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The nutritional, physicochemical, and functional properties of milk are affected by thermal processing.
Buffalo milk make a substantial contribution to global milk production but there have been compara-
tively few studies on how thermal processing affects the properties of buffalo milk. This paper critically
reviews the current knowledge regarding changes during thermal processing and storage of buffalo milk,
buffalo milk-based products, and buffalo-bovine milk blends. Heating results in modifications of proteins
and alteration in the salt balance, which subsequently affect stability against age gelation, sedimentation
and creaming during storage. The extent of these changes is a function of milk composition. The
mechanisms behind these observed changes are largely explainable based on studies from bovine milk.
Hence, further studies on the heat-induced changes in the major constituents of buffalo milk are required
to give a clearer picture on how these changes affect the final buffalo milk products.
© 2021 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/).
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Table 1
Gross composition of buffalo milk in comparison with bovine milk.a

Milk constituent Buffalo Bovine

Protein 2.70# e 4.74‡ 3.10# e 3.62‡

Fat 5.30# e 9.00# 3.30# e 5.50‡

Lactose 3.20# e 5.67§ 3.82y e 5.60#

Ash 0.69‡ e 0.96y 0.68*e 0.80#

Total solids 11.90y e 19.18‡ 11.93y e 14.20‡

a Values are percentages based on minimal and maximal values found in selected
literature: *Hamad & Baiomy, 2010; yFangmeier et al., 2019; ‡Kapadiya et al., 2016;
#Medhammar et al., 2012; §M�enard et al., 2010.
1. Introduction

Throughout the development of human civilisation, milk and
milk products have played a key role conferring several nutritional
benefits due to its essential nutrients like protein, fat, lactose, vi-
tamins, and minerals (Khedkar, Kalyankar, & Deosarkar, 2016). The
Organisation for Economic Co-operation (OECD) and the Food and
Agriculture Organisation (FAO) reported that global milk produc-
tion is dominated by bovine milk (81%). In addition to cattle, many
other kinds of livestock such as buffalo, goat, and camel provide
milk that can be transformed into a variety of dairy products.
Among these, only buffalo milk has a substantial global contribu-
tion, accounting for 15% of the world milk production (OECD/FAO,
2020).

The variations in compositional, physicochemical, and func-
tional properties of bovine and buffalo milk make processing
technology and settings for bovine milk sometimes not directly
suitable for processing of buffalo milk (Becskei et al., 2020).
Blending buffalo milk with bovine and non-bovine milk can be
explored to further improve product properties. For instance,
cream cheese made from a mixture of buffalo and bovine milk
(50:50) had higher ash and lipid contents compared with cream
cheese made from bovine milk (Fangmeier, Kemerich, Machado,
Maciel, & De Souza, 2019). Additionally, buffalo milk can be
mixed with bovine milk at a 25:75 ratio to produce chhana (Indian
cottage cheese) with acceptable physico-chemical and organoleptic
properties (Chakraborty, Singh, Shivhare, & Basu, 2020). When
blended, the interactive effects of buffalo-bovine milk mixture
increased the brightness and reduced the yellow colour intensity of
chhana, and increased firmness and reduced stickiness compared
with chhana made from bovine milk (Chakraborty et al., 2020).

Buffalo milk is often mixed with bovine milk when producing
UHT treated milk in countries such as India, Pakistan, and Egypt
(Deeth & Lewis, 2017). Trading milk mixtures, especially in India,
could be traced to different milk handling practices, wherein most
private and cooperative dairies do not have separate collection
channels for bovine and buffalo milk (Aradhey, 2020). This could
also be the reason why most vendors in Pakistan mix buffalo milk
with bovine milk and sell it in open market. The vast majority (97%)
of the milk supply in Pakistan is contributed by the informal sector
in which milk is sold in raw form in urban and rural markets
(Jawaid, Talpur, Nizamani, & Afridi, 2015). Utilisation of bovine and
buffalo milk blends has also been explored in some dairy products
such as cheeses (Arora & Khetra, 2017). Many countries, however,
do not legally allow this practice (de la Fuente & Ju�arez, 2005).
Nevertheless, from a farmer's perspective, an economic impact of
milk mixtures makes this strategy feasible and interesting. In
addition, production of dairy products from blends of milk species
can promote and expand the dairy industry to many regions
thereby strengthening the non-bovine production chain (Sant’Ana
et al., 2013).

Irrespective of the origin, raw milk from any species has a
relatively short shelf-life given its very nutritious nature, making it
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an excellent medium for growth of spoilage and pathogenic mi-
croorganisms. In addition, different enzymes in milk can also cause
undesirable changes during storage; hence intervention is often
necessary to extend the shelf-life of dairy products (Kelly, Datta, &
Deeth, 2012). The majority of milk being consumed today is sub-
jected to a variety of processing techniques to ensure safety and
delay spoilage, and thermal treatment is the most common treat-
ment utilised for raw milk (Mishra & Ramchandran, 2015).

However, numerous biochemical and physico-chemical changes
occur in milk during thermal processing, which affect its keeping
quality as well as nutritional and technological properties. This
review will discuss the most significant of these changes that occur
in buffalo milk, as well as in mixtures of buffalo and bovine milk,
during thermal processing. Because heat treatment of milk during
results in a number of physicochemical and structural changes in
the milk constituents, this review will focus on the principal con-
stituents of buffalo milk, as well as interactions between these
constituents, in buffalo and bovine milk, as well as milk mixtures
thereof. Approaches to minimise the undesirable heat-induced
changes in buffalo milk and milk products are also covered.
2. Compositional differences between buffalo milk and
bovine milk

2.1. Gross composition

Compositional aspects of buffalo and bovine milk have been
studied and reviewed by many researchers (Ahmad et al., 2008;
Becskei et al., 2020; Chakraborty et al., 2020; Choudhary, Arora,
Kumari, Narwal, & Sharma, 2018; Fangmeier et al., 2019; Hamad
& Baiomy, 2010; Kapadiya et al., 2016; Medhammar et al., 2012;
M�enard et al., 2010). An overview of compositional properties of
buffalo and bovine milk is shown in Table 1. Milk constituents for
each species vary considerably because of various factors, e.g., ge-
netic, physiological, nutritional, feed intake, seasonal, or related to
the stage of lactation and animal husbandry practices (Ahmad,
2013; Kelly, 2010; Li, Yi, & Singh, 2019; van den Oever et al., 2021).

Buffalo milk is more densely white and has superior whitening
properties compared with bovine milk owing to greater opacity of
casein micelles (Ahmad, Anjum, Hima, Sameen, & Zahoor, 2013).



Table 2
Mean concentration (in mM) of major salts in buffalo milk and in bovine milk.a

Minerals Buffalo Bovine

Total Diffusible Total Diffusible

Calcium 47.1 8.2 30.5 8.6
Inorganic phosphate 27.7 9.2 19.2 9.9
Magnesium 7.3 3.5 4.6 3.0
Sodium 20.3 18.4 17.5 15.9
Potassium 28.7 26.0 42.0 37.3
Citrate 8.3 7.1 8.8 8.2

a Source: Ahmad et al. (2008).
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Phospholipids are lower and saturated fatty acids are higher in
buffalo milk (M�enard et al., 2010). Additionally, buffalo milk con-
tains higher levels of conjugated linoleic acid than bovinemilk (Guo
& Hendricks, 2010). The pH of bovine milk ranges from 6.72 to 6.80
while that of buffalo milk ranges from 6.75 to 6.87 (Ahmad et al.,
2008). Buffalo milk pH correlates with solid-non-fat and lactose
content, but is not influenced by the lactation number or season
and month of calving (Ahmad et al., 2013). The higher protein and
fat contents of buffalo milk contribute to a higher viscosity
compared with bovine milk (Sindhu & Arora, 2011).

2.2. Milk fat and milk fat globules

The fat content of buffalo milk can be up to two times higher
than that of bovine milk (Table 1), which is chiefly responsible for
its high energy density (Ahmad, 2013; Murtaza, Pandya, & Khan,
2017). Buffalo milk fat has a higher melting point, density, and
saponification value, but a lower refractive index and iodine value
comparedwith bovinemilk fat (Ahmad et al., 2013). Buffalomilk fat
also contains a higher proportion of high-melting triglycerides
(9e12%) compared with bovine milk fat (5e6%) (Khedkar et al.,
2016). In terms of fat globules, bovine milk typically contains >10
billion milk fat globules per mL, present in spherical droplets
ranging from about 0.2 to 15.0 mm in diameter (Huppertz & Kelly,
2009). The amount of fat globules in buffalo milk is generally
lower than bovine milk (~2.7 million fat globules per mL of buffalo
milk) but they are mostly bigger (60% are in the size range
3.5e7.5 mm) (Arora & Khetra, 2017; El-Zeini, 2006; M�enard et al.,
2010). At pH 4.5 to 4.6, buffalo milk fat globules are rendered
chargeless (Sindhu & Arora, 2011). The milk fat globules are
emulsified by a surface layer, the milk fat globule membrane
(MFGM), which consists largely of proteins and lipids (MacGibbon
& Taylor, 2006). Buffalo MFGM has an average lipid content of
38.5% while bovine MFGM has 35.7% (Sindhu & Arora, 2011).

2.3. Milk proteins

Buffalo milk, just like bovine milk, contains two major protein
classes distinguished by their solubility in unheated milk at 20 �C
and at pH 4.6: the insoluble caseins represent ~80% of total milk
protein, and the remaining ~20% are the pH 4.6-soluble whey
proteins (Fox, Uniacke-Lowe, McSweeney, & O'Mahony, 2015;
Singh & Bennett, 2002). Since buffalo milk has a higher protein
content than bovine milk (Table 1), it also contains higher con-
centrations of caseins and whey proteins (Arora & Khetra, 2017).
The whey proteins of buffalo milk are similar to those in bovine
milk. They are a heterogeneous polymorphic group of proteins
composed of b-lactoglobulin (50%), a-lactalbumin (20%), serum
albumin (10%), immunoglobulins (10%), and other minor proteins
(<10%) such as lactoferrin, proteose peptone, and several enzymes
(Ahmad, 2013; Fox et al., 2015). The whey proteins of buffalo milk
have been reported to be more resistant to heat-induced denatur-
ation than bovine whey proteins (Jainudeen, 2002; Mane & Chatli,
2015), which is discussed in further detail in Section 4.

Similar to in bovine milk, the caseins in buffalo milk are classi-
fied into four distinct gene products (aS1-, aS2-, b-, and k-casein),
which form supramolecular colloidal structures called casein mi-
celles (Ahmad, 2013). The concentrations of the casein subfractions
aS1-, b-, and k-are higher in buffalo milk than in bovine milk (Arora
& Khetra, 2017). About 99% of the caseins in buffalo milk are pre-
sent in micellar form (Ahmad et al., 2013), whereas in bovine milk,
90e95% of the casein is in micellar form and the rest is present in
the soluble phase (Khedkar et al., 2016). Transmission electron
microscopy (TEM) analysis of casein micelles in buffalo and bovine
skim milk revealed smooth and circular close-packed structures of
3

casein micelles (Adhikari &Mathur, 1993; Hooda, Mann, Sharma, &
Bajaj, 2020), but the micelles were larger in buffalo milk
(70e200 nm in diameter) than in bovine milk (50e180 nm in
diameter) (Adhikari & Mathur, 1993; Ahmad et al., 2013; Hussain,
Bell, & Grandison, 2013). Additionally, buffalo milk casein mi-
celles are less hydrated and contain more colloidal calcium and
colloidal inorganic phosphate than bovine milk casein micelles
(Ahmad, 2013).

2.4. Milk salts

Buffalo milk has been found to contain higher concentrations of
salts than bovine milk. The total calcium, magnesium, and inor-
ganic phosphate concentrations were found to be higher in buffalo
milk than in bovine milk (Kapadiya et al., 2016; Murtaza et al.,
2017), but the concentrations of soluble calcium, magnesium, and
inorganic phosphate were similar in both milks (Ahmad et al.,
2008). At normal milk pH, the minerals are distributed between
aqueous and micellar phase of milk. Similar to bovine milk, po-
tassium, sodium, and citrate in buffalo milk are mainly in the
aqueous phase, whereas magnesium, calcium, and inorganic
phosphate are partly in the micellar and partly in the aqueous
phase (Ahmad et al., 2008). The diffusible citrate content was
measured to be lower in buffalo milk than in bovine milk, but the
total citrate concentrations were similar in both milks (Table 2).
Furthermore, buffalo milk has higher total and diffusible concen-
trations of magnesium and sodium than bovine milk (Table 2). This
means that the quantities of calcium and inorganic phosphate
associated with casein micelles are higher in buffalo milk than in
bovinemilk. Ahmad et al. (2008) found that 82% and 72% of calcium
were in the micellar phase of buffalo and bovine milk, respectively.
For inorganic phosphate, ~48% was in the micellar phase in bovine
milk whereas approximately 66% was in the micellar phase in
buffalo milk (Ahmad et al., 2008).

3. Thermal processing of milk

The objective for heat treatment of milk varies, but always in-
volves enabling the production of stable and safe products through
the reduction or elimination of spoilage and pathogenic microor-
ganisms. The resulting product quality greatly depends on the in-
tensity of the heat treatment, i.e., the combination of temperature
and the duration of heat treatment. Since compositional, physico-
chemical, and functional properties of milk from different species
vary, it is important that the timeetemperature combinations for
processing bovine milk or buffalo milk or their mixtures be
standardised and suitably modified. The lower heat capacity and
higher thermal conductivity of buffalo milk compared with bovine
milk indicate that a lower amount of heat energy is required to
achieve certain desired effects in buffalo milk (Sindhu & Arora,
2011). Regardless of the type of heat treatment, the process must
be able to reduce the microbial population in raw milk, inactivate
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enzymes, and minimise chemical reactions as well as physical
changes.

3.1. Thermisation

In most countries, the mildest heat treatment in the form of
thermisation, which is used to extend storage life of raw milk
before it is subjected to the further processing. Thermisation in-
volves heating milk at temperatures between 57 and 68 �C for
5e20 s and aims to destroy psychrotrophic bacteria that may
release heat-resistant proteases and lipases into milk (Deeth &
Lewis, 2017) and extends the shelf-life by up to 3 d provided
prompt cooling is applied to the thermised milk (Panthi, Jordan,
Kelly, & Sheehan, 2017). Humbert, Campbell, Blankenagel, and
Gebre-Egziabher (1985) recommended a thermisation treatment
of 65 �C for 20 s, as this was the minimum condition for extending
the shelf-life of bovinemilk by 4 d at 4 �C. Haq et al. (2014) reported
that thermisation at 60 �C for a few seconds improved the taste/
flavour of buffalo skimmilk with shelf-life extended to 3 days upon
storage at 4e8 �C. As thermisation is a mild heat treatment,
thermisation is always followed later by pasteurisation or a more
severe heat treatment.

3.2. Pasteurisation

Pasteurisation conditions are designed to inactivate the most
heat-resistant, non-spore-forming pathogens (Mycobacterium
tuberculosis and Coxiella burnetii) and spoilage bacteria in milk, as
well as lipoprotein lipase, but are insufficient for inactivation of
plasmin or bacterial proteases and lipases (Deeth & Lewis, 2017).
Pasteurisation processes can be categorised as either low-
temperature, long-time (LTLT; 62e65 �C for at least 30 min) or
high-temperature, short-time (HTST; 72e82 �C for 15e30 s) pas-
teurisation followed by rapid cooling to less than 10 �C (Kelly et al.,
2012). If stored at temperatures <5 �C, pasteurised products can
have a shelf-life up to 30 d (Sepulveda, G�ongora-Nieto, Guerrero, &
Barbosa-C�anovas, 2005; Ziyaina, Govindan, Rasco, Coffey, &
Sablani, 2018). Pasteurised (72 �C for 15 s) buffalo milk was re-
ported to have a shelf-life up to 10 d when stored at 10 ± 1 �C (Nasr
& Elshaghabee, 2019), slightly lower that of bovine milk subjected
to the same pasteurisation and storage conditions (12 d; Ziyaina
et al., 2018). Buffalo skim milk pasteurised at 65 �C for 30 min
had a shelf-life up to 12 d at 4e8 �C (Haq et al., 2014).

3.3. Sterilisation

Sterilisation is a heat treatment designed to produce a
commercially sterile product with an extended shelf-life. This can
be achieved by either in-container sterilisation (110e116 �C for
20e30 min) or ultra-high temperature (UHT) treatment
(135e145 �C for 1e10 s) (Deeth & Lewis, 2016). In-container steri-
lisation inactivates virtually all milk enzymes, but the treatment
results in browning due to extensive Maillard reactions, a sterilised
milk flavour, and denaturation of whey proteins (Deeth & Lewis,
2017). UHT treatment results in less chemical changes and a weak
cooked flavour, but some bacterial proteases or lipases may survive
the process. UHT treatment in combination with aseptic packaging
can extend the ambient shelf-life of milk up to 12 months, with less
chemical changes compared with in-container sterilisation. Selec-
tion of timeetemperature combinations of UHT processing must be
based on the inactivation of heat-resistant spores of Geobacillus
stearothermophilus with least possible undesirable changes of
physicochemical and sensory properties as well as retention of
4

nutritional values (Datta, Elliott, Perkins, & Deeth, 2002; Deeth,
2010). UHT processing can be done with either direct or indirect
heating systems. Direct heating results in instantaneous rise in
temperature due to mixing with superheated steam, followed by
rapid cooling through vacuum flash cooling process. Indirect
heating results in slower heating and cooling as the heat transfer
occurs across wall of stainless-steel plate or tube exchanger (Deeth,
2020; Eisner, 2021; Kelly et al., 2012).

Sterilisation (110 �C for 10 min) was reported to greatly improve
the appearance/colour as well as the flavour of buffalo skim milk
and extended its shelf-life up to 28 d when stored at 4e8 �C (Haq
et al., 2014). Limited studies were made on determining actual
shelf-life of UHT-treated buffalo milk or mixtures of buffalo and
bovine milk, but commercially available products have an indicated
shelf-life of 90 d (Hussain, 2011). Rehman and Salariya (2005)
observed that commercial UHT whole buffalo milk has acceptable
organoleptic qualities even after a 90-d storage at 10 �C and at
20 �C. Similarly, Hussain (2011) reported acceptable sensory qual-
ities of commercially processed UHT buffalo skimmed milk after
90-d storage at 10 �C and at 25 �C.
4. Heat-induced changes in the constituents of buffalo milk

4.1. Heat-induced changes in milk proteins

The most significant heat-induced changes in milk are those
that involve proteins, particularly whey protein denaturation, in-
teractions of denatured whey proteins caseins and MFGM proteins,
and casein micelle dissociation (Deeth & Lewis, 2017; Fox et al.,
2015; Singh & Bennett, 2002). These processes can alter the phys-
icochemical properties of milk and affect its functional and sensory
properties, as well as the stability. Whey proteins are heat labile
due to their high levels of secondary, tertiary, and quaternary
structures. Denaturation of bovine whey proteins commences at
temperatures as low as 40 �C but is largely reversible up to ~70 �C
(Deeth, 2010). The extent of denaturation depends on the intensity
of heat treatment and protein type, with bovine b-lactoglobulin
being more heat sensitive than a-lactalbumin (Kinsella &
Whitehead, 1989).

To determine the effect of heating on buffalo whey protein
denaturation, Agrawal, Bund, and Pandit (2008) heated pH-
adjusted (pH 5.3) buffalo whey at 70e95 �C for 10e120 min and
reported that whey protein denaturation was directly proportional
to the heating temperature. Serum albumin was the first whey
protein to be denatured when buffalo whey is heated at 92 �C
(Fig. 1). Using HPLC analysis of pasteurised buffalo whey, Gillani
(2015) found that pasteurisation at 65 �C for 30 min resulted in
higher a-lactalbumin and b-lactoglobulin denaturation compared
with pasteurisation at 72 �C for 15e20 s (54% versus 45% and 48%
versus 33%, respectively), which may be related to the higher total
heat load in former process. Elagamy (2000) reported that heating
buffalo skim milk at 65 �C for 10, 20 or 30 min did not lead to
considerable whey proteins denaturation based on SDS-PAGE
analysis. At higher temperature, however, denaturation of whey
proteins was observed. Denaturation of whey proteins, particularly
b-lactoglobulin in buffalo skim milk occurred at 75 �C and
increased with heating time and was more pronounced in buffalo
milk compared with bovine milk (Elagamy, 2000). Some of the
observed variation in denaturation could be related to the genetic
variants of milk proteins. Ahmad (2013) stated that buffalo milk b-
lactoglobulin is homologous to bovine b-lactoglobulin B which has
been reported to be more rapidly denatured than bovine b-lacto-
globulin A, which is the dominant variant in bovine milk (Gough &



Fig. 1. SDS-PAGE of buffalo whey subjected to agitation rates of (a) 1.66 s�1 and (b) 10 s�1 during heating at 92 ± 2 �C as reported by Agrawal et al. (2008). A, native whey; B, heated
for 5 min; C, heated for 10 min; D, heated for 15 min; E, heated for 20 min; H, heated for 45 min; I, heated for 60 min; and M, protein ladder corresponding to (1) 97 kDa, (2) 66 kDa,
(3) 43 kDa, (4) 29 kDa, and (5) 18.4 kDa. Reproduced with permission from Agrawal et al. (2008).

Table 3
Effects of type of milk and seasonal variation on the mean yield of chhana.a

Type of milk Yield (%)

Summer Winter

Buffalo milk 15.45 15.82
Mixture of buffalo and bovine milk (75:25) 15.66 16.61
Mixture of buffalo and bovine milk (50:50) 15.52 15.90
Mixture of buffalo and bovine milk (25:75) 14.87 15.03
Bovine milk 14.02 14.28

a Source: Chakraborty et al. (2020).
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Jenness, 1962; Robitaille, Britten, Morisset, & Petitclerc, 2002).
Ismail, Mashaley, and Sirry (1969) reported a 43% reduction in
native b-lactoglobulin when buffalo skim milk was heated at 75 �C
as opposed to 34% in bovine skim milk heated at the same tem-
perature. Increasing temperature >75 �C resulted in further dena-
turation of b-lactoglobulin in buffalo milk (Elagamy, 2000).

Indirect UHT treatment, or heating at temperatures <70 �C,
foster hydrophobic interactions between b-lactoglobulin and k-
casein on the micelle surface; in contrast, rapid heating, such as
direct UHT treatment, or heating at high temperatures allows b-
lactoglobulin to form aggregates via disulphide bonds with serum
k-casein, with other whey proteins, or with proteins on milk fat
globule membrane proteins (Mottar, Bassier, Joniau, & Baert, 1989;
Najib et al., 2020; Sakkas, Moutafi, Moschopoulou, & Moatsou,
2014). Although many studies investigating the interaction be-
tween b-lactoglobulin and k-casein were based on purified or
partially purified proteins and bovine milk, it was shown that
similar patterns for complexation were identified in boiled skim
buffalo milk (Adhikari &Mathur, 1993), skim buffalo milk heated at
85 �C for 5 min (Patil et al., 2019), boiled buffalo milk during khoa
preparation (Choudhary et al., 2018), and heated buffalo milk and
mixtures of buffalo milk and bovine milk during chhana prepara-
tion (Chakraborty et al., 2020).

The mechanism involved in bovine whey protein denaturation
and aggregation had been widely discussed in various studies and
reviews (Brodkorb, Croguennec, Bouhallab, & Kehoe, 2016;
Dissanayake, Ramchandran, Donkor, & Vasiljevic, 2013; Mulvihill &
Donovan, 1987; Oldfield, Singh, Taylor, & Pearce, 1998; Owusu-
Apenten, Khokhar, & Galani, 2002; Plana-Fattori, Doursat,
Coutouly, Riaublanc, & Flick, 2020; Roefs & De Kruif, 1994;
Verheul, Roefs, & De Kruif, 1998; Wolz & Kulozik, 2015). As
described by Mulvihill and Donovan (1987), denaturation and ag-
gregation of whey proteins is dominated by b-lactoglobulin as the
major protein in whey and involves two distinct stages: (i)
unfolding of the initially folded structure of globular b-lactoglob-
ulin at temperatures >65 �C and (ii) interaction (due to fluidmotion
and collision) of the unfolded molecules to irreversibly form pro-
tein aggregates. A number of heat-sensitive MFGM proteins can be
affected when liquid milk is subjected to thermal treatment as low
as 60 �C. Some changes include certain denaturation and in-
teractions with bovine whey proteins via sulphydryl-disulphide
interchange reactions (Corredig & Dalgleish, 1996; Mehta, 1980;
Mulder & Walstra, 1974; Singh & Bennett, 2002).

In chhana preparation, where milk is heated to 90 �C,
Chakraborty et al. (2020) described that the adsorption of dena-
tured whey proteins on fat globules affected the product yield.
Comparing buffalo milk, bovine milk, and a mixture of buffalo and
bovine milk, the researchers obtained highest chhana yield from
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mixed milk samples (75:25 buffalo to bovine milk ratio as shown in
Table 3). Bovine milk whey proteins denature at a faster rate
compared with their counterparts in buffalo milk (Mane & Chatli,
2015); hence the chance of adsorption of denatured whey pro-
teins and subsequent entrapping with the fat globule occurs faster
in partially substituted milk compared with pure buffalo milk. The
exact mechanism by which these proteins interact with the fat
globules was not elucidated by Chakraborty et al. (2020) but could
involve the displacement of the original MFGM proteins by whey
proteins, either by directly competing or because heating might
cause the breakdown or reorganisation of the MFGM, leaving gaps
to allow whey proteins to adsorb to the newly exposed fat surface
(Fox et al., 2015; Singh & Gallier, 2017).

In contrast to whey proteins, the caseins in milk are remarkably
heat stable due to their lack of well-defined secondary and tertiary
structure. Additionally, the heat stability of caseins in casein mi-
celles is due to inner stabilisation by calcium bridges and calcium
phosphate as well as the presence of k-casein on the surface of the
micelle, where it forms a boundary layer between the micelle core
and the serum phase surrounding the micelle (Dumpler, 2018;
Ma�cej, Jovanovi�c, Denin, & Djurdjevi�c, 2002). Although caseins are
heat-stable, heating temperatures more severe than pasteurisation
can cause changes in the casein micelle, including in the zeta po-
tential, size, hydration of micelles, and associationedissociation
reactions (Dumpler, 2018; Hovjecki, Miloradovic, Rac, Pudia, &
Miocinovic, 2020; Ono, Yoshuda, Tanaami, & Ohkosi, 1999). An in-
crease in casein micelle size and a decrease in zeta potential (less
negative) was observed by Perveen, Butt, Huma, and Nawaz (2015)
when rehydrated sodium phosphocaseinate powder from buffalo
milk was subjected to heating from60 to 90 �C. Perveen et al. (2015)
attributed these heat-induced changes in buffalo casein micelles to
the denatured whey proteins that associated with the casein
micelle surface and the partial aggregation of the (whey-protein-
coated) casein micelles. Adhikari and Mathur (1993) observed
through TEM analysis of boiled buffalo skim milk that smaller mi-
celles attached to the larger micelles either through protein
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bridging or fused closely to a single mass (Fig. 2). Ono, Yoshida,
Tanaami, and Ohkosi (1999) implied that the interactions of small
bovine casein micelles with hydrophobic sites on larger micelles
with whey protein as a stimulator of micellar association could lead
to heat-induced increase in casein micelle size. Heating milk up to
90 �C caused only minor changes in the size of casein micelles in
bovine milk, but more severe heat treatments increased micelle
size accompanied, by a large increase in the number of small par-
ticles which could be formed by disaggregation of casein micelles
(Singh & Bennett, 2002).

The dissociation of individual bovine caseins from the micelle
has been reported to be temperature dependent for specific caseins
(Anema, 2021). In buffalo milk or mixtures of buffalo milk and
bovine milk, however, the heat-induced dissociation of caseins is
yet to be investigated. In bovine skimmilk at natural pH, increasing
proportions of aS- and b-caseins were liberated into the serum
when heated up to 60 �C, but these decreased as the temperature is
increased to 90 �C; in contrast, the level of k-casein dissociating
from the micelles increased with increasing temperature (Anema&
Li, 2000). This was confirmed by Liu et al. (2019) on whole bovine
milk samples. Comparing the effect of pasteurisation (85 �C for 15 s)
and that of UHT treatment (141 �C for 2 s, indirect system), Liu et al.
(2019) reported a decreasing dissociation of aS- and b-caseins from
the micelle as heat treatment went from pasteurisation to UHT
processing. Correspondingly, the dissociation behaviour of k-casein
is described by a continuous increase over the entire temperature
range. This is probably related to the temperature-dependence of
denaturation of whey proteins. At temperatures above 65 �C, whey
proteins denature and interact with each other and with k-casein
(Singh & Bennett, 2002). This interaction at the micelle surface
inhibits the dissociation of aS- and b-caseins but promotes the
dissociation of k-casein (Anema & Li, 2000).

4.2. Heat-induced changes in milk fat and milk fat globules

Thermal degradation of lipids in milk is generally not observed
although release of fatty acids and some inter-esterification may
occur, but these changes are unlikely during the normal processing
of milk (Claeys et al., 2014). Khan, Hassan, and Rauf (2018) reported
increased amounts of trans fatty acids in buffalo milk fat sample (in
the form of ghee) when temperature increased from 120 �C to
170 �C.

Changes in lipid domains, e.g., size, shape, number, lipid phase,
and nanomechanical properties, in the outer bilayer of the MFGM
as a function of temperature alter the mechanical properties of the
fat globule. Elevated temperatures cause the removal of some of the
original MFGM components such as triglycerides, phospholipids,
and proteins, causing fat globules to be partially denuded and may
Fig. 2. Transmission electron micrographs of boiled (5 min) bovine milk (2a) and buffalo
micelle surface. Reproduced from Adhikari and Mathur (1993).
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therefore coalesce and form large clumps (Fox et al., 2015; Mulder
& Walstra, 1974). There are, however, conflicting results on the
effect of thermal treatments on polar lipids from whole milk fat
globules. In situ structural investigations of buffalo MFGM showed
that at temperatures up to 60 �C, phase separation of polar lipids
takes place leading to different domains in the outer bilayer of the
MFGM (Nguyen et al., 2016). Houlihan, Goddard, Kitchen, and
Masters (1992) reported that heating at 80 �C for 20 min resulted
in significant losses of triglycerides but had little or no effect on the
phospholipids in the bovine MFGM. In contrast, loss of phospho-
lipids from the MFGMwas reported for bovine milk heated at 80 �C
(Lee & Sherbon, 2002; Zanabria, Tellez, Griffiths, & Corredig, 2014).
Variations could be ascribed to the differences in the treatment as
well as the methodology used particularly in the isolation pro-
cedure, subsequently modifying the structure of the membrane.

The consequences of these heat-induced changes in the MFGM
have not been widely studied, possibly because heated milk prod-
ucts are usually homogenised and an artificial membrane is formed
with a different composition, mainly of casein and some whey
proteins (Anema, 2019; Lee & Sherbon, 2002; Obeid et al., 2019;
Wiking, Gregersen, Hansen, & Hammershøj, 2021). The behaviour
of globules during and after heating is therefore different from that
of natural milk fat globule. Homogenised fat globules act as large
casein micelles because of the casein in their new membranes and
thus participate in any reaction of the caseins (Singh & Bennett,
2002).

The size of bovine milk fat globule was not affected by heating
alone but when accompaniedwith homogenisation either before or
after heat treatment, the size of the globules decreased (Lee &
Sherbon, 2002; Michalski & Januel, 2006). Abesinghe et al. (2020)
reported an increase in the size of fat globule when homogenised
buffalo milk was heated at 85 �C for 30 min. These conflicting re-
sults may be due to differences in intensity of homogenisation and
heat treatment employed. Homogenisation could significantly
modify the surface composition of MFGM which may retard
agglomeration upon heating. Conversely, the attachment of dis-
rupted milk fat globule to proteins and the formation of
proteineprotein interactions during heatingmay cause clumping of
globules.

4.3. Heat-induced changes in milk salts

Depending on the severity of the process, thermal treatment
modifies the salt balance between the aqueous and colloidal phases
of milk (de la Fuente, Olano, Casal,& Ju�arez,1999; Huppertz& Kelly,
2009; Nieuwenhuijse & Huppertz, 2021). Heating of milk results in
a transfer of calcium phosphate from the soluble to colloidal phase
leading to reduced ionic calcium and a concomitant decrease in
milk (2b). Arrows point to denatured whey proteins that precipitated onto the casein
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bovine milk pH (Anema, 2009; Kelly et al., 2012). On heating at
<95 �C, these changes are largely reversible when the temperature
of the milk is restored to its initial value but could be irreversible
under more severe heat treatments (Gaucheron, 2005;
Nieuwenhuijse & Huppertz, 2021).

Adhikari and Mathur (1993) reported a considerable alteration
in the salt balance of buffalo milk after heating at 101 �C for up to
25 min, which are shown in Fig. 3A; soluble calcium and
Fig. 3. (A) influence of boiling time on the concentration of dialysable Ca ( ) and P
( ) in bovine milk ( ) and buffalo milk ( ). (B) influence of boiling time
on the pH of bovine milk ( ) and buffalo milk ( ). (C) relationship between dialysable
Ca and pH of bovine milk ( ) and buffalo milk ( ) boiled for several times. Data from
Adhikari and Mathur (1993).
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phosphorus levels decreased as a result of precipitation of calcium-
phosphate during heating. Similar trends were also observed for
bovine milk (Fig. 3A; Adhikari & Mathur, 1993). After analysing the
dialysates from bovine milk subjected to heat treatments of
85 �Ce140 �C for 2 s, On-Nom, Grandison, and Lewis (2010) re-
ported small but significant changes in total divalent cations (cal-
cium andmagnesium) suggesting that theremight be heat-induced
modifications in salt partitioning between colloidal and soluble
forms, but these did not significantly influence milk pH and ionic
calcium levels.

5. Effect of heat treatment on properties of buffalo milk

5.1. pH

In fresh bovine milk, pH usually ranges from 6.7 to 6.8 and in
buffalo milk from 6.7 to 6.9 (Ahmad et al., 2008). Milk pH is affected
by temperature, generally decreasing with increasing temperature
(Huppertz & Kelly, 2009). The heat-induced reduction of pH is
primarily due to the shift in salt balance of milk, and is largely
reversible on subsequent cooling (Dixon, 1963). According to Fox
(1981), when milk is heated at elevated temperatures for pro-
longed periods of time, a further drop in pH can happen as a result
of: (i) production of organic acids from lactose; (ii) precipitation of
primary and secondary calcium phosphate as tertiary phosphate
with concurrent release of Hþ; and (iii) hydrolysis of organic
phosphate and its subsequent precipitation as Ca3(PO4)2 with
release of Hþ. pH reductions as a result of lactose degradation and
dephosphorylation are irreversible on subsequent cooling, whereas
pH reductions are a result of calcium phosphate precipitation are
partially or completely reversible on cooling and subsequent stor-
age (Fox, 1981). Heat-induced degradation of lactose and heat-
induced dephosphorylation are commonly not observed during
pasteurisation or UHT treatment, but can occur during in-container
sterilisation (Huppertz, 2016).

In line with this, Ranvir, Sharma, Gandhi, Nikam, and Mann
(2021) reported that pasteurisation and UHT treatment (4 s at
140 �C) did not significantly affect the pH of milk, which was a
toned blend of buffalo and bovine milk (Ranvir, personal commu-
nication) compared with the raw milk from which they were pre-
pared. Subsequent storage of the UHT-treatedmilk at 5 �C and 30 �C
for up to 4 months resulted in a progressive reduction in pH, the
extent was higher at 30 �C than at 5 �C. These reductions in pH
during storage may be related to ongoing Maillard reactions, which
were shown to occur in the sample during storage (Ranvir et al.,
2021). In contrast to Ranvir et al. (2021), Haq et al. (2013) re-
ported a higher pH for pasteurised (65 �C for 30 min; pH 6.46) or
sterilised (110 �C for 10 min; pH 6.55) comparedwith raw skimmed
buffalo milk (pH 6.38). Such effects are unexpected and have not
been reported previously for bovine milk. It should be noted,
however, that the pH of raw buffalo milk reported by Haq et al.
(2013) is ~0.4 units lower than that commonly reported, indi-
cating that notable acidification had occurred in this sample, which
could be the result of microbial growth. It was also not specified
when pHmeasurements were conducted in relation tomilk receipt.
As a result, the lower pH of raw milk than sterilised milk reported
by Haq et al. (2013) may be related to acidification as a result of
microbial activity. This is in line with the fact that titratable acidity
in sterilised milk was lower than in raw milk (Haq et al., 2013)
whereas reductions in acidity during heating are unlikely to occur.
Adhikari and Mathur (1993) studied the influence of boiling time
on the pH of buffalo and bovine milk. As shown in Fig. 3B, pH
decreased with increasing boiling (101 �C) time for both milks, but
decreases were more extensive for buffalo milk than for bovine
milk. The strong relation between dialysable Ca and pH of the



Table 4
Effect of heat treatment on the viscosity of milk (3% fat).a

Milk source Viscosity (mPa s)

Unheated Heated

72 �C, 15 s 90 �C, 10 min

Buffalo milk 2.202 2.313 2.770
Bovine milk 2.036 2.155 2.460

a Source: Khalifa and Ghanimah (2013).
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boiled milk samples (Fig. 3C) indicates that the heat-induced re-
ductions in pH during boiling were primarily due to precipitation of
calcium phosphate.

5.2. Viscosity

Viscosity of milk is dependent on the protein and fat content
(Khedkar et al., 2016); the viscosity of buffalo milk (2.25 mPa s) is
generally higher than that of bovine milk (1.45 mPa s; Sindhu &
Arora, 2011). Walstra, Wouters, and Geurts (2006) stated that
heating milk would increase viscosity due mainly to increased
voluminosity of the casein micelles. This was confirmed in a study
conducted by Ismail and El Deeb (1973) who reported that the
viscosity of sterilised (116 �C for 15 min) buffalo milk and bovine
milk was higher that of their pasteurised (65 �C for 20 min)
counterparts. Khalifa and Ghanimah (2013) compared the viscosity
of buffalo milk with that of bovine milk at the same fat content (3%)
and observed that both milk samples showed increased viscosity as
heating temperature was increased from 72 �C to 90 �C, with buf-
falo milk having a higher viscosity than bovine milk (Table 4).
Despite having the same fat content, the higher viscosity value
measured in buffalo milk could be due to its larger casein micelles
and a higher protein content compared with bovine milk (Khalifa&
Ghanimah, 2013). Anema, Lowe, and Li (2004) reported that an
increase in the micelle volume as well as the interaction of dena-
tured whey proteins with the micelles contributed to viscosity
change during heating. The denaturation of whey proteins was also
presumed by Ranvir et al. (2021) to be a contributory factor in
viscosity increase when toned milk mixture of buffalo and bovine
milk was subjected to pasteurisation and UHT treatment.

6. Heat stability of buffalo milk

6.1. Heat-induced coagulation of buffalo milk

Coagulation of milk or dairy products during heating is a
consequence of loss of casein micelle stability due to numerous
physical and chemical changes in its components. Particularly,
heat-induced acidification and the heat-induced dissociation of k-
casein from the micelle surface render the system susceptible to
coagulation (Huppertz, 2016). Owing to the high protein and cal-
cium contents of buffalo milk, its heat stability is lower than that of
bovine milk, i.e., buffalo milk coagulates faster than bovine milk
(Khedkar et al., 2016).

Early studies by Sommer and Hart (1919, 1922) showed that
proper salt balance, i.e., the ratio of the divalent cations (calcium
and magnesium) to that of multivalent anions (phosphates and
citrates) will prevent the coagulation of bovine milk during heating
and that any deviation from this ratio reduces heat stability. The
pronounced effect of salt composition on heat-induced coagulation
of buffalo milk was verified in the study of Tayal and Sindhu (1983),
who determined the heat coagulation time (HCT) of uncon-
centrated and concentrated buffalo milk at 130 �C; concentrated
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milk had a significantly lower HCT (3 min) compared with
unconcentrated milk (33 min). Addition of 1.0% acid casein (from
buffalo skim milk) to the concentrated buffalo milk led to greater
stability of casein micelles and a significant increase in heat sta-
bility (Tayal & Sindhu, 1983). Numerous heat-induced changes in
milk such as pH reduction, whey protein denaturation and subse-
quent association with casein micelles, precipitation of calcium
phosphate onto the casein micelles, and dissociation of k-casein
from the micelle play an important role in the heat-induced
coagulation of milk (Dumpler, Huppertz, & Kulozik, 2020;
Huppertz, 2016). It remains unclear, however, which particular
changes are directly responsible for coagulation and which are only
incidental factors, or, are caused by the coagulation process. For
instance, in boiling buffalo milk during the manufacture of khoa,
Choudhary et al. (2018) suggested that the coagulation was due to
proteineprotein interactions. Electrophoretic image analysis of
casein sample from boiled buffalo milk showed a b-lactoglobulin
band, the evolution of which was assumed to be due to heat-
induced interaction between b-lactoglobulin and k-casein
(Choudhary et al., 2018). Furthermore, Adhikari and Mathur (1993)
reported that the decrease in soluble calcium (63% reduction) along
with the denaturation of whey proteins and their concurrent
interaction with the casein micelles during boiling of buffalo skim
milk (Fig. 2) increased themicellar destabilisation, followed by heat
coagulation. Their results ascertain that the association of casein
micelles on prolonged heating is not only dependent on the
deposition of whey proteins but also on the calcium ion concen-
tration of the environment.

The high calcium content in buffalo milk along with its sharp
transition from soluble to colloidal phase during boiling was
assumed to be the major contributory factor for the faster precip-
itation during heating of buffalo milk (Adhikari & Mathur, 1993).
Adhikari and Mathur (1993) hypothesised that phosphate and cit-
rate might play a role in heat-induced coagulation of buffalo milk.
As calcium-phosphate is converted from soluble to the colloidal
state, it precipitates onto the casein micelles rendering these less
stable. As a result, the precipitated calcium phosphate may shield
the charge on the protein molecules thereby reducing the repulsive
forces between the micelles leading complete destabilisation of the
micellar system.

6.2. Influence of added salts on the heat-induced coagulation of
buffalo milk

Manipulating the properties of serum salt composition casein
micelles through the use of calcium chelators such as citrate,
phosphate, or hexametaphosphate (HMP) has been known to
improve the heat stability in bovine milk products (Augustin &
Clarke, 1990; Fox et al., 2015). Chelator-induced increase in heat
stability of milk is believed to be due to a shift in protein-mineral
equilibrium leading to a decrease in the concentration of free cal-
cium ions, depletion of CCP from the micelles, and release of spe-
cific caseins from the micelle (De Kort, Minor, Snoeren, Van
Hooijdonk, & Van Der Linden, 2012; Holt, 1992). Furthermore, ef-
fects on the heat-induced dissociation of k-casein and changes in
the association of denatured whey proteins with casein micelles
will contribute to the effects observed (Dumpler et al., 2020).
Adding up to 0.20% monosodium phosphate has been reported to
increase the heat stability of concentrated buffalo milk (Sindhu,
1985) and buffalo skim milk ultrafiltration retentate (Solanki &
Gupta, 2009). Likewise, Khatkar, Gupta, and Khatkar (2014) re-
ported that the heat stability of a dairy whitener from buffalo skim
milk ultrafiltered retentate was enhanced by adding 0.4% of a 2:1
(w/w) mixture of monosodium and disodium phosphate.
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6.3. Influence of lactose and urea concentration on the heat-
induced coagulation of buffalo milk

Lactose is a primary contributor to the heat-induced acidifica-
tion of milk at temperatures >100 �C, and can thereby reduce heat
stability (Huppertz, 2016). It was assumed that a reaction that
parallels the Maillard reaction during heat treatment of milk was
the most relevant in relation to heat stability of milk (Fox et al.,
2015). In addition to the formation of advanced Maillard prod-
ucts, the isomerisation and subsequent thermal degradation of
lactose also leads to the formation of organic acids, principally
formic acid, hence a decrease in pH in milk (van Boekel, 1998). This
decrease in pH was assumed to negatively affect heat stability due
to the reduction of the net negative charge of casein micelles in
milk after prolonged heating (Sinaga, Bansal, & Bhandari, 2017).
Modifying lactose content of concentrated milks (approximately
8.5% protein) had little effect on heat stability of bovine milk but a
stabilising effect was observed when both lactose and urea were
added; lactose optimum concentration was approximately 1%,
when combined with 5e20 mM urea (Shalabi & Fox, 1982).
Huppertz (2016) described that the stabilisation effect could be
related to the reaction of lactose with homocitrulline formed as a
result of the reaction of lysine with isothiocyanate, a degradation
product of urea.

Urea is the only indigenous milk constituent that has been
shown to correlate strongly with natural variations in heat sta-
bility of milk (Huppertz, 2016; Singh, 2004). Ahmad (2013) re-
ported that the urea concentration in bovine milk (5.1 mM) is
higher than in buffalo milk (4.0 mM). Earlier studies indicate that a
level of >7 mM of urea is needed to improve the stability of bovine
milk (Muir & Sweetsur, 1977). At natural milk pH, it has been
suggested that elevated levels of urea prevent crosslinking and
aggregation of proteins, and also keep the pH stable (Deeth &
Lewis, 2016). At higher pH levels (�6.9), the stabilising effect of
urea is believed to be through the buffering capacity of one of its
degradation products, ammonia (Crowley et al., 2014). Ghatak,
Bandyopadhyay, and Gupta (1990) reported that adding 5 mM

urea to raw buffalo milk greatly increased the heat stability at pH
values in the range 6.4e7.4. Ghatak et al. (1990) further observed a
significant improvement on the heat stability of raw buffalo milk
and concentrated buffalo milk when urea addition was combined
with 2-deoxyribose (7.5 mM). In skimmed buffalo milk, Rajput,
Bhavadasan, Singh, and Ganguli (1982) reported that adding
4.2 mM urea improved the heat stability at pH 6.5e6.7; outside
that pH range, the heat stability of skimmed buffalo milk was low
and did not improve regardless of the amount of urea added
(Rajput et al., 1982). Increasing the amount of added urea
>16.65 mM greatly reduced the heat stability of skimmed buffalo
milk (Rajput et al., 1982). Muir and Sweetsur (1977) reported that
at pH 6.6e7.2, urea does not change the mechanism of the
coagulation reactions thus addition of urea in this pH region does
not lead to a longer HCT.

6.4. Influence of pre-heating on the heat stability of buffalo milk

Pre-heating or forewarming of bovine milk has been found to
increase the heat stability of concentrated milk prepared there-
from, and is an integral part of concentrated milk processing before
sterilisation (Dumpler et al., 2020). Nayak et al. (2004) found that
preheating buffalo skim milk at 90 �C for 10 min resulted to a
considerably lower HCT (30.8e32.0 min) compared with raw buf-
falo milk (61.6 min), as reported by Singh and Roy (1978). The
presence of fat in milk up to the normal concentration caused
higher stability which Ismail and El Deeb (1973) observed after
preheating buffalo skimmilk and standardised buffalo milk (3% fat)
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at 92 �C for 10 min. Ismail and El Deeb (1973) deduced that fat
globules may provide nuclei which encourage the precipitation and
crystallisation of basic calcium and magnesium phosphates,
consequently contributing to a higher colloidal stability during
heating.

7. Storage stability of heated buffalo milk and bovine-buffalo
milk mixtures

Heat treatment of milk results in a product with extended shelf-
life, but storage for long periods can result in many chemical,
physical, and enzymatic changes to milk that can reduce the
acceptability of the product, or in severe cases, end its shelf-life. A
comprehensive review on the changes occurring in UHT milk
during storage that affect instability (age gelation, sedimentation,
and creaming) was made by Anema (2019). As most studies and
reviews have dealt with bovine milk, this section will incorporate
literature on heat-treated buffalo milk and mixtures as well as
buffalo milk-based products.

7.1. Age gelation

Gelation during storage is a major defect that limits the shelf-life
of UHT milk. It is characterised by a gradual increase in viscosity
followed by a quite rapid increase in viscosity and formation of a
custard-like gel, a three-dimensional protein network whose for-
mation is irreversible (Anema, 2019). The progression of age gela-
tion in bovine UHT milk is a well-studied phenomenon, yet
understanding of the exact mechanism/s of age gelation are
obscured by the interplay of factors such as milk production as-
pects, raw milk quality, milk composition, heat treatment, and
storage temperature (Anema, 2019; Datta & Deeth, 2001;
McMahon, 1996; Vaghela, Chaudhary, &Mehta, 2017). As such, two
mechanisms had been proposed: (i) age gelation through proteol-
ysis by native and/or heat-resistant bacterial proteases; and (ii) age
gelation due to physicochemical changes in the milk (Anema, 2019;
Nieuwenhuijse & Van Boekel, 2003). Other studies (Datta et al.,
2002; Deeth, 2010; Manji & Kakuda, 1988; McMahon, 1996) pro-
posed that age gelation is a two-stage process; i.e., a combination of
the above-mentioned mechanisms.

In toned UHT milk, which was a mixture of buffalo and bovine
milk (Ranvir, personal communication), Ranvir, Sharma, Gandhi,
and Mann (2020) reported that age gelation due to proteolysis
was higher in samples stored at 30 �C than in samples stored at
5 �C. Increased proteolysis at higher storage temperature corre-
lated with a decrease in pH, increase in soluble calcium and
magnesium contents, and a slight increase in zeta potential
(Ranvir et al., 2020). Similar observations of increased gelation at
higher storage temperature for UHT-treated whole buffalo milk
were reported by Rehman and Salariya (2005). Several authors
(Malmgren et al., 2017; Manji, Kakuda, & Arnott, 1986; Newstead,
Paterson, Anema, Coker, & Wewala, 2006; Venkatachalam,
McMahon, & Savello, 1993) have shown that age gelation of
bovine UHT milk is higher at temperature range of 4 �Ce30 �C
compared with temperatures outside this range. Malmgren et al.
(2017) suggested that the decreased gelation at temperatures
higher than 30 �C is probably due to the speed of proteolysis not
allowing physical interaction of casein micelles hence formation of
a strong gel matrix is prevented. The difference in observation in
the effect of temperature on the stability to age gelation between
buffalo and bovine milk may be related to the higher casein
content of the former, thereby affecting gelation kinetics (Ahmad,
2013).

The more severe the heat treatment, the longer age gelation is
delayed. Hence, indirectly heated UHT milks are less susceptible to
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age gelation than UHT milk heated by direct steam injection and
infusion methods. Malmgren (2015) showed that gelation may be
an issue in UHT-treated buffalomilk, particularly if it is produced by
direct heating. Indirect heating at 137 �C for 4 s was shown to be
effective in preventing gelation during 6 mo of storage while milk
treated by direct heating at 142 �C for 12 s gelled in 5 months
(Malmgren, 2015). This could be due to higher level of enzyme
inactivation leading to lower degree of proteolysis during storage.
Another explanation for the reduced tendency of severely heated
milk to gelation is the increased level of whey protein denaturation.
McMahon (1996) concluded that the more severe heat treatment
delays gelation due to enhancement of the extent of chemical
cross-linking within the micelles. As a consequence, the dissocia-
tion of the denatured b-lactoglobulin-k-casein complex from the
micelle becomes slower as it is more strongly held to the micelle. It
is apparent that there are numerous and complex reactions
happening thus it would be difficult to establish a simple inter-
pretation of milk behaviour during storage. As such, it might be
necessary to study these different factors individually in model
systems.

Information on various approaches to minimise age gelation in
UHT-treated buffalo milk is still scarce. Findings from studies in
bovine milk can be applied, but it is important to note that due to
compositional variations, some approaches might not be directly
translatable to buffalo milk. In bovine milk, age gelation due to
proteolysis by plasmin can be minimised by increasing heat in-
tensity during UHT treatment; i.e., the application of indirect UHT
system that is capable of inactivating the plasmin system. In cases
where direct UHT system is used, additional preheat treatments or
extending UHT holding times will be needed (Anema, 2019).
However, increased heat loads tend to initiate more non-enzymatic
browning reactions, which can limit the product shelf-life
(McMahon, 1996). The addition of low levels of polyphosphates
such as NaHMP (0.05%e0.1%) before UHT treatment had been
shown to be beneficial in delaying the onset of gelation in UHT-
treated bovine milk samples (Kocak & Zadow, 1985), possibly
through delaying the release of b-lactoglobulin-k-casein complex
from the micelle surface (McMahon, 1996). A method for pre-
venting age gelation of a calcium-fortified UHT milk by adding
0.05e0.3% NaHMP was patented by Sher, Mallangi, Jacobson,
Vadehra, and Wedral (2002).

7.2. Sediment formation

Another change that occurs during storage of heat-treated milk,
particularly UHT milk, is sedimentation, where protein aggregates
settle to the bottom of the pack as a thick layer (Anema, 2019; Gaur,
2017; Gaur, Schalk, & Anema, 2018; Zhang, Bijl, Muis, & Hettinga,
2020). This could potentially be a problem during storage of
concentrated milk (Dalgleish, 1992). It is suggested that sediment
consists of destabilised k-casein-depleted micelles (Gaur et al.,
2018) that gradually settle to the bottom through gravity influ-
ence, but this settling does not usually form a densely packed
sediment and can usually be reversed by gentle inversion or
shaking (Dalgleish, 1992) and hence this is not considered a defect
and does not cause major issues. Aggregation of micelles, however,
will further increase the rate of sedimentation (Dalgleish,1992) and
excessive sedimentation is a quality issue that should be avoided. In
a study on commercially processed UHT whole buffalo milk,
Rehman and Salariya (2005) reported that formation of sediments
during storage of milk correlates with lower pH (6.10), which may
have induced destabilisation of casein micelles. This remarkably
low pH was attributed to formation of free fatty acids, lactic acid,
and other organic acids, which casts doubt on the sterility of the
product. The mechanisms for the formation of sediment in UHT
10
milk are not particularly well understood, but Gaur et al. (2018)
proposed that decreased pH (<~6.55) results to a shift in calcium
equilibria leading to increased ionic calcium levels in serum and
less colloidal calcium phosphate in the micelles, hence the casein
micelles are destabilised, promoting aggregation of micelles and
sediment formation.

Sediment formation is initiated during sterilisation of milk and
is influenced by the extent and nature of heat treatment as well as
milk compositional factors. Sedimentation in bovine milk was re-
ported to increase as the severity of heat treatment is increased
(Ramsey & Swartzel, 1984). However, Sharma and Prasad (1990)
reported that processing temperature range of 120e150 �C for 2 s
had very little effect on sediment formation in buffalo milk. These
researchers showed that UHT treatment increased the viscosity of
buffalo milk, which could have led to slower sedimentation rate.
The conflicting effect of heat treatment on sedimentation as re-
ported by Ramsey and Swartzel (1984) and Sharma and Prasad
(1990) could be also due to the difference in the fat content be-
tween buffalo milk and bovine milk. It was postulated that sedi-
mentable particles may become entrained with the fat globules as
they rise toward the surface hence less material would be available
for sedimentation (Ramsey& Swartzel, 1984). In toned UHT-treated
mixtures of buffalo and bovine milk, Ranvir et al. (2021) attributed
the increase in sediments with storage temperature to the aggre-
gation of proteins or protein particles. Sharma and Prasad (1990)
reported that sediment formation in UHT-treated buffalo milk
increased with increased storage time, but found slightly higher
amounts of sediment from samples stored at 15 �C compared with
30 �C.

As with age gelation, information on various approaches to
minimise sedimentation in UHT-treated buffalo milk or mixtures is
still scarce. Findings from bovine milk may be applied but it is
important to note that due to compositional variations, some ap-
proaches might not be directly translatable to buffalo milk. Mini-
mising the risk of sedimentation in bovine UHT milk can be
achieved by utilising indirect UHT system although fouling (Ramsey
& Swartzel, 1984) or increasing the pH of the milk and/or adding
calcium chelators (Gaur et al., 2018). Downstream homogenisation
of UHT milk can be used to reduce sedimentation, particularly for
direct UHT milk samples (Deeth & Lewis, 2017).

7.3. Creaming

During storage of UHT milk, fat globules can aggregate and rise
to the top, resulting in fat separation and fat adhesion to the
packaging material. This creaming and this problem are closely
correlated and will increase with the fat content, storage temper-
ature, and fat globule size (Anema, 2019; Karlsson et al., 2019).
Substantial fat separation can occur if the average fat globule size is
too high. In commercial UHT-treated whole buffalo milk, Rehman
and Salariya (2005) observed more visible fat separation after 3
months of storage at 40 �C than at 10 or 20 �C. The influence of
storage temperature on fat separation can be explained by Stokes’
law, because an increase in storage temperature results in a
decrease in viscosity and an increase in density difference between
fat and liquid phase, allowing faster movement of the fat globules
(Karlsson et al., 2019). To avoid creaming, the average fat globule
size should be around 0.7 mm with a maximum of 1e2 mm Deeth,
2010 with <5% fat globules having >2 mm (Deeth & Lewis, 2017).

8. Conclusion and future perspectives

Considerable progress had been achieved in understanding the
composition and properties of buffalo milk and how these prop-
erties affect the perceived quality changes when buffalo milk
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undergoes processing. There had been scarce studies on heat-
induced changes, particularly on the molecular level of major
components although there are many studies that deal with
changes on the proximate composition and how these translate to
organoleptic changes in processed buffalo milk products. To eluci-
date these organoleptic changes, assumptions were made based on
confirmed reports in bovine milk. As there are compositional var-
iations between buffalo milk and bovine milk, well-established
processes for bovine milk and molecular-level changes cannot be
directly extrapolated for buffalo milk. Hence, for buffalo milk, there
is a need to investigate molecular changes in major components
and how these changes affect each other and consequently the final
product. In terms of thermal processing, there seems to be a need to
optimise thermal process parameters, as well as an investigation on
possible quality improvement of dairy products utilising a mixture
of bovine and buffalo milk wherein composition, particularly pro-
tein and fat, is standardised.
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