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This study investigated the physical, chemical, and structural changes in mixtures of buffalo and bovine
milk (0:100, 25:75, 50:50, 75:25, 100:0) induced by heating at 80, 85, 90, and 95 �C for 5 min. No sig-
nificant changes in particle size, zeta potential, and calcium activity were observed in heated buffalo milk
and its mixtures with bovine milk, irrespective of the heating temperature, but heating at � 85 �C
induced a significant decrease in pH. The increase in viscosity with heating was dependent on the ratio of
buffalo to bovine milk and the heating temperature. The variation in casein dissociation, whey proteins
denaturation and their association with themselves and casein micelles, and the alteration in salt balance
were key factors that contribute to significant heat-induced changes in pH and viscosity of milk blends.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Milk is one of the most complex foods, consisting mostly of
water and nutrients such as proteins, fat, lactose, and minerals
(Dumitraşcu et al., 2020). Most milk and dairy products available
for consumption are derived from bovine milk, which accounts for
81% of global milk production (OECD/FAO, 2022). However, milk of
non-bovine origin can also be utilised for developing high value
specialised dairy products due to the perceived nutritional bene-
fits compared with bovine milk (Roy, Ye, Moughan, & Singh,
2020a). The largest portion of non-bovine milk production is
contributed by buffalo milk, providing 15% of world milk pro-
duction (OECD/FAO, 2022).

Buffalo milk is widely produced in Asia, with India and Pakistan
being the largest producers. Dairy products frommilk mixtures are
commonly marketed since these countries produce both bovine
and buffalo milk. For instance, UHT-treated milk in India, and
Pakistan, but also Egypt, is often produced from amixture of buffalo
milk and bovine milk (Deeth & Lewis, 2017). Mixing milk from
different species is a way of improving the quality of dairy products
or developing new products with specific sensory, nutritional, and
rheological properties. Improved nutritional and organoleptic
profile of dairy products made from mixture of buffalo and cow
Mejares).
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milk had been reported for cream cheese (Fangmeier, Kemerich,
Machado, Maciel, & De Souza, 2019), Indian cottage cheese
(Chakraborty, Singh, Shivhare, & Basu, 2020), Brazilian semi-hard
cheese (Rekowsky, Monteiro, Silva, Cont�e-Júnior, & Costa, 2022),
and stirred yoghurt (Petridis, Dimitreli, Vlahvei, & Deligeorgakis,
2014). This mostly relates to variation in milk composition where
buffalo milk offers advantages over bovine milk in terms of physi-
cochemical, compositional and nutritional properties as reported in
various studies (Claeys et al., 2014; Fangmeier et al., 2019; Mane &
Chatli, 2015; Renhe, Perrone, Tavares, Schuck,& De Carvalho, 2019).
Its higher fat, protein and energy contents make buffalo milk more
economical for producers, processors and consumers (Sindhu &
Arora, 2011). This could allow expansion of the dairy industry in
many regions which could eventually strengthen the non-bovine
production chain, particularly the buffalo milk-producing coun-
tries in Asia.

Liquid milk is generally subjected to thermal treatment to
guarantee its microbial safety and stability. Although shelf life is
extended, thermal processing also affects the physicochemical and
functional properties of milk. This is due to various competitive and
interdependent reactions such as heat-induced calcium phosphate
precipitation, acid development, modifications of caseins, and
denaturation of whey proteins (Fox, Uniacke-Lowe, McSweeney, &
O’Mahony, 2015). Studies on thermal processing of milk are widely
focused on bovine milk although an increasing number of studies
on the effects of low temperature long time pasteurisation
(62e65 �C for at least 30 min) and high temperature short time
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pasteurisation (72e82 �C for 15e30 s) on buffalo milk can be found
(Elagamy, 2000; Haq et al., 2013; Ismail, Mashaley, & Sirry, 1969;
Khalifa & Ghanimah, 2013; Nasr & Elshaghabee, 2019; Ziyaina,
Govindan, Rasco, Coffey, & Sablani, 2018), which were recently
reviewed by Mejares, Huppertz, and Chandrapala (2022). Pasteur-
isation temperatures >85 �C had also been applied to buffalo and
bovine milk mixtures used for the manufacture of cultured prod-
ucts such as yoghurt (Çetinkaya, 2019; Petridis et al., 2014) and
chhana (Chakraborty et al., 2020). However, these studies dealt
with either ingredient modifications or thermal effects on the
sensory and nutritional properties of the final product rather than
their milk counterpart.

It is often falsely assumed that the scientific information
generated on bovine milk can be extrapolated to buffalo milk
(Khedkar, Kalyankar, & Deosarkar, 2016) or blends of buffalo milk
and bovine milk, but compositional variation necessitates a sys-
tematic research work based on molecular level understanding of
the influence of heat treatment on buffalo milk and mixtures with
bovine milk. Hence, this research investigated the impact of high
pasteurisation temperatures (80e95 �C) on the physicochemical
and structural properties of buffalo skim milk and mixtures with
bovine skim milk at levels equivalent to 25, 50, and 75%. This will
enable understanding and subsequently control the effect of ther-
mal processing on the functional properties of products made from
buffalo milk or mixtures with bovine milk.

2. Materials and methods

2.1. Materials

Raw whole bovine and buffalo milk were provided by Saputo
Dairy Australia (Laverton North, VIC, Australia) and Floridia Cheese
(Thomastown, VIC, Australia) respectively. Sodium azide (CAS No.
26628-22-8; N3Na) was purchased from SigmaeAldrich (Australia)
and added to raw milk (0.02%, w/v) to minimise microbial growth.
Milk was then stored overnight under refrigerated conditions.

2.2. Sample preparation

Skim milk samples were prepared by centrifugation of raw milk
using an Easycream 1 solid-wall disc separator (GEA Westfalia
Separator GmbH) equipped with 72 discs and running at a bowl
speed of 10,000 rpm. Milk was warmed to 45 �C and transferred to
the supply tank of cream separator for skimming. After skimming,
milk was divided into portions for preparation of samples as fol-
lows: 100% bovine milk; blends of buffalo and bovine milk at ratios
of 25:75, 50:50, and 75:25; and 100% buffalo milk.

2.3. Thermal treatment

Aliquots (100 mL) of milk samples were transferred into
aluminium containers and heated in water baths set at 80, 85, 90,
and 95 �C for 5 min. Come-up times between 5.5 (at 80 �C) and 10.0
(at 95 �C) min were recorded. Milk samples were immediately
immersed in an ice bath following the heat treatment and trans-
ferred to plastic containers upon reaching a temperature <10 �C.

2.4. Physicochemical analysis of unheated and heated milk samples

2.4.1. Measurement of particle size and zeta potential
The particle size and z-potential of unheated and heated milk

samples were measured at 20 �C using Malvern Zetasizer Nano ZS
(ZEN3600, Malvern Instruments Ltd., Malvern, UK). Milk samples
were diluted four-fold in Milli-Q water (Merck Millipore, Australia)
2

and placed into folded capillary cell (DTS1070) for analysis. Five
readings from an individual sample were collected.
2.4.2. Measurement of pH and calcium activity
The pH of raw and heated skimmilk was measured in triplicates

using an automatic temperature compensation (ATC) InLab® Max
Pro-ISM probe connected to a digital pH meter (SevenCompact pH/
Ion, Mettler Toledo) that was calibrated at 20 �C using buffers at pH
4, 7, and 10.

The calcium activity (aCa2þ ) of skim milk at 20 �C was measured
in triplicates using a perfectION™ combined calcium ion selective
electrode (Mettler Toledo) equipped with a reference electrolyte
connected to a pH/ion meter (SevenCompact, Mettler Toledo) as
described by Lin, Wong, Deeth, and Oh (2018) with modification
according to electrode manufacturer's instructions. A series of
aqueous CaCl2 standards ranging from 0.2 to 25 mM was prepared
and the voltage of each solution was measured. The standard curve
of voltage versus log Ca2þ concentration was used to estimate the
Ca2þ activity of samples using the equation below:

aCa2þ ¼ cCa2þ$gCa2þ

where cCa2þ is the ionic calcium concentration (mM) and gCa2þ is the
activity coefficient equivalent to 0.4 (Nieuwenhuijse & Van Boekel,
2003).
2.4.3. Viscosity measurements
Viscosity measurement was performed using a rheometer

(Discovery Hybrid HR-2, TA Instruments) operated by TRIOS soft-
ware using the parallel plates as described by Chandrapala, Martin,
Zisu, Kentish, and Ashokkumar (2012). Triplicate measurements
were taken using a 40 mm plate geometry employing a geometry
gap of 500 mm. Test parameters of a flow sweep procedure were
initially determined where the shear rate was ramped from 0.1 to
500 s�1. The temperature was kept constant at 20 �C. Viscosity was
almost constant from a shear rate of 60 s�1 up to 500 s�1; therefore,
for the final viscosity measurement, shear rate of 100 s�1 was
chosen as referenced by O'Donnell, Herlihy, and McKenna (1994).
2.5. Heat-induced protein changes by SDS-PAGE

Analysis of heat-induced casein dissociation and reduction in
whey protein concentration was done by ultracentrifugation
followed by reducing SDS-PAGE as described by Anema and
Klostermeyer (1996) and Grewal, Chandrapala, Donkor,
Apostolopoulos, and Vasiljevic (2017) with slight modifications.
Non-sedimentable proteins were defined as those that remained
in the supernatant during skim milk ultracentrifugation at
88,000�g for 60 min at 20 �C (Anema & Klostermeyer, 1996) using
a Beckman L-80 Optima ultracentrifuge and the associated Kon-
tron TFT 50.13 fixed-angle rotor. The clear supernatant was care-
fully removed from the pellet.

For SDS-PAGE under reducing condition, 950 mL 2 � Laemmli
sample buffer was first mixed with 50 mL 2-mercaptoethanol before
adding to supernatant (1:1). Samples were then heated at 95 �C for
5 min and 10 mL sample as well as protein standards (Precision Plus
Protein All Blue Standards, 10e250 kDa, Bio-Rad) were loaded onto
4e20% Mini-PROTEAN TGX gels. The gels were run for 50 min at
150 V then rinsed in Milli-Q water for 15 min before staining with
Bio-Safe Coomassie G-250 stain. The gels were left soaked in the
staining solution overnight with continuous agitation followed by
rinsing with Milli-Q water. Protein bands were visualised using
ChemiDoc MP Imaging System (Bio-Rad). The intensities of the
major protein bands were determined using the ImageJ software
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(version 8) and protein quantity was calculated from their respec-
tive band intensity.

2.6. Data and statistical analysis

The experiment was carried out in two separate milk batches.
Statistical analysis of data for effects of pasteurisation on properties
of skim milk was performed by one-way Analysis of Variance
(ANOVA) using SPSS statistical software version 28.0 (IBM, New
York, USA). Mean differences were analysed using Tukey's proba-
bility pairwise comparison test at p < 0.05.

3. Results

3.1. Physicochemical changes as affected by heating

Unheated bovine skim milk had a significantly lower Z-average
diameter (187.3 nm) compared with buffalo skim milk (202.2 nm)
and blending bovine and buffalo skimmilk affected the particle size
proportionally to the proportion of buffalo milk (Table 1). The
particle sizes of bovine and buffalo milk were within the ranges of
165e211 nm and 176e250 nm, respectively, in line with previous
reports (Bijl, Vries, van Valenberg, Huppertz, & van Hoojidonk,
2014; Hussain, Bell, & Grandison, 2013; Roy, Ye, Moughan, &
Singh, 2020b; Thompkinson & Sabikhi, 2012). There was no sig-
nificant change in particle size after heating, irrespective of the
ratio of buffalo and bovine milk. The result is in contrast with
Anema and Li (2003) and Perveen, Butt, Huma, and Nawaz (2015),
who reported increases in particle size of reconstituted bovine skim
milk and 3% solution of buffalo phosphocaseinate, respectively,
after heating at 75e90 �C for various times. Similarly, heat treat-
ment did not affect the z-potential of buffalo milk and buffalo:bo-
vine milk blends (Table 1), whereas Patil et al. (2021) and Quant,
Albis, and Perez (2019) reported significant z-potential increases
with heating >85 �C for buffalo skim milk concentrates and whey
Table 1
Physicochemical properties of buffalo skim milk and mixtures with bovine skim milk aft

Physicochemical property Heat treatment Milk sample

Bovine skim milk 25:75 m

Particle size (nm) Unheated 187.3 ± 3.5Aa 193.8 ±
80 �C 187.4 ± 2.4Aa 194.2 ±
85 �C 186.9 ± 2.9Aa 195.2 ±
90 �C 190.6 ± 3.4Aa 194.7 ±
95 �C 189.9 ± 5.0Aa 195.9 ±

Zeta potential (mV) Unheated �19.4 ± 2.1Aa �20.3 ±
80 �C �21.1 ± 1.5Aab �21.3 ±
85 �C �21.5 ± 1.3Ab �21.7 ±
90 �C �21.5 ± 1.5Ab �21.7 ±
95 �C �21.7 ± 1.6Ab �22.0 ±

pH Unheated 6.83 ± 0.02Aa 6.86 ± 0
80 �C 6.81 ± 0.03Aab 6.83 ± 0
85 �C 6.81 ± 0.02Aab 6.82 ± 0
90 �C 6.80 ± 0.02Ab 6.81 ± 0
95 �C 6.79 ± 0.02Ab 6.80 ± 0

Calcium activity (mM) Unheated 1.02 ± 0.07Aa 0.96 ± 0
80 �C 0.97 ± 0.06Aa 0.93 ± 0
85 �C 0.95 ± 0.05Aa 0.92 ± 0
90 �C 0.94 ± 0.05Aa 0.91 ± 0
95 �C 0.91 ± 0.06Aa 0.90 ± 0

Viscosity (mPa s) Unheated 1.48 ± 0.20Aa 1.61 ± 0
80 �C 1.54 ± 0.18Aa 1.66 ± 0
85 �C 1.60 ± 0.15Aab 1.67 ± 0
90 �C 1.67 ± 0.17Aab 1.69 ± 0
95 �C 1.78 ± 0.09Ab 1.75 ± 0

a Blend refers to ratio of buffalo skimmilk to bovine skimmilk. Heat treatment was for 5
case superscript letters indicate significant difference (p < 0.05) and within the same ph
perscript letters differ significantly.
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protein concentrates, respectively. However, there was a significant
increase (more negative) in z-potential for bovine milk with tem-
peratures �85 �C (Table 1). These differences are due to the varia-
tion in heat treatment used, mode and duration of heating, and
most importantly, the milk composition.

The pH of unheated skim buffalo milk was higher (pH 6.93)
compared with unheated skim bovine milk (pH 6.83, Table 1).
These values were about 0.07e0.15 pH units higher than those
reported pH by Ahmad et al. (2008), Ahmed, Elahi, Salariya, and
Rashid (2014), and Patil et al. (2019). Unheated buffalo skim milk
had significantly lower Ca2þ activity than unheated bovine skim
milk (Table 1) and these values are also lower than the reported
Ca2þ activity values of bovinemilk (Tanaka, Suzuki, Kotb,& Kamiya,
2011) and buffalo milk (Kashwa, 2016). The variation between our
results and previously reported values may be due to the differ-
ences on the composition of milk owing to different animal breeds,
diet, environmental and geographical changes. Heat treatment at
�85 �C resulted in a significant pH reduction, albeit by < 0.1 pH
unit, for all ratios of buffalo and bovine milk, but no significant
heat-induced change was observed for Ca2þ activity (Table 1). The
significant pH reduction is mostly attributed to heat-induced
changes in the mineral equilibria, as reported previously for
bovine milk (Anema, 2009; Chandrapala, McKinnon, Augustin, &
Udabage, 2010; Singh, Chandrapala, Udabage, McKinnon, &
Augustin, 2015) and buffalo milk (Adhikari & Mathur, 1993). Cor-
relation between pH and Ca2þ activity was high in bovine skimmilk
and milk blends (R2 ¼ 0.95 to 0.99) but slightly low (R2 ¼ 0.86) in
buffalo skim milk. Interestingly, the magnitude of the pH reduction
increased with the increase in buffalo milk proportion in the
samples (Table 1), indicating greater alteration in the salt equilib-
rium of buffalo milk compared with bovine milk.

The viscosity of unheated buffalo skim milk was significantly
higher than unheated bovine skim milk (Table 1), which aligns
well with previous studies on individual milks (Ismail & El Deeb,
1973; Khalifa & Ghanimah, 2013; Sindhu & Arora, 2011; Tambat &
er heat treatment.a

ilk blend 50:50 milk blend 75:25 milk blend Buffalo skim milk

6.4Ba 199.3 ± 6.3BCa 201.1 ± 4.8Ca 202.2 ± 4.2Ca

5.7Ba 198.1 ± 3.6BCa 201.9 ± 5.2Ca 203.3 ± 5.4Ca

2.7Ba 197.7 ± 4.1BCa 201.7 ± 3.9Ca 205.1 ± 3.9Ca

5.7ABa 199.5 ± 5.4BCa 203.3 ± 4.2Ca 204.6 ± 1.6Ca

5.6Ba 202.7 ± 3.4Ca 203.6 ± 4.1Ca 204.9 ± 4.5Ca

1.9Aa �20.6 ± 1.5Aa �21.1 ± 1.3Aa �21.3 ± 1.4Aa

1.4Aa �21.4 ± 1.6Aa �21.4 ± 1.1Aa �21.7 ± 1.2Aa

1.3Aa �21.8 ± 1.5Aa �21.9 ± 1.5Aa �22.0 ± 1.1Aa

1.4Aa �22.0 ± 1.3Aa �22.0 ± 1.7Aa �22.2 ± 1.7Aa

1.5Aa �22.3 ± 1.5Aa �22.2 ± 1.7Aa �22.3 ± 1.6Aa

.03ABa 6.89 ± 0.03BCa 6.91 ± 0.04CDa 6.93 ± 0.03Da

.01ABa 6.86 ± 0.03BCa 6.89 ± 0.02CDa 6.91 ± 0.02Dab

.01ABb 6.84 ± 0.02BCb 6.88 ± 0.01CDb 6.90 ± 0.02Db

.01Ab 6.83 ± 0.02Ab 6.87 ± 0.01Bbc 6.89 ± 0.03Bb

.01Ab 6.81 ± 0.01ABb 6.84 ± 0.00Bc 6.84 ± 0.01Bc

.09ABa 0.92 ± 0.06BCa 0.89 ± 0.06BCa 0.84 ± 0.07Ca

.06ABa 0.92 ± 0.07ABa 0.87 ± 0.07Ba 0.85 ± 0.07Ba

.05ABa 0.90 ± 0.04ABa 0.86 ± 0.06ABa 0.84 ± 0.07Ba

.06ABa 0.88 ± 0.05ABa 0.85 ± 0.06ABa 0.83 ± 0.07Ba

.06Aa 0.87 ± 0.05Aa 0.84 ± 0.07Aa 0.82 ± 0.06Aa

.28ABa 1.80 ± 0.15BCa 1.98 ± 0.04CDa 2.24 ± 0.09Da

.14Aa 1.80 ± 0.08ABa 1.99 ± 0.06Ba 2.24 ± 0.09Ca

.15Aa 1.88 ± 0.04ABa 2.11 ± 0.09Ba 2.52 ± 0.04Cb

.14Aa 1.79 ± 0.15Aa 2.33 ± 0.05Bb 2.53 ± 0.06Bb

.15Ba 1.88 ± 0.11Ba 2.33 ± 0.10Cb 2.61 ± 0.01Cb

min. Values aremeans ± standard deviation; at each heat treatment, different upper
ysicochemical property, mean of samples in a column with different lowercase su-



Fig. 1. Changes in the level of non-sedimentable proteins obtained from skim milk
samples ( , bovine milk; , 25% buffalo milk:75% bovine milk blend; , 50% buffalo
milk:50% bovine milk blend; , 75% buffalo milk:25% bovine milk blend; , buffalo
milk) following heat treatment at 80e95 �C for 5 min: A, total caseins; B, b-lacto-
globulin; C, a-lactalbumin.
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Srinivasan, 1979). This is most likely due to the higher protein
determined content (4.2%) in buffalo milk than bovine milk
(3.2%). The heat-induced changes in viscosity depended on both
the ratio of buffalo:bovine milk, as well as heating temperature
(Table 1). For instance, there were significant increases in vis-
cosity for bovine milk, buffalo milk, and the 75:25 buffalo:bovine
milk blend when heated at �95 �C, 85 �C and 90 �C respectively,
although no significant change in viscosity was found for buffa-
lo:bovine milk blends of 25:75 and 50:50 irrespective of the
heating temperature (Table 1).

3.2. Changes in non-sedimentable proteins of heat-treated milk

Unheated bovine skim milk had the highest level of non-
sedimentable caseins, which decreased with increase in buffalo
skim milk concentration (Fig. 1A). The proportion of casein liber-
ated into the serum phase increased during heat treatment, but
such increases were a function of both buffalo:bovine milk ratio
and temperature of heating wherein the maximum increases
occurred at higher temperature and as the proportion of buffalo
milk increases. For instance, the level of non-sedimentable caseins
in bovine skim milk and 25:75 blend of buffalo:bovine milk was
highest at 80 �C while 50:50 and 75:25 buffalo:bovine milk blends
had the maximum dissociation at 85 �C (Fig. 1A). Similarly, after
heating at this temperature, non-sedimentable caseins in buffalo
skim milk increased to almost ninefold of its initial quantity. In
contrast, the reduction of non-sedimentable b-lactoglobulin and a-
lactalbuminwas higher in bovine skimmilk compared with buffalo
skim milk (Fig. 1B and C). Furthermore, the reduction of non-
sedimentable b-lactoglobulin (Fig. 1B) was found to be higher
than a-lactalbumin (Fig. 1C), irrespective of the thermal treatment.
Mixed milk had higher reduction in non-sedimentable whey pro-
teins compared with their individual milk counterparts. For
instance, the highest reduction in non-sedimentable b-lactoglob-
ulin and a-lactalbumin reduction (>50% and >25% respectively)
was measured in 25:75 and 75:25 blends of buffalo:bovine milk
heated at �90 �C (Fig. 1B and C).

4. Discussion

The physical, chemical, and structural changes observed were a
function of buffalo:bovine milk ratio and/or heat treatment con-
ditions. The z-potential significantly increased (more negative) for
bovine milk heated at �85 �C without a significant change in par-
ticle size, whereas buffalo skim milk and buffalo:bovine milk
blends did not exhibit any significant changes on particle size nor
charge (Table 1). The change in z-potential is mostly due to the
association of whey proteins with caseinmicelles and association of
heat-precipitated calcium phosphate with the micelles as previ-
ously reported by Singh (2004) and Anema and Klostermeyer
(1996). In this study, the significant increase (more negative) in z-
potential of bovine milk suggests increased formation of whey
protein-casein complexes in bovine milk as compared with that in
buffalo milk or buffalo:bovine milk blends. This is supported by
SDS-PAGE results (Fig. 1B) where marked reduction in b-lacto-
globulin was measured in bovine skim milk heated at �85 �C. So, it
clearly confirms the fact that whey protein denaturation and sub-
sequent associations occur with bovine milk more readily as
compared in buffalo milk. When these milks are mixed, there was a
higher reduction in non-sedimentable whey proteins compared
with their individual milk counterparts probably because of (a)
higher amount of denaturedwhey proteins due to presence of more
heat-sensitive bovine milk whey proteins, and (b) higher surface
area for adsorption afforded by buffalo milk caseins. As bovine milk
whey proteins denature at a faster rate, the adsorption of denatured
4

whey proteins on casein micelles would occur faster in partially
substituted milk samples through a new and reinforced covalently
driven interactions that created aggregates large enough to sedi-
ment with the casein micelles on ultracentrifugation.

pH is one of the dominant factors governing heat-induced
dissociation of caseins (Anema, 2021; Huppertz, 2016; Singh,
2004). With increasing temperature, the solubility of calcium
phosphate decreases (Huppertz, 2016; Nieuwenhuijse & Huppertz,
2022), resulting in the precipitation of calcium phosphate, partially
onto the casein micelles, leading to liberation of Hþ hence a
decrease in milk pH (Anema, 2009; Fox et al., 2015; Kelly, Datta, &
Deeth, 2012). The pH of the samples significantly decreased after
heating at �85 �C irrespective of the ratio of buffalo milk to bovine
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milk although the magnitude of pH reduction increased with the
increase in buffalo milk concentration (Table 1). The diffusible (or
soluble) fraction of calcium and inorganic phosphate of buffalomilk
was found to be similar to that of cow milk (Abd El-Salam & El-
Shibiny, 2011; Ahmad et al., 2008) but the conversion of soluble
calcium and phosphate to the colloidal phase during heating had
been found to occur faster in buffalomilk (Adhikari&Mathur,1993)
which could explain the greater pH reduction with increase in
buffalo milk concentration in this study.

This heat-induced alteration in the salt balance of milk could
reduce the structural integrity of the casein micelles, leading to
dissociation of caseins from the micelles during heating (Anema &
Klostermeyer, 1997; Singh & Fox, 1987). This dissociation has been
suggested to occur due to the formation of an alternative calcium
phosphate form that is less capable of binding casein molecules
and maintaining the micelle structure (Anema & Klostermeyer,
1997). Increased hydration and voluminosity of the casein mi-
celles (Anema, Lowe, & Lee, 2004; Walstra, Wouters, & Geurts,
2005) result to an increase in viscosity, which was observed
(Table 1). Based on the level of non-sedimentable proteins (Fig. 1),
buffalo milk, the 75:25 buffalo:bovine milk blend, and bovine milk
have higher levels of non-sedimentable caseins than the 25:75
and 50:50 buffalo:bovine milk blends, which mostly would
explain the high viscosities observed with heating for these ratios.
The low level of non-sedimentable caseins and higher reduction
in whey proteins measured in 25:75 and 50:50 milk blends indi-
cate that denatured whey proteins associated with the micelles
and these aggregates co-sedimented with the casein micelles on
ultracentrifugation. This is further supported by a higher corre-
lation between heat-induced viscosity changes and casein disso-
ciation (R2 ¼ 0.727 to 0.829) than whey proteins reduction (R2 ¼
�0.68 to�0.79) in these milk samples. So, it can be concluded that
the presence of non-sedimentable caseins plays a major role to-
wards viscosity of the pure milk and milk blends of buffalo and
bovine milk.

5. Conclusion

Heat-induced changes on the physicochemical and structural
properties of skim milk were a function of buffalo to bovine milk
ratio and temperature. Significant changes in viscosity and pHwere
observed at heating �85 �C and with higher proportion of buffalo
skim milk. The variation in the denaturation of whey proteins and
their associations with themselves and casein micelles, the heat-
induced dissociation of caseins, and the heat-induced alteration
in the salt balance of milk systems are the key factors in deciding
the physical, chemical, structural, and functional characteristics of
blends of buffalo milk and bovine milk. These reasons occur at
certain degrees based on the heat treatment temperature. Overall,
the results of this study bring a better understanding of the changes
observed during heat treatment of buffalo skim milk and mixtures
with bovine skim milk.
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