
bands, consistent with severe heat-induced protein denaturation, aggregation, and altered 
electrophoretic mobility. This interpretation is supported by an a previous research [29], 
where found that increasing heating temperature and duration promoted whey protein 
denaturation and association with caseins. Among the whey proteins, α-lactalbumin ex-
hibited the greatest thermal stability, in agreement with the findings of Lin et al. [30]. In 
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their study, 32% of α-lactalbumin remained in its native state after treatment at 100 °C for 
10 min, whereas approximately 91% remained detectable in its native electrophoretic form 
in the present study following pasteurisation at 72 °C for 42 s. The higher proportion ob-
served in the present study may be explained by the considerably milder time–tempera-
ture conditions applied during pasteurisation. The present findings are also consistent 
with previous observations identifying β-lactoglobulin as one of the least stable major 
whey proteins under processing conditions [31]. In the present study, the native band in-
tensities of the β-lactoglobulin variants progressively decreased with increasing pressure, 
with the most pronounced changes observed at 500 and 600 MPa. The observed pressure-
dependent changes are consistent with previous reports of increasing amounts of dena-
tured whey proteins in skim milk treated at 250–650 MPa [32]. These findings indicate that 
β-lactoglobulin was less resistant to high-pressure treatment than α-lactalbumin, similar 
to the previous study [33]. The behaviour of β-lactoglobulin is particularly relevant be-
cause it accounts for approximately 50% of the whey protein fraction and is frequently 
used as an indicator of the extent of whey protein denaturation [34]. Furthermore, β-lac-
toglobulin is recognised as a major cow’s milk allergen. Although the pressure-induced 
loss of its native electrophoretic bands indicates substantial structural modification, these 
results alone do not demonstrate reduced allergenicity or protein inactivation. Specific 
immunological analyses would be required to determine whether the observed structural 
changes affected IgE binding or allergenic potential. 

4. Discussion 
The combined physicochemical and electrophoretic results demonstrated that the ef-

fects of thermal and high-pressure treatments on raw whole bovine milk depended 
strongly on treatment intensity. Sterilisation caused the most pronounced changes, 
whereas HHP induced comparatively moderate modifications within the scope of the 
measured parameters. The parallel use of SDS-PAGE and Native-PAGE further showed 
that some pressure-induced changes in native protein behaviour were not clearly reflected 
under denaturing electrophoretic conditions, highlighting the value of the combined an-
alytical approach. 

Sterilisation produced the greatest total colour difference (ΔE*), the most pronounced 
decrease in pH, and the highest shear stress values over most of the measured shear-rate 
range. The marked colour change may be associated with heat-induced protein modifica-
tion and Maillard reactions [3]. High-pressure treatment caused comparatively moderate 
physicochemical changes. The pH of the pressure-treated samples decreased only slightly 
and did not differ significantly from that of pasteurised milk. This slight decrease may be 
related to pressure-induced changes in casein micelle structure and mineral equilibria, 
whereas the more pronounced pH decrease after sterilisation may reflect more extensive 
heat-induced protein modification and acid-forming reactions. Since these mechanisms 
were not directly measured, they should be interpreted as possible explanations. A lim-
ited effect of HPP on pH has also been reported in Murrah buffalo milk treated at 500 or 
600 MPa for 3–5 min, although direct comparison with the present study should be made 
with caution because of differences in milk species, composition, and storage conditions 
[35]. Although the high-pressure-treated samples showed perceptible colour differences 
relative to untreated milk, these changes remained less pronounced than those induced 
by sterilisation. The higher shear stress observed in sterilised milk may be attributed to 
severe heat-induced protein denaturation and the formation of larger protein aggregates, 
which can increase resistance to flow [3]. 

SDS-PAGE profiles of raw (untreated control) and high-pressure-treated milk were 
almost similar, with differences in band intensity remaining limited even at 600 MPa. In 
contrast, the sterilised sample showed extensive loss of whey protein bands and a marked 
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reduction in casein associated band intensity, consistent with aggregation and reduced 
protein solubility. Native-PAGE showed pressure-dependent changes that were not fully 
apparent under denaturing SDS-PAGE conditions. The native band intensities of β-lacto-
globulin variants decreased at 500 and 600 MPa, whereas α-lactalbumin remained com-
paratively stable. This agrees with previous observations that α-lactalbumin exhibits 
greater resistance to moderate thermal and pressure treatments than β-lactoglobulin 
[30,31]. 

Within the scope of the parameters measured in this study, HHP caused less pro-
nounced changes than sterilisation in colour, pH, rheological behaviour, and electropho-
retic protein profiles. However, HHP should not be considered a universally applicable 
substitute for thermal pasteurisation, as its industrial implementation may be limited by 
high equipment and operating costs, as well as by the limited inactivation of bacterial 
spores under moderate-temperature conditions. The progressive loss of native β-lactoglo-
bulin bands at higher pressure levels also indicates that HHP induces pressure-dependent 
protein restructuring. Since microbiological stability, shelf life, and sensory properties 
were not evaluated in the present study, further research should combine physicochemi-
cal and electrophoretic analyses with microbiological, storage, and sensory assessments. 
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