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Abstract
Chemical fingerprinting of goat whole milk powder during shelf-life: NMRand GC-MS-based metabolomics approach
by
Lorraine Jane Sanchez

This study is the first to provide a comprehensive characterization of the liquid and volatile fractions of
goat whole milk powder. For this, robust nuclear magnetic resonance (NMR)- and gas chromatographymass spectrometry (GC-MS)-based fingerprinting methods were implemented. The untargeted 1H-NMR
analysis resolved 44 metabolites in the liquid fractions of goat whole milk powder. The NMR
fingerprinting technique effectively identified metabolites coming from the aliphatic, sugar, and
aromatic regions that can be important in defining the technological properties and quality of the milk
sample. The untargeted headspace-GC-MS fingerprinting was able to detect a total of 50 volatiles
including alkanes, ketones, alcohols, aromatics, alkenes, aldehydes, esters, acid, and sulphurcompounds. Goat milk is a premium product and vulnerable to fraudulent activities such as adulteration
or counterfeit. Therefore, proper characterization/identitation is an important first step to verify its
authenticity and quality.
Following characterization, this work provided an insight regarding the metabolite and volatile changes
in goat whole milk powder during its shelf-life. For this, the chemical fingerprinting was integrated with
advanced chemometrics and feature selection methods. For the metabolite composition in the watersoluble liquid fraction, the optimized untargeted 1H-NMR fingerprinting method was able to detect
complex metabolite changes during storage of the milk powder. Results showed a decreasing metabolite
content in the stored goat whole milk powder over time. Particularly, metabolites in the carbohydrates
and amino acids group showed significant decrease in concentration due to possible Maillard reactionassociated degradations. The present study identified adenosine triphosphate (ATP) as an important
metabolite which has the highest correlation with storage time. This component may cause changes in
the nutrients during milk powder shelf-life, and thus, may affect the quality of milk. Other metabolites
selected as potential markers were galactose, glycerophosphocholine, and methionine.
Finally, an integrated GC-MS-based fingerprinting and chemometrics was used to study volatile changes
during the storage of the goat whole milk powder. A total of 14, 21, and 39 volatile compounds were
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found to have significantly changed when stored at 20 ℃, 30 ℃, and 40 ℃ respectively for up to 44
weeks. These volatiles showed an increase in concentration over time and can be attributed to lipid
oxidation and Maillard reactions. In addition, the suitability of these volatiles as potential shelf-life
markers was further investigated. There were 11 candidate volatile shelf-life markers selected including
pentanal, heptanal, hexanal, (E)-2-octenal, octanal, 1-octanol, 1-pentanol, 1-hexanol, 1-octen-3-ol, 3octen-2-one, and 2-heptanone. These compounds have key roles in the odour of dairy-based products.
To quantify the effects of storage time and temperature on these compounds, a kinetic study using a onestep logistic model was done. Shorter lag phases of markers and their higher rates of formation at
increased storage temperature show its clear effect on the sample. Moreover, their increased formation
during storage indicates possible flavour changes and can be useful to monitor product quality during
the shelf life of goat whole milk powder.

Keywords: Goat whole milk powder; NMR fingerprinting; GC-MS fingerprinting; milk
characterization; identitation; flavour; metabolites; shelf-life; chemometrics; markers
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Chapter 1
Introduction and Objectives
1.1

Introduction
Milk is an important part in the diet of humans as it can provide the necessary nutrient

requirements for growth and development. Many different species can produce milk for human
consumption. Recently, goat milk has become increasingly popular due to its high nutritional value and
quality. It has been considered as a viable alternative for cow milk as it delivers many nutrients relevant
to the consumer’s health. As a result, this milk type has become a preferred healthier option and a
nutritional source for infants and children (Raynal-Ljutovac, Lagriffoul, Paccard, Guillet, & Chilliard,
2008; Silanikove, Leitner, Merin, & Prosser, 2010). Similar to other milk types, goat milk can be
processed into a wide variety of products including gourmet cheeses and yoghurt, evaporated and UHT
milk, infant formula, and milk powder, which contributed to the growing economy of some exporting
countries. In the past, fermented milk products, such as cheeses, yoghurts, etc., were used to extend its
shelf-life. However, with the growing production of goat milk globally, processing it into milk powder
has become the most convenient way to store and transport the product (FAOSTAT, 2019; Fonseca,
Bento, Quintero, Gabas, & Oliveira, 2011; Haenlein, 2001; Kelly & Fox, 2016; Thomas, Scher,
Desobry-Banon, & Desobry, 2004).
Despite the availability of goat whole milk powder for decades, studies focusing on its overall
chemical composition are still limited. In most studies, the researchers targeted selected components or
quality-related characteristics (Haenlein, 2007). The unique compositions specifically found in goat
whole milk powder, which could be used to define its identity and maximize its potential, have not been
fully explored yet. As a premium product, its vulnerability to fraudulent activities such as adulteration
or counterfeit is high. Therefore, proper characterization is an important first step to verify its quality
and distinguish it from other types of milk. Aside from compositional variations between species, other
factors like the subsequent storage conditions of milk powders may also change its composition. This
1

may cause variations in nutritional value, flavour, or stability in milk (Sundekilde, Larsen, & Bertram,
2013a). Therefore, it is also essential to consider different storage conditions when monitoring the
complex changes in the chemical composition of goat whole milk powder.
Recent advances in analytical techniques offer huge potential to address this research problem.
One of the analytical approaches is chemical fingerprinting. It is a comprehensive and unbiased
technique, which aims to obtain a broad understanding of a food sample (Grauwet, Vervoort, Colle, Van
Loey, & Hendrickx, 2014; Vervoort et al., 2012). Hence, it is suitable for studying complex milk
compositions. In this work, nuclear magnetic resonance (NMR)- and gas chromatography-mass
spectrometry (GC-MS)-based fingerprinting approaches were implemented in studying goat whole milk
powder. A comprehensive survey of its composition was done first to provide a fingerprint of the
product. Then, the samples were analysed under varying storage conditions to see the effect in the
headspace and liquid fraction of goat whole milk powder.
As an overview, this MSc thesis will provide an extensive literature review in the next chapter
(Chapter 2). This will include the importance of characterizing goat milk, the possible effects of storage
in its quality, and the analytical approach that may prove useful in assessing these changes. The research
strategy and experimental approach of this work will be presented in Chapter 3. All the experimental
work is covered in Chapters 4 to 6. Finally, the general conclusion and future outlook of this study will
be in Chapter 7. The objectives of this MSc research are summarized in the next section.
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1.2

Objectives

To investigate the unique composition of goat whole milk powder and its changes during storage, the
following research objectives were established:
1. To develop and implement the NMR- and GC-MS-based methods to fingerprint the liquid and
headspace fractions of goat milk powder, respectively;
2. To characterize the liquid and headspace fraction of goat whole milk powder using the
optimized method;
3. To investigate the effect of storage time and temperature on the chemical composition of goat
whole milk powder; and
4. Identify candidate marker compounds to monitor the shelf life changes of goat whole milk
powder.
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Chapter 2
Literature Review
2.1

Introduction
There is a growing interest in the production of goat milk worldwide owing to its many nutritional

and health benefits. This milk type is commonly processed into cheese, yoghurts, fermented milk, and
whole milk powder. The processing and subsequent storage conditions of goat milk and its products
may cause various compositional changes in its properties. As such, this literature review is comprised
of two sections to discuss this topic. Section 2.2 gives an overview of goat milk and its relevance in the
dairy industry. The effect of processing and storage conditions on the milk composition and its quality
is also discussed. Section 2.3 presents the research strategy to obtain the objective of this study. A
review of fingerprinting, the chemical analyses used, and the processing of data through advanced
chemometric tools are covered.

2.2

Goat Milk

2.2.1 Origin of Goat milk
Dairy goats are one of the most economically important small ruminants in the world and were
among the first animals to be domesticated by rural people (Reddy et al., 2014; Saleem et al., 2013).
Generally, they are used as the primary food source in low-income and food-deficit countries and
provide an important supply for families to avoid starving and malnutrition. They are usually preferred
due to cheaper price or tradition. Dairy goats are also equally important in high-income and developed
countries due to their overall value (Haenlein, 2001; Pulina et al., 2018). In New Zealand (NZ), they
were first introduced in 1921 to start the goat milk industry. However, the stability for commercial
production was not achieved until around the 1980s. Milking has become the second major use of goats
in the country. Among the four main dairy goat breeds in NZ, Saanens are the most popular as they have

4

the highest production of milk with a relatively lower fat yield. Another breed used that is comparable
in terms of milk composition to Jersey cow is the Anglo-Nubian breed. However, it has a lower
production output compared to Saanen. Other breeds include Toggenburg and the British Alpine
(Scholtens et al., 2017; Sheppard & O'Donnell, 1979).
Over the years, the global production of goat milk has been expanding rapidly with around 50%
increase in yield in the past 20 years (Figure 2.1). There is also a chance that milk production is even
higher than the reported statistics due to unreported home consumptions, particularly in developing
countries (Haenlein, 2004). In the last decade (2007-2017), a 16% increase in goat milk production was
observed. The main producers were Asia (22%), Africa (13%), Oceania (9%), Americas (5%), and
Europe (4%), respectively (Miller & Lu, 2019). From this data, it can be noted that in the present, dairy
goats can be found worldwide and not just in low income or dry areas as mentioned previously. NZ is
among those countries with a developing dairy goat industry. The rising demand for goat milk and its
products can be attributed to the changing preference of consumers as well as its imposed health benefits
which, owing to its added value, helped maintain the premium price of this milk type. Environmental
sustainability can be also considered as a driving factor for consumer acceptance as goats have been
used for weed control, maintenance of biodiversity, combating forest fires, and lessening the effect of
climate change due to their diet and eating behaviours compared to cows (Miller & Lu, 2019; Sheppard
& O'Donnell, 1979). Moreover, small ruminants like goats can readily adapt to both warm and cold
climates and do not require huge resources. For instance, they can survive with lesser water intake for 3
days compared to sheep or cows. This makes them easier to manage than most dairy breeds (Alichanidis,
Moatsou, & Polychroniadou, 2016; Haenlein, 2001). The above-mentioned features of the goat dairy
industry provide a competitive advantage over other dairy products which can be an interesting topic in
food science research to help maximize its potential.
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Figure 2.1. World production of fresh goat milk. Adapted from FAOSTAT (2019).

2.2.2 Goat milk composition and quality characteristics
Milk is a very complex biological fluid containing several major components including water,
protein, fat, lactose, and minerals. All of these are present in all milk types but are generally different in
composition among species (Alichanidis et al., 2016). Furthermore, milk contains other biologically
active compounds with several physiological functions such as immunoglobulins and other immune
proteins, nucleotides, peptides, oligosaccharides, and metabolites. Aside from species differences, these
compositions can vary with several factors such as genetics, somatic cell count, different stages of
lactation, seasonal variations, and milk processing. Understanding the chemical composition of milk
will help extract relevant information on its nutritional value, technological properties, bioactive
compounds, and other potential use of its biomarkers as a diagnostic tool. Overall, accessibility of all of
this information will aid in the development of milk products, especially goat milk, and will reflect
different aspects of milk production (Haenlein, 2004; Park, Juárez, Ramos, & Haenlein, 2007a; RaynalLjutovac et al., 2008; Sundekilde et al., 2013a).
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2.2.2.1 Basic chemical composition and physicochemical properties of goat milk
Goat milk is comparable to cow milk in terms of gross composition, such as total solids (TS),
lactose, crude protein, fat, and ash contents, but has significant differences in their individual
carbohydrates, lipid fraction, proteins, minerals, and vitamin components. Generally, goat milk contains
less alpha-s-1-casein, which is responsible for the total protein content, than other ruminants’ milk
(Haenlein, 2001; Raynal-Ljutovac et al., 2008). There are also a number of differences between cow
and goat milk caseins which can affect their processing properties. This difference is also responsible
for the specific texture and sensory characteristics of goat milk and its products (Amigo & Fontecha,
2011). In addition, this milk type contains lesser iron, sodium, citric acid, sulfur, zinc, molybdenum,
ribonuclease, alkaline phosphatase, lipase, xanthine oxidase, N-acetylneuraminic acid, orotic acid,
pyridoxine, folate, vitamins C and B12, has a lower freezing point and pH, but is usually higher in
calcium, potassium, magnesium, phosphorus, chlorine, manganese, short and medium-chain fatty acids,
vitamins A and D, nicotinic acid, choline, and inositol. The low orotic acid content in this milk type is
advantageous for the prevention of fatty liver syndromes (Haenlein, 2001).
Meanwhile, for the carbohydrate content in goat milk, lactose is relatively lesser than in cows’
milk. However, this does not pose any problem, especially in the production of cheese, as an adequate
amount of lactose is present for lactic acid fermentation. Moreover, goats’ milk has remarkably higher
and more diverse oligosaccharides content which have important antigenic properties. It is also vital for
a newborn's intestinal flora growth and provides protection against pathogens (Alichanidis et al., 2016;
Amigo & Fontecha, 2011; Raynal-Ljutovac et al., 2008).
Another important component in goat milk is its lipid content, which is the main determiner of
nutrition, physical, and sensory characteristics in milk (Park et al., 2007a). Lipids are present in the form
of globules. According to studies, goat milk has smaller fat globules compared to another species’ milk
(Alichanidis et al., 2016; Amigo & Fontecha, 2011; Haenlein, 2001). This makes it easier to digest and
more tolerable for those with health disorders. Furthermore, goat milk fat globules do not aggregate
naturally upon cooling due to lack of agglutinin, which is responsible for the clustering of fat globules
in cow milk. Additionally, the fat content in goat milk has high levels of caproic, caprylic, and capric
acid with low amounts of butyric acid. These were reported as useful for the treatment of malabsorption
syndromes, intestinal disorders, coronary diseases, premature infant nutrition, cystic fibrosis and
7

gallstone problems due to their unique metabolic ability to provide energy while lowering, inhibiting
and dissolving cholesterol deposits (Alichanidis et al., 2016; Amigo & Fontecha, 2011; Haenlein, 2001;
Jandal, 1996; Park, 1994; Park, Juárez, Ramos, & Haenlein, 2007b; Silanikove, Leitner, & Merin, 2016).
Overall, goat milk has competitive values and composition over cow milk. Because of this and
its less allergenic properties, it has been considered a premium milk that caters for its many health and
nutritional benefits for infants, children, elderly, and other people with particular medical needs.

2.2.2.2 Nutritional and metabolite components
As mentioned in the previous section, goat milk has many advantages based on its composition.
This is relatively important from a nutritional point of view especially given that milk is an important
component in the diet of humans. In particular, many consumers have shown interest in goat milk
because of its high nutritional value and quality. Due to that, this milk type has been used as a nutritional
source for infants and children, and as a medicinal food (Silanikove et al., 2010). In recent studies, it
has been shown as a satisfactory probiotic carrier during storage due to its remarkable properties
including suitable pH, good buffering capacity, and a high level of nutrients (Ranadheera, Naumovski,
& Ajlouni, 2018). Moreover, other goat milk products, such as fermented goat milk beverages, have the
potential to diversify functional dairy products due to the above-mentioned health benefits of goat milk
(Mituniewicz–Małek, Zielińska, & Ziarno, 2019).
The nutritional status of milk is closely associated with its composition but also with the level of
milk metabolites (Sundekilde, Frederiksen, Clausen, Larsen, & Bertram, 2011; Wittenburg et al., 2013;
Yang et al., 2016). Metabolites are small molecules with molecular weights of less than 1500 Da, which
include a range of exogenous and endogenous chemicals like carbohydrates, minerals, vitamins, amino
acids, nucleic acids, organic acids, peptides, polyphenols, alkaloids, and other low-molecular-weight
compounds derived from numerous cell types or metabolisms in the organism. They can also be
produced by the existing microorganisms in milk, from the somatic cells, or the enzymatic reactions in
the milk. These metabolites can be associated with different important milk characteristics and the
varying nature of its sources. Specifically, metabolites associated with milk composition can help predict
and identify milk traits from a metabolic perspective. Furthermore, metabolites can help discover
metabolic diseases in dairy animals such as ketosis, milk fever, rumen acidosis, or fatty liver syndrome
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(Sundekilde et al., 2013a; Wishart, 2008; Wittenburg et al., 2013). Sundekilde et al. (2013a) summarized
the different studies on milk metabolites (Table 2.1).
Table 2.1 A summary of milk metabolomic studies reported in the literature. BHBA, β-hydroxybutyrate;
NMR, nuclear magnetic resonance; GC-MS, gas chromatography-mass spectrometry. Adapted from
Sundekilde et al. (2013a).
Factor under investigation

Metabolite(s)

Analytical technique

Coagulation properties

Choline, carnitine, citrate, lactose

1

Somatic cell count

BHBA, lactate, lactose, hippurate, acetate,
fumarate, butyrate

1

Metabolic status of cows

Acetone, BHBA

1

Quality control

Citrate, N-acetylcarbohydrates, trimethylamine,
lecithin, Lactose

1

Classification of milk blends
from different species

N-acetyllactosamine, citrate, acetamide,
phosphocreatine

1

Milk authenticity and
assessment of adulteration

Melamine

1

Milk authenticity

Glycerol 1-phosphate, glucose 6-phosphate,
phospholipids

31

Genetic influence on milk
metabolites

BHBA, orotate, carnitine, malonate

1

Infant formula, pre-term, and
full-term human milk

Lactose, maltose

1

Nutrition

Phospholipids

31

P NMR

Spoilage, storage

Phosphoglycerides

31

P NMR

Nutrition, human milk

Choline, phosphocholines

1

Human and rhesus macaque
milk, nutrition

Amino acids, oligosaccharides,
glycerophosphocholine, hippurate

1

Associations of blood-milk
metabolites

Trimethylamine, lactose, citrate,
dimethylsulphone, orotate, fumarate, valine

1

H NMR
H NMR
H NMR & GC-MS
H NMR
H NMR
H NMR & GC-MS
P NMR

H NMR
H NMR

H NMR
H NMR
H NMR

In literature, several studies have been conducted in studying the metabolite composition of
different milk types. Pratico et al. (2014) and Wu et al. (2016) have characterized metabolites from the
human milk metabolome; Hu, Furihata, Ito-Ishida, Kaminogawa, and Tanokura (2004), Klein et al.
(2010), and Sundekilde et al. (2013a) have analysed the milk metabolites in bovine milk; and Zhao,
Chen, Feng, Chen, and Cai (2017) have identified the metabolite composition of infant formula.
Metabolite analysis has also helped in studying milk authenticity. Yang et al. (2016) has investigated
the differences between the metabolite profile of Jersey cow, buffalo, yak, goat, horse, and camel with
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lower-priced Holstein milk. Results showed that choline and succinic acid can distinguish Holstein milk
from that of the other studied animals. Another work by Li et al. (2017) has analysed different amounts
of cheaper milk into higher-value milk to detect adulteration levels. An adulteration level of 2% (v/v)
soymilk into bovine milk, 2% (v/v) soymilk into goat milk, and 5% (v/v) bovine milk into goat milkcan
be clearly identified. Some other metabolite studies can also be found for goat milk (Abd Rahman et al.,
2015; Caboni et al., 2019; Scano et al., 2014). However, due to the complexity of goat milk composition,
only a limited number of metabolites have been identified and characterized. Thus, different analytical
methods and extraction techniques still need to be carried out in order to address this challenge.

2.2.2.3 Aroma and flavour compounds
The consumer acceptance of products may depend on their flavour and aroma perceptions.
Studying volatile compositions is important to better understand these characteristics in milk as it
contributes to the aroma and overall flavour in dairy products. This is especially true with goat milk as
it has a characteristic ‘goaty’ flavour and aroma, which is perceived as an off-flavour attribute by
consumers (Mituniewicz–Małek et al., 2019; Queiroga et al., 2019; Ranadheera et al., 2019; Vagenas &
Roussis, 2012). Knowing the volatile composition of a product is the initial step when relating them to
their flavour chemistry (Drake, 2007). Generally, dairy volatiles involve many classes of compounds
like free fatty acids, terpenes, alcohols, aldehydes, ketones, esters, lactones, hydrocarbons, sulphur
compounds, and nitrogen-containing compounds. Particularly for raw goat milk, the study of Vagenas
and Roussis (2012) has revealed its fat-derived volatile compounds which were analysed through an
SPME-GC/MS analysis. According to the results, high peaks of octanoic acid, hexanoic, decanoic, and
hexadecanoic acids were in the samples. In addition, peaks of dodecanoic and tetradecanoic acids were
found at lower quantity, while butanoic and nonanoic acids were not detected compared to other types
of milk. This research concluded that milk coming from different species have different fat-derived
volatile profiles.
In the study of Queiroga et al. (2019), the volatiles in fresh goat milk were identified and
correlated to their aroma characteristics. According to the odour activity values (OAV), which can
determine the contribution of a compound on the overall aroma in the goat milk matrix, the most
important compounds were decanal, (E)-2-hexenal, hexanol, octanal, ethyl hexanoate, pentanal,
nonanal, 2-pentanone, heptanal, methyl hexanoate, γ-dodecalactone, 2-heptanone, heptanol, ethyl
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octanoate, 2-pentadecanone, β-ionone, α-pinene, 2-methylthiophene, and octadecanal. Their odour notes
are associated with “herbal”, “fatty”, and “waxy” aroma which coincide with the description of Sant’Ana
et al. (2019) on the aroma and flavour of goat milk and cheese in different production systems. A few
studies were conducted for the volatile composition of goat milk or its products like cheese or yoghurt.
However, because of the complexity of its composition, there is still a need to further carry out broader
research on the volatile composition of goat milk and other goat milk-based products. More changes are
expected to be discovered, especially if milk samples undergo processing and exposure to different
storage conditions.

2.2.3 Milk Processing and Storage
Various processing techniques are employed on raw milk to make it stable and ready for
consumption. However, compositional changes and variations on some quality characteristics such as
flavour and nutritional value may occur during its processing and storage. Hence, it is important to
consider this when studying the chemical composition of goat milk. In particular, milk from goats is
used mostly for the production of cheese, yoghurts, and fermented milk and is preferred for these types
of dairy products over cow milk. Previously, these fermented milk products were used to extend shelflife. However, with the growing production of goat milk globally, processing it into milk powder has
become the most convenient way to store and transport the product. The milk dehydration process has
attracted interest from dairy industries as it can greatly extend the milk’s shelf-life. In addition, the
inherent nutritional value of goat milk coupled with the convenience of using ‘instant’ powdered milk,
satisfies the requirement of consumers for their increasing health awareness and modern life pacing.
This type of milk production has likewise significantly contributed to the growing economy in some
exporting countries (FAOSTAT, 2019; Fonseca et al., 2011; Haenlein, 2001; Kelly & Fox, 2016;
Thomas et al., 2004). Particularly, NZ goat milk powder is appealing to international buyers as the
country is branded with a clean and green image and a global reputation of manufacturing safe,
sustainable, and trusted products (Stanley, 2012). In fact, NZ, together with the United States, produce
and manufacture a significant amount of this milk for commercial use (Park & Guo, 2008). It was also
one of the major producers of whole milk powder in 2009 with around 37% of total exports compared
to Europe (22%), Argentina (7%), Australia (6%), and the rest of the world (30%) (Kelly & Fox, 2016).
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Additionally, the world’s first goat milk infant formula was developed by NZ in 1988, and NZ continues
to lead in manufacturing goat whole milk powder for infants and young children worldwide (Stafford &
Prosser, 2016).

2.2.3.1 Milk Powder
The various methods used to produce powdered milk from goats, such as freeze-drying, roller
drying, and spray drying, can produce varying physicochemical properties in the milk samples (Pandya
& Ghodke, 2007). Spray-drying is the most common dehydration technique in manufacturing milk
powders. It involves the transformation of milk from a fluid state to a dried form by spraying it into a
hot drying medium. During the process, water is gradually evaporated from the droplets until dried milk
particles are produced (Nijdam & Langrish, 2006; Reddy et al., 2014). Prior to drying, milk usually
undergoes pasteurization. During this process, every particle of milk is heated in a properly operated
equipment to 62.8° C (145° F) for 30 minutes for vat pasteurization (low-temperature long-time) or
71.7° C (161° F) for 15 seconds for HTST pasteurization (high-temperature short-time) (RaynalLjutovac, Park, Gaucheron, & Bouhallab, 2007).

2.2.3.2 Storage
Consequently, the storage of milk-based products takes place after processing. It is as equally
important as processing since milk powders need to be stored in appropriate packaging and storage
conditions to maintain their biological and functional properties. Thomas et al. (2004) highlighted in a
study that aside from keeping the milk in practical storage conditions for appearance acceptability and
microbiological safety, there are actually physical and functional properties modifications on the
powders and their components during storage (will be discussed further in section 2.2.4.1). The study
concluded that it is important to follow the functional properties of milk powder during storage,
including the environmental factors that can affect these properties.

2.2.4 Quality changes of goat milk during processing and storage
The development of off-flavours during storage is a challenge for powdered milk. Furthermore,
some compositional changes during processing and degradation during storage can happen which affects
its overall acceptability. A review of these quality changes in milk powder will be discussed in the next
sections.
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2.2.4.1 Physicochemical changes in milk
During milk powder processing and storage, many physicochemical and biochemical damages
can occur, primarily lactose crystallization, particle caking, Maillard reaction, and oxidation. These
changes can affect the physical and functional properties of the powder and its components (Thomas et
al., 2004). For example, in the study of Nijdam and Langrish (2006), the migration of milk components
(lactose, fat, and protein) to the surface of the milk particle during a spray drying process was
investigated. Findings showed that both protein and fat accumulate preferentially at the surface of the
milk particles as they dry at the expense of lactose, which affects the stickiness of the milk particles.
Comparable findings were found by de Oliveira et al. (2020). According to their report, lactose can
undergo many chemical changes which lead to the formation of volatile compounds when exposed to
high temperatures. However, when smaller droplets are formed using certain spray-drying conditions,
protective protein layers can form at the droplet surface and protect the lactose that migrated in its center.
This subsequently reduces the effects of Maillard reactions due to lesser heat exposure. Kelly and Fox
(2016) reviewed the occurrence of Maillard reaction during the spray drying process of milk. It was
suggested that this reaction can easily be delayed through low-temperature storage and keeping the
powder in moisture-proof bags. Furthermore, the study reported that lactose degradation can also occur
during storage which is indicated by the formation of galactose, lactulose, and tagatose. These lactose
derivatives are formed by the Maillard reaction.

2.2.4.2 Metabolite changes
Different heat treatments or heat exposure can also modify the overall metabolite composition of
milk. Scano et al. (2014) has successfully shown a class separation of different heat treatments in cow
and goat milk (Figure 2.2). Discriminant metabolites were identified where hydroxyglutaric acid was
related to pasteurized samples. For cow milk and UHT-treated samples, glucose and fructose were
considered important, whereas ribose was shared by pasteurized and goat milk samples. The effect of
heat treatments can also depend on the applied intensity of the processing. In the study of Zhu, Kebede,
Chen, McComb, and Frew (2020), only minor metabolite changes were observed on the cow milk
samples with mild pasteurization conditions. Aside from processing, the study also reported the changes
during refrigerated storage of milk and found 24 metabolites significantly changing as a function of
storage time (Table 2.2). Some metabolites had decreased including pantothenic acid and
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butyrylcarnitine, while others had increased. Another study showing the clear impact of processing on
milk metabolites was done by Zhang et al. (2018) (Figure 2.3). Through ultra-performance liquid
chromatography–quadrupole time-of-flight mass spectrometry (UPLC–QTOF MS) and multivariate
data analysis, 8 potential biomarkers were identified, which distinguished UHT milk from raw and
pasteurized milk.

Figure 2.2 Score plot of goat (G) and cow (C) milk samples. Green circles
represent pasteurized samples, and blue squares are UHT-treated samples.
Adapted from Scano, Murgia, Pirisi, and Caboni (2014).

Figure 2.3 Score plots of raw, pasteurized, UHT, and pooled milk samples.
Adapted from Zhang et al. (2018).
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Table 2.2 Pasteurized milk metabolites stored at 4 °C, variable importance in projection (VIP) values
were from the partial least squares regression model. Adapted from Zhu et al. (2020).
Method

UPLC-QToF/MS

UPLC-QToF/MS

1

H-NMR

GC-MS

Retention
time (min)

VIP
value

Deductive metabolites

Class

9.40

1.21

Leu-Ile-Val

Peptide

6.56

1.15

Pantothenic acid

Vitamin

1.87

1.14

Unknown

Unknown

6.83

1.15

Butyrylcarnitine

Carboxylic ester

1.57

1.06

Glycine betaine

α-AA

10.16

1.06

Leu-Leu-Leu

Peptide

14.85

1.80

Retinyl ester

Carboxylic ester

1.36

1.76

Glycerol 3-phosphate

Carbohydrate derivative

12.04

1.74

3-Hydroxydodecanoic acid

Fatty acid

1.45

1.65

Ribonic acid

Organic acid

15.37

1.64

Arachidonic acid

Fatty acid

15.82

1.63

Clupanodonic acid

Fatty acid

14.21

1.56

Fatty acid

Fatty acid

13.79

1.56

Undecanoic acid

Fatty acid

14.26

1.51

Oleic acid

Fatty acid

14.49

1.50

Fatty acid

Fatty acid

13.77

1.49

14-HDoHE

Fatty acid

14.26

1.46

Sebacic acid

Fatty acid

12.99

1.39

Unknown

Fatty acid

1.43

1.37

Galactonic acid/gluconic acid

Organic acid

13.29

1.34

cis-9-palmitoleic acid

Fatty acid

2.41

1.98

Succinic acid

Organic acid

1,198*

1.50

2-Heptanone

Ketone

1,409*

1.48

2-Nonanone

Ketone

* Retention index

Milk is likewise prone to chemical changes during storage. In UHT-processed milk, storage had
affected its overall metabolite composition. The formation of free amino acids happened during storage
due to proteolysis. Acetate formation was also observed as a result of sugar degradation in Maillard
reactions. The metabolites responsible for the changes during storage include choline, leucine,
isoleucine, valine, alanine, phenylalanine, hippurate, creatine/creatinine, N-acetyl carbohydrates, and
acetate (Bertram, 2018; Jansson et al., 2014).
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The data for milk metabolite changes during storage is very limited. Since data for goat milk in
general still needs further research, it is expected that manufacturing and storage studies on milk powder
from goat has not been fully explored yet.

2.2.4.3 Flavour changes
Flavour defects on powdered milk can occur during heat treatment and is usually caused by lipidderived, low molecular weight compounds, and sulphur-containing volatiles (Ulberth & Roubicek,
1995). In addition, Maillard reaction products derived from heat treatments can also cause significant
negative impacts on the flavour of milk powders. For other milk products, heat treatments may give
positive effects on their quality. For example, when subjected to heating, hydroxyl acids will be
converted to lactones, which contribute to the desirable quality of milk fats. This is not the case for milk
powders as these lactones cause off-flavours in the product (Amigo & Fontecha, 2011; Fox, UniackeLowe, McSweeney, & O’Mahony, 2015).
Storage time and conditions also stimulate volatile changes in milk powders. In the study of
Ulberth and Roubicek (1995), the levels of straight-chain aldehydes including pentanal, hexanal,
heptanal, octanal, and nonanal were monitored at different storage time and conditions (Figure 2.4 and
2.5). These compounds are known products of lipid oxidation. Results showed that direct light exposure
can cause rapid development of volatiles, while storage time has a typical lipid oxidation reaction rate.
The formation of 2-heptanone was also noted to be relatively high particularly at increased temperatures
(40 °C and 50 °C). Similar findings for the increasing amount of this ketone was observed by other
authors (Hall, Andersson, Lingnert, & Olofsson, 1985; Zhu et al., 2020).

Figure 2.4 Volatile aldehydes produced on storage of whole milk powder at 30 °C in the dark. Adapted
from Ulberth and Roubicek (1995)
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Figure 2.5 Volatile aldehydes produced on storage of whole milk powder at room temperature in
normal daylight. Adapted from Ulberth and Roubicek (1995)

The literature review revealed additional studies investigating volatile compounds in milk powder
products. Whetstine and Drake (2007) reviewed the sources of flavour formation in fresh and stored
milk powders. Undesirable flavours that increased with milk powder storage were observed and are
associated with aldehydes, ketones, free fatty acids, alcohols, lipid oxidation products, and Maillard
reaction products. High concentrations of hexanal, a product of lipid oxidation, were found in stored
powders rather than the fresh ones. In addition, the important compounds related to the flavour of fresh
powder include 2-acetyl-1-pyrroline, furaneol, butanoic acid, and methional. Another study by Lloyd,
Hess, and Drake (2009b) was conducted on how whole milk powder was used as a dairy ingredient for
confectionery goods. Increased levels of lipid oxidation volatiles including hexanal were found during
storage, but nitrogen-flushing on the samples helped in slowing its development. Moreover, dimethyl
sulfide, 3-methylbutanal, 2-methylbutanal, 2-heptanone, heptanal, octanal, 3-octen-2-one, and nonanal
were at higher levels in elevated temperature (23 °C) than a cooler one (2 °C). Storage temperature,
however, did not affect hexanal content. Finally, the report suggested 3 months of optimum shelf-life
for whole milk powder regardless of packaging or storage temperature. This was mainly due to flavour
losses, which consumers find unacceptable, especially for confectionery products like chocolate.
Although studies have been made for several milk powder samples, the complex changes that
occur specifically on NZ goat whole milk powder during processing and storage are not yet investigated.
Basing on literature, compositional changes in milk powder can vary considerably in different species,
geographical origin, milk processing, as well as storage conditions. In this case, advanced analytical
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techniques must be used to analyse the important and complex changes in NZ goat whole milk powder.
The currently available advanced analytical (such as fingerprinting) and data analysis (such as
chemometrics) approaches have a huge potential to better characterize the composition and investigate
the effect of the processing and storage factors. This will be discussed in Section 2.3.

2.3

Fingerprinting and Chemometrics
As discussed in section 2.2.2 and 2.2.4, milk, in general, is a very complex food system made up

of many compounds that can vary between different species and may also be changed during processing
and storage. To better understand this complexity, advanced analytical technologies must be applied.
One of the currently available advanced analytical approaches is chemical fingerprinting.
Fingerprinting is one of several metabolomics approaches and is now widely used in food science and
nutrition topics (i.e. foodomics). Food fingerprinting is a comprehensive and unbiased technique, which
considers all compounds present in the investigated food fraction, instead of targeting specific
components, with the aim of determining as many compounds as possible. It is also a data-driven
approach, which screens compounds of interest, or the biomarkers, from the diverse components
generated in a food system (Cifuentes, 2013; Cuadros-Rodriguez, Ruiz-Samblas, Valverde-Som, PerezCastano, & Gonzalez-Casado, 2016; Grauwet et al., 2014; Vervoort et al., 2012). This strategy employs
advanced analytical techniques, such as mass spectrometry (MS)-, nuclear magnetic resonance (NMR), and infrared-based analysis, that can generate a huge amount of food compositional data. Next, the
huge amount of data obtained from food fingerprinting will be analysed using advanced data analysis
approaches (e.g. multivariate data analysis).
Usually, this strategy is used in studying food quality-related changes and food characteristics
at a molecular level, as well as in authenticating foodstuff. The identification of all compounds in a food
system can produce a unique chemical fingerprint of a product and is the basis of discriminating it from
different food matrices. This is very relevant in milk studies owing to the complexity of its composition.
Due to the hypothesis-free approach of fingerprinting, several studies have utilized this technique.
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This section will describe the different steps in applying the food fingerprinting strategy,
followed by appropriate data analysis to understand the huge data set obtained from the chemical
analysis.

2.3.1 Chemical Analyses
Fingerprinting approaches employ advanced metabolomics techniques including NMR-based and
MS-based analyses, which have various advantages and disadvantages (Table 2.3). According to
Wishart (2008), the detection of a broad range of metabolites can be done with NMR primarily for high
abundance polar metabolites, and GC-MS and LC-MS for low abundance non-polar or semi-polar
metabolites. A large number of studies were made for milk samples using these techniques. In the study
of Klein et al. (2010), NMR and GC-MS were used to analyse numerous cow milk metabolites during
early and late lactation. Sundekilde et al. (2013a) used NMR-based metabolomics to detect milk
metabolites that are important to the milk’s nutritional quality, technological properties, quality control,
and bioactivity. The different strengths and weaknesses of these analytical tools, mean that the selection
of the appropriate analysis is dependent on different factors such as the food fraction to be analysed (e.g.
volatile or liquid fraction) or the target group of compounds in the food sample. In this research, a review
of the NMR and GC-MS methods to analyse the volatile and liquid fractions of NZ goat whole milk
powder is discussed in the next sections.
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Table 2.3 Comparison of different fingerprinting techniques. Adapted from Wishart (2008).

2.3.1.1 1H-NMR analysis for the liquid fraction of milk
Predominantly, the NMR technique is more suitable in studying milk metabolite composition due
to its broad range of profiling in a single experiment. It has been shown to be a powerful tool for the
simultaneous and non-destructive identification of diverse groups of secondary metabolites (flavonoids,
alkaloids, terpenoids, and so on) as well as abundant primary metabolites (sugars, organic acids, amino
acids and so on). This rapid detection of the sample components can provide an inherently
comprehensive survey of the milk metabolome. NMR can suitably study liquid samples, which is
important because most nutrients can be easily extracted from the liquid fraction, thereby making it
more useful in determining the identity of goat milk (Harnly, Bergana, Adams, Xie, & Moore, 2018;
Hu, Furihata, Kato, & Tanokura, 2007; Kim, Choi, & Verpoorte, 2010; Wishart, 2008). The challenges
in NMR include low sensitivity, especially for low-level metabolites, and the assignment of resonances
which aim to relate each nuclear spin of the sample molecule to a specific chemical shift. In
authentication studies, the sensitivity limitation of NMR can be negligible as adulteration usually comes
at significant levels to achieve an economic advantage. Moreover, it can also be resolved by combining
the method with other approaches such as MS (Cubero-Leon, Peñalver, & Maquet, 2014; Harnly et al.,
2018).
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To further understand the mechanism of NMR, its working principle, the NMR instrument,
experimental considerations, and data analysis will be discussed in the next sections.
NMR principles
NMR spectroscopy primarily works by subjecting an atomic nucleus to an external magnetic
field that allows its nuclear spin from the ground state into an excited state called resonance. This can
be achieved by simply changing the applied magnetic field strength. The nuclear spin transition is
stimulated using radio-frequency (RF) electromagnetic radiation. The energy required to put various
nuclei in resonance is measured and represented by a signal or peak in the NMR spectrum. When
measuring the NMR spectra, it is important to consider several parameters, including the chemical shift,
spin multiplicity, coupling constant, nuclear overhauser enhancement (NOE), and signal intensity (Fan,
1996; Rule & Hitchens, 2006).
The basic design of an NMR spectrometer is schematically shown in Figure 2.6. The probe and
the magnet are the fundamental parts of the instrument. The magnet is responsible for generating the
intense applied magnetic field while the probe provides the mechanism to allow spinning of the sample.
The probe also provides a heater for temperature control of the sample, which is crucial as temperature

Figure 2.6 Simpliﬁed block diagram of the main components of an NMR spectrometer (Smith & Strange,
1996).
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fluctuation may cause changes in the field of homogeneity and chemical shifts of the resonance lines in
the spectrum (Rule & Hitchens, 2006; Smith & Strange, 1996).
Experimental Considerations
The key step in carrying out a metabolite analysis is to develop a reliable sample preparation
procedure. This step must be simple, rapid, reproducible, and suitable for high throughput analysis.
Firstly, the removal of water from the sample must be considered as its presence increases the probability
of enzymatic reactions and affects the results of NMR analysis due to shifted resonances caused by pH
differences or overlapping H2O signals. Next, an extraction method must be established. In general, no
single solvent can extract all groups of metabolites. Perchloric acid extraction is the most suitable for
polar compounds but not appropriate for acid-labile compounds. It is mainly effective for the extraction
of primary metabolites such as sugars and amino acids. Aqueous methanol is commonly used as an
extraction solvent alone and/or in combination with chloroform in a two-phase system (yielding a nonpolar and a polar extract). However, a two-phase solvent system requires an additional separating step,
the evaporation of solvents, and re-dissolving of the residue in appropriate NMR solvent. For the
analysis of many samples, the use of NMR solvent itself as an extraction solvent produces a considerable
reduction of analysis time. It is also important to consider the pH of the extracts. As mentioned, it can
cause shifts of NMR signals. To control this, buffers are used, such as phosphate buffers which are
common for NMR measurements (Kim et al., 2010).
Qualitative and Quantitative analysis
Typically, an NMR spectrum contains several numbers of signals. The generated peaks can be
compared to the peak intensity of an internal standard to establish a reference calibration point.
Depending on the solvent, different standards should be used. An example of an internal standard is TSP
(3-(trimethylsilyl) propionic-2,2,3,3-d4 acid). Tetramethylsilane (TMS) is the normal reference material
for NMR spectroscopy but is rarely used in metabolomic studies due to its insolubility in aqueous
solutions, unlike TSP which is useful for water-soluble metabolites. It can also be used as an internal
standard during the quantitation of metabolites (Dona et al., 2016; Emwas, Salek, Griffin, & Merzaban,
2013; Kim et al., 2010).
In untargeted 1H-NMR analyses, the identification of milk metabolites is the most important but
challenging step. It requires time and skills, specifically when a large number of overlapping peaks are
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present. Assigning resonances is done by comparing the chemical shifts in the NMR spectra with the
data from previous studies or the database such as the Human Metabolome Database (HMDB).
Typically, 1H-NMR chemical shifts agree up to +/−0.03 ppm. When assigning signals, it should be noted
that the different hydrogen nucleus in each metabolite produces an NMR signal at a specific resonance
frequency. This is measured as a chemical shift relative to a standard compound. Compounds are also
classified according to class type and signal multiplicities which can be identified in the spectrum. The
multiplicity is the pattern of peaks that is observed for a specific hydrogen signal in the NMR spectrum.
Understanding all of these enable further accurate profiling of the NMR resonances (Dona et al., 2016).
Finally, because of the multivariate nature of the NMR data, extracting important information requires
advance statistical and chemometrics analysis on the data sets (Emwas et al., 2013).

2.3.1.2 GC-MS analysis
Volatile compounds in food samples are usually analysed by gas chromatography (GC) coupled
with mass spectrometry (MS). This has been preferred due to its ability to separate, identify, and quantify
compounds with high selectivity and sensitivity (Vervoort et al., 2012). In addition, the spectral database
for GC-MS is well established which allows easier identification of compounds (Grauwet et al., 2014).
A prior step is required in order to extract volatile components before the separation in GC-MS. Several
extraction techniques can be used for this such as Solvent Assisted Flavour Evaporation (SAFE), Solid
Phase Microextraction (SPME), Headspace Sorptive Extraction (HSSE), and Stir Bar Sorptive
Extraction (SBSE) (High, Bremer, Kebede, & Eyres, 2019). This review will focus on the extraction
using SPME which has the ability to isolate volatiles from solid or liquid materials in a simple way for
a short time (Delgado, Gonzalez-Crespo, Cava, & Ramirez, 2011).
Solid-phase microextraction (SPME)
This extraction technique has been widely applied in isolating milk flavour. As stated
previously, the use of SPME can reduce the time of analysis. It also reduces sample manipulation and
is less likely to be influenced by the presence of artifacts. Moreover, in comparison to other techniques
such as the purge and trap (PT) technique, Contarini and Pavolo (2002) observed higher precision when
detecting off-flavours resulting from lipid oxidation. Moreover, High et al. (2019) reported that GC-MS
analysis using SPME excelled in extracting small polar compounds including dimethyl sulphone and
pentanal. However, larger molecular weight compounds were undetected. It was also noted that lactones
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in milk were absent when this technique was employed. In that case, extraction using SBSE is more
sensitive when detecting lactones. Nevertheless, the ability of SPME-GC-MS analysis in the study of
volatiles in milk has been extensively used in different studies (Clarke, Mannion, O'Sullivan, Kerry, &
Kilcawley, 2019; Contarini & Pavolo, 2002; Delgado et al., 2011; High et al., 2019; Lloyd, Drake, &
Gerard, 2009a; Marsili, 2000; Pan et al., 2019; Poliseli-Scopel, Gallardo-Chacon, Juan, Guamis, &
Ferragut, 2013).

2.3.2 Chemometrics
The fingerprinting approach can produce a huge amount of data that can be handled by appropriate
chemometric tools. This will help build a multivariate model that best describes the system under
analysis. Multivariate data analysis (MVDA) techniques, like Principal Component Analysis (PCA) and
Partial Least Squares-Regression (PLS-R) are commonly used to extract these huge data sets. Prior to
these statistical analyses, pre-processing is employed. For NMR, data pre-processing commonly
includes baseline correction, alignment, binning, normalization, and scaling when integrating the peaks
(Smolinska, Blanchet, Buydens, & Wijmenga, 2012). For GC-MS analysis, peak deconvolution is
usually performed, and then filtering and alignment of peaks comes next. This is done to remove any
irreproducible peaks and generate a data set that will be used in MVDA (Buve et al., 2018).

2.3.2.1 Multivariate data analysis
The most common MVDA methods are Principal Component Analysis (PCA) and Partial Least
Squares-Regression (PLS-R). The unsupervised pattern in PCA can be used to check for patterns and
any outliers and then PLS regression can correlate the signals with the sample classification groups such
as the effect of processing or storage conditions. In PCA, only the raw data (X variable) is used to
explore the data set. This results in the detection of outliers and common groupings between samples,
which would help study the relationship between samples and variables, and between variables
themselves. On the other hand, PLS uses both X- and Y- variables (e.g. processing conditions or storage
time) to produce a latent variable model that will best describe the separation between different classes
and identify candidate markers (Grauwet et al., 2014; Vervoort et al., 2012).
There are several commercial software programs available for multivariate analysis, which
include AMIX-TOOLS (Bruker Biospin GmbH), Solo (Eigenvector Research, Wenatchee, WA, USA),
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Matlab with statistics toolbox (MathWorks, Natick, MA, USA), Minitab (Minitab, State College, PA,
USA), Pirouette (Infometrix, Bothell, WA, USA), SIMCA-P (Umetrics, Umeå, Sweden), SPSS (SPSS,
Chicago, IL, USA) or Unscrambler (CAMO software, Woodbridge, NJ, USA) (Kim et al., 2010).

2.3.2.2 Marker selection
With the aid of proper variable identification techniques such as variable in projection (VIP) and
variable identification (VID) coefficients, compounds that are unique in a sample and those that are
affected by several factors like processing, storage temperature, and storage time can be discriminated.
These compounds can serve as candidate markers for the sample being studied, which would aid in
defining the identity of the food sample and can be used as a diagnostic tool (Grauwet et al., 2014;
Kebede et al., 2014; Vervoort et al., 2012).
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2.4

Conclusion and research gap
Goat milk is a high-value product with a very complex composition. Through various factors,

such as processing and different storage conditions, compositional changes may happen in the food
sample. For now, there is a gap of knowledge when it comes to goat milk composition, particularly when
processed into powder form. Hence, it is important to have a general view of the chemical composition
of goat milk in order to aid in its development, especially with the expanding goat dairy industry.
Moreover, it is equally important to better understand the chemical changes that happen in the
production and storage of goat whole milk powder through the discovery of the unique markers in the
product. With this, there is a need for a proper analytical approach. Currently, there are well-established
analytical techniques that could address this objective. For instance, NMR-based fingerprinting analysis
is an excellent tool in determining the identities of metabolite markers in a food system. Other MS-based
analytical tools such as SPME-GC-MS have also proven their effectiveness in studying the volatile
composition in milk. These analyses in conjunction with chemometric tools, such as MVDA, will further
aid in understanding goat whole milk powder at the molecular level.
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Chapter 3
Research strategy and experimental
approach
3.1

Research strategy
The literature review (Chapter 2) has revealed the importance of goat whole milk powder and its

composition. It was also noted that its chemical compositions can be affected by various processing and
storage conditions. However, the specific data for goat whole milk powder still needs to be reviewed
and studied further. Due to this, the objectives of this research, as presented in Chapter 1, were
established. In this chapter, the different research strategies and experimental approach of this work will
be discussed.
First, this research was focused on studying goat whole milk powder from New Zealand. As
discussed in Chapter 2, increasing interest from consumers and manufacturers is evident for milk
powders due to longer shelf-life, portability, and convenience of use. Moreover, studies for goat whole
milk powder, in general, are very limited in the literature. Secondly, it is also important to gain
knowledge of the complex changes that happen in milk when subjected to different storage conditions.
This study focused on the impact of storage time and temperature. Milk powder storage for 44 weeks at
20 °C, 30 °C, and 40 °C were used to follow an accelerated shelf-life testing (ASLT) system. These
were selected based on the common storage conditions for milk powders. The storage at 20 °C was used
to test ambient conditions, while higher temperatures were selected according to the shelf-life principle
(e.g. Q10) and the common possible temperatures in hot countries. With the selected higher temperatures,
comparable reactions that happen in the samples at ambient temperature can be obtained but at a faster
rate. Higher temperatures (> 40 °C) would most likely cause new reactions in the sample (Labuza, 1984).
Additionally, the samples were packed in plastic packaging which is normally used in milk powder
production. Other factors that are found to be important for shelf-life studies, including the effect of
packaging, moisture, and oxygen level on the stored samples, were not included in this research.
However, it is suggested that these be included in future work.
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Different analytical approaches are available to investigate (bio) chemical changes during
different storage conditions. As mentioned in the literature review, fingerprinting techniques are very
useful in studying complex changes in different food matrices. In this study, NMR-based fingerprinting
techniques were used to study the liquid fraction of milk due to its ability to capture a wide amount of
information in the milk metabolome, especially in the water-soluble liquid fraction. Furthermore, an
SPME-GCMS fingerprinting strategy was applied for the volatile fraction due to its advantages in
untargeted quality investigations. Since these analytical strategies often produce huge amounts of data,
a proper data analysis using a multivariate approach was considered because of its ability to interpret
large information. Altogether, the research strategy applied in this work will be useful in providing
relevant information related to goat milk powder and shelf life changes. Figure 3.1 shows an overview
of the experimental set-up with their corresponding experimental chapters in this manuscript.

Figure 3.1 Overview of the experimental set-up for goat whole milk powder study with the corresponding
experimental chapters.
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3.2

Experimental approach
The preparation and storage of goat whole milk powder using different conditions will be

discussed in the next section. Optimization procedures of the GC-MS and NMR chemical fingerprinting
methods were also done and will be discussed in their respective experimental chapters. All
experimental works in this study were done using the same batch of goat whole milk powder. The
samples were obtained from NIG Nutritionals Limited, Waikato, New Zealand. After arriving at the
University of Otago, sample preparation steps for the shelf life study were done in the Food Hall of the
Food Science Department (University of Otago, Dunedin) to ensure food-grade conditions.

3.2.1 Goat milk powder sample preparation and storage
After the arrival of bulk goat whole milk powder at the University of Otago, samples were packed
using Audion Audiovac VMS 153 (Derby, UK) vacuum chamber machine in industry-standard
polyethylene stand-up pouches (120mm x 180 mm x 115 microns). These were then stored in three
different incubators set at 20 ℃, 30 ℃, and 40 ℃ for up to 44 weeks to set-up an ASLT (see Figure
3.2).
During shelf-life sampling, the packed samples were randomly taken out of the incubator
according to the sampling schedule found in Table 3.1. These were then cooled for an hour at 4 °C
before transferring into 50 ml Falcon tubes (Figure 3.3). After aliquoting, the tubes were stored in a
freezer at -30 °C in a dark environment until analyses. After the completion of shelf-life, all samples

Figure 3.2 Goat whole milk powder in (a) bulk, and (b) samples stored in food grade incubators in Food
Science, Gregory Building, University of Otago.
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were analysed in a single batch. Prior to respective analyses, frozen samples were thawed for at least an
hour in the cooling room (4 °C).

Figure 3.3 Shelf-life sampling of goat whole milk powder in 50 ml Falcon tubes according to sampling
times in Table 3.1.

Table 3.1 Details of shelf-life planning. At fixed points in time (up to 11-time points per temperature),
stored bags were sampled from the incubators (d=days, w=weeks).
Sampling time

Storage temperature
20 °C

30 °C

40 °C

Time 1

0w

0w

0w

Time 2
Time 3

1w
2w

4d
1w

4d
1w

Time 4

6w

2w

2w

Time 5

8w

6w

6w

Time 6

12 w

8w

8w

Time 7

16 w

12 w

12 w

Time 8
Time 9

20 w
28 w

16 w
20 w

16 w
20 w

Time 10

36 w

28 w

28 w

Time 11

44 w

36 w

36 w
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Chapter 4
Fingerprinting New Zealand goat milk
powder using NMR and GC-MS
analysis1
4.1

Introduction
Milk coming from different species have varying compositions. This variation could be used to

define their respective identity and maximize their potential. However, the compositional data for goat
milk, particularly in milk powder form, is scarce. Given its nutritional value and premium quality, it is
therefore interesting to do proper characterization to establish its identity. Thus, this experimental
chapter implemented nuclear magnetic resonance (NMR)- and gas chromatography-mass spectrometry
(GC-MS)-based fingerprinting approaches to comprehensively characterize goat whole milk powder as
the first step in fingerprinting its chemical compositions.

1

This chapter is based on the manuscript submitted by the author in the Journal of Dairy Science, which is currently under review.
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4.2

Materials and Methods

4.2.1 Reagents/Samples
Deuterium oxide (D2O; D, 99.9%) was obtained from Cambridge Isotope Laboratories (College Park,
MD, USA). Sodium 3‐(trimethylsilyl) propionate‐2,2,3,3‐d4 (TSP) was purchased from Sigma‐Aldrich
(St Louis, MO, USA). Supelco 50/30 µm DVB/CAR/PDMS SPME fibres (StableFlex, Supelco,
Bellefonte, PA, USA) were conditioned every first use according to manufacturer’s instructions.

4.2.2

1

H-NMR analysis

4.2.2.1 Sample extraction and preparation
Sample extraction was done to remove high molecular weight compounds that may mask the
signal of the components found in the milk samples. A prior sample extraction optimization was done
using different organic solvents including methanol, ethanol, chloroform, and methanol-chloroform
mixture. The solvents were tested for their ability to extract a huge number of metabolites in goat milk
powder. Among the organic solvents tested for extraction, methanol was found to produce high-quality
spectra with many visible peaks of compounds in the milk sample. Moreover, the use of methanol offers
a simple and rapid sample extraction protocol, which can be very useful in a large-scale analysis. Thus,
methanol was considered as the final extraction solvent for the NMR analysis.
During sample preparation, 4 replicates of 1.0 g of goat whole milk powder were dissolved in 4
mL Milli-Q water and centrifuged at 4696*g for 30 min (4°C) (Heraeus Megafuge 16R; Thermo
Scientific, UK). The supernatants were then collected, and 0.5 mL was taken to a new centrifuge tube.
1.0 mL of methanol was added to the skimmed milk and placed in a Heidolph Multi Reax mechanical
stirrer for 15 minutes and centrifuged again at 4696g for 10 min at 4 °C, then dried under a Vacuubrand
ME 1C vacuum pump (Vacuubrand GMBH, Wertheim, Germany). The dried samples were re-dissolved
with 700 µL D2O (0.1 M phosphate buffer (PB), pH=7.4, 5 mM TSP) and sonicated for 10 minutes to
further dissolve the samples. The TSP served as the internal standard and reference for the calibration
of NMR shifts, while PB was used to maintain the pH of the extracts to avoid signal shifts. The samples
were centrifuged again at 4696g for 5 min at 4 °C and 600 µL of clear liquid was taken to a 5 mm NMR
tube (5 mm; Norell ST500; Norell Inc., Morganton, NC, USA) for analysis.
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4.2.2.2 1H-NMR experiments
NMR experiments were performed using a Varian 500 MHz spectrometer (Agilent Technologies,
Varian Inc.). 1H-NMR spectra of milk extracts were acquired using a 6 kHz spectral width and 64 K
data point with 90° pulse sequence, 2 s relaxation delay, and 128 scan numbers, requiring about 12
minutes per sample. These NMR parameters were optimized by testing different scan numbers,
relaxation delay, or pulse sequence in order to detect as many metabolites as possible.

4.2.2.3 1H-NMR data pre-processing
NMR spectra processing was carried out using MestReNova NMR software (version 12.0.3,
Mestrelab Research, Santiago de Compostela, Spain). Auto phase correction and manual baseline
correction were done to correct distortions. The spectra were then referenced to TSP at a chemical shift
(δ) of 0.0 ppm.

4.2.2.4 NMR peak qualification
Identification of impurities or solvent peaks was done, and those peaks were disregarded prior to
the qualification of possible metabolites in the goat whole milk powder samples. Multiplet analysis was
performed and the assignment of signals was done by comparing the chemical shifts in the NMR spectra
with the data from previous studies (Li et al., 2017; Sundekilde, 2012; Sundekilde et al., 2013a; Zhao et
al., 2017) and from the database including the Human Metabolome Database (HMDB)
(http://www.hmdb.ca/) and the Chenomx NMR Suite 8.43.

4.2.3

HS-SPME-GC-MS analysis

4.2.3.1 Sample preparation
To detect as many volatiles as possible, sample preparation and method optimization were done
prior to the final volatile fingerprint characterization. Different sample preparations were tested,
including milk powder in solid form, reconstituted milk in water, and milk powder mixed with salt. The
chosen method was using a milk powder as it resulted in more peaks and overall higher intensity. A total
of 2.0 g ± 0.03 g of milk powder samples were transferred into 20 ml glass sample vials and were tightly
closed using screwcaps with silicon septum seal (GRACE, Columbia, MD, USA) septa.
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4.2.3.2 GC-MS analysis
The headspace analysis was performed based on the method reported by Kebede et al. (2015)
with slight modifications. First, a total of 2.0 g ± 0.03 g of milk powder samples were transferred into
20 ml glass sample vials (GRACE, Columbia, MD, USA). The sample vials were then placed in a 32vial tray (VT32-20) on a Gerstel MPS autosampler (Gerstel GmbH) maintained at 10 °C and then
analysed using a GC machine (6890N MS, Agilent Technologies, Palo Alto, CA, USA) equipped with
an MS (Agilent Technologies Inc., 5975B VL MSD, Wilmington, DE, USA). The analysis involved
incubation, extraction, desorption, separation, and detection respectively. The incubation of the milk
powder sample was done at 40 °C for 5 min with the agitator turned-on to facilitate the release of volatile
compounds from the powder into the headspace of the vial. For the extraction, SPME fiber coated with
50/30 µm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) (StableFlex, Supelco,
Bellefonte, PA, USA) was used and performed at 40 °C for 30 min. DVB/CAR/PDMS is suitable for a
headspace fingerprinting approach, as it has a balanced polarity and enables the detection of an increased
number of volatile compounds. The fibers were conditioned every first use and cleaned/regenerated in
between each analysis according to the manufacturer’s instructions. In this work, the extraction was
replicated four times. Then, the SPME fiber was injected into the GC injection port to thermally desorb
the volatiles for 2 minutes at 230 ℃ in splitless mode followed by a further 5 min with a purge flow of
50 mL/min. The volatiles were later separated using ZB Wax column (60 m x 0.32 mm inner diameter
x 0.5 μm film thickness; Phenomenex) with helium as a carrier gas. The GC oven temperature was
programmed at 50 ℃ and maintained for 5 min, with a 5 °C/min ramp until 210 °C, followed by a 10
°C/min ramp to 240 °C, and held for 5 min. Mass spectra were obtained in EI mode (70 eV), scanning
from 30–300 m/z. The source and quadrupole were operated at 230 °C and 150 °C, respectively. In this
work, all samples were analysed in a randomised fashion as a function of storage time and temperature.
Quality control (fresh/unstored goat whole milk powder) and blank samples (empty vials) were injected
every 10 GC-MS analysis to monitor possible systematic error and monitor any carry-over and integrity
of the fibre, respectively.
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4.2.3.3 GC-MS data analysis
Identification of volatiles was performed using the standard NIST14 mass spectral library MS
library match (≥80) supported by linear retention indices, as calculated according to Van den Dool and
Kratz (1963) from the injection of a 1 µg/mL C7-C24 alkane standard (Supelco) in hexane, and by
chemical standards. The identification was performed using pure spectra after peak deconvolution using
the automated mass spectral deconvolution and identification system (AMDIS). The literature retention
indices used for comparison were obtained from the NIST Standard Reference Database based on the
most similar system and instrument conditions.
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4.3

Results and Discussion

4.3.1

1

H-NMR identification of goat milk liquid fraction

A representative NMR spectrum of goat whole milk powder is shown in Figure 4.1. This 1HNMR spectrum was carefully inspected to provide accurate profiling of the NMR resonances given the
complexity of the identification process. The spectrum is divided into three main spectral regions. First,
the aliphatic region, from 0 up to 3.5 ppm, contains amino acids, tricarboxylic acid cycle intermediates,
short-chain fatty acids, N-acetyl moieties, and oligosaccharides. This is followed by the region between
3.5 and 6.0 ppm, which is a complex sugar region that includes a series of overlapped signals due to the
presence of simple and complex sugars. Finally, the region after 6.0 ppm is the aromatic region
composed of aromatic amino acids and phenolic compounds (Pratico et al., 2014). Identifying the
different regions in the spectra allow easier classification of signals into metabolites.
In the present work, a total of 44 metabolites were identified based on the 1H-NMR spectra of NZ
goat whole milk powder. Table 4.1 summarizes the NMR metabolite assignments. The goat whole milk
powder spectra are dominated by the signals in the aliphatic and sugar regions, which correspond to
metabolites such as creatine, carnitine, lactose, galactose, lecithin, and sucrose. Li et al. (2017) reported
higher concentrations of carnitine and creatine in UHT-processed goat milk. However, the study was
more targeted on high-intensity peaks, thereby it identified only a few metabolites. In the current study,
some less-intensive signals were visible and identified in the aliphatic (0.5–3.5) and aromatic region
(6.0–9.5) of goat whole milk powder spectra, including amino acids, organic acids, and nucleotides.
According to Hu et al. (2004), a possible reason for the weak signals could be due to the very large
molecular weights of the proteins, which results in lower molar concentrations. However, this does not
mean that low-intensity metabolites are not important. For example, in the study of Sundekilde, Poulsen,
Larsen, and Bertram (2013b), lactate, and β-hydroxybutyrate were some of the metabolites which
increased in relative quantification in cow milk with high levels of somatic cell count (SCC), while
hippuric acid decreased. SCC is an important indication of mastitis infection, and it has a strong
correlation with NMR milk metabolite profiles. With this, it is essential to characterize as many
metabolites as possible in goat whole milk powder in order to discriminate it from other types of milk.
Other metabolites found in goat whole milk powder, such as valine, pantothenate, citric acid, lactic acid,
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betaine, and creatinine, were also found at high levels in the colostrum and transitional human milk
(HM). This data can be useful in establishing the milk metabolome for infant nutrition, especially with
pre-term infants (Sundekilde et al., 2016). This example proves the importance of a wide-range
characterization of metabolites. Furthermore, the data obtained from this untargeted characterization can
be used to carry a more targeted research on the composition of goat whole milk powder. This can
include researches on metabolite concentrations, partnered with chemometric tools, which can further
define the different technological properties of milk powder. Moreover, this study is the first to
successfully provide a comprehensive characterization of the liquid fraction of goat whole milk powder.

Figure 4.1 Representative 1H-NMR spectra of goat milk powder divided into three main groups. The
regions δ 9.0-6.0 and δ 3.5-0.0 were expanded for clarity of peaks. Numbers correspond to the metabolites
shown in table 4.1.
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Table 4.1 Metabolites assignment from 1H-NMR spectra of the NZ goat whole milk powder.
Peak no.
1
2

Metabolites
Pantothenate
Valine

δ 1H
(ppm)
0.90

s

CH3

[f]

0.94

s

CH3

[f]

1.00

d, J=7.0

CH3

[f]

1.05

d, J=7.1

CH3

[d, e, f]

ma, J (Hz)

Assignment

Reference

3

β-hydroxybutyrate

1.23

d, J=6.5

CH3

[d, e]

4

Lactate

1.33

d, J=7

CH3

[c, d, e, f]

5

Alanine

1.48

d, J=7.3

CH3

[d, f]

6

acetate

1.92

s

CH3

[c, d, e, f]

7

N-acetyl glucosamine

2.04

s

CH3

[f]

8

N-acetyl carbohydrates

2.07

d, J=1.8

CH3

[e]

9

Glutamate

2.09

d, J=2.0

β-CH2

[f]

2.35

m

γ-CH2

[d, e, f]

10

Methionine

2.15

s

CH3

[d, e, f]

11

Pyruvate

2.38

s

CH3

[a]

12

Succinic acid

2.41

s

CH2

[f]

13

2-oxoglutarate

2.44

t, J= 6.9

CH2

[b]

3.01

t, J= 6.9

CH2

[b]

2.54

d, J=15.7

CH2

[d, e, f]

2.68

d, J=15.7

CH2

[e, f]

14

Citrate

15

Sarcosine

2.72

s

CH3

[a]

16

Creatine

3.04

s

CH3

[f]

17

Phosphocreatine

3.05

s

CH3

[e, f]

18

Creatinine

3.05

s

CH3

[e, f]

19

Malonic acid

3.11

s

CH2

20

Ethanolamine

3.15

t, J= 5

N-CH2

[c, e, f]

21

Phosphocholine

3.20

s

3 CH3

[e]

4.18

ddq, J = 8.0, 5.3, 2.9

O-CH2

[d]
[d, e]

[e]

22

Carnitine

3.21

s

3 CH3

23

Lecithin

3.23

s

3Me

[c]

24

Glycerophosphocholine

3.23

s

N-(CH3)3

[f]

25

Betaine

3.26

s

3 CH3

26

Triethylamine-N-oxide

3.27

s

CH3

[e]

27

Lactose

3.30

m

CH2

[c, e, f]

4.46

d, J= 7.8

CH

[c, e]

4.68

d, J= 8.0

CH

[c, e]

5.24

d, J= 3.8

CH

[c, d, e]

[d, e]

28

Galactose

4.06

t, J= 3.6

CH

[e, f]

29

Glyceric acid

4.12

m

CH

[b]

30

Raffinose

5.07

d, J= 3.8

CH

[f]

5.41

d, J= 3.7

CH

[f]

31

Glycogen

5.36

m

CH

[b]

32

Sucrose

5.39

d, J= 2.9

CH

[c, f]

33

Glucose-1-phosphate

5.55

dd, J= 7.3, 3.4

CH

[d, e, f]

38

Peak no.

Metabolites

34

UDP glucuronate

35

UDP galactose

36

Uridine

δ 1H
(ppm)
5.61

ma, J (Hz)

Assignment

Reference

dd, J= 7.3, 3.5

CH

[a]

5.65

dd, J=3.63, 7.24

CH

[a]

5.98

d, J= 3.5

CH2

[a]

7.96

d, J=8.2

CH

[a]

5.91

m

CH3

[f]

7.88

d, J=8.1

CH2

[f]
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Guanosine monophosphate

5.96

d, J= 6.5

CH

[f]

38

Adenosine triphosphate

6.11

d, J= 5.6

CH

[b]

8.52

s

CH

[b]

8.28

s

CH

[b]
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Cytidine monophosphate

6.16

d, J=6

CH

[f]
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Orotate

6.2

s

CH

[d, e, f]

41

Hippuric acid

7.56

t, J=7.8

CH2

[d]

7.64

t, J = 7.4

CH

[d]

7.84

dd, J = 7.1, 1.5

CH2

[d]

42

Adenine

8.12

s

CH

[d]

43

Inosine

8.25

s

CH

[f]

8.36

s

CH

[f]

8.61

s

CH

[f]

44

Adenosine monophosphate

* Class/Multiplicity (ma): s, singlet; d, doublet; t, triplet; dd, doublet of doublets; ddq, doublet of doublet of quartet; m, multiplet.
* [a] Chenomx NMR Suite 8.43; [b] Human Metabolome Database (HMDB) (http://www.hmdb.ca/); [c] Li et al. (2017); [d] Sundekilde
(2012); [e] Sundekilde, Larsen, and Bertram (2013); [f] Zhao, Chen, Feng, Chen, and Cai (2017)

4.3.2 The volatile fingerprint of goat milk powder: An HS-SPME-GC-MS
analysis
Through HS-SPME-GC-MS analysis, this research was the first to effectively fingerprint the
headspace fraction of NZ goat whole milk powder with 50 volatiles, which are classified into 9 chemical
families (Table 4.2). The majority of the volatiles are from aliphatic hydrocarbons, such as alkanes,
with a total of 26 compounds followed by 8 ketones, 4 alcohols, 3 aromatics, 3 alkenes, 2 aldehydes, 2
esters, 1 acid, and 1 sulphur-compound. A representative chromatogram can be seen in Figure 4.2.

4.3.2.1 Aliphatic Hydrocarbons
Alkanes are the most abundant volatiles found in this study, with around half of the detected
compounds being classified in this group. Yue et al. (2015) also detected more aliphatic hydrocarbons
in identifying microfiltered pasteurized milk volatiles using SPME-GC×GC-TOFMS. Other studies
suggested that due to the hemolytic cleavage of carbon–carbon bonds along the fatty acid chains in hightemperature conditions, an increased number of alkanes can be formed in boiled or heated milk
(Iranmanesh, Ezzatpanah, Akbari-Adergani, & Karimi Torshizi, 2018). This justifies the observations
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in this study since goat whole milk powder had undergone heat processing. In general, alkanes have a
minor impact on the overall milk flavor due to their high odor threshold level (Moio, Dekimpe, Etievant,
& Addeo, 2009; Yue et al., 2015). Erkaya and Şengul (2011) also studied volatiles in yoghurts produced
from goat milk and identified n-alkanes similar to the volatiles found in this study, including heptane,
octane, decane, nonane, and undecane, where heptane showed highest concentrations. Moio et al. (2009)
reported decane, undecane, tetradecane, and traces of dodecane, tridecane, pentadecane, and hexadecane
from raw goat milk, which also corresponds to the findings in this study.

Figure 4.2 Representative chromatogram of NZ goat milk powder. Numbers correspond to the volatiles
listed in table 4.2.
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Table 4.2 Volatile profile of the NZ goat whole milk powder obtained by the headspace GC-MS
fingerprinting method.

Compound

Retention index*
Obs

Ref

Alcohols
1

Isopropyl Alcohol

921

927

2

Ethanol

930

932

3

2-Butyloctanol

1104

1393

4

Ethylhexanol

1483

1491

5

Hexane

651

600

6

Cyclopentane

666

700

7

2,5-Dimethylhexane

712

721

8

2-Methylheptane

750

765

9

2,3,3-Trimethylpentane

766

758

10

Octane

800

800

11

2,4-Dimethylheptane

806

797

12

2,2,4-Trimethylheptane

842

884

13

4-Methyloctane

852

823

14

Nonane

899

900

15

2-Methylnonane

951

961

16

3-Methylnonane

963

970

17

2,2,4,6,6-Pentamethylheptane

984

981

18

Decane

998

1000

19

2,6-Dimethylnonane

1005

986

20

5-Methyldecane

1047

1049

21

4-Methyldecane

1051

1051

22

2,6-Dimethyldecane

1089

1086

23

Undecane

1097

1100

24

5-Ethyldecane

1134

1150

25

Methylundecane

1146

1150

26

2-Methylundecane

1153

1155

27

2,6-Dimethylundecane

1193

1185

28

Dodecane

1197

1200

29

Farnesan

1242

1320

30

Tetradecane

1396

1400

31

2-Oxooctanoic acid

877

1309

32

Hexanal

1084

1083

33

Heptanal

1187

1184

34

2-Octene

837

850

35

2-Ethylhexene

864

847

Alkanes

Acid
Aldehydes

Alkenes
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Compound

Retention index*

2,4-Dimethyl-1-heptene

Obs
880

Ref
885

37

Toluene

1044

1042

38

Cyclooctatetraene

1263

1244

39

1,3-Ditertiarybutylbenzene

1431

1427

40

Diisoamyl

911

887

41

Methyl succinate

1590

1572

42

Acetone

817

819

43

2-Pentanone

979

981

44

2-Heptanone

1183

1182

45

Cyclohexanone

1301

1291

46

Diacetone

1364

1358

47

2-Nonanone

1390

1390

48

3-Octen-2-one

1411

1411

49

3,5-Octadiene-2-one

1523

1522

1910

1903

36
Aromatics

Esters

Ketones

Sulphur compounds
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Dimethyl sulfone

* Observed RI calculated according to Van den Dool and Kratz (1963); Reference RI obtained from the National Institute of
Standards and Technology Standard Reference Database.

4.3.2.2 Ketones
Ketones are abundant in most dairy products (Delgado et al., 2011). They are mainly present in
the form of methyl ketones, which are products of free fatty acids (FFA) through the β-oxidation
pathway. Methyl ketones are heat-induced compounds. Previous studies have reported that they are
formed and increase in concentration after thermal treatment of milk (Calvo & de la Hoz, 1992; Moio
et al., 2009; Vazquez-Landaverde, Torres, & Qian, 2006).
Ketones have distinctive odors, such as fruity, floral, and musty notes contributing to the flavor
of milk. One of the ketones found in this study, 2-heptanone, is a typical volatile compound in dairy
products (Pan et al., 2019). Some of the methyl ketones found in this study such as acetone, 2-pentanone,
2-heptanone, and 2-nonanone have also been reported in raw milk, while others were detected in heated
milk (UHT, sterilized, and powdered milk) (Calvo & de la Hoz, 1992). According to Calvo and de la
Hoz (1992) and Yue et al. (2015), acetone concentration variation in raw milk could be due to the amount
of acetone in feeds while 2-pentanone and 2-heptanone are partly thermally-induced through β-oxidation
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of FFA, as discussed earlier. In a study on caprine teleme cheese, it was reported that the total ketones
increased during ripening (Massouras, Pappa, & Mallatou, 2006). This is another indication that through
more processing, ketone compounds in milk will increase. Other ketones found in this study such as 2nonanone and 2-heptanone have a common fruity flavor. 2-Nonanone corresponds to tea-like, medicinal,
or sour notes, whereas 2-heptanone presents a blue cheese or mushroom flavor (Trani, Gambacorta,
Loizzo, Cassone, & Faccia, 2016).

4.3.2.3 Alcohols
Alcohols are formed by either reduction from the aldehydes, amino acid metabolism, or
fermentation of lactose. This chemical class is responsible for the distinct flavors in dairy products when
present at high concentrations (Yue et al., 2015). In the study of Delgado et al. (2011) on the headspace
of the Ibores cheese made from raw goat milk, alcohols were the second most abundant chemical class
at the end of cheese ripening. The strong reducing conditions in cheese favor the formation of alcohols
from aldehydes and ketones, following reaction pathways, which involve alcohol dehydrogenases. Moio
et al. (2009) reported the different levels of alcohols in different types of milk and found that raw goat
milk had the second-lowest concentrations compared to the other three types of milk (water buffalo,
ovine, and bovine). Aldehydes are responsible for the formation of alcohols. This could explain why
there are only limited alcohol compounds present in NZ goat whole milk powder as there are only a few
aldehydes in the fresh goat milk powder.

4.3.2.4 Aromatic compounds
Aromatic hydrocarbons, such as benzene and toluene, have been widely identified in reconstituted
milk and reduced-fat cheese (Yue et al., 2015). In this work, toluene was one of the aromatic compounds
found in the headspace of goat whole milk powder (Table 4.2). This compound, which provides nutty
odor, was the most abundant and was already identified at high levels in Feta-type and Spanish ewe’s
milk semi-hard cheeses (Delgado et al., 2011). Some aromatic compounds are derived from the Strecker
reaction, such as α-oxidation of phenylacetaldehyde which is responsible for benzaldehyde production
that imparts aromatic notes of bitter almond to dairy products (Yue et al., 2015).

4.3.2.5 Aldehydes
Aldehydes could provide significant aromas, either pleasant or rancid, to foodstuff depending on
their concentration. In comparison to alcohols, they have lower odor threshold values. Thus, even trace
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amounts of aldehydes might override the flavor effect of some other substances (Yue et al., 2015). In
processed milk products, the formation of aldehydes is mostly associated with thermally induced lipid
oxidation (Calvo & de la Hoz, 1992). One of the aldehydes found in this study was hexanal. It has a
green and grassy aroma, also known to contribute off-flavors in milk at higher concentrations (Yue et
al., 2015). Generally, aldehydes of low concentrations are characterized by green and grass-like aromas
in milk. Only at a high concentration will it start producing off-flavors in milk and its products (Pan et
al., 2019).

4.3.2.6 Esters
Esters are considered as important volatiles in dairy products and known for their powerful odour.
Ester formation is usually associated with the esterification of short-chain alcohols and free fatty acids
within the mammary gland of the dairy animal (Kalač, 2017; Moio et al., 2009). In the study of Queiroga
et al. (2019), fresh goat milk was represented mostly by ester compounds. A number of esters were also
reported in raw goat milk by Moio et al. (2009). However, in the current study, only two ester
compounds were identified in the NZ goat whole milk powder (Table 4.2). A similar result was reported
in the study of High et al. (2019), where esters were not found in the spray-dried NZ sheep milk. It was
suggested that high thermal load from pasteurization to subsequent spray-drying of the milk powder had
affected the levels of esters by decreasing or completely eliminating them in milk. As the goat whole
milk powder used in this study underwent similar processing, this may also explain why low levels of
esters were found.

4.3.2.7 Others: Acids & sulphur-compounds
One of the important flavor components of dairy products is the FFA. They are produced
primarily via lipolysis of milk fat. As mentioned in previous sections, FFA functions as precursors for
other compounds making their presence vital (Erkaya & Şengul, 2011; Vagenas & Roussis, 2012). In
goat whole milk powder, only one acid compound was detected.
Sulphur-containing compounds are generally flavor-active constituents in heated milk. They are
responsible for the “cooked” off-flavor note, possibly generated during the high-temperature
pasteurization. The only sulphur-compound identified amongst the volatile components of fresh milk in
the study of (Moio et al., 2009) was dimethyl sulphone. High et al. (2019) also noted that the SPME
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technique excels at extracting this small polar compound, which is consistent with the result of the
present study.

4.4

Conclusion
In this experimental chapter, the NMR- and GC-MS-based methods were effectively implemented

in fingerprinting the liquid and volatile fractions of goat whole milk powder. The untargeted 1H-NMR
analysis was able to identify 44 metabolites in the liquid fraction coming from the aliphatic, sugar, and
aromatic regions. Likewise, the untargeted HS-SPME-GC-MS fingerprinting method enabled the
detection of 50 volatiles. Alkanes dominated the headspace fraction of goat whole milk powder, while
only a few esters were detected. This could be due to the high thermal load during processing.
Furthermore, there is a need to investigate the effects of intrinsic (such as breed, lactation stage, season,
etc.) and extrinsic parameters (formulation, processing, and storage) on goat whole milk powder
composition to further define its potential and quality. In this research, the effect of storage conditions
on the composition of NZ goat whole milk powder was studied and will be discussed in the next chapters.
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Chapter 5
Effect of storage on the metabolite
composition of goat whole milk powder
using 1H- NMR fingerprinting
5.1

Introduction
In Chapter 4, the chemical composition of NZ goat whole milk powder was successfully

characterized using an untargeted NMR-based fingerprinting technique. Through this, an overview of
the metabolite composition of the sample was defined and has revealed possible important quality and
technological properties in milk. Goat whole milk powder is normally stored for several months up to
years. It is crucial to investigate the changes in the metabolite condition during storage. By studying the
metabolic components in milk during various storage time, essential and complex compositional
changes may be revealed.
In this chapter, the aim was to study and understand the important metabolite changes in goat
whole milk powder during storage. Through the combination of untargeted NMR fingerprinting and
chemometric tools, a wide view of the metabolite profile of goat whole milk powder was provided in
this study.
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5.2

Materials and Methods

5.2.1

1

H-NMR analysis of goat whole milk powder samples

Sample extraction, preparation, and NMR analysis are discussed in detail in Chapter 4
(Sections 4.2.1 and 4.2.2). In this experimental chapter, samples stored at 20 °C until 44 weeks were
used and evaluated for NMR analysis.

5.2.2

1

H-NMR data processing

1

H-NMR data processing was done using VnmrJ 4.2 software (Agilent Technologies, Santa

Clara, CA) and Chempack 8.1 (Krish Krishnamurthy). Each NMR spectra in triplicates were manually
referenced first to TSP at a chemical shift (δ) of 0.0 ppm before grouping into a study cluster. Then,
CRAFT software, available in VnmrJ 4.2 and installed with Chempack (8.1 Patch), was used for
analyzing the group. In CRAFT, the region of interest (ROI) were manually added around the signals of
interest. The analysis used a downsampling factor of 16, a line broadening value of 0.39 Hz, a CRAFT
maximum linewidth of 20 Hz, and a CRAFT merge peaks of ±0.39 Hz. After CRAFT computation,
residual signals were checked to confirm the accurate modeling of data. The segment amplitude tool in
CRAFT was used to quantify the chemical shifts in the modeled cluster. The values were then exported
in an excel spreadsheet, referenced, and then normalized to get the quantifiable intensity per metabolite
(Eq. 5.1).

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑝𝑒𝑎𝑘 =

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑝𝑒𝑎𝑘
𝑥 10000
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

Eq. 5.1
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5.2.3 Multivariate data analysis and marker selection
The data table derived after quantifying metabolite peaks was processed using multivariate data
analysis (MVDA) in SOLO software (Version 8.6, 2018, Eigenvector Research, Wenatchee, WA, USA)
and then two techniques were employed. First, the data set was analysed using an unsupervised principal
component analysis (PCA) to evaluate trends, groupings, and identify outliers. Then, a supervised
method using partial least squares regression (PLS-R) was performed to explain the effect of storage on
the metabolite profile of the sample, in which the metabolites were represented by the X-variables, and
the storage time as Y-variable. Using cross-validation, the optimum number of latent variables (LV)
were selected based on the maximum variance/information explained in the data while maintaining the
error (root mean squared error of the cross-validation: RMSECV) to a minimum. This helps to reduce
the risk of overfitting. Metabolites changing significantly throughout storage (which could be used as
potential markers) were analysed by calculating the variable identification (VID) coefficients. VID
values determine the correlation coefficient between each detected metabolites and storage time
predicted by the PLS-R model. Variables with an absolute VID value higher than 0.700 were selected
as potential markers, which were then identified and linked to potential reaction pathways in goat whole
milk powder.
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5.3

Results and Discussion

5.3.1

1

H-NMR fingerprinting during storage

To investigate the changes in the metabolite composition during storage time, goat whole milk
powder samples were stored for 44 weeks at ambient temperature (20 °C) and analysed using 1H-NMR
fingerprinting analysis. The representative NMR spectra of the samples at the start (day 0) and end (44
weeks) of the storage period are shown in Figure 5.1. Through visual inspection of the spectra, it can
be seen that the metabolite peaks have decreased throughout storage. Investigating the raw spectra will

A

C

B

Figure 5.1 Representative 500 MHz 1H-NMR spectra of goat whole milk powder during storage. The
different regions are expanded for clarity purposes: (A) aliphatic region (δ 3.5-0.0), (B) sugar region
(δ 6.0-3.5), and (C) aromatic region (δ 8.5-6.0). Some peaks are identified in the spectra: (1) valine,
(2) β-hydroxybutyrate, (3) lactate, (4) alanine, (5) acetate, (6) N-acetyl glucosamine, (7) N-acetyl
carbohydrates, (8) glutamate, (9) methionine, (10) succinic acid, (11) citrate, (12) creatine, (13)
creatinine, (14) phosphocholine, (15) lecithin, (16) glycerophosphocholine, (17) phosphocreatine,
(18) lactose, (19) uridine, (20) UDP galactose, (21) adenine, and (22) adenosine triphosphate.
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help give an overview of the possible reaction of the metabolites during storage. In order to provide an
accurate description of these changes in the milk composition, the data were processed through MVDA.
Using the tabulated data from NMR data pre-processing with CRAFT (Krishnamurthy, 2013),
an unsupervised PCA was performed. PCA is an unsupervised multivariate data analysis where only the
X-variables (which are the NMR metabolites) are taken into consideration. Such unsupervised analysis
will provide insight into the presence of any pattern/trends and detect potential outliers in the data. As
can be seen in Figure 5.2, the PCA bi-plot illustrates a pattern as a function of storage time. A very
limited change in the metabolite composition of milk until week 6 can be observed and clear change
only happened after week 12. To further assess these changes and determine metabolites significantly
changing with storage time, a supervised PLS-R model was implemented. For PLS-R, in contrast to
PCA, both the X-variables, which are the detected metabolites, and Y-variable is considered. In this
work, the storage time was considered as a continuous Y-variable. Based on cross-validation, two latent
variables (LVs) were selected, which explained 90.15% of the cumulative Y-variance of the data. In the
PLS-R bi-plot shown in Figure 5.3, a clear trend of the milk metabolites during storage can be seen
which is similar to the PCA models. Just by visual inspection, the effect of storage time which is the
horizontal projection of samples from beginning to the end of storage seems to be best described by
LV1.
Biplot of New Data
0.2

0.15
Week 12
0.1

Week 20

PC 2 (14.93%)

0.05

Week 6

Week 36
0

Week 1
-0.05

Week 2
Day 0

Week 44
-0.1

-0.15

-0.2

-0.2

-0.15

-0.1

-0.05

0
PC 1 (29.52%)

0.05

0.1

0.15

0.2

Figure 5.2 PCA bi-plot of goat whole milk powder during 44 weeks of storage at 20 °C.
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Similar to the observation on the PCA bi-plot, only minor changes in the composition are
happening from day 0 up to week 6 depicted by the proximity of the Y-variables (storage time) at the
left side of the bi-plot. Storage changes started to happen from week 12 to week 44 showing a clear
variance in LV1 from left to right. Furthermore, the distribution of the detected NMR metabolites (small
open circles) can be explained depending on their position. As shown, most of these metabolites are
projected towards the beginning of the storage period and only a few are projected towards the end of
storage times. This indicates that the amounts of most metabolites have decreased as a function of
storage time and only a few have shown an increasing trend. Overall, the bi-plot shows a graphical
review of the changes that happen in the milk metabolome during storage. To subsequently explain this
graphical data and the metabolites significantly changing over time, a feature selection using variable
identification (VID) correlation will be discussed in the next section.

20 °C
1.0
0.8

LV2(X=14%,Y=13%)

0.6
UDP-Gal
Lat

0.4

N-AG
For

Lac

0.2

GPC

Gal

Glu

0.0
ATP

-0.2
Cr
Met

-0.4

MN

-0.6
-0.8
-1.0
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

LV1(X=28%, Y=77%)
Day 0

Week 1

Week 2

Week 6

Week 12

Week 20

Week 36

Week 44

Figure 5.3 PLS-R bi-plot of goat whole milk powder during 44 weeks of storage at 20 °C. Selected
potential markers through VID values are annotated in the plot.
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5.3.2 Milk metabolite changes during storage
Milk metabolites significantly changing with storage time were determined by calculating the
VID coefficients using the data derived from the PLS-R models. A value between −1 and +1 was
assigned per metabolite, and those with positive VID coefficients signify an increased concentration
after storage and vice versa (Kebede et al., 2015). For NMR data, those with an absolute VID value
higher than 0.700 were selected as potential metabolite markers in goat whole milk powder.
Furthermore, their nutritional relevance based on literature was also considered as the basis for selection.
Using these criteria, a total of 4 milk metabolites were found to be important indicators of shelf life
changes in the liquid fraction of the goat whole milk powder (Table 5.1). The peaks of these metabolites
are clearly identifiable, and thus can be used as potential markers. The selected metabolites have
negative VID values which signify decreasing concentration throughout storage. This clearly supports
the distribution of the metabolites on the bi-plots explained in the previous section. The potential
markers are located near day 0 explaining higher concentration at the start of storage and eventually
decreasing with time (Figure 5.3). Metabolites assigned with absolute VID values higher than 0.600 are
also shown in the table to further see the metabolites that may have impacted the overall composition of
the sample.
Table 5.1 A list showing the potential storage metabolite markers of goat whole milk powder (absolute
VID values > 0.700, shown in bold letters). Other metabolites that may have importance in milk are
also listed (absolute VID value > 0.600 but less than 0.700).
1

Adenosine triphosphate

ATP

H Chemical
shift (ppm)
8.52

Galactose

Gal

3.91

-0.824

Carbohydrate

Glycerophosphocholine

GPC

3.23

-0.733

Lipid

Methionine

Met

2.15

-0.712

Amino acid

Glutamate

Glu

2.09

-0.656

Amino acid

UDP-Gal

7.96

-0.632

Carbohydrate

N-AG

2.04

-0.623

Carbohydrate

Cr

3.04

-0.621

Amino acid

Malonic acid

MN

3.11

-0.614

Amino acid

Lactose

Lat

5.24

-0.602

Carbohydrate

Lactate

Lac

1.33

-0.599

Organic acid

Formate

For

8.46

0.672

Nucleotide

Metabolite

Abbreviation

UDP galactose
N-acetyl glucosamine
Creatine

VID

Class

-0.834

Nucleotide
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Among the candidate markers, adenosine triphosphate (ATP) showed the highest correlation
with storage time (VID value = -0.834). This compound, together with other adenosine phosphates, are
nucleoside and nucleotide precursors known to be essential components in milk. Their concentration
has been linked with nutrition value (Palma et al., 2016). Therefore, since the concentration of ATP is
significantly decreasing during storage, the nutritional value of goat whole milk powder might also be
affected. In addition, it has been reported in the milk ATP study of Zulak, Patton, and Hammerstedt
(1976) that this compound has relatively higher concentrations in goat milk than human and bovine
milk. This could mean that if the initial amount of ATP in the sample is high, the rapid degradation
throughout storage may influence the overall composition and quality of goat milk.
Glycerophosphocholine (GPC) was also found to be an essential metabolite during goat whole milk
powder storage. GPC is a water-soluble form of choline. It accounts for the majority of total choline in
other types of milk such as in human milk, which is important for infant growth (Moukarzel et al., 2019).
No relevant information about GPC in milk powders during storage particularly for goat milk is
currently available. In other dairy products such as UHT milk, a decreasing amount of GPC during 4
months of storage was also noted (Belloque, Carrascosa, & Lopez-Fandino, 2001). The study proposed
its potential in predicting milk spoilage, which can be possibly useful in establishing shelf-life in some
dairy products. However, for a more shelf-stable dairy such as milk powder, more targeted research is
needed to study the significance of GPC degradation.
As listed in Table 5.1, a number of carbohydrates and amino acid metabolites have decreased
significantly during storage. Carbohydrates may undergo Maillard reaction when stored for a long time,
which can subsequently cause a significant effect on the milk powder quality (Li, Wang, Guo, Shao, &
Xu, 2019; Thomsen, Lauridsen, Skibsted, & Risbo, 2005). Generally, lactose is the main carbohydrate
in milk. Hence, storage-induced changes in its content may alter different sensory characteristics and
other important properties. Galactose is one of the selected potential markers in this study. It is a free
monosaccharide and a product of lactose. When milk powder is stored, these monosaccharides react
with free amino groups driven by Maillard reaction resulting in browning of milk powder during storage
(Richards & Chandrasekhara, 1960). Generally, the high content of reducing sugars in dairy products
makes them vulnerable to Maillard reaction (Naranjo, Pereyra Gonzales, Leiva, & Malec, 2013). Thus,
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it can be assumed that it is the main cause of the storage-induced changes of the important carbohydrate
metabolites in goat whole milk powder.
Amino acid degradation during storage has been reported before in milk powders (Aalaei,
Rayner, & Sjoholm, 2019; Hurrell, Finot, & Ford, 1983). Primarily, this is also caused by Maillard
reactions happening between lactose and milk proteins brought about by different storage factors like
time, temperature, packaging, or moisture content. Minimizing these reactions would require
appropriate storage conditions including airtight containers and cool storage temperatures (Hurrell et
al., 1983). Creatine, which is one of the amino acids relatively affected by storage time in the current
study, has been reported to be vulnerable to Maillard reactions. Literature information on the effect of
storage on the creatine content of milk powder is limited. However, a study on its degradation in milk
beverages during storage was investigated by Uzzan, Nechrebeki, and Labuza (2007). Based on the
results, storing at 23 °C to 35 °C for at least 2 months can rapidly lower creatine levels. A comparatively
stable reaction, however, can be observed at refrigerated temperature possibly due to its reversible
degradation to creatinine. The importance of creatine in milk has been noted as this component is
necessary for proper neural developments, especially for infants (Garwolinska, Namiesnik, Kot-Wasik,
& Hewelt-Belka, 2018). Glutamate and malonic acid are also interesting amino acid components in milk
as their presence have been reported in the milk metabolite composition of different species. Particularly,
several studies reported glutamate as the most abundant amino acid in human milk and infant formula
(Garwolinska et al., 2018; Zhao et al., 2017). Despite this, no studies have reported their clear association
with storage time yet, particularly in milk powders.
Lactate, a product of carbohydrate metabolism, can be produced by microorganisms in milk.
Previously, it has been found to be an important indicator of mastitis due to its relative proportion with
somatic cells in milk (Sundekilde et al., 2013b). However, relating its concentration during storage has
not been explored yet. Another amino acid potential marker in this work is methionine. Several studies
suggested that the degradation of this free amino acid can be via Strecker degradation leading to the
development of methional, an important precursor of sulphur compounds (Jensen et al., 2015; Nursten,
1997; Wibowo, Grauwet, Kebede, Hendrickx, & Van Loey, 2015). Conversely, its reduction during
storage can also be possibly correlated to its interaction with Maillard reaction products (Hurrell et al.,
1983). As mentioned in the literature, Maillard reaction can cause a significant impact on milk powder
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flavour (Amigo & Fontecha, 2011; Fox et al., 2015). Following this hypothesis, it can be deduced that
methionine can be a useful indicator of flavour related quality changes in goat whole milk powder. This
hypothesis needs to be supported by sensory analysis.

5.4

Conclusion
In this research work, the complex metabolite changes occurring in goat whole milk powder

during storage have been studied. Generally, the metabolite content in the stored sample is decreasing
with time. Particularly, metabolites belonging in the carbohydrates and amino acids group showed a
significant decrease in concentration. The interaction between these two important metabolite classes
can be correlated to Maillard degradation which affects the flavour quality in milk. Through an
untargeted NMR fingerprinting approach, adenosine triphosphate, galactose, glycerophosphocholine,
and methionine were selected as potential storage markers for the water-soluble liquid fraction of goat
whole milk powder. Aside from Maillard reaction, chemical deterioration of these candidate markers
may indicate loss of nutritive value in the milk powder. All things considered, an overview of the
complex chemical changes occurring in these metabolites were explained in comparison to similar dairy
products. Further studies, however, are necessary to confirm these changes using goat whole milk
powder and a more targeted approach.
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Chapter 6
Volatile flavour changes during storage
of goat whole milk powder2
6.1

Introduction
The previous chapter of this manuscript has proven that there is clearly an effect of storage on the

metabolite composition of NZ goat whole milk powder. However, the headspace fraction contains other
important volatiles as characterized in Chapter 4 that can affect some flavour qualities in milk.
Therefore, the focus of this chapter is to monitor the volatile changes during storage. As mentioned in
the literature review in Chapter 2, the development of off-flavours during storage is a challenge for
powdered milk. Thus, investigating the changes in these compounds during shelf-life would be
appropriate.
The impact of storage time and temperatures on the headspace fraction of goat whole milk powder
was investigated in this chapter using the untargeted GC-MS-based fingerprinting approach. This will
present a comprehensive insight on the significant volatile changes during milk powder storage.

2

This chapter is based on the manuscript submitted by the author in the Food Chemistry journal, waiting for review.
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6.2

Materials and Methods

6.2.1 Sample preparation
The sample preparation and GC-MS fingerprinting analysis steps are presented in Chapter 4,
section 4.2.3 of this manuscript. Samples stored at 20 °C, 30 °C, and 40 °C at all 11 storage time points
(listed in Chapter 3, Table 3.1) were evaluated.

6.2.2 Chemometrics data analysis
6.2.2.1 Data pre-processing: From chromatogram to data table
The chemometric data analysis was performed based on the method reported by Kebede et al.
(2015) and Arcena, Kebede, Leong, Silcock, and Oey (2020). The total ion chromatograms were preprocessed using Automated Mass Spectral Deconvolution and Identification System (AMDIS, version
2.72, 2014) to extract pure component spectra by deconvoluting coeluting compound peaks. To align
and remove irregular or irreproducible peaks, Mass Profiler Professional (MPP, version 14.9.1, 2017)
was used, producing the final tabulated data containing peak areas for the next data analysis.

6.2.2.2 Multivariate data analysis and marker selection
The data table derived from MPP was processed using multivariate data analysis (MVDA) in
SOLO software (Version 8.6, 2018, Eigenvector Research, Wenatchee, WA, USA). Similar to Chapter
5 (section 2.3), the data set was analysed first using an unsupervised principal component analysis
(PCA) to evaluate trends, groupings, and identify outliers. Then, a supervised method using partial least
squares regression (PLS-R) was performed to explain the effect of storage on the volatile fingerprint of
the sample. The volatiles were represented by the X-variables, and the storage time as Y-variable. All
other MVDA steps were similar to the one described in the last chapter. For the selection of volatiles
significantly changing throughout storage, variable identification (VID) coefficients were also
calculated. Variables with an absolute VID value higher than 0.800 were selected as candidate volatile
markers. To confirm their identity three criteria were employed: (a) matching retention time and spectra
with absolute standards for at least one volatile from each chemical class; (b) comparison of the
experimental retention index (RI) with RI according to literature; and (c) match with the NIST library
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(NIST08, version 2.0, National Institute of Standards and Technology, Gaithersburg, MD, USA) of not
less than 90%.

6.2.3

Kinetic modelling of candidate shelf-life markers
Volatiles selected as candidate markers for shelf-life were kinetically modelled for their changes

as a function of storage conditions time and temperature. Different kinetic models were evaluated based
on R2 adjusted and by inspection of the parity and residual plot (Pham et al., 2020). The kinetic parameters
were estimated by a one-step nonlinear regression analysis using SAS statistical software (Ver 9.4, SAS
Institute, North Carolina, USA). In this study, a logistic model (Eq. 6.1) was selected where A represents
the volatile marker concentration at storage time t, As is the plateau concentration at long storage times,
kmax is the maximum reaction rate constant, and λ is the duration of lag phase for a given storage
temperature.

𝐴=

𝐴𝑠
4∗ 𝑘
1 + 𝑒𝑥𝑝 [ 𝐴 𝑚𝑎𝑥 (𝜆 − 𝑡) + 2]
𝑠

Eq. 6.1

The temperature dependence of the maximum reaction rate constant kmax was described by the
Arrhenius equation (Eq. 6.2), while the duration of the lag phase could be described as a linear function
of the storage temperature (Eq. 6.3):

𝑘𝑡 = 𝑘𝑟𝑒𝑓 ∗ exp (

−𝐸𝑎 1
1
( −
))
𝑅 𝑇 𝑇𝑟𝑒𝑓

𝜆T = 𝜆𝑟𝑒𝑓 + 𝑏T (𝑇 − 𝑇𝑟𝑒𝑓 )

Eq. 6.2

Eq. 6.3

where the activation energy Ea and parameter bT represent a quantitative measure for the temperaturedependencies of the maximum reaction rate constant kmax and the lag time λ, respectively. T is the
absolute temperature, kref is the reaction rate constant at reference temperature Tref (30 ℃) and R is the
universal gas constant (8.3145 J/K mol) (Kebede et al., 2017; Palmers et al., 2015).
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6.3

Results and Discussion

6.3.1 Headspace GC-MS fingerprinting
Using the HS-SPME-GC-MS fingerprinting procedure, a total of 50 volatiles were detected in
the goat whole milk powder, coming from different chemical families including aliphatic hydrocarbons,
ketones, alcohols, aromatics, aldehydes, esters, acids, and sulphur-compounds. Most of these
compounds have been reported in fresh goat milk (Queiroga et al., 2019; Sant’Ana et al., 2019). As
storage time increased, some volatiles were formed, increased, or decreased. To further understand these
changes during shelf-life, the GC-MS data files were pre-processed and analysed with MVDA as
described in section 6.2.2. A representative total-ion chromatogram from the headspace fingerprint of
goat whole milk powder at the start of the storage period (day 0) can be seen in Figure 6.1.

Figure 6.1 Representative total ion chromatogram of NZ goat milk powder at day 0. Some of the most
abundant peaks were identified and labelled.
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6.3.2 Volatile changes during storage using chemometrics
MVDA was performed using the tabulated data obtained from pre-processing (AMDIS, MPP).
All data per storage temperature (20 °C, 30 °C, 40 °C) were first analysed using the unsupervised PCA
as an exploratory technique to see trends and detect outliers. The PCA bi-plots demonstrated a trend
with storage time in all three temperatures and no outliers (Figure 6.2, 6.3, 6.4). As can be observed in
the PCA bi-plots, a pattern along the PC1 exists. At the start of storage until week 16, only a very limited
change in the volatile composition of milk can be observed and the clear separation only happened after
week 20 in all temperatures. However, as temperature increases, this change becomes more apparent.
Meanwhile, a bell curve transition can be seen along the PC2 axis. In order to further evaluate these
trends and identify volatiles significantly changing as a function of time (which could be candidate shelflife markers), the supervised PLS-R model was built based on three latent variables (LVs). These LVs
explained 98%, 99%, and 99% of the cumulative Y-variance of 20, 30 and 40 °C, respectively, where
volatile compounds represent the X-variables, and the storage time as the continuous Y-variable.
Figures 6.5-6.7 show the bi-plots based on the PLS-R models (using the first two LVs). These bi-plots
graphically illustrate the trend in the headspace fraction of the samples during storage. As shown in the
figures, two types of trends during storage can be observed, which is similar to the bi-plots generated
based on the PCA models. First, the horizontal trend, which was directed from left to right along the xaxis, explains the effect of storage time represented by LV1. The second trend shows a variance along
the vertical direction which was demonstrated by a bell curve, which may be attributed to volatiles
increasing and then decreasing or have reached the stationary phase at the later stage of storage. This
second variation/trend is majorly explained by the second LV. In general, such multiple trends show the
presence of complex changes during the storage of goat whole milk powder. Such complex multiple
trends are also observed in the shelf life studies of Kebede et al. (2015) and Buve et al. (2018). At
ambient temperature (20 °C), it can be seen that there is a limited change from day 0 up to around week
8, and then the headspace fraction started to change around week 12 (depicted by a trend moving from
left to right). Some volatiles (unfilled open circles on the bi-plot) are also projected towards the end of
storage indicating formation or increasing concentration up to the end of storage time. The above trends
are comparable at the different storage temperatures, but as the temperature increases, a clearer change
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in the headspace fraction was observed. These bi-plots showed an interesting trend of goat whole milk
powder during storage. However, these only provide a graphical representation of the trends. Therefore,
to identify the volatiles significantly changing with time (which could be potential shelf-life markers),
a feature selection procedure was performed and explained in the next section.
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Figure 6.2 PCA biplot of the headspace fraction of goat milk powder stored at 20 °C. Volatile
components are represented by small open circles.
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Figure 6.3 PCA biplot of the headspace fraction of goat milk powder stored at 30 °C. Volatile
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Figure 6.5 PLS-R biplot of goat whole milk powder stored at 20 ℃. Volatile components are
represented by small open circles. The X- and Y-variance explained by each latent variable is indicated.
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Figure 6.6 PLS-R biplot of goat whole milk powder stored at 30 ℃. Volatile components are
represented by small open circles. The X- and Y-variance explained by each latent variable is indicated.
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represented by small open circles. The X- and Y-variance explained by each latent variable is indicated.
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6.3.3 Selection of volatiles changing with time
As discussed in the previous chapter (Chapter 5), VID coefficients can determine compounds
significantly changing with storage time. These were determined by calculating the VID coefficients
using the data derived from the PLS models. Likewise, a value between −1 and +1 was assigned per
volatile, and the positive or negative VID coefficients signify an increased or decreased concentration
after storage (Kebede et al., 2015). In this experimental chapter, those with an absolute VID value higher
than 0.800 were selected and considered as important. For the first time, this study reveals the volatiles
significantly changing during the storage of goat whole milk powder. As shown in Table 6.1, a total of
14, 21, and 39 volatile compounds were selected at storage temperatures of 20 ℃, 30 ℃, and 40 ℃,
respectively. It can be observed that there are more volatiles at higher storage temperatures, which
denotes its clear effect on the samples. Moreover, all of these compounds have positive VID, signifying
increasing concentration during storage. These results justify the trends observed in the bi-plots.
The selected compounds are classified under chemical classes such as aldehydes, alcohols,
ketones, hydrocarbons, lactones, furans, carboxylic acids, and esters. The increased number of
aldehydes and ketones in milk, such as 2-heptanone, heptanal, and octanal, as observed in this study, is
a strong indicator of stale flavour (Jensen et al., 2015). Moreover, most of the compounds were known
to be products of lipid oxidation such as volatiles in the aldehyde group including hexanal, heptanal,
octanal, and nonanal, which were also found in the studies on whole milk powder (Lloyd et al., 2009b;
Ulberth & Roubicek, 1995). This reaction increases the amount of straight-chain aldehydes, which can
explain its increased number at all temperatures during storage in this study. Additionally, the formation
of branched-chain aldehydes can be through the Strecker degradation of amino acids (Hall et al., 1985;
Whetstine & Drake, 2007). Other volatile compounds including ketones, alcohols, and hydrocarbons
can also be formed through oxidation of unsaturated fatty acids. In this study, it can be found that
hydrocarbons have slightly increased in number during storage. This is justifiable as the formation rate
of hydrocarbons can be affected by storage conditions. Whereas, the increased number of aldehydes in
goat whole milk powder could be responsible for the formation of alcohols, the main contributor to the
strong and exciting flavours in dairy products (Clarke et al., 2019; Hall et al., 1985; Yue et al., 2015).
Additionally, an increased number of lactones can be observed with increasing temperature. Previous
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studies found that heating and storing milk can lead to the formation of lactones (Amigo & Fontecha,
2011; Calvo & de la Hoz, 1992)}. They have been reported in some dairy products including fresh milk,
skim milk powder, as well as goats’ milk fat (Amigo & Fontecha, 2011; Bendall, 2001; Karagül-Yüceer,
Cadwallader, & Drake, 2002; Shiratsuchi, Shimoda, Imayoshi, Noda, & Osajima, 1994). These
compounds have an aroma similar to coconut and peach-apricot (Moio et al., 2009). Results from the
study of Karagül-Yüceer et al. (2002) also showed that some lactones are characterized by sweet and
milky odour properties. However, lactones may also contribute to undesirable flavours in heated
products such as milk powder (Fox et al., 2015). Some furan compounds can also be noted in goat
whole milk powder at all temperatures. According to literature, its formation is mainly through
nonenzymatic browning reactions, which is often associated with Maillard reaction (Hall et al., 1985).
This reaction can be triggered during the heat treatment of dairy products, and the compounds continue
to form during storage of milk powders as the reactive molecules are closer to each other. This reaction
is responsible for the cooked flavour of milk powder, as well as the darkening of its colour during
storage (Kelly & Fox, 2016; Wherry, Jo, & Drake, 2019). Overall, the formation of volatiles during
storage of goat whole milk powder are mainly driven by lipid oxidation and Maillard reaction, which
are described as the main indicators of milk deterioration. To further study the volatiles that are clearly
changing during storage, their suitability as potential shelf-life markers was explored in the next section.
Kinetic modelling was also performed to investigate and quantify the effect of storage conditions on
goat whole milk powder.
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Table 6.1 Volatiles significantly changing during storage at 20 °C, 30 °C, and 40 °C, which were
selected based on the VID coefficients with an absolute value of 0.800 and higher. The compounds were
identified using NIST library (> 90 % match) and the identity was further confirmed by injecting pure
standard on the same GC-MS method.
Retention index*

Storage
temperature

VID

20 ℃

0.98

Pentanal

982

979

Aldehyde

0.93

Heptanal

1187

1184

Aldehyde

0.921

Hexanal

1084

1083

Aldehyde

0.909

(E)-2-Octenal

1435

1429

Aldehyde

0.899

(E)-3,5-Octadien-2-one

1576

1570

Ketone

0.892

2-Heptanone

1183

1182

Ketone

0.887

1-Octene

837

847

Hydrocarbon

0.886

1-Octanol

1550

1557

Alcohol

0.873

1-Pentanol

1243

1250

Alcohol

0.868

3-Octen-2-one

1410

1411

Ketone

0.851

2-Pentyl furan

1232

1231

Furan

0.842

4-Hexanolide

1720

1694

Lactone

0.826

1-Hexanol

1349

1355

Alcohol

0.813

Octanal

1296

1289

Aldehyde

0.988

Pentanal

982

979

Aldehyde

0.968

4-Hexanolide

1720

1694

Lactone

0.958

1-Octene

837

847

Hydrocarbon

0.955

2-Heptanone

1183

1182

Ketone

0.95

1-Octanol

1550

1557

Alcohol

0.939

Octanal

1296

1289

Aldehyde

0.932

Heptanal

1187

1184

Aldehyde

0.924

(E)-2-Octenal

1435

1429

Aldehyde

0.918

Phoracanthal

1427

1410

Aldehyde

0.916

3-Octen-2-one

1410

1411

Ketone

0.91

Hexanal

1084

1083

Aldehyde

0.903

Caproic anhydride

1668

1517

Acid

0.895

4-Heptanolide

1822

1787

Furan

0.894

2-Octanone

1286

1287

Ketone

0.872

1-Octen-3-ol

1442

1450

Alcohol

0.866

1-Hexanol

1349

1355

Alcohol

0.844

1-Decene

1040

1050

Hydrocarbon

0.836

1-Heptene

738

748

Hydrocarbon

0.83

1-Pentanol

1243

1250

Alcohol

0.808

(E)-2-Nonenal

1543

1534

Aldehyde

0.806

1-Heptanol

1448

1453

Alcohol

30 ℃

Identity

Obs

Chemical group

Ref

67

Storage
temperature

VID

40 ℃

0.969

Identity

Retention index*

Chemical group

Obs

Ref

Pentanal

982

979

Aldehyde

0.967

4-Hexanolide

1720

1694

Lactone

0.961

1-Octanol

1550

1557

Alcohol

0.949

1-Octen-3-ol

1442

1450

Alcohol

0.946

Heptanal

1187

1184

Aldehyde

0.943

2-Nonanone

1390

1390

Ketone

0.939

Butanoic acid

1630

1625

Carboxylic acid

0.934

1-Octene

837

847

Hydrocarbon

0.934

2-Pentyl furan

1232

1231

Furan

0.931

2-Heptanone

1183

1182

Ketone

0.925

3-Octen-2-one

1410

1411

Ketone

0.907

1-Heptanol

1448

1453

Alcohol

0.904

Pentyl formate

1122

1187

Ester

0.9

1-Decene

1040

1050

Alkene

0.895

2-Octanone

1286

1287

Ketone

0.891

Octanal

1296

1289

Aldehyde

0.891

Hexanal

1084

1083

Aldehyde

0.891

Octane

800

800

Hydrocarbon

0.887

Butanoic acid, pentyl ester

1315

1305

Ester

0.886

1-Nonene

939

950

Hydrocarbon

0.877

1-Hexanol

1349

1355

Alcohol

0.874

Butanal

878

877

Aldehyde

0.872

1-Octen-3-one

1302

1300

Ketone

0.87

Pentyloxirane

1149

1153

Carboxylic acid

0.855

1-Pentanol

1243

1250

Alcohol

0.853

(E)-4-Oxo-2-hexenal

1775

1599

Aldehyde

0.849

Pentyl hexanoate

1510

1501

Ester

0.847

(E)-2-Octenal

1435

1429

Aldehyde

0.847

4-Heptanolide

1822

1787

Furan

0.845

4-Octanolide

1936

1910

Furan

0.844

Phoracanthal

1427

1410

Aldehyde

0.842

Butyrolactone

1646

1632

Lactone

0.834

5-Hexanolide

1815

1791

Lactone

0.823

(Z)-2-Heptenal

1329

1322

Aldehyde

0.82

(E)-2-Hexenal

1222

1216

Aldehyde

0.817

Nonanal

1399

1391

Aldehyde

0.817

Benzaldehyde

1537

1520

Aldehyde

0.807

4-Pentanolide

1626

1616

Lactone

0.803

(E)-2-Nonenal

1543

1534

Aldehyde

* Observed RI calculated according to Van den Dool and Kratz (1963); Reference RI obtained from the National Institute of Standards and Technology
Standard Reference Database.
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6.3.4 Kinetic modelling and selection of potential shelf-life markers
To determine which volatiles could be used as potential markers for accelerated shelf-life
testing, the following criteria were considered: (i) temperature dependence of the reaction, (ii) an
observable change at the reference/ambient temperature in addition to the higher temperatures, and (iii)
odour relevance (based on literature information) (Kebede et al., 2015). Accordingly, 11 candidate
shelf-life markers were selected, including pentanal, heptanal, hexanal, (E)-2-octenal, octanal, 1octanol, 1-pentanol, 1-hexanol, 1-octen-3-ol, 3-octen-2-one, and 2-heptanone. To quantitatively discuss
the volatile changes of the selected candidate markers, results were kinetically modelled as a function
of storage time and temperature. The increasing amount of all the volatiles can be best described by a
one-step logistic model (combining Eq. 6.1, 6.2, and 6.3) following the Arrhenius equation to describe
the temperature dependence of the maximum reaction rate constant (Eq. 6.2), and the linear function of
the storage temperature to describe the lag phase (Eq. 6.3) (R2adj ≥ 0.95). This consisted of five kinetic
parameters, expressed against a reference temperature of 30 ℃ (Table 6.2). Based on visual inspection
of parity and residual plots (Appendix A) and the values of R2adj a good fit of the selected logistic model
was observed. It should be noted that the logistic models used in this study can be a tool for design and
optimization of the storage conditions, however establishing the kinetic parameters must always be
specific for the product being investigated (Kebede et al., 2017; Palmers et al., 2015).
Table 6.2 Estimated kinetic parameters at 95% confidence interval based on the selected degradation
kinetic model (30 ℃ as reference temperature) describing the changes during the storage of goat whole
milk powder. Samples were stored at 20 ℃, 30 ℃, and 40 ℃.

Marker
1-Hexanol
1-Octanol
2-Heptanone
3-Octen-2-one
1-Octen-3-ol
Octanal
Pentanal
1-Pentanol
(E)-2-Octenal
Heptanal
Hexanal

As
3.16E+07
1.29E+07
6.09E+07
1.83E+07
5.52E+06
2.04E+07
5.90E+07
4.01E+07
8.70E+06
9.17E+07
1.68E+08

Kref
8.55E+05
4.22E+05
1.44E+06
4.43E+05
2.00E+05
7.42E+05
1.77E+06
1.10E+06
2.84E+05
2.09E+06
6.70E+06

Ea

λ

1.79E+04
1.95E+04
2.87E+04
3.70E+04
3.92E+04
4.03E+04
4.07E+04
4.46E+04
4.72E+04
4.83E+04
5.05E+04

16.44
25.37
23.73
18.62
22.53
19.03
15.35
14.34
21.35
16.73
8.84

bT
-0.616
-1.546
-1.685
-1.113
-1.196
-0.965
-0.720
-0.831
-1.285
-0.790
-0.269

Adj. R2
0.973
0.979
0.982
0.975
0.958
0.979
0.981
0.963
0.981
0.950
0.986
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During the first weeks of storage, the concentration of all candidate volatile markers remained
constant at very low amounts in all temperatures (Figure 6.9). After this initial lag phase, a clear
increase in concentration can be observed as a function of time. Additionally, all markers exhibited a
clear effect of storage temperature as the lag phases were shorter and the rates of volatile formation
were higher at increased storage temperatures. Among all the markers, hexanal had the shortest duration
of lag phase (λ), highest rate constant (kref), and highest final concentration (As) (Table 6.2).
Furthermore, the rate constant of hexanal was increasing with temperature. Its kmax doubled every 10 ℃
temperature increase (data not shown). A quantitative measure for the temperature dependencies of kmax
(Ea = 5.05E+04 KJ/mol) and the lag phase (λ) (bT = -0.269 min/K) was also provided by the logistic
model. The high Ea and bT values mean that both the lag time and the rate of formation of hexanal were
clearly affected by storage temperature. A similar reaction is also shown by pentanal and heptanal.
Meanwhile, 1-hexanol, 1-octanol, and 2-heptanone exhibited least temperature sensitivity compared to
other candidate markers (Ea = 1.79E+04, Ea = 1.95E+04 KJ/mol and Ea = 2.87E+04 KJ/mol,
respectively). Compounds 1-octanol and 2-heptanone also had longer waiting times (λ) among the
others. Duration of the lag phase (λ) can show the effect of temperature during storage as it decreases
when the temperature is increased (Van Boekel, 2008). Nevertheless, considering the established
criteria, all selected volatiles showed temperature-sensitive qualities to become candidate markers.
Currently, there is limited information regarding the kinetic reactions of the volatile components in milk
powder during storage, particularly for goat milk. However, Ulberth and Roubicek (1995), Whetstine
and Drake (2007), Lloyd et al. (2009b), and Li, Zhang, Wang, and Han (2013b) have reported a drastic
increase of oxidative volatiles like hexanal, pentanal, heptanal, and 2-heptanone during milk powder
storage. The results of Li et al. (2013b) also verified the flavour contribution of hexanal and 2-heptanone
in milk powders. Hall et al. (1985) had likewise described the increasing formation of volatile fatoxidation products in whole milk powder, particularly the straight-chain aldehydes, as non-linear and
alternatively used a mixed model for zero-order and first-order kinetics. However, due to different
storage conditions and experimental characteristics of the present research, other kinetic studies cannot
be directly compared to the currently estimated parameters.
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Most of the potential markers belong to the aldehydes group followed by alcohols, ketones,
and furans, all of which can be attributed to lipid oxidation and Maillard reactions. These reactions are
commonly triggered during pre-processing, processing (e.g. heating, drying) and subsequently occur
during storage of milk powder, all of which are strongly driven by high temperatures. These chemical
reactions can be supported by the kinetic reactions based on estimated parameters as mentioned
previously. Moreover, the above-mentioned chemical reactions are the main cause of milk powder
degradation, with lipid oxidation as the primary limiting factor for its shelf-life (Kelly & Fox, 2016;
Lloyd et al., 2009a). In this study, some of the selected markers including straight-chain aldehydes
(heptanal, hexanal, pentanal, octanal), 2-heptanone, and 3-octen-2-one, were known as essential
contributors to the sensory perception of dairy products (Clarke et al., 2019). In addition, the
concentration of the ketone, 2-heptanone, was also noted in previous milk studies to be relatively high
at increased temperatures (Hall et al., 1985; Ulberth & Roubicek, 1995; Zhu et al., 2020). Moreover,
some of these volatiles were reported as important compounds in raw goat milk in terms of their odour
activity such as heptanal and octanal which were classified with fatty and waxy odour notes (Queiroga
et al., 2019). Overall, the increasing levels of these volatiles during storage can indicate an increasing
intensity of possible overall flavour changes in goat whole milk powder. However, this needs to be
confirmed using sensory analysis (including consumer acceptance).
In this research, hexanal showed the most interesting kinetic reaction (Table 6.2) as well as
high VID value (Table 6.1) during storage. This volatile has a cardboard-like, grassy, and metallic offflavours. Pentanal is also associated with a similar flavour profile. These volatiles served as indicators
of quality deterioration in infant milk powders. Furthermore, an increased level of these aldehydes can
produce an increased level of their derivatives in milk and dairy products (Hall et al., 1985; Kilcawley,
Faulkner, Clarke, O'Sullivan, & Kerry, 2018; Lloyd et al., 2009b; Ulberth & Roubicek, 1995; Whetstine
& Drake, 2007). Thus, it may explain the increasing formation of 1-hexanol and 1-pentanol in goat
whole milk powder throughout storage. These primary alcohols were reported to have important roles
in goat cheese and soymilk, respectively, and were described to have beany and green odours (PoliseliScopel et al., 2013; Poveda, Sánchez-Palomo, Pérez-Coello, & Cabezas, 2008). Another alcohol
selected in this work is 1-octen-3-ol, which was also identified during the storage of fermented milk,
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and whole milk powder. Its high odour activity suggests its role in the characteristic flavour of these
dairy products. This compound was associated with a powerful, sweet, and earthy odour, and a grassy
flavour (Dan et al., 2018; Lloyd et al., 2009a). Other compounds such as octanal, 1-octanol, 3-octen-2one, and (E)-2-octenal were observed in the study of Li, Zhang, and Wang (2013a) on yoghurt from
reconstituted milk and suggested that they were products of lipid oxidation and Strecker degradation in
whole milk powder. The compound 3-octen-2-one is formed by the oxidation of linoleic acid and
associated with a mushroom odour. The heat-induced odorant compound, (E)-2-octenal, was also
identified in UHT soy milk and was considered as a key odorant in fermented milk. It gives out a nutty,
and almond-like aroma (Dan et al., 2019; Lozano, Drake, Benitez, & Cadwallader, 2007). In general,
the selected volatile markers can be associated with key (off) flavour attributes in goat whole milk
powder. There is a need for future studies to link these changes to its acceptance.
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Figure 6.8 Concentrations of potential shelf-life markers as a function of storage time at 20 (♦), 30 (■), and 40 ℃ (▲). The full lines represent the
volatile concentrations estimated by a logistic model (Eq. 1), while the measured concentrations are represented by the symbols.
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Figure 6.9 (Continuation) Concentrations of potential shelf-life markers as a function of storage time at 20 (♦), 30 (■), and 40 ℃ (▲). The full lines
represent the volatile concentrations estimated by a logistic model (Eq. 1), while the measured concentrations are represented by the symbols.
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6.4

Conclusion
The volatile changes in goat whole milk powder during storage have been successfully

investigated in this study. Using gas chromatography-mass spectrometry (GC-MS)-based fingerprinting
approach, fifty compounds including aliphatic hydrocarbons, ketones, alcohols, aromatics, aldehydes,
esters, acids, and sulphur-compounds were identified. Advanced chemometrics and feature selection
procedures were employed to determined volatiles significantly changing as a function of storage time.
A total of 14, 21, and 39 volatile compounds were found to be significantly changing when stored at 20
℃, 30 ℃, and 40 ℃ respectively for up to 44 weeks. Most of them showed increasing trends as a
function of storage time and temperature and can be associated with lipid oxidation and Maillard
reaction. Through further investigation, 11 candidate shelf-life markers of goat whole milk powder were
selected including pentanal, heptanal, hexanal, (E)-2-octenal, octanal, 1-octanol, 1-pentanol, 1-hexanol,
1-octen-3-ol, 3-octen-2-one, and 2-heptanone. A kinetic study was also done to quantify the effects of
storage time and temperature. The increasing concentration of the potential markers can be best
described by a one-step logistic model with five kinetic parameters estimated on a reference temperature
of 30 ℃. Hexanal showed the most interesting kinetic reaction, which also has a high VID value.
Nonetheless, all markers exhibited a clear effect of storage temperature as the lag phases were shorter
and the rates of volatile formation were higher at increased storage temperatures. Most of these
compounds have been reported to have key roles in the odour/flavour of dairy-based products.
Furthermore, some of the markers associated with lipid oxidation, which show increasing trends during
storage can be correlated with the off-flavours formation in goat whole milk powder. Moreover, results
from this study provided first insights regarding volatile changes in goat whole milk powder during its
shelf-life and identified potential markers. In the future, there is a need to conduct a sensory analysis to
increase the impact of these candidate markers. Furthermore, it is important to verify the impact of these
changes on the acceptability of the product. However, with the absence of lactones and very limited
detection of straight-chain fatty acids in this study, it is suggested to conduct a more targeted analytical
method to cover these group of compounds which cannot be delivered by the SPME method.
Nevertheless, the identified markers can be used in studying shelf-life estimations in goat whole milk
powder and utilize their effects on shelf-life changes for future improvements during manufacturing.
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Chapter 7
General conclusion, Limitations, and
Future Outlook
7.1

General conclusion
A comprehensive characterization of the liquid and volatile fractions of goat whole milk powder

was successfully implemented using robust NMR- and GC-MS-based fingerprinting methods. The
NMR fingerprinting technique effectively identified 44 metabolites in the liquid fraction, while the
untargeted GC-MS fingerprinting was able to detect a total of 50 volatiles in the headspace fraction of
milk. This result gave an overview of the chemical components in goat milk which could be responsible
for its premium quality and potential technological properties. For instance, it was found that goat milk
powder is dominated by alkanes in its headspace fraction. This result was attributed to the processing
technique used in producing goat milk powder. With further verification techniques, this obtained data
will be a good addition to the scarce goat milk compositional database. Moreover, by defining the
fingerprint of this milk, further studies relating to its composition become feasible.
In this work, the effects of storage conditions were explored for an in-depth understanding of this
milk type. It was evident that storage time can completely alter milk composition. For goat milk powder,
its metabolites in the water-soluble liquid fraction tend to decrease with longer storage. This degradation
could contribute to the loss of nutritional value in the milk. This is crucial as consumers rely greatly on
its health benefits. Nevertheless, since this study defined the important metabolites in relation to storage
time, possible solutions can be implemented by manufacturers. This would require a more targeted
approach in order to find appropriate improvements during production.
The volatile changes during storage were also studied in this work. The different storage
temperatures for goat whole milk powder were considered along with storage time. Results showed
increasing volatiles during shelf-life. The trend was clearer with higher temperatures. The reactions
involved in this change include Maillard reaction and lipid oxidation which could cause a loss of fresh
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flavour or even off-flavours in milk. This gives important information for future studies involving shelflife and consumer acceptance in goat milk powder.
Overall, this research has effectively implemented an appropriate fingerprinting technique
coupled with advanced chemometric tools, which were found useful in evaluating goat whole milk
powder. The complex changes happening during storage were recorded and potential markers were
defined. These candidate markers can be used to monitor, optimize, and predict quality parameters for
goat whole milk powder, which is crucial during its manufacturing. Through this research, a
comprehensive insight on the significant chemical compositional changes during the storage of goat
whole milk powder was presented.

7.2

Limitations of the MSc and Future Outlook

The results shown in this MSc work has proven the potential of using chemical fingerprinting
techniques in evaluating complex food products. However, some challenges and limitations were
unavoidable throughout the research. Therefore, some recommendations for future work are presented
below:
•

First, this work initiated a novel and comprehensive study of goat whole milk powder
composition. Because of that, other factors related to the sample were not considered,
including the breed, seasonal variations, stage of lactation, and diet of the goat. Their effect
must be studied as these factors can have a significant effect on the resulting milk
components.

•

Next, it was elaborated in the literature review that processing conditions can also alter milk
composition. Due to that, it is recommended to consider studying the effect of different
pasteurization and spray-drying parameters in milk.

•

Only the time and temperature storage conditions were used in this research, and it was
proven that the behaviour of metabolites and volatiles changed according to these storage
parameters. It is, therefore, suggested that the effect of packaging, light, humidity, or
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nitrogen flushing and other shelf life associated factors during milk storage be included in
further studies.
•

Due to the limited time given for MSc research, using other types of analysis were not
feasible. In the future, the quantification of the selected markers found in this study is
recommended. Also, sensory analysis and acceptability tests can further support the observed
volatile and metabolite changes found in this study.

•

Lastly, for NMR fingerprinting, the qualification of compounds was challenging, especially
as the metabolite composition for goat milk was not readily available. Further verification
analysis using other fingerprinting methods can be carried out in the future in order to
confirm the identities of the metabolites found in this study.

78

Appendix A
A.1 Parity and residual plots of the 11 potential shelf-life
volatile markers presented in Chapter 6

Figure A.1 Parity (top) and residual (bottom) plots of Hexanal
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Figure A.2 Parity (top) and residual (bottom) plots of Heptanal
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Figure A.3 Parity (top) and residual (bottom) plots of Pentanal
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Figure A.4 Parity (top) and residual (bottom) plots of 2-Heptanone
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Figure A.5 Parity (top) and residual (bottom) plots of 1-Pentanol
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Figure A.6 Parity (top) and residual (bottom) plots of 1-Hexanol
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Figure A.7 Parity (top) and residual (bottom) plots of 3-Octen-2-one
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Figure A.8 Parity (top) and residual (bottom) plots of Octanal
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Figure A.9 Parity (top) and residual (bottom) plots of 1-Octanol
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Figure A.10 Parity (top) and residual (bottom) plots of (E)-2-Octenal
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Figure A.11 Parity (top) and residual (bottom) plots of 1-Octen-3-ol
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