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ABSTRACT

UHT milk is gaining market share worldwide for being a healthy, safe and convenient food
product with a long shelf life at room temperature. However, the UHT treatment (usually 140-
150 °C for 2-10 s) contributing to its long shelf life may induce some changes, which may
make it unstable during storage. Considerable levels of sedimentation (up to 1 % dry weight
basis) of proteinaceous material at the bottom of the storage container, or formation of a gel
(age-gelation), or both, can mark the end of shelf life of UHT milk, and hence affect its market
potential and incur financial losses to the UHT dairy processors. Irrespective of a mechanism,
gelation or sedimentation appears to be governed and preceded by changes in the extent and
nature of interactions among milk proteins leading to their aggregation. Though recent
investigations have added significantly to the understanding of the different protein
interactions, the exact mechanism involving changes in these molecular interactions leading to
sedimentation and gelation, is not clear yet. Moreover, less is known about the role of protein-
lipid interactions in the development of a storage instability. In addition, the need of a rapid
technique which can detect the shelf life of UHT milk has been emphasised in recent years.
This is mainly because applying full-length shelf life tests in a product such as UHT milk would
be time- and resource-intensive. Thus, the overall objective of this project was to understand

and rapidly predict the storage stability of UHT milk.

Accelerated shelf life testing is one such rapid alternative applied to a variety of food
products to save time. The industry has not been successful in applying this approach to ultra-
high temperature (UHT) milk because of the chemical and physical changes in the milk
proteins that take place during its processing and storage. Thus, the first objective of the study
was to investigate the feasibility of applying accelerated shelf life principles to UHT milk

samples with different fat levels to elucidate changes in interactions of milk proteins at ambient

Xiii



temperature using electrophoretic analysis (Native- and Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis). Samples of UHT skim (SM) and whole milk (WM) were
stored at 20, 30, 40, and 50 °C for 28 days. Irrespective of fat content, UHT treatment had a
similar effect on the electrophoretic patterns of milk proteins. At the start of testing, proteins
were bonded mainly through disulphide and noncovalent interactions. However, storage at and
above 30 °C enhanced protein aggregation via covalent interactions. The extent of aggregation
appeared to be influenced by fat content, implying aggregation via melted or oxidized fat, or
both. Based on the reduction in loss in the absolute quantity of individual proteins, covalent
crosslinking in WM was facilitated mainly by products of lipid oxidation. Whereas, Maillard
and dehydroalanine products appeared to be the main contributors to protein changes in SM.
Protein crosslinking appeared to follow a different pathway at higher temperatures (>40 °C),
making it difficult to extrapolate these changes to lower temperatures. The changes identified
under the accelerated shelf life conditions using electrophoretic analysis assisted in evaluating
the potential of using another rapid technique, Fourier transform infrared spectroscopy (FTIR)

in detecting changes in structure and interactions of milk proteins (the second objective).

The feasibility of using FTIR to detect changes in conformational rearrangements,
protein-protein and protein-lipid interactions was studied with accelerated shelf life protocols.
WM and SM were stored at 20, 30, 40 and 50 °C for 28 days. The changes in FTIR spectra
were observed concomitant with increased sedimentation in SM (by 50 %) and WM (by 20 %)
at higher temperatures (40 °C) after 14 days of the storage period. Milk samples stored at 40
and 50 °C showed marked changes in the bands corresponding to the conformations of milk
lipids and formation of intermolecular B-sheets, indicating protein-lipid interactions and
aggregation. Dried sediment contained fat confirming protein-lipid participation in the
sedimentation. FTIR was also able to detect changes that led to increased sedimentation in SM
at temperatures lower than 40 °C, but only after 28 days. However, to establish appropriateness
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of accelerated shelf life testing and FTIR as a tool for prediction of stability of UHT milk, the
observed correlation between spectral changes and sediment formation at accelerated

temperatures has to align with that at normal storage temperature (third objective of the study).

SM and WM were stored at 20 °C for 9 months to investigate the feasibility of using
FTIR to predict sedimentation in UHT milk. Identified spectral marker variables corresponding
to changes in the structure and interactions of lipids, proteins and carbohydrates successfully
predicted sedimentation in SM (R? -0.92) and WM (R? - 0.60). Low predictability in WM may
be due to the influence of fat. These markers were similar to those observed during accelerated
shelf life testing, hence implying that the accelerated shelf life testing could be used in UHT

milk.

Among several changes in milk protein interactions during its heating and storage,
conformational changes specific to an interaction remain largely unknown. Hence, the fourth
objective of the project evaluated the possibility of fingerprinting two selected changes, i.e.,
deamidation and dephosphorylation, using FTIR. Enzymatic deamidation and
dephosphorylation were carried out prior to heat treatment. Principal component analysis
revealed that the heat treatment induced different changes in the secondary structure of control,
deamidated and dephosphorylated milk samples. In contrast to a significant (P<0.05) decrease
in p-sheet (1624 cm™) and a rise in p-turns (1674 cm™) in heated control samples, both
deamidation and dephosphorylation of SM before heat treatment created more ordered
secondary structure (significant (P<0.05) increase in a-helix (1650-52 cm™) and p-sheet at the
expense of 310-helix (1661 cm™), random (1645-46 cm™) and B-turn (1674 cm™). The only
difference between heated deamidated and dephosphorylated samples was decrease in large

loops (1656 cm™?) in the latter opposed to the increase in the former.
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The project therefore established that the accelerated shelf life testing in combination
with FTIR spectroscopy has a potential as a rapid tool to forecast sedimentation and other
instabilities in UHT milk, and hence the shelf life of UHT milk. Further, a complete
understanding of the conformational changes affecting the storage stability of UHT milk could
also be attained by studying the structural changes specific to different known interactions

using FTIR spectroscopy
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Introduction

1.1 Introduction

UHT milk has gained acceptance worldwide for being a healthy, safe and convenient food
product with a long shelf life at room temperature (Newswire, 2014; Malmgren et al., 2017). It
owes its long shelf life to ultra-high temperature (UHT) treatment involving heating of milk at
high temperature (usually 140-150 °C) for 2-10 s followed by aseptic packaging (Deeth & Lewis,
2016). The treatment and packaging renders UHT milk as a ‘commercially sterile’ product with
minimal changes to its quality. More importantly elimination of the requirement of cold chain and
refrigeration facilities for transportation and storage contributes in reducing energy loads and the
greenhouse gas emissions. However, UHT milk might get unstable during storage and experience
physical defects like sedimentation of proteinaceous material at the bottom of the storage container
or formation of a gel (age-gelation), or both (Andrews & Cheeseman, 1972; McMahon, 1996;
Deeth & Lewis, 2016). Occurrence of considerable levels of sedimentation (up to 1 % dry weight
basis (Deeth & Lewis, 2016)) or gelation can mark the end of the shelf life of UHT milk. Hence,
the appearance of these defects in UHT milk could affect its market potential and incur financial

losses to the UHT dairy processors.

Sedimentation and gelation in UHT milk can be a result of non-enzymatic changes induced by
thermal (UHT) treatment, mainly whey protein denaturation, Maillard reaction and mineral
imbalance. Likewise, indigenous or exogenous enzyme induced proteolysis, another main
underlining mechanism of gelation, also induces protein network formation (i.e., interaction or
linking between proteins or their fragments) (Deeth & Lewis, 2016). Irrespective of mechanism,
gelation or sedimentation appears to be governed and preceded by changes in the extent and nature

of interactions among milk proteins leading to their aggregation.
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Changes in protein interactions primarily involve noncovalent interactions, via either weak
bonding (such as hydrophobic, van der Waals, or electrostatic interactions) or covalent
crosslinking with other proteins through formation of disulphide bonds, advanced Maillard
products (AMP), and dehydroalanine (Singh, 1991; Friedman, 1999; Wang, Nema, & Teagarden,
2010; Holland, Gupta, Deeth, & Alewood, 2011). The most assessed pathway of protein
aggregation is mediated by denaturation of whey proteins as a result of UHT treatment (Singh,
1991). Denaturation exposes a free sulphydryl group of B-lactoglobulin (B-Lg), which is involved
in intramolecular and intermolecular thiol-disulphide exchange reactions with other whey proteins
and caseins [k-Casein (k-CN) and asz-Casein (as2-CN)] present on the surface and the interior of
the casein micelles, respectively, and homogenised fat globules (Sharma & Dalgleish, 1993).
Though recent investigations have expanded the understanding of the above-mentioned
interactions, the exact mechanism leading to sedimentation and gelation in UHT milk, is not clear
yet. Moreover, the focus has been mainly on the protein-protein linking, less is known about the
role of protein-lipid interactions in the initiation and buildup of sediment or a gel. All that is known
is that there is lower extent of proteolysis (L6pez-Fandifio, Olano, Corzo, & Ramos, 1993; Garcia-
Risco, Ramos, & Lopez-Fandino, 1999), and the formation of Maillard reaction products (Valero,
Villamiel, Miralles, Sanz, & Martinez-Castro, 2001) in stored UHT milk with higher fat content.
These reports however give an indication that the milk fat plays some role in the extent of protein
interactions during storage, and hence needs to be further explored, which would be undertaken in

this project.

In addition to exploring the progression and extent of changes in different protein interactions

in context of shelf life of UHT milk, the need of a rapid technique which can detect and predict
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these changes and hence predict their development in advance has been emphasised in recent years.
This is mainly because applying full-length shelf life tests for the purpose in a product such as
UHT milk would be time- and resource-intensive. Additionally, it is estimated that 40 % of the
cost of developing a new food emulsion is incurred in shelf life testing (Robins, 2000). Accelerated
shelf life tests could be one of the suitable alternative for predicting shelf life of UHT milk in
comparably short time. By accelerating the rate of deterioration of sensory attributes with the use
of elevated storage temperatures, Richards, De Kock, and Buys (2014) successfully developed a
model to predict shelf life of UHT milk. Likewise, changes in protein-protein interactions linked
to shelf life ending defects such as sediment or gelation can be enhanced using higher storage
temperatures (Al-Saadi & Deeth, 2008). Proteomic analysis in combination with accelerated shelf
life testing have added information about different types of prospective crosslinking during storage
of UHT milk at elevated temperatures, but these techniques are still limited in their approach
(Holland et al., 2011). Main reason being the fairly laborious sample preparation accompanied
with a complex analysis, all of which require highly trained experts. In recent years, application of
vibrational spectroscopy techniques has increased in the food industry. This has been due to these
techniques being rapid, non-invasive, non-destructive, requiring very less sample preparation and
relatively low cost as compared to the conventional techniques. These techniques are based on the
unique spectral analysis of stretching and bending of molecular bonds, and thus collectively
producing fingerprint spectra for a particular molecule (Wang, He, Labuza, & Ismail, 2013).
Among these techniques, FTIR (Fourier Transform Infrared Spectroscopy) is most accepted and
is sensitive to changes in covalent bonding and non-covalent electrostatic and hydrophobic

interactions, which are hallmarks of thermal treatment and subsequent storage. Additionally, FTIR
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has already been successfully used to study ageing of pharmaceuticals (Masmoudi, Dréau,
Piccerelle, & Kister, 2005) and oil in water emulsions (Whittinghill, Norton, & Proctor, 1999) by
determination of changes in molecular structure and interactions, but has not been used in UHT

milk.

Hence, the project for the first time envisaged studying feasibility of using FTIR technique and
accelerated shelf life testing to detect changes in protein structure and interactions, which lead to
storage instability mainly sedimentation in UHT milk. Besides tracking the development of storage
instabilities in milk using FTIR, the project would also focus on developing a rapid method for
prediction of sedimentation in advance. To achieve this, a new approach correlating changes in
FTIR spectral profiles and sedimentation using multivariate analysis tools (chemometrics) would
be developed. The appropriateness of the developed approach using FTIR and accelerated shelf
life testing would be established by comparing the findings to those obtained during full length

shelf life testing.

The focus was only on build-up of sediment and not on gelation because higher storage
temperatures (>40 °C) inhibit age-gelation (Kocak & Zadow, 1985; McMahon, 1996; Deeth &
Lewis, 2016) and result in increased non-dispersible sediment (Nieuwenhuijse & van Boekel,
2003). Thus, accelerated shelf life testing in UHT milk could only be used to predict sedimentation.
The results could be extrapolated to predict aggregation mechanisms at lower storage
temperatures, avoiding lengthy real-time analysis. The developed approach can also be used to

determine and predict storage instabilities in other dairy and non-dairy emulsions.

Besides having an idea of overall changes in the secondary structure and related protein

interactions leading to storage instability in UHT milk, conformational adjustments corresponding

5
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to individual protein interactions needs to be known in order to improve the predictive ability of

model developed to predict sedimentation in UHT milk and identify the main interactions

responsible for this storage instability.

Thus, the overall objective of this project was to understand and predict the storage stability of

UHT milk using FTIR spectroscopy and accelerated storage temperatures. The main objectives of

this research were:

i)

11

To investigate feasibility of using elevated temperatures during storage of UHT milk
containing different fat content to elucidate changes in interactions of milk proteins at
ambient temperature using electrophoretic analysis

To determine the feasibility of FTIR technique to detect changes in protein structure
and interactions leading to sedimentation under accelerated storage temperatures in
skim and whole UHT milk.

To develop a rapid method for detection and prediction of sedimentation in UHT milk
using FTIR and multivariate analysis (chemometrics) by comparing findings obtained
under accelerated storage temperatures with a long storage study at room temperature.
To detect specific changes in milk protein structure and interactions held responsible

for sedimentation using FTIR spectroscopy

Thesis outline

This thesis comprises of seven chapters. Chapter 1 presents introduction of the project and

its aims. A thorough literature review of the current scientific knowledge on the scope of the

thesis is provided in chapter 2. Chapter 3-6 are full length published research articles
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addressing the four objectives in the same sequence mentioned. An overall conclusion from

the study with future research directions is presented in chapter 7.
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Literature review

2.1 Literature review

2.2  Milk as a ‘complete’ food

Milk, a fluid secreted by females of all mammals, is designed to meet the complete
nutritional requirement of their neonates. Mainly, milk contains ~90 % water, life’s vital
requirement, lactose and lipids for energy, proteins and peptides (immunoglobulins, enzymes,
enzyme inhibitors, growth factors, hormones, antibacterial agents) for growth, immunity and other
physiological functions (O’Mahony & Fox, 2013). Furthermore, milk is free from toxins and
antinutritional factors and has a pleasant and attractive flavour and mouthfeel. Such a nutritional
and sensory profile has given milk the label of ‘complete’ food and is not restricted only to meet
the nutritional requirements of neonates. Milk from domesticated cows (mainly) has become an
integral part of human diet in many parts of the world. In addition, the ease with which it can be
converted to a wide range (several thousands) of different and attractive products has made it a
favourite ingredient for food industry. As a result, in the USA, Canada, Australia and New Zealand
and many European countries, about 30 % of dietary protein is supplied by milk and dairy products
(O’Mahony & Fox, 2013). In this thesis, unless otherwise stated, the word milk refers to bovine

milk.

2.3 Milk composition and structure

Milk, a white or yellowish white complex fluid, contains on average mainly water (91 %),
sugar (lactose) (4.6 %), lipids (3.9 %), proteins (3.25 %) and mineral substances (0.65 %) (Walstra,
Jenness, & Badings, 1984; Walstra, Wouters, & Geurts, 2005). Milk also contains organic acids
such as citrate, enzymes and a range of vitamins that do not fit into the previously mentioned major
categories. The composition of milk varies between individual animals, breeds, seasons, feed,

9
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stages of lactation and animal’s health. However, this biological variability will not be discussed

in detail here.

Milk structure is mainly due to colloidal existence of its lipids as fat globules (fat droplets
stabilized by mixture of lipoproteins and bilayer structures), protein casein as casein micelles
sterically stabilized by hairy layer of k-CN and whey proteins as oligomers. These structural
components are mainly responsible for optical properties, viscosity and physical stability of milk.
These components will be discussed in more detail in section 2.3.1. Typical constituents of milk
and their distribution between the colloidal and serum, defined as milk depleted of caseins and fat

globules, phases is summarised in Table 2.1.

2.4 Major milk constituents

2.4.1 Lipids

Almost 99 % of milk lipid exists as milk fat globules (MFG) (Heid & Keenan, 2005), which
are lipid spheres with diameter ranging from 0.1 to 15 um (average 4 pm) and surrounded by a
multilayered structure called milk fat globule membrane (MFGM) (Leser & Michel, 2008). The
membrane comprises about 2 % of the fat globules and is composed of a phospholipid monolayer,
an inner protein coat, a bilayered phospholipid membrane, and a glycosylated surface (Mather &
Keenan, 1998). MFGM acts as a natural emulsifying agent preventing flocculation and
coalescence of fat globules. The membrane also prevents hydrolysis of fat by enzymes.
Approximately 95-98 % of the total lipids in these globules consist of triacylglycerides, with lesser
amounts of partial glycerides, sterols, phospholipids, glycolipids, and hydrocarbons (Table 2.1)

(Mather & Keenan, 1998; Walstra et al., 2005). The remaining portion occurs as membrane-
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fragments in the skim milk phase. A detailed review has been published recently about MFG and

MFGM (Singh & Gallier, 2017).

Table 2.1 Composition of bovine milk (adapted from Walstra et al., (1984) and Walstra et al.

(2005))

Component Average content (w/w, %)
Total Colloidal Serum phase

Water 87 8 79
Lipids 4.07 4.058 0.016
Triglycerides 4.0 -
Diglycerides 0.01 0.01 -
Phospholipids 0.035 0.025 0.01
Sterols 0.014 0.012 0.002
Free fatty acids 0.01 0.008 0.002
Cerebrosides 0.005 0.003 0.002
Protein 3.23 2.67 0.56
Casein 2.6 2.6 -
as1-Casein 1.02 1.02 -
as2-Casein 0.28 0.28 -
S-Casein 0.93 0.93 -
x-Casein 0.37 0.37 -
Whey protein 0.56 - 0.56
f-Lactoglobulin 0.32 - 0.32
a-Lactalbumin 0.12 - 0.12
Bovine serum albumin 0.04 - 0.04
Immunoglobulins 0.08 - 0.08
Others 0.07 0.07*
Carbohydrates (lactose) 4.6 - 4.6
Mineral substance 0.7 0.2 0.481
Calcium 0.117 0.080 0.037
Phosphate 0.21 0.1 0.11
Potassium 0.143 0.011 0.132
Magnesium 0.011 0.004 0.007
Sodium 0.048 0.002 0.046
Chloride 0.11 - 0.11
Sulphate 0.01 - 0.01
Bicarbonate 0.01 - 0.01
Organic acids 0.189 0.026 0.161
Citrate 0.175 0.014 0.161
Others 0.012 0.012 -
Miscellaneous 0.14

* Proteins in fat globule membrane

** The values are average of the biological variability between individual animals, breeds, seasons, feed,

stages of lactation and animal’s health
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2.4.2 Protein-Caseins

Casein is the main milk protein constituting about 80 % of the total protein in milk. It is a
milk specific group of proteins that precipitates upon acidification to pH 4.6. These proteins are
also coagulated by action of rennet (chymosin and other proteinases). Caseins are phosphorylated
proteins, containing an average of 0.85 % phosphorous, and thus having an ability to bind relatively
large amounts of calcium (Fox, Uniacke-Lowe, McSweeney, & O'Mahony, 2015b). Caseins exist
in the milk in a form of large colloidal aggregates called casein micelles (10°-10° Da) which include
all four types of caseins namely os1, os2, B and k-caseins, along with the colloidal calcium
phosphate and water (Table 2.1). The key properties of these four types of caseins are listed in

Table 2.2.

Caseins are relatively heat stable. However, heating above 120 °C induces some chemical
changes which render them insoluble (Walstra et al., 2005). Heat stability of caseins can be
attributed to their less order structural organization including secondary and tertiary structures,
which is further owed to high proline content. However, the full secondary and tertiary structure

of caseins has not been fully elucidated yet, because of their unsuccessful crystallization.
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Table 2.2 Key characteristics of four caseins (adapted from Huppertz (2013) and Fox, Uniacke-
Lowe, McSweeney, and O'Mahony (2015a))

asi-Casein as2-Casein B-Casein k-Casein

0s:-CN B-8P  05>-CN A-11P  B-CN A%-5P k-CN A-1P
Molecular weight (Da) 23599 25206 23973 19052
Number of amino acid residues 199 207 209 169
Serine 16 17 16 13
Proline 17 10 35 20
Cysteine 0 2 0 2
Lysine 14 24 11 9
Positively charged residues 25 33 20 17
Negativley charged residues 40 39 28 28
Aromatic residues 20 20 14 14
Grand average of hydropathicity -0.704 -0.918 -0.355 -0.557

(GRAVY)

2.4.2.1 as1-Casein

as1-Casein (as1-CN) is the most abundant of all caseins contributing about 40 % to the total
casein in milk (Huppertz, 2013). It is moderately hydrophobic protein with two predominantly
hydrophobic regions and one highly charged polar zone (Fox et al., 2015a). Around eight genetic
variants have been detected until now with 8-9 phosphorylated amino acid residues (mostly
serine). More details about these variants can be found elsewhere (Huppertz, 2013). as1-CN is
characterized by a lack of cysteine residue and is a calcium sensitive casein precipitating at 3-8
mM CaCl,. At pH 6.6 and ionic strength of 0.003, as:-CN exists as a monomer. With increase in
ionic strength to 0.01 at same pH, a monomer-dimer equilibrium exists. Further increase in ionic
strength to 0.2 at the same pH favours formation of dimers and tetramers. However, increase in

pH above 6.6 suppresses degree of association.
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2.4.2.2 as2-Casein

as2-Casein constitutes upto 10 % of the total casein in milk. It exhibits varying levels of
phosphorylation with 10-13 phosphates (Thompson, Boland, & Singh, 2009) and intermolecular
disulphide bonding due to the presence of two cysteine residues per mole. It is the most hydrophilic
of the caseins with a dipolar structure where the N terminus is negatively charged and the C
terminus is positively charged (Fox et al., 2015a). At neutral pH, as>-CN self-associates with
increase in ionic strength with maximum at 0.2. as>-CN has also the highest number of
phosphorylated residues and is also most sensitive to calcium-induced precipitation. It is insoluble

in calcium solution over 2 mM.

2.4.2.3 -Casein

B-Casein (B-CN) constitutes about 35 % to the total caseins in milk (Huppertz, 2013). It
has amphipathic properties due to a strong negatively charged N-terminal portion with all the
phosphorylated residues (4-5) and apolar C terminal characterized by little charge and high
hydrophobicity. It is most hydrophobic casein and thus its self-association is strongly dependent
on temperature, only a monomeric form is present at 4 °C but large polymers are assembled at
room temperature. Compared to asi- and as2-CN, B-CN is less sensitive to calcium-induced
precipitation. At 37 °C, it precipitates in the range of 8-15 mM calcium ions. However, at 1 °C, it

does not precipitate up to 400 mM of CaCl.,

2.4.2.4 x-Casein

k-Casein is the smallest of the caseins with low levels of phosphorylation (1-3P) and low
sensitivity to calcium. Of all the caseins, only x-CN is glycosylated (Huppertz, 2013). x-CN has

an amphipathic (detergent like structure) with strongly hydrophilic glycosylated C-terminal
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without any aromatic and a few apolar residues and a strongly hydrophobic N-terminus. This is an
important characteristic of k-CN, which explains its presence on the surface of the casein micelle
and its micelle size determinations and stabilizing properties (Swaisgood, 2003). k-CN is rapidly
hydrolyzed by an enzyme chymosin and other proteases at Phe (105)-Met (106) yielding N-
terminal fragment (para x-CN) with two cysteine residues and C-terminal fragment (macropeptide)
containing all carbohydrate and phosphate groups. Hydrolysis of k-CN is the first step in the
manufacturing of most cheese varieties. In a naturally occurring mixture, k-CN polymerizes into
subunits containing 3-8 monomers through S-S linkages, which further polymerize into complexes
with 1180 kDa. Self-association of k-CN has a lower sensitivity to temperature when compared to

B-CN (Huppertz, 2013).
2.4.2.5 Casein micelle

Above mentioned four caseins, as1, os2, B and k casein associate with each other in an
approximate ratio of 4: 1: 3.5: 1.5, respectively, in presence of Ca?* and produce a dominant feature
of milk, the casein micelle, a macromolecular assembly with an average size of 200 nm (Dalgleish,
2011). In addition to caseins (approx. 94 %), micelles also contain inorganic minerals (~6 %) (Fox
et al., 2015a). Inorganic minerals mainly include calcium bound to phosphorus in calcium
phosphate nanoclusters referred to as colloidal calcium phosphate (CCP) and lower levels of
magnesium and citrate. This ability of integrating CCP into the micelle makes them a primary
transport vehicle for calcium and phosphorus, essential minerals (Singh, 2014). In addition, the
presence of CCP also avoids the risk of significant increase in milk viscosity due to open structure

of its casein components. Above all, casein micelles scatter light and responsible for the white
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colour of the milk. The micelles are very stable and can withstand heat treatment, commercial

homogenization and high calcium concentration (Singh, 2014).

2.4.2.6 Casein micelle structure

Casein micelle structure is a topic of continuing research over the last thirty years. Different
models have been proposed to explain the structure of casein micelle. The main idea, supporting
experimental observations, strengths and limitations of different models are discussed in Table

2.3.
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Table 2.3 Different models proposed for casein micelle structure

Model Main idea Can explain Cannot explain
Submicelle Casein micelles composed of smaller protein subunits linked via | 1. Early electron micrographs L. Electron

model CCP. x-CN deficient submicelles are in the interior of the micelle | 2. Chemical and physical micrographs
(Schmidt, while those with high k-CN levels are on the surface. CCP interacts measurements of casein micelles produced using
1982; with phophoseryl residues of as and p-casein on the surface of k- | 3. Coagulation or precipitation of cryoppreapration
Walstra et | CN deficient submicelles present in the core of the micelle. casein micelles on specific electron

al.,  1984; | Negatively charged hydrophilic parts (glycosylated) of k-CN hydrolysis of k-CN microscopy stereo-
Walstra, extend from the surface of micelles as ‘hairs’ and stabilise the | 4. Dissociation of micelles into imaging technique
1999) micelle against coagulation by steric and electrostatic repulsion. smaller particles (McMahon &

Later on observation of CCP throughout the micelle, Walstra
(1999) proposed that CCP is inside the submicelle and submicelle
are linked via hydrophaobic interaction

5. Analysis of particles (~20 nm
diameter) made from sodium
caseinate and their growth into
larger supramolecules (~100 to
200 nm diameter) upon addition
of calcium.

McManus, 1998;
Trejo, Dokland,
Jurat-Fuentes, &
Harte, 2011)

P. Dissociation
behavior of casein
supramolecules on
either removal of
CCP or treatment
with excess k-
casein or urea

(Holt, 1998)

Dual-bindin | Individual caseins are cross-linked through hydrophobic regions of | 1. Chemical and physical 1. Highly  hydrated
g the caseins and calcium phosphate clusters act as bridges for the measurements of casein micelles casein micelle
model assembly of the casein supramolecule. Processes of protein | 2. Coagulation or precipitation of interior
(Horne, polymerization and calcium binding of casein molecule would casein micelles on specific 2. Clefts in electron
1998, 2002; | occur simultaneously. Growth of hydrophobically bonded proteins hydrolysis of k-CN microscopic
Horne, is inhibited by electrostatic repulsive interactions. k-casein is linked | 3. TEM and SEM micrographs observations
2006, 2008, | into the casein supramolecule by hydrophobic bonding of its N- 3. Interior structure of
2014) terminal region. k-casein ends the chain as it does not possess either the micelle

a phosphoserine cluster for linkage via CCP or another

hydrophobic anchor point to extend the chain.
Internal k-CN distributed unevenly on the surface of casein micelle leaving | 1. Hydration of casein micelle
structure clefts where other caseins were exposed to serum. Micelle interior | 2. B-casein exiting on cooling and
model contains subassemblies of as, some B-casein and CCP. B-casein act re-entering on warming.
(Dalgleish, as surfactant to stabilize the water in the micelles 3. Large molecules entering the
2011) casein micelle e.g. hydrolysis of

[B-casein present in micelle
interior by trypsin and papain
4. Chemical and physical
measurements of casein micelles
5. Coagulation or precipitation of
casein micelles on specific
hydrolysis of k-CN

Nanocluster
model
(Holt, 1992;
Holt &
Horne,
1996; Holt,
1998; De
Kruif &
Holt, 2003;
de Kruif,
Huppertz,
Urban, &
Petukhov,
2012)

Casein micelle as a homogeneous matrix of caseins in which the
CCP nanoclusters are dispersed as “cherry stones” (about 2 nm) at
an average distance of 18.6 nm. Centres of phosphorylation (3-5
nearby phosphorylated amino acid residues) of the caseins are
attached to the surface of the nanoclusters. The tails of these caseins
protruding from the clusters associate to form a protein matrix
(polymer mesh with density fluctuations at the 2 nm scale) via co-
operative weak interactions (hydrophobic interactions, hydrogen
bonding, ion bonding, weak electrostatic Van der Waals attraction
and other factors). x-CN limits the process of self-association
leading to stabilization of the native casein micelle. The binding of
caseins to calcium phosphate nanoclusters initiates the formation of
the casein supramolecule.

1. TEM and SEM micrographs

2. Chemical and physical
measurements of casein micelles

3. Coagulation or precipitation of
casein micelles on specific
hydrolysis of k-CN

4. Dissociation of casein micelles
on removal of CCP or treatment
with excess k-casein or urea
(Holt, 1998)

5. Observations of SANS and
SAXS scatering experiments
which imply a heterogeneous
internal structure.
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2.4.3 Whey proteins

Whey proteins constitute 20 % of the total protein content in bovine milk. The term ‘whey proteins’
encompasses five different groups of proteins, namely, p-lactoglobulin (B-Lg), a-lactalbumin (a-
La), lesser amounts of bovine serum albumin (BSA), immunoglobulins (1g) and proteose peptones
(pp). These proteins have a globular to ellipsoid structure and are relatively soluble. These proteins

are more heat sensitive and less sensitive to calcium than caseins.

2.4.3.1 p-Lactoglobulin

B-Lg is the most abundant (~ 60 %) whey protein in milk (Table 2.1). It is a globular protein with
162 amino acid residues and a molecular weight of approximately18 kDa. Ten genetic variants of
B-Lg have been known with most common being named A and B (Edwards & Jameson, 2014). B-
Lg can self-associate to varying degrees depending on temperature, pH, protein concentration and
ionic strength. At ambient temperature and natural pH of milk, B-Lg exists as dimer. A B-Lg
monomer contains two intra-molecular disulphide bonds and a free sulfhydryl group (-SH, Cysi21).
B-Lg (Figure. 2.1) denatures at temperatures above 65 °C at pH 6.7 exposing its free thiol group,
which can undergo thiol-disulphide exchange reactions with other denatured B-Lg and/or milk
proteins such as k-CN and a-La. Denaturation and following crosslinking reactions of f-Lg affect
the rennet coagulation and heat stability of the milk. Denaturation temperature of 3-Lg depends on
pH. It is most heat sensitive near pH 4.0 and most stable at pH 6.0 (Sawyer, 2003). The
physiological role of B-Lg is not known. However, due to the presence of a hydrophobic cavity, it
is considered as transporter for small hydrophobic molecules like vitamin A (Fox et al., 2015a). In
addition, B-Lg is one of the milk proteins responsible for milk protein intolerance or allergy in

humans (Downs, Kabourek, Baumert, & Taylor, 2013).
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Figure 2.1 Structure of bovine B-Lg indicating disulphide bonds and thiol group (Yagi, Sakurai,
Kalidas, Batt, & Goto, 2003)

2.4.3.2 a-Lactalbumin

a-Lactalbumin (a-La) constitutes 20 % of whey proteins and has two genetic variants A (most
common in bovine milk) and B with a molecular weight of 14.147 kDa and 14.175 kDa,
respectively (Fox et al., 2015a). a-La is composed of 123 amino acid residues and has an oblate
ellipsoid tertiary structure with a deep cleft dividing the protein in two lobes (o and ). The cleft
is binding site for Ca®*, an integral part of its molecular structure, which plays a role in its stability
and minimized susceptibility to denaturation. The a-lobe has three a-helices and three short 31o-
helices whereas the B-lobe contains three stranded B sheets and a short 310- helix. a-La contains
four disulphide bonds and lacks free thiol group, which further adds to its heat stability. a-La is a
component of enzyme lactose synthetase which defines its physiological role being transferring

galactose to glucose required for lactose synthesis (Fox et al., 2015a).
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2.4.3.3 Other whey proteins

Bovine serum albumin (BSA), immunoglobulins (Ig) and proteose peptone (pp) are minor
proteins present in the serum at low levels (Table 2.1). BSA accounts for 6 % of whey proteins
and has a molecular weight of ~65 kDa with 582 amino acid residues. Ig are antibodies synthesised
in response to foreign antigens. These proteins provide immunity to the young and thus their
concentration is high in colostrum but decreases rapidly after postpartum. Proteose peptones is a
complex mixture of peptides, most of which produced by the action of indigenous enzyme plasmin

(Fox et al., 2015a).

The contributions of these whey proteins to the physio-chemical changes in milk during
UHT processing and subsequent storage are considered relatively minor, compared to a-La and p3-
Lg and therefore not discussed in detail here. Detailed information about these proteins can be
found elsewhere (Hurley & Theil, 2013; O’mahony & Fox, 2013; Wynn & Sheehy, 2013; Fox et

al., 2015a).
2.4.4 Minerals

Milk minerals occur in one or more chemical forms, including ions and salts (organic and
inorganic), complexes or constituents of organic molecules like proteins. They constitute only a
small fraction (8-9 g/L) of milk and includes cations (mainly calcium, magnesium, sodium and
potassium) and anions (mainly inorganic phosphate, citrate and chloride) (Gaucheron, 2005).
These cations and anions are partitioned between the colloidal and aqueous phase of milk. About
one third of calcium, two thirds of magnesium, half of the inorganic phosphate and over 90 %
citrate is in aqueous phase whereas the rest is associated with casein molecules and are an integral
part of casein micelle.
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CCP, as discussed in previous sections 2.4.2.5 and 2.4.2.6, plays a pivotal role in the casein
micelle structure and stability. There is an equilibrium between calcium in the colloidal and
aqueous phase. Partition of calcium in milk between different phases has been tabulated in Table
2.4. The formation of CCP is an effective way of “burying” a considerable amount of Ca and
phosphate within casein micelles, therefore determines to a large extent the physicochemical
properties of casein micelles (Lucey, 2003). About 70 % of total Ca and 30 % of total phosphate
as principle colloidal salt are in the colloidal phase, which combines with four major caseins (as1-

, 0s2-, B- and k-CN) in the casein micelle (Gaucheron, 2005).

Table 2.4 Calcium partition in cow milk by Holt and Jenness (1984).

Component Mean* value (mM)
Total Ca 29.4

lonic Ca 2.0

Soluble Ca 9.2

% Soluble Ca 31 %

Micellar Ca 20.2

Micellar Ca/ g of casein 0.77

*Mean values include the biological variability over different breeds of cows

245 Sugars

Main sugar of milk is lactose, a reducing disaccharide composed of glucose and galactose.
Lactose is responsible for slight sweet taste of milk. Being the principal carbon source for
microorganisms in milk, it is indispensable for manufacture of fermented dairy products like

cheese and yogurt. In addition to lactose, a large number of free saccharides mainly
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oligosaccharides and small amount of monosaccharides and glycosylated proteins k-CN, mucins

and glycoproteins in fat globule membrane are also present (O’Mahony & Fox, 2014)

2.4.6 Vitamins and enzymes

Milk is a source of fat soluble (A, D and E) and the water-soluble vitamins (C, B1, B2, B6,
B12, pantothenic acid, niacin, biotin and folic acid). Milk also contains a large number of enzymes
including proteases, lipases and oxidoreductases. Plasmin is the major serine protease in milk and
its concentration increases during very early or very late lactation or in animal with mastitis.
Plasmin is heat stable at pH of milk and can retain substantial activity after pasteurisation and thus
affect protein stability of milk. Lipoprotein lipase in the major lipase in milk. The enzyme is heat
labile and thus of no significance in heat treated milk. Lactoperoxidase is one of the main
oxidoreductases present in milk and is able to catalyze oxidation of unsaturated fatty acids
resulting in oxidized taste. Lactoperoxidase is also a component of potentially important
lactoperoxidase/thiocyanate/hydrogen peroxide system. Alkaline phosphatase does not affect milk
stability but is important due to its widespread use as index of adequate heat treatment (Varnam &

Sutherland, 2001; Walstra et al., 2005).

2.5  Secondary structure of milk proteins

In last 30 years, spectral studies and predictive modelling has thrown some light on
secondary structure of different caseins individually and in micellar state (Huppertz, 2013) (Table
2.5). This has uplifted their status from ‘random coil proteins’ to ‘rheomorpic proteins’ with an
open, flexible and mobile conformation (Holt & Sawyer, 1993). Contents of secondary structures
of different caseins individually and in the micellar state determined using different methods in
comparison to well elucidated structure of whey proteins are tabulated in Table 2.5. k-CN appears

22



Literature review

to be the one with the highest amount of secondary structure among caseins. The C-terminal half
of as2-CN is suggested to be having a globular conformation with a-helix and a B-sheet whereas
the N-terminal region forms a randomly structured hydrophilic tail. as1-CN contains little a-helix
but considerable amount of B-sheets and B-turns (Fox et al., 2015a). B-Lg has a lower proportion
of a-helix (~ 12 %) compared to a-La (36 %) (Figure 2.1). However, B-sheet content in B-Lg (50
%) is far greater than that in a-La. B-Lg is a typical lipocalin (family of proteins found in gram
negative bacteria, vertebrate cells, and invertebrate cells, and in plants which transport small
hydrophobic molecules such as steroids, bilins, retinoids and lipids) with a structure that contains
a B-barrel with eight antiparallel B-strands, labelled A—H and a three-turn a-helix that lies parallel
to three of the B strands. Strands A—D form one surface of the barrel while strands E-H form the

other (Kontopidis et al., 2004).

2.6 Milk processing

Raw milk is highly perishable and may contain pathogenic bacteria. Therefore, in order to
make it safe for drinking and extending its shelf life, milk is generally heat-treated. Heat treatment
may vary in its intensity, which is a combination of temperature and the duration of heating.

Heating processes are classified into different categories on the basis of their intensity.

2.6.1 Thermisation

Thermisation is a heat treatment (20 s, 60-69 °C) of intensity lower than pasteurisation
aimed to kill bacteria, especially psychrotrophs. Many psychrotrophs produce heat resistant lipases
and proteinases that may eventually deteriorate quality parameters of milk. Thermisation Kills
many vegetative microorganisnms and partially inactivates some enzymes with negligible changes
in the milk.
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Table 2.5 Secondary Structure of milk proteins

Protein Method a-helix ~ B-sheet  B-turn  Unspecified Reference
(%) (%) (%) structure
(%)
0s1-CN Raman 8-13 18-20 29-35 33-40 Byler, Farrell, and Susi
(1988)
CD 13-15 34-46 18-25 27-28 Malin, Brown, Wickham,
and Farrell (2005)
FTIR
3D model 15 22 45 18 Kumosinski, Brown, and
Farrell (1991)
os2-CN Predictive 54 15 19 13 Garnier, Osguthorpe, and
Robson (1978)
CD 24 30 24 22 Hoagland, Unrubh,
Wickham, and Farrell
(2001)
FTIR 32 27 31 9 Hoagland et al. (2001)
3D model 46 9 12 7 Farrell, Malin, Brown,
and Mora-Gutierrez
(2009)
B-CN Raman 6-14 20-23 31-36 30-36 Byler et al. (1988)
CD 20 32 28 21 Farrell, Wickham, Unruh,
Qi, and Hoagland (2001)
FTIR 29 34 32 4 Farrell et al. (2001)
3D Model 10 20 30 34 Kumosinski, Brown, and
Farrell (1993)
k-CN CD 15-19 32-38 23-27 19-27 Farrell et al. (1996)
FTIR 8-10 39-41 25-27 23-25 Farrell et al. (1996)
3D model 10 30 32 30 Farrell Jr, Brown, and
Malin (2013)
B-Lg FTIR 9 54 27 9 Yang, Yang, Kong, Dong,
and Yu (2015)
FTIR 12 53 22 13 Qi, Ren, Xiao, and
Tomasula (2015)
CD 105 47.8 16.1 25.6 Qi, Wickham, and Garcia
(2014)
a-La FTIR 36 18 20 26 Qi et al. (2015)
Lyophilized Raman 14 27 41 18 Byler et al. (1988)
micellar casein
Lyophilized Raman 18 27 39 16 Byler et al. (1988)
submicellar casein
Whey from Raw FTIR 15 51 20 15 Qi etal. (2015)
Milk
Whey from FTIR 10 47 21 22 Qi etal. (2015)
Homogenized
UHT milk
Milk FTIR 15.3 17.7 19.2 7.6 Carbonaro, Maselli, and

Nucara (2012)
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2.6.2 Low Pasteurisation

Low pasteurisation is a heat treatment with intensity (30 min, 63 °C or 15 s, 72 °C)
optimized to inactivate enzyme alkaline phosphastase. The treatment kills all yeasts and moulds,
almost all pathogens specifically Mycobacterium tuberculosis and some vegetative bacteria. In
addition, only some enzymes are inactivated and there are no alterations in flavour, cold
agglutination and bacteriostatic properties of milk. Whey proteins are also not denatured with low

pasteurisation treatment, thus no significant effect on their secondary structure.

2.6.3 High pasteurisation

High pasteurisation is a heat treatment (20 s, 85 °C) sufficient to destroy activity of enzyme
lactoperoxidase. The treatment kills virtually all vegetative microorganisms but no spores and
inactivates most of the enzymes except plasmin and some bacterial proteinases and lipases. In
addition to a cooked flavour, the treatment denatures partly the whey proteins and destroys the

bacteriostatic properties of milk.

2.6.4 Sterilisation

Sterilisation is a heat treatment designed to eliminate most of the microorganisms and
bacterial spores present in milk. This can be sufficed by either in-container sterilisation (30 min,
110 °C) (Walstra et al., 2005) or Ultra high temperature (UHT) short time treatment (1-10 s, 135-
145 °C) (Deeth & Lewis, 2016). In-container sterilisation inactivates all milk enzymes except
bacterial lipases and proteinases. However, it results in browning due to extensive Maillard
reactions, a sterilized milk flavour, loss of some available lysine, denaturation of whey proteins

and even changes in the caseins, loss of vitamins and decrease in milk pH by 0.2 units. UHT
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treatment results in less chemical changes and a weak cooked flavour with no inactivation of

plasmin, proteinases and bacterial lipases.
2.7  UHT processing

UHT heat treatment in combination with aseptic packaging can extend shelf life of milk up
to 12 months with less chemical changes compared to in-container sterilization. Time-temperature
combination or intensity of UHT process are decided to achieve inactivation of heat resistant
spores of Bacillus stearothermophilus with minimum chemical changes so that sensory and

nutritional qualities of the ‘commercially sterile’ UHT milk are not lowered.

UHT heating can be achieved using either ‘direct’ or ‘indirect’ heating methods. Direct
heating results in rapid heating due to mixing with superheated steam and rapid cooling using
vacuum flash cooling process. Indirect heating process involves slower heating and cooling as the
heat transfer occurs across wall of stainless steel plate or tube exchanger. The comparison between
direct heating and indirect heating systems in terms of their heating profiles, economics and
changes in UHT milk quality have been discussed in detail elsewhere (Datta, Elliott, Perkins, &

Deeth, 2002; Tran, Datta, Lewis, & Deeth, 2008; Lewis & Deeth, 2009).
2.8 Changes to milk during UHT treatment

2.8.1 Chemical changes

2.8.1.1 Changes in pH and mineral balance

Both pH and ionic calcium (Ca?*) concentration decrease with increase in the temperature
of milk. Milk pH has been reported to decrease to 6.0 at 100 °C (Walstra et al., 1984) and may be

as low as 5.6 at 140 °C (Deeth & Lewis, 2017a). Although decrease in pH is expected to increase
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ionic calcium, there has been studies in the past and recently that reported the exact opposite
(Tessier & Rose, 1958; Chandrapala, McKinnon, Augustin, & Udabage, 2010; On-Nom,
Grandison, & Lewis, 2010). Deeth and Lewis (2017a) suggested that both the pH and Ca?* at 140

°C affect the heat stability at this temperature.

UHT processing has less effect on the pH of white milk and is rarely reported in the
literature (Deeth & Lewis, 2017a). According to Gaucher et al. (2008), pasteurisation increased
the pH of raw milk from 6.69-6.76 to 6.70-6.78 and after subsequent UHT treatment, it was
decreased to 6.66-6.76. However, the pH of milk is reduced substantially (0.2-0.3 units) after in-
container sterilisation (Deeth & Lewis, 2017a). In contrast to little effect on pH of milk, UHT
treatment substantially reduces Ca?* concentration, which recovers on further storage but not to its
original value (Geerts, Bekhof, & Scherjon, 1983). The decrease in the solubility of calcium
phosphate during UHT treatment might lead to its precipitate formation (fouling deposit) on the
heat exchanger walls or association with casein micelle. Overall, UHT treatment has a minor effect

on mineral partitioning (Deeth & Lewis, 2017a).
2.8.1.2 Whey protein denaturation and disulphide crosslinking

The most discussed change in milk proteins induced by UHT treatment (or any heat
treatment) is the denaturation of whey proteins. The degree of denaturation of whey proteins is
less in UHT milk as compared to 100 % in in-container sterilisation and depends on the type of
processing (i.e. direct or indirect) and the temperature-time profile of the heating process. Among
the whey proteins, Ig and BSA are completely denatured by sterilisation processes followed by [3-
Lg and a-La. Proteose peptones are not denatured by heat (Mulvihill & Donovan, 1987). Indirect

UHT processing results in a greater extent of whey protein denaturation as compared to direct
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processing (Datta et al., 2002; Tran et al., 2008). B-Lg is almost completely denatured by
commercial indirect heating process compared to only 74-92 % denaturation in the direct one.
However, the percentage denaturation of a-La was 25-90 % and 27-58 % for indirect and direct
plants, respectively (Tran et al., 2008; Deeth & Lewis, 2016). Due to sufficient (non-zero) residual
levels of a-La in UHT milk, its concentration has been suggested as an index of heat treatment

(Dupont, Rolet-Repecaud, & Muller-Renaud, 2004; Tran et al., 2008).

Denaturation of whey proteins involves their unfolding and hence exposing reactive
sulfhydryl groups and hydrophobic regions, which subsequently result in sulfhydryl-disulphide
and hydrophobic protein-protein interactions. The most significant interaction involves
crosslinking between B-Lg and x-CN. Denaturation of B-Lg involves unfolding of the globular
monomer exposing hydrophobic amino acids and a free sulfhydryl group, at Cysi21, which is
normally buried inside the native globular structure. The native monomer undergoes
intramolecular sulfhydryl-disulphide reactions with other exposed sulfhydryl groups resulting in
the formation of reactive non-native monomers. These reactive monomers primarily react with k-
CN located on the surface of the micelle but may do so after reacting with a-La via both
hydrophobic interactions and intermolecular sulfhydryl-disulphide interchange reactions. Thus,
UHT treatment at normal pH 6.7 results in formation of the casein micelles with whey proteins
attached. However, due to dissociation of some k-CN from the micelle on heating, it also appears
in the serum in associations with denatured whey proteins (Anema, 2008). The amount of these
complexes in the serum phase depends on several factors such as the nature of the heat treatment
and pH (Corredig & Dalgleish, 1996a; Corredig & Dalgleish, 1996b). Most of the denatured whey
proteins are associated with the casein micelle in indirect heated UHT milk compared to only 50

% in direct with the remaining portion being in the serum phase. Indirect UHT treatments have
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also more a-La attached to the casein micelle compared to B-Lg. This difference has significant
practical implications because the micelle with increased amount of a-La attached becomes more
hydrophobic, thus, increasing the water-holding capacity, an important consideration for some
products. Other than type of heating process, the pH of heating also significantly affects the
distribution of denatured whey proteins. At pH ~6.5, most of the denatured whey proteins attach
to the casein micelle while at pH >6.8, most of them are in the serum with k-CN (Deeth & Lewis,

2016).

2.8.1.3 Structural modifications of proteins and non-disulphide protein crosslinking

Dephosphorylation of the phosphoserine residues present in milk caseins occurs during
sterilisation by either hydrolysis with a release of a phosphate group and serine (Eq. 1) or by B-

elimination with formation of dehydroalanine and phosphate (Eq. 2) (Belec & Jenness).

R—CH, — 0 —P0%™ + H,0 - R— CH, — OH + HPO3~ )
(phosphoserine) (serine)
R — CH, — 0 — PO3™ - R = CH, — OH + HPO?~ (2)
(phosphoserine) (dehydroalanine)

More phosphate and serine were reportedly formed during heating of caseinate solutions
than dehydroalanine (van Boekel, 1999). Dehydroalanine is also formed from O -glycosylserine
or cysteine residues by elimination of a sugar or H2S, respectively. Once formed dehydroalanine
reacts with the amino group of lysine residues, the imidazole group of histidine, or the thiol group
of cysteine, resulting in intra- or intermolecular lysinoalanine, histidinoalanine, or lanthionine
crosslinks, respectively (O’Connell & Fox, 2003). Proteins cross-linked via dehydroalanine unlike

the disulphide-linked protein complexes cannot be dissociated with reducing agents such as
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mercaptoethanol and on hydrolysis yield isodipeptides such as lysinoalanine, histidinoalanine and
lanthionine (Deeth & Lewis, 2016). UHT milk contains very little lysinoalanine (0 to 50 ug/g
protein) compared to autoclaved milk (110 to 710 pg/g protein) (Fritsch, Hoffmann, &
Klostermeyer, 1983). Higher temperatures, higher pH and longer heating times increased

lysinoalanine formation.
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Lysine residues of milk proteins link with reducing sugar lactose to initiate Maillard
reaction (Figure 2.2), the products of which such as glyoxal and methylglyoxal serve as another
source of non-disulphide crosslinks in UHT milk (Andrews & Cheeseman, 1971; Andrews &
Cheeseman, 1972; Andrews, 1975). Recently it has been shown that on incubating milk protein
concentrate with methylglyoxal, polymerised proteins produced were similar to those formed in
this product during storage (Le, Holland, Bhandari, Alewood, & Deeth, 2013). Protein
crosslinking, whether via dehydroalanine or Maillard reaction products, reduces the nutritional
availability of amino acids such as lysine and reduces the digestibility of the proteins (Deeth &
Lewis, 2016). However, on a positive note, the non-disulphide crosslinking especially via Maillard
reaction products may inhibit age-gelation (storage instability) of UHT milk during storage

(McMahon, 1996).

Sugar-CHO + NH,-amino acids
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Figure 2.3. Overview of the early intermediated and advanced stages of Maillard reaction
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2.8.1.4 Dissociation of proteins from the casein micelle

Considerable dissociation of individual caseins from the micelle takes place during heating
of milk. Extent and nature of this dissociation depend on the heat intensity, pH and milk solids
concentration. Dissociation of caseins is higher in in-container sterilised and concentrated milk
products than unconcentrated UHT milk (Deeth & Lewis, 2017a). Most investigations have
focused on the dissociation of k-CN from the micelle before or after its interactions with whey
proteins, especially B-Lg (Corredig & Dalgleish, 1996b; Anema, 2008; Anema, 2014).
Dissociation of k-CN from the surface of the micelle can make it more susceptible to calcium ion-
mediated heat- induced aggregation, so this has a marked effect on the heat stability of the milk.
Singh and Latham (1993) studied the aggregation and dissociation of protein in milk heated at
UHT temperatures and found that initial heating gave rise to the formation of high molecular
weight complexes composed of whey proteins and k-CN. On extended heating, most of the whey
proteins/k-CN complexes remained associated with the micelles at the natural pH of milk (6.67)
with little dissociation of monomeric proteins from the casein micelle. Increasing the pH under the
same heating conditions resulted in increased quantities of whey proteins/k-CN complexes and
monomeric proteins in the serum phase. However recently, Anema (2017) proposed that
dissociation of k-CN occurs before interaction with the denatured whey protein and the complexes
are formed in the serum phase.
2.8.1.5 Other changes

In addition to changes discussed above, another main UHT heat treatment induced changes
are formation of lactulose, loss of thiamine, heat induced flavours and the effect on different
enzymes. Lactulose, a disaccharide of glucose and galactose, is produced by epimerisation of

lactose during heat treatment of milk. As lactulose is not present in raw milk and does not change
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much during storage of UHT milk, it is a useful indicator of heat treatment intensity. Furthermore,
the concentration of lactulose in freshly manufactured UHT milk is considerably correlated with
the amount of furosine, which is a measure of lactosylation, another heat induced interaction of
lactose, and intensity of cooked flavour (Cattaneo, Masotti, & Pellegrino, 2008). Indirect processed
UHT milk as expected has higher lactulose content than direct UHT milk. An upper limit of 400
mg/I for lactulose content is suggested to avoid strong overcooked flavour in UHT milk (Deeth &
Lewis, 2017a). The chemical index C*, a measure of chemical effect of heat treatment, is based
on the destruction of vitamin thiamine. A C* value of 1 is equivalent to 3 % destruction of
thiamine. Storage of UHT milk causes no further loss of thiamine if there is no exposure to light.

Three main flavours or off-flavours resulting mainly due to effect of UHT treatment are
listed as cooked/cabbage/sulphurous, heated/rich and scorched/sterilized. Formation of heat
induced off-flavours is not very relevant to this thesis and hence described in detail elsewhere
(Deeth & Lewis, 2017a, Vazquez-Landaverde, Torres, & Qian, 2006; Al-Attabi, D’ Arcy, & Deeth,
2014).

Native proteases of the milk (mainly plasmin) and bacterial proteases and lipases survive
UHT treatment (Gaucher, Mollé, Gagnaire, & Gaucheron, 2008; Deeth & Lewis, 2017a). Plasmin
exists in the raw milk as a complex system including its inactive precursor plasminogen,
plasminogen activators and inhibitors. All these constituents determine its activity in the product.
Milk with high somatic cell count, as an indication of udder health, have highest plasmin activity
(Auldist et al., 1996). Somatic cells contain a plasminogen activator, which enhances the
conversion of inactive plasminogen to plasmin (Kelly & Foley, 1997). Bacterial proteases are

produced in raw milk at the end of the log phase of growth of psychrotrophic bacteria when the
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count exceeds ~10° cfu/ml. Bacterial proteinases can also activate the plasminogen to plasmin in
milk (Nielsen, 2002).

Inactivation of plasmin and bacterial proteinases can be achieved using higher sterilisation
temperatures. Indirect UHT processes generally inactivate more plasmin (Manji, Kakuda, &
Arnott, 1986) and bacterial proteinases (Corradini & Pecchini, 1981) than direct ones. However,
significant plasminogen and plasminogen activators still remain in both direct and indirect UHT
milk. UHT milk processed using an indirect heating process at 150 °C showed less proteolysis
during storage than one at 140 °C (Topgu, Numanoglu, & Saldamli, 2006). However, high
temperature treatment (150-180 °C for 0.2 s) using steam injection method was able to inactivate
effectively highly heat-resistant bacterial spores although the product still developed bitter flavours
in UHT milk due to plasmin action (Huijs, van Asselt, Verdurmen, & De Jong, 2004). Complete
inactivation of plasmin could be achieved using preheating prior to high sterilisation temperature.
A preheating of 80 °C for 300 s (Van Asselt, Sweere, Rollema, & De Jong, 2008) or of at least 90
°C for 30 s (Newstead, Paterson, Anema, Coker, & Wewala, 2006) ) prior to UHT processing
inactivated plasmin and thus prevented proteolysis during storage. Preheating led to inactivation
of plasmin via its association with denatured B-Lg through sulfhydryl-disulphide interactions.
Similarly, the use of low temperature inactivation (LTI) treatment (~55 °C for 15-60 min) with
UHT sterilization has been shown to reduce proteolysis and increase the shelf life of UHT milk
containing psychrotrophic bacterial proteases and lipases (Kocak & Zadow, 1985). Bacterial
proteinases probably either autodigest at ~55 °C or undergo a conformational change and engage
in interaction with caseins to form an enzymatically inactive proteinase-casein complex.

Furthermore, different bacterial proteinases and lipases require different LTI conditions (Kocak &
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Zadow, 1985). Moreover, LTI is most effective when applied a day after UHT processing which

seems commercially inviable (Deeth & Lewis, 2016).

2.8.2 Physical changes

2.8.2.1 Fouling

Fouling of heat exchangers during heat treatment refers to deposit formation on heat
exchanger surfaces. Fouling deposits reduce the efficiency of the heat transfer process and make
it difficult to reach the product outlet temperature without raising the temperature of the heating
medium to an undesirable extent. Excessive deposit formation particularly in indirect heating
plants limits the run time of UHT plants. The major area where deposits occur is the preheating
section. If these deposits detach, they may cause problems downstream of the holding tube or in
the final product as sediment (Ramsey & Swartzel, 1984; Deeth & Lewis, 2016). More fouling has
been reported in tubular heat exchangers than plate heat exchangers, and has been attributed to the
higher shear rates and the total cross sectional area for flow in the latter (Bansal & Chen, 2006).
Direct UHT plants require longer run times than indirect ones for a poorer quality milk due to
comparably quick rise in temperature and the reduced heat transfer at the surface at high
temperatures. However, the direct UHT milk may contain more sediment in comparison to indirect
(Ramsey & Swartzel, 1984). In addition, deposits may still form in other sections of direct UHT
plants namely the holding tube, the back-pressure valve and the beginning of the cooling section.

Two distinct types of fouling deposits, depending on the temperature at which these are
formed, have been recognized in UHT milk. Type A deposit formed at comparatively low
temperatures (80-105 °C) is a white voluminous deposit with a high protein content (50-70 %) and

a significant mineral content (30-40 %) which tends to block flow passages. Type B deposits,
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formed at higher temperatures, are finer, more granular and predominantly mineral in origin (70-
80 %, probably B-tricalcium phosphate), with only small amounts of protein (10-20 %). B-Lg is
the main denatured protein at lower temperatures, whereas casein predominates at the high
temperature (Deeth & Lewis, 2016). Interestingly, fat despite being present in equal concentrations
to protein and in greater concentration than minerals in whole milk does not feature significantly
(usually less than 5 %) in any of the two types of deposits. Furthermore, even in creams with fat
representing up to 75 % of the dry matter in some cases, fouling is reported to be predominantly
caused by proteins and minerals. However, in recombined milk, higher levels of fat in the fouling
deposits (up to 60 %) compared to fresh milk (10 % or less) were observed (Newstead, Groube,
Smith, & Eiger, 1998). Likewise, higher proportions of fat (0-35 %) were found in deposits from
direct steam injection plants, attributed to fat destabilisation during the injection process. High
temperature (138 °C) homogenisation after sterilisation treatment also produces deposits with a
higher proportion of fat (Deeth & Lewis, 2016).

Fouling can be reduced by aging raw milk at 4 °C for 12-24 h (without change of pH),
addition of capric acid and preheating milk (70-80 °C for 40-70 s) prior to high-temperature
sterilisation. Aging probably results in lipolysis and the production of fatty acids. Capric acid
might associate with the casein micelle and hence prevent interactions leading to the build-up of
the deposit. Preheating denatures -Lg to a certain degree, decreases fouling and extends the
processing time (Burton, 1988; Deeth & Lewis, 2016)

Fouling is mainly affected by pH and ionic calcium of milk. In general, fouling is inversely
related to both pH and ionic calcium. For the same milk sample, the amount of deposit formed
increased as the pH was reduced, whereas on increasing the pH by 0.7 units both processing times

and product quality increased with slight increase in product viscosity. Deeth and Lewis (2016)
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recommended that both pH and ionic calcium should be monitored to gain a better understanding
of the fouling process. However, along with pH and ionic calcium, other factors like seasonal
variations, k-CN content, concentration of ammonia and presence of air bubbles affect fouling.
There is still uncertainty whether protein denaturation or protein aggregation are the key reactions
in fouling and whether it is denatured whey protein or minerals that deposit first on the heat
exchange surface. Further details in fouling can be studied elsewhere (Burton, 1988; Deeth &

Lewis, 2016; Deeth & Lewis, 2017a).

2.8.2.2 Sediment formation

Some amount of sediment is frequently present in most heat-treated milk and is usually not
noticeable by the consumers (Burton, 1988). Sediment appears to become clearly noticeable upon
tasting above about 1 % (dwb) (Deeth & Lewis, 2016). Similar mechanisms are suggested to be
responsible for sedimentation and fouling (Burton, 1988). A good quality raw cow’s milk with
high heat stability results in a very low level of sediment in UHT milk. Sediment formation
increases with severity of the heat treatment and thus direct UHT processes has higher
sedimentation than indirect (Ramsey & Swartzel, 1984). Furthermore, like fouling, very little
sediment is formed in UHT cow’s milk at pH > 6.62 but extent of sedimentation is enhanced
rapidly below this pH level. Addition of only 4.5 mM calcium chloride produced a voluminous
sediment following UHT treatment and could be reduced by addition of disodium hydrogen
phosphate (DSHP) and trisodium citrate (TSC) (Lewis, Grandison, Mei-Jen, & Tsioulpas, 2011).
Therefore, experiments involving addition of calcium salts and reduction of pH need to be
performed cautiously as these can block a UHT plant. Sediment formation was only slight for milk

samples whose ethanol stability was greater than 80 % (Deeth & Lewis, 2016).
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2.9  Storage changes

Considerable changes occur in the UHT milk system during storage that affect sensory and
nutritional quality of UHT milk. These include changes in colour (browning-Maillard reaction),
flavour (cooked, stale, rancid, bitter, chalky), texture (sedimentation or gelation) and fall in
nutritional value due to changes in proteins, fats and lactose and loss of vitamins. The rate of these
changes depends mainly on the storage temperature and to some extent on the UHT heating mode
and conditions, milk composition (mainly fat content), dissolved oxygen content and concentration

of heat-resistant enzymes (Deeth & Lewis, 2016; Deeth & Lewis, 2017a).

2.9.1 Chemical changes

Change of pH of milk during heat treatment appears to be minor, however pH is noticeable
reduced during storage. This has been attributed to Maillard reaction intermediates, formation of
formic acid and acetic acid and proteolysis (Van Boekel, 1998; Gaucher, Mollé, et al., 2008). In
addition to heated and cooked flavours produced by heat treatment, which remain and are
noticeable during the first few weeks of storage, some flavours like stale (due to lipid oxidation),
bitter (due to proteolysis by indigenous or bacterial proteases) and rancid (due to lipolysis of the
milk fat by bacterial lipases) arise during storage. The rate and extent of all flavour formation and
dissipation depends strongly on storage temperature and especially for stale flavour on the level of
dissolved oxygen content, which has been reported to decrease during storage in Tetra Brik cartons
(Perkins, Elliott, D'Arcy, & Deeth, 2005). In addition to changes in flavours, storage might also
result in a significant loss of vitamins and some light induced changes discussed in detail elsewhere

(Deeth & Lewis, 2017b).
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Considerable changes in conformation and interactions of milk proteins occur during
storage of UHT milk. The change in milk proteins have been demonstrated by different methods
such as 2-D electrophoresis (Holland et al., 2011), reversed-phase HPLC (Al-Saadi & Deeth, 2008)
and by measurement of changes in non-protein nitrogen (NPN), non-casein nitrogen (NCN),
content of high-molecular weight protein material, casein micelle size, hydration and zeta potential
(Garcia-Risco et al., 1999; Gaucher, Mollé, et al., 2008; Gaucher et al., 2011). Although not all
the changes have been elucidated, some of these changes have been characterised. These include

protein crosslinking, Maillard reaction (glycosylation), deamidation and proteolysis.

2.9.1.1 Protein crosslinking

Crosslinking of proteins is initiated by heat treatment and progresses during storage.
Crosslinking mainly involves caseins (Deeth & Lewis, 2016) with as:-CN being the major player
(Andrews, 1975; Holland et al., 2011). Higher the storage temperature, the greater is the extent of
crosslinking (Andrews, 1975; Al-Saadi & Deeth, 2008). In UHT milk stored at 37 °C, more than
50 % of the casein was reported to be polymerized compared to 23 % at 4 °C (Andrews, 1975).
Increase in the amount of lysinoalanine was found to be correlated with rise in polymerised casein
at higher storage temperatures (Al-Saadi & Deeth, 2008), and thus this compound was suggested
as a measure of crosslinking and a sensitivity index of the storage conditions of UHT milk
(Cattaneo et al., 2008). In addition to crosslinking of caseins through isopeptide linkages like
lysinoalanine, caseins also reportedly crosslink through advanced Maillard reaction products
(Henle, Schwarzenbolz, & Klostermeyer, 1996; Le et al., 2013). Furthermore, the extent of protein
crosslinking during storage has been positively correlated with the amount of sediment formed in
UHT milk (Andrews & Cheeseman, 1972). However, increase in crosslinking in UHT milk stored

at temperatures >30 °C may retard age-gelation (McMahon, 1996). Crosslinking has been
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demonstrated in UHT milk using size-exclusion chromatography (Andrews & Cheeseman, 1972)
and one-dimensional electrophoresis (Al-Saadi & Deeth, 2008) and two-dimensional
electrophoresis (Holland et al., 2011).

2.9.1.2 Maillard reactions (glycosylation/ lactosylation)

Maillard reaction is a series of reactions initiated during UHT processing with lactosylation
of lysine residues in milk proteins and continues during storage. Maillard reaction products in
addition to acting as protein crosslinks (as discussed above) also lead to brown discoloration, off-
flavours and reduction in pH through production of acids such as formic acid. Furosine, an acid
degradation product of the Amadori product lactulosyllysine, is used as an index of the severity of
heat treatment. However due to its degradation during storage to other Maillard reaction products,
its value in stored UHT milk is limited. In addition to furosine, lactosylation of whey proteins has
been proposed as a measure of the thermal history of UHT milk (Losito, Stringano, Carulli, &
Palmisano, 2010). Holland et al. (2011) demonstrated lactosylation of a-La and B-Lg during
storage of UHT milk using 2-D electrophoresis. Both whey proteins appeared as stacked spots
with up to five spots per stack corresponding to proteins with molecular weights differing by the
molecular weight of lactose, i.e., the proteins contain multiple molecules of lactose. However,

lactosylation of caseins was not observed on 2-D gels.

2.9.1.3 Deamidation

Non-enzymatic deamidation (amide hydrolysis) of the asparagine and glutamine residues
of proteins into aspartic acid and glutamic acid, respectively, and ammonia occurs to only a small
extent during UHT heating. However, significant deamidation occurs during storage of UHT-
sterilised milk (Holland et al., 2011; Deeth & Lewis, 2016). The extent of deamidation increases
with temperature and time of storage. The highest rates of deamidation are observed for asparagine
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residues followed by glycine, although significant rates are also encountered with asparagine
residues next to serine and histidine residues (Holland et al., 2011; Holland, Gupta, Deeth, &
Alewood, 2012). The reaction occurs via formation of a cyclic imide (succinimide or glutarimide
for asparagine and glutamine, respectively). The extent of deamidation can be estimated by
measuring amount of ammonia released using an ammonia kit (Miwa, Yokoyama, Wakabayashi,
& Nio, 2010), the increase in non-protein nitrogen (NPN) due to ammonia release (Metwalli &
Van Boekel, 1998), or the appearance of new more negatively charged protein particularly as;-CN,
a-La and B-La using isoelectric focusing in 2-D electrophoresis (Holland et al., 2011; Holland et
al., 2012). Deamidation when induced intentionally using enzymes has been reported to improve
some physical functional properties and the nutritional value of milk proteins probably due to

reduction of blocked lysines (Miwa et al., 2010).

2.9.1.4 Proteolysis

Proteolysis is hydrolytic degradation of milk proteins into peptides caused by heat-resistant
proteinases, mainly involving the indigenous milk proteinase - plasmin and heat resistant bacterial
proteinases. The latter are produced by bacterial contaminants, mainly Pseudomonas species, in
the raw milk prior to heat treatment. These enzymes can generally withstand UHT processing
conditions and hence can cause proteolysis during storage. Proteolysis is the major destabilising
process of milk proteins in sterilised milk. It results in bitter flavours due to release of hydrophobic
peptides and physical destabilisation particularly gelation during storage.

UHT milk processed using an indirect heating process at 150 °C showed less proteolysis
during storage than one at 140 °C (Topgu et al., 2006). However, complete inactivation of plasmin
could be achieved only using preheating prior to high sterilisation temperature plasmin (Newstead

et al., 2006; Van Asselt et al., 2008). Similarly, the use of low temperature inactivation (LTI)

42



Literature review

treatment (~55 °C for 15-60 min) with UHT sterilization has been shown to reduce proteolysis and
increase the shelf life of UHT milk containing psychrotrophic bacterial proteases and lipases
(Kocak & Zadow, 1985). In addition to preheating and higher temperature of UHT processing,
proteolysis is also affected by the fat content of milk. Greater proteolysis (by both plasmin and
bacterial proteinases) has been observed during storage in UHT skim milk than in UHT whole
milk subjected to the same UHT treatment (Lépez-Fandifio et al., 1993). The finding suggests that
UHT heating conditions should be more severe for skim milk than for whole milk, a practice
followed by some processors. Table 2.5 highlights main differences between plasmin and bacterial

induced proteolysis (adapted from (Deeth & Lewis, 2016).

2.9.2 Physical changes (visible storage instabilities/defects)

Two main visible storage defects in UHT milk which affect its shelf life are age-gelation and

sedimentation.

2.9.2.1 Age gelation

Age gelation is a major storage defect in UHT milk limiting its shelf life. This is particularly an
issue in countries where the expected shelf life is greater than 6 months. Typically, the viscosity
of the milk increases gradually during storage and immediately before gelation rises sharply upto
approximately 10 mPas. It is not always clear whether sedimentation in sterilised milk is the same
as or different from gelation. Nieuwenhuijse and van Boekel (2003) identified four different types
of gels formed in sterilised milk depending upon the storage temperature and the type of proteinase.
These were particle gels, fine-stranded gels, gels created by bridging flocculation and gelled
sediment caused by bacterial proteolysis, plasmin proteolysis, low temperature storage and high-
temperature storage, respectively. Age-gelation is governed by several factors, which mainly
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include proteolysis by native plasmin or bacterial proteinases, severity and nature of the heat

treatment, storage temperature and various additives. These factors have been discussed in detail

in exclusive reviews on gelation in UHT milk (Datta & Deeth, 2001; Nieuwenhuijse & van Boekel,

2003).

Table 2.6 Main differences between action of plasmin and bacterial proteinases

Plasmin

Preferred milk protein  B- and as2-CN

Peptides produced y-casein and proteose peptones

Nature of peptides Larger and more hydrophobic which
produced precipitate in 4 % trichloroacetic
acid (TCA) and are soluble at pH 4.6

Gel formed A creamy surface layer which
thickens into a curd-like layer

Bacterial proteinases

B- > as1- > k- > as2-CN (depends
on the bacterial species/strain
and/or different experimental
conditions)

para-k-CN, fragment 1-105 and
related peptides 1-103, 1-104, 1-
106 and1-107

Smaller and less hydrophobic
which are soluble in both 4 %
TCA and at pH 4.6.

Custard-like gel with a tighter
protein  network of thicker
strands and contains more intact
casein micelles and micelle
aggregates than plasmin-initiated
gels

In brief, the proteolysis has been shown by many researchers to be highly significant during

age gelation of UHT milk. Plasmin has been identified as the main cause of gelation in milk free

of bacterial enzymes. However, when both proteinases are present, it is difficult to identify which

one is responsible for the gelation. Gelation occurs earlier in directly processed UHT milk than in

indirectly processed due to greater content and activity of plasminogen/plasmin in the former

(Deeth & Lewis, 2016). Very low concentrations of proteinase can cause sufficient proteolysis to
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cause gelation during storage at room temperature (Button, Roginski, Deeth, & Craven, 2011).
However, the time to gelation and the extent of proteolysis does not always correlate well (Manji
et al., 1986). The more severe the sterilisation heating, the less is the risk of gelation or the longer
time required for gelation to occur, and is mainly attributed to the inactivation of proteinases. As
discussed above, direct UHT milk is more susceptible to gelation than indirect UHT milk (Tran et
al., 2008). Storage at low temperature, i.e., ~4 °C, and high temperature (> ~30 °C) has been
consistently reported to retard gelation compared to the intermediate temperatures (Kocak &
Zadow, 1985). Retardation of gel formation at the higher temperatures has been attributed to fast
proteolysis (Manji et al., 1986) and the crosslinking of proteins. The latter could stabilise the
micelles and prevent release of proteins or protein complexes such as the B-Lg—«x-CN-complex
from casein micelles into the milk serum, which could initiate gel formation (McMahon, 1996).
Moreover protein crosslinking via dehydroalanine and advanced Maillard products block any
further protein-protein interactions via lysine (Samel, Weaver, & Gammack, 1971).

The mechanism of age gelation in UHT milk have been mostly based around a central role
of proteolysis together with physicochemical effects (Nieuwenhuijse & van Boekel, 2003). Most
cited or accepted mechanism was proposed by McMahon (1996) and states that gelation takes
place in two stages. The first stage involves release of the B-Lg—x-CN-complex from the casein
micelle due to proteolytic action and is followed by the second stage including formation of a gel
network. After it reaches a certain critical concentration in the serum, this network starts
incorporating casein micelles. At higher storage temperatures, intramicellar covalent crosslinking
prevents release of the B-Lg-k-CN complex. Recently, Anema (2017), based on his observations,

has proposed a modified hypothesis for non-enzymatic age gelation. According to him, k-CN-
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depleted casein micelles, formed during UHT treatment, slowly sediment due to gravity and cross-

link to form a gel once a critical concentration is attained.

2.9.2.2 Sedimentation

Sediment formation during storage above a certain level can be a major problem for UHT
milk (Vesconsi, Valduga, & Cichoski, 2012). It is initiated during sterilisation of milk (section
2.7.2.2) and is affected by the extent and nature of the heat treatment as well as milk compositional
factors such as pH and ionic calcium (Deeth & Lewis, 2016).

Direct UHT process is more prone to sediment formation than indirect UHT. Recently,
Gaur, Schalk, and Anema (2018) reported that sediment in UHT milk was composed of k-CN
depleted casein micelles, with low levels of denatured whey proteins. In indirect UHT milk
samples, higher levels of denatured whey proteins associated with the casein micelles reduce their
propensity to aggregate and sediment.

Decreasing the pH by addition of acids or increasing the ionic calcium levels by
fortification with calcium salts markedly increased sedimentation during storage. At low pH
(<~pH 6.65) and/or high ionic calcium levels (>~1.5 mM), high sedimentation has been reported
in direct UHT milk samples and has been attributed to calcium-mediated aggregation of the
unstable k-CN-depleted casein micelles (Gaur et al., 2018). Sedimentation in direct UHT milk
samples could be reduced by increasing the pH with alkali or reducing the ionic calcium with
chelators like tri-sodium citrate (Gaur et al., 2018).

In addition to pH and ionic calcium, the level of fat in the milk has been reported to have
no effect on sediment formation (Hawran, Jones, & Swartzel, 1985). Furthermore, sedimentation
increases with both storage time and temperature (Ramsey & Swartzel, 1984). However, regular

disturbance of UHT milk packages decreases sediment formation.
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2.10  Shelf life testing

Shelf life is the length of time within which the characteristics of a packaged product are
kept at acceptable levels (Pedro & Ferreira, 2006). In determining the shelf life of shelf stable
foods and commercially sterilised product like UHT milk, the characteristics primarily include
quality changes, rather than microbial safety (Corrigan, Hedderley, & Harvey, 2012). UHT milk
has a long shelf-life of 9 months at room temperature (Holland et al., 2011). End of shelf life and
the acceptability of UHT milk is determined by deterioration in its sensory properties like visual
appearance and flavour. The change in these sensory quality parameters and hence the shelf life of
UHT milk depends on the progression of various physico-chemical and biochemical changes
during storage as discussed in previous sections. Mainly, proteolytic, lipolytic, oxidative and
Maillard type reactions reportedly affect the visual appearance and flavour the most (Datta &
Deeth, 2003).

Proteolytic activity in UHT milk, due to presence of heat-stable native and bacterial
enzymes, affect its appearance by formation of a gel and flavour by development of off-flavours
and bitter flavour due to release of tyrosine and hydrophobic peptides in the milk, respectively
(Deeth & Lewis, 2017b). The gel formation is probably initiated with the release of B-Lg-k-CN
complexes, formed during heat treatment, from the micelle and subsequent aggregation of these
complexes (McMahon, 1996).

Lipolysis by lipases involves hydrolysis of triacylglycerols into medium and short-chain
fatty acids resulting in soapy and tangy flavours, respectively. Additionally, lipolysis also releases
free fatty acids, which act as precursors for other flavour compounds responsible for the formation

of off-flavours such as oxidised, cardboard, bitter, rancid, soapy, unclean and metallic (Richards
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et al., 2014). Oxidative and Maillard reactions result in browning of the milk and development of
off-flavours (Burton, 1988; Van Boekel, 1998; Hedegaard et al., 2006).

Shelf life testing of long life products such as UHT milk can be very resource and time
consuming. In practice, the UHT products are incubated at 55 °C for 7 days and at 30 °C for 15
days to check for sterility/ bacterial growth, which might happen due to a faulty heat treatment or
some sort of post-heat treatment contamination (Deeth & Lewis, 2016; Deeth & Lewis, 2017b).
These accelerated storage temperatures can also be used for assessing progress of sensory or other
changes during storage, and is usually termed as accelerated shelf life testing. The assumption is
that most of the degradation reactions are Arrhenius-like, and thus higher the temperature, the
faster is the rate of achieving high degradation levels (Pedro & Ferreira, 2006). The results
obtained from accelerated tests can be extrapolated to estimate the shelf-life at the normal storage
conditions. Recently, Richards et al. (2014) employed a multivariate accelerated shelf life test
(MASLT) to predict the shelf life of the low fat UHT milk stored in High-density polyethylene
(HDPE) bottles by evaluating degradation in sensory attributers. They concluded that similar levels
of degradation marking the end of shelf life can be achieved in only 27 days at 45 °C compared to
211 days at 25 °C. Same authors also conclude that accelerated shelf life testing could be safely
used in UHT milk and the results obtained at accelerated storage temperatures can be converted to
actual market conditions. However, when it comes to storage defects like gelation, it might not
happen at accelerated temperatures. Furthermore, the extent of Maillard browning at temperatures
>40 °C could be exponential and cannot be related to those taking place at 20 °C.

Storage defects like sedimentation can be tested using centrifugation as accelerated tests.
Deeth and Lewis (2017b) mentioned use of 3000 g, room temperature, 20-30 min and 1147 g, 3.5

hours simulating six-month storage (Tobin, Fitzsimons, Kelly, & Fenelon, 2011) to test for
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sedimentation. However, the efficacy of above discussed tests as a rapid tool to predict shelf life
of UHT milk under a set of storage conditions is still questionable. To avoid any delay into product
distribution after manufacturing and into the market and also to steer clear of any recalls, the UHT
milk industry in recent years has emphasised the need of a rapid technique for predicting shelf life
of UHT milk. The use of Fourier-Transform Infrared (FTIR) spectroscopy in combination with

chemometrics appears as a suitable rapid tool that could predict the shelf life of UHT milk.

2.11 Fourier-Transform Infrared (FTIR) Spectroscopy

Infrared (IR) spectroscopy is based on the principle that any molecule possessing or
experiencing a change a dipole moment will absorb particular frequencies of infrared radiation
depending upon the frequency, at which the bonds within the molecule are vibrating. Vibrational
frequency of a chemical bond is further determined by the mass of its constituent atoms, bond
strength, geometrical arrangement and the periods of the associated vibrational coupling (Karoui,
Downey, & Blecker, 2010). Every compound has thus a unique IR spectrum. This has enabled IR
spectroscopy to identify and even quantitate components of a food system or distinguish between
different foods or different types of same food. Furthermore, with the advent of FTIR instruments,
improvements in laser design, higher signal to noise ratio, advances in detector technology coupled
with significant advances in computing power and the utilization of chemometric analysis
(discussed in next section), infrared spectroscopy technique has become very rapid (once
calibrated), simple, inexpensive and non-destructive, and these benefits hold great importance
when a large number of samples must be analysed. However, the major advantage which has
increased its acceptance in industry and academic research is no sample preparation and reagent-

less analysis.
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Infrared spectral regions used for food analysis include near-infrared (NIR) (700-2,500
nm; 12,500-4000 cm™) and mid infrared (MIR) regions (2,500—15,000 nm; 4000-600 cm™). NIR
region is characterized by harmonics and combination bands and is widely used for composition
analysis of food products. However, due to the superposition of many different overtone and
combination bands, NIR spectra has a very low structural selectivity as compared to MIR spectra
containing many fundamentals usually observed in isolated positions (Karoui et al., 2010). MIR
region thus can elucidate structure and conformation of organic molecules like proteins and lipids.
In addition, the band position in the FTIR spectrum is also sensitive to its environment; this
providing added information about the structure and intra- and intermolecular bonding. This ability
has made FTIR spectroscopy a valuable technique for the study of the changes in structure and
interaction of food components especially protein, lipids and lactose caused by varying
physiochemical conditions during processing and subsequent storage, and that too without
introducing perturbing probe molecules (Kher, Udabage, McKinnon, McNaughton, & Augustin,
2007; Carbonaro & Nucara, 2010). These changes are important from quality perspective for the
dairy industry because they determine quality and shelf life of the product.

Characteristic absorption bands in MIR spectra of milk are associated with major
components of milk. However, water is a significant absorber in the MIR region with major bands
at 3920, 3490, 3280, and 1645 cm™. The exact location and shape of these bands may be affected
by the presence of solutes, hydrogen-bonding, and temperature can interfere with the
determination of other components present in milk system. Precise subtractions of the H.O bands,
which was earlier difficult using dispersive infrared spectrometers, are now possible because of
the frequency precision achievable with FTIR (Powell, Wasacz, & Jakobsen, 1986; Dong, Huang,

& Caughey, 1990). In addition, due to strong absorption band of water at 1640 cm™ overlapping
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amide 1 and Il protein bands, the path length of the cuvette for transmission FTIR has to be in the
10 mm range to comply with the Beer-Lambert law. However, the development of the attenuated
total reflectance (ATR) sampling accessory has overcome the sampling problems encountered
while collecting spectra from opaque and viscous samples. This has made FTIR spectral

acquisition even more simple and reproducible.
2.11.1 Spectral regions attributed to different milk components

After successful water subtraction, regions of the MIR spectra of milk attributed to
different milk components are: 3000-2800 cm™ (milk lipids (fat B)), 1800-1700 cm™ (lipids (fat
A)), 1700-1500 cm™ (milk proteins amide I and 1), 1500-1200 cm™ (milk proteins-amide lll,
carbohydrates and interactions between different milk components) and 1200-900 cm™ (milk
minerals, milk fat, lactose, fingerprint region) (Figure 2.4) (I1fién, Garrigues, & de la Guardia, 2004;
Zhou et al., 2006; Murphy, Fenelon, Roos, & Hogan, 2014).

Absorption observed between 3000-2800 cm™ and at 1750 and 1175 cm™ corresponds to
the acyl chain, triacylglycerol ester linkage C=0 and C-O, respectively, and is commonly used to
determine milk fat. Additionally, the infrared bands appearing in the 3000-2800 cm™ region are
sensitive to the conformation and the packing of the phospholipid acyl chains (Karoui, Mazerolles,
& Dufour, 2003) and hence particularly useful to study the phase transition of phospholipids (sol

to gel state transition) on increasing temperature (Dufour et al., 2000).
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Figure 2.4 Typical FTIR spectra of milk

The absorption between 1700 and 1500 cm™ has two main parts, namely amide | (1700-
1600 cm™) corresponding to C=0 stretching vibrations of the peptide bonds and amide 11 (1600-
1500 cm™) attributed to C-N stretching vibrations in combination with N-H bending (Kher et al.,
2007). The amide I and Il bands (1700-1500 cm™) are known to be sensitive to the conformation
adopted by the protein backbone. Amide | band has been particularly used for the estimation of
protein secondary structure since it has good correlations with the levels of a-helix, B-sheet and
unordered structure in proteins (Dong et al., 1990). Although the peptide bonds are essentially
responsible for the absorbance of proteins in the amide Il region, the side chains of several amino
acids (glutamic acid, aspartic acid, glutamine, asparagine, lysine, arginine and tyrosine) also
contribute to the signal. The carboxylate groups of the side chains of aspartic and glutamic acids
absorb between 1580 and 1520 cm™, the nature of anion interacting with carboxylate group

determining the exact location of the band within this interval. The O—-C-O stretching vibrations
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of glutamate and aspartate residues shifted from 1575 t01565 cm™ when potassium ions bound to

the proteins are replaced by calcium ions (Mazerolles et al., 2001; Karoui et al., 2003).

The peaks in amide 11l spectral region correspond to N-H bending and C-N stretching
vibrations (Jaiswal et al., 2015) and also to CHz scissoring of acyl chains of lipids (Mendelsohn,
Mao, & Flach, 2010). Although, having relatively weak signals in contrast to most commonly used
amide | region (1700-1600 cm™), amide I11 does not suffer from strong interference of vibrational
band of water, relatively unstructured spectral contour and overlap of revolved bands
corresponding to various secondary structures (Fu, Deoliveira, Trumble, Sarkar, & Singh, 1994).
Differernt frequency windows in amide 111 corresponding to secondary structures include a -helix

1328-1289 cm?; B-sheets, 1255-1224 cm®; unordered, 1288-1256 cm™.

Absorptions in the fingerprint region are mainly caused by bending and skeletal vibrations,
which are particularly sensitive to large wavenumber shifts (Karoui et al., 2010). In this region, a
peak around 1159 cm™ has been previously associated with C-O vibrations of milk fat (Zhou et
al., 2006). The area between 1250 and 800 cm™ embodies characteristic peaks of various C-O
vibrations in carbohydrates, mainly lactose (Zhou et al., 2006). Bands around 995 and 987 cm*
suggested changes in stretching vibrations of -PO3? moiety of the serine-phosphate residue in milk

(Gebhardt, Takeda, Kulozik, & Doster, 2011).
2.11.2 Major applications in dairy

FTIR has been successfully used to study thermal denaturation of whey proteins in milk
(Parris, Purcell, & Ptashkin, 1991), the structure of B-Lg (Boye, Ismail, & Alli, 1996), aggregation

and gelation kinetics of B-Lg at a molecular level (Dufour, Robert, Renard, & Llamas, 1998) and
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detection (Nicolaou, Xu, & Goodacre, 2010) and quantification in milk adulteration. Spectra of
casein and whey hydrolysates have been shown to be useful in predicting their physical parameters
such as bitterness, solubility, emulsifying and foaming properties (van der Ven et al., 2002). ATR-
FTIR spectroscopy was successfully used to determine the plasminogen concentration in various
protein solutions and to differentiate between plasmin and plasminogen (Ozen, Hayes, & Mauer,
2003). As discussed earlier, plasmin and plasminogen are enzymes, which cleave milk proteins
and could contribute to age gelation of milk, thus ATR FTIR shows great promise as a technique
to investigate factors which accelerate age-gelation. Additionally, Kher et al. (2007) investigated
the use of ATR-FTIR spectroscopy for predicting solubility of spray-dried samples of MPC.
Although it was not possible to predict solubility of MPC powders after processing and storage,
the changes in solubility during storage correlated well with ATR-FTIR spectra. ATR-FTIR was
found useful in tracking changes in conformation of the milk protein concentrate. Second
derivative spectra and PCA (principal component analysis) were the most useful spectral analysis
tools. Other applications of FTIR in dairy have been reviewed in detail by Karoui et al. (2003);

Karoui and De Baerdemaeker (2007); Karoui et al. (2010).

2.11.3 Chemometrics/multivariate analysis (MVA)

Multivariate analysis methods also known as chemometrics in case of chemical data
analysis, developed in 1970, is the combination of mathematical and statistical tools applied to
analyse complex datasets such as FTIR spectra with multiple variables (Granato & Ares, 2014).
Moreover, FTIR spectra contains chemical information in form of different band positions,
intensities and shapes. Band positions give information about the molecular structure of chemical

compounds in a mixture, whereas the intensities of the bands are related to the concentration of
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these compounds as described by the Beer-Lambert law (Karoui et al., 2010). In a pure component
system, the content of a chemical compound can be easily determined by measuring the change in
the intensity of a well-resolved band attributed only to it. However, foods contain numerous
components and hence has a complex spectrum with overlapping bands. By far the most successful
approach to extract quantitative, qualitative, or structural information from such spectra is to use
multivariate mathematical analysis (Karoui et al., 2010).

In addition, a spectral dataset usually contains large number of variables and some with
significant degree of collinearity, which renders the classical multiple linear regression unsuitable.
Chemometric tools reduce the dimensionality of the dataset as well as overcome the collinearity
between variables by converting them into a few orthogonal ‘latent’ non-measurable variables.
The new latent variables provide an overview of the main variations in the data and also facilitate
the recognition of otherwise hidden structures. Additionally, the methods allow identification of
outliers, ‘missing values’ and separation of the noise from the signal (Bruun, 2006). A broad range
of powerful chemometric tools including data reduction tools, regression techniques and
classification methods is now available. Furthermore, accompanied with the appropriate computer
technology, which is readily available in recent years, the use of these chemometric tools has
become a significant feature of IR spectroscopy. Two basic chemometric tools used in this study
are principal component analysis (PCA) and partial least square regression (PLSR).
2.11.3.1 Principal component analysis (PCA)

PCA is a non-supervised classification technique used to explore patterns and clustering in
a data set. It is a bilinear modeling method that provides an overview of the main information
contained in a multidimensional dataset. Hence, it is a commonly used data compression and

visualization tool for large and complex data tables like FTIR /spectral data, in which the
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information may be partly hidden and thus hard to interpret. It reduces dimensionality by
projecting information carried by a large number of original variables on a smaller number of latent
orthogonal (i.e., non-correlated) variables called Principal Components (PC) (Karoui et al., 2010).
It can identify spectral variables, which contribute most to an observed difference between
samples. It can also reveal the correlation between variables, and more importantly detect gross or
subtle outliers. Not only a very useful method, it also forms the basis for many of the other methods
like Principal Component Regression (PCR), Partial Least Squares (PLS) Regression, and
Multivariate Curve Resolution (MCR), canonical correlation analysis (CCA) and common
components and specific weights analysis (CCSWA) (Karoui et al., 2010). Thus, PCA is
considered the basic workhorse of multivariate data analysis techniques.

The working of PCA is aimed to find the directions in space, along which the distance
between (i.e. the dispersion of) the data points is the largest. This can be interpreted as finding the
linear combinations of the initial variables that contribute most to making the samples different
from each other. To explain the working, the objects/samples (described by n variables) are first
visualized as points in the n-dimensional space with each axis represented by one variable. PCA
replaces the original variable axes with new PC axes, which are orthogonal and determined
sequentially in such a way that PC1 describes as much as possible of the variance in the original
data, and each successive PC accounts for as much as possible of the remaining variance. The last
PCs only describe the noise in the data. Only the PCs that make up the structured part and have
the noise part separated out are subject for further interpretation.

In the PCA model, often the mean-centred data matrix X, is composed of score matrix (T),
loading matrix P and the residual unmodelled variance (noise) E.

X =T-P4+E = XPCi + E 3)
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Each of the PCs is composed of a loading- (p) and a score vector (t) as expressed in equation
below.
X= tip1=topot....tApA 4)

The score vectors t, t2 ...ta hold the score values for the objects obtained by projection
onto the new PC axes, and the 2D score plots are usually represented as plot of one PC against
another. Each sample has a score on each PC, which reflects the sample location along that PC and
is the coordinate of the sample on the PC. The score describes the major features of the sample,
relative to the variables with high loadings on the same PC. Therefore, the samples with close
scores along the same PC are similar (they have close values for the corresponding variables).
Conversely, samples for which the scores differ greatly are quite different from each other with
respect to those variables. The loading vectors: ps, pz ...paexpress the relation between the original
variables and the new PC variables. Like scores for samples, every variable analyzed has a loading
on each PC (geometrically, cosine of the angle between the variable and the current PC), which
reflects the individual variable contribution to that PC, and how well the PC takes into account the
variation contained in a variable. A high loading value (positive or negative) signifies a variable
with a high contribution to the PC, while a loading value close to zero signifies a variable without
much contribution. Variables that lie close together are highly correlated. If both loadings have the
same sign, the correlation is positive (when one variable increases, so does the other). If the
loadings have opposite signs, the correlation is negative (when one variable increases, the other
decreases). Loadings cannot be interpreted without scores, and vice versa. To summarize, if the
score of a sample and the loading of a variable on a particular PC have the same sign, the sample
has higher than average value for that variable and vice-versa. The larger the scores and loadings,

the stronger that relation (Figure.2.5).
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Figure 2.5 Typical score and loading plot of PCA

The combination of scores and loadings is the structured and hence informative part of the
data. The part remaining is called error or residual, and represents the fraction of variation that
cannot be modeled well. Explained variance is an error measure and often expressed as a
percentage of the total variance in the data explained by the different PCs. The relative importance
of each principal component is expressed in terms of explained variance. The variance which is
not explained is residual variance. Models with small total residual variance (close to 0) or large
total explained variance (close to 100 %) explain most of the variation in the data. Ideally, one
should strive to have simple models, i.e. models where the residual variance goes down to zero
with as few components as possible. If this is not the case, it means that there may be a large
amount of noise in the data or, alternatively, that the data structure may be too complex to be
accounted for by only a small number of components.

PCA works as a kind of curve resolution technique, which have the purpose to find the
pure chemical spectra and their concentrations in a mixture. However, even though the loading
vectors can be subject to interpretation to explain the chemical/physical meaning of the PC, the

loading vectors from spectroscopic analyses seldom have a pure chemical meaning, due to the
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constraints of orthogonality (Bruun, 2006). In addition, a PC does not necessarily result from a
single source of variation. However, the PCA results may be used as initial estimates for the pure
chemical spectra, which can then be found by adding constraints such as non-negativity,
unimodality etc. and optimizing by alternating least squares. Further detailed description of PCA
can be found elsewhere (Martens & Martens, 2001; Esbensen, Guyot, Westad, & Houmoller,
2002).

2.11.3.2 Partial least squares regression (PLSR)

The use of IR spectra for quantification purposes maybe achieved by regression techniques
such as PLS regression. Partial Least Squares Regression (PLSR), also referred as Projection to
Latent Structures or just PLS, models both the X- and Y-matrices simultaneously to find the latent
(or hidden) variables in X that will best predict the latent variables in Y. These PLS components
are similar to principal components, but are referred as ‘factors’. In addition, PLS regression like
PCA is based on the construction of new and uncorrelated factors from the original spectral data.
However, a major difference between PCA and PLS regression is that, while PCA reduces the
quantity of spectral data independent of any associated chemical information, PLS calculates new
variables by selecting those dimensions that explain the maximum variance in both the spectral
and the associated reference data sets. Therefore, PLS regression incorporates variables in the data
that are relevant for describing the variation in associated reference data. PLSR may be carried out
with multiple Y responses.

In multivariate calibration, first the relationship between the independent variables X and
the dependent variables Y is established by use of a calibration set with known Y-values. The
obtained model can then be used for prediction of Y for a data set of unknown Y-values. The

model can be summarised as
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Y=bX+F (5)

The inspection of regression coefficients b-vectors can help draw attention to the spectral regions
of high correlation to Y, thus enabling band assignment in spectroscopic analyses (Bruun, 2006).
The b-vectors may be found by regression of latent variables (e.g. the score matrix from a PCA)
against the Y-variables. However in PLSR, both X and Y are modelled by latent variables and the
Y-variance is used as a guide for decomposition of X, on order to increase the covariance of the
X-and Y scores (Bruun, 2006). This ensures that the first PLS-components, termed factors, are
relevantto Y.

In addition to the calibration purposes, PLSR may also be applied for an explorative
analysis of identifying relationship between different variables (hypothesis-generating method)
and/or determination of the influence of the design factors on some response values (hypothesis-
testing method) (Bruun, 2006).

Relationships between several X- and Y-variables can be inspected from the two-
dimensional correlation loading plots. These plots show the correlations of each original variable
to the two latent variables that are plotted against each other. If the main variation is explained by
two factors, the correlation between variables can be inspected from the plot: The positively
correlated variables are placed close, whereas negatively correlated variables are opposite.
Variables close to the origin are poorly explained by the PLS-components and contain no useful

information (Martens & Martens, 2001) (Figure. 2.6).

Validation of a PLSR model is important in order to prevent overfitting and wrong
conclusions to be drawn. The external validity of the model is checked by employing prior
knowledge. The internal validation considers the reliability of the results and is usually done by

test set validation and/or cross validation (CV). The validation methods assess the stabilities of the
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model parameters and estimate the prediction errors expected in the future predictions (Martens &
Martens, 2001). CV simulates test set validation by consecutively taking out subsets from the
calibration set and using these as temporary test sets in several predictions. The stability of the
model parameters against the perturbations in CV reflects the reliabilities of the parameters. Thus,
reliability ranges for e.g. the b-coefficients can be estimated on the basis of CV results, and hence
the X-variables with a significant influence on Y may be identified in this way (Martens &
Martens, 2001). The predictive ability of the PLSR model is assessed from the root mean square
error of Y (RMSE(Y)), which sum up all Y-residuals and is a measure of both precision and
accuracy. The future prediction result can be reported as Y+2*RMSE(Y), which is an empirical
interval (Martens & Martens, 2001). A specific ratio of RMSE(Y) to the original Y-variance has
also been suggested as a criterion for a successful calibration (Oberg, Ruysschaert, &
Goormaghtigh, 2004). PLSR is described in more details in Martens and Martens (2001); Esbensen

et al. (2002).
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Figure 2.6 Typical PLS scores and loading plot
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CHAPTER 3

Electrophoretic characterization of protein interactions
suggesting limited feasibility of accelerated shelf-life testing

of ultra-high temperature milk

This chapter has been published as a research paper entitled “Electrophoretic characterization of protein
interactions suggesting limited feasibility of accelerated shelf-life testing of ultra-high temperature milk”
by Manpreet Kaur Grewal, Jayani Chandrapala, Osaana Donkor, Vasso Apostolopoulos and Todor

Vasiljevic. In the peer reviewed journal, Journal of Dairy Science, 100, 1-13 (2016).
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ABSTRACT

Accelerated shelf-life testing is applied to a variety
of products to estimate keeping quality over a short
period of time. The industry has not been successful
in applying this approach to ultra-high temperature
(UHT) milk because of chemical and physical changes
in the milk proteins that take place during processing
and storage. We investigated these protein changes,
applying accelerated shelf-life principles to UHT milk
samples with different fat levels and using native- and
sodium dodecyl sulfate-PAGE. Samples of UHT skim
and whole milk were stored at 20, 30, 40, and 50°C for
28 d. Irrespective of fat content, UHT treatment had
a similar effect on the electrophoretic patterns of milk
proteins. At the start of testing, proteins were bonded
mainly through disulfide and noncovalent interactions.
However, storage at and above 30°C enhanced protein
aggregation via covalent interactions. The extent of
aggregation appeared to be influenced by fat content;
whole milk contained more fat than skim milk, imply-
ing aggregation via melted or oxidized fat, or both.
Based on reduction in loss in absolute quantity of in-
dividual proteins, covalent crosslinking in whole milk
was facilitated mainly by products of lipid oxidation
and increased access to caseins for crosslinking reac-
tions. Maillard and dehydroalanine products were the
main contributors involved in protein changes in skim
milk. Protein crosslinking appeared to follow a different
pathway at higher temperatures (>40°C) than at lower
temperatures, making it very difficult to extrapolate
these changes to protein interactions at lower tempera-
tures.

Key words: storage, aggregation, protein interactions,
ultra-high temperature, whole and skim milk
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INTRODUCTION

Production of UHT milk involves heating the milk
to a high temperature (usually 130 to 140°C) for 3 to
5 s, followed by aseptic packaging to produce a com-
mercially sterile product with minimal changes in qual-
ity (Holland et al., 2011). Thermal treatment enables
storage of UHT milk at room temperature for up to 9
mo, eliminating the need for refrigeration in the dis-
tribution chain. Its long shelf life at room temperature
has made UHT milk an important food product from
nutritional, technological, and economic points of view.
However, high temperature treatment induces changes
such as whey protein denaturation, Maillard reaction,
and mineral imbalances, which may lead to changes in
protein—protein interactions and result in physical stor-
age instabilities, including sedimentation of protein-
aceous material at the bottom of the storage container,
gel formation (age gelation), or both (Andrews and
Cheeseman, 1972; McMahon, 1996; Deeth and Lewis,
2016). Proteolysis, another underlining mechanism of
gelation, also involves protein network formation (i.e.,
interaction or linking between proteins or their frag-
ments; Deeth and Lewis, 2016). Irrespective of mecha-
nism, gelation or sedimentation appears to be governed
and preceded by changes in the extent and nature of
interactions among milk proteins.

Changes in protein interactions primarily involve
noncovalent interactions, via either weak bonding
(such as hydrophobic, van der Waals, or electrostatic
interactions) or covalent crosslinking with other pro-
teins through formation of disulfide bonds, advanced
Maillard products (AMP), and dehydroalanine (Singh,
1991; Friedman, 1999; Wang et al., 2010; Holland et al.,
2011). In addition to protein—protein linking, the role of
protein-lipid interactions in the initiation and buildup
of sediment or gel has not been studied extensively.
However, several reports have reported on the lower
extent of proteolysis (Lépez-Fandino et al., 1993; Gar-
cia-Risco et al., 1999), and the creation of products of
Maillard reaction (AMP; Valero et al., 2001) in stored
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UHT milk with higher fat content indicates that fat
may play some role in the extent of protein interactions
during storage.

Exploring the progression and extent of changes in
protein interactions by applying full-length shelf-life
tests would be time- and resource-intensive. Acceler-
ated shelf-life tests could be a suitable alternative for
predicting storage changes in products such as UHT
milk. In fact, by accelerating the rate of deterioration of
sensory attributes by exposing the product to elevated
storage temperatures, shelf life has been predicted in a
comparably short time (Richards et al., 2014). Besides
deterioration in sensory attributes, protein—protein
interactions are also enhanced at higher storage tem-
peratures (Al-Saadi and Deeth, 2008). Therefore, us-
ing elevated storage temperatures, protein interactions
could also be accelerated, and the results could then
be extrapolated to predict aggregation mechanisms
at lower storage temperatures using a rapid method
of determination such as Fourier transform infrared
spectroscopy, avoiding lengthy real-time analysis.
However, as has been previously reported, higher stor-
age temperatures (>40°C) inhibit age gelation (Kocak
and Zadow, 1985; McMahon, 1996; Deeth and Lewis,
2016). The reasons for this are not known, but a few
suggestions have been postulated. First, an increased
rate of proteolysis at higher temperatures results in
extensively degraded proteins, which are no longer able
to form a stable gel matrix (Datta and Deeth, 2001).
The second hypothesis is that accelerated Maillard
browning reactions at higher temperatures block lysine
residues, which would likely participate in protein—pro-
tein interactions leading to gelation (Samel et al., 1971;
Gaucher et al., 2008). Third, higher rates of chemical
crosslinking via Maillard and other reactions prevents
the release of Bk complex from the micelle, which is the
starting point for the onset of age gelation (McMahon,
1996). Furthermore, high storage temperatures slow
gelation but result in increased nondispersible sediment
(Nieuwenhuise and van Boekel, 2003). Thus, acceler-
ated shelf-life testing in UHT milk could only be used
to predict sedimentation at room temperature.

The present study was aimed at establishing the fea-
sibility of using elevated temperatures during storage of
UHT milk with different fat contents to predict changes
in the interactions of milk proteins that may lead to
sedimentation at room temperature.

MATERIALS AND METHODS
Materials

Commercial UHT whole (full cream) milk (WM)
and skim milk (SM) were provided by a local manu-
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facturer (Murray Goulburn Co-operative Co. Ltd.,
Victoria, Australia). All milk packs originated from the
same batches. Both SM and WM packs were produced
on the same day using an established process on an
indirect tubular processor (SPX Flow Technology, Mul-
grave, Australia) with a 9,000 L/h capacity at 138°C
for 6 s. The composition of the WM as reported by
the manufacturer was 33 g/L protein, 34 g/L fat, 53
g/L sugars, 0.55 g/L sodium, and 1.2 g/L calcium. The
composition of the SM was 34 g/L protein, 1 g/L fat,
53 g/L sugars, 0.55 g/L sodium, and 1.2 g/L calcium.

The electrophoresis chemicals were obtained from
Bio-Rad Laboratories (Richmond, CA). The reducing
agent 2-mercaptoethanol, bovine milk standards a-LA,
B-LG, and BSA were purchased from Sigma (Castle
Hill, NSW, Australia). Prestained SDS-PAGE standard
(SeeBlue Plus2) was procured from Thermo Fisher Sci-
entific (Scoresby, Victoria, Australia).

Storage of UHT Milk

The UHT milk packs were stored at room tempera-
ture (20°C) and 3 elevated temperatures (30, 40, and
50°C) for 28 d in incubators (Thermoline Scientific Pty
Ltd., Wetherill Park, NSW, Australia). The elevated
storage temperature served to accelerate the develop-
ment of storage instabilities. Milk packs were analyzed
on the first day of delivery (d 0), and then at two 2-wk
intervals (14 and 28 d) during storage for change in the
interactions of milk proteins.

Electrophoretic Analysis of Changes
in Protein Interactions

We investigated changes in the interactions of milk
proteins during storage of UHT milk using gel electro-
phoresis—native- and SDS-PAGE under reducing and
nonreducing conditions, as previously described (Dis-
sanayake et al., 2013), with some minor modifications.
For native-PAGE, milk from each pack was diluted
with the native sample buffer [0.11 M Tris-HCI buffer
(pH 6.8), 8.8% (vol/vol) glycerol, 2.22% (vol/vol) of
0.4% (wt/vol) bromophenol blue solution]. A working
volume of 10 pL was then loaded on 12.5% gels and run
for 85 min at 210 V and 70 mA in a Protean II xi cell
(Bio-Rad Laboratories), filled with tank buffer solu-
tion (0.025 M Tris, 0.19 M glycine, pH 8.3). Gels were
rinsed in MilliQQ water for 15 min and stained using
staining solution (0.15% Coomassie Brilliant Blue R250
dye, 72% isopropanol, and 3% acetic acid) by slowly
shaking for 1 h. The stain was completely removed, and
the gel was destained by shaking it slowly in destaining
solution (10% isopropanol, 10% acetic acid) overnight
on a shaking platform.
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The same protocol used for native-PAGE was followed
for SDS-PAGE, except that we used an SDS sample buf-
fer [0.0625 M Tris-HCI buffer (pH 6.8), 10% (vol/vol)
glycerol, 2.5% (vol/vol) of 0.4% (wt/vol) bromophenol
blue solution, 20% (vol/vol) of 10% (wt/vol) SDS]. In
reducing SDS-PAGE, 20 pL of 2-mercaptoethanol was
added per 1 mL of milk and SDS buffer mix, vortexed,
heated in a boiling water bath for 5 min, and cooled be-
fore running on SDS-PAGE gels in SDS running buffer
(0.1% SDS, 0.025 M Tris, and 0.191 M glycine, pH 8.6).
We used prestained SDS-PAGE standard (3-200 kDa)
to compare molecular weights. Milk samples from dif-
ferent packs were analyzed in duplicate. Representative
gel patterns are shown in Figures 1 to 3. Native-PAGE

and SDS-PAGE gels were scanned using a ChemiDoc
imager (Chemidoc MP; Bio-Rad Laboratories).

Quantitation and Kinetics of Changes
in Protein Interactions

We determined the intensities of the major protein
bands in reducing SDS-PAGE using the Image Lab
5.2.1 software associated with the densitometer (Bio-
Rad Chemidoc MP imaging system). We calculated
the absolute quantity of reduced proteins from their
respective band intensity, and because the gels were run
in duplicate, the absolute quantity was averaged. The
average loss in absolute quantity of reduced milk pro-

D E

F

Figure 1. Native-PAGE patterns of UHT skim milk and whole milk on d 0, 14, and 28 of storage. Lanes labeled L1, L2, L3, and L4 represent
protein standards of 3-LG, a-LA, calcium caseinate, and BSA on d 0, respectively. L5 represents controls: skim milk (A) and whole milk (D).
The numbers 20, 30, 40, and 50 indicate samples stored at 20, 30, 40, and 50°C at a given storage time for skim milk (A, B, and C) and whole
milk (D, E, and F). Circled lanes indicate accelerated band fading. Color version available online.
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teins and increase in amount of aggregates obtained at
different storage temperature was plotted versus time.

Statistical Analysis

The experiments were arranged in a block, split plot
in time design, with fat content as the main factor
and time as a subplot. The design was replicated on a
separate occasion, which served as a block. All samples
were also subsampled at least twice, giving at least 4 in-
dependent observations. The data were analyzed using
the GLM procedure of SAS (version 9.1, SAS Institute
Inc., Cary, NC). The level of significance was preset at
P < 0.05.

RESULTS AND DISCUSSION

Changes in protein interactions during the storage
of UHT milk under different conditions were demon-
strated by alterations in electrophoretic mobility. We
explored the type and extent of the interactions at
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room temperature and at elevated temperatures using
native, nonreducing, and reducing SDS-PAGE assays.
We identified different bands in patterns by concur-
rent electrophoresis of standards and by comparing the
results with similar reported patterns in the literature
(Patel et al., 2007).

Effect of Storage Conditions on Loss
of Native Proteins

The effect of storage time and temperature on native-
PAGE patterns in SM and WM is presented in Figure
1. The patterns show thick bands at the entry of stack-
ing gel, corresponding to high-molecular-mass protein
aggregates, which were not able to penetrate the gel.
Aggregates probably corresponded to denatured whey
proteins associated with themselves and with caseins
via thiol-disulfide exchange (Guyomarc’h et al., 2003;
Anema, 2008), noncovalent interactions (Donato and
Guyomarc’h, 2009), or covalent interactions (Al-Saadi
et al., 2013). Faint bands corresponding to native-like

SM-28day
20 30 40 50 1 L2 L3 L4 L5 20 30 40 50

e, el o S
s l:ll

WM-28day

Figure 2. Nonreducing SDS-PAGE patterns of UHT skim milk (SM) and whole milk (WM) on d 0 (control), 14, and 28 of storage. Lanes
labeled L1, L2, L3, L4, and L5 represent a molecular weight marker and protein standards for a-LA, 3-LG, calcium caseinate, and BSA, respec-
tively. Skim milk and whole milk samples were stored at d 0, and 20, 30, 40, and 50 denote samples stored at 20, 30, 40, and 50°C at a given
storage time. Circled lanes indicate accelerated fading and aggregation. Color version available online.
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whey proteins—namely, a-LA and (3-LG, further sup-
ported this suggestion. Patterns also exhibited bands
corresponding to native k-CN, 3-CN, and ag,-CN. We
observed a diffusely stained region between k-CN and
B-CN bands, which has been attributed previously to
crosslinked milk proteins (Patel et al., 2007). Native-
PAGE patterns in both SM and WM at the start of
storage (d 0) appeared to be similar (Figures 1A and
D). However, we observed more prominent changes be-
tween these samples during storage, depending on the
storage temperature.

Storage of SM and WM at 20, 30, or 40°C for 14 d
did not alter the intensity of the bands correspond-
ing to individual native-like caseins (Figures 1B and
1E). However, after 28 d of storage at the same tem-
peratures, the intensity of all native protein bands ap-
peared to decrease for both SM and WM (Figures 1C
and F). Notably, loss in “native-like” band intensities
of individual milk proteins appeared to be higher in

5 | |

L1 12131415 C C C L1112 L3L4 L5 2030

WM at 40°C after 28 d than in SM. This could be
due to liquefaction of milk fat around 40°C (MacGib-
bon and Taylor, 2006). Fat globules are surrounded
by caseins and whey proteins upon homogenization,
and when melted, they may act as a “glue” between
adjacent proteins, increasing the proteins’ chance of in-
teraction. A similar observation has been made for the
lower heat stability of homogenized milk (Huppertz,
2016) because of the predominant presence of a casein
fraction on homogenized fat globules, increasing a vol-
ume fraction of casein micelles and enhancing casein
particles’ rate of encounter, leading to enhanced heat-
induced coagulation. Another proposed mechanism
driving these changes is oxidation of lipids at elevated
storage temperatures. The intermediates (e.g., free
radicals and hydroperoxides) and end products (e.g.,
malondialdedyde) from lipid peroxidation interact with
AA residues such as cysteine, lysine, histidine, valine,
methionine, and phenylalanine, resulting in protein

] a BW B
| 4 | i\ |
b

| i *1‘\ ‘ [ ‘. i
40 50 (1 (2 L3 L4 L5 20 30 40 50

SM-14day

L1 |2 \L3 \L4 (L5 |C|(C] (C]
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Figure 3. Reducing SDS-PAGE patterns of UHT skim milk (SM) and whole milk (WM) on d 0, 14, and 28 of storage. Storage samples were
reduced with 3-mercaptoethanol and electrophoresed on SDS gels (4-12.5%). Lanes labeled L1, 1.2, L3, L4, L5, and C represent a molecular
weight marker and protein standards for a-LA, 3-LG, calcium caseinate, BSA, and SM and WM samples stored at 0 d, respectively. The SM
and WM samples were stored at d 0, and 20, 30, 40, and 50 denote samples stored at 20, 30, 40, and 50°C at a given storage time. Circled lanes
indicate accelerated fading and aggregation. Color version available online.

Journal of Dairy Science Vol. 100 No. 1, 2017



6 GREWAL ETAL.

crosslinks (Singh, 1991; Le et al., 2011). In addition
to changes in the physical state of lipids and greater
generation of the products of lipid oxidation, promot-
ing protein aggregation at higher temperatures, other
bulk physiochemical changes (including decline in pH
and increase in ionic calcium activity) could also have
contributed to the observed differences in native-PAGE
patterns for SM and WM (Boumpa et al., 2008). The
effect of fat content on ionic calcium activity and its
subsequent effect on protein interactions during storage
is not known at present and requires further elabora-
tion.

Although only WM indicated accelerated aggregation
of milk proteins at 40°C, native-PAGE patterns for both
SM and WM samples stored at 50°C were substantially
different from those at other temperatures. After 14 d of
storage at 50°C in both SM and WM, bands correspond-
ing to B-LG and a-LA completely disappeared, with a
concomitant decrease in intensity of ag-CN, k-CN, and
B-CN bands (Figures 1B and E). The intensity of the
diffuse region between k-CN and (3-CN bands also di-
minished. The complete disappearance of bands corre-
sponding to 3-LG and a-LA indicated greater reactivity
of whey proteins in the formation of aggregates. This
was likely caused by denaturation of 3-LG and «-LA
and exposure of lysine residues to a high level in these
proteins. These characteristics render them a preferable
reactant for lactosylation over caseins (Le et al., 2011).
Lactosylated whey proteins may further be converted
to AMP at higher storage temperatures, which then
also crosslink caseins and result in loss of native-like
caseins (Le et al., 2011). Further fading out of bands
occurred after 28 d of storage, indicating even greater
crosslinking of proteins and at a far higher rate than
at other storage temperatures in both SM and WM
(Figure 1C and F). As well as increasing concentrations
of AMP, higher storage temperatures also accelerate
other protein crosslinks through intermediates and end
products of lipid oxidation (predominantly in WM),
dehydroalanine and hydrophobic or other noncovalent
interactions (Singh, 1991; Holland et al., 2011). Dehy-
droalanine is produced by heat-induced elimination of
phosphate from phosphoserine residues in caseins. It
then reacts with the amino group of lysine residues, the
imidazole group of histidine, or the thiol group of cyste-
ine, resulting in intra- or intermolecular lysinoalanine,
histidinoalanine, or lanthionine crosslinks, respectively
(O’Connell and Fox, 2003). Higher storage tempera-
ture also induces changes in the secondary structure of
milk proteins (Mahler et al., 2009). This results in the
exposure of hydrophobic regions, which may associate
via noncovalent interactions (Andrews, 1975; Henle et
al., 1996; Donato and Guyomarc’h, 2009; Holland et
al., 2011).

Journal of Dairy Science Vol. 100 No. 1, 2017

Effect of Storage Temperature on Loss of SDS
Monomeric Proteins

To obtain information regarding the type of aggrega-
tion (covalent and noncovalent) and the involvement
of particular milk proteins, we further analyzed milk
samples using the dissociating agent SDS without the
reducing agent. We know that SDS dissociates inter-
molecular and intramolecular aggregates that are non-
covalently linked. Thus, nonreducing SDS-PAGE could
reveal the involvement of hydrophobic interactions in
the formation of the high-molecular-mass aggregates
observed in native-PAGE patterns.

Figure 2 shows SDS-PAGE nonreducing patterns
for both SM and WM. These patterns showed intense
bands corresponding to monomeric ag-CN, k-CN, and
B-CN, age-CN dimer and BSA. Bands corresponding to
SDS monomeric a-LA and 3-LG were faint but had a
higher intensity than native bands, implying that these
proteins were linked via noncovalent interactions in ad-
dition to disulfide or other covalent bonds (Havea et
al., 1998; Donato and Guyomarc’h, 2009). Reduction
in the intensity of high-molecular-mass aggregates at
the top of the stacking gel further supported this sug-
gestion (Figures 1 and 2). However, noticeable bands
corresponding to high-molecular-mass aggregates and
diffuse regions at the top of the stacking gel and resolv-
ing gel, respectively (Figure 2), indicated that these
aggregates were either disulfide-linked or covalently
bonded. Furthermore, SDS-PAGE patterns of SM and
WM at the start of storage were similar (Figure 2),
suggesting that the effect of UHT treatment was inde-
pendent of fat content. This finding contradicted the
theory that milk fat protects other components of milk
from heat-induced changes (Pellegrino, 1994). However,
the effect of fat content appeared to be more relevant
during storage at different temperatures.

At and below 40°C, storage for the first 14 d did not
change the intensity of protein bands in SM (Figure 2).
However, in WM, the intensity of bands correspond-
ing to whey proteins decreased, with a concomitant
increase in the intensity of aggregate bands at the top
of the resolving gel. This was in line with similar ob-
servations made in native-PAGE patterns of WM after
14 d of storage at 40°C, implying the likely involvement
of fat. After 28 d of storage for SM and WM at 20,
30, and 40°C, we observed a decrease in the intensity
of different SDS monomeric bands (Figure 2). Thus,
covalent crosslinking of proteins progressed at a slower
rate, even at lower storage temperatures (Gaucher et
al., 2008). However, in WM, the bands corresponding
to whey proteins were diffuse and faint compared with
SM at the same temperature. The decrease in band
intensity of whey proteins was further exacerbated in
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WM at 50°C. After 28 d of storage at this temperature,
whey protein bands disappeared, and we were able to
observe only a diffuse region (smear) with very faint
bands corresponding to high-molecular-mass protein
aggregates ag-CN and 3-CN in WM (Figure 2). This
diffuse region has been attributed to nondisulfide cova-
lent crosslinking of proteins (Singh, 1991). Skim milk
also exhibited an intense aggregate band at the top
of the resolving gel and faint bands corresponding to
B-CN, ag;-CN, and whey proteins at 50°C. The faster
and more complete disappearance of whey proteins in
WM at and above 40°C could be due partly to enhanced
covalent crosslinking stemming from changes in the
physical state of fat and the oxidation of lipids. Also,
other unexplored mechanisms involving changes in pH
or mineral balance differing affected by the presence of
fat might have resulted in the different electrophoretic
patterns observed for WM.

Only ag-CN and 3-CN were present in both SM and
WM in SDS-PAGE nonreduced at 50°C after 28 d; this
could be due to their comparatively higher amounts in
milk (Huppertz, 2013). Furthermore, because of their
more hydrophobic nature and lack of cysteine residues,
ag-CN and 3-CN may be more prone to involvement in
noncovalent interactions than other caseins.

Effect of Storage Conditions on Loss
of Reduced Proteins

We further explored the nature of the aggregates and
smear (disulfide or other type of covalently bonded)
produced at higher temperatures in SDS-PAGE non-
reducing patterns by using SDS-PAGE under reducing
conditions. The SDS dissociated hydrophobic interac-
tions and, with the addition of f-mercaptoethanol, it re-
duced disulfide bonds. Hence, the bands corresponding
to aggregates in SDS-PAGE reducing patterns would
be entirely due to nondisulfide covalent interactions.

Skim milk and WM had similar patterns on d 0 for
native-PAGE and SDS-PAGE nonreducing patterns
(Figures 1 to 3). This finding reconfirmed previous
observations that the effect of UHT treatment on the
electrophoretic mobility of milk proteins was inde-
pendent of fat content. At the beginning of storage,
high-molecular-mass aggregates were not present on
top of the stacking gel (Figure 3). Only a faint band
demonstrative of nonreducible protein aggregates were
present at the top of the resolving gel, as shown earlier
for nonreducing SDS-PAGE. Furthermore, patterns on
d 0 had intense bands corresponding to caseins, 3-LG
and a-LA, suggesting that thiol-disulfide exchange and
hydrophobic interactions were major aggregation path-
ways at the beginning of storage (Pizzano et al., 2012).

We also observed a diffuse region between the nonreduc-
ible aggregate band and the aigo-CN dimer, and between
BSA and the ag-CN dimer. This region probably also
had nondisulfide, covalently linked caseins and whey
proteins, because it was present in native-PAGE and
in nonreducing SDS-PAGE patterns. It appeared that
at the beginning of storage, the order of interactions in
both SM and WM was disulfide > noncovalent > cova-
lent (nondisulfide). Although SM and WM had similar
patterns on d 0, storage conditions affected them dif-
ferently in the context of extent of aggregation and loss
of different individual milk proteins.

Kinetics of Aggregate Formation

Skim milk did not exhibit an increase in the amount
of nonreducible and high-molecular-mass aggregates
after 28 d of storage at 20°C (Figures 3 and 4). How-
ever, after 28 d of storage at 30 and 40°C, we did note
an increase in nonreducible aggregates, although not in
high-molecular-mass aggregates. In WM, the trend was
slightly different: the nonreducible aggregates started
to build up only after 14 d of storage at 20, 30, or 40°C.
However, like SM, WM showed no apparent increase in
the concentration of high-molecular-mass aggregates,
even after 28 d of storage (Figures 3 and 6). At 50°C,
the amount of nonreducible and high-molecular-mass
aggregates increased to a great extent in both SM and
WM (Figure 4). The proteins were most likely aggre-
gated by covalent interactions to form high-molecular-
mass aggregates, and rate of these interactions was
enhanced sharply above 40°C. Furthermore, the extent
of formation of high-molecular-mass aggregates was
greater in WM than in SM following 28 d of storage
(Figure 4), suggesting enhanced protein aggregation at
higher temperatures in the presence of fat.

Besides the difference in the amounts of aggregates
formed, SM and WM also differed by how individual
caseins and whey proteins participated in the forma-
tion of covalently bound aggregates. In SM at 20°C,
we observed no change in the quantity of whey pro-
teins and caseins (Figure 5A), supporting our earlier
observation that there was no change in reducible and
high-molecular-mass aggregates (Figures 3, 4A). In SM
at 30 and 40°C, agy-CN, 3-CN, and 3-LG decreased
during the first 14 d of storage, followed by agy,-CN
and a-LA during the next 14 d of storage (Figures 5B
and C). However, in WM, the reduction in the quantity
of proteins started at 20°C (Figures 6A to C). At 20,
30, and 40°C, 3-LG was one of the first proteins to
initiate nondisulfide aggregation in WM, as evidenced
by its decrease in concentration after the first 14 d of
storage (Figures 6A to C). A reduction in the quantity

Journal of Dairy Science Vol. 100 No. 1, 2017
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Figure 4. Change in absolute quantity of nonreducible (A and B) and high-molecular-mass (C and D) aggregates during storage of UHT skim
milk (A, C) and whole milk (B, D) at storage temperatures of 20°C (@), 30°C (A), 40°C (#), and 50°C (H), as obtained from image analysis of

reducing SDS-PAGE. Error bars represent SD.

of ag-CN, agy-CN, and LG in WM was evident over
the next 14 d at 20 and 30°C (Figures 6 A and B). At
40°C, o-LA also participated in aggregation through
nondisulfide covalent interactions in WM, similar to
SM. Loss in the quantity of proteins was much higher
at 50°C than at 20, 30, or 40°C in both SM and WM.
In addition, k-CN participated in covalent aggregation
only in the latter half of storage at 50°C in both WM
and SM, overruling proteolysis by bacterial proteinases.
All the proteins in milk seemed to be actively involved
in crosslinking at 50°C. Higher storage temperatures
increase intra-micellar crosslinking, which might result
in increased electrostatic repulsion inside the micelle
and lead to dissociation and sedimentation of cross-
linked proteins (Nieuwenhuise and van Boekel, 2003).
However, 3-CN and agy-CN were main players in SM,

Journal of Dairy Science Vol. 100 No. 1, 2017

whereas qg;-CN, agy CN, and a-LA were central to pro-
tein-protein interactions in WM (Figures 5 and 6). The
difference in type of caseins involved in WM and SM
at different temperatures suggested preferences for spe-
cific pathways of covalent (nondisulfide) crosslinking.
Nondisulfide covalent crosslinking in UHT milk dur-
ing storage occurs via AMP, dehydroalanine, and lipid
oxidation products (in WM) (Singh, 1991; Le et al.,
2011). Crosslinking via AMP involves lactosylation of
lysine residues as the first step (Van Boekel, 1998),
implying that proteins with a higher number of lysine
residues would be preferentially involved in this reac-
tion. The lysine content of different milk proteins vary,
following this order: agy-CN > BLG > ag-CN > a-LA
> 3-CN > k-CN (Huppertz, 2013). Involvement of ags,-
CN as one of the major players in covalent aggrega-
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tion in SM (Figure 5) indicates higher levels of AMP-
mediated crosslinking. Additionally, disappearance of
a-LA in SM even at 30°C also suggests a higher rate of
Maillard reaction in the former. The preference of a-LA
for reaction with lactose was demonstrated earlier by
lactosylation of almost all its lysine residues during
storage of UHT milk (Holland et al., 2011). Moreover,
a-LA may also preferentially engage in this reaction
(Le et al., 2011) because of conformational changes and
denaturation that take place during UHT treatment
(Losito et al., 2010). The greater extent of Maillard
reaction in SM is also supported by the comparatively
higher increase in the “b” value of color in SM than WM
at temperatures above 30°C (data not shown). Valero
et al. (2001) had also reported higher levels of Mail-
lard products in SM than WM during storage. Greater
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AMP-mediated crosslinking in SM also explained the
reduction in quantity of 3-CN in SM. Lactosylation
results in increased hydrophilicity of the casein micelle
interior, which might have weakened hydrophobic as-
sociations (Rauh et al., 2015) and released 3-CN to
the solution (Figure 7A). In addition to lactosylation,
age-CN also appears to be most reactive candidate for
dehydroalanine-linked proteins, because of a high num-
ber of phosphoserine residues and the presence of 2
cysteine residues (O’Mahony and Fox, 2013). Skim milk
with greater involvement of agy-CN and (3-CN implied
a higher rate of AMP and dehydroalanine-mediated
crosslinking (Figure 7A).

In WM, ag-CN, ag-CN, and a-LA were the main
proteins involved in nondisulfide covalent crosslink-
ing (Figure 6). Previous reports have shown ag;-CN
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Figure 5. Change in absolute quantity of caseins (ag-CN, @; ag,-CN, B; 3-CN, 4; k-CN, O) and whey proteins (3-LG, ¥; a-LA, A) during
storage of UHT skim milk at storage temperatures of 20°C (A), 30°C (B), 40°C (C), and 50°C (D), as obtained from image analysis of reducing
SDS-PAGE. Error bars represent SD.
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to be the most abundant protein in aggregates (Hol-
land et al., 2011). Furthermore, the higher amount of
aggregates in WM than in SM can be attributed to
crosslinking via lipid oxidation products and melted fat
globules, at and above 40°C in WM. The modified fat
globule membrane also consists of whey proteins and
predominantly caseins besides its native components
(Huppertz, 2016). In addition to change in state and
oxidation of milk fat, high storage temperatures lower
pH and increase ionic calcium activity during storage
of UHT milk (data not shown). Homogenized fat glob-
ules are stabilized by casein micelles on their surface,
which may not contain enough k-casein molecules on
the outside due to distorted and randomized spreading
(Huppertz, 2016). As all other caseins are calcium-sen-
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sitive, protein coagulation and thus aggregation in WM
would be enhanced due to the increase in ionic calcium
activity (Huppertz, 2016). Therefore, the difference in
involvement of different proteins in SM and WM might
be due to differences in their access and availability.
Thus, it appeared that covalent crosslinking in UHT
WM was facilitated via products of lipid oxidation and
increased access to caseins for crosslinking reactions,
and that Maillard and dehydroalanine products were
the main contributors for the observed changes in UHT
SM (Figure 7B). However, these suggestions would re-
quire further elaboration.

In conclusion, protein interactions—especially cova-
lent crosslinking—were accelerated at higher storage
temperatures. However, at temperatures above 30°C in
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WM and above 40°C in SM, the rate and type of these
reactions were very different from those at 20°C. Espe-
cially in case of WM, protein crosslinking appeared to
follow a different pathway that may not occur in stor-
age at lower temperatures. In addition, the pathways
discussed above that enhance protein interactions were
only the major ones and did not include all possible
factors, which are numerous because of the complex
nature of milk. Extrapolating these reactions to predict
changes in protein interactions at lower temperatures
is very difficult and emphasizes the need for long-term
study. However, acquired knowledge of the involvement
of individual proteins and the kinetics of these changes
may assist in identifying structural changes that can
be determined by a spectral analysis, such as Fourier
transform infrared spectroscopy. A detailed long-term
study would also need to be undertaken to confirm these
changes and establish them as markers for prediction of
the shelf life of UHT milk using spectral analysis.
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CHAPTER 4

Fourier transform infrared spectroscopy analysis of
physicochemical changes in UHT milk during accelerated

storage

This chapter has been published as a research paper entitled “Fourier transform infrared spectroscopy
analysis of physicochemical changes in UHT milk during accelerated storage” by Manpreet Kaur Grewal,
Jayani Chandrapala, Osaana Donkor, Vasso Apostolopoulos, Lily Stojanovska and Todor Vasiljevic in the

peer reviewed International Dairy Journal, 66, 99-107 (2017).
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The feasibility of using Fourier transform infrared spectroscopy (FTIR) to detect heat induced confor-
mational rearrangements of proteins, protein—protein and protein—lipid interactions was studied with
accelerated shelf-life protocols. Ultra-high temperature treated whole (WM) and skim milk (SM) were
stored at 20, 30, 40 and 50 °C for 28 days. The changes leading to increased sedimentation in SM and WM
at higher temperatures (>40 °C) were observed during first 14 days of the storage period. Milk samples
stored at 40 and 50 °C showed marked changes in the bands corresponding to conformations of milk
lipids and formation of intermolecular B sheet of proteins, indicating protein—lipid interactions and
aggregation. Dried sediment contained fat confirming protein—lipid participation in the sedimentation.
FTIR was also able to detect changes that led to increased sedimentation in SM at temperatures lower

than 40 °C, but only after 28 days.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

UHT treatment of milk (130—140 °C for 3—5 s) followed by
aseptic packaging enables its storage at room temperature for up to
9 months (Holland, Gupta, Deeth, & Alewood, 2011). Long shelf life
at room temperature has made UHT milk an important food
product from nutritional, technological and economical points of
view. However, high temperature treatment of milk induces certain
chemical and physical changes, which may lead to storage in-
stabilities involving formation of proteinaceous sediment at the
bottom of the storage container (sedimentation) or a gel
throughout the milk (age gelation) (Dalgleish, 1992; McMahon,
1996; Ramsey & Swartzel, 1984). Sedimentation or gelation limits
the shelf life and market potential of UHT milk. Thus, the changes
resulting in these instabilities are of concern for the dairy industry.

Physico-chemical changes leading to sedimentation or gelation
during storage in UHT milk primarily involve aggregation of milk
proteins, which follows different pathways. The most assessed
pathway is mediated by denaturation of whey proteins as a result of

* Corresponding author. Tel.: +61 3 9919 8062.
E-mail address: todor.vasiljevic@vu.edu.au (T. Vasiljevic).

http://dx.doi.org/10.1016/j.idairyj.2016.11.014
0958-6946/© 2016 Elsevier Ltd. All rights reserved.

UHT treatment (Singh, 1991). Denaturation exposes a free sul-
phydryl group of B-lactoglobulin (B-Lg), which is involved in
intramolecular and intermolecular thiol-disulphide exchange re-
actions with other whey proteins and caseins [k-casein (k-CN) and
asp-casein (aso-CN)] present on the surface of the casein micelles
and homogenised fat globules (Sharma & Dalgleish, 1993). Addi-
tional crosslinking can also occur via dehydroalanine and advanced
Maillard products (AMPs) (Holland et al., 2011).

The aggregation of milk proteins progresses at a slow rate dur-
ing storage at room temperatures. Studying these changes at this
temperature would thus be resource and time consuming. The
accelerated shelf life testing methods may be used as an alternative
to long realtime analysis as storage temperatures accelerate ag-
gregation of milk proteins. However, in our previous study (Grewal,
Chandrapala, Donkor, Apostolopoulos, & Vasiljevic, 2016), protein
interactions and especially covalent crosslinking were accelerated
at higher storage temperatures but the rate and type of these re-
actions were different from those at lower temperatures, which
was presumably affected by numerous factors due to complex na-
ture of milk. This emphasises detection and prediction under more
appropriate and temperate storage conditions more valuable than
using elevated storage temperatures. However, acquired knowl-
edge of involvement of individual proteins and kinetics of these
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changes determined at high storage temperatures may assist in
identifying structural alterations that could be determined by
spectral analysis with FTIR.

The development and use of proteomic analysis have added
information about different types of prospective crosslinking dur-
ing storage of UHT milk, but these techniques are still limited in
elucidating about the related changes in structure and interactions
of proteins (Holland et al., 2011). Furthermore, the sample prepa-
ration is fairly laborious accompanied with a complex analysis, all
of which require highly trained experts, limiting the application.
FTIR spectroscopy could prove to be a simple and fast alternative
with minimum sample preparation. FTIR is sensitive to changes in
covalent bonding and non-covalent electrostatic and hydrophobic
interactions, which are hallmarks of thermal treatment and sub-
sequent storage. This method has been successfully used to study
ageing of pharmaceuticals (Masmoudi, Dréau, Piccerelle, & Kister,
2005) and oil in water emulsions (Whittinghill, Norton, & Proctor,
1999) by determination of changes in molecular structure and in-
teractions, but has not been used in UHT milk. Hence, for the first
time in the current study, we studied feasibility of the FTIR tech-
nique to detect physico-chemical changes leading to sedimentation
under accelerated storage temperatures in UHT milk. The focus was
only on build-up of sediment and not on gelation because higher
storage temperatures (>40 °C) inhibit age-gelation (Deeth & Lewis,
2016; Kocak & Zadow, 1985; McMahon, 1996) and result in
increased non-dispersible sediment (Nieuwenhuijse & van Boekel,
2003).

In addition to storage temperature, fat content of milk also in-
fluences certain heat-induced modifications in UHT milk (De
Koning, Badings, Van der Pol, Kaper, & Vos-Klompmaker, 1990;
Pellegrino, 1994) and the extent of proteolysis during storage
(Lépez-Fandino, Olano, Corzo, & Ramos, 1993). Moreover, milk fat
may undergo a phase change and oxidation when stored at elevated
temperatures. This necessitated need to study the effect of presence
of milk fat in UHT milk on changes leading to development of
sediment during storage at elevated storage temperatures.

2. Materials and methods
2.1. Materials

Commercial UHT full cream whole milk (WM) and skim milk
(SM) were kindly provided by a local manufacturer (Murray Goul-
burn Co-operative Co. Ltd., Victoria, Australia). All milk packs were
processed as described previously (Grewal et al., 2016). Briefly, both
SM and WM packs were produced on the same day using an in-
direct tubular processor (SPX Flow Technology, Mulgrave,
Australia) with a 9000 L h~! capacity at 138 °C for 6 s. The milk was
homogenised prior to the heat treatment. The composition of WM
as reported by the manufacturer per litre of milk was 33 g protein,
34 g fat and 53 g carbohydrates, 0.55 g Na and 1.2 g Ca. The SM
samples contained on average 34 g protein, 1 g fat and 53 g of
carbohydrates, 0.55 g Na and 1.2 g Ca per litre of milk. The UHT milk
packs were stored at room temperature (20 °C) and 3 elevated
temperatures (30, 40 and 50 °C) for 28 d in incubators (Thermoline
Scientific Pty Ltd, Wetherill Park, NSW, Australia). The elevated
storage temperature served to accelerate the development of
storage instabilities. Milk packs were analysed on the first day of
delivery (day 0), and then at two fortnightly intervals (14 and 28
days) during storage.

2.2. Measurement of sediment

Sedimentation was measured by a centrifugation method as
previously described (Boumpa, Tsioulpas, Grandison, & Lewis, 2008)

with slight modifications. Briefly, the milk packs were manually
shaken to mix the contents and approximately 40 g was centrifuged
at 2760x g for 15 min at 20 °C (Beckman Coulter Avanti J-26S XP
Centrifuge, CA, USA). The sediment was then oven-dried at 50 °C for
48 h to a constant weight and expressed as the amount of sediment
(mg 100 g~ ! milk).

2.3. Fourier transform infrared spectroscopy

Three milk packs corresponding to each storage time and tem-
perature were placed at room temperature (20 °C) and equilibrated
for 6 h. After mixing the content, exactly 0.5 mL of sample was
pipetted from each pack separately onto attenuated total reflec-
tance (ATR) cell. Sample spectra were acquired using PerkinElmer
Frontier Fourier transform infrared spectroscopy (FTIR) spectrom-
eter (PerkinElmer, MA, USA) in the range 4000—600 cm™~' with a
resolution of 4 cm™! and by averaging 16 scans of each spectrum.
Background spectrum was scanned at the beginning of the mea-
surements with a blank Diamond ATR cell using same instrumental
conditions as for sample spectra acquisition. The spectra of three
sub samples of each sample were taken by refilling the ATR cell.
Spectra of dried SM and WM sediments were also acquired to es-
timate composition of sediment.

2.4. Data analysis with statistics

The FTIR spectra of all samples were exported to the Unscram-
bler software (version 9.8; CAMO AS, Trondheim, Norway). The
quality of the spectra was confirmed using their descriptive sta-
tistics (Jaiswal et al., 2015) and visual inspection. This allowed for
selection of appropriate pre-processing treatments to account for
variations due to baseline shifts, sample concentration on the cell
or any factor other than intrinsic variations in the sample. A
multivariate analysis technique, principal component analysis
(PCA), was then employed to ascertain classifications in UHT milk
samples as function of storage time and temperature. The principal
component analysis (PCA) technique gives an overview of all the
information in the data set by generating a new set of fewer coor-
dinate axes called principal components (PCs) with minimum loss
of information. Score plots obtained following PCA demonstrate
groupings whereas loading plots help to identify wavenumbers
which have high loadings or contributed the most in classification
of samples into different groups.

The sediment dry weight data corresponding to all de-
terminations was analysed using a GLM (Generalized Linear
Model) procedure of SAS software (SAS Institute, 1996). The ef-
fects of main factors (type of milk, storage time and temperature)
and interactions were analysed in a split plot in time design at
pre-set level of significance P < 0.05. The design was replicated 3
times.

3. Results and discussion
3.1. Sediment formation

Fat content along with storage temperature influenced the
extent of sedimentation. In WM, the amount of formed sediment
did not increase substantially at 20 and 30 °C during storage,
whereas after 28 d storage at 40 and 50 °C sediment surged by
28.6% and 41.3%, respectively. On the other hand, sedimentation
increased significantly in SM during storage irrespective of
storage temperature. SM had lower (P < 0.05) amount of sedi-
ment on day 0 than WM; however, when stored at 20 and 30 °C,
no significant difference in sedimentation was observed
between two types of milk after 28 d storage. However, at
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temperatures >40 °C, the amount of sediment formed in WM
after 28 days of storage was significantly (P < 0.05) higher than
that in SM (Table 1).

The substantial increase in the amount of sediment in WM at
elevated temperatures (40 and 50 °C) was accompanied by an in-
crease in appearance of high molecular mass aggregates (Grewal
et al, 2016). This was attributed primarily to change in pro-
tein—lipid interactions as a result of melting of milk fat at 40 °C.
Change of physical state of milk lipids results in changed confor-
mation and packing of constituent phospholipid and triglyceride
acyl chains (Boubellouta & Dufour, 2012; Karoui, Mazerolles, &
Dufour, 2003), which might have enhanced protein—lipid associa-
tions in milk at higher storage temperatures resulting in aggregate
formation. Presence of lipid absorbance regions in FTIR spectra
(3000—2800 cm ™, 1800—1700 cm ™}, Fig. 1B, insert b) of the sedi-
ment in WM evidenced that protein—lipid interactions participated
in the sediment formation as the fat precipitated along with the
proteins. Furthermore, increased intensity of lipid region in dried
sediments of WM samples stored at 50 °C compared with those at
20 °C indicated that protein—lipid associations were enhanced by
elevated storage temperature resulting in a greater complexation
and consequently precipitation. In addition to enhanced pro-
tein—lipid interactions, the increase in the amount of aggregates in
WM at higher temperatures (Grewal et al., 2016) was also attrib-
uted to protein crosslinking via lipid oxidation products, advanced
Maillard products and dephosphorylated residues. Additionally,
elevated absorbance of the fat region in the sediment of WM ob-
tained at 20 °C (Fig. 1B) could also encounter for a higher amount of
sediment on day O compared with that in SM. Upstream homoge-
nisation results in dispersion of fat globules, which would be
covered primarily with caseins, thus increasing the density of fat
globules (Lee & Sherbon, 2002). UHT heating on the other hand
enhances association of denatured whey proteins with caseins and
phospholipids and lipoproteins on the fat globule surface (Sharma
& Dalgleish, 1994), which consequently further increases the den-
sity of fat globules (Nieuwenhuijse & van Boekel, 2003). Inclusion
of these modified fat globules with greater density into aggregates
leads to enlargement of the particles and subsequently enhanced
sedimentation, which is in accordance with the Stokes' law
(Walstra, Jenness, & Badings, 1984).

Similarly, the rise in the amount of sediment in SM at higher
temperature could also be associated with protein—lipid associa-
tion as evidenced by absorbance regions of fat in FTIR spectra of the
sediment (Fig. 1A). However, the noticeable changes in the amount
of sediment at temperatures below 40 °C in SM point out at pro-
nounced protein—protein interactions in comparison with those in
WM. Comparably diminished association of denatured B-Lg to k-
casein on the surface of the casein micelle in SM in comparison
with that in WM (Garcia-Risco, Ramos, & Lopez-Fandino, 1999)
enhances availability of B-Lg for crosslinking reactions. This protein
exhibits greater reactivity than caseins for formation of links via
non-covalent, disulphide and non-disulphide covalent bonding
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(Grewal et al., 2016) likely due to their denaturation as a conse-
quence of heat treatment. Denaturation results in exposure of hy-
drophobic regions, free thiol groups and preferable amino acid
residues like lysine, asparagine, and glutamine, which subsequently
participate in lactosylation and linking via dehydroalanine to ca-
seins (Andrews, 1975; Donato & Guyomarc’h, 2009; Henle,
Schwarzenbolz, & Klostermeyer, 1996; Holland et al.,, 2011). In
addition, a high proportion of B-Lg present at the surface of the
casein micelles and fat globule in WM also reduces access of pro-
teinases and hence the degree of proteolysis. Fat in WM appears to
have a protective effect against enzymatic attack in UHT milk
(Datta, Elliott, Perkins, & Deeth, 2002).

From the observations above, it appears that changes in pro-
tein—lipid and protein—protein interactions during storage govern
sediment formation in the SM and WM samples. Precise identifi-
cation and prediction of these changes in a shorter time under
accelerated conditions could save substantial waiting time to
establish sediment formation visually. Therefore, feasibility of FTIR
to detect these changes was assessed.

3.2. Fourier transform infrared spectroscopy

The spectra of SM and WM were predominated by absorption
bands of water in regions 3500—3000 cm~! (H—O stretching) and
1730—1600 cm~! (H—O—H bending vibration) (In6n, Garrigues, &
de la Guardia, 2004). This was overcome by subtraction of water
spectra from milk spectra after correcting for baseline offsets.
Important spectral regions of milk spectra were 3700—2800 cm™!
(Region 1), 1800—1700 cm™! (Region 1), 17700—1500 cm ™' (Region
111), 1500—1200 cm~! (Region IV) and 1200—900 cm~! (Region V)
(Fig. 2). These regions have been previously attributed to different
milk components (Table 2). Multivariate analysis (PCA) was then
employed to establish whether FTIR spectra could detect changes
that lead to formation of sediment at different temperatures during
storage of SM and WM.

3.3. Principal component analysis

PCA was performed in the regions 4000—600 cm™! (full range)
separately for SM and WM samples. In SM, PC 1 and PC 2 explained
78% and 20% of the variance, respectively (Fig. 3a). In WM (Fig. 4a),
first two principal components explained 81% and 17% of the
variance respectively. In both SM and WM first two PCs classified
samples into three separate groups, named A, B and C. In skim milk,
group A comprised day 28 samples stored at 20, 30, 40 and 50 °C,
group B included day 14 samples stored at 40 and 50 °C and group C
constituted samples of day 0 (stored at 20 °C) and day 14 samples
stored at 20 and 30 °C. Grouping of SM samples stored for 28 days
at 20 and 30 °C with those stored above 40 °C implied that FTIR was
also able to detect changes that lead to increased sedimentation in
SM even at temperatures below 40 °C. However, in WM, group A
was comprised only of day 28 samples stored at and above 40 °C,

Effect of milk type (skim or whole milk), time and temperature on amount of sediment (insoluble precipitates) formed in UHT.*

Temperature (°C) Storage time (d)

Skim milk Whole milk

0 7 21 28 0 7 21 28
20 52.5° 68.8°4 90.1A 96.84¢A 93.6°4 105.49¢A 99.9cdeA 105.6°9A
30 - 63.1°7 95.04 99.49A - 99.4¢ecdA 92.0%¢dA 104.3¢cdA
40 — 67.1°4 93.1A 92.49A — 108.9%4 101.26°9A 120.4®
50 - 69.4°A 106.4® 101.74 - 122598 119.7%® 132.3¢8

2 Values (mg 100 g~ milk; SEM 4.32) are means; means in the same row and in the same column that do not share the same lowercase and uppercase letters, respectively,

differ (P < 0.05).
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Fig. 1. FTIR of dried sediment on day 0 and day 28 of UHT (A) skim milk and (B) whole milk samples stored at 20 °C and 50 °C. The solid, dashed and dotted line indicate the initial
absorbance (day 0), absorbance after 28 d storage at 20 °C and absorbance after 28 d storage at 50 °C, respectively. The inserts (a) and (b) in panel B illustrate differences in the fat A
(1800—1700 cm™") and the fat B region (3000—2800 cm ') in UHT whole milk, respectively.

group B included day 14 samples stored at 40 and 50 °C and group C
constituted samples of day O (stored at 20 °C), day 14 and day 28
stored at 20 and 30 °C. Hence, the changes in FTIR spectra were in
accord with changes observed in the sediment in both SM and WM.

All prominent regions observed in milk spectra (Fig. 2)
contributed to the classification of samples into three groups in
both SM and WM according to the loading plot (Figs. 3b & 4b). To
further investigate changes in which specific wavenumbers in these
regions mainly contributed to different classification in SM and
WM, PCA was performed independently for regions [-V.

3.3.1. Region I: 3700—2800 cm~!

This region registered substantial changes and was able to
classify samples into three different groups in both SM (Fig. 3c) and
WM (Fig. 4c). According to the loading plots (Figs. 3d & 4d), milk
samples were separated along PC 1 with high loading for
3594 cm~! and 3193—3194 cm~! (hydrogen bonded O—H stretch-
ing), 2926 cm™! (asymmetric stretching modes of CH, groups of
acyl chains of milk lipids) and 2857 cm~! (symmetric stretching
modes of CH; groups of acyl chains of triglycerides and phospho-
lipids). The presence of group B (day 14, 40 and 50 °C samples) in-
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Fig. 2. FTIR spectra of UHT whole milk on day 0 of storage in the range 4000—600 cm~' with annotated regions of interest (I-V).

Table 2
Milk components attributed to different regions of FTIR spectra.

IR region (cm™') Milk component

Reference

Inon et al. (2004)

Inon et al. (2004)

Karoui et al. (2003); Murphy et al. (2014)

Karoui et al. (2003)

Anderle and Mendelsohn (1987); Kher et al. (2007)

3000—-2800 Milk lipids (Fat B)
1800—-1700 Milk lipids (Fat A)
1700—-1600 Milk proteins-amide I
1600—1500 Milk proteins-amide II
1500—1200 Milk proteins-amide III, interactions
between different milk components (Fingerprint region)
1200—900 Milk minerals; milk fat, lactose (Fingerprint region)

Zhou et al. (2006); Gebhardt et al. (2011); Kher et al. (2007)

between group C and group A indicated progression of intensity
changes of above wavenumbers with storage time.

After 28 d, WM samples stored at and above 40 °C and SM
samples at all temperatures, a shift was observed in a band corre-
sponding to a O—H stretch to higher wavenumbers resulting in
depression around 3194 cm™' in spectra upon water subtraction
(Fig. 5A). Extent of hydrogen bonding (water related) decreases
with increase in storage temperature, which shifts the O—H
stretching frequency to higher wavenumbers (Choperena & Painter,
2009). On the same note, higher negative loading for 3594 cm™!
was concomitant with less positive loading at 3194 cm™! in group A
samples compared with group C. However, this did not explain the
change in hydrogen bonding in SM even at 20 °C.

In WM, group A also experienced decrease in loadings for 2926
and 2857 cm~! with storage time (Fig. 4d). The shift in these
wavenumbers has been used previously to study phase transition
of phospholipids (sol to gel state transition) with increase in tem-
perature (Dufour et al., 2000). Milk fat melts around 40 °C which in
turn results in prominent structural changes and interactions of
milk lipids (Dufour et al., 2000). These changes led to protein—lipid
interactions indicated by reduction in the absorbance intensities
(Fig. 5A) and lower loading for group A as compared to group C
samples (Fig. 4d). Even though, the peaks corresponding to wave-
numbers 2926 and 2857 cm~! were not visible in a loading plot of
region I in SM (Fig. 3d), the fat B region (3000—2800 cm~') was
independently able to classify samples into three groups A, B and C.

Therefore, enhanced protein—lipid associations accounted for
greater sedimentation observed at all storage temperatures in SM
(Table 1). Increase in intensity of fat B region in sediment of SM
samples stored at 20 °C (Fig. 1A) further supported this suggestion.

3.3.2. Region II: 1800—1700 cm™!

Region I, attributed to milk fat A, classified storage samples into
three groups in both SM (Fig. 3e) and WM (Fig. 4e). In WM, ac-
cording to the loading plot (Fig. 4f), PC 2 separated group B samples
from group C whereas group A samples were further separated
from group B samples by PC 1. Samples stored above 40 °C after 14
days (group B) had higher loading mainly for 1701—-1708, 1728 and
1747—-1757 cm~ . Loading plot of PC 1 revealed further increase in
1749—-1755, 1786—1789, 1774 and 1796—1798 cm™! for samples
stored above 40 °C after 28 d (group A). In SM, group A (day 28
samples corresponding to all storage temperatures), B (day 14
samples at >40 °C) and C (day 0 and day 14 (20 and 30 °C) samples)
were separated along PC 2. The loading plot of PC 2 in SM (Fig. 3f)
indicated higher loading for group A samples for 1718 and
1734—1736 cm ™! in addition to wavenumbers mentioned in WM.

The flattening of peak around 1754 cm~! (Fig. 5B) corresponds
to changes in C=0O0 stretching vibrations of ester linkage pertaining
to triacylglycerols (Karoui et al., 2003). Changes in physical state of
lipids at and above 40 °C also affected carbonyl stretching vibra-
tions of ester linkage of triacylglycerols. Changes in stretching of
ester linkage might be also due to protein—lipid association via
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Fig. 3. Principal component scores and loading plots of spectra of UHT skim milk
samples acquired at 0, 14 or 28 days storage at different temperatures for: spectral
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40 °C and 50 °C; group B, day 14 samples stored at 40 and 50 °C; group C, day 0, day14
(20 °C and 30 °C) and day 28 (20 °C and 30 °C) samples.

carbonyl groups (Surewicz, Moscarello, & Mantsch, 1987). Higher
loading around 1720 cm™! (Fig. 5B) has been associated previously
with presence of hydrogen bonded carbonyl groups of esters
(Dufour & Riaublanc, 1997). In addition, wavenumbers 1720 and
1715 cm™! has also been assigned to C=0 stretching vibration of
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aldehydes and ketones, respectively. AMPs and lipid oxidation
products participate in crosslinking of proteins at higher temper-
atures due to presence of aldehyde and ketone functional groups
(Harty-Major, 1997). Thus, higher loading for 1720 and 1715 cm™!
for group A and B (Fig. 5B) implies an elevated content of AMP and
oxidation products in SM and WM samples stored at higher
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temperatures with storage time, which in addition to enhanced
lipid—protein associations, could further influence the rate of
sedimentation at higher temperatures. However, this explanation
could not address higher sedimentation in SM at <40 °C and hence
requires further study.

3.3.3. Region IlI: protein (amide I and amide II) 1700—1500 cm™!

Classification of storage samples into groups A, B and C by this
region in a similar way as discussed above in SM (Fig. 3g) and WM
(Fig. 4g) implies changes in the protein secondary structure, pro-
tein—protein and protein—lipid interactions at elevated storage
temperature in WM and at all storage temperatures in SM (Karoui
et al., 2003; Mendelsohn, Mao, & Flach, 2010; Sankaram & Marsh,
1993). The region Il has two main parts, namely amide I
(1700—1600 cm™~ ') corresponding to C=O0 stretching vibrations of
the peptide bonds and amide II (1600—1500 cm™!) attributed to
C—N stretching vibrations in combination with N—H bending (Kher,
Udabage, McKinnon, McNaughton, & Augustin, 2007).

In WM, group A and B samples separated from group C samples
due to increase in loading principally for 1696, 1686, 1653, 1647,
1634, 1628 and 1622 cm™! (amide I); 1578, 1571, 1558, 1539, 1531,
1522, and 1515 cm™~! (amide 1) (Fig. 4h). However in SM, sample
group A and B separated due to rise in almost identical wave-
numbers apart from a shift in 1628 cm~! and amide II wave-
numbers (Fig. 3h). The shift was also observed in spectra of this
region for SM (Fig. 5C).

The increase in loading at 1697, 1686 and 1618 cm™~' suggested
formation of aggregates consisting of intermolecular B sheets
(Mendelsohn & Flach, 2002; Mendelsohn et al.,, 2010; Ngarize,
Herman, Adams, & Howell, 2004). In addition, surge in loading
around 1620—1618 cm ™! had also been attributed to disruption of
intramolecular hydrogen bonds within a secondary structure,
leading to formation of new stronger intermolecular hydrogen
bonds (Ngarize et al., 2004). However, unlike previously reported
(Murphy, Fenelon, Roos, & Hogan, 2014), increase in intermolecular
B sheets (1686 and 1618 cm™!) in the current study was not
concomitant with decline in a-helix (1653 cm™') and intra-
molecular B sheet structure (1630—1627 cm™!). It appeared that
though there was an enhancement in intermolecular interactions
leading to the aggregation, it was not at expense of intramolecular
interactions. It can also be argued that amide I vibration could not
distinguish clearly between o-helical and random-coil structures
(Anderle & Mendelsohn, 1987), and thus, increase at 1653 cm ™!
might also correspond to increase in random coil structure. More-
over, increase in random coil (1645 cm™!) and turns (1676 cm™!)
could also be associated with increased participation of caseins in
formation of aggregates. In addition to increase in protein—protein
interactions, protein—lipid interactions initiated by change in
physical state of milk fat at higher storage temperature in WM,
induce formation of intermolecular hydrogen bonded B sheets
resulting in protein aggregation (Sankaram & Marsh, 1993).

Schiff base intermediates formed during the course of Maillard
browning have been reported to absorb at 1647 cm~' (Murphy
et al., 2014). Increase in intensity at 1647 cm™~! in both SM and
WM in Group A and B samples suggests that lactosylation could be
one of the confounding factors (Figs. 3h & 4h). Interestingly,
absorbance at 1647 cm~! was higher for SM than WM supporting
higher rate of Maillard reaction in former as suggested in our
previous study (Grewal et al., 2016). However, it would be inter-
esting to explore reasons for lactosylation rates to be higher in SM
samples even at 20 °C.

In amide II region, a band around 1575 cm ™! (Figs. 3h & 4h) has
been used previously as a marker for start of acidification in cheese
ripening process with formation of lactates (Mazerolles et al.,
2001). In the current study, a band appearing at 1577 cm~! may
be caused by a slight pH decline during storage (data not shown).
Peaks at 1571 cm™! arose from the —COO™~ asymmetric stretching
vibration of Asp and Glu residues, and an increase in its loading
might be due to deamidation of amino acid residues observed
during storage at elevated temperatures in UHT milk (Holland et al.,
2011). Higher loading for 1571 cm™! in group A samples in WM
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compared to those in SM (Figs. 3h & 4h) indicated that the former
had experienced a greater extent of deamidation than the later.
Loading peak at 1515 cm™! indicates changes in ring-stretching
vibration of the tyrosine residues which could be further related
to their oxidation and crosslinking. Loadings for wavenumbers in
1578—1555,1555—1543 and 1542—1525 cm™ ! region had also been
attributed to changes in amount of B turns, alpha helices/loops and
B sheets, respectively (Curley, Kumosinski, Unruh, & Farrell, 1998).

3.3.4. Region IV: protein (amide III) 1500—1200 cm™!

Amide III spectral region also corresponds to secondary struc-
ture of proteins. Although having relatively weak signals in contrast
to most commonly used amide I region (1700—1600 cm™!), amide
Il does not suffer from several limitations including a strong
interference from water vibrational band, relatively unstructured
spectral contour and overlap of revolved bands correspondingly to
various secondary structures (Fu, Deoliveira, Trumble, Sarkar, &
Singh, 1994). The peaks in this region correspond to N—H
bending and C—N stretching vibrations (Jaiswal et al., 2015) and
also to CH; scissoring of acyl chains of lipids (Mendelsohn et al.,
2010).

The region classified samples into three groups A, B and Conly in
WM samples (Fig. 4i). In SM, only group A was separated from the
combined cluster consisting of group B and C (Fig. 3i). Lower
amount of fat in SM may be one of the major factors explaining the
classification of SM samples into 2 groups only by this region unlike
3 distinctively different groups in WM. Furthermore, lower load-
ings for CH, scissoring of acyl chains of lipids (1500—1400 cm™')
(Figs. 3] & 4j) in group A samples could also be assigned to
enhanced associations between proteins and lipids with increase in
storage time and storage temperature in SM and WM, respectively.
This could imply that milk fat and its content play a role in storage
stability of UHT milk.

Highest loading for the secondary structure frequency windows
(unordered, 1288—1256 cm~' and B-sheets, 1255—1224 cm™!) for
group A samples in both SM and WM (Figs. 3j & 4j) further stressed
on formation of B sheet and greater participation of caseins in
protein aggregation and consequently sedimentation. Lower
loading for group A samples for a-helix (1328—1289 cm™') still
could not fully support concomitance of increase in [B-sheet
conformation related to protein aggregation with decline in a-he-
lical structure as reported previously (Murphy et al., 2014; Qi et al.,
1997). Furthermore, presence of a large number of observed bands
in the loading plot obscured finding a particular difference between
SM and WM. In addition, the slight variations in helical geometry,
symmetry or interactions result in changed amide III frequencies,
so, simple correlations between narrow frequency ranges and
secondary structures may not be applicable for this mode (Anderle
& Mendelsohn, 1987).

3.3.5. Region V: 1200—900 cm™!

This region was able to classify samples into two groups (A and
combined B & C) only in WM (Fig. 4k). The SM samples were not
able to be separated into different groups. However, when PCA was
applied for combined Region IV and V in SV, it clearly separated
samples into three groups A, B and C as defined previously (Fig. 3k).

Loading plot in WM indicated high loading for 1176, 1148, 1143,
1115, 1058, 1046, 1014 and 997 cm~!, which separated group A
samples from the remaining two groups (Fig. 41). In this region, a
peak around 1159 cm™! has been previously associated with C—0
vibrations of milk fat (Zhou et al., 2006). As discussed earlier, the
milk fat was sensitive to high storage temperatures governing the
extent of protein—lipid associations, which resulted in greater
sedimentation in WM. Low fat content might have reduced the

signal which could have resulted in no separation in SM when only
region between 1200 and 900 cm~! was considered.

The area between 1250 and 800 cm~! embodies characteristic
peaks of various C—O vibrations in carbohydrates, mainly lactose
(Zhou et al., 2006). It was expected from earlier observations that
due to higher amount of AMP in SM, the chemical changes
accompanying the Maillard reaction would lead to several
changes in its mid-infrared spectrum. However, the inability of
the region to classify samples in SM implied that changes as a
result of Maillard reactions were not intense enough to be
detected by FTIR. Maillard reactions principally involve the con-
sumption of NH; functional groups typically from lysine with the
appearance of other new functional groups such as the Amadori
compound (C=0), Schiff base (C=N), and pyrazines (C—N). Even
though lactose is present in a high concentration, it is only
depleted by a small margin via the Maillard reactions due to
absence of sufficient reactive amino groups. Lysine, one of the
predominant reacting amino acid in proteins and because of the
reactivity and availability of its amino group, comprises less than
0.25% by mass of SM. Subsequently, the concentration of the re-
action products would be relatively low. In addition, reactants and
products would share many functional groups, thus any changes
may not be detectable (Turner et al., 2002).

Bands around 995 and 987 cm~! suggested changes in
stretching vibrations of —PO32~ moiety of the serine-phosphate
residue. The appearance of the two bands had been earlier
related to release of colloidal calcium phosphate (CCP) from the
phosphate residues by pressure and its dissociation into Ca** and
HPO42~, resulting in an increased negative charge of the casein
molecules (Gebhardt, Takeda, Kulozik, & Doster, 2011). In our study,
this may be related to heat-induced elimination of phosphate from
phosphoserine residues in caseins producing dehydroalanine,
which subsequently reacts with amino group of lysine residues,
imidazole group of histidine or thiol group of cysteine resulting in
intra- or intermolecular lysinoalanine, histidinoalanine or lanthio-
nine crosslinks, respectively (Holland et al., 2011). It may also imply
dissociation of CCP expressed as increase in ionic calcium observed
during storage (data not shown). However, this aspect requires
further investigation.

4. Conclusions

FTIR detected changes in samples stored at and above 40 °C
within 14 days. This suggested that it may take even less than 14
days to detect significant changes using FTIR spectroscopy when
applying accelerated storage stability testing. In addition, it
appeared that changes in structure and interactions of milk lipids
propelled the separation of samples according to storage temper-
atures and time in both SM and WM. Next major contribution to the
classification of storage samples was from changes in the protein
structure and associated interactions. Increase in sediment was
correlated with increase in intermolecular  sheet formation. In
addition changes in proteins and carbohydrates due to Maillard
reaction were present but were less intense likely due to the
duration of storage study. In addition, to fully establish the reasons
related in changes in SM, but not in WM at 20 and 30 °C, which
resulted in enhanced sedimentation, requires a long term study.
The extension of storage time would also enable detection of spe-
cific markers, which can then be employed for prediction of shelf
life of UHT milk via spectral analysis.
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Chapter 5

CHAPTER 5

Predicting sediment formation in ultra high temperature-
treated whole and skim milk using attenuated total

reflectance-Fourier transform infrared spectroscopy

This chapter has been published as a research paper entitled “Predicting sediment formation in ultra high
temperature-treated whole and skim milk using attenuated total reflectance-Fourier transform infrared
spectroscopy” by Manpreet Kaur Grewal, Jayani Chandrapala, Osaana Donkor, Vasso Apostolopoulos, and

Todor Vasiljevic in the peer reviewed International Dairy Journal,74, 39-48 (2017).
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Establishing accelerated shelf-life testing using Fourier transform infrared spectroscopy (FTIR) as a tool
for prediction of stability requires pre-assessment of correlations between spectral changes and insta-
bility development during storage at room temperature. Comparison of results with those at elevated
temperatures would establish appropriateness of accelerated shelf-life testing. UHT skim milk (SM) and
UHT whole milk (WM) were stored at 20 °C for 9 months to investigate the feasibility of identifying
spectral markers to predict sedimentation (a measure of instability). Marker variables corresponding to
changes in structure and interactions of lipids, proteins and carbohydrates successfully predicted sedi-
mentation in SM (R? = 0.92) and WM (R? = 0.60). Low predictability in WM may be due to influence of
fat. These markers were similar to those observed during accelerated shelf-life testing, hence affirming
its application with further work required to develop a model able to forecast sedimentation and other

instabilities in UHT milk.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The prediction of shelf-life of shelf stable products may prove to
be challenging and, in many instances, is cost and time intensive.
One such product is ultra-high temperature (UHT) treated milk, for
which long shelf-life at room temperature has made it an important
product from nutritional, technological and economical point of
view. However, the UHT treatment (130—140 °C for 3—5 s; Holland,
Gupta, Deeth, & Alewood, 2011) required to render the product
‘commercially sterile’ and thus provide longer shelf-life stability in
an aseptic pack induces certain chemical and physical changes that
progress during storage. Some of these physiochemical changes
may lead to storage instabilities involving sedimentation or age
gelation (Dalgleish, 1992; McMahon, 1996; Ramsey & Swartzel,
1984). The occurrence of considerable level of sedimentation (1%
dry weight basis; Deeth & Lewis, 2016) or gelation can mark the
end of shelf-life and hence affects the market potential of UHT milk.

* Corresponding author. Tel.: +61 3 9919 8062.
E-mail address: todor.vasiljevic@vu.edu.au (T. Vasiljevic).

http://dx.doi.org/10.1016/j.idairyj.2017.01.004
0958-6946/© 2017 Elsevier Ltd. All rights reserved.

For these reasons, the need of a rapid technique for predicting such
storage stability of UHT milk has been emphasised in recent years.

Fourier transform infrared (FTIR) spectroscopy could potentially
serve the purpose as it was able to detect changes in spectra in as
little as 14 d when UHT milk was stored under elevated storage
temperatures (>40 °C) (Grewal et al., 2017a). Changes in spectra
appeared to correlate with trends in sedimentation. FTIR was also
able to detect changes concurrent with increased sedimentation in
UHT skim milk (SM) at temperatures lower than 40 °C, but only
after 28 d. Spectral regions representing structure and interactions
of milk lipids and proteins change the most, and are impacted by
storage temperature and time in both SM and UHT whole milk
(WM). Therefore, storage at high temperature could act as a rapid
alternative to long, real time, analysis. However, intense browning,
visually observed at higher temperatures, suggests that probably
the rate and type of these reactions are different at lower temper-
atures. Thus, to establish FTIR as a tool to predict the storage sta-
bility of UHT milk, a confirmatory long term storage study at room
temperature (20 °C) was required. Gelation was not observed in
samples during storage, thus the build-up of sediment was taken as
a measure of storage instability. This long term study would also

jidairy;j.2017.01.004
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establish the appropriateness of the use of accelerated shelf-life
testing in predicting the shelf-life of UHT milk by comparing the
findings to those reported previously obtained during accelerated
testing (Grewal et al., 2017a).

In the current study, the spectral markers were identified and
their feasibility in predicting changes in the amount of sediment
formed in SM and WM stored at 20 °C for a period of 9 months was
investigated. The study was thought to be able to also bring a
greater understanding of physiochemical changes that occur during
long term storage of SM and WM at room temperature and their
correlation with changes in the spectral profiles.

2. Materials and methods
2.1. Materials

Commercial SM and WM samples were kindly provided by
Murray Goulburn Co-operative Co., Ltd. (Melbourne, VIC, Australia)
and prepared as described previously (Grewal, Chandrapala,
Donkor, Apostolopoulos, & Vasiljevic, 2017b). Both SM and WM
packs were produced on the same day. The composition of WM as
reported by the manufacturer per litre of milk was 33 g protein, 34 g
fat, 53 g carbohydrate, 0.55 g Na and 1.2 g Ca. SM was reported to
contain 34 g protein, 1 g fat, 53 g carbohydrate, 0.55 g Naand 1.2 g
Ca per litre of milk. The UHT milk packs were stored at 20 °C for 9
months. Milk packs were analysed on the day of manufacture (day
0), after 1 month and then at bimonthly intervals during storage.

2.2. Changes in protein interactions

The change in interactions of milk proteins during storage of
UHT milk packs were investigated using polyacrylamide gel elec-
trophoresis (PAGE), i.e., native-PAGE and sodium dodecylsulphate-
(SDS-) PAGE under reducing and non-reducing conditions as pre-
viously described (Grewal et al., 2017b). All gels were scanned using
a ChemiDoc imager (ChemiDoc MP, Bio-Rad Laboratories, Rich-
mond, CA, USA).

2.3. Physicochemical changes

The pH was measured at room temperature using a pH meter
(Hanna Instruments, Singapore). The average particle size was
determined using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK) after appropriate dilutions (1:100) with Milli-Q water.
All the measurements were performed at 25 °C using 1.349, 1.354
and 1.33 as the refractive indices of WM, SM and water, respec-
tively. Zeta potential ({) was also determined using the same in-
strument at 25 °C after appropriate dilutions with the
corresponding milk ultrafiltrate in a ratio of 1:50. Prior to mea-
surement, the samples were filtered through a membrane with a
pore size of 0.8 um to exclude possible large aggregates. The
refractive index and viscosity of milk ultrafiltrate were set at 1.342
and 0.99 mPa s, respectively. Milk ultrafiltrate was used for di-
lutions in zeta potential measurements since use of Milli-Q water
resulted in high standard deviation and low reproducibility.

The calcium content in bulk and serum phase in UHT milk
during storage was determined using an inductively coupled
plasma atomic emission spectrometer (ICP-AES) sequential plasma
spectrometer (ICPE-9000 system, Shimadzu Corporation, Kyoto,
Japan). For total calcium in bulk, aliquots (5 mL) from each milk
pack were first dried and then ashed in a muffle furnace. For soluble
calcium content, milk samples were ultracentrifuged at 100,000x g
for 90 min using a Beckman Optima L-70 ultracentrifuge with a
type 70.ITI rotor (Beckman Instruments Inc., Palo Alto, CA, USA).
The casein micelle-free milk serum or supernatant was carefully

removed from the ultracentrifugal pellet after removing the top fat
layer. Supernatant (5 mL) was dried as described above. The ash
obtained was dissolved in 10 mL of 1 m nitric acid and diluted with
90 mL Milli-Q water, giving a total concentration of solids of less
than 0.1%. Calibration (R? = 0.99) was performed using a blank and
five standard concentrations (2, 4, 6, 8 and 10 mg L™ Ca).

Ionic calcium content was measured using a calcium ion selec-
tive electrode (Ca®") connected to a pH meter (inoLab, WTW
GmbH, Ingolstadt, Germany). The electrode was calibrated before
all storage analysis openings of milk packs using calcium chloride
solutions with concentrations ranging from 0.5 mm to 20 mm. The
R? value for the standard curve ranged from 0.90 to 0.96. lonic
strength was adjusted by the addition of 80 mm KCl to the standards
(Chandrapala, McKinnon, Augustin, & Udabage, 2010).

2.4. Sediment measurement

Sedimentation was measured using a method as previously
described (Grewal et al., 2017a). Briefly, milk packs were manually
shaken and an aliquot was centrifuged at 2760x g for 15 min
(Beckman Coulter Avanti J-26S XP Centrifuge; Beckman In-
struments Inc.). The sediment was oven-dried to a constant weight
and expressed as the amount of sediment (mg 100 g~! milk).

2.5. FTIR spectra acquisition and multivariate data analysis

Sample spectra were acquired in the range of 4000—600 cm ™!
using a PerkinElmer Frontier FTIR spectrometer (PerkinElmer,
Torrence, MA, USA) with a resolution of 4 cm~! and averaging 16
scans for each spectrum. Three milk packs corresponding to each
storage time were analysed. Contents of the packs were mixed and
approximately 0.5 mL of sample was added onto an attenuated total
reflectance (ATR) cell. The spectra of three sub samples of each
sample were taken by refilling the ATR cell. Background spectrum
was scanned at the beginning of the measurements with a blank
Diamond ATR cell using same instrumental conditions as for the
sample spectra acquisition.

The FTIR spectra of all samples corresponding to different stor-
age times were exported to Unscrambler software (Version 10.2,
CAMO AS, Trondheim, Norway). Spectra were baseline corrected
and then the water spectrum was subtracted, as described previ-
ously (Grewal et al., 2017a). The spectra of the milk showed five
major characteristic regions after subtraction of water bands,
namely: 3700—3000 cm~' [hydrogen bonding (water-related)],
3000—2800 cm™! [lipids (fat B)], 1800—1700 cm " [lipids (fat A)],
1700—1500 cm~! (amide I and II) and 1500—900 cm™! (amide III
and carbohydrates). Principal component analysis (PCA) was
employed on both the full range and separately on regions identi-
fied above to determine the storage based classifications in UHT
milk samples. PCA score plots obtained demonstrate groupings,
whereas loading plots aided identification of wavenumbers (spec-
tral markers) that have high loadings or contributed the most in the
classification of samples into different groups.

Once the spectral marker variables were known, the next step
was to investigate the correlation between these variables and the
amount of sediment using partial least-squares (PLS) regression.
Absorbance values for the spectral markers were used as x-vari-
ables and the amount of sediment as the y-variable. Firstly, the
samples were divided into two groups, i.e., the calibration (training)
set and the test set. Every third sample was assigned membership
of the test set, ensuring that samples corresponding to different
storage times were well represented in both sets. Secondly, the
model was developed using only the calibration set of samples
employing leave-one-out cross-validation. Thirdly, the model
developed was tested on test samples, i.e.,, samples completely
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unknown to the model with reference sediment values to evaluate
the ability of the model to predict sedimentation.

2.6. Statistical analysis

The sediment dry weight data and other physiochemical mea-
surements mentioned above corresponding to all determinations
were analysed using a generalised linear model (GLM) procedure of
SAS software (version 9.3; SAS Institute Inc., Cary, NC, USA). The
effects of main factors (type of milk and storage time) and in-
teractions were analysed in a split plot in time design at pre-set
level of significance P < 0.05. The design was replicated 3 times.

3. Results and discussion
3.1. Effect of storage on protein interactions

UHT treatment results in changes in structure and interactions
of milk proteins, which continue during storage. The foremost
change induced by UHT treatment is denaturation of heat labile
whey proteins, which subsequently become involved in hydro-
phobic and covalent, mainly disulphide, interactions with caseins
(CNs) and amongst themselves. In the present study, this change
was demonstrated by absence of native bands of whey proteins
throughout the storage in native-PAGE patterns of both SM and
WM and their reappearance in non-reducing and reducing SDS-
PAGE patterns (Figs. 1a—f and 2a—f).

Furthermore, similar to storage at elevated temperatures, an
increase in both disulphide and non-disulphide covalent bonding
signified by rise in intensity of aggregate bands at the top of the
resolving gel in non-reducing and reducing SDS-PAGE patterns,
respectively, was observed in both SM (Fig. 1b—c, e—f) and WM

W&CN,,
L1 L2 L3 L4L5 L6
S b =t bt

(Fig. 2b—c, e—f). With storage, the band intensities of individual
caseins, mainly k-CN and as-CN, continuously diminished in non-
reducing SDS-PAGE patterns, but their reappearance in reducing
SDS-PAGE patterns indicated their prominent involvement in
disulphide bonding (Fig. 1b and e). However, unlike storage at
elevated temperatures (Grewal et al., 2017b), the identity of specific
milk proteins participating in non-disulphide covalent bonding was
not clear from the reducing SDS-PAGE patterns in the current study
(Figs. 1 and 2¢,f).

Covalent crosslinking of proteins during storage in both SM and
WM thus progresses even at lower storage temperatures, but at a
slower rate in comparison with that at elevated storage tempera-
tures (Grewal et al., 2017b). Also, it appeared that during storage at
20 °C, the order of different interactions in both SM and WM was
disulphide >> covalent (non-disulphide) > non-covalent, which
was different from that observed at higher storage temperatures
(>40 °C), at which non-disulphide covalent interactions prevailed
(Grewal et al., 2017b). The common observation under both con-
ditions, storage at 20 °C and at elevated temperature, was the in-
crease in participation of caseins in the aggregate formation.

Enhanced involvement of caseins in the aggregate formation
with storage might be due to continuous dissociation of caseins
from the micelle and their release into the serum phase, which is
supported by appearance of native caseins (k-CN, as-CN and $-CN)
in native-PAGE patterns of the serum phase in both SM and WM
(Figs. 1 and 2a,d). Dissociation of caseins from the micelle was also
supported by concomitant increase in soluble and ionic calcium in
the serum phase (Table 2), suggesting the release of colloidal cal-
cium phosphate (CCP). However, increase in soluble calcium was
not a result of acidification of milk as no significant change in pH
was observed after 9 months (Table 2). It appeared that, unlike
higher storage temperatures (>30 °C) where pH decreased to as
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Fig. 1. Native non-reducing- and reducing-sodium dodecylsulphate gel electrophoresis patterns of UHT skim milk (SM) (a, b and c) and UHT whole milk (WM) (d, e and f) stored at
20 °C for a period of 9 months. L1, L2, L3, L4, L5 and L6 are samples on day 0 and after 1, 3, 5, 7 and 9 months of storage, respectively. Wst, CNst and My denote whey protein

standard, casein standard and molecular mass marker, respectively.
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Fig. 2. Native non-reducing- and reducing-sodium dodecylsulphate gel electrophoresis patterns of supernatant (centrifuged at 2760x g for 15 min) of UHT skim milk (SM) (a, b and
¢) and UHT whole milk (WM) (d, e and f) stored at 20 °C for a period of 9 months. L1, L2, L3, L4, L5 and L6 are samples on day 0 and after 1, 3, 5, 7 and 9 months of storage,
respectively. Wsy, CNst and My denote whey protein standard, casein standard and molecular mass marker, respectively.

Table 1
Effect of milk type (skim or whole milk) and storage time on amount of sediment
(insoluble precipitates) formed in UHT milk.?

Type of milk  Sediment during storage (months)
0 1 3 5 7 9

Skim milk 52,58 96.9"" 11274 13019 135997 14620
Whole milk ~ 93.6®  105.6*"* 1102 1157°* 11988 1614

2 Values (mg 100 g~ ! of milk) are means (standard error = 4.9); means in a row
with different superscript lower case letters and in a column with different super-
script upper case letters differ significantly (P < 0.05).

low as 5.96, the buffering capacity of milk was maintained at 20 °C.
The reduction in pH at higher temperatures can be attributed to the
formation of formic and acetic acid during the course of Maillard
reaction (Nieuwenhuijse & van Boekel, 2003). Therefore, the
considerable increase in non-disulphide protein cross-linking
observed at 20 °C could be mainly due to the formation of dehy-
droalanine, while involvement of advanced Maillard reaction
products was probably negligible.

Another explanation for dissociation of CCP could be in an in-
crease of a negative charge of caseins in the micelle as a result of
increased intra-micellar crosslinking during storage demonstrated

Table 2

by a significant (P < 0.05) increase in the zeta potential during
storage (Table 2). During the early stages of Maillard reactions,
lactose reacts with the positively charged amino group of lysyl and
arginyl residues, and consequently the overall charge would
become more negative. Indeed, an increase in b* value in SM and
WM from 5.75 + 0.02 to 8.5 + 0.01 AU and 11.98 + 0.04 to
13.28 + 0.04 AU, respectively, was observed after 9 months. In
addition, the deamidation of amino acid residues during storage of
UHT milk (Holland et al., 2011) could also lead to an increase in
negative charge and may explain the observed increase in the zeta
potential. The increase in negative charge of the micellar caseins
might have therefore enhanced electrostatic repulsions inside the
micelle, resulting in dissociation of proteins (Nieuwenhuijse & van
Boekel, 2003). Caseins, once dissociated, engage in formation of
soluble aggregates with whey proteins and other caseins, indicated
as an increase in intensity of aggregate bands on the top of the
stacking and resolving gels in native and SDS-PAGE patterns (Figs. 1
and 2a—f). Soluble aggregates apparently reach an optimum level
after which they become insoluble and precipitate as sediment.

In both SM and WM, an increase in covalent bonded aggregates
was noted (Fig. 1b and e). However, the latter had higher band in-
tensity for aggregate bands in SDS-PAGE patterns. A similar trend

Effect of milk type (skim or whole milk) and storage time on physiochemical changes in UHT.*

Physicochemical parameter Type of milk Storage time (months)
0 1 3 5 7 9
pH SM 6.523 6.49°A 6.53% 6.48°A 6.51%0A 6.53%
WM 6.513 6.51% 6.523A 6.46" 6.513A 6.49%8
Soluble calcium (mmol L) SM 74234 8.03% 8.50% 14.20°* 15.79P4 10.28A
WM 8.94%4 6.88"A 6.28"8 14.710 12.7698 12.85%®
Ionic calcium activity SM 0.563* 0.86"A 0.84°A 1.23A 1.6794 1.25%
WM 0.58% 0.91°8 0.97 1.2694 1.65% 1.658
Zeta potential (mV) SM —~16.60%4 —~18.72"A ~16.20%4 —15.99% ~17.31A —21.7294
WM —17.53% —~19.89P8 —16.814 —~16.968 —20.9298 —24.20°8

¢ Means in a row with different superscript lower case letters and in a column with different superscript upper case letters differ significantly (P < 0.05).
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was apparent in WM stored at temperature >40 °C and was attrib-
uted to a phase change of milk fat at these temperatures, leading to
changes in conformation of milk lipids. Caseins are absorbed on the
modified fat globule membrane apparently via complex formation
with surface active phospholipids or hydrophobic triglycerides
through non-polar van der Waals, polar hydrogen bonds and elec-
trostatic interactions of charged groups (Brunner, 1962). Structural
changes in the lipids can hence affect lipid—protein interactions
(Grewal etal., 2017a). Furthermore, at higher temperatures oxidative
deterioration of lipids enhances the formation of lipid protein
complexes (Brunner, 1962). However, high intensity of aggregate
bands during storage at 20 °C implied changes in structure of lipids
and their interactions even at comparatively lower temperatures.

Dispersion of fat globules due to upstream homogenisation re-
sults in their coverage with caseins (predominantly) and whey
proteins, thus increasing their density. Casein micelles absorbed on
the surface of homogenised fat globules tend to show some
spreading. Hence, these casein micelles are not entirely covered by
k-casein molecules (Huppertz, 2016), which may expose Ca-
sensitive micellar caseins to destabilisation due to the steady rise
in ionic calcium observed during storage (Table 2; Huppertz, 2016).
Ionic calcium in the serum phase may thus act as a medium for
interactions between fat globules and surrounding caseins, casein
micelles or denatured whey proteins.

After UHT treatment, some whey proteins may also complex via
disulphide interactions with caseins and native membrane pro-
teins, increasing the density of fat globules (Sharma & Dalgleish,
1993; Ye, Singh, Taylor, & Anema, 2002). Involvement of modified
fat globules with greater density into aggregate formation leads to
enlargement of the particles, which, according to Stokes' law,
would enhance sedimentation (Walstra, Jenness, & Badings, 1984).
The inclusion of fat in aggregates was also corroborated by an in-
crease in a size of the casein micelles and reduction in a size of
homogenised fat globules (data not shown). Fat—protein associa-
tion in WM was also supported by a lower band intensity of
reduced, as well as non-reduced, proteins and suspended aggre-
gates in the serum phase compared with SM (Fig. 2a—e). It is
probable that inclusion of fat globules into aggregates resulted in
greater precipitation of these aggregates upon centrifugation.

3.2. Sedimentation during storage

A steady rise (P < 0.5) in sedimentation in SM was observed
during the 9 month storage period. In contrast, in WM, the amount
of sediment remained constant until 7 months of storage followed
by a significant surge after 9 months of storage (Table 1). The trend
in both SM and WM was similar to that noted in our previous study
(Grewal et al., 2017a), in which SM and WM were stored at elevated
storage temperatures, implying that accelerated shelf-life stability
testing produces similar results in comparatively shorter time.
Another implication is that fat content has an influence on the
formation of sediment during storage.

In addition, WM contained a higher (P < 0.5) amount of sedi-
ment than did SM at the start of storage, as observed previously
(Grewal et al.,, 2017a). It appears that homogenisation followed by
UHT treatment may have a great impact on WM on day 0. Disper-
sion of fat globules and modification of fat globule membrane by
homogenisation and then association of denatured whey proteins
as a consequence of UHT treatment increases density of fat globules
producing comparatively higher amount of sediment. However,
during storage, the amount of sediment remains more or less stable
(Table 1). Apparently in WM, dissociated micellar caseins interact
with whey proteins to form soluble aggregates. These soluble ag-
gregates further associate with milk fat to form suspended aggre-
gates, which on reaching a maximum size sediment as insoluble

precipitates. While fat precipitates in these associations, at the
same time it may also act as a hindrance to precipitation due to its
low density, which could explain slight but not significant increase
of the sediment in WM up to 7 months of storage.

The steady increase in sediment in SM during storage could be
attributed to pronounced protein—protein interactions in SM
compared with WM (Grewal et al., 2017a). Reactive denatured
whey proteins are comparably less associated with the casein
micelle surface in SM than WM (Garcia-Risco, Ramos, & Lopez-
Fandino, 1999; Grewal et al., 2017a). This increases their availabil-
ity for crosslinking reactions that take place in the solution (Grewal
etal.,, 2017a). The increase in ionic calcium (Table 2) might also have
contributed to the greater amount of sediment in SM. Furthermore,
in SM due to a comparatively lower content of fat, the formation of
sediment involves primarily association of dissociated micellar
caseins and whey proteins forming soluble aggregates that grow in
size and finally sediment as insoluble precipitates.

3.3. Effects of storage time on FTIR spectra

The increase in covalent protein—protein and protein—lipid in-
teractions observed above during storage indicate underlying
conformational changes in the proteins and lipids. The PCA of the
full range classified the samples into different groups in both SM
(Fig. 3a) and WM according to the storage time, implying that
definite changes progressed in FTIR spectra during storage at 20 °C.
Different clusters had been named as DO, M1, M3, M5, M7 and M9
representing samples analysed on day 0, 1, 3, 5, 7 and 9 months of
storage, respectively.

Spectral regions contributing the most to the classification were
(Figs. 3b and 4b): region I, 3700—3000 cm~! [hydrogen bonding
(water related)]; region II, 3000—2800 cm™! [lipids (fat B)]; region
111, 1800—1700 cm~! [lipids (fat A)]; region IV, 1700—1500 cm !
(amide I and II) and region V, 1500—900 cm~! (amide III and car-
bohydrates). To select marker variables out of these regions, PCA
was applied separately to all five regions. Variables with highest
loading were selected and PCA was applied only using these. If a
sample classification produced was similar as the whole region,
these selected variables were considered as marker variables for
further use in the prediction analysis discussed later in the study.

3.3.1. Region I, 3700—3000 cm™!

The region registered substantial changes and was able to clas-
sify samples into different groups in both SM (Fig. 3¢) and WM. In
SM, PC1 and PC2 explained 97% and 2% of the variance, respectively.
In WM, PC1 explained 99% and 1% of the variance, respectively
(Fig. 4c). Variables with highest loadings in WM, able to produce
similar classification as produced by whole region, were 3587, 3419,
3197—3195 and 3158 cm™ .. Similarly, variables with highest loading
in SM were 3587, 3450, 3202—3192, 3142—3141 cm™ .. While these
markers were slightly different from WM, they were also able to
classify in the same way as the whole region (Fig. 3d). After 1 month
in SM samples and after 2 months in WM, a shift was observed in a
band corresponding to O—H stretch to higher wavenumbers
resulting in depression around 3194 cm~, A similar pattern during
storage at a high temperature was attributed to decrease in extent
of hydrogen bonding (water related) (Grewal et al., 2017a), which
shifts the O—H stretching frequency to higher wavenumbers
(Choperena & Painter, 2009). Thus, similar changes in spectra were
produced with storage time as by applying an accelerated storage
temperature but during a shorter period.

3.3.2. Fat B, 3000—2800 cm™!
Irrespective of fat content, the region was able to classify sam-
ples in both SM and WM. In SM, PC1 explained 98% of the variance
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Fig. 3. Principal component scores and loading plots of spectra of UHT skim milk samples acquired at day 0 (DO) and after 1, 3, 5, 7 and 9 months (M1, M3, M5, M7 and M9,
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separating DO samples from the others. PC2 explained 2% of the
variance and classified storage samples except DO into different
groups (Fig. 3e). Similar trend was observed in WM with PC1 and
PC2 explaining 90% and 10% of the variance, respectively. Variables
with highest loadings in both SM (Fig. 3f) and WM, and able to
produce similar classification patterns as the whole region were
3000, 2925—2922, 2855—2852 cm™ .. Changes in fat B region clearly
separated M1 samples from DO samples, implying a marked change
in SM only after a month-long storage at 20 °C. In contrast, in WM,
M1 samples were not placed far from DO samples in the score plot
(Fig. 4f). The changes were in accordance with the trend of sedi-
mentation (Table 1). In contrast to a significant increase in SM,
sedimentation in WM did not increase substantially (P > 0.05)
during the first month of storage.

Similar patterns were observed during 28 days storage under
accelerated storage conditions (Grewal et al., 2017a). Decrease in
loadings for 2926 cm~! (asymmetric stretching modes of CH,
groups of acyl chains of milk lipids) and 2857 cm~' (symmetric
stretching modes of CH, groups of acyl chains of triglycerides and
phospholipids) with storage time could be due to building up of
protein-lipid associations resulting in decrease in their intensity.
These associations may be due to structural changes in lipids itself
or in milk proteins, which are constituents of homogenised fat
globule membrane.

3.3.3. Fat A, 1800—1700 cm™!

Similar to fat B region, fat A also classified storage samples into
different groups in both SM and WM irrespective of fat content
implying significant changes in this region. In SM, first two prin-
cipal components explained 89% and 5% of variance, respectively
(Fig. 3g). In WM first two principal components explained 86% and
9% of variance, respectively (Fig. 4g). The variables with highest
loading in SM and WM, able to produce similar classification pat-
terns as the whole region, were 1701, 1708—1705, 1722—1715,
1736—-1730, 1742—1739, 1745-1744, 1750-1747, 1755—1752,
1774-1772, 1796—1793 cm™! (Figs. 3h and 4h). High loading for
1755—1752 cm ™! was also observed at higher storage temperatures
(Grewal et al., 2017a) and could be linked to protein—lipid associ-
ation via carbonyl groups (Surewicz, Moscarello, & Mantsch, 1987)
thus changing C=O0 stretching vibrations of ester linkage pertain-
ing to triacylglycerols (Karoui, Mazerolles, & Dufour, 2003). Higher
loading around 1722—1715 cm™! has been associated previously
with the presence of advanced Maillard products (AMP) associated
with high storage temperatures (Grewal et al., 2017a). High load-
ings for these samples at 20 °C also suggested the occurrence of
products due to Maillard reaction even at ambient temperature,
which was supported by an increase in b* value.

Similar changes were observed in SM and WM at accelerated
temperatures and were attributed to a phase change of lipids above
40 °C (Grewal et al., 2017a). High loading for these wavenumbers at
20 °Cin the current study also indicated structural changes in lipids
and their association with proteins, progressing even at ambient
temperatures which does not necessarily involve phase transition
and might be due to presence of possible cross-linkers such as AMP
and increase in calcium content in the serum phase (Table 2).
Interestingly, changes in the fat region in SM were intense enough
to be detected by FTIR despite of its lower content in these samples.

3.34. Amide I and II, 1700—1500 cm ™!

Amide I (1700—1600 cm~!) and amide 1I (1600—1500 cm™!)
regions correspond to C=0 stretching vibrations of the peptide
bonds and C—N stretching vibrations in combination with N—H
bending, respectively (Kher, Udabage, McKinnon, McNaughton, &
Augustin, 2007). As expected, this region in both SM (Fig. 3i) and
WM (Fig. 4i) classified storage samples into different groups. In SM,

PC 1 and 2 explained 83% and 12% of the variance, respectively. In
WM, PC 1 and 2 explained 83% and 13% of the variance, respectively.
PC1 separated DO, M1 and M3 samples from M5, M7 and M9
samples, mainly due to increase in loadings for 1696, 1686, 1681,
1677—1676, 1672—1671, 1665—1664, 1656—1654, 1649, 1644, 1641,
1633, 1622—1621, 1615, 1608 cm~' (amide 1) and 1576—1575,
1557—1555 and 1542—1539 cm™! (amide II) (Figs. 3j and 4j). These
variables were able to produce similar classification patterns as the
whole region and thus were selected as markers for prediction of
sedimentation.

Interestingly, almost similar wavenumbers had the highest
loadings under accelerated storage temperatures (Grewal et al.,
2017a). Formation of protein aggregates with pronounced inter-
molecular  sheets due to protein—protein and protein—lipid as-
sociations result in increase in loading at 1697, 1686 and
1622—1621 cm~! (Mendelsohn & Flach, 2002; Mendelsohn, Mao, &
Flach, 2010; Ngarize, Herman, Adams, & Howell, 2004; Sankaram &
Marsh, 1993). In line with our earlier observations during short term
storage at elevated temperatures (Grewal et al., 2017a), an increase
in intermolecular B sheets (1686 and 1622—1621 cm™!) in the
current study was not followed with a concomitant decline in a-
helix (1656—1654 cm™') and intramolecular B-sheet structure
(1633 cm™1). In addition, high loadings for 1656—1654, 1676 and
1645 cm~! were attributed to rise in random coil structure during
storage (Grewal et al., 2017a) due to increased participation of ca-
seins in formation of aggregates supported by trends in PAGE pat-
terns of bulk and serum phase (Figs. 1 and 2).

The increase in participation of caseins in aggregate formation
as mentioned earlier could be related to dissociation of casein
micelle as a result of increase in intra-micellar crosslinking. Load-
ings for wavenumbers in amide Il region for 1576—1575,1557—1555
and 1542—1539 cm™! had been attributed to changes in amount of
B-turns, a-helices/loops and B-sheets, respectively, during storage
at elevated temperatures in UHT milk (Grewal et al., 2017a). Almost
similar changes in the protein secondary structure, protein—protein
and protein-lipid interactions during long term storage at 20 °C as
observed in short term storage at elevated temperatures favoured
the use of accelerated shelf-life stability testing.

3.3.5. Region V, 1500—900 cm™!

This region was not able to separate samples clearly as achieved
by other regions. In SM and WM, first two principal components
explained 95% and 94% of variance, respectively (Figs. 3k and 4k).
Wavenumber regions with highest loadings were 1474—1437 and
1076—1040 cm ! (Figs. 31 and 41) attributed to CH, scissoring of acyl
chains of lipids (1500—1400 cm™!) and various C—O vibrations in
carbohydrates, mainly lactose during storage at elevated tempera-
tures, respectively (Grewal et al., 2017a). High loadings for wave-
numbers in this region hint at protein—lipid interactions and
formation of AMP even at 20 °C.

3.4. Prediction of sediment using multivariate regression

Changes in protein interactions exhibited as an increase in for-
mation of covalent aggregates in PAGE patterns seemed to steer
build-up of sediment in both SM and WM. Spectral analysis dis-
cussed above highlighted the underlying structural changes
resulting in formation of aggregates and hence the formation of
sediment. PLS regression technique using a calibration set of sam-
ples in both SM and WM was employed to identify correlation in
changes in spectral variables with sedimentation. The identified
correlation was developed as a regression model for quantitative
prediction of sediment during storage of UHT milk. The PLS model
for SM and WM exhibited good R? values for calibration and vali-
dation as 0.88 and 0.85 and 0.91 and 0.86, respectively. Low values
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Fig. 5. Observed versus predicted amount of sediment in SM (a) and WM (b) for test set samples obtained using PLS regression.

of root mean square error of calibration and prediction in both SM
(0.009 and 0.01, respectively) and WM (0.006 and 0.004, respec-
tively) indicated better stability of prediction. However, when the
developed model was tested using test SM and WM samples, pre-
diction R? values were far better for SM (0.92) than for WM (0.60).
The physical distribution of samples in scatter plots of observed
versus predicted values (Fig. 5) obtained from the prediction model
for detection for SM and WM further demonstrated that prediction
in former was close to the experimental values. However, low
predictability (low R?) of the model for WM could be due to the
influence of fat and can be probably improved by increasing
number of samples analysed.

4. Conclusions

The increase in sediment concentration as an indicator of the
shelf life stability for both SM and WM during long term storage at
20 °C was correlated with the FTIR spectral changes of the samples.
PCA was able to specify marker variables, changes in which could be
used to predict build-up of sediment in UHT milk, especially SM.
Marker variables corresponded to structural changes in milk lipids,
proteins and carbohydrates signifying that storage at 20 °C pro-
duced definite changes in these spectral regions. These changes
were similar to those observed previously during accelerated shelf-
life testing. Thus, our earlier concern that different types and rate of
reactions at elevated storage temperatures could hinder the
application of accelerated shelf-life testing appears to be un-
founded. Use of accelerated temperatures could thus assist in
reducing time required to predict the changes and estimate sedi-
mentation, a measure of shelf-life of this product. In addition,
though we were able to predict build-up of sediment from changes
in spectral variables, further work is required to develop a model
that could forecast sedimentation in advance. This would probably
involve intentional inducement of instabilities in samples and
identify corresponding changes in the spectra.
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Chapter 6

CHAPTER 6

FTIR fingerprinting of structural changes of milk proteins
induced by heat treatment, deamidation and

dephosphorylation

This chapter has been published as a research paper entitled “FTIR fingerprinting of structural changes of
milk proteins induced by heat treatment, deamidation and dephosphorylation” by Manpreet Kaur Grewal,

Thom Huppertz. and Todor Vasiljevic in the peer reviewed journal, Food Hydrocolloids 80, 160-167

(2018).
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ARTICLE INFO ABSTRACT

Article history:
Available online 8 February 2018

Changes in protein structure and interactions during processing and storage of UHT milk affect its shelf-
life. In our previous study, we demonstrated that changes in FTIR spectra correlate well with the
development of a sediment (a storage instability) during storage. However, due to a number of possible
changes during heating and storage, conformational changes specific to a particular interaction among
milk proteins remain largely unknown. The aim of the current study was to evaluate the possibility of
fingerprinting two selected changes, i.e., deamidation and dephosphorylation, using FTIR. Enzymatic
deamidation and dephosphorylation were carried out prior to heat treatment. Principal component
analysis revealed that heat treatment induced different changes in their secondary structure of control,
deamidated and dephosphorylated milk samples. In contrast to a significant (P < 0.05) decrease in (-
sheet (1624 cm™!) with rise in B-turns (1674 cm™!) in heated control samples, both deamidation and
dephosphorylation of skim milk before heat treatment created more ordered secondary structure, sig-
nificant (P < 0.05) increase in a-helix (1650-52 cm ') and B-sheet in milk proteins at expense of 319-helix
(1661 cm™ 1), random (1645-46cm™!) and B-turn (1674cm™!). The only difference between heated
deamidated and dephosphorylated samples, when compared to unheated samples, was decrease in large
loops (1656 cm™!) in the latter opposed to the increase in the former. The outcomes from this study can
be applied for different interactions and help to arrive to a complete understanding of the conforma-
tional changes affecting the storage stability of UHT milk.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Milk is kinetically stable mixture of mainly three colloidal par-
ticles, namely fat droplets stabilized by mixture of lipoproteins and
bilayer structures, casein micelles sterically stabilized by hairy layer
of k-casein, and whey proteins and their oligomers. Raw milk is
largely stable against aggregation, flocculation or coalescence with
the exception of creaming of fat globules due to gravitational ef-
fects. However, heat treatment, necessary to provide required
safety levels and stabilize the system against spoilage, affects the
original colloidal structure and these otherwise non-interacting
colloids start to interact resulting in both desired and undesired
changes in the milk depending on the end use. One such heat
treatment of milk, which is the focus of the current work, ultra-high
temperature (UHT) processing involves heating of milk at a high

* Corresponding author.
E-mail address: todor.vasiljevic@vu.edu.au (T. Vasiljevic).

https://doi.org/10.1016/j.foodhyd.2018.02.010
0268-005X/© 2018 Elsevier Ltd. All rights reserved.

temperature (135—145 °C) for a short duration (1—10 s) followed by
aseptic packaging, enabling its storage at room temperature for up
to 9 months (Deeth & Lewis, 2016; Malmgren et al., 2017). In
addition to long shelf-life, high temperature treatment induces
certain physio-chemical changes, which progress during storage
and may sometimes detrimentally affect the stability and hence the
shelf life of UHT milk.

Some of the storage instabilities namely, sedimentation and
gelation, involve aggregation of milk proteins, which is preceded by
changes in their structure and interactions. In our previous study,
we have observed that changes in FTIR spectra during storage could
successfully predict development of a sediment (Grewal et al.,
2017a; Grewal, Chandrapala, Donkor, Apostolopoulos, &
Vasiljevic, 2017c). Increases in the sediment weight during long
term storage of UHT milk were preceded by a rise in intermolecular
B-sheet (1618, 1687 and 1696 cm™!), without an expected decrease
in the intramolecular B-sheet (1630 cm™!) and a-helix structures
(1653 cm ™) of milk proteins. These overall changes in the structure
of proteins were attributed to different heat- and storage-induced
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structural modifications and interactions of proteins. These
changes involve denaturation of B-lactoglobulin (B-Lg) and a-lact-
labumin (2-La) on heating leading to intramolecular and intermo-
lecular thiol-disulfide exchange reactions with mainly k-casein (k-
CN) present on the surface of the casein micelles (Sharma &
Dalgleish, 1993), reactions between lactose and lysine residues
initiating covalent crosslinking via Maillard reaction products,
dephosphorylation of phosphoserine residues and deamidation of
asparagine and glutamine residues (Deeth & Lewis, 2016). Heat-
induced dephosphorylation of phosphoserine residues proceeds
mainly by hydrolysis, resulting in the formation of serine residue,
and to a comparatively lesser extent formation of dehydroalanine
via B-elimination (van Boekel, 1999). The dehydroalanine formed
may further react with the e-amino group of lysine residues,
imidazole group of histidine or thiol group of cysteine resulting in
intra or intermolecular crosslinks, respectively (Al-Saadi & Deeth,
2008; Holland, Gupta, Deeth, & Alewood, 2011; Horne, 2016;
O'connell & Fox, 2003; Singh, 1991). Deamidation has been re-
ported to increase significantly with storage of UHT milk especially
at elevated storage temperatures (Deeth & Lewis, 2016; Holland
et al,, 2011). Deamidation of the casein residues increased the
negative charge on the protein, which may destabilise the micelle
or even lead to micellar disintegration (Miwa, Yokoyama,
Wakabayashi, & Nio, 2010). Furthermore, high rates of sedimen-
tation were also observed at elevated storage temperatures (Grewal
et al.,, 2017a; Malmgren et al., 2017; Nieuwenhuijse & van Boekel,
2003).

Nevertheless, we now have an idea of overall changes in the
secondary structure and related protein interactions leading to
storage instability in UHT milk, however conformational adjust-
ments corresponding to individual protein interactions remain
largely unknown. This information could assist in improving pre-
dictive ability of our model to predict sedimentation in UHT milk
and identify the main interactions responsible for this storage
instability. Thus, the aim of the current research paper was to
evaluate possibility of fingerprinting several selected mechanisms
involved in structural changes of proteins using FTIR. Raw skim
milk was thus enzymatically deamidated or dephosphorylated
before heat treatment under simulated UHT conditions (143 °C for
3 s). The extent of deamidation and dephosphorylation was chosen
based on a preliminary study, in which several levels of enzyme
additions were tested to provide impacts comparable to those
observed in UHT skim milk samples stored at 20°C for twelve
months. The samples were then investigated for changes in their
FTIR spectra with the aim to identify and quantify underlying
changes in the secondary structure of proteins associated specif-
ically with deamidation and dephosphorylation.

2. Material and methods
2.1. Materials

Protein-glutaminase (PG) (glutaminase SD-C100S with activity
of 100 GTU/g) was obtained from Amano Enzyme, Inc. (Nagoya,
Japan). One glutaminase unit (GTU) of activity was defined as the
amount of enzyme that formed 1 umol of L-glutamic acid from 1-
glutamine (final concentration 1%) at 37 °C, pH 6.0. Calf intestinal
alkaline phosphatase (AP) (20 units/ul) was purchased from
Promega Corporation (Madison, WI, USA). One unit of activity was
defined as the amount of enzyme required to catalyze the hydro-
lysis of 1 umol of 4-nitrophenyl phosphate per minute at 37 °C in
1M diethanolamine, 109 mM 4-nitrophenyl phosphate and
0.5 mM MgCl, (pH 9.8).

2.2. Deamidation and dephosphorylation of milk and heat
treatment

Raw milk was obtained from Murray Goulburn Cooperative Co.
Ltd (Laverton, Victoria, Australia). Experimental skim milk samples
were prepared by adding sodium azide (0.02%) followed by equil-
ibration to 40 °C for 30 min and then centrifuging at 40 °C at 3220 g
for 30 min (Eppendorf AG, Hamburg, Germany) to remove the fat.
Skimmed milk samples were again equilibrated to 40°C for 1h
before incubating with 0.065 units of PG or 720 units AP per g milk
protein for 3 hat 40 °C. After incubation, all samples were heated
using an oil bath to 143 °C (heating rate of 93 °C/min), held for 3 s at
this temperature and then cooled immediately by immersion in an
ice bath. The control sample was not treated with an enzyme but
was subjected to the same incubation and heat treatment. Raw,
control, PG- and AP-treated samples were referred in the following
text as unheated, heated, heated PG-treated and heated AP-treated
samples respectively. The samples were prepared in duplicate.

UHT skim milk samples from the previous storage study (Grewal
et al., 2017c) were stored for 12 months at 20 °C and assessed for
the extent of deamidation and dephosphorylation at the start and
end of the storage study. The skim milk was processed using an
indirect UHT treatment (138 °C, 6s) as described in detail in Grewal
et al. (2017a).

2.3. Determination of extent of deamidation and dephosphorylation

The amount of ammonia released in heated PG-treated and
commercial UHT milk samples was used as an indicator of the
extent of deamidation and was determined using an ammonia kit
(R-Biopharm — Laboratory Diagnostics Pty Ltd, Sydney, New South
Wales, Australia) as described previously (Miwa et al., 2010). The
deamidation degree was expressed as the percentage of the total
released ammonia when milk was treated with 2 N HCl at 100 °C for
4h, i.e., after complete deamidation. The extent of dephosphory-
lation was estimated in heated AP-treated and commercial UHT
milk samples by quantifying soluble inorganic phosphate content,
which increases on dephosphorylation of SerP residues, following a
method developed by Lorient and Linden (1976) and improved by
McKie and McCleary (2016) with minor modifications. The quan-
tification was carried out with a standard curve of potassium
dihydrogen phosphate with a concentration range of 0—200 mg L.
The supernatant (1mL) from the ultracentrifuged milk (100,000 g
for 90 min using a Beckman Optima L-70 ultracentrifuge with a
type 70. ITI rotor; Beckman Instruments Inc., Palo Alto, CA, USA)
was treated with 24% TCA (4 mL), vortexed and held for 10 min to
allow for a complete protein precipitation. The treated sample was
then centrifuged (Eppendorf AG, Hamburg, Germany) at 20 °C and
3000 g for 15 min. The supernatant was decanted and exactly was
made up to 10 mL with Milli-Q water and the absorbance was
recorded at 655 nm using a spectrophotometer (Biochrom LibraS11,
Cambridge, UK). The blank included Milli-Q water instead of the
sample. Extent of dephosphorylation was calculated from the in-
crease in the amount of soluble inorganic phosphate in the heated
AP-treated sample relative to the heated control and based on the
theoretical amount of phosphoserine (SerP) residues in the sam-
ples. The measured protein content in the UHT and treated raw
samples was 34.0 and 37.1 g/L, respectively. The theoretical calcu-
lation was based on the casein/whey protein ratio of 4:1, and a ratio
of individual caseins for as;, as2, B and k-caseins of 4:1:3.5:1.5,
respectively (Huppertz, 2013). The levels of phosphorylation were
assumed to be 8,11, 5 and 1 for as1, 0.2, B and k-casein, respectively
(Huppertz, 2013).
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2.4. FTIR measurements

FTIR spectra were acquired in duplicate in the range of
4000—600 cm~! using a PerkinElmer Frontier FTIR spectrometer
(PerkinElmer, Boston, MA, USA) with a resolution of 2cm~! and
averaging 16 scans for each spectrum. Approximately 0.5 mL of
sample was added onto an attenuated total reflectance (ATR) cell.
The spectra of three sub samples of each sample were taken by
refilling the ATR cell. A background spectrum was scanned at the
beginning of the measurements with a blank Diamond ATR cell
using same instrumental conditions as for the sample spectra
acquisition.

2.5. Spectral data analysis

The FTIR spectra of all samples were exported to an Unscrambler
software (Version 10.2, CAMO AS, Trondheim, Norway). Spectra
were baseline corrected, normalized and then the water spectrum
was subtracted as described previously (Grewal et al., 2017a). The
spectra of the milk showed five major characteristic regions after
subtraction of water bands namely 3700-3000cm~' (hydrogen
bonding; water-related), 3000-2800cm™' (lipids; fat B); 1800-
1700 cm~! (lipids; fat A), 1700-1500cm~! (amide I and II) and
1500-900 cm ™' (amide IIl and carbohydrates). As this study aimed
at establishing changes in the secondary structure of proteins
produced by deamidation and dephosphorylation, principal
component analysis (PCA) was employed only on the protein amide
I and II region spanning from 1700 to 1500 cm ™. PCA assisted in
investigating whether the changes recorded by this protein region
were significant enough to classify milk samples into different
groups. PCA score plots obtained demonstrate groupings whereas
loading plots aided to identify wavenumbers which have high
loadings or contributed the most in classification of samples into
different groups.

Based on PCA results, only the amide I spectra were further
subjected to quantitative analysis of the secondary structure using
a nonlinear curve fitting procedure. Amide I was preferred because
of its high sensitivity to small variations in molecular geometry and
hydrogen bonding patterns originating mainly from C=0 stretching
frequency unlike combination of C-N and N-H bending in amide II.
Furthermore, the amide II region has also been reported to have
indistinct peaks and large errors associated with their integrated
areas (Curley, Kumosinski, Unruh, & Farrell, 1998).

2.5.1. Quantitative analysis of changes in secondary structure
Changes in the secondary structure of proteins were obtained by
curve fitting of the second derivative of amide I envelope by a
procedure described elsewhere (Yang, Yang, Kong, Dong, & Yu,
2015). Curve fitting process was applied to the second derivative
spectra and not to the deconvoluted one to ensure the fitted curves
reflect closely the secondary structure of the samples (Yang et al.,
2015). Briefly, the water-subtracted spectra of the amide I region
were derivatized (polynomial order 2, Savitzky-Golay algorithm
with 11-point smoothing). The derivatized spectra were further
smoothed (moving average 7 points) and normalized for amide I
band to remove the white noise resulting from the calculation of
the second derivative function. The peaks were identified and fitted
with a Gaussian function using the Peak fit procedure in an Origin
software (Origin Pro 2017, Origin Lab Corp, Northampton, MA, USA).
The program iterated the curve-fitting process, and in each itera-
tion, the characteristic parameters (height, bandwidth, position
and baseline) were varied to calculate the parameters that would
result in the best fit of the original protein spectrum using Gaussian
shaped curves. Optimal fits to spectra were indicated by reduced
chi-square values and it was ensured visually that fit does not

include assigned peaks below the baseline or with too broad or too
narrow bandwidths. The peak fit observed in this study had chi-
square values in the range of 1.5 x 10~°. Fig. 3a-c shows a typical
curve fit with the residual plots indicating quality of the fit. The
residuals for the Gaussian fits were random and also had low values
(+0.006) implying a good fit (Curley et al., 1998). Once the fit was
found satisfactory, the band area for each component peak assigned
to specific secondary structure described below was used to
calculate the relative contribution of component to a particular
secondary structure. Significance of changes in the secondary
structure was further evaluated at 95% confidence level using one
way ANOVA followed by Tukey's HSD multi-comparison test (IBM
SPSS Statistics 25).

2.5.2. Assignment of the fitted peaks

The assignment of the fitted peaks to specific secondary struc-
tures was based on the information in the literature, generally
obtained from known globular proteins. In this study, we mainly
followed band assignments compiled by Yang et al. (2015) for
proteins in the aqueous solution. Six protein secondary structural
types namely a-helix (1654-1658 cm™!), B-sheet (1623-43 and
1689-1698 cm '), B-turns (1666-1687 cm™!), random coils (1646-
1650 cm™!) and 31p-helix (1660-1666) were assigned to different
peaks in the second derivative spectra. However, as reported by
Curley et al. (1998), we also observed that milk spectra after
derivatization contained a band around 1656 cm™". Therefore, in
order to avoid overestimating the content of a-helix structural
element in the milk sample which contains 80% caseins, we used
the rationale developed by Curley et al. (1998) and placed the el-
ements centering on 1656 cm~! into a separate category termed
large loops. Curley et al. (1998) arrived on this band assignment for
large loops on the basis of NMR structural studies of the os;-CN
peptide (f 59-79) (Hugq, Cross, & Reynolds, 1995) and B-CN peptide
(Wahlgren, Léonil, Dejmek, & Drakenberg, 1993) demonstrating
large loop structures for the phosphoserine-containing segment.
The summary of assignments of the secondary structure for un-
heated, heated, heated PG-treated and heated AP-treated skim milk
samples are shown in Tables 1 and 2.

3. Results
3.1. Extent of deamidation and dephosphorylation

The degree of deamidation in heated PG-treated milk was
assessed as 2.26% which corresponded to 0.86 mM of ammonia
released. Similarly, the percent dephosphorylation in heated AP-
treated milk was 1.29% derived from 0.10 mM rise in inorganic
phosphate concentration in the serum in heated AP-treated
compared to the control and the theoretically calculated content
of SerP in the sample of 7.7 mM. The values were comparable to the
degree of deamidation and the recorded in UHT milk after one year
of storage at 20 °C, which were 1.79% (corresponding to 0.76 mM of
ammonia released) and 1.26% dephosphorylation, which corre-
sponded to 0.09 mM of released inorganic phosphate and based on
the theoretically calculated content of SerP in the sample of 7.1 mM,
respectively.

3.2. FTIR spectra

Water subtracted and smoothed spectra of unheated, heated,
heated PG-treated and heated AP-treated skim milk were shown
for the amide I and I regions in Fig. 1. Amide I (1700-1600 cm™1)
corresponds mainly to C=0 stretching vibrations of the peptide
bonds and amide II (1600-1500 cm™!) attributed to C-N stretching
vibrations in combination with N-H bending (Curley et al., 1998;
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Table 1
Total percentage areas of different secondary structures in amide I.
Conformational element Wavenumber Area, % SE*
Unheated Heated Heated Heated
PG-treated AP-treated
Total B-sheet 1619-1642 1688-1697 49.2% 448 52.0° 52.3° 13
Random 1644-48 14.6° 13.8" 12.8° 12.5° 0.4
a-helix 1651-53 3.6% 3.52 7.8° 13.0¢ 0.4
Large loops 1656—58 3.6 5.4b2 6.1° 2.6° 0.4
310-helices 1661-64 6.1 847 2.5P 3.5° 0.7
Total B-turn 1667-1684 164° 202° 14.3¢ 14.0° 04
2b¢ Means in the same row that do not share the same small letters differ significantly (P < 0.05).
2 Standard error for all summed up data for a particular secondary structure; n = 2.
Table 2
Percentage area of different peaks in amide 1.
Band assignment Unheated Heated Heated PG-treated Heated AP-treated SE?
Band frequency Area % Band frequency Area % Band frequency Area % Band frequency Area %
B-sheet 1619 2.0 1619-20 23 1619 1.7 1619-21 2.6 15
B-sheet 1624 10.0? 1623-24 46° 1623 8.9% 1623-25 49" 0.8
B-sheet 1629-30 11.2° 1628—1630 5.6% 1629 13.8% 1630 21.9° 3.0
B-sheet 1633—-34 109 1633—-34 13.8 1634-35 103 1635 9.0 5.0
B-sheet 1640 9.6 1640—41 9.6 1639-40 9.2 1639 6.2 2.7
B-sheet 1689 6.1 1688—89 44 1688 34 1690 5.0 2.8
B-sheet 1694 21° 1693-94 455 169293 47°¢ 1695 2.7% 0.7
B turn 1669 6.7% 1668 5.8b 1668 4.78® 1666—67 2.8¢ 0.4
B turn 1674 2.4% 1674 6.4° 1672-73 1.3° 1674 2.4% 03
B turn 1679 48?2 1678—79 6.8° 1678-79 4.3 1678 7.2¢ 0.7
B turn 1683 242 1682—-83 1.2 1682 4.0¢ 1683 1.6 0.4

abcd Means in the same row that do not share the same small letters differ significantly (P < 0.05).

@ Standard error for all summed up data for a particular secondary structure; n =

Kher, Udabage, McKinnon, McNaughton, & Augustin, 2007).

Original spectra (Fig. 1A) revealed that heating without enzymes
(heated) reduced the intensity for amide I and Il bands as expected
due to denaturation of whey proteins. Deamidating or dephos-
phorylating unheated milk enzymatically before heat treatment
further reduced the intensity of these bands. The original spectra
did not reveal sufficient information. However, when the above
spectra were derivatized (polynomial order 2, Savitzky-Golay al-
gorithm with 11-point smoothing), overlapping bands were clearly
separated into distinct peaks and hence changes due to different
treatments could be visualized (Fig. 1B). For example, a marked
increase in a band around 1653 cm~! was observed indicating in-
crease in o-helical structure upon deamidation and dephosphory-
lation of milk prior to heat treatment. Other bands e.g. 1620, 1631,
1645, 1678, 1684, 1693 cm™! also shifted, rearranged, increased or
decreased (Fig. 1B). Before quantifying the changes in different
bands and hence the corresponding secondary structure, PCA was
employed to investigate whether the changes observed in the
bands were significant enough to classify samples into different
groups.

3.3. Principal component analysis

PCA was performed in the region 1700-1500 cm™ L. PC1, PC2 and
PC3 explained 93, 4 and 2% of the variance, respectively (Fig. 2A).
The PCA clearly separated unheated milk from heated, heated PG-
treated and heated AP-treated samples implying significant
changes in the protein secondary structure in each group (Karoui,
Mazerolles, & Dufour, 2003; Mendelsohn, Mao, & Flach, 2010;
Sankaram & Marsh, 1993). Wavenumbers with the greatest
loading in amide I region were 1696, 1665-1667, 1646, 1653-56,
1631-36 and 1610-1605 cm™! corresponding to intermolecular B-
sheet, unordered, 319, @-helix, random, intramolecular B-sheet

2.

secondary structure and side chains of amino acids, respectively
(Fig. 2B). The loading for 1697 cm~! suggests varying degree of
formation of aggregates consisting of intermolecular B-sheets in
differently treated samples (Mendelsohn & Flach, 2002;
Mendelsohn et al.,, 2010; Ngarize, Herman, Adams, & Howell,
2004). In addition, higher loading for random coil (1645cm™!)
and turns (1676 cm™~ 1) suggest increased participation of caseins in
formation of aggregates (Grewal et al., 2017a; Grewal, Chandrapala,
Donkor, Apostolopoulos, & Vasiljevic, 2017b; Grewal et al., 2017c).
High loadings for wavenumbers in 1578-1555, 1555-1543 and
1542-1525 cm™! region implied changes in the amount of §-turns,
a-helices/loops and ( sheets, respectively (Curley et al., 1998). As
suggested in our previous studies (Grewal et al., 2017a; Grewal
et al., 2017c¢), high loading for deamidated samples according to
PC2 around 1575 cm™~! could be considered to arise from an in-
crease in the —COO~ asymmetric stretching vibrations of Glu res-
idues due to deamidation of glutamine to glutamate by enzyme
protein glutaminase. Similar, wavenumbers had high loadings in
our previous study (Grewal et al., 2017c), in which storage of UHT
milk at 20 °C induced changes in milk spectra, implying that in-
ferences drawn in this study relate to similar interactions occurring
during storage of UHT milk. However, it should be noted that
loadings observed in the previous study were composite of all
known and unknown interactions occurring during storage.

3.4. Quantification of changes in secondary structure

Results discussed above led us to conclude that heated, heated
PG-treated and heated AP-treated samples experienced different
changes in their secondary structure. The quantification of changes
in the secondary structure was achieved through curve fitting of the
amide I band only, as described in detail earlier in section 2.5.
Table 1 summarizes the composite secondary structures from the
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Fig. 1. Original FTIR (A) and second derivative (B) spectra of unheated, heated, heated
PG-treated and heated AP-treated milk samples.

amide I region in unheated skim milk and milk subjected to
different treatment combinations. Table 2 tabulates the percentage
peak area of individual components of B-sheet and f turn
structures.

Heating without enzymatic pre-treatment induced a significant
increase only in the B-turn (1674 cm™~!) compared to unheated milk
(Table 2). Although there was no significant change in total -sheet
(Table 1), p-sheet component at 1624cm~! corresponding to
intramolecular B-sheet decreased from 10.0% to 4.6% (P < 0.05) and
B-sheet component at 1694 cm™! corresponding to intermolecular
B-sheet aggregates increased from 2.1% to 4.5% (Table 2). Other
secondary structures did not appear to be significantly affected by
heating regime of the heated samples.

Structural changes induced by enzymatic deamidation of skim
milk followed by heat treatment were quite different from those
induced by heating only as also shown above by the PCA classifi-
cation (Fig. 2A). On enzymatic deamidation prior to heat treatment,
an overall increase (P<0.05) in a-helix (1650-52 cm™ ), loops
(1657 cm~1) and B-sheet component (1694 cm~!) was observed
with concomitant decrease in random (1645cm™!), 3ig-helix
(1661 cm™1) and B-turn (1669 cm™!) (Tables 1 and 2) indicating
that the proteins had become more ordered.

Enzymatic dephosphorylation before heat treatment of skim

milk samples resulted in an increase (P<0.05) in a-helix
(3.6—13.0%) and B-sheet component (1630 cm™!) at the expense
(P<0.05) of pB-sheet component (1624cm~!), random
(14.6—12.5%), loops (3.6—2.6%), 310-helix (6.1—3.5%) and total B-
turns (1668 cm™'; 16.4 to 14.0%), implying an increase in an or-
dered structure like heated PG-treated samples (Tables 1 and 2).
Although, the overall trend in the heated AP-treated samples was
more or less similar to the heated PG-treated counterparts, the
major difference when compared to unheated samples was varia-
tion in large loops (1656 cm™!). In heated PG-treated samples, the
amount of large loops increased significantly, from 3.6 to 5.4%,
whereas in heated AP-treated samples, it decreased from 3.6 to
2.6%. The decrease in large loops confirmed dephosphorylation and
ability of FTIR to detect it successfully as the above assignment at
1656 cm™! for large loops has been assigned to the phosphoserine
residues of the caseins (section 2.5.2). In addition, compared to the
heated samples, both heated PG-treated and heated AP-treated
samples demonstrated significant increase in total B-sheet. How-
ever, the increase in former was due to increase in the percentage
area of p-sheet component at 1624 cm~! whereas in the latter it
was due to a component at 1630 cm™ .

4. Discussion

Results above clearly demonstrate that FTIR can resolve and
identify specific changes in the secondary structure of proteins in
skim milk subjected to different treatments. The PCA analysis
demonstrated that the treated milk samples were considerably
different from each other and the principal wavenumbers corre-
sponding to different secondary structures in amide I and Il region
were responsible for this difference. Further quantification of
changes in secondary structure in amide I region using curve fitting
helped to estimate the amount and direction of change indicated by
PCA.

4.1. Effect of heating alone on the secondary structure

Heat treatment affects heat labile whey proteins the most,
which have well defined secondary structure. Therefore, decrease
in ordered secondary structure (mainly B-sheet, main structure in
more heat labile f-Lg) on heating was expected. Thus, decrease
(P <0.05) in B-sheet component at 1624cm~" corresponding to
intramolecular B-sheet (Table 2) could be attributed to denatur-
ation of B-Lg (Qi, Ren, Xiao, & Tomasula, 2015). Furthermore, the
observed increase (P <0.05) in total B-turn could be due to in-
teractions between k-CN with B-Lg (predominantly) reported to
lead to formation of loops, triple helices and turns (Dalgleish, 2011;
Dalgleish & Corredig, 2012). Additionally, increase in f-turn could
also be attributed to the dissociation of individual caseins from the
casein micelles upon heating (Deeth & Lewis, 2016). Dissociation of
individual caseins from the micelle was supported by an increase in
the amount of caseins in the serum phase as observed in the
reducing SDS-PAGE patterns in the heated compared to the un-
heated milk samples (data not shown).

4.2. Effect of enzymatic deamidation and dephosphorylation prior
to heat treatment

Changes observed in the secondary structure in heated PG-
treated and heated AP-treated samples were result of both enzy-
matic action and the heat treatment. Heat alone reduced signifi-
cantly intramolecular B-sheet component and increased B-turn
structure. However, when milk samples were deamidated or
dephosphorylated before heat treatment considerable increase in
a-helix was observed at expense of random, turns and triple helices
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Fig. 2. Principal Component Analysis (A) score and (B) loading plot of unheated, heated, heated PG-treated and heated AP-treated skim milk samples in the 1700-1500 cm ™! region.

implying increase in the ordered structure. Only difference be-
tween two enzymatic treatments was significant increase in the
loops on deamidation and decrease of the same upon
dephosphorylation.

At low concentration of PG enzyme in milk, as used in the
present study, caseins are more favorable substrate compared to
whey proteins (Miwa et al., 2010). The experimental observation
can also be supported by structure and amino acid composition of
caseins. Glutaminase converts amide groups of specifically gluta-
mine residues to carboxyl groups. Caseins, namely as4, ¢S, B, and k
CN, contain 25, 24, 19 and 12 glutamine residues, respectively, in
comparatively unfolded structure to 9 and 6 glutamine residues in
B-Lg and a-La, respectively, packed in a compact globular structure.
Higher number of glutamine residues and randomly unfolded
structure results in high accessibility of glutamine residues in

caseins for enzyme PG. Hence, it could be assumed that deamida-
tion affects structural changes of mainly caseins while heat impacts
heat-labile whey proteins. Heating as observed in this study and as
generally reported, reduces elements of the ordered secondary
structure such as f-sheet and a-helix. However, increase in o helix
and B-sheet compared to the heated samples at expense of triple
helices, B-turns and random coils (Table 1) suggested that enzy-
matic deamidation modified casein structure into more ordered
forms.

Structural changes in heated AP-treated samples were due to
enzymatic dephosphorylation and subsequent heat treatment.
Heat affects whey proteins and alkaline phosphatase can act only
on caseins since the former lacks phosphoserine residues. The ca-
seins in general have a high net negative charge arising from mainly
phosphoserine residues and are not exceptionally hydrophobic
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Fig. 3. Original (A) and normalized second derivative curve fitted amide I spectrum (B)
of heated sample and corresponding residual plot (C).

(Swaisgood, 2003). Charge to charge repulsion of negatively
charged groups and low hydrophobicity results in lower driving
force for a compact structure (Koudelka, Hoffmann, & Carver, 2009;
Uversky, Gillespie, & Fink, 2000). However, the removal of phos-
phoserine residues upon dephosphorylation significantly reduces
the negative charge on the proteins and may lead to inducement of
more secondary structure by increase in hydrogen bonding
(Darewicz, Dziuba, Caessens, & Gruppen, 2000; Farrell, Qj,
Wickham, & Unruh, 2002; Koudelka et al., 2009).

5. Conclusion

The present study for the first time has presented quantification
of changes in the secondary structure of milk proteins upon

deamidation and dephosphorylation followed by heat treatment.
The curve fitting and assignment results, though tentative because
bovine casein has never been crystallized, provide measure for
changes in the secondary structure on intentional induction of
structural modifications. In contrast to a decrease in ordered
structure in heated samples, heated PG-treated and heated AP-
treated samples demonstrated increase in ordered structure. The
increase in ordered structure was in line with the observation made
in our previous storage study (Grewal et al., 2017c), in which in-
crease in sediment during storage of UHT milk at 20°C was
concomitant with the rise in inter- and intramolecular f-sheet and
a-helix. However, there was no significant difference in sediment
between control and treated samples (data not shown). Thus, it
could not be concluded with confidence that changes in the sec-
ondary structure observed in this study were exactly similar to the
ones observed in the previous storage study mainly due to three
reasons. Firstly, the inferences drawn in the storage study was
combined effect of all known and unknown interactions occurring
during storage. Secondly, we did not quantify the changes in the
secondary structure using curve fitting procedure adopted in this
study. And thirdly, the enzymatic treatment prior to heating might
have modified the structure of milk proteins in a way that may not
really reflect the real-time mechanisms. Thus, the variations in FTIR
spectra upon deamidation and dephosphorylation may or may not
relate exactly to changes taking place during storage of the UHT
milk. In order to do so, further work with the basic information and
technique from this study should be extended to different treat-
ment combinations like heat followed by enzymatic treatment and
also to the other interactions occurring during storage of UHT milk.
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7.1 Conclusions

The overall aim of this study to understand and predict the storage stability of UHT milk using
FTIR spectroscopy and accelerated storage temperatures was subdivided into four objectives.
Under the first objective, feasibility of using elevated temperatures during storage of UHT milk
(with different fat content) to elucidate changes in interactions of milk proteins at ambient
temperature was investigated. Storage of UHT whole milk (WM) and skim milk (SM) at and above
30 °C enhanced protein aggregation via covalent interactions (determined by electrophoretic
analysis). Overall, the rate and type of protein crosslinking these reactions, especially at
temperatures above 30 °C in WM and above 40 °C in SM, were very different from those at 20
°C, making it seem difficult to extrapolate these changes to protein interactions at lower
temperatures. Hence, the electrophoretic analysis was found to be of limited use as a predictive
tool. Furthermore, the fat content appeared to influence the extent and pathway of protein
aggregation. Extent of aggregation was higher in WM and it appeared that covalent crosslinking
in WM was attributed mainly to the products of lipid oxidation and increased access to caseins for
crosslinking reactions. Whereas in SM, Maillard and dehydroalanine products appeared to be the

main contributors in protein aggregation.

The knowledge generated about the involvement of individual proteins and the kinetics of
changes in protein interactions under accelerated storage temperatures in the first study was
employed in determining the feasibility of identifying structural changes using Fourier transform
infrared spectroscopy (FTIR) concomitant with the evolution of sediment, the second objective.
FTIR successfully detected changes in UHT WM and SM samples stored at and above 40 °C

within 14 days. This suggested that it may take as less as 14 days to detect significant changes
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using FTIR spectroscopy and accelerated storage stability testing. PCA score and loading plot
demonstrated that both SM and WM were classified in different groups according to different
storage temperature and time and the changes in the conformation of milk lipids and proteins
propelled this classification, respectively. Changes in proteins and carbohydrates due to Maillard
reaction were less intense. Furthermore, increase in the sediment was correlated with rise in
intermolecular B-sheet formation. Another interesting observation was that SM showed significant
changes in FTIR spectra at comparatively lower temperatures of 20 and 30 °C. However, WM
samples experienced changes only at 40 °C. To fully establish the reasons related to different
behaviour of SM and WM at 20 and 30 °C and to detect specific markers which can be employed

for rapid prediction of shelf life, a long-term study was conducted (third objective).

During long term storage at 20 °C, the increase in sediment concentration for both SM and
WM (an indicator of the shelf life stability) correlated with the changes in FTIR spectral profiles
of the samples. PCA was able to specify marker variables, changes in which could be used to
predict build-up of sediment in UHT milk, especially SM. Marker variables corresponded to
structural changes in milk lipids, proteins and carbohydrates signifying that storage at 20 °C
produced definite changes in these spectral regions. These changes were similar to those observed
previously during accelerated shelf life testing. Thus, an earlier concern that different types and
rate of reactions at elevated storage temperatures could hinder the application of accelerated shelf
life testing in UHT milk appeared to be unfounded. Use of accelerated temperatures could thus
assist in reducing time required to detect the changes and estimate sedimentation, a measure of

shelf life of this product.
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An overall picture of different changes in the secondary structure and related protein
interactions leading to storage instability in UHT milk was established. However, conformational
adjustments corresponding to individual protein interactions remain largely unknown. This
information could assist in identifying the main interactions responsible for this storage instability
and improve the predictive ability of a model to predict sedimentation, hence adding further to the
main aim of the project to understand and predict storage stability of UHT milk. Therefore, the
fourth objective was aimed to evaluate possibility of fingerprinting several selected mechanisms
involved in structural changes of proteins using FTIR. Deamidation and dephosphorylation was
enzymatically induced in raw skim milk samples followed by heat treatment. Specific changes in
the secondary structure of milk proteins was then identified by employing curve fitting and band
assignment procedure to FTIR spectral amide | region. FTIR and quantification were able to pick
changes in secondary structure specific to the induced modification. In contrast to a decrease in
ordered structure in control samples, heated-deamidated and heated-dephosphorylated samples
demonstrated increase in ordered structure. However, the latter differed in percentage area of large
loops. The increase in ordered structure in enzyme-treated samples was in line with the observation
made in the previous storage study recorded in this project, in which increase in sediment during
storage of UHT milk at 20 °C was concomitant with the rise in inter- and intramolecular B-sheet
and o-helix. However, no significant difference was observed in sediment between control and
enzyme treated samples. Thus, it could not be concluded with confidence that changes in the
secondary structure observed in this study were exactly similar to the ones observed in the previous
storage study. Overall, combination of accelerated temperatures and FTIR spectroscopy could be

established as a promising rapid tool for predicting sedimentation in UHT milk, one of the
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measures of its shelf life. In addition, FTIR can pick structural changes in milk protein specific to

similar changes happening during storage.

7.2 Future research directions

It was interesting observation that sediment produced as a result of the UHT treatment was
almost twice in whole milk compared to skim milk. And sediment increased more slowly during
storage in whole milk (about 30—40%) over 28 days at elevated temperatures compared to skim
milk, where it was over 100%. It would be more informative if in future a sensory evaluation could
be done to know whether the levels of sediment were likely to be noticed by the consumer and
lead to product being rejected at any point during its subsequent storage. In addition, measurement

of sediment in raw milk prior to UHT processing could also add valuable insight.

A model was developed to detect changes in proteins and corresponding levels of
sedimentation in UHT milk. Further work is required to develop a model that could forecast
sedimentation in advance. In addition, to identify conformational changes specific to interactions
known to lead to storage instabilities in UHT milk would probably involve intentional inducement
of instabilities in samples and identify corresponding changes in the spectra. In fourth study
conducted in this direction as mentioned above, it was demonstrated that FTIR successfully
detected changes in secondary structure corresponding to two intentionally induced modifications,
known to play role in development of storage instabilities in UHT milk. However, these
modifications being induced enzymatically and prior to heat treatment in raw milk followed by
heat treatment might have modified the structure of milk proteins in a way that may not really
reflect the real-time mechanisms. Moreover, the increase in secondary structure observed in UHT

milk samples during storage was combined effect of all known and unknown interactions occurring
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during storage. Thus, to closely replicate changes happening during storage of the UHT milk,
further work with the basic information and technique developed in this project needs to be
extended to different treatment combinations like heat followed by enzymatic treatment and also
to the other interactions like Maillard and formation of lysinoalanine occurring during storage of
UHT milk. In addition, it would also be useful and interesting to investigate whether the effect of
the enzymatic treatments dephosphorylation and deamidation can protect against onset of age-
gelation in UHT milk, another predominant storage instability in UHT milk and other UHT dairy

and non-dairy high protein beverages

FTIR spectroscopy has demonstrated considerable potential in this study in both
understanding and predicting development of sedimentation in UHT milk. It would also be
interesting to investigate the potential of the FTIR technique to detect and predict early onset
gelation in UHT milk. The research could also be extended to investigating the role of protein
stability and aggregation in other biofluids, particularly those of the dairy industry e.g. non-UHT
milk, other dairy products and high-protein non-dairy-beverages. Furthermore, understanding
storage instabilities in UHT milk and other similar fluids could be expanded by combining FTIR
spectroscopy with other complementary spectroscopy techniques like CD and Raman

spectroscopy.
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