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Abstract

High-protein dairy beverages have become increasingly popular among health-conscious
and athletic individuals owing to their nutritional advantages and convenience. These beverages
can be categorized into two types: low-pH and high-pH drinks. In high-pH beverage
formulations, milk protein concentrates (MPCs) are used as the primary protein source, while
whey protein concentrates (WPCs) are applied in low-pH drink formulations. The nature of the
protein source ingredient used in manufacturing those beverages impacts the formulation,
processing conditions, and challenges faced during processing and storage. For instance, MPC-
based drinks contain emulsifying salts such as sodium hexametaphosphate (SHMP) to improve
those beverages' heat and physiochemical properties. In addition, heat treatment such as UHT
(138°C for at least 2 s) or retort sterilization (115-120°C for 5-15 min) is required to achieve the
product’s safety and shelf stability. The key challenge faced by the industry for such products is
the difficulty of determining product stability in the early stages of storage, as product stability
issues tend to manifest as physical changes later in the product's shelf life as an indication of
sedimentation or age gelation. Hence, there is a pressing need for a predictive method capable of
identifying changes in the stability of high-pH drinks during their early stages. In this research,
the influence of using different phosphate chain lengths of SHMP on the heat stability and
physiochemical properties of high protein dispersions was investigated in Chapter 3. SHMP with

different chain lengths were added to the high-protein dispersions; then, samples were tested for



apparent viscosity, heat coagulation time (HCT), mean particle size and zeta potential, FAST
index, color, and turbidity. Therefore, this study suggests that the short phosphate chain SHMP
might be the most suitable emulsifying salt in UHT and retort sterilized high protein beverages.
Chapter 4 focuses on validating Electrical Resistance Tomography (ERT) as an innovative
method for detecting early-stage destabilization in high-protein drinks. ERT detection is based
on measuring the changes in the electrical conductivity, which are then translated into
tomograms. These tomograms serve as images reconstructed using the back-linear projection
technique via ERT software, effectively predicting destabilization caused by sedimentation or
age gelation. On the other hand, using acidulants is crucial in processing WPC-based drinks to
have clear beverages that meet the consumer's acceptability and expectations. With advanced
filtration technologies, whey proteins are made of skim milk through microfiltration processes
called milk whey protein isolate (mWPI). As mMWPI is an innovative ingredient that can be
applied in the formulation of low-pH drinks, developing stability diagrams that can be used as a
tool for the industry to identify and predict the turbidity and stability of acidic beverages is
needed. Therefore, chapter 5 investigated the development of stability diagrams of acidic
beverages using the mWPI as a source of protein to help the industry manufacture a more
desirable and shelf-stable acidic whey drink with the possibility of producing a higher protein

content.
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Abstract

High-protein dairy beverages have become increasingly popular among health-conscious
and athletic individuals owing to their nutritional advantages and convenience. These beverages
can be categorized into two types: low-pH and high-pH drinks. In high-pH beverage
formulations, milk protein concentrates (MPCs) are used as the primary protein source, while
whey protein concentrates (WPCs) are applied in low-pH drink formulations. The nature of the
protein source ingredient used in manufacturing those beverages impacts the formulation,
processing conditions, and challenges faced during processing and storage. For instance, MPC-
based drinks contain emulsifying salts such as sodium hexametaphosphate (SHMP) to improve
those beverages' heat and physiochemical properties. In addition, heat treatment such as UHT
(138°C for at least 2 s) or retort sterilization (115-120°C for 5-15 min) is required to achieve the
product’s safety and shelf stability. The key challenge faced by the industry for such products is
the difficulty of determining product stability in the early stages of storage, as product stability
issues tend to manifest as physical changes later in the product's shelf life as an indication of
sedimentation or age gelation. Hence, there is a pressing need for a predictive method capable of
identifying changes in the stability of high-pH drinks during their early stages. In this research,
the influence of using different phosphate chain lengths of SHMP on the heat stability and
physiochemical properties of high protein dispersions was investigated in Chapter 3. SHMP with
different chain lengths were added to the high-protein dispersions; then, samples were tested for
apparent viscosity, heat coagulation time (HCT), mean particle size and zeta potential, FAST
index, color, and turbidity. Therefore, this study suggests that the short phosphate chain SHMP
might be the most suitable emulsifying salt in UHT and retort sterilized high protein beverages.

Chapter 4 focuses on validating Electrical Resistance Tomography (ERT) as an innovative



method for detecting early-stage destabilization in high-protein beverages. ERT detection is
based on measuring the changes in the electrical conductivity, which are then translated into
tomograms. These tomograms serve as images reconstructed using the back-linear projection
technique via ERT software, effectively predicting destabilization caused by sedimentation or
age gelation. On the other hand, using acidulants is crucial in processing WPC-based drinks to
have clear beverages that meet the consumer's acceptability and expectations. With advanced
filtration technologies, whey proteins are made of skim milk through microfiltration processes
called milk whey protein isolate (mWPI). As mWPI is an innovative ingredient that can be
applied in the formulation of low-pH drinks, developing stability diagrams that can be used as a
tool for the industry to identify and predict the turbidity and stability of acidic drinks is needed.
Therefore, chapter 5 investigated the development of stability diagrams of acidic beverages using
the mWPI as a source of protein to help the industry manufacture a more desirable and shelf-

stable acidic whey drink with the possibility of producing a higher protein content.
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Chapter 1 - Introduction

The Ready-to-Drink Protein beverages market size is estimated at USD 1.56 billion in
2023 and is expected to reach USD 2.26 billion by 2028. This increase in demand is driven by
different factors such as convenience, the desire for a “healthier” lifestyle, population growth,
and expanded urbanization (Gandhi and Zhou, 2014). Dairy-based high-protein beverages can be
classified into two categories based on the source of protein used as an ingredient. Milk protein
concentrate (MPC) is the most suitable dairy-based ingredient that provides the desired
nutritional and functional properties in high-pH high-protein beverages. However, whey protein
concentrate is the main protein source ingredient in low-pH dairy-based drinks. Due to the
different nature of the protein source in such products, the formulation and processing
requirements are different. In MPC-based drinks, the formulation is made at pH 7, and
hydrocolloids such as carrageenan, cellulose gel, and gellan gum are added to support the
stability and desired physical properties of the formulation. In addition, calcium chelators such as
sodium hexametaphosphate (SHMP) are incorporated in the formulation to improve the stability
and physiochemical properties of the beverages. As those beverages are formulated at pH 7, heat
treatment such as UHT (138°C for at least 2 s) or retort sterilization (115-120°C for 5-15 min) is
required to achieve the product’s safety and shelf stability. Those heat treatments cause heat-
induced changes such as denaturation of whey protein, dissociation of micellar k-casein,
formation of casein-whey complexes, and migration of calcium to the serum phase that lead to
storage defects like sedimentation and age gelation (Singh and Fox, 1985; On-Nom et al., 2010;
Wijayanti et al., 2014). Calcium chelators deplete calcium ions in casein micelles, and the
interaction between colloidal calcium phosphate and casein results in the disruption of casein

micelles and, therefore, prevents sedimentation and increases the storage stability of dairy
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protein dispersions (Choi et al., 2021). It was proven that SHMP has a strong affinity not just to
calcium but also to caseins (de Kort et al., 2011). Therefore, it’s important to study the effect of
the phosphate chain length of commercially available SHMP salt to find the most suitable type
that improves heat stability and shelf-life, which was our focus in our first study.

During the storage of high-protein beverages, k-casein-depleted casein micelles aggregate
and form a protein-rich and dense layer at the bottom. This phenomenon is called sedimentation,
and it can be reversible upon mixing during the early stages of storage (Gaur et al., 2018). The
other storage defect that occurs in high-protein beverages is age gelation. There are no known
chemical or physical indicators, either during the production of dairy-based drinks or during the
first months of storage, that indicate whether a particular beverage will be stable throughout its
shelf life or will prematurely gel. Therefore, the industry uses physical changes such as an
increase in the viscosity or particle size to assess the shelf stability of MPC-based beverages. The
issue with this approach is that those changes will only occur a few weeks before the visible gel
occurs. Therefore, there is an immense need to develop a method that detects the changes in
beverages in the early stage. The electrical conductivity of milk changes with the changes in
chemical and physical properties. For example, electrical conductivity was used as a tool to
predict mastitis in dairy cows in dairy production (Norberg et al., 2004; Norberg, 2005). Sharifi
and Young (2012) also reported that Electrical Resistance Tomography (ERT) could multi-
dimensionally monitor milk concentration and fat content with high accuracy (over 96%) in milk
total solids and fat content measurement. ERT measurement is based on detecting the changes in
the electrical conductivity, which are then converted into tomograms. These tomograms serve as
images reconstructed using the back-linear projection technique through ERT software. This

suggests a promising technique that might be capable of predicting the destabilization caused by



sedimentation or age gelation, however, more studies are needed to validate the method, which
was the objective for our second study.

On the other hand, no hydrocolloids or emulsifying salts are added to whey-based drinks.
Whey protein solutions are turbid at pH 7. However, Beucler et al. (2005) reported that clear
beverages are perceived as more thirst-quenching than turbid ones. Therefore, acidulants are
added to lower the pH to less than 4.5 to gain a clear solution that meets the consumer’s
expectations and acceptability. Lowering the pH increases the solubility and decreases the
formation of the aggregates (Ryan and Foegeding, 2015). However, lowering the pH in whey-
based formulations results in increasing the astringency, which increases the sugar and/or
sweetener requirements to mask the flavor. Low-pH beverages are produced at a pH of <4.6 (21
CFR Part 114), and due to the acidic nature of those beverages, less thermal processing is
required to ensure stability, and there is a low risk of microbial growth (21 CFR Part 113). The
visible aggregate formation s a key instability issue the industry faces while storing acidic whey
beverages. Studies have shown (Villumsen et al., 2015; Le et al., 2016) that the visible
aggregates formed in acidic beverages contain (glycomacropeptide) GMP peptides primarily.
GMPs are short chains of k-casein that get broken down during cheese-making by the proteolytic
enzyme (rennet) (Neelima et al., 2013). GMP constitutes 20-25% of the protein in whey
products like WPC and WPI manufactured from cheese. With advanced filtration technologies,
whey proteins are made of skim milk by going through microfiltration processes, and it’s called
milk whey protein isolate (MWPI) (ADPI, 2023). Compared to cheese whey, mWPI lacks GMP
fragments, rennet, and starter culture residues and has a negligible fat content. Moreover, mWPI
undergoes only one pasteurization step instead of two and has a pH of 6.6 compared to cheese

whey's <6.5, which decreases the denaturation level of whey proteins. In addition, the lack of



GMP fragments makes it a potential ingredient to be used in acidic drinks as fewer aggregates
are formed. Some research was performed to identify the colloidal stability of acidic drinks using
WPC originating from cheese production as the main protein source (Wagoner et al., 2015). In
this study, researchers made whey protein beverages at different levels of pH (3-7) and protein
content (1-10%), and then these samples were heat treated, mimicking the UHT process.
Subsequently, samples were tested, and stability diagrams were developed to predict drinks’
clarity based on proteinsolubility on a wide range of pH and protein content. These diagrams are
a great tool for industry to identify key regions of stability for whey protein-containing
beverages. Similarly, as processing whey through filtration technologies became more feasible,
developing stability diagrams for acidic drinks made with mWPI is needed, which was the focus

of our third study.
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Chapter 2 - Literature review on analytical techniques for detecting
the stability of fluid milk and dairy-based drinks

Introduction

Dairy farmers and researchers consistently strive to optimize milk production, starting by
taking good care of dairy cows and delivering high-quality milk. However, there has been a
significant decline in fluid milk consumption in recent years. In 2021, the per capita
consumption of fluid milk products in the United States was about 134 pounds per person.
Compared to 196 pounds in 2000, the average per capita consumption has decreased by over
60 pounds in the last 21 years (Statista, 2023). This trend opens lots of research opportunities
for developing products that meet consumers' needs and expectations. On the other hand,
Ready-to-Drink Protein beverage consumption has shown an increase in the past few years.
This increase in demand is driven by different factors such as convenience, the desire for a
“healthier” lifestyle, population growth, and expanded urbanization (Gandhi and Zhou,
2014). The Ready-to-Drink Protein beverages market size is estimated at USD 1.56 billion in
2023 and is expected to reach USD 2.26 billion by 2028. High-protein beverages have a
complex system compared with fluid milk due to the high protein content in such drinks.
Consequently, heat treatment, processing parameters, and ingredient formulations differ. For
instance, fluid milk may undergo pasteurization time-temperature combination (Table 2.1) or
UHT (138°C for at least 2 s) to produce a more shelf-stable product. In contrast, high protein
beverages require UHT (138°C for at least 2 s) or retort sterilization (115-120°C for 5-15
min) to achieve the product’s safety and shelf stability. It is undeniable that higher-quality

raw milk leads to better and superior products. However, there are no established chemical or



physical markers observable during the manufacturing of dairy-based beverages or their
initial months of storage that can predict whether a specific drink will maintain stable
throughout its shelf life or will for a gel. Therefore, the industry relies on monitoring physical
changes, such as increases in viscosity or particle size, as indicators of the shelf stability of
MPC-based beverages. The drawback to this method is that these changes only become
apparent a few weeks before the visible onset of gelation. Therefore, analytical techniques
for detecting the stability of milk and dairy-based drinks are being discussed.

Table 2.1. Time-temperature combination of different pasteurization processes. Adopted from
(PMO, 2017)

Temperature Time Pasteurization Type

63°C (145°F) 30 minutes Vat Pasteurization

72°C (161°F) 15 seconds High-temperature short-time Pasteurization (HTST)
89°C (191°F) 1.0 second Higher-Heat Shorter Time (HHST)

90°C (194°F) 0.5 seconds Higher-Heat Shorter Time (HHST)

94°C (201°F) 0.1 seconds Higher-Heat Shorter Time (HHST)

96°C (204°F) 0.05seconds  Higher-Heat Shorter Time (HHST)

100°C (212°F) 0.01seconds  Higher-Heat Shorter Time (HHST)

138°C (280°F) 2.0 seconds Ultra Pasteurization (UP)

Fluid milk vs. high-protein beverages

Fluid milk products are any fluid or frozen form intended to be used as beverages
containing less than 9 percent butterfat and 6.5 percent or more nonfat solids or 2.25 percent or
more true milk protein (7 CFR 1000.15). To be claimed as a “high protein source” beverages
must contain a minimum of 10 g of good-quality protein per serving. Good-quality protein
means proteins with a PDCAAS value of 1 (protein digestibility corrected amino acid score)
protein digestibility corrected amino acid score. As the protein content in fluid milk products and
high-protein beverages are different, different systems are formed with different processing
challenges and interactions between the ingredients. Therefore, processing and formulation

requirements differ to produce shelf-stable products that meet consumers’ preferences.
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Therefore, the differences in the processing parameters and ingredients added in the formulation
are discussed in this section. Generally, fluid milk undergoes a standardization step where the fat
content is regulated, followed by pasteurization and homogenization. Pasteurization is a heat
treatment applied on raw milk with a specific time and temperature combination (Table 2.1) to
ensure the killing of all pathogenic bacteria present in milk, such as Salmonella, E. coli, Listeria,
Campylobacter, and others that cause foodborne illness, often called food poisoning.
Pasteurization guidelines were established based on the requirement to kill the most heat-
resistant organism, Coxiella burnetii (CERF and CONDRON, 2006). Fluid milk for direct
consumption is manufactured by heat treatment of milk at least at 72°C for 15 s, that is, HTST
pasteurization.

In the dairy industry, pH is frequently the initial indicator of microbiological spoilage.
However, pH is often adjusted to create and produce various kinds of dairy products, including
cheese, acid casein/whey, yogurt, fermented beverages, and protein hydrolysates. Dairy-based
high-protein beverages can be categorized into two groups based on the protein source used as an
ingredient. The optimal dairy-based ingredient for achieving the desired nutritional and
functional properties in high-pH beverages is milk protein concentrate (MPC). On the other
hand, low-pH drinks primarily rely on whey protein concentrate as their main protein source.
Because of the distinct differences in protein sources in these products, their formulation and
processing requirements differ. In MPC-based beverages, the formulation occurs at a pH of 7,
and hydrocolloids such as carrageenan, cellulose gel, and gellan gum are added to enhance
stability and attain the desired physical characteristics of the formulation. Additionally, calcium
chelators like sodium hexametaphosphate (SHMP) are added to the formulation to enhance the

stability and physicochemical properties of the beverages. Because these beverages are
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formulated at a pH of 7, it is necessary to subject them to heat treatment methods such as UHT
(138°C for at least 2 seconds) or retort sterilization (115-120°C for 5-15 minutes) to ensure
product safety and shelf stability. On the other hand, whey-based drinks do not incorporate
hydrocolloids or emulsifying salts. Whey protein solutions tend to appear cloudy at a pH of 7
and clear at a pH <4.5. therefore, acidulants such as organic citric, malic, lactic acids, and
inorganic phosphoric acid, an important step in processing whey protein drinks to have a clear
solution are introduced to reduce the pH to below 4.5, resulting in a clear solution that aligns
with consumer expectations and preferences (Beucler et al., 2005). This pH reduction enhances
solubility and diminishes the formation of aggregates (Ryan and Foegeding, 2015). However, it
is important to note that lowering the pH in whey-based formulations can intensify astringency,
necessitating increased use of sugar or sweeteners to mask the flavor (LaClair and Etzel, 2009).
Moreover, the addition of acidulants also contributes to their sourness, bitterness, astringency,
and unique flavor profiles. As those beverages are manufactured with a pH of <4.6, they require
less thermal processing to ensure stability, and there is a lower risk of microbial growth (21 CFR

Part 114; 21 CFR Part 113).
Challenges during the processing of fluid milk and dairy-based beverages

Fouling

Fouling is defined as the accumulation of unwanted deposits on the surfaces of heat
exchangers during the processing of fluid milk and dairy-based beverages during the
pasteurizationand/or UHT processing. Fouling results in substantial financial losses for the dairy
industry, adversely affecting both product quality and operational expenses. Fouling also
prevents the product from reaching the proper temperature, causing a deterioration in the
product's quality. In addition, fouling increases cleaning costs as it requires more time and
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chemicals to clean the fouled surfaces (Mahdi et al., 2009). Fouling is caused by high heating
temperature, which results in denaturation of whey proteins, heat-induced interactions between
proteins or other ingredients, and mineral depositions. Denaturation increases the reactivity of
the thiols group whey proteins, leading to intermolecular disulfide bonds responsible for heat-
induced aggregation and gelation (Sawyer, 1968; Hoffmann and van Mil, 1997; Cayot and
Lorient, 2017). Those aggregates are deposited on the heat-transfer surface. In addition to the
fouling caused by the deposition of the protein aggregates, calcium phosphate deposition also
occurs as the solubility of calcium phosphates has an inverse relation with temperature (\Visser
and Jeurnink, 1997).
Rehydration of high-protein dairy ingredients

In high-protein, dairy-based beverages, MPCs and WPCs are the main protein sources in
high and low-pH drinks. Therefore, rehydration is the key characteristic of using dairy powders
as an ingredient in food applications such as beverages. Rehydration consists of steps which are
wetting and swelling, sinking, dispersion, and dissolution, as explained by Crowley et al. (2016)
(Figure 1). Fang et al. (2007) defined each rehydration phase as the following: wettability is the
ability of powder particles to overcome the surface tension between themselves and water.
Subsequently, the gaseous phase surrounding each particle is gradually replaced by the aqueous
phase as the particles begin to sink (sinkability). Once the particles are wet and have sunk, they
immediately start to disperse uniformly as individual particles, while the large particles cease to
exist (dispersion). Solubility is the final step of powder dissolution and is considered the key
determinant of the overall reconstitution quality (dissolution). Many factors can influence the
solubility of proteins-based powders, such as the pH and temperature of the solution, the state of

the protein, the surface composition of the powders, the degree of agglomeration, and the
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structure of agglomerates (Chen and Ozkan, 2007). Agglomeration is commonly used by the
food industry to enlarge the particle size which leads to optimizing several properties such as
density and flowability and also to shorten the reconstitution time of commercial powders (Forny

etal., 2011).
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Figure 2.1. A schematic illustration of the rehydration mechanism of high-protein dairy powder
(adapted from Crowley et al., 2016).

Heat stability

Casein and whey proteinare the major proteins of milk. Casein constitutes approximately
80%(29.5 g/L) of the total protein in bovine milk, and whey protein accounts for about 20% (6.3
g/L) (Hoffman and Falvo, 2004). The two major components of whey proteins (WPs) are -
lactoglobulin (B-LG) and a-lactalbumin (a-LA), which can be up to 55% and 20% of total whey,
respectively (Goodall et al., 2008). B-LG is made of around 15% a-helix and 50% B-sheet, while
the a-La is folded mainly as a-helix (47%) with around 6% B-sheet (Tonolini et al., 2021). The
exposure of those components to high temperatures can cause protein denaturation, aggregation,
and gelation. Riiegg et al. (1977) reported that the denaturation temperatures of B-LG and a-LA
at neutral pH were 73, and 65°C, respectively. When B-LG is heated, B-LG starts losing its
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tertiary structure, resulting in the denaturation of those proteins. Denaturation increases the

reactivity of the thiols group, leading to heat-induced aggregation and gelation as mentioned

earlier. Dumpler et al. (2020) summarized all the additives that can be added to milk and milk

concentrated to increase heat stability, as shown in Table (2.2).

Table 2.2. A summary of additives that are added to milk or concentrated milk to increase heat
stability. Adopted from Dumpler et al. (2020)

Additive Milk type Purpose Outcomes
Investigation of the effect
of pH Changes of HCT by
Skim, whole on the heat stability of .
. . adjustment of pH
NaOH, HCI milk, and mllkan_d due to protein charge and
, p g
concentrate concentrated milk (HCT- .
H _changes in
P the mineral equilibrium
profiles)
Concentrated
\zvglcz,l/f tnc:tlzllil( Compensate for seasonal | Complexation of soluble
Phosphates, solids) variationand increase heat calcium that increases
Citrates, EDTA Concentrated stability by complexing HCT depending on pH
. : agents and total solids
micellar casein
solutions
Reduction of the
I dissociation of caseins
e e gy | Tom s micles
Transglutaminase concentrated | protein crosslinking about maml}.’ K-casein b_y
skim milk K-casein dissociation enzymatic crosslinking;
improvement of HCT-pH
dependent
Increase heat stability,
. . . especially at pH >6.7 due
Formaldehyde and Skim milk ar&d Eﬁl‘_eclzg, of Chehm'cﬁl to reduced dissociation of
dialdehydes COE.Centr?;[i crofs:hml_;g%onl_lt ¢ Sf.?pe K-casein; minimum in the
skim mi of the -pH profile HCT pH profile
diminishes
Investigation of the effect e .
k-Casein addition of k-casein hydrolysis by Stabl.hzatlon of m.ll.k by K
and hydrolysis of k- |  Whole milk chymosin on heat casein and destabilization

casein by chymosin

coagulation time and the
HCT-pH profile

of casein micelles by
renneting toward heating
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B-Lactoglobulin

Whole milk,
serum protein-

Investigation of the effect
of k-casein and [3-

Serum protein removal
and k-casein addition

(addition and f:ﬁfcg?fee;n lactoglobulin on heat results in a conversion of
removal) concentrat,e q coagulation time and the | type A into a type B HCT-
milk HCT-pH profile pH profile
Increase in the
dissociation of protein
. . Demonstrate the effect of fro_m the m_|celles upon
Removal and Skim milk heating and increase in the
- urea on the HCT-pH o :
addition of urea (5- | Concentrated . : heat stability of milk
10 m M) skim milk pro_fll_e and find . (buffering effect of NH4 +
mechanistic explanations
formed upon urea
decomposition); no effect
on concentrated milk
Assess the heat stability of ImprO\t/J(_eIm enk'; of It_h(;heat
Skim milk milk as these constituents stabrlity by slight
Polyphenols from Concentrated miaht enhance the reduction in calcium
coffee, tea, oak bark . mig activity and derivatization
milk nutritional value and shelf

life of milk

of k-casein to inhibit its
dissociation

Challenges during storage of Fluid milk and Dairy-based beverages

In the ultra-high-temperature (UHT) process, milk and dairy-based beverages undergo

high temperatures, typically exceeding 135°C for a few seconds when pH is around 7 and 109°C

when pH is 3, resulting in a product with a shelf life of several months when stored at room

temperature. The subsequent storage of those products can lead to chemical and physical changes

resulting in off-flavors, browning, fat separation, sediment formation, or gelation (McKellar,

1981; Anema, 2019). Key factors influencing these changes in UHT milk include protein

content, processing parameters, storage conditions, and the type of packaging used (Deeth,

2010).
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Sedimentation

Sedimentation is the formation of a protein-dense layer in the bottom of the package due
to the settling of k-casein-depleted casein micelles. This storage defect can be observed in both
UHT milk and dairy-based high-protein beverages. k-casein dissociates from casein micelles
while heating. The rate of sedimentation is highly affected by the gravity per Stokes’ law; larger
particles tend to sediment faster. Dalgleish (1992) found that native casein was more
concentrated at the bottom of the pack than at the top. The type of UHT heating process applied
was also found to affect the sedimentation. Direct heating involves direct contact between milk
and the heating medium (typically steam); and indirect heating, where the heating medium,
whether it be steam or superheated water, is isolated from the milk by a stainless-steel plate or
the wall of a tube (Chavan et al., 2016). It was shown in many studies that direct UHT milk
samples tend to generate a higher amount of sediment compared to indirect UHT milk samples
under similar processing conditions (Datta et al., 2002; Gaur, 2017; Gaur et al., 2018). Along
with the processing type, it was found that the pH of milk has also impacted the formation of
sediments; lowering the pH of milk markedly increased the sedimentation levels in both direct
and indirect UHT milk (Gaur et al., 2018; Pan et al., 2023). It was also noted that ionic calcium
had impacted the sedimentation; the addition of soluble calcium had increased the sedimentation.
Therefore, the addition of calcium chelator, regardless of the type, reduced the sedimentation
(Deeth and Lewis, 2015; Karlsson et al., 2019; de Souza et al., 2023). Sedimentation can be
minimized by using indirect UHT processing, standardizing protein content, and controlling the

pH, and ionic calcium level by the addition of the chelators and storage temperature.
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Age gelation

Age gelation is defined as a physical change due to the formation of a gel matrix due to
the interactions between B-lactoglobulin (B-LG) and k-casein during heating (Lucey et al., 1997).
This storage defect can be observed in both UHT milk and dairy-based high-protein beverages
due to heat treatment, milk compositions and quality of raw milk, proteolysis during storage, and
storage temperature. Like sedimentation, it was reported that the type of UHT process applied to
milk highly affected the tendency of milk samples to form a gel during storage. McKellar et al.
(1984) noted that gelation occurred in directly heated UHT milk between 6 and 10 weeks when
stored at 20°C. However, no gelation or increased viscosity was observed in indirectly heated
UHT milk during a 30-week storage period at the same temperature. In many studies, gel
formationin UHT milk during storage has been linked to the breakdown of casein proteins. This
proteolytic process is attributed to both the natural milk proteinase and heat-stable proteinases
produced by psychrotrophic bacterial contaminants found in raw milk (Datta and Deeth, 2001).
Age gelation in UHT milk (at 30°C) can be classified into four stages: a thinning for a short
period, then little changes in the viscosity observed, followed by a drastic increase in the
viscosity due to gel formation, then a decrease as the gel breaks (Kocak and Zadow, 1985).
Moreover, they also reported that the order of gelation at different temperatures was 30 > 25 >
20>15> 10> 2> 40, 50 °C. The reason for reduced gelation at higher temperatures is not
known. McMahon (1995) noted that milk is concentrated by gel faster than unconcentrated milk
as it has increased protein concentrations with similar serum mineral concentrations and pH. As
the protein content increases, cultured beverages tend to experience quick phase separation and
the formation of gels, and these phenomena may persist even when stabilizers like high methoxy

(HM) pectin are added (Wilbanks et al., 2022).
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Visible aggregate formation

The visible aggregate formation is an instability issue the industry faces while storing
acidic whey beverages. Studies have shown (Villumsen et al., 2015; Le et al., 2016) that the
visible aggregates formed in acidic beverages contain GMP peptides primarily. GMPs are short
chains of k-casein that get broken down during cheese-making by the proteolytic enzyme
(rennet) (Neelima et al., 2013). GMP constitutes 20-25% of the protein in whey products like
WPC and WPI manufactured from cheese. The level of this storage-induced aggregation (SIA)
varies between batches (Villumsen et al., 2015), even though the processing steps and the raw
material are the same. Processing conditions such as pH, ion type and concentration, cosolutes,
protein concentration, heating temperature, and duration would all affect the amount, size, and
shape of these aggregates. For instance, the pH impacts protein aggregation by influencing
protein charge, structure, and sulfhydryl reactivity. Due to increased electrostatic repulsion
between molecules or aggregates, intermolecular aggregation is less preferred at pH values
higher than the isoelectric point (pl). The electrostatic barrier is lowered when the pH approaches
the pl, but more energy is required to unfold and expose the thiol of the B-LG to generate
intermolecular covalent. Moreover, since the cysteine sulfhydryl's pKa is at 8, raising pH raises
thiol reactivity. As a result, elevated pH promotes the development of disulfide bonds (Ryan and
Foegeding, 2015). Therefore, processing the whey-based drinks at low pH (<4.6) would decrease
the possibility of aggregate formation. However, controlling the pH isn’t the only factor
determining the formation of the aggregates, as the combinations of different processing
conditions can be used to control the formation of soluble aggregates with desired

physicochemical properties, including surface charge, surface hydrophobicity, size, and shape.
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Off-flavors

The quality of raw milk, processing parameters, and ingredients added are the main
contributors to the sensory profile of fluid milk and other dairy-based beverages. Generally,
fresh, unprocessed raw milk is typically defined by a subtle flavor and aroma profile, where the
predominant sensory attributes are sweet, aromatic, and resembling fresh milkfat. The presence
of grassy or silage/feed-related scents and tastes may vary, contingent on the cow's diet
(Croissant et al., 2007). Fluid milk can be processed and delivered to consumers with no
additives, or some flavors can be added to meet the consumers' preferences. Despite the extended
shelf life that UHT milk has, it has a strong overall flavor intensity, including undesirable cooked
and sulfuric/eggy off-flavors due to the presence of volatile sulfur compounds. These heightened
flavor characteristics could potentially pose a challenge to the consumer acceptance of UHT milk
(Joet al., 2019). Bitter off-flavor can also be detected in UHT milk due to the production of heat-
stable proteases by Pseudomonads, which is the main cause of spoilage of UHT-processed dairy
products (Marchand et al., 2017). Next to Pseudomonas proteases, proteolysis in UHT milk may
also be attributed to the natural milk enzyme plasmin. One main disadvantage of lowering the pH
in whey-based drinks is that it increases astringency and sugar requirements (LaClair and Etzel,
2009). Lee and Lawless (1991) described astringency as a complex group of sensations involving
dryness, the roughness of oral surfaces, and tightening, drawing, or puckering of the mucosa and
muscles around the mouth. Astringency was related to the interactions between positively
charged whey proteins and negatively charged saliva proteins (Beecher et al., 2008). Even
though astringency is not considered a basic taste but rather a tactile sensation, it is still an
essential component of the overall flavor of acidic beverages. It has a significant impact on the

level of consumer acceptance (Lawless and Heymann, 1998). Therefore, controlling the amount
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and type of added acid is critical to gaining consumer acceptance for these drinks for both quality

and flavor attributes.

Techniques to analyze the physical and chemical stability of fluid milk and

dairy-based beverages

There are no established chemical or physical markers observable during the
manufacturing of dairy-based beverages or their initial months of storage that can predict
whether a specific drink will maintain stability throughout its shelf life or will for a gel.
Therefore, the industry relies on monitoring physical changes, such as an increase in viscosity or
particle size, as indicators of the shelf stability of UHT milk and dairy-based high-protein
beverages. The drawback to this method is that these changes only become apparent a few weeks
before the visible onset of gelation. Due to the long shelf-life of UHT-processed milk and dairy
products, researchers always go with performing accelerated shelf stability studies to monitor the
changes in such products over a short period. This is done by storing the product at a higher
temperature to accelerate the physical and chemical changes that the product might undergo. Fat
and protein content are highly affected by the storage temperature of UHT products. Milk fat
may undergo a phase change and oxidation when stored at elevated temperatures, while proteins
will be subjected to proteolysis (Lopez-Fandifio et al., 1993; Grewal et al., 2017). These
chemical and physical alterations in UHT milk can result in the development of off-flavors,
browning, fat separation, sediment formation, or gelation during the subsequent storage. The
extent of these changes is significantly influenced by processing parameters, storage conditions
(time and temperature), and type of packaging. Those changes can be detected and assessed by

observing the particle size, viscosity, protein content, and structure, as well as color. Therefore,
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in this literature, we are discussing some of the analytical methods that can be used in monitoring
those alterations.
Total proteins

Total nitrogen content can be analyzed using dumas and/or Kjeldahl (Ribadeau-Dumas
and Grappin, 1989). Then, the nitrogen value gets multiplied by a nitrogen conversion factor
(6.38 for milk) to calculate the total protein content. Kjeldahl is the reference method for milk
protein determination (AOAC International, 2000), and it is based on using a strong acid (usually
sulfuricacid) it digests the food sample, releasing all N, followed by a titration process where the
concentration of hydrogen ions (in moles) required to reach the endpoint is equivalent to the
concentration of nitrogen that was in the original food. Dumas is based on combusting the
sample at high temperatures in the presence of oxygen. This combustion releases CO2, H,0, and
N2, and then the N, goes through a column that has a thermal conductivity detector at the end of
it. Then, the signal from the thermal conductivity detector can be converted into a nitrogen
content as the instrument is calibrated by a material that has a pure and a known N concentration,
such as EDTA or amino acid (Glycine). The advantage of dumas is that it’s faster than Kjeldahl
and doesn’t need strong acid. However, it’s costly and doesn’t measure the true protein value.
Both techniques can be employed to evaluate the protein content in UHT milk and dairy-based
beverages, especially when it undergoes alterations during storage due to sedimentation where
we would observe an increase in the total proteins in the bottom layer.
Gel Electrophoresis

Gel electrophoresis is a qualitative technique that separates charged proteins based on
their molecular size through a porous gel. There are different forms of polyacrylamide gel

electrophoresis (PAGE) that can be used when analyzing milk samples depending on the desired
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protein to be detected (Verdi et al., 1987). The most commonly used electrophoresis method is
denaturing and reducing sodium dodecyl sulfate PAGE (SDS-PAGE), which utilizes a running
buffer system to separate proteins based on their mass primarily. On the other hand, non-
denaturing PAGE, often referred to as native PAGE, segregates proteins according to their
mass/charge ratio. In milk and dairy-based beverages, heat treatments such as UHT cause heat-
induced changes such as denaturation of whey protein, dissociation of micellar k-casein,
formation of casein-whey complexes, and migration of calcium to the serum phase that lead to
storage defects like sedimentation and age gelation (Singh and Fox, 1985; On-Nom et al., 2010;
Wijayanti et al., 2014). Hence, the presence of milk proteins in a sample can be assessed using
both methods, detecting them either in their reduced or native forms. This can provide insights
into protein interactions during storage. Grewal et al. (2017b) reported that proteins were bonded
mainly through disulfide and noncovalent interactions at the beginning of the storage of UHT
milk. Protein aggregation via covalent interactions was enhanced when those samples were
stored at and above 30°C.

Fourier Transform InfraRed (FTIR)

FTIR is based on passing IR radiation through a sample, generating a spectrum that
illustrates the molecular absorption and transmission, establishing a molecular fingerprint of the
sample. Each sample has a unique spectrum which helps in identifying different materials and
even determining the amount of components in the mixture. FTIR has some advantages, such as
rapid analysis, high sensitivity, and internal calibration. In UHT milk and dairy-based beverages,
FTIR can be employed to measure changes in the secondary structural features (a-helix, B-sheet,
B-turns, and random coil) upon heating those products. It can also detect structural alterations

during concentration, as an increase in concentration often leads to a higher proportion of f-sheet
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and unordered structures (Haque et al., 2015; Markoska et al., 2019). Grewal et al. (2017)
reported that the FTIR was able to detect changes that led to increased sedimentation while
storage as the FTIR signal showed marked changes in the bands corresponding to conformations
of milk lipids and formation of intermolecular 3-sheet of proteins, indicating protein-lipid
interactions and aggregation based on the changes in the regions specified in Table 2.4.

Table 2.3. The FTIR spectra regions attributed to different milk components (Adopted from
Grewal et al. (2017)).

IR region (cm™) Milk component

3000-2800 Milk lipids (Fat B)

1800-1700 Milk lipids (Fat A)

1700-1600 Milk proteins-amide |

1600-1500 Milk proteins-amide Il

1500-1200 Milk proteins-amide Ill, interactions between different milk components
(Fingerprint region)

1200-900 Milk minerals: milk fat, lactose (Fingerprint region)

Differential scanning calorimetry (DSC)

DSC is a thermal analysis that measures the changes in the heat capacity of the material.
A sample with a known mass undergoes heating or cooling, and the changes in its heat capacity
are monitored as shifts in heat flow. This enables the identification of transitions like the melting
point of lipids, crystallization of lactose, denaturation of proteins, phase changes, and curing.
Therefore, DSC can be used to detect the transition temperature for any component of milk. In
UHT milk and dairy-based beverages, DSC is commonly used in determining the denaturation
temperature of a protein where the protein undergoes a structural transition from its native state
to an unfolded or denatured state due to heating. Heat treatment during UHT processing can
cause protein denaturation or structural alterations, leading to protein aggregation and sediment
formation. Therefore, the DSC might be an effective technique in predicting sediment formation

during the storage of UHT milk and milk-based beverages. The denaturation temperature of a-
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Lac, B-Lac, and BSA were 65.2, 72.8, and 62.2°C (RUegg et al., 1977). Usually, the analysis of
whey protein denaturation is performed between the range of 20-100°C (Haque et al., 2015).
Circular dichroism spectroscopy

Circular dichroism (CD) is a highly effective technique for quickly assessing the
secondary structure, folding, and binding characteristics of proteins. Essentially, circular
dichroism refers to the differential absorption of left-handed and right-handed circularly
polarized light (Greenfield, 2006). As B-L is made of around 15% a-helix and 50% B-sheet,
while the a-La is folded mainly as a-helix (47%) with about 6% B-sheet, the CD analysis would
be the best way to determine the denaturation level in those proteins. CD can be employed in
determining the percent of whey proteins (a-LA, B-LG) that got denatured while heating, then
this data can be correlated to formation of aggregates, and sediment formation as it is the case of
DSC analysis.
Reversed-phase high-performance liquid chromatography RP-HPLC

HPLC is a purification method used to separate molecules based on their size and
polarity. It is both a qualitative and quantitative method that is based on using mobile and
stationary phases; where the mobile phase represents the liquid mixture used in the separation,
and the stationary phase is the packing material in the separating column. The RP-HPLC is based
on using a non-polar stationary phase (like columns made of C4, C8, or C18) in separating polar
molecules such as proteins. For example, many researchers used column C8 (such as Zorbax
300SB-C8 RP, Agilent Technologies) with a silica-based packing in separating caseins and whey
proteins in UHT and dairy-based products (Bonfatti et al., 2008; Zaitoun et al., 2022). The RP-
HPLC can be used for detecting the presence of protein samples, as well as determining the

concentration of each protein and whey protein denaturation (Parris and Baginski, 1991). Datta
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and Deeth (2001) reported that RP-HPLC can identify the origin of casein hydrolysis, whether
caused by plasmin (endogenous enzyme) or bacterial proteases. On the RP-HPLC
chromatogram, plasmin-hydrolyzed peptides were more hydrophobic and eluted in the later part
of the chromatogram, Conversely, peptides resulting from bacterial proteinase hydrolysis were
less hydrophobic and eluted towards the earlier portion of the chromatogram. This protein
hydrolysis leads to gel formation of UHT milk and dairy-based beverages later in the storage.

Protein assays

Assays such as Bradford, Lowry, or BCA assays are widely used colorimetric protein
quantification methods that allow for the detection of small amounts of proteins in a sample
based on the changes in the color as the protein binds to the dye used in the assay. Those
techniques were fully reviewed by Sapan et al. (1999). For example, the reaction in BCA results
in the development of an intense purple color with an absorbance maximum of 562 nm; and it
was used in determining the soluble proteins in whey solution after the heat treatment (\Wagoner
et al., 2015). Similarly, the Bradford method was used by Qi and Onwulata (2011) in
determining protein solubility in the whey protein sample. Knowing that can help in the selection
of appropriate processing conditions, such as temperature and pH, to prevent whey protein’s
denaturationand aggregation. In addition, using these assays helps in determining the amount of
soluble proteins in UHT milk and dairy-based beverages over time, providing insights into the
formation of protein-protein complexes by showing a decrease in soluble proteins during storage.
On the other hand, it indicates protein dissociation, especially the dissociation of k-caseins from
casein micelles during the storage, reflecting a higher amount of soluble proteins detected by the

assays.
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Particle size

Particle size is one of the main parameters to be monitored and tested in the beverage
industry as it influences many physiochemical characteristics, such as viscosity, mouth feel, and
product stability. Many factors affect the particle size in milk and dairy-based beverages, such as
processing conditions and formulation. For instance, applying homogenization during production
results in smaller particles in the formulation making a more homogenous and stable mix. The
size of fat droplets in raw milk is in the range of 0.5-15 um, raw milk gets homogenized by a
severe mechanical treatment to achieve a fat droplet size of preferably not more than 1 pm
(Meyer et al., 2006). Homogenization also reduces the size of the casein particles present in the
milk serum. On the other hand, the ingredients play a big role in the particle size of the beverage
formulation. For example, the addition of calcium chelators such as the SHMP; decreases the
particle size as it binds to calcium ions present in the serum phase leading to an imbalance in
Ca™ between the serum and colloidal phase causing the Ca** to migrate from the colloidal to
serum phase. This migration of Ca*™ results in disrupting casein micelles' structure and then
breaking it if the level of calcium chelator has exceeded a critical level (Pandalaneni et al.,
2018). Moreover, the rehydration of raw ingredients is a critical step in determining the particle
size and stability of the beverage mix such as MPC, WPC powders, sugar, or cocoa powder.
Particle size in beverages can increase during storage due to the formation of aggregates due to
the protein-protein or protein-minerals. For example, visible aggregates form in whey-based
drinks due to the interactions between the GMP fragments. In the case of UHT milk, high heat
treatment results in the denaturation of whey proteins which increases the chances for protein
aggregation and the formation of intermolecular -sheet structures that played a role in

destabilizing casein, ultimately resulting in increasing the particle size and the formation of
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sediment (Yun and Imm, 2021). On the other hand, the particle size of UHT milk and dairy-
based beverages might decrease during storage due to protein hydrolysis with the presence of
indigenous or exogenous heat-stable proteases such as plasmin. Protein hydrolysis during storage
results in forming peptides and thus destabilizes the protein system leading to the gelation of the
milk (Datta and Deeth, 2001). Some techniques for measuring the particle size are dynamic light
scattering, laser diffraction, microscopic techniques, and dispersion analyzer.

Dynamic light scattering (DLS). It is also known as photon correlation spectroscopy,
and it’s a non-invasive technique. DLS is based on measuring the dynamic light scattering of the
laser beam that results due to the Brownian motion of macromolecules in a solution. That occurs
because of the constant collisions with solvent molecules at a certain wavelength, and it depends
on particle size, temperature, and solvent viscosity. This technique then establishes a connection
between this motion and the size (or diffusion time) of the particles (Stetefeld et al., 2016).
Dynamic light scattering enables the analysis of particles in a size range from 0.3 nm to 10000
nm.

Laser diffraction (LD). LD uses Mie’s theory in determining the particle size. Mies
theory predicts the scattering intensity generated by particles, regardless of the clarity of the
solution (transparent or opaque). This theory is based on several assumptions, such as assuming
that the particles being measured are spherical, the dispersion is diluted, the light of measuring
one particle scatters before it interacts with others, and that both the optical properties of the
particles and the surrounding medium have homogenous particles (Silva et al., 2013). The
particle size interval of LD is 0.05-3500 mm (Silva et al., 2013)

Microscopic techniques. The image of a particle observed in a microscope is in two

dimensions, where the estimation of the particle's size is done based on it. The particle size of the
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sample is determined by comparing the particles in the image with the areas of reference circles
of known sizes. The optical microscope method appliesto particlesin the size range 0.8-150 pm,
and down to 0.001 um using electron microscopy. Image analyzers can be used in quantifying
and calculating many quantities such as size, surface area, and boundary lengths.

Sedimentation (Dispersion Analyzer -LUMISizer®). Sedimentation methods are based
on the measurement of the rate of settling of the particles dispersed in a homogenous solution.
The LUMISizer tracks the changes in the product during storage at different temperatures. This
method is based on centrifugal technology and detects the changes in the intensity of transmitted
light across the sample using STEP (Space and Time-resolved Extinction Profiles) technology
(Detloff et al., 2007). The transmission profile is represented as the function of the position
within the sample, measured as the distance from the center of rotation. Up to 12 different
samples can be analyzed simultaneously at constant or variable centrifugal force up to 2300 xg.
The changes in these transmission profiles contain data related to the kinetics of the separation
process and enable the characterization of particles. This instrument can determine the changes
in UHT milkand dairy-based beverages such as sedimentation, creaming, and flocculation. Wills
and Finch (2016) reported a comparison among different techniques measuring the particle size
as shown below (Table 2.4).

Table 2.4. A comparison between different particle size analyses (adopted from Wills and Finch,
2016)

Method Wet/Dry Fractionated Sample  Approx. Useful Size Range (um)
Laser diffraction Both No 0.1-2,500
Sedimentation (gravity) Wet Yes 1-40
Sedimentation (centrifuge) Wet Yes 0.05-5
Optical microscopy Dry No 0.2-50
Electron microscopy Dry No 0.005-100
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Viscosity

Viscosity is defined as the internal friction acting within the fluid- resistance to flow.
Mathematically, the apparent viscosity function is the result of shear stress divided by shear rate.
Viscosity is a key contributor to the “mouth feel” of a beverage and milk has a relatively low
viscosity and creamy mouth-feel that can be hard to simulate (McClements et al., 2019). The
appearance, flavor, and mouthfeel of milk are influenced by its macronutrient composition,
especially the fat content, with the perceived creaminess increasing with fat content (McCarthy
et al., 2017). The viscosity of the beverage is determined by its formulation, and it changes
during storage due to phase separation or age gelation as discussed earlier. Age gelation is a
result of the interactions between B-lactoglobulin and the k-casein of the casein micelle during
the heat treatment. These interactions lead to the formation of a B-lactoglobulin—k-casein
complex which will form a three-dimensional protein matrix that increases the viscosity of UHT
milk during storage (Datta and Deeth, 2001). Milk and milk-based beverages are liquid foods
and the techniques for measuring the viscosity of such products were summarized by (Abbas et
al., 2010). Some of the mentioned techniques are capillary viscometer “Ostwald viscometer”,
rotational viscometry, VROC viscometer, and falling sphere viscometer.

Capillary viscometer “Ostwlad viscometer”. It measures the time taken for a defined
quantity of fluid to flow through a capillary with a known diameter and length, and it’s ideal for
Newtonian fluids.

Concentric cylinder viscometers. They measure the viscosity by sensing the torque
required to rotate a spindle at a constant speed while it is immersed in the fluid. The viscosity

can be measured using this method over time as the spindle rotates. The shear rate is constant so
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it’s suitable for measuring the viscosity of both Newtonian and non-Newtonian fluids. Other
attachments that can be used in the rotational viscometers are cup and bob, parallel plate, and
cone and plate geometries. The principle for measuring the viscosity using cone and plate
viscometers is like that for concentric cylinder viscometers. The measurement is based on
measuring the torque required to drag the fluid on the cone that is rotated while the other
member remains stationary.

Falling sphere viscometer. The principle of this viscometer involves measuring the time
it takes for a ball to descend through a liquid due to the pull of gravity. This type of viscometer is
suitable for Newtonian fluids and has limited applicability to non-Newtonian fluids. In addition,
this method cannot be used for opaque fluids because the ball cannot be seen.

VROC® (Viscometer-Rheometer-on-a-Chip). The cell reads viscosity by measuring
the pressure drop as a test liquid flows through its rectangular slit microfluidic channel.

Color

Appearance characteristics, including color, size, shape, and visual texture, are the
determining factors that influence consumers' purchasing decisions. In numerous food product
categories, color is the first thing the consumer sees and judges the product based on as it
conveys information to consumers regarding a product's sensory attributes, such as taste or
flavor, as well as sensing important brand characteristics like premium quality, naturalness, or
healthiness (Spence and Velasco, 2018; Milovanovic et al., 2020). In the case of UHT milk and
dairy-based beverages, the color can serve as an indicator of physio-chemical alterations while
processing or storing the product. In this context, severe heat treatment such as UHT processing
initiates Millard’s reaction, where the amino acid binds with the aldehyde group of the lactose,

leading to the formation of brown-colored pigments, such as pyralysins and melanoidins,
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polymers such as lactulose-lysine or fructose-lysine, as well as low-molecular-weight
acids(Popov-Ralji¢ et al., 2008). This brown color gets darker during storage at higher
temperatures; therefore, color shifts represent essential quality benchmarks. Consequently, the
utilization of instrumental color analysis has been widespread in detecting changes in color
within dairy products throughout storage.

Colorimeters. Milovanovic et al. (2020) found that 58.8% of researchers have used the
Minolta colorimeter and 26.3% of them have used the Hunter lab colorimeter in measuring the
color of milk and milk products. The principle of measuring the color using the colorimeter is
based on the tristimulus method (Krishna Prasad et al., 1996), which means that all colors are a
blend of red, green, and blue in varying proportions. For measuring the color, the colorimeter
provides the ratios of the three primary colors. This process involves a set of three sensors that
can mimic the color sensitivity of the human eye. These sensors capture light from the object and
transfer the data to a processing unit, which calculates the tristimulus values XYZ according to
the CIE (International Commission on Illumination) standards.

Spectrophotometry. In spectrophotometry, the light from the object is received by
several spectra then the data is transferred to the microprocessor. Subsequently, each wavelength
within the visible light spectrum is examined, and the spectral reflectance is measured. From
this data, the tristimulus values XYZ are determined through integration. These XYZ tristimulus
values correspond to the integration of the shaded regions on the spectral reflectance curve of the
object. The spectrophotometer can also generate a graphical representation of the spectral
reflectance, offering a more comprehensive insight into the color's characteristics. A
comprehensive summary of all methods for testing the physical and chemical changes during the

storage of fluid milk and milk-based beverages is shown in Table 2.5.
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Table 2.5. A comparison between all methods for testing the physical and chemical changes during the storage of fluid milk and milk-

based beverages

Response

Method

Advantage

Disadvantage

Destability issue identified

Total Protein

Dumas

Fast, no strong
chemicals used

Expensive, overestimates the

protein content as it measures the

N content, not the true protein

Detects the changes in total

Kjeldahl

Ver precise and
repeatable

Involves the use of strong acids,
and overestimates the protein
content as it measures the N
content, not the true protein

protein over storage-
Sedimentation

Gel
electrophoresis

Native gel

Preserve the tertiary
and quaternary
structures of proteins
for analysis

Not good resolution of bands

Separates proteins based on

charge, size, and structure of
proteins, shows the protein-
protein interactions due to
heating and during storage

SDS page

Separates proteins with
higher resolution

The use of SDS causes the
denaturation of proteins. The
technique is also expensive.

Separates based on the
molecular weight of proteins

FTIR spectra

Fourier Transform
InfraRed (FTIR).

rapid analysis, high
sensitivity, and internal
calibration

signal-to-noise ratio is high on
liquid samples and requires a
higher concentration

detect structural alterations of
proteins during processing

Transition
temperatures

Differential
scanning
calorimetry (DSC)

High-temperature
range of analysis,
small sample required,
highly sensitive

Equipment needs calibration,
analysis can take time

Detects the denaturation
temperature of proteins where
the protein undergoes a
structural transition from its
native state to an unfolded or
denatured state due to heating
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Assessing the
secondary
structure of the
protein

Circular
Dichroism
spectroscopy

Quick, low
concentration of the
sample

Difficult to quantitate similarities
and differences

assessing the secondary
structure, folding, and binding
characteristics of proteins

Protein
separation

Reversed-phase
high-performance
liquid
chromatography
RP-HPLC.

Highly sensitive, it’s a
qualitative and
quantitative method

Requires sample preparation,
Expensive and time-consuming

Detects types of proteins
present and their interactions

Assays

Bradford, Lowry,
or BCA assays

Simple, Cheap, fast

High error, applicable at lower
protein concentrations

Determines protein solubility
after heat treatment

Particle size
And Dispersion
Stability

Dynamic light
scattering

Rapid, reliable

Requires having a transparent
sample, limited size range

Laser diffraction

Rapid, covers a higher
range of particle size
than DLS, no
calibration required,
highly repeatable,

high equipment cost

Microscopic

high resolution
provides information
on the morphology and
structure of particles

Only test average particle size
value, cannot measure particle
size distribution, provides
relatively poor representation,
can't measure fine powder

Aggregate formation, protein
linkage formation

LUMisizer®

Particle size
distribution for
multimodal samples,
Run up to 12 samples
at a time

Some limitations when measuring
bidisperse suspensions.

Identify sedimentation and
stability of the dispersions
over the storage
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Can show the changes in the

viscosity over the storage as

an indication for age gelation
and/or phase separation

Viscosit Capillary Chean. simple Suitable for Newtonian fluids and
y viscometer P, P low-viscosity fluids only
Suitable for both . .
Concentric | Newtonian and Nor- | o0 L 0 Ol
cylinder Newtonian fluids, can and soeed ranae to use forpan
viscometers get the viscosity P articSIar fluid y
measurement over time P
Falling sphere Simple, can measure This type of viscometer is used
viscometer the viscosity over time | for measuring Newtonian fluids.
Automated, test
VROC® samples at high shear Expensive
rates
Color Colorimeters Inexpensive, reliable They don’t offfer a complete range

of data, lack versatility

Spectrophotometry

More accurate than the
colorimeters, Versatile
and more powerful

Costly compared with
colorimeters

Indication of Millard’s
reaction and severe heating
condition
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Conclusion

This literature review delved into the challenges encountered during the processing and
storage of fluid milk and dairy-based beverages, including fouling, rehydration of powders, heat
stability, sedimentation, age gelation, the formation of visible aggregates, and the development
of off-flavors. The review extensively explored a range of analytical techniques capable of
identifying both physical and chemical changes during the storage of fluid milk and dairy-based
beverages. Physical analyses included particle size, viscosity, and color, while the chemical
analyses included a comprehensive array of methodologies such as measuring the total proteins,
gel electrophoresis, Fourier-transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), high-performance liquid chromatography (HPLC), circular dichroism (CD),
and proteinassays. This examination provides valuable insights into the approaches available for
assessing the stability of milk and dairy-based drinks, highlighting the significance of
implementing advanced analytical tools in ensuring product quality and safety throughout the

production and storage processes.
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Chapter 3 - The influence of sodium hexametaphosphate chain
lengths on the physiochemical propertiesof high-protein dispersions

Abstract

Protein-protein and protein-mineral interactions can result in defects when storing high-
protein beverages, such as sedimentation and age gelation. It was reported that age gelation was
delayed by adding cyclic polyphosphates such as sodium hexametaphosphate (SHMP). This
study aims to assess the influence of different SHMP phosphate chain lengths on the
physiochemical properties of high proteindispersions. Three lots of MPC 85 were obtained from
a commercial manufacturer. The effect of adding different SHMP at 0, 0.15, and 0.25% (w/w)
concentrations before and after heating of 6, 8, and 10% (w/w) protein dispersions was studied.
The phosphate chain length of SHMPs used in this study was 16.47, 13.31, and 9.88, and they
were classified as long, medium, and short SHMPs, respectively. Apparent viscosity, particle
size, heat coagulation time (HCT), color, and turbidity were tested. It was observed that the
addition of SHMP (0.15% and 0.25%) increased the apparent viscosity of MPC dispersions.
However, the type and the concentration of the added SHMP had no significant (P>0.05) effect
on the apparent viscosity after heating the dispersions. The HCT of a dispersion containing 6, 8,
and 10 % protein with no SHMP added was 15.28, 15.61, and 11.35 min, respectively. The
addition of SHMP at both levels (0.15% and 0.25%) significantly increased the HCT. Protein
dispersions (6, 8, and 10%) containing 0.25% short-chain SHMP had the highest HCT at 19.29,
19.61, and 16.09 min, respectively. Therefore, the type and concentration of added SHMP
significantly affected the HCT of unheated protein dispersion (P<0.05).

Keywords: Physiochemical properties, SHMP, Beverage
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Introduction

The demand for high-protein beverages is increasing worldwide, driven by various
factors such as convenience, the desire for a “healthier” lifestyle, population growth, and
expanded urbanization (Gandhi and Zhou, 2014). Milk protein concentrates (MPC) have a 20:80
whey-to-caseinratio in milk, making it a preferable ingredient in formulating high-protein dairy
beverages. In addition, MPC is heat stable compared with whey-based ingredients. However,
protein-protein and protein-mineral interactions that can occur because of using the MPC as a
protein source can result in defects during the storage, such as sedimentation and age gelation
(Anema, 2019). Sedimentation is usually explained by forming a protein-rich and dense layer at
the bottom of the beverage package due to the aggregation of k-casein-depleted casein micelles
(Gaur et al., 2018). Sedimentation can be reversible upon mixing during the early stages of
storage. The other storage defect that occurs in high-protein beverages is age gelation. Datta and
Deeth (2001) explained age gelation in UHT milk as a physical change in four stages. In the
initial stage, some thinning of the product would be observed for a short period and followed by
a bit of change in the viscosity in the second stage, which is usually the more extended period.
Subsequently, a sudden change in the viscosity with a gel formation occurs in the third stage, and
the final stage viscosity decreases as the gel matrix breaks up, leaving a serum layer and protein
curds. There are two ways to improve the stability of high dairy beverages: either by modifying
the functional properties of the ingredients, such as enzymatic hydrolysis and chemical
modification (Modler, 1985) or by adding some additives, such as emulsifying salts (Cano-Ruiz
and Richter, 1998). The Code of Federal Regulations (CFR; 21CFR133.169) classified
emulsifying salts as monophosphates, condensed phosphates, glassy (long-chain) phosphates,

citrates, and tartrates (Culler et al., 2017). Those emulsifying salts' ability to chelate Ca*? varies
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depending on the valence, type of ion species formed, pH, ionic strength, and temperature
(Kaliappan and Lucey, 2011). Cano-Ruiz and Richter (1998) reported that they could delay age
gelation by adding cyclic polyphosphates such as sodium hexametaphosphate (SHMP). Various
studies were performed on using SHMP in high-protein beverages. However, it was necessary to
conduct a study that evaluates the influence of using different phosphate chain lengths of SHMP
on the physiochemical properties of high protein dispersions, which led us to our objective of the
present study. We aimed to assess the effect of using a small, medium, and long chain of SHMP
on the physiochemical properties of high-protein dispersions.
Materials and Methods

Experimental Design

Three randomly selected lots of MPC 85 were obtained from a commercial manufacturer
(Idaho Milk Products, Jerome, ID). Different SHMP powders were obtained from Prayon (Lyon,
France). A 1400 mL of protein dispersions (6, 8, and 10% w/w) were prepared by dissolving the
required amount of MPC 85 in distilled water at 45°C for 30 min, then the aliquot was
refrigerated (4°C) overnight for complete rehydration. Samples were warmed up to 45°C, then
the pH of the protein solution was adjusted to 7.00+0.05 by adding 0.5N of NaOH.
Subsequently, the sample was divided equally into seven beakers containing 200 mL of the MPC
85 solution. Samples were placed on hot platesto maintain their temperature at 45°C, and SHMP
(0, 0.15, and 0.25% wi/w) was added to the sample for 10 min with continuous stirring. To
prepare heated samples, 3 mL of sample were pipetted in glass vials (Fisher Scientific,
Pittsburgh, PA), followed by heating them in the oil bath (Narang Scientific Works Pvt. Ltd.,
New Delhi, India) at 140°C for 15 sec and immediately transferred to an ice bath to cool. The

required heating time of the sample to 140°C was determined during preliminary experiments.
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All the experiments were performed in triplicates using the three lots of MPC85. Samples were
tested for apparent viscosity, heat coagulation time (HCT), mean particle size and zeta potential,
FAST index, color, and turbidity.

Heat Coagulation Time (HCT)

A 2 mL sample was transferred into a glass vial for this analysis. It was immersed in an
oil bath (Narang Scientific Works Pvt. Ltd., New Delhi, India) at 140°C. The time required for
visual coagulation was recorded as HCT (min).

Apparent Viscosity

The apparent viscosity of the heated and unheated samples was measured using a stress-
strain-controlled rheometer (MCR-92 Anton Paar, Vernon Hills, IL) with cone and plate
geometry with 680 pL of the sample. The analysis was performed at 20°C with a shear rate of
0.1-200 s*. Apparent viscosity was reported at 100 s and the analysis was done in duplicates on
each sample.

Mean Particle Size and Zeta Potential

Dynamic light scattering (DelsaMax PRO, Beckman, Germany) attached with DelsaMax
assist was used in measuring the mean particle size and Zeta potential for heated and unheated
samples. Samples were diluted into 1:100 with distilled water and then slowly injected into the

flow cell. The measurements were performed in triplicates.

FAST (fluorescence of advanced Maillard products and soluble tryptophan) Index

The FAST index is used to assess protein denaturation and Maillard reaction products in
the heat-treated milk (Sereys et al., 2014). Tryptophan and Millard products fluorescence spectra
were attained using an LS50B Luminescence spectrometer (PerkinElmer, Waltham, MA). Then

FAST index was calculated using the following equation (1):
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Millard products fluorescence

FAST i =
ST index Tryptophan fluorescence

Front-Face Fluorescence Spectroscopy. The instrument was equipped with a 15 W
Xenon lamp and the front face accessory with a 56° incidence angle adjustment. The sample was
loaded in a quartz cuvette (Catalog no: 3-Q-20; Starna cells Inc., Atascadero, CA) with a 20mm
path length. The fluorescence emission spectra of tryptophan were obtained at a wavelength of
290 nm for excitation and an emission range of 305-450 nm. The fluorescence emission spectra
of Maillard products were obtained at a wavelength of 360 nm for excitation and an emission
range of 380-480 nm. Seven scans were performed on each sample and averaged to improve the
signal-to-noise ratio (Singh and Amamcharla, 2021). The excitation and emission slit widths
were set at 10.0 and 7.0 nm, respectively. The 1% attenuation filter was selected, and the FL
Data Manager Software (Perkin-Elmer) was used for the spectral data acquisition. Tryptophan
fluorescence of unheated and heated samples at 290/340 nm and 290/350 nm, respectively, and
the fluorescence of advanced Maillard products measured at 360/430 nm were used to calculate
the FAST index using equation (1).

Right-Angle Fluorescence Spectroscopy. Right-angle fluorescence spectroscopy
implies measuring a transparent sample with an optical density of less than 0.2, so Beer-
Lambert’s law can be applied to the quantitative assessment (Sereys et al., 2014). Therefore,
samples were precipitated using 0.1M sodium acetate buffer at 4.6 pH, as explained by (Singh
and Amamcharla, 2021). The instrument was equipped with a 15 W Xenon lamp and the right-
angle accessory. The sample was loaded in a quartz cuvette (Starna cells Inc., Atascadero, CA)
with a 10-mm path length. The fluorescence emission spectra of tryptophan were obtained at a
wavelength of 290 nm for excitation and an emission range of 305-450 nm; the excitation and

emission slit widths were set at 3 and 3 nm, respectively. The fluorescence emission spectra of
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Maillard products were obtained at a wavelength of 360 nm for excitation and an emission range
of 380480 nm; the excitation and emission slit widths were set at 10 and 7 nm, respectively.
Seven scans were performed on each sample and averaged to improve the signal-to-noise ratio.
The open filter was used in the analysis. Tryptophan fluorescence of unheated and heated
samples at 290/340 nm and 290/350 nm, respectively, and the fluorescence of advanced Maillard
products measured at 360/430 nm were used to calculate the FAST index using equation (1).
Color (AE)

The CIE LAB values L*, a*, and b* were measured using a Hunter-Lab Mini Scan
colorimeter (Hunter Associates Laboratory, Reston, VA). About 2 g of powder was placed in a
transparent plastic container then the measurement was taken. L*, a*, and b* values were used in

calculating the total change in the color (AE) using the following equation (2):

AE =Ly~ Lp)? + (ag — a2)? + (by — by)?

Turbidity

The turbidity was measured using a UV-5200 UV/VIS spectrophotometer (Metash
instruments co., Ltd., Shanghai, China). Samples were diluted 1:10; then, the measurements were
carried out at room temperature using a wavelength of 700 nm using a plastic cuvette (Fisher
Scientific, Pittsburgh, PA).
Statistical Analysis

All data was analyzed based on the Complete Randomized Design (CRD) using PROC
GLIMMIX in SAS Studio (version 9.4; SAS Inst., Cary, NC), and Tukey's test to determine any

significant differences between treatment levels, which were declared significant when P < 0.05.
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Results and Discussion

The phosphate chain length of SHMPs was 16.47,13.31, and 9.88 and was classified as
long, medium, and short SHMPs, respectively. The phosphate chain length was tested using P-
NMR in the KU laboratory following the method explained by (Stover et al., 1994). The MPC
lots compositions were provided by the manufacturer and contained about 86.77%, 4.97% ,
1.12%, 4.77%, and 6.68% of protein, moisture, fat, lactose, and ash content, respectively.

Heat Coagulation Time (HCT)

Heat stability is the most critical processing parameter, and it is considered the main
factor in choosing the source of proteinin HPB. The HCT is the total time the milk sample forms
a visible clot after being placed in an oil bath. Other methods can be used in determining heat
stability, such as an ethanol test, a whitening test, protein sedimentation, and a viscosity
determination (Singh, 2004). After heating, mineral equilibrium between the serum and colloidal
phase changes, besides the dissociation of k-casein from the casein micelle surface, which may
cause a stearic destabilization of casein micelles (Corredig et al., 2019).

The MPC dispersion containing 6% protein with no SHMP added had an HCT of 15.28
min (Table 3.1). It was observed that the addition of SHMP increased the HCT as the addition of
calcium chelators reduces the concentration of free calcium ions and decreases the susceptibility
to ultra-high temperatures during the processing (Kaliappan and Lucey, 2011). Dispersions
containing 0.15% of Long, medium, and small SHMP had an HCT of 16.23, 17.26, and 17.69
min, respectively. The sample containing 0.15% long SHMP differed statistically from the
medium and small dispersions. When 0.25% of Long, medium, and small SHMP had an HCT of
17.13, 18.46, and 19.29 min, respectively. The sample containing 0.25% long SHMP differed

statistically from the medium and small dispersions. Therefore, the chain length and
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concentration of added SHMP significantly affected (P<0.05) the dispersions containing 6%

protein.

Table 3.1. Heat Coagulation Time (min) of unheated and heated protein dispersions

Sp Level 6% 8% 10%
(%) Unheated Unheated Unheated

Control 0 15.28+0.15° 15.61+0.83¢ 11.35+0.65°
L 0.15 16.23+0.48¢ 16.74+1.58P¢ 14.28+0.872
0.25 17.13+0.70¢d 17.23+1.47b¢ 15.24+1.128
M 0.15 17.26+0.47¢ 17.27+1.352b¢ 14.98+1.392
0.25 18.46+0.982b 18.75+0.822b 16.04+0.232
S 0.15 17.69+0.29b¢ 18.62+1.242b 15.38+0.778
0.25 19.29+0.862 19.61+1.092 16.09+0.262

The values are presented as (mean = SD). n=3
a¢ Means with different superscripts are significantly different (P < 0.05).

The MPC dispersion containing 8% protein with no SHMP added had an HCT of 15.61
min. Dispersions containing 0.15% of long, medium, and small SHMP had an HCT of 16.74,
17.27, and 18.62 min, respectively. The chain length of the added SHMP at the 0.15% level had
no significant effect (P>0.05) on the HCT. The HCT of dispersions containing 0.25% long,
medium, and small was 17.23, 18.75, and 19.61 min, respectively. The sample containing 0.25%
small SHMP had an HCT of 19,61 that was the highest. The chain length of the added SHMP at
the 0.25% level had a significant effect (P>0.05) on the HCT. Therefore, the chain length and
concentration of the added SHMP have a significant impact (P<0.05) on the HCT of 8% MPC
dispersion.

The MPC dispersion containing 10% protein with no SHMP added had an HCT of 11.35
min. As the protein content increased, the HCT decreased due to increased calcium ion activity
and heat-induced dissociation of the k-casein (Crowley et al., 2014). The addition of the SHMP
statistically increased the HCT. The range of HCT dispersions contained 0.15% and 0.25% of
long, medium, and small SHMP, which is 14.28-16.09 min. The concertation of added SHMP

significantly affected the HCT in 10% MPC dispersions. However, the chain length did not.
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In conclusion, the impact of both the chain length and concentration of SHMP on the
HCT of protein dispersions was significant at 6% and 8%, whereas only the concentration of
SHMP played a role at 10%, with no effect observed based on the chain length.
Apparent Viscosity

Table (3.2) shows the apparent viscosity of heated and unheated MPC dispersions at 100
s’ shear rates. Before heating, the MPC dispersion containing 6% protein with no SHMP had an
apparent viscosity of 5.36 mPa.s. It was observed that the addition of medium, and small SHMP
at both levels (0.15 and 0.25% ) had statistically increased the apparent viscosity of MPC
dispersions to 11.85-13.69 mPa.s. That agrees with Pandalaneni et al. (2018) observation. This
increase in the apparent viscosity was related to the dissociation and swelling of casein micelles,
which increases the effective volume fraction of the dispersed phase, leading to increased
viscosity. The concentration of the SHMP had a significant (P>0.05) effect on the apparent
viscosity in unheated MPC dispersions containing 6% protein. However, the chain length did
not.

Upon heating, the apparent viscosity of MPC dispersion containing 6% protein with no
SHMP was decreased to 2.49 mPa.s. It was statistically different from samples containing Long,
medium, and small SHMP at both levels and had a viscosity of 2.87-3.10 mPa.s. The decrease in
the viscosity upon heating can be attributed to a higher degree of flexibility within the casein
micelles and reduced interactions between casein micelles due to the reduction in intra- and
intermolecular hydrophobic interactions, respectively (Power et al., 2020). These dispersions
were significantly different from the sample with no SHMP added. However, the chain length
and the concentration of the added SHMP had no significant (P>0.05) effect on the apparent

viscosity in heated MPC dispersions containing 6% protein. Before heating, the MPC dispersion
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containing 8% protein with no SHMP added had an apparent viscosity of 11.75 mPa.s, which
was a little higher than 6.62 mPa.s as observed by (Pandalaneni et al., 2018).

When 0.15% of long, medium, and small SHMP were added, the apparent viscosity was
27.04, 25.15, and 28.99 mPa.s, respectively. Therefore, as observed in the 6% MPC dispersions,
the addition of SHMP increased the apparent viscosity. However, this increase in the apparent
viscosity was not significantly different (P>0.05) from the dispersion with no SHMP added.
Moreover, the chain length of added SHMP didn’t influence the dispersion’s apparent viscosity.
The addition of 0.25% resulted in a more increase in the apparent viscosity in unheated MPC
dispersions. When 0.25% of long, medium and small SHMP were added, the apparent viscosities
were 40.56, 63.41, and 40.12 mPa.s, respectively. These dispersions differed significantly
(P<0.05) from the dispersion containing no SHMP. Overall, the chain length of added SHMP
didn’t influence the dispersion’s apparent viscosity. However, the SHMP concentration at 0.25%
level significantly influenced the apparent viscosity. The SHMP tends to form calcium casein
phosphate complexes when presented at higher concentrations in the presence of Ca, in addition
to the cross-linking that the SHMP form with casein proteins (McCarthy et al., 2017). After
heating, the apparent viscosity of the 8% MPC dispersions decreased due to the protein
rearrangement during heating. The MPC dispersion contained no SHMP and had a viscosity of
5.19 mPa.s. Dispersions containing 0.15% long, medium, and small SHMP had an apparent
viscosity of 4.62-5.02 mPa.s. In addition, dispersions containing 0.25% of long, medium, and
small SHMP had an apparent viscosity in the range of 4.53-5.77 mPa.s. The chain length and
concentration of added SHMP had no significant (P>0.05) effect on the apparent viscosity of the

heated 8% MPC dispersions.
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Table 3.2. Apparent viscosity (mPa.s) of unheated and heated protein dispersions at 100 s™! shear rate

SHMP Level 6% 8% 10%
(%) Unheated Heated Unheated Heated* Unheated Heated
Control 0 5.36+2.26° 2.49+0.09° 11.7544.63° 5.19+2.25 15.08+8.83° 4.68+0.92°
L 0.15 13.60+4.04% 2.87+0.092° 27.04+9.38°¢ 4.62+1.21 39.62+18.15° 7.08+1.3720
0.25 12.30+3.27° 3.10+0.29? 40.56+3.27° 4,53+0.32 107.14+50.152 6.80+1.632°
M 0.15 11.96+3.34% 2.99+0.03? 25.14+5.90°° 4.65+0.98 38.10+18.67° 6.77+1.24%°
0.25 13.69+5.54% 3.02+0.10? 63.41+9.482 5.36+0.87 103.17+52.072 8.27+2.44%
S 0.15 12.33+4.31% 2.93+0.072 28.99+7.28°¢ 5.02+0.56 41.70+35.11° 6.73+1.60%°
0.25 11.85+3.222 3.08+0.13¢ 40.12+7.47° 577+1.01 110.67+61.932 7.19+0.512b

The values are presented as (mean = SD). n=3
a¢ Means with different superscripts are significantly different (P < 0.05).
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Before heating, the MPC dispersion containing 10% protein with no SHMP added had an
apparent viscosity of 15.08 mPa.s. When 0.15% of long, medium and small SHMP were added,
the apparent viscosity was 39.62, 38.10, and 41.70 mPa.s, respectively. Therefore, as observed in
the 6% and 8% MPC dispersions, the addition of SHMP increased the apparent viscosity of the
dispersions. However, this increase in the apparent viscosity was not significantly different
(P>0.05) from the dispersion with no SHMP added. Moreover, the chain length of added SHMP
didn’t influence the dispersion’s apparent viscosity. When 0.25% of long, medium, and small
were added, the apparent viscosities were 107.14, 103.17, and 110.67 mPa.s, respectively. These
dispersions were significantly different (P<0.05) than those with no SHMP and those with 0.25%
SHMP. Moreover, gelation was observed in all 0.25% SHMP treated samples because SHMP
has a high affinity to bind with Ca. In addition, the SHMP can bind with the positively charged
amino acid residues of the caseins (Mizuno and Lucey, 2007; de Kort et al., 2011), which results
in cross-linking between caseins and forming the gel at a high concentration of casein and
SHMP. The apparent viscosity after heating the 10% MPC dispersions had decreased due to the
protein rearrangement during heating, similar to what observed in 6 and 8% MPC dispersions.
The MPC dispersion contained no SHMP and had a viscosity of 4.68 mPa.s. Dispersions
containing 0.15% of Long, medium, and small had an apparent viscosity in the 6.73-7.08 mPa.s
range. The chain length of added SHMP had no significant (P>0.05) effect on the apparent
viscosity. Dispersions containing 0.25% long, medium, and small SHMP had an apparent
viscosity of 6.80-8.27 mPa.s. The viscosity of sample containing 0.25% medium SHMP was
significantly different from the sample with no SHMP added.

Overall, the addition of SHMP significantly increased the viscosity in unheated

dispersions. Heating the samples decreased the apparent viscosity of all samples. Moreover,
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adding different chain lengths of SHMP did not influence the viscosity in both heated and
unheated dispersions.
Mean Particle Size

Table (3.3) shows the mean particle size of heated and unheated dispersions. Before
heating, the MPC dispersion containing 6% protein with no SHMP added had a mean particle
size of 200.58 um. It was observed that the addition of SHMP (0.15% and 0.25%) decreased the
particle size of MPC dispersions. Because the SHMP binds to Ca in the serum phase, that causes
an imbalance in Ca concentration between the serum and colloidal phase resulting in the
migration of Ca from the colloidal the serum phase, which leads to the dissociation of casein
micelles into submicelles and nonmicellar casein proteins. When 0.15% of long, medium, and
small SHMP were added, the particle size of the MPC dispersions was 162.98, 170.98, and
151.63 um, respectively. The particle size of the MPC dispersions when 0.25% of long, medium,
and small SHMP were added were 102.47, 94.70, and 103.55 um, respectively. The added
SHMP concentration significantly impacted the particle size of unheated MPC dispersions
containing 6% protein. However, the chain length of added SHMP did not significantly affect the
particle size(P>0.05) at both levels. Upon heating at 140C for 15 sec, the sample with no SHMP
added had a particle size of 158.58 pum. The particle size of SHMP-treated samples is in the
range of 123.22-146.97 um. The added SHMP concentration significantly affected the particle
size of heated MPC dispersions containing 6% protein. However, the chain length of added
SHMP did not significantly affect the particle size (P>0.05). Before heating, the MPC dispersion
containing 8% protein with no SHMP added had a particle size of 193.88 um. The particle size
of samples treated with 0.15% long, medium, and small SHMP was 170.93-183.82 um, and they

were not statistically different (P>0.05). When 0.25% of long, medium, and small SHMP were
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added, the particle size was 105.42-140.53 um. Therefore, the chain length of added SHMP did
not statistically affect the particle size (P>0.05).

However, the concentration did. When those samples were heated at 140C for 15 sec, the
particle size of samples containing 0.15% long, medium, and small SHMP was 136.75-146.62
pm. When 0.25% of long, medium, and small were added, the particle size was 169.23-177.65
pum. The chain length of added SHMP at both levels did not statistically(P>0.05) affect the
particle size of heated dispersions containing 8% protein.

Before heating, the MPC dispersion containing 10% protein with no SHMP added had a particle
size of 199.52 um. Similarto 6% and 8% MPC dispersions, the addition of SHMP decreased the
particle size. The particle size decreased and was in the range of 172.12-177.07 um when
different chain lengths of SHMP were added (0.15%). This was statistically similar to the sample
with no SHMP added. Adding more SHMP (0.25%) caused a further significant decrease in
particle size. It ranged from 100.37-102.55 um when different chain lengths of SHMP were
added. The chain length of added SHMP did not affect the particle size of unheated MPC
dispersions containing 10% protein at both levels. When those dispersions were heated, the
sample with no SHMP added had a particle size of 172.33 pum. Samples containing 0.15%
SHMP had particle sizes of 170.60-178.05 um. While samples containing 0.25% SHMP had
particle sizes of 213.12-225.22 um. The chain length of added SHMP at both levels did not

statistically(P>0.05) affect the particle size of heated dispersions containing 10% protein.
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Table 3.3. Mean particle size (um) of unheated and heated protein dispersions

SHMP Level 6% 8% 10%
(%) Unheated Heated Unheated Heated Unheated Heated
Control 0O 200.58+38.612 158.58+19.08? 193.88+9.08% 150.23+0.80%° 199.52+48.49° 172.33+18.72%
L 0.15 162.98+18.29" 126.25+2.15° 183.82+16.11%° 146.62+5.15%° 177.07£9.722 178.05+14.37P¢d
0.25 102.47+17.78° 137.77+6.94°° 140.53+49.43b¢ 176.95+£15.512 101.87+3.23° 214.63+41.25%°
M 0.15 170.98+22.052P 123.2246.90° 183.58+12.14% 145.50+6.17%° 172.12+7.502 170.60+19.26¢
0.25  94.70+£10.24° 140.28+6.967 118.43+18.67¢ 169.23+12.91% 102.55+8.08° 213.12+38.88%0¢
S 0.15 151.63+29.17° 124.42+4.08° 170.93+9.69%° 136.75+11.09° 173.03£13.25? 172.43+13.33%
0.25 103.55+29.59° 146.97+0.98%° 105.42+48.25° 177.65+18.362 100.37+8.90° 225.22+42.15%

The values are presented as (mean = SD). n=3. ¢ Means with different superscripts are significantly different (P < 0.05).

Table 3.4. Zeta potential of unheated and heated protein dispersions

spmp  Level 6% 10%
(%) Unheated Heated Unheated* Heated Unheated Heated

Control 0 -18.43+0.758 -18.96+0.892 -20.25+2.12 -20.99+1.052 -18.43+0.75°8 -20.62+1.018

L 0.15 -23.20+1.21° -25.33+2.49° -22.78+0.43 -24.95+2.163P -23.20+1.21° -25.91+2.70°

0.25 -24.90+1.42° -25.27+1.33° -25.92+1.17 -25.73+1.24° -24.90+1.424 -25.43+0.45°

M 0.15 -21.52+0.762b -25.08+2.36" -25.88+5.50 -24.75+2.76%P -21.52+0.76"¢ -23.84+1.802P

0.25 -24.33+0.73"° -25.55+1.93° -25.86+0.73 -26.04+1.96° -24.33+0.73¢d -24.23+3.08°

S 0.15 -21.22+1.408b -24.94+1.30° -24.05+0.61 -25.34+2.373b -21.22+1.40° -23.10+1.9723b

0.25 -24.11+4.05° -24.56+0.57° -24.81+2.16 -25.07+1.6123P -24.11+4.05¢4 -24.69+1.09°

The values are presented as (mean = SD). n=3. ¢ Means with different superscripts are significantly different (P < 0.05).
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Zeta Potential

The Zeta potential of both heated and unheated dispersions is shown in Table 3.4.
Unheated 6% protein dispersion containing no SHMP had a zeta potential of -18.43 mV. When
the SHMP was added, the zeta potential significantly increased and was in the range of -21.22- -
24.90 mV. The concentration of added SHMP influenced the zeta potential in unheated 6%
protein dispersion with no effect on the phosphate chain length of SHMP observed. Choi and
Zhong (2020) reported that when SHMP was added to the 5% skim milk powder dispersions at
higher concentrations; there was an increase in the phosphate and calcium in the serum phase,
which increased the ionic strength that lowered electrophoretic mobility and, therefore the
measured zeta potential for those dispersions. Upon heating, the same trend was observed. The
sample containing no SHMP had a zeta potential of -18.96 mV. Zeta potential increased
significantly insamples containing the SHMP, in the range of -24.56- -25.55 mV. Therefore, the
concentration of added SHMP influenced the zeta potential in heated 6% protein dispersion, but
the chain length of added SHMP did not.

Unheated 8% protein dispersion containing no SHMP had a zeta potential of -20.25 mV.
When the SHMP was added, the zeta potential was at the -22.78- -25.92 mV range. However,
this increase was insignificant, and it ranged from -22.78- -25.92 mV. Therefore, neither the
concentration nor the chain length of added SHMP influenced the zeta potential in unheated 8%
protein dispersion. When those dispersions were heated, the zeta potential of the sample
containing no SHMP was -20.99 mV. When 0.15% of different SHMP was added, there was an
insignificant increase in the zeta potential. However, when 0.25% was added, a significantrise in

the zeta potential was observed, ranging from -25.07- -26.04 mV. Similar to 6% protein
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dispersions, the concentration of added SHMP influenced the zeta potential in heated 8% protein
dispersion, but the chain length did not.

Unheated 10% protein dispersion containingno SHMP had a zeta potential of -18.43 mV.
When 0.15% of SHMP was added, the zeta potential significantly increased, and it was in the
range of -21.22- -23.20 mV. A further significant increase in zeta potential was observed when
0.25% of SHMP was added. Therefore, the concentration of added SHMP influenced the zeta
potential in unheated 10% protein dispersion, but the chain length did not. Upon heating, the zeta
potential of the sample containing no SHMP was -20.62 mV. When 0.15 and 0.25% of SHMP
were added, a significant increase was observed in all samples except samples containing 0.15%
medium and small SHMP with -23.84 and -23.10, respectively. Therefore, the concentration of
added SHMP influenced the zeta potential in heated 10% protein dispersion, but the phosphate
chain length did not.

FAST Index

The FAST index is a quick method that quantifies the protein denaturation by using the
fluorescence of advanced Maillard reaction products and soluble tryptophan (FAST) (Birlouez-
Aragon et al., 1998).

Front-Face Fluorescence Spectroscopy. The FAST index of heated and unheated
samples using the front face is shown in Table 3.5. In dispersion containing 6% protein, the
FAST index of the sample containing no SHMP was 4.36. Adding 0.15% of long, medium, and
short SHMP showed no significant change in the FAST index. However, adding 0.25% of the
SHMP significantly decreased the FAST index, which was in the 3.81-3.94 range. Therefore, the
concentration of added SHMP has a significant effect (P<0.05) on the FAST index of unheated

dispersions containing 6% protein. However, the chain length of added showed no impact on the
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FAST index of those dispersions. The increase in heating time and temperature intensifies the
fluorescence of the thermally treated products (Shaikh and O’Donnell, 2017). Therefore, the
FAST index increased in all samples upon heating. For example, the FAST index of the sample
containing no SHMP increased from 4.36 to 9.35. The same increase was observed in samples
containing different chain lengths of SHMP; the FAST index ranged from 8.84 to 9.56.
Therefore, neither the concentration nor the chain length of added SHMP influenced the FAST
index of the dispersions containing 6% when heated.

In 8% protein dispersions, the sample containing no SHMP had a FAST index of 4.76.
and it was similar to all samples containing SHMP except for the sample containing 0.15% of
small chain SHMP (P<0.05). It had a FAST index of 5.42. Therefore, the concentration of added
SHMP significantly affected the FAST index of unheated 8% protein dispersions, but the chain
length of added SHMP didn’t influence the FAST index. Upon heating, the FAST index
increased to 9.70-10.27, with no significant difference between the samples with no SHMP and
samples with different chain lengths of SHMP. Therefore, the concentration and chain length of
added SHMP had no significant effect on the FAST index of dispersions containing 8% when
heated. In 10% protein dispersions, the sample with no SHMP added had an SHMP was 5.09
with no significant effect observed when long, medium, and small SHMP were added as their
FAST index was in the range of 5.56-7.49. Therefore, the concentration and chain length of
SHMP didn’t influence the FAST index of unheated 10% protein dispersions. Upon heating, the
FAST index increased from 5.09 to 9.09 in the sample containing no SHMP. Samples containing
long, medium, and small SHMP had a FAST index of 10.30-10.91. The chain length of added

SHMP had no significant effect on the FAST index; however, the concentration did (P<0.05).

65



Table 3.5. FAST index of unheated and heated protein dispersions using front-face fluorescence spectroscopy

SHMP Level 6% 8%
(%)  Unheated Heated™* Unheated Heated™* Unheated* Heated
Control 0  4.36+0.94%° 9.35+1.98 4.76+1.10° 10.13+£1.73 5.09+0.76 9.09+1.15°
L 0.15 4.76x£1.45? 9.32+£1.06 5.22+1.213b 10.27x1.70 5.64+1.45 10.75x1.722
0.25 3.82+1.20° 8.84+1.00 4.96+1.60%° 10.17£2.56 5.71+1.02 10.34+1.74%0
M 0.15 4.62+1.21° 9.02+1.31 5.23+1.15%° 9.89+2.06 7.49+2.60 10.30+2.263°
0.25 3.81+1.16° 9.26+1.49 4.98+1.47%° 10.02+2.24 6.40+1.28 10.43£1.74%°
S 0.15 4.58+1.30? 9.33t£1.26 5.42+1.352 9.70£1.22 5.71+1.57 10.91+1.902
0.25 3.94+1.24" 9.56+1.34 4.82+1.45%° 10.19+2.40 5.56+1.07 10.90+1.972

The values are presented as (mean £ SD). n=3. ¢ Means with different superscripts are significantly different (P < 0.05).

Table 3.6. FAST index of unheated and heated protein dispersions using right angle fluorescence spectroscopy

SHMP Level 6% 8% 10%
(%) Unheated* Heated Unheated* Heated Unheated* Heated*
Control 0 23.711+4.46 78.04+12.43° 27.81+5.54 85.94+10.39° 32.66%£1.95 94.07+14.28
L 0.15 24.26+4.19 83.54+14.61%° 28.8916.37 89.16+13.50%° 31.72+2.76 99.28+21.50
0.25 25.01+4.22 85.69+16.81° 28.38+4.94 98.95+15.22° 29.98+2.08 106.38+£24.04
M 0.15 24.19+4.49 82.62+14.34% 29.7715.46 93.77+12.32% 33.13£3.89 102.61+£14.65
0.25 25.34%4.18 84.67+13.79% 28.161£5.31 96.93+14.78% 28.671£2.19 108.75+£18.54
S 0.15 24.78+3.77 82.95+16.26% 28.42+5.36 94.78+15.27% 33.65+3.80 98.47+£19.98
0.25 25.38+3.84 84.72+14.14% 27.37+4.86 98.77+12.79° 31.65+1.78 107.22+23.32

The values are presented as (mean + SD). n=3. 2 Means with different superscripts are significantly different (P < 0.05).
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Right-Angle Fluorescence Spectroscopy. The FAST index of all the soluble phase
protein samples heated and unheated is shown in Table 3.6. In the unheated sample containing
6% protein and no SHMP added, the FAST index was 23.71. The addition of different SHMP at
different concentrations did not influence the unheated dispersions containing 6% protein, as the
FAST index was 24.19-25.38. Upon heating, the FAST index of the sample containing no SHMP
increased from 23.71 to 78.04. The FAST index increased due to the protein denaturation and
Millard products, which led to an increase in advanced Millard products such as pyrrole and
imidazole derivatives (Birlouez-Aragonet al., 2002). In addition, the tryptophan signal decreases
as the protein gets denatured. Samples containing SHMP had a FAST index in the 82.62-85.69,
and they were all similar (P>0.05) to the sample containing no SHMP except for the sample
containing 0.25% of long SHMP. Therefore, the added SHMP concentration significantly
influenced the FAST index of heated 6% protein dispersions. However, the chain length did not.

In the unheated sample containing 8% protein and no SHMP added, the FAST index was
27.81. When SHMP was added to the protein dispersions, the FAST index was 27.37-29.77.
Neither the SHMP phosphate chain length nor the concentration added had any influence
(P>0.05) on the unheated dispersions containing 8% protein. Upon heating, the FAST index of
the sample containing no SHMP increased from 27.81 to 85.94. Samples containing SHMP had a
FAST index of 89.16-98.95, and they were all similar (P>0.05) to the sample containing no
SHMP, except the sample containing 0.25% long and small SHMP influenced the FAST index.
Therefore, the added SHMP concentration significantly influenced the FAST index of heated 8%
protein dispersions. However, the chain length did not.

In the unheated sample containing 10% protein and no SHMP added, the FAST index

was 32.66. When SHMP was added to the protein dispersions, the FAST index was 28.67-33.65.
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Similar to unheated samples containing 6 and 8%, the addition of the SHMP did not influence
the unheated dispersions containing 10% protein. In addition, heating increased the FAST index
in those dispersionsand was in the range of 94.07-108.75. However, no significant influence was
observed for the concentration or the chain length of added SHMP.

Color (AE)

The change in the color (AE) of MPC dispersions before and after adding different
SHMP chain lengths is shown in Table 3.7. After adding 0.15% of long, medium, and small
SHMP, the color of the MPC dispersions containing 6% changed from 22.18 to 26.09. A further
significant increase in AE value was observed when 0.25% of different chain lengths of SHMP
were added; the AE was 43.01-43.89. The concentration had significantly changed the color of
those dispersions. However, the chain length of SHMP did not affect the color change. The color
change is due to the dissociation of the casein micelles resulting in a more translucent dispersion.
The addition of more SHMP results in binding more Ca*? in the serum phase leading to more
dissociation of the casein micelles. Upon heating, the color change decreased in all dispersions as
it became milk-like dispersions. Samples containing 0.15% of different SHMP had a color
change of 5.00-6.12. At the same time, dispersions containing 0.25% of SHMP had a color

change of 1.69-4.22.
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Table 3.7. The change in the color (AE) of unheated and heated protein dispersions

SHMP Level 6% 10%
(%)  Unheated Heated Unheated Heated Unheated Heated
Control 0 0.00¢ 0.00¢ - -C - -
L 0.15 22.18+2.47° 5.22+1.752 12.04+3.73° 1.11+0.28% 10.20+5.90°¢ 2.06+0.83"
0.25 43.89+2.642 4.22+1.59% 38.58+1.45% 3.62+1.112 41.450+6.222 3.99+0.272
M 0.15 23.11+2.55° 6.12+1.182 13.74+4.36° 1.18+0.47°¢ 11.2245.79° 2.18+0.74°
0.25 43.01+3.65% 2.50+0.61°¢ 37.58+0.48% 2.98+1.39%° 37.68+6.732 3.63+1.022
S 0.15 26.09+3.45° 5.00+0.62? 17.38+2.83° 1.69+0.723b¢ 8.85+7.69" 2.31+0.89°
0.25 43.70+2.612 1.69+0.69% 39.562+1.19° 3.31+1.80%° 38.82+5.66° 4.73+£0.63%

The values are presented as (mean = SD). n=3. ¢ Means with different superscripts are significantly different (P < 0.05).

Table 3.8. The turbidity of unheated and heated protein dispersions

SHMP Level
(%) Unheated Heated Unheated Heated Unheated Heated

Control 0 1.32+0.282 1.40+0.362 1.56+0.308 1.46+0.182 2.16+0.418 2.61+0.562
L 0.15 0.40+0.16° 0.58+0.07° 0.69+0.23° 1.08+0.212b 0.96+0.11° 2.02+0.28°
0.25 0.16%0.09° 0.59+0.07° 0.24+0.12° 1.45+0.272 0.28+0.09°¢ 2.78+0.332
M 0.15 0.38+0.15° 0.55+0.09° 0.63+0.23° 1.00+0.218b 1.01+0.12° 1.97+0.25P
0.25 0.17+0.10° 0.63+0.09° 0.21+0.09°¢ 1.24+0.323b 0.29+0.08°¢ 2.76+0.212
S 0.15 0.36+0.17° 0.53+0.07° 0.48+0.12%¢ 0.86+0.12° 1.04+0.18° 2.03+0.13°
0.25 0.17+0.09° 0.69+0.04° 0.19+0.09°¢ 1.32+0.322p 0.30+0.09° 2.87+0.19°

The values are presented as (mean + SD). n=3. 2 Means with different superscripts are significantly different (P < 0.05).
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Unheated MPC dispersions containing 8 and 10% protein behaved the same as
dispersions containing 6%. The concentration had significantly changed the color of those
dispersions. However, the chain length of SHMP did not affect the color change. When MPC
dispersions containing 8% were heated, the ones containing 0.15% of different SHMP were
similar to the sample containing no SHMP. However, adding 0.25% of SHMP significantly
increased AE compared to the sample containing no SHMP. Therefore, the concentration
significantly changed the color of those dispersions. However, the chain length of SHMP did not
affect the color change. When MPC dispersions containing 10% were heated, the ones
containing 0.15% of different SHMP had a color change of 2.06-2.31. It differed statistically
from the dispersions containing 0.25% SHMP, with a color change of 3.63-4.73. Therefore, the
concentration significantly changed the color of those dispersions. However, the chain length of
SHMP did not affect the color change.

Turbidity

The turbidity of unheated and heated protein dispersions is shown in Table 3.8. The
change in the turbidity indicates the ability of emulsifying salts to chelate the calcium ions in
protein dispersion. This ability highly varies with the chain lengths of emulsifying salts. Mizuno
and Lucey (2005) noted that the SHMP had the highest ability to disperse casein. The turbidity
of unheated MPC dispersions containing 6% protein with no SHMP added was 1.32. The
addition of SHMP resulted in translucent dispersions that caused a significant decrease in
turbidity. The turbidity was 0.36-0.40 when 0.15% of Long, medium, and small were added. A
further significant decrease in turbidity was observed when 0.25% of SHMP was added. The
turbidity ranged from 0.16-0.17 when 0.25% of Long, medium, and small were added.

Therefore, the chain length of added SHMP had no significant effect (P>0.05) on the turbidity of

70



unheated MPC containing 6% protein when both concentrations of SHMP were added. The
decrease in the turbidity measurement is a sign of the casein dissociation caused by the removal
of CCP from casein micelles, which resulted in the reduction of the refractive index of casein
micelles (de Kort et al., 2011). While heating, casein aggregates and rearranges, which increases
the turbidity measurement and causes the dispersion to be milk-like. The sample containing no
SHMP had a turbidity of 1.40. the addition of SHMP significantly decreased the turbidity to
0.53-0.69.

The turbidity of the sample containing 8% protein with no SHMP added was 1.56.
Similar to our findings in 6% MPC dispersions, the addition of SHMP significantly decreased
the turbidity. And the concentration of the SHMP had a significant effect (P<0.05) on the
turbidity measurement. However, the chain length of SHMP did not affect the turbidity
measurement. When the MPC dispersions containing 8% protein were heated, the sample with
no SHMP had a turbidity of 1.46. The turbidity of all SHMP-treated samples was similar to the
sample with no SHMP except for the sample containing 0.15% small SHMP. Therefore, the
chain length did not affect the turbidity of heated MPC dispersions containing 8% protein, but
the concentration did. When 10% of the samples were heated, the sample with no SHMP had a
turbidity of 2.61, similar to samples with 0.25% SHMP that had turbidity ranging from 2.76 to
2.87. Samples containing 0.15% long, medium, and small had turbidity in the range of 1.97-2.03,
which was statistically different from the sample with no SHMP added. The chain length did not

affect the turbidity of heated MPC dispersions containing 10% protein, but the concentration did.

Conclusion

In unheated protein dispersions, the apparent viscosity, turbidity, and AE significantly

increased with the increased concentrations of added SHMP. At the same time, the particle size
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significantly decreased. The changes in those properties were not statistically different after heat
treatment. Moreover, the concentration of added SHMP significantly influenced those properties.
However, the phosphate chain length of SHMP mainly affected the stability of high protein
dispersions as it showed a higher HCT when the short phosphate chain length of SHMP was
used. Therefore, using the short phosphate chain SHMP might be the most suitable emulsifying
salt in products requiring high heat treatment, such as UHT and retort sterilized high protein
beverages.
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Chapter 4 - The use of electrical resistance tomography in detecting
the stability of high-protein beverages

Abstract

During the production of dairy-based drinks or the initial months of storage, there are no
established chemical or physical techniques to predict whether a specific beverage will maintain
stability throughout its shelf life or undergo premature gelation. As a result, the industry relies on
observing physical alterations, such as increased viscosity or particle size, to evaluate the shelf
stability of MPC-based beverages. Therefore, this study aims to evaluate the effectiveness of the
ERT linear probe in predicting the destabilization in high-protein beverages (HPB). To validate
the method, HPB containing 8% protein (w/w) was formulated using two lots of milk protein
concentrate (MPC85) and other ingredients. The formulation was homogenized, filled in 13.70z
glass bottles, capped, and retort sterilized (121°C 15 min), then stored at room temperature for up
to 225 days. The fresh sample was used as a reference to relate the changes in conductivity
measurement and tomograms during storage. Using ERT software, the sensing area of the probe
was divided into zones 5 to 8, representing the top to the bottom layer of the beverage. Then the
average conductivity of each zone was calculated. Subsequently, the unshaken beverage was
carefully subdivided into four equal layers termed layer 1 (top) and layer 4 (bottom).
Physicochemical properties, including total protein (TP), soluble proteins, viscosity, and particle
size, were performed on the separated layers. As expected, the sample on day 0 was found to be
homogenous in terms of composition and overall conductivity (0.0998 + 0.00 uS/cm) across all
zones. However, However, there was a significant (P<0.05) increase in overall conductivity
observed from day 14 to day 88 in all zones, followed by a sudden decrease on day 109 for all

zones, then a significant increase until day 225. The TP content of layer 4 had risen from 7.86
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+0.09 to 9.82+0.69 by day 225 and can be attributed to the sedimentation of K-casein-depleted
caseins, consequently leading to an increase in overall conductivity. Furthermore, the change in
conductivity correlated positively with the change in TP content at different layers. Therfore,
ERT is a novel, fast, and cost-effective tool to detect physiochemical changes and suggests its
ability to detect the sedimentation of HPB in the early stages.

Keywords: Sedimentation, conductivity, high-protein drinks
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Introduction

Milk protein concentrates (MPC) are the most common dairy ingredient used in
high protein beverage formulations due to casein whey ratio (80:20) and heat stability. The
increased protein concentration in those beverages increases the mineral-protein and protein-
protein interactions during storage. High protein beverages undergo thermal treatment before
packaging to produce the desired shelf-stable product. However, heat-induced changes occur,
such as denaturation of whey protein, dissociation of micellar k-casein, formation of casein-whey
complexes, and migration of calcium to the serum phase (Singh and Fox, 1985; On-Nom et al.,
2010; Wijayanti et al., 2014). These changes lead to storage defects such as sedimentation and
age gelation in ultra-high temperature (UHT) treated drinks (Anema, 2019). Sedimentation is
caused by the aggregation of k-casein-depleted casein micelles, forming a protein-rich and dense
layer at the bottom. It can be reversible upon mixing during the early stages of storage (Gaur et
al., 2018). The other storage defect that occurs in HPB is age gelation. Datta and Deeth (2001)
reported that age gelation is a physical change in four stages. Some product thinning would be
observed for a short period in stage one, followed by a longer period where little changes in the
viscosity are observed. Subsequently, a sudden change in the viscosity with a gel formation
occurs in the third stage. In the final stage, the gel matrix breaks up, leaving a serum layer and
protein curds, decreasing viscosity.

Electrical conductivity-based techniques have been used widely in the dairy industry as it
was used as a quantitative method testing fat content in milk (Zywica et al., 2012), protein
content in the whey powder (Zhuang et al., 1997), and casein content during the renneting
(Dejmek, 1989). Electrical conductivity was also used in dairy production as a tool to predict

mastitis in dairy cows (Norberg et al., 2004; Norberg, 2005). Sharifi and Young (2012) reported
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that Electrical Resistance Tomography (ERT) could multi-dimensionally monitor milk
concentration and fat content with high accuracy (over 96%) in milk total solids and fat content
measurement. In this study, the conductivity of milk samples increased with the increase of total
solids, as whole milk had a higher conductivity response than skim milk. ERT was also
suggested as an in-line tool to monitor the rehydration of MPC95 and MPC90 using both linear
and circular sensors (Babu and Amamcharla, 2021). In any solution, the electrical conductivity
results from the movement of anions to the anode and cations to the cathode and the electron
transportation to complete the current path. Different factors affect the movement of ions, such
as composition, concentration, temperature, and viscosity (Ramaswamy et al., 2014). In the milk
system, protein positively affects conductivity, whereas the fat and lactose content are non-
conductors. As a result, the electrical conductivity of milk decreases as the concentration of fat
and lactose increases (Prentice, 1962; Naseri et al., 2020). Therefore, this study aims to evaluate
the ERT linear probe’s effectiveness in predicting the destabilization in HPB based on the

changes in the drinks’ electrical conductivity caused by sedimentation and/or age gelation.

Materials and Methods

Experimental Design

Two lots of MPC85 were obtained from a commercial manufacturer to validate the
method. First, HPB (8% w/w) was prepared using the formulation (Table 4.1) provided by
(Pandalaneni et al., 2019). Next, about 400g of the formulation was filled in 13.70z glass bottles
(Anchor Glass Container Corp., Tampa, FL). Subsequently, those bottles were capped using an
automatic vacuum capper (Whitecap Inc. Chicago, IL) and then retort sterilized (121°C 15 min)

using Pilot-rotor® 900 (Stock, Neumunster, Germany).
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Table 4.1. The formulation of high protein beverage

Ingredient Percent Supplier
MPC85 9.76 Milk Specialties Co., Dundee, IL
Corn Maltodextrin 2.9 Maltrin M100, GPC, Muscatine, IA
Sugar 1.21 C&H Sugar, Crockett, CA
Canola Oil 0.68 Crisco, J.M. Smucker Co., Orrville, OH
Potassium Citrate 0.12 Sigma Aldrich, St. Louis, MO
Cellulose Gel and 1 TICACEL-300 MCC, TIC Gums Inc., White Marsh, MD
Cellulose Gum
Carrageenan 0.02 Ticaloid 100 powder, TIC Gums Inc., White Marsh, MD
Gellan Gum 0.12 Ticagel Gellan DPB, TIC Gums Inc., White Marsh, MD

GLASS H Long Chain Powder FCC, ICL Performance Products

Emulsifying Salt 0.1 LP, St. Louis, MO

Water 85.05

All bottles were stored at room temperature. In the beginning, samples were tested at shorter
periods (weekly then biweekly) to catch any possible changes that occurred, followed by longer
periods when the destabilization started to be observed. Therefore, the storage study was

conducted on days 0, 7, 14, 21, 28, 35, 42, 49, 61, 74, 88, 109, 140, 161, and 225.

Figure 4.1. An image showing how the sample was divided into four equal parts

At each testing point, the electrical conductivity was measured for the whole bottle using
the linear probe of the ITS p2+ system (Industrial Tomography Systems, Manchester, UK).
Subsequently, the sample in each bottle was isolated carefully into four equal layers (100 mL in

each) (Figure 4.1) and place in placed in sterile cups (40z, Fisher Scientific, Pittsburgh, PA) with
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no shaking or mixing occurring to understand the changes that led to the destabilization of HPB
at each layer. Next, samples for each layer were tested for physical and chemical analyses, such
as total protein, soluble proteins, viscosity, particle size, and zeta potential.
Electrical Conductivity

The electrical conductivity was measured at each testing point using the linear probe of
the ITS p2+ system (Industrial Tomography Systems, Manchester, UK). The linear probe
consists of two planes with eight electrodes per plane. All the electrodes are made of 316L
stainless steel. The conductivity range is 0.05-100 uS/cm. All the ERT analyses were done at a
15-75 mA current amplitude. The ERT system works on the principle of taking measurements
and comparing these to a known reference measurement. Therefore, the day 0 measurement was
taken and saved as a reference to having other measurements compared to it. Before measuring
the ERT, current and gain were calibrated, then the saved reference measurement was selected.
The ITS P2+ System software (version 7.3) was used for image reconstruction, and data was
extracted for further evaluation. Electrical conductivity was characterized in terms of overall

mean conductivity over the zones.

Low
conductivity
region

High
conductivity
region

Figure 4.2. The data interpretation process of the ERT. A) data get collected using the linear
probe containing 16 electrodes, B) Zone scheme (5-8) representing the top (L1) to the
bottom (L4) layers, C) the resultant tomogram
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Zones represent the distance between the sensing electrode and the sample—the average
mean conductivity from zones 5 to 8. Zones 5 and 8 illustrate the top layer (L1) and the bottom
layer (L4), respectively (Figure 4.2).

Total Proteins (TP)

Total proteins were tested using the Leco TruMac N Nitrogen Analyzer (Leco
Corporation, St. Joseph, MI). Then the nitrogen % was multiplied by the nitrogen conversion
factor of 6.38 to get the total protein percent. Before running the samples, Leco was calibrated
using a glycine standard. Finally, samples were tested in duplicates.

Soluble Proteins

Soluble proteins were measured using an LS50B Luminescence spectrometer
(PerkinElmer, Waltham, MA). The instrument was equipped with a 15 W Xenon lamp and a
right-angle accessory. Samples were precipitated using 0.1M sodium acetate buffer at 4.6 pH and
then filtered using Whatman filter paper (No0.42) as explained by (Singh and Amamcharla,
2021). Then, the filtrate was loaded in a quartz cuvette (Starna Cells Inc., Atascadero, CA) with
a 10-mm path length. The fluorescence emission spectra of tryptophan were obtained at a
wavelength of 290 nm for excitation and an emission range of 305-450 nm; the excitation and
emission slit widths were set at 3 and 3 nm, respectively. The open filter was used in the analysis
and seven scans were collected and averaged to improve the signal-to-noise ratio.

Viscosity

The viscosity of the layers was measured using an MCR-92 Anton Paar rheometer
(Anton Paar, Vernon Hills, IL) with cone and plate geometry. The analysis was performed at
20°C with a shear rate of 0.1-200 s. Viscosity was reportedat 100 s and the analysis was done

in duplicates on each sample.
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Mean Particle Size and Zeta Potential ()

Dynamic light scattering (DelsaMax PRO, Beckman, Germany) attached with DelsaMax
assist was used in measuring the mean particle size and zeta potential for each layer. Samples
were diluted into 1:100 with distilled water and then slowly injected into the flow cell. The
measurements were performed in duplicates.

Statistical Analysis

All data was analyzed based on the repeated measures using PROC Mixed in SAS Studio

(version 9.4; SAS Inst., Cary, NC), and a contrast statement was used to compare day 0 and the

other days of analysis for the storage study. The significant differences were detected at P <0.05.
Results and discussion

The compositions of MPC powders were provided by the manufacturer. On average, the
protein, moisture, fat, lactose, and ash content were 88.17+0.18, 4.82+0.08, 1.13+0.05,
4.82+0.16, 6.51+0.09, respectively.

Electrical Conductivity

The linear probe contains 16 measuring electrodes that were able to measure the
conductivity of the whole bottle. Then the collected conductivity measurement was divided
based on the measuring zones (5-8); which is the distance between the electrodes and the sample
being measured (Figure 4.3). Zone 5 represents the area of the top layer (L1), and Zone 8
represents the area of the bottom layer (L4). The changes of conductivity in all layers over the
storage are shown in Figure 4.3. On day 0, the conductivity of all layers was 0.0998+0.00 uS/cm,
which means the sample was homogenous throughout the bottle. This also can be seen in Figure

4.4A, as the whole bottle showed a low conductivity region and no significant difference
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between the zones (layers). A significant increase in the overall conductivity was observed

among all layers by day 14 (Figure 4.4B).
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Figure 4.3. The conductivity changes (uS/cm) in all layers over the storage (Days). L1
represents the top layer, L4 represents the bottom layer and (*) shows the significant difference

The overall conductivity of L1 increased during the storage; however, a slight decrease
was shown on days 42, 74, 88, and 109 the conductivity was 0.1394+0.00, 0.1529+0.00,
0.1510+0.00, and 0.1175%0.01 uS/cm. Followed by an increase in the conductivity for days 140,
161, and 225 which was 0.1368+0.01, 0.1384+0.00, and 0.1513+0.00 uS/cm. The overall
conductivity for L2 and L3 had a similar trend, as the increase in the conductivity was significant
by day 14 and continued to increase until day 42 where a slight decrease was observed. Then an
increase for both days 49 and 61 where the conductivity was 0.1244+0.00 and 0.1259+0.00
uS/cm in L2; and 0.1249+0.00 and 0.1253+0.00 uS/cm in L3, respectively. Another slight
decrease was observed for days 74 and 109; then an increase was detected afterward until day
225 where the conductivity for both layers was 0.1252+0.00 and 0.1238+0.00 uS/cm,
respectively. The overall conductivity of L4 followed a similar behavior as it in L1, however, the
average conductivity increase was higher in L4 over storage. As mentioned earlier, the

conductivity of all layers was 0.0998+0.00 uS/cm, then increased the most over storage in L4
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with a slight decrease noted on days 42, 74, 88, and 109. The conductivity for those days was
0.1566+0.00, 0.1755+0.01, 0.1707+0.01, and 0.1203+0.01 uS/cm, respectively. At day 225, the
conductivity of L4 (0.1669+0.01 uS/cm)was the highest when compared with L1, L2, and L3

(0.1513+0.00, 0.1252+0.00, and 0.1238+0.00 uS/cm, respectively).
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Figure 4.4. The ERT tomographs. A) day 0, B) day 14, C) day 109, D) day 225

Total Proteins (TP)

The TP changes during storage are shown in Figure (4.5). The average TP of all layers at
day 0 was 7.86+0.09%, which indicates that the compositional makeup of the drink was
homogenous throughout the bottle. This agrees with the finding that the conductivity of all layers
was 0.0998+0.00 uS/cm. In L1, no significant change was observed in the TP until day 28, and it

was 7.3520.17%. The TP content of L1 continued to decrease during the storage period and it
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was 6.91+0.27%, 6.63+0.27%, and 6.03+0.18% on days 61, 109, and 225, respectively. The TP
in L2 also decreased during the storage and the significant decrease of TP in L2 started to be
observed by day 74, and it was 7.08+0.23%. Finally, by day 225, the TP was 7.03+0.58%. The
TP in L2 decreased during the storage, however the decrease was at a slower rate compared with

L1 as the total decrease in TP in L1 was by 1.83% vs. 0.83% in L2.
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Figure 4.5. The change of the total protein (%) over the storage (Days). L1 represents the top
layer, and L4 represents the bottom layer and (*) shows the significant difference

A different trend was observed in L3, and L4 as TP increased during the storage. The
initial TP in both layers was 7.86£0.09%. In L3, the TP significantly increased to 9.23+£0.46% by
day 28. During the storage, a further increase was observed in the TP content in L3, and it was
9.34+0.53%, 9.83+£0.52%, and 8.70+0.36% by days 61, 109, and 225. Hence, a significant rise in
the TP of L4 was observed by day 61, with a TP of 8.96+0.63%. In L4, the increase of TP
continued through the storage, and it was 8.92+0.68%, and 9.82+0.69% by days 109 and 225.
The TP in L4 increased by 1.96% compared with a 0.84% increase in TP of L3. This is evidence
that the proteins sedimented in the bottom layers during the storage. This matches the finding

that L4 had the highest conductivity measurements among the layers. This might be due to the
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increased TP in the bottom caused by the sedimentation of K-casein-depleted proteins. The total
protein at L4 at day 0 was 7.93%, which increased significantly to 9.80% by day 225. This
agrees with Naseri et al. (2020) who noted the positive correlation between the electrical
conductivity measurement and protein concentration. Sedimentation in such drinks might be
caused by the presence of a high concentration of proteins that increases the possibility of
protein-protein interactions when heated. In addition, MPC contains both casein and whey
proteins in the same ratio (80:20) as it’s in milk, and heating those drinks causes a denaturation
of whey proteins. Whey protein denaturation leads to the formation of aggregates as it exposes
the thiols group, resulting in intermolecular disulfide bonds and other non-covalent interactions,
resulting in the aggregation of the proteins (Hoffmann and van Mil, 1997; Cayot and Lorient,
2017). Therefore, the larger protein aggregates and bigger casein micelles migrate to the bottom
of the bottle as larger particles would sediment faster, influenced by the force of gravity as per
Stockes’ law (Dalgleish, 1992). Moreover, the increase in the sediments might be related to the
increase in the dissociation level of k-casein from casein micelles upon heating (Gaur, 2017).
Overall, the compositions of the beverage at day 0 were the same in the whole bottle, indicating
the homogeneity of the sample. Over storage, The TP in both top layers (L1 and L2) decreased
for the high-protein drinks, while it increased in both bottom layers (L3 and L4) indicating
sedimentation.

Soluble Proteins

The tryptophan spectrawere collected for the soluble part of the beverages to measure the
protein in the serum phase. The change of the soluble proteins’ fluorescence signal over storage

is shown in Figure 4.6. Soluble proteins in all layers were similar and it was 238.57+2.46 a.u.
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Figure 4.6. The change of the soluble proteins’ fluorescence signal over storage (Days). L1
represents the top layer, and L4 represents the bottom layer and (*) shows the significant
difference

In all layers, soluble proteins have increased significantly over the storage. In L1, soluble
proteins increased significantly by day 28, and it was 286.17+17.79 a.u. A slight decrease was
observed between day 42 to day 88 then increased by day 109 until the end of the storage period.
Soluble proteins were 257.34+1.92, 263.79+£10.26, 319.75+13.91, and 325.44+16.47 a.u. for
days 42, 88, 109, and 225. Soluble proteins in L2 also showed an increase over the storage,
however, it was not significant except on days 74, 140, 160, and 225 where it was 291.42+6.18,
342.47+19.64, 348.11+27.39, and 335.60+17.23 a.u. Soluble proteins also increased in both L3
and L4, this increase was significant for all analysis days except for day 21. In L3, the soluble
proteins were 285.71+11.59, 341.46+23.76, and 351.93+6.96 a.u. for days 61, 109, and 225.
While it was 275.83+£18.00, 333.23+£12.55, and 330.74+23.29 a.u. for L4 on the same days. The
increase in soluble proteins in all layers is an indicator of the k-casein dissociation over the
storage that was initiated since the beverage was retort sterilized. Heating treatment destabilizes
the stearic interactions between casein and the k-casein causing the first step of destabilization
(Gaur, 2017). As we observed in the TP analysis, the TP in L4 increased by 1.96%, which

indicates that this increase wasn’t only caused by soluble proteins but also the settlement of k-
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casein-depleted casein micelles in the bottom of the bottle. As the k-casein is highly hydrated
(Walstraet al., 2005), its dissociation can lead to an increase in micelle density and subsequently
enhance their propensity to sediment. The increase in the soluble proteins for all layers positively
correlated with the increase of the overall conductivity across the layers. This is due to the
increase in the available ions.
Viscosity

The viscosity changes during storage are shown in Figure (4.7). In L1, the viscosity of the
beverage at day 0 was 77.24+4.73 mPa.s. The viscosity of L1 increased during the storage
period, this increase was significant on day 61. The viscosity of days 61, 109, and 225 were
118.65+17.48, 112.17+3.24, and 140.23+£20.79 mPa.s, respectively. On the other hand, the
viscosity of L2 at day 0 was 75.34+4.61 mPa.s, with no change observed during storage.
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Figure 4.7. The Change in viscosity (mPa.s) of different layers at shear rate 100s* during

storage. L1 represents the top layer, and L4 represents the bottom layer and (*) shows the
significant difference

The viscosity of L2 by the end of the storage was 85.65+21.40 mPa.s. This might be due
to the protein-hydrocolloid interactions in the top layers. Cellulose gel, cellulose gum,
carrageenan, and gellan gum were used in the drink’s formulation. These hydrocolloids interact

with whey proteins in the upper layer, and the caseins precipitate in the bottom milk proteins
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during storage (Hege et al., (2020). A different trend was observed in L3 and L4; the viscosity in
both layers significantly decreased over storage. At day 0, the viscosity of L3 was 75.04+4.69
mPa.s; then, it significantly reduced to 49.93+8.39 mPa.s by day 61 and continued to decrease to
47.52+3.19 mPa.s by day 225. The viscosity of L4 at day 0 was 69.81+7.97 mPa.s with no
significant change by day 161. However, a drastic decrease in the viscosity was observed by day
225, and it was 31.34+12.98 mPa.s. As noted earlier, the overall conductivity in L4 has increased
the most among the other layers, not just for the increase in TP content, but this also can be due
to the decrease in the viscosity of L4, which increased the mobility of the ions. (Subbiah and
Morison, 2018) noted that the conductivity increased with the solution’s concentration whereas,
it dropped in some solutions with the increase of the viscosity as the ion mobility reduced.
Although the TP content in the bottom layers increased during storage, the viscosity
decreased. This is the opposite of what we would expect, but this might be due to the formation
and the breakup of a gel matrix formed during the storage (physio-chemical age gelation). Kocak
and Zadow (1985) reported that the viscosity of UHT milk at 20 and 25°C had a slight change
till day 100 then a sudden increase was observed as age gelation occurred. Unlike UHT milk, the
viscosity change of high-protein beverage at each layer differed due to the hydrocolloids and
polyphosphates used in the formulation. UHT milk has no hydrocolloids, so the gelation starts
from the bottom before extending throughout the pack over time instead of having an increased
viscosity in the upper part of the bottle, as observed in the high protein drinks. Overall, the
viscosity of the beverage at day 0 was similar due to the equal distribution of the compositions in
the whole bottle. However, with the change in TP content and other compositions, the viscosity

increased in the top layer (L1) and decreased drastically in both bottom layers (L3 and L4).
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Mean Particle Size and Zeta Potential (C)

The change in the particle size of all layers over the storage is shown in Figure 4.8. The
particle size of all layers at day 0 was 187.77+£1.45 nm, which indicates that the samples were
homogenous and homogenized. In L1, the particle size of days 61,109, and 225 was
190.26+7.50, 211.54+19.41, and 203.21+7.41 nm, respectively. Although TP decreased and the
viscosity increased in L1 over the storage, no change was observed in the particle size. Similarly,
the particlesize in L2 of days 61,109, and 225 was 180.74+15.94, 196.29+5.12, and 200.74+3.78

nm, and no significant change was observed over the storage.
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Figure 4.8. The change of the particle size (nm) over storage (Days). L1 represents the top layer,
and L4 represents the bottom layer and (*) shows the significant difference

As it was observed in L1 and L2, no significant change was observed in the particle size
in L3 and L4. The particle size of L3 at days 61,109, and 225 was 190.38+12.36, 186.74+19.13,
and 195.11+9.19 nm. Similarly, the particle size of L4 at days 61,109, and 225 was 183.36+7.72,
193.86+9.68, and 196.87+6.20 nm. Although the beverage contained some visible viscous
clumps by day 225, the particle size didn’t show that as the viscous clumps were still at the
reversible stage of sedimentation followed by age gelation. Overall, the no change in particle size

of the beverage during the storage suggests that there was no protein hydrolysis due to
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endogenous or exogenous enzymes which ultimately leads to age gelation. Therefore, the
destability in those beverages is led by the physio-chemical mechanism rather than the enzymatic
activity.

At day 0, the Zeta potential was -34.17+0.99 among all layers, which confirms the
homogeneity of the beverages. Zeta potential showed an increase over the storage in all layers
(Tabel 4.2), which agrees with the overall conductivity measured with the ERT and soluble
proteins. This increase in zeta potential is related to the protein dissociation that resulted in
increasing the presence of the carboxylic or sulfonic groups (Singh, 2004). In L1 and L2, the
increase in the zeta potential was not significant until day 225, and it was -39.03£1.55, and -
39.43+3.21, respectively. On the other hand, no change was observed in zeta potential in L3.
Unlike all layers, the zeta potential of L4 was significantly different on days 49, 161, and 225
and it was -36.31+£1.97, -36.07+1.42, -35.48+1.94, respectively.

Table 4.2. Zeta potential over storage (Days). L1 represents the top layer, and L4 represents the
bottom layer

Day L1 L2 L3 L4

0 -34.17+0.99 -34.17+0.99 -34.17+0.99 -34.17+0.99
7 -35.23+0.96 -35.50+1.50 -34.32+1.35 -33.89+1.29
14 -35.13+3.07 -34.49+3.11 -34.24+1.01 -35.16+1.38
21 -32.86+3.70 -34.60+4.27 -33.37+£1.57 -32.72+1.01
28 -33.96+1.71 -33.96+2.35 -33.97+1.47 -34.68+1.96
35 -36.59+2.17 -34.77+2.08 -34.10+1.88 -33.86+1.19
42 -33.46+2.58 -36.30+1.03 -34.75+1.07 -34.81+1.81
49 -36.76+1.09 -34.96+3.01 -36.03+1.97 -36.31+1.97*
61 -36.71+2.06 -38.36+0.88 -32.98+2.20 -34.41+1.70
74 -35.79+1.12 -36.73+0.65 -34.14+1.50 -34.50+1.50
88 -35.94+2.66 -34.94+2.49 -36.18+1.69 -33.93+1.40
109  -37.37+0.42 -37.01+2.56 -35.60+2.48 -36.53+2.13
140  -35.44+2.09 -33.11+4.14 -35.05+2.58 -34.60+2.61
161  -35.55+2.11 -34.02+1.79 -32.48+1.57 -36.07+1.42*
225 _-39.03+1.55* -39.43+3.21* -35.93+2.30 -35.48+1.94*

* Indicating the significance compared with day 0.
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Conclusion

The increase in the overall conductivity among all zones correlated positively with the
increase in soluble proteins across all years. In addition, the most increase in the TP was
observed in the bottom layer (L4), translated into a higher reading in the overall conductivity for
the same layer, indicating the ability of the ERT to detect the sedimentation in HPB in the early
stages. Therefore, this study suggests that the ERT can be used as a novel, fast, and cost-effective
method in predicting the destabilization in HPB caused by sedimentation during storage. The
downside of this technique is the possibility of disturbing the content while inserting the linear
probe inside the package, this opens opportunities for future research and the discovery of new
technologies.
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Chapter 5 - Advancing beverage formulation: stability diagrams for
acidic drinks made with milk whey protein isolate

Abstract

Whey proteins can be obtained through cheese making or by running skim milk through
microfiltration units producing milk whey protein isolate (mWPI). The differences between those
two chain lengths of acidic drinks application are not fully clear. Therefore, this study aims to
better understand the characteristics of mWPI by developing stability diagrams of acidic
beverages using it as a source of protein. To achieve that, two lots of milk whey protein isolate
powders were obtained from a commercial manufacturer. A 10% (w/w) stock solution was
prepared by rehydrating the powders at room temperature for 30 min then kept in the refrigerator
overnight for complete rehydration. The protein concentration was modified to the desired levels
(2, 4, 6, 8, and 10%). Subsequently, the sample was divided into equal parts (300 mL) in each
beaker. The pH was then adjusted to the specified values (3, 3.5, 4, 4.5, and 7). Subsequently, the
samples were divided into smaller portions of 100 mL, and NaCl (salt) was added at
concentrations of 0, 5, and 10 uM. Low pH samples (<4.5) were heated to 109°C for 3 sec while
high pH samples (>4.5) were heated to 141C for 6 sec. After heating, samples were immediately
cooled down by placing them in an ice bath. Drinks were analyzed for turbidity, aggregation
index, soluble proteins, viscosity, and native PAGE. The beverages had transitioned from clear
to turbid at pH 3.5 or higher regardless of the salt content of drinks. Samples at pH around 3 to
<3.5 and containing proteins around 3 to 10% had the lowest particle size (<150nm) which
reflects the appearance of those samplesas clear. In conclusion, incorporating mWPI as a protein

source in acidic beverages creates an opportunity for dairy manufacturers to produce drinks with
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protein content reaching up to 8%, without impacting their appearance or physical
characteristics.

Keywords: whey, acidic drinks, stability
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Introduction

Whey was considered a by-product of cheese making until industries discovered its
value. Nowadays, whey is a major co-product of cheese making, and its volume is increasing at
about the same rate as milk volumes worldwide (Smithers, 2008). Liquid whey contains about
94% water and about 6% dry matter, including lactose (~4%), proteins (0.8-1%), and minerals
(0.5-0.7%) (Lo et al., 2007). Typically, the milk used in cheese making is pasteurized at 72°C for
15-35 seconds, resulting in the denaturation of approximately 2.8% of whey proteins (Rynne et
al., 2004). During the processing of cheese whey, another pasteurization step is applied, causing
further denaturation of whey proteins. This denaturation leads to protein aggregation, decreased
solubility, and decreased digestibility and bioavailability (Kelleher et al., 2018). Furthermore,
denaturation causes storage instability issues, such as increased viscosity, turbidity, and
sedimentation in acidic beverages. In addition, cheese whey contains Glycomacropeptide (GMP)
fragments which are the main composition of aggregates that occur in acidic drinks (Villumsen
et al., 2015; Le et al., 2016). With advanced filtration technologies, whey proteins are made of
skim milk by going through microfiltration processes, and it’s called milk whey protein isolate
(mWPI). Unlike cheese whey, mWPI lacks GMP fragments, rennet, and starter culture residues,
and has a negligible fat content. Moreover, mMWPI undergoes only one pasteurization step instead
of two and has a pH of 6.6 compared to cheese whey's <6.5 which decreases the denaturation
level of whey proteins. In addition, the lack of GMP fragments makes it a better ingredient to be
used in acidic drinks as fewer aggregates might be formed. Researchers (Wagoner et al., 2015)
made whey protein beverages at different levels of pH (3-7) and protein content (1-10%), and
then these samples were heat treated, mimicking the UHT process. Subsequently, samples were

tested using nano differential scanning calorimetry, protein solubility, turbidity, and RP-HPLC.
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Then, stability diagrams were developed to predict drinks’ clarity based on protein solubility on
a wide range of pH and protein content. These diagrams are a great tool for industry to identify
key regions of stability for whey protein-containing beverages. However, the performed studies
in this area have only used cheese whey as a source of protein. Therefore, this study aims to
develop the stability diagrams of acidic beverages using the mWPI as a source of protein that
would help the industry in manufacturing a more desirable and shelf-stable acidic whey drink

with the possibility of producing a higher protein content.

Materials and Methods

Experimental Design

Two lots of mWPI were obtained from a commercial manufacturer (Leprino Nutrition,
Denver, CO). A 10% (w/w) stock solution of mWPI was prepared by rehydrating the powders at
room temperature for 30 min then left in the refrigerator overnight for complete rehydration. The
next day, samples were brought up to room temperature, protein concentration was adjusted to
the required concentration (2, 4, 6, 8, and 10%), then 0.02% (w/w) of sodium azide was added.
Following this, the sample was divided into equal parts (300 mL) in each beaker then the pH was
adjusted as needed (3, 3.5, 4, 4.5, and 7). Subsequently, samples were divided into smaller
portions (100 mL), and salt (NaCl) was added at different concentrations (0, 5, and 10 MM).
Phosphoric acid was used to bring down the pH to 3, 3.5, 4, and 4.5+0.02. While the sodium
hydroxide (1N) was used to adjust the pH to 7£0.02. Afterward, 2 mL of each protein solution
was transferred into 8 mL glass vials (Fisher Scientific, Pittsburgh, PA). For heating the samples,
the oil bath (Narang Scientific Works Pvt. Ltd., New Delhi, India) was set at 150°C. Low pH
samples (<4.5) were heated to 109°C for 3 sec while high pH samples (>4.5) were heated to

141°C for 6 sec. The time needed for those samples to reach the required temperature was
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determined in the preliminary experiments. After heating, samples were immediately cooled
down by placing them in an ice bath. Analyses such as turbidity, aggregation index, soluble
proteins, viscosity, and Gel electrophoresis were performed on the heated samples.
Turbidity

To measure the turbidity, heated samples were diluted to 0.2% and then transferred into
spectrophotometer cuvettes (Siddique et al., 2017). For each sample, the measurement was
performed in duplicates at a wavelength of 420 nm using a UV-5200 UV/VIS spectrophotometer
(Metash Instruments Co., Ltd., Shanghai, China). The measurements were performed in
duplicates.

Mean Particle Size

Dynamic light scattering (DelsaMax PRO, Beckman, Germany) was used in measuring
the mean particle size of heated samples. To measure the particle size, samples were diluted into
1:100 with distilled water and then placed in Cuvette. The measurements were performed in
duplicates.
Soluble proteins

The soluble proteins were measured following the method described by (Morr et al.,
1985). A 2 mL of each heated sample was centrifuged at 17,0009 at 15°C for 20 min, and then
the supernatant was diluted 1:20 with deionized water. A Pierce™ BCA Protein Assay Kit
(Fisher Scientific, Rockford, IL) was used in determining the concentration of protein in the
supernatant following the manufacturer's instructions for sample preparation in test tubes.
Working reagents (A and B) were mixed in 50:1 ratio. In test tubes, 2 mL of working reagents
mix was added with 0.1 mL of diluted sample, vortexed, incubated at 37°C for 30 min then

allowed to cool to room temperature. The absorbance of those samples was taken at 562 nm
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using a UV-5200 UV/VIS spectrophotometer (Metash Instruments Co., Ltd., Shanghai, China).
The standard curve was developed using serial dilutions of centrifuged mWPI to correct for the
small amount of native insoluble protein. Soluble proteins were calculated as the percentage of
protein in the supernatant of heated samples compared to the initial concentration of the solution.
The measurements were performed in duplicates.

Aggregation Index (Al)

The scan of the diluted samples (0.2%) was taken at wavelengths 240-340 nm using a
UV-5200 UV/VIS spectrophotometer (Metash Instruments Co., Ltd., Shanghai, China). Distilled
water was used as a reference. Then the aggregation index was measured using the following
equation (1) as explained by (Siddique et al., 2017) with some modifications in the equation used

in calculating the Al:

Ab340

AI - Max Ab - Ab34_0

Viscosity

The viscosity of some heated samples was measured using an MCR-92 Anton Paar
rheometer (Vernon Hills, IL) with cone and plate geometry. The analysis was performed at 20°C
with a shear rate of 0.1-200 s™. Apparent viscosity was reported at 100 s, and the analysis was
done in duplicates on each sample.
Gel Electrophoresis

Gel electrophoresis including both native and reduced SDS page were performed on
drinks with 2 and 10% protein content at pH 3 and 7 following the method explained by Rathod
and Amamcharla2021).

Native PAGE
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Heated samples were diluted to 0.5% protein content and then vortexed. A further
dilution was applied to those samples with Bio-Rad native sample buffer in a 1:3 ratio. A 20 mL
sample was loaded in 12% mini-PROTEAN® TGX™ Precast Protein Gels (BioRad
Laboratories, Hercules, CA). A 1X Tris-Glycine sample buffer was prepared by mixing Bio-Rad
10X Tris-Glycine sample buffer, methanol, and distilled water in a 1:2:7 ratio. For the first 15
min of the run, the voltage was set at 70 then adjusted to 100 V for the remaining time of the run.
R-250 Coomassie brilliant blue (BioRad Laboratories, Hercules, CA) for 20 min. Followed by an
overnight destaining step with a destaining solution containing acetic acid, methanol, and
distilled water in a 10:10:80 ratio.

Reducing SDS PAGE

Unheated mWPI and heated samples were diluted to 0.5% protein content and then
vortexed. A further dilution was applied to those samples with 2X Laemmli buffer with B-
Merceptoethanol (Sigma-Aldrich, St.Louis, MO) in a 1:3 ratio. Subsequently, samples were
heated in a water bath at 90°C for 5 min followed by a cooling step in the freezer for 3 min. A 20
ML sample was loaded in 4-15% mini-PROTEAN® TGX™ Precast Protein Gels (BioRad
Laboratories, Hercules, CA). A 1X Tris-Glycine SDS sample buffer was prepared by mixing
10X Tris-Glycine SDS sample buffer (BioRad Laboratories, Hercules, CA) with distilled water
in a 1:9 ratio. Gel running conditions, staining, destaining, and gel analysis were performed the
same as native PAGE.

Statistical Analysis
All data was analyzed based on the repeated measures using PROC GLIMMIX in SAS

Studio (version 9.4; SAS Inst., Cary, NC) and Tukey's test to determine any significant
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differences between treatment levels, which were declared significant when P <0.05. In addition,

PROC TEMPLATE was used in creating the contour plots.

Results and Discussion

The chemical compositions of mWPI were provided by the manufacturer (Leprino
Nutrition, Denver, CO). The powders contained 92.24+0.06, 4.32+0.14, 0.89+0.09, and
2.11+0.18 of protein, moisture, fat, and ash, respectively.

Turbidity

Turbidity is the most important criterion in acidic drinks as it determines the consumers’
acceptability, as clear drinks were rated higher as thirst-quenching beverages (Beucler et al.,
2005). In this study, beverages were considered clear where the turbidity was <0.1, and this was
observed when samples were at pH <3.5. The beverages had transitioned from clear to turbid at
pH 3.5 or higher regardless of the salt content of the drinks (Figure 5.1) which agrees with
Kinekawa and Kitabatake (1995) findings. The turbidity increased dramatically as the pH
increased at constant protein concentration, and no salt was added (Figure 5.2a), and the same
trend was followed in samples containing 5 MM (Figure 5.2b). In the case of using Cheese Whey,
Wagoner et al. (2015) have reported two regions for clear drinks for samples with pH <3.5, the
most transparent samples were observed when pH was <3.5 containing <4% proteins. The
highest turbidity readings (>1.5) were observed in all samples processed at neutral pH as it
required more thermal processing than the lower pH ones (<4.5), and a similar trend was
observed in samples containing 5 MM (Figure 5.2b). The increase in turbidity is due to the heat-
induced protein aggregates formation. Turbidity is influenced by all factors that affect protein
aggregation, including protein concentration, thermal process time and temperature, pH, ionic

strength, and other ingredients (Mahler et al., 2009).
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Figure 5.1. The turbidity and physical appearance of mWPI samples after heating for pH 3-7 and
protein content (2-10%) in (a-e) images
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Figure 5.2. The colloidal stability plots for turbidity of acidic beverages over the range of pH (3-
7) and protein content (2-10%) at different salt levels (0, 5, and 10 MM) as shown in a, b, and ¢

plots

Clear beverages at pH 3 result from the acid hydrolysis of proteins and less aggregation is

observed due to the less heat treatment required for those drinks at pH <4.5. Beverages were

clear at pH less than 3.5, however, the clear region decreased as the salt level increased when

protein content was above 8% as seen in Figure 5.2 (5.2a, b, and c¢). When no salt was added
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(Figure 5.2a), samples containing 6% protein or higher showed lower turbidity at pH near the
isoelectric point as more protein aggregation was observed. The presence of salt at both levels
had expanded that area as it has a disruptive influence on the electrostatic stability of whey
proteins by creating a low net charge (Figure 5.2b and c). Therefore, the electrostatic repulsion
that normally prevents protein molecules from bonding isn’t large enough to overcome the
attractive van der Waals and hydrophobic interactions (Bryant and McClements, 2000).
Consequently, the rate of denaturation level of whey proteins increased leading to observing
more protein aggregation (Xiong et al.) that led to a decrease in the turbidity of those samples.
This explains the low turbidity observed in samples containing 10 MM salt (Figure 5.2c) when
protein content was above 4% followed by an increase in turbidity as the pH was above the
isoelectric point.
Mean Particle Size

The particle size of the beverages is shown in Figure 5.3, and it was divided into five
levels which are <150, 150-250, 250-500, 500-1000, and >1000nm. At salt O (Figure 5.3a),
samples have a pH of around 3 to <3.5, and containing proteins around 3 to 10% had the lowest
particle size (<150nm) which reflects the appearance of those samples as clear. Drinks with
bigger particles were more turbid as samples above pH 3.5 with a turbidity value >0.5 and had
particle size 250nm or more. Drinks that had a particle size of 2000nm or higher were in the
region when the pH was around the isoelectric point (4-6) and with protein content (2-10). As the
pH was between 6 to 7, the particle size of the drinks was <1000 when the protein content was
<6% and increased as the protein content increased up to 10%. When SMM of salt was added
(Figure 5.3b), comparable results were observed in the region of pH <4 at constant protein

content. In addition, drinks that had a particle size of 1000nm or higher were in the region when
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the pH was around 4 to <7 and with protein content (2-10). A decrease in the particle size
(<1000) was observed as the pH got close to 7 at all protein content. The addition of 10MM salt
resulted in narrowing the region with smaller particle size (<150nm) to drinks with a pH of 3.5
and protein content >3% and <10%. In addition, the region with particle size <1000nm has
increased as the addition of salt may cause an increase in net charge the slower the aggregation
producing smaller aggregates when compared with drinks with no salt. The highest particle sizes
recorded in the drinks were 19,179, 13,436, and 9086 for samples containing 0 (Figure 5.3a), 5
(Figure 5.3b), and 10 MM salt (Figure 5.3c), respectively. Zapadka et al. (2017) noted that the
higher the net charge the slower the aggregation and the lower the net charge the higher the
propensity to aggregate. Consequently, factors such as pH, ionic strength, the nature of cations
and anions in solution, and the presence of polyelectrolytes can significantly influence both the

speed and degree of aggregation.
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Figure 5.3. The colloidal stability plots for particle size of acidic beverages over the range of pH
(3-7) and protein content (2-10%) at different salt levels (0, 5, and 10 MM) as shown in a, b, and

Soluble proteins

Protein solubility is an indicator of the thermal stability of protein dispersions as the loss

of solubility is often correlated with more denaturation and a decrease in protein functionality.

Proteins were most soluble when samples were at pH lower than 3.5 at constant protein
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concentration and no salt added (Figure 5.4a), as the acid addition caused a degradation of
proteins into smaller peptides and free amino acids. Proteins had a high solubility (80-100%) at
pH <4 in samples containing 8% proteins or less, and a decrease in the solubility was observed
when protein content increased up to 10% in that region. Wagoner et al. (2015) used cheese
whey in performing their study where they showed that the highest soluble protein value (80-
100%) was observed in the region where the pH was <4 and the protein content was <4%.
Therefore, milk whey has shown a wider region where soluble proteins were at their highest.
This might be due to the globular nature of proteins present in milk whey as it makes it less
susceptible for denaturation that leads to aggregation upon heating. A drastic decrease in the
protein solubility was detected in the region around the isoelectric point to <6. Hence, protein
solubility improved as the pH was above 6 due to enhancing protein-water interaction leading to
the increase of protein charge repulsion and reducing protein-protein interaction. This
observation agrees with de Rham and Chanton (1984) note that the solubility of whey proteins
during heating dropped markedly between pH 5.0 and 5.5, but not above pH 6.0.

A similar trend of protein solubility was observed in samples when SMM salt was added
(Figure 5.4b), the highest solubility was in the region of pH <3.5 at constant protein
concentration (2-10). A drastic decline in protein solubility was observed as the pH increased,
with minimal to negligible soluble proteins detected around the isoelectric point (4.5-5) at
constant protein concentration. Subsequently, a rise in protein solubility as the pH approached
neutrality. With the addition of 10 MM salt (Figure 5.4c), the highest solubility was in the region
of pH <3.5 as the protein content remained at 8% or lower, followed by a significant reduction as
the protein content increased to 10. A drastic drop in protein solubility was observed as the pH

increased, with low to no soluble proteins detected around the isoelectric point (4.5-5) at constant
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protein concentration. Subsequently, a rise in protein solubility as the pH approached neutrality
but that region was narrower than the one observed when 5 MM of salt was added (Figure 5.4b).
This might be due to the addition of salt that led to a phenomenon known as "salting out,” where
the salt reduces the solubility of proteins (Verheul et al., 1998). Moreover, it was proposed that
the addition of salt has a two-step mechanism for denaturation and insolubilization. The initial
step of denaturation occurs through disulfide bonding of monomers to oligomers. The
subsequent step occurs during the cooling process and is characterized by extensive

polymerization, resulting in decreased solubility.
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Drinks UV-absorption spectra for all pH (3-7) and different salt content (0, 5, 10 MM) are
shown in Figure 5.5. Drinks with pH 4 and more had a higher intensity and wider peaks,

indicating higher protein unfolding and aggregation. The absorption intensity of the drinks
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b)

increased with the increase in pH, and peaks were broader as the salt content increased.
Therefore, pH and salt facilitated protein unfolding and aggregation, which agrees with the
observation in drink turbidity, particle size, and soluble proteins. Drinks with higher pH (>3.5)
had bigger particles as a sign of protein aggregation and more aggregate formation resulted in a
more turbid drink. Siddique et al. (2017) noted that the maximum absorbance of whey protein
was 280nm. However, protein samples in this study exhibited a shift in the peak maximum

occurring around 290-300nm (Figure 5.5).
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Figure 5.5. Representative UV spectra for samples with no salt (a), salt 5MM (b), and salt 10MM
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This shift might be due to the more severe heat treatment applied in this study compared
with the pulsed light treatment, potentially leading to increased protein denaturation and
aggregation influenced by the pH and amount of salt in the samples. Overall, the changes
observed in UV-absorption spectra primarily result from the hydrophobic residues, which led to
non-covalent interactions between proteins (Zhang et al., 2012). The colloidal stability plots for
Al of acidic beverages over the range of pH (3-7) and protein content (2-10%) at different salt
levels (0, 5, and 10 MM) are shown in Figure 5.6. All salt contents and all protein concentrations
(2-10%), Al for drinks at pH <3.5 less than 200 indicating the lowest unfolding for proteins and
fewer aggregates formed compared with drinks at pH 4 and higher. This might be due to acid
hydrolysis of proteins occurring in drinks with pH <3.5.
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Figure 5.6. The colloidal stability plots for Al of acidic beverages over the range of pH (3-7) and
protein content (2-10%) at different salt levels (0, 5, and 10 mM) as shown in a, b, and ¢ plots

Viscosity

The viscosity of drinks at pH 3 for all protein contents (2-10%) and salt levels (0,5, 10
MM) is shown in Table 5.1. As stated in the section on soluble proteins, the solubility of proteins
in beverages, both without added salt and with 5 MM salt, ranged from 80 to 100 when the pH

was below 3.5 at all protein content. However, when 10 MM salt was added, the highest protein
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content that had the most solubility was 8% and this can be related to the viscosity value in Table
5.1. The viscosity of the beverage without added salt, containing 2% protein, was 1.72+0.66
mPa.s. This viscosity increased in correspondence to the rise in protein content, reaching values
of 1.79+0.42, 2.03+0.11, 2.82+0.03, and 101.24+1.05 mPa.s as the protein content increased to
10%, respectively.

Table 5.1. The viscosity (mPa.s) of drinks at pH 3 for different protein content and salt levels at
100 shear rate

Protein content (%) 0 5 10
2 1.72+0.66 1.32+0.1 1.47+0.16
4 1.79+0.42 1.53+0.06 1.66+0.23
6 2.03+0.11 2.12+0.14 2.56+0.21
8 2.82+0.03 3.51+0.16 4.54+0.33
10 101.24+1.05 72.46+1.58 566.98+3.12

A similar trend was observed when salt was added at both levels, however, a drastic
increase in the viscosity was noted when 10 MM of salt was added, particularly when the protein
content was at 10% and it was 566.98+3.12 mPa.s compared with 101.24+1.05, and 72.46+1.58
for drinks containing no salt and 5 MM added, respectively. This increase in viscosity is due to
the increase in protein-protein interaction that gets promoted even further with the presence of
salt ions (Barone et al., 2022). As heat-induced destabilization aids in achieving the activation
energy required for protein-protein interactions, driven by charge-screening effects between
proteins, ultimately resulting in protein aggregation. As all drinks containing 10% protein at pH
3 are described as weak to strong gel, we recommend going with 8% as the highest protein

content when formulating such drinks using mWPI.
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Gel Electrophoresis

Native PAGE

Native PAGE was performed on 2 and 10% drinks at both pH 3 and 7 (Figure 5.7a).

Individual protein bands were identified for B-LG, a-LA, and BSA. Whey protein contains about

40-55, 11-20, and 4-12% of B-LG, a-LA, and BSA, respectively (Goodall et al., 2008). In

addition, the presence of aggregates was identified, especially in drinks with pH 7. Bigger

aggregates were observed in the drink with 10% protein and pH 7. Native PAGE confirms that

the protein hydrolysis occurred in samples at pH 3, shown as a large swab of proteins in the

bottom side of the gel, which reflects the lower particle size in those samples. The samples

exhibited particle sizes <200nm at pH 3 and both protein concentrations. Both drinks were clear

with a turbidity of 0.03+0.00 and 0.05+0.02, respectively. When the pH was 7, more aggregates

were observed in the drinks at both concentrations. This was reflected in the particle size and

turbidity measurements as it had a particle size >500 and a turbidity reading >2.

) 10% 10% 2% 2%

._3_:%' & .3:0 _7__9
Aggregates J | ~ fwl
BSA » : B s

Alpha-LA

Beta-LG B
Beta-LG A

b)tf 10% 10% 2% | 2% . UH

3:0 7:0, '3:0 \7:0 MWPC

e \— e Aggregates

kDa
250
150
100,
75
50 ¢m=mBSA
37

S gamm Casein
25
20
= p-LG

15
G o-LA

10

Figure 5.7. Gel electrophoresis for drinks with 2 and 10% protein content at pH 3 and 7 where a)

native page and b) reduced SDS Page

118



Reducing SDS PAGE

Reducing SDS PAGE (Figure 5.7b) shows clear bands for all main whey proteins and
some caseins that are presented in unheated mWPI and both drinks (2 and 10%) at pH 3 and 7.
As observed in Figure 5.7b, acid hydrolysis was not 100% hydrolysis for main whey proteins (-
LG, a-LA, and BSA) and caseins as all have clear and identified bands in drinks at pH 3 at both
concentrations. The BSA band was observed in the unheated mWPI and beverages at pH 3.
However, following higher heat treatment applied to drinks at pH 7, increased denaturation and
protein aggregation were noted, leading to the disappearance of the BSA band. This highlights its
susceptibility to pH and heat treatment in such beverages compared with others such as f-LG
and a-LA. Rlegg et al. (1977) estimated the thermal transition of WPs using differential
scanning calorimetry (DSC). They found that the denaturation temperatures near neutral pH were
73, 65, and 62°C for B-LG, a-LA, and BSA, respectively. In addition, there was no detectable

renaturation of B-LG and BSA, but about 80-90% of a-LA was renatured.

Conclusion

The turbidity and particle size in acidic drinks are highly dependent on the pH, heat
treatment, protein, and salt content. As the lower pH samples (<3.5) had acidic hydrolysis of
proteins and needed less severe heat treatment, drinks had smaller particle sizes and were
transparent. In addition, as salt content increased, particles were bigger as the aggregation was
induced by the reduction of electrostatic stability that is created by the presence of salt ions. In
summary, the utilization of MPWC as a protein source in acidic beverages creates an opportunity
for dairy manufacturers to produce drinks with protein content as high as 8%, without affecting
their appearance and other physical characteristics. Therefore, the stability diagrams generated in

this study can serve as a valuable tool to assist in formulating acidic drinks.
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Chapter 6 - Conclusion

This dissertation explored and addressed a few aspects related to the stability of dairy-
based high-protein drinks through a comprehensive four-chapter investigation discussing the use
of present analytical instruments in detecting the alteration of such products during storage. This
could be achieved by monitoring such products' chemical and physical changes, indicating
sedimentation and age gelation as destability indications. The other three chapters were the
research studies performed in this framework covering three essential aspects of the stability of
high-protein beverages: formulation, instruments detecting destabilization during storage, and
developing predictive models for the stability of drinks. For instance, chapter 3 focused on the
SHMP as it’s one of the main ingredients used in formulating MPC-based beverages and
significantly extends the shelf-life of such drinks. Therefore, the influence of different phosphate
chain lengths of sodium hexametaphosphate (SHMP) on the heat stability and physiochemical
properties of high protein dispersions was investigated. The findings highlighted the significance
of SHMP concentrationand its phosphate chain length in affecting stability. The short phosphate
chain length of SHMP could be the most suitable type of SHMP in high-heat treatment
applications like UHT and retort sterilized high-protein beverages. In addition, chapter 4 focused
on validating Electrical Resistance Tomography (ERT) as an innovative method for early-stage
destabilization detection in high-protein beverages. The study successfully correlated changes in
overall conductivity with changes in total and soluble proteins, highlighting ERT's potential to
predict destabilization caused by sedimentation in the early storage stages. Despite the
technique's efficacy, the study acknowledges the potential disturbance of the beverage during
probe insertion, opening an opportunity for future research and technological advancements.

Finally, chapter 5 contributed valuable insights by developing stability diagrams for acidic
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beverages using milk whey protein isolate (mWPI) as a protein source. The study showed how
turbidity and particle size in acidic drinks were linked to pH, heat treatment, protein, and salt
content. The stability diagrams generated offer a practical tool for the industry to formulate
shelf-stable acidic whey drinks with higher protein content, allowing dairy manufacturers to
produce beverages with up to 8% protein without compromising physical characteristics when
using the mWPI as an ingredient. In conclusion, this framework strengthened our understanding
of stability in dairy-based drinks and presented practical applications that can be used by dairy
industry and/or researchers as a base for further research in the field of dairy science and

technology.
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Appendix A - SAS Codes

SAS code used for analyzing data in chapter 3:

proc glimmix data=SHMP;

class P Trt Lot;

model Visc = P|Trt;

random Lot P*Lot;

lsmeans P*Trt / pdiff=all adjust=tukey lines;
run;

SAS code for analyzing data in chapter 4:

proc mixed data=WORK.IMPORT;
class rep lot day;
model PS=day;

contrast 'linear day 1 vs 7' day 1 -1 © 0 0 0000000020 0 ;
contrast 'linear day 1 vs 14' day 1 0 -1 0 © 0 © 0 © 00 00 00
contrast 'linear day 1 vs 21' day 1 90 -1 © 00000000009 ;
contrast 'linear day 1 vs 28' day 1 © 00 -1 0000000020 0 ,;
contrast 'linear day 1 vs 35' day 1 © 0 90 -1 © 00000000 ;
contrast 'linear day 1 vs 42' day 1 © 0 9 00 -1 00000000 ,;
contrast 'linear day 1 vs 49' day 1 © 0 9 0 00 -1 0000000 ,;
contrast 'linear day 1 vs 61' day 1 © 0 9 0 © 00 -1 000000 ;
contrast 'linear day 1 vs 74' day 1 © 0 © 0 © 0 00 -1 00000 ;
contrast 'linear day 1 vs 88' day 1 © 0 © 0 © 0 0 00 -1 000 0 ;
contrast 'linear day 1 vs 109' day 1 © © 0 © 0 0 0 0 00 -1 000
contrast 'linear day 1 vs 140' day 1 © © 0 9 0 0 00000 -10 0
contrast 'linear day 1 vs 161' day 1 © 9 0 0 © 0 000000 -10
contrast 'linear day 1 vs 225' day 1 0 9 0 0 000000000 -1
repeated day/subject=lot(rep) type=ar(l);

run;

SAS code used in analyzing data in Chapter 5:

proc glimmix data=work.import;

class pH P lot;

model Turbidity= pH P pH*P;

random lot p*lot;

lsmeans p*pH/pdiff=all adjust=tukey lines;
run;

proc template;
define statgraph contourplotparm;
begingraph;

entrytitle "Contour Plot of pH and P";
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layout overlay /
xaxisopts=(offsetmin=0 offsetmax=0
linearopts=(thresholdmin=0 thresholdmax=0))
yaxisopts=(offsetmin=0 offsetmax=0
linearopts=(viewmax=10 thresholdmin=0 thresholdmax=0));
contourplotparm x=pH y=P z=Turbidity/contourtype=1linefill
name="contour";
continuouslegend "contour"/title="Turbidity";
endlayout;
endgraph;
end;
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