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A B S T R A C T   

Background: Whey is the largest volume co-product of the dairy industry and over the last two centuries, a 
significant amount of research has been dedicated to uncover its chemical composition, and to better understand 
the biological activities of whey constituents. However, the detailed composition of the low-molecular weight 
components, especially the non-protein nitrogen, of whey is not fully elucidated and a systematic approach to 
identify and quantify this partially unknown fraction is required for the production of new value-added and high- 
quality products. 
Scope and approach: This review comprises up-to-date knowledge on the molecular composition of whey, and 
identifies the knowledge gap regarding the detailed profile of the low-molecular weight components in whey. 
The paper also provides advanced analytical techniques and methodologies applied in the foodomics research that 
have the potential to overcome existing challenges for the detailed molecular fingerprinting of whey and whey 
fractions. 
Key Findings and Conclusion: In order to improve utilization of all whey fractions and enhance the production of 
high-quality and safe whey-derived ingredients, the known-unknown part, “the dark matter”, of whey streams 
must be uncovered. Foodomics is an ideal approach for this task, allowing untargeted molecular screening of food 
products as a function of production processes. Untargeted screening of whey and whey streams is a key to gain 
deeper insights into the low-molecular weight components that end up in different whey streams during pro-
cessing, including contaminants, and to understand the effect of different unit operations on the composition of 
whey in terms of minor components.   

1. Introduction 

Bovine milk is probably the most versatile food for humans, 
consumed either as is or as processed dairy products. Nowadays, several 
different products are produced from milk, namely liquid/beverage 
milk, cheese, yoghurt, milk powders, ingredients (i.e. protein-rich 
products, lactose), fermented milk, butter and cream-based products 
(O’Mahony & Fox, 2014). In 2020, Europe produced almost 148 million 
tonnes of milk and nearly 50% of that milk was used for cheese pro-
duction, where ~80–90% of the milk volume is expelled as whey, 
resulting in 54.8 million tonnes of liquid whey (Eurostat, 2020) thus, 
rendering sweet whey the largest volume process-stream of the dairy 
industry. Sweet whey contains components with nutritional and tech-
nological properties such as lipids, minerals, proteins and lactose that 
together with new technologies have promoted valorization of sweet 

whey. More specifically, the introduction of membrane filtration tech-
nologies in the 1960s led to the development of whey-derived in-
gredients and have converted sweet whey from an underutilized 
waste-stream into a valuable dairy co-product (O’Mahony & Fox, 2014). 

Until now, most of the research on sweet whey valorization has been 
focused on the recovery of components such as whey proteins, lactose, 
minerals, and their purification or the application of fermentation pro-
cesses for the production of valuable products like organic acids and 
oligosaccharides (Oliveira, Fox & O’Mahony, 2019). Further exploita-
tion of whey through the extensive analysis of its molecular composi-
tion, including minor components, such as non-protein nitrogen, will 
enable the targeted use of whey fractions for specific ingredients. Clas-
sical analytical methods used for the characterization of whey are 
typically not able to detect unsuspected components and do not provide 
compositional details at the molecular level and thus hinder to meet new 
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regulations enforced or to serve as a tool for new product development. 
Further exploitation of whey through the extensive analysis of its mo-
lecular composition, including minor components, such as non-protein 
nitrogen, would enable the targeted use of whey fractions for specific 
ingredients. The growth and infrastructure of the modern dairy industry 
heavily relies on analysis and whey contains a vast number of different 
compounds at a wide range of concentrations, which renders the anal-
ysis of this complex matrix challenging. To overcome the challenge of 
uncovering whey complexity and meet the demands of the modern dairy 
industry, research has to move from classical analytical methods to so-
phisticated, sensitive, high-throughput and untargeted analytical 
approaches. 

Recent advances in food analysis have facilitated the establishment 
of a new research field namely foodomics. The field emerged almost two 
decades ago and it focuses on investigating food molecular composition 
and nutritional properties as a function of food production processes and 
their impact on human health and wellbeing (Cifuentes, 2009). In this 
context, foodomics is an important tool for the production of sustainable 
food, for understanding the nutritional requirements of the population, 
for the selection of nutrient dense and anti-nutrient poor crops, for 
optimizing protein content, quality, digestibility and palatability of 
plant foods. Today, the goals of this multidisciplinary field are aligned 
with those of the World Health Organization and tackles with a global 
food challenge, “how to produce enough and healthy food in a sus-
tainable way to feed the world’s continuously growing population”. 
Foodomics studies apply modern analytical techniques to characterize 
and map the molecular composition of food systems and use advanced 
multivariate data analysis methods to extract information. Recent ad-
vances in analytical technologies, including hyphenated analytical 
platforms, and advanced multivariate data analysis methods are integral 
part of foodomics studies allowing to map the known-unknown part, i.e. 
“the dark matter”, of food products and ingredients. 

Analytical methods applied in foodomics are highly sensitive and 
accurate, and they are therefore suitable to address the novel re-
quirements posed by the consumers’ demands and the continuous 
development of the dairy industry. Consumers today are highly 
demanding exhibiting concerns regarding the traceability, origin and 
nutritional information of dairy products, and the additives or 
misleading practices that may be applied during production (Moreira, 
Garcia-Diez, de Almeida, & Saraiva, 2021). Although advanced tech-
nologies have already been applied in dairy science, a fraction of 
low-molecular weight compounds in milk still remains unknown, and 
little information is available about the detailed composition of the 
processing side-streams of sweet whey. This review provides a 
comprehensive summary of the known composition of sweet whey 
together with a brief description of the major bioactivities of whey 
constituents. Furthermore, it emphasises the knowledge gap regarding 
the unknown low-molecular weight compounds, which are an integral 
part of “the dark matter”, present in sweet whey. Finally, advanced 
analytical techniques and data processing pipelines with promising 
potential for the molecular fingerprinting of sweet whey, are discussed. 

2. Definition and characterization of whey 

Sweet whey is a co-product of cheese-making separated from cheese 
curd after the enzymatic coagulation of casein proteins in milk under the 
action of chymosin (rennet). Sweet whey is a yellow thin liquid, which 
consists of 94% water, represents ~80–90% of the volume fraction of 
milk and contains the majority of the water soluble milk constituents 
(Ramos et al., 2016, pp. 498–505). Approximately 50% of total milk 
solids (Table 1) are present in whey, with lactose representing the major 
fraction, followed by proteins, minerals, non-protein nitrogen and other 
minor compounds (Panghal et al., 2018) (Fig. 1). More specifically, 
sweet whey has a pH of at least 6 and contains enzymes and starter 
cultures regularly added during the manufacture of cheese, as well as 
caseino-macropeptide (CMP), the product of rennet action on κ-casein 

(Oliveira, Fox, & O’Mahony, 2019). 
Given the volume, composition and organic load, sweet whey used to 

be regarded as a waste-stream which was treated as cheaply as possible 
(e.g. as animal feed) due to restrictions on the disposal of untreated 
whey. However, the technological development of the dairy industry 
together with research have converted sweet whey to a valuable raw 
material with the same value as cheese (if not above). Over the past 
seventy years, technological developments, increased processing ca-
pacities and new business models shaped the dairy industry and sup-
ported the production of new value-added whey-derived ingredients 
(Fig. 2). Today, whey-derived ingredients show the fastest market 
growth compared to any other dairy ingredient, with the market being 
valued $53.8 billion in 2019 and projections to reach $81.4 billion by 
2025 (Markets, 2020). 

3. Current knowledge on whey constituents 

Whey contains a wide range of components with some having high 
nutritional value and biological activities (Table 2) that are intensifying 
the interest in whey exploitation. Special attention has been given to 
whey proteins due to their high functional properties that have found 
several applications as ingredients in food formulations. Apart from 
nutritious components, whey may also contain environmental contam-
inants or potentially deleterious substances derived from cleaning 
practices (e.g. cleaning-in-place residues, disinfection by-products). 

Isolation of whey constituents and production of powdered whey 
ingredients have been successful through the development of processing 
technologies, especially membrane filtration. Selective precipitation has 
been used for isolation of proteins, which in combination with 

Table 1 
Composition of whole cow’s milk (adapted from de Wit (2001); Modler (2009, 
pp. 1–33)).  

Component Average content 
in milk (%, w/w) 

Component Average content 
in milk (%, w/w) 

Caseins 2.6 Whey proteins 0.53 
αs1-casein 1.12 β-lactoglobulin 0.29 
β -casein 0.84 α-lactalbumin 0.12 
αs2-casein 0.35 Serum albumin 0.04 
κ -casein 0.28 Immunoglobulins 0.08   

Lactoferrin 0.0282 
Enzymes - Proteose-peptone 0.10 
Plasmin 0.034 Component 3 0.02 
Lactoperoxidase 0.003 Component 5 0.08 
Lysozyme 0.0003 Component 8slow 
Cathepsin D 0.00004 Component 3fast 
Ribonuclease I 0.0025   
Carbohydrates 4.9 Vitamins NA 
Lactose 4.6 Vitamin A <0.01 
Glucose 0.01 Vitamin D <0.01 
Galactose 0.01 Vitamins Ba 0.02 
Oligosaccharides 0.01 Vitamin C <0.01 
Fat 4.0 Organic acids 0.17 
Triglycerides 3.92 Citrate 0.16 
Diglycerides 0.08 Formate 0.004 
Cholesterol 0.02 Acetate 0.003 
Free fatty acids 0.004 Lactate 0.002 
Phospholipids 0.04 Oxalate 0.002 
Minerals 0.66 Non-protein 

nitrogen 
0.18 

Ca2+ 0.13 Urea 0.088 
Mg2+ 0.007 Peptides 0.019 
K+ 0.15 Creatine 0.016 
Na+ 0.045 Creatinine 0.007 
Cl− 0.11 Uric acid 0.005 
P5+ 0.058 Orotic acid 0.008 
Trace elements 0.078 Hippuric acid 0.003   

Ammonia 0.005   
α-amino acid 0.027  

a Vitamins B: thiamine, riboflavin, niacin, pantothenic acid, vitamin B6, folic 
acid, biotin, vitamin B12. 
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centrifugation and electrodialysis can result in the production of pure 
protein fractions (Ramos et al., 2016, pp. 498–505). Processes like 
microfiltration and ultrafiltration are used to remove fat and proteins 
from whey, ion exchange is used for purification of proteins and 
demineralization, electrodialysis is used for demineralization, diafil-
tration is used for removal of minerals and low-molecular-weight com-
pounds and, nanofiltration and reverse osmosis are used for 
concentration. After concentration, spray-drying is applied to obtain 
high quality powders commonly used in food products (Panghal et al., 
2018) (Fig. 3). However, the increased production of whey-derived in-
gredients has resulted in the production of underutilized streams such as 
whey permeate and de-lactosed whey permeate that mainly contain 
lactose, minerals and non-protein nitrogen. The insufficient knowledge 
on the identity and quantity of non-protein nitrogen compounds and 
other unknown components in those streams limits their potential as 
ingredients in food and pharma products and therefore, the knowledge 
of their detailed composition is of paramount importance. 

3.1. Nitrogenous matter 

The nitrogen content of sweet whey accounts for approximately 20% 
of milk nitrogen and includes whey proteins and non-protein nitrogen 
including numerous peptides. The nitrogen fraction of whey can be 
divided into heat-coagulable, non-heat-coagulable but susceptible to 
precipitation in the presence of 12% trichloroacetic acid (TCA) and 
soluble in 12% TCA (O’Mahony & Fox, 2014). 

3.1.1. Whey proteins 
The protein fraction of sweet whey is probably the best characterized 

when compared to other food systems (O’Mahony & Fox, 2014). Whey 
proteins are economically and technologically the most valuable frac-
tion in sweet whey with highly beneficial nutritional and biological 
properties. According to Herreman, Nommensen, Pennings, and Laus 
(2020), whey proteins are high quality proteins with high Digestible 
Indispensable Amino Acid Score (DIAAS) and are considered as very 
good sources of amino acids. Although whey proteins have a DIAAS 
value higher than 100, the DIAAS value of whey-based products ranges 
from 90, for liquid sweet whey, to 99–109, for powder sweet whey, 125 
for whey protein isolate and 110–134 for whey protein concentrate, 
which suggests that purity and recovery processes may have an impact 
on their nutritional quality. Although it is known that animal-based 
proteins are subjected to protein quality variation as a result of pro-
cessing due to leaching of soluble protein fractions, the processing 
conditions of the protein intervention material are not well character-
ized and therefore, transparency on the nutritional quality of these 
proteins cannot be ensured (Herreman et al., 2020). Among the whey 
proteins, α-lactalbumin has presumably the highest nutritional value 
due to its amino acid composition (see section 3.1.1.1.). The nutritional 
properties of whey is attributed to the high content of branched and 
sulphur amino acids of whey proteins, while their bioactivity is 
accredited to components such as proteins, enzymes and peptides. 

3.1.1.1. Major whey proteins. β-lactoglobulin (β-Lg) 
β-Lg represents about 50% of the total whey proteins and has a 

molecular weight (MW) of ⁓18.4 kDa (O’Mahony & Fox, 2014). β-Lg is 

Fig. 1. Schematic representation of milk volume expelled as sweet whey during cheese manufacture together with the approximate composition of sweet whey.  

Fig. 2. Time evolution of the dairy industry through the profitable and sustainable valorization of whey towards the production of value-added high quality products 
(adopted from Marella, Muthukumarappan, & Metzger, 2011; Smithers, 2008; Viswanathan, Price, Wang, & Clark, 2021). 
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a water-soluble, globular protein, synthesized by the secretory epithelial 
cells of the bovine mammary gland. As the most abundant whey protein, 
β-Lg has a significant impact on the techno-functional properties of 
whey protein ingredients. The heat-induced denaturation and subse-
quent aggregation of β-Lg alone or with other proteins for formation of 
gels and aggregates together with its emulsification properties have 
attracted a lot of attention in the dairy industry. From a biological point 
of view, the most important physiological function of β-Lg is stimulation 
of lipase activity (Deeth & Bansal, 2019). β-Lg is also an excellent source 
of essential amino acids and especially leucine that triggers the anabolic 
properties of muscles leading to reduced risk of sarcopenia in elderly 
people. However, β-Lg is an allergenic protein in bovine milk for human 
infants, which intensifies the interest for the production of β-Lg reduced 
ingredients (Goulding, Fox, & O’Mahony, 2020). In the native state, β-Lg 
is highly resistant to proteolysis and has the ability to bind retinol, 

vitamin A1-alcohol, and fatty acids. This property of β-Lg protects 
retinol from oxidation and transports it through the stomach to the small 
intestine and thus helps to its absorption. 

α-lactalbumin (α-La) 
α-La is the second most abundant whey protein, represents ⁓20% of 

the total whey proteins and its MW is ⁓14.2 kDa. It is a metalloprotein 
containing two Ca2+ per molecule, serves as a calcium carrier and is 
synthesized in the bovine mammary gland (O’Mahony & Fox, 2014). 
The ability of α-La to bind calcium (Ca2+) raises from a pocket con-
taining four asparagine (Asp) residues. However, at pH < 5 Asp become 
protonated and lose their ability to bind Ca2+. The calcium-containing 
protein denatures at relatively low temperature but renatures in the 
absence of other whey proteins and therefore, it is considered the most 
heat-stable among the major whey proteins (Goulding et al., 2020). α-La 
contains a high percentage of essential amino acids (63.2% of the total 
amino acid content) (Deeth & Bansal, 2019), which in combination with 
its abundance in whey makes it the whey protein with the most bene-
ficial nutritional properties. More specifically, α-La has a high content of 
lysine, cysteine and substantial amounts of tryptophan (Barone, Molo-
ney, O’Regan, Kelly, & O’Mahony, 2020). The biological function of 
α-La is the contribution to lactose synthetase, the enzyme that catalyzes 
the final step in the biosynthesis of lactose. 

Immunoglobulins (Igs) 
Igs are globular glycosylated proteins with various forms and struc-

tures and they amount to ⁓10% of total whey proteins (Deeth & Bansal, 
2019). Igs are four-chain molecules in either monomeric or polymeric 
form and they are consisted of two light and two heavy polypeptide 
chains, respectively. At least 85–90% of total Igs present in whey is IgG 
which is divided into IgG1 and IgG2 subclasses. The molecular weight of 
IgG1 is 163 kDa and that of IgG2 150 kDa. The amino acid composition 
of these subclasses differ significantly with the former having lower 
basic amino acid content and higher half-cystine content than the latter 
(Butler, 1969). It is unknown if Igs retain their immune-regulatory and 
antimicrobial properties in sweet whey and thus their main property is 
considered to be nutritional. Generally, intestinal digestion of Ig is 
among the slowest in whey proteins and more specifically, IgG has been 
found to provide the smallest proportion of absorbed amino acids 
(O’Mahony & Fox, 2014). 

Bovine serum albumin (BSA) 
BSA amounts to about 8% of total whey proteins and has a MW of 

⁓66 kDa. BSA is presumably transported into milk via passive leakage 
from the bloodstream of cows. It is physically and immunologically 
identical to blood serum albumin (Goulding et al., 2020) without having 
any known biological function apart from its nutritional value. 

3.1.1.2. Minor whey proteins. Sweet whey contains several proteins at 
low or trace levels, many of which are biologically active. Some of the 
minor whey proteins are regarded as highly significant and have 
attracted considerable attention as nutraceuticals. 

Lactoferrin 
Lactoferrin is an iron-binding glycoprotein, with a MW of 80 kDa and 

amounts to ⁓3% of total whey proteins. Several biological functions 
have been attributed to lactoferrin, namely, improved bioavailability of 
iron; bacteriostatic effects; antioxidant, antiviral, anti-inflammatory, 
immunomodulatory and anti-carcinogenic activity. Hydrolysis of lac-
toferrin by pepsin yields peptides called lactoferricins with higher 
bacteriostatic activity than lactoferrin (Goulding et al., 2020). 

Lactoperoxidase 
Lactoperoxidase is a glycoprotein with a MW of ⁓78 kDa (Deeth & 

Bansal, 2019) that accounts for ⁓0.3% of the total whey proteins. It is 
the most abundant soluble enzyme in whey and it is mainly known for its 
antibacterial properties. Lactoperoxidase plays an important role in the 
natural host defence system of mammals, which provides protection 
against invading microorganisms (Ramos et al., 2016, pp. 498–505). 

Lysozyme 

Table 2 
Composition of sweet whey and main biological activity of whey constituents.  

Component Concentration Bioactivity 

β-lactoglobulina 3.5 g/L Absorption and metabolism of 
lipophilic substances 

α-lactalbumina 1.2 g/L Anti-carcinogenic & anti-microbial 
Immunoglobulinsa 0.7 g/L Immunomodulatory 
Bovine serum albumina 0.4 g/L Nutritional 
Lactoferrina 0.02–0.35 g/L Anti-microbial 
Lactoperoxidasea 0.01–0.03 g/L Anti-microbial 
Lysozymea 0.13–0.32 mg/L Anti-microbial 
GMPb 1.2 g/L Anti-microbial & prebiotic 
Proteose peptone (3, 5, 

8)c 
0.63 g/L NA 

Osteopontin NA Immunomodulatory 
Peptidesc 19.7 mg/L Anti-hypertensive, anti-thrombotic, 

anti-microbial 
Lactosea 45–60 g/L Enhances mineral absorption, 

prebiotic 
Oligosaccharidesd 50–100 mg/L Probiotic 
Lipidsa 0.6–5 g/L Source of energy 
Phospholipidse 0.9 g/L Anti-bacterial, neurodevelopment 
Mineralsa 8–10 g/L – 
Sodiumf 390–485 mg/L NA 
Potassiumf 1570–1650 

mg/L 
Bone mineralization, energy 
metabolism 

Magnesiumf 63–78 mg/L Enzyme activator 
Calciumf 237–560 mg/L Bone mineralization 
Vitaminsg 7.5 mg/L Antioxidants, enzyme co-factors 
Lactic acida 0.5–9 g/L NA 
Citric acidh 1.04–58 μg/L NA 
Growth factorsi 0.3 pg/L Organ development and functions 
Ureac 87.8 mg/L NA 
Uric acidc 4.8 mg/L NA 
Ammoniac 5.4 mg/L NA 
Cholinej 892–1415 μg/L Phospholipid synthesis 
Creatinej 543–761 μg/L NA 
Creatininej 72.9–115 μg/L NA 
Phosphocreatinej 2–5 μg/L NA 
α-amino acidsc 27.4 mg/L NA 
Acetylornitine 1.4–2 μg/L NA 
Carnosinej 90 μg/L Anti-oxidant 
Diacetylsperminej 10 μg/L NA 
Dimethylargininej 12–930 μg/L NA 
Dopaminej 12 μg/L Neurotransmission and 

neuromodulation 
Putrescinej 52 μg/L NA 
Spermidinej 43 μg/L NA 
Sperminej 162 μg/L NA 
Trimethylamine N- 

oxidej 
250 μg/L NA 

NA = not available. 
*ACE inhibitor: angiotensin converting enzyme inhibitor. 
Numbers must be viewed as indications which were taken from the following 
references: aRamos et al. (2016), bDeeth and Bansal (2019), cModler (2009, pp. 
1–33), dOliveira et al. (2019), eZhu & Damodaran (2012), fCataldi, Angelotti, 
D’Erchia, Altieri, & Di Renzo (2003), gde de Wit (2001), hMullin and Emmons 
(1997), iGauthier, Pouliot, and Maubois (2006), jMagan et al. (2019). 
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Bovine lysozyme is a single polypeptide with a MW of 18 kDa and is 
part of the defence mechanism of living organisms. The levels of lyso-
zyme in whey is very low and therefore, it is not certain if it can provide 
any protection against bacteria (Deeth & Bansal, 2019). 

Caseino-macropeptide (CMP) 
CMP is naturally present in milk serum at very low concentrations. 

However, during cheese-making the action of rennet (i.e. enzyme chy-
mosin) on κ-casein increases the concentration of CMP in sweet whey up 
to 20% of the total whey proteins. About half of the CMP molecules are 
glycosylated and are referred to as glyco-macropeptide (GMP) (Neelima, 
Sharma, Rajput, & Mann, 2013). CMP has recently attracted consider-
able attention for its nutritional and technological properties such as 
emulsification, foaming and controlled denaturation and aggregation of 
whey proteins on heating. The fact that CMP contains no phenylalanine 
in its amino acid composition, makes it suitable for people suffering 
from phenylketonuria, a serious inherited disease in which phenylala-
nine cannot be metabolized and thus, may not be ingested. 

Proteose peptone 3 (PP3) 
PP3 is a heat stable phosphorylated glycoprotein with a MW of 28 

KDa. It is a hydrophobic protein with good emulsification properties and 
potential commercial applications (Deeth & Bansal, 2019). This prop-
erty has been further researched and it was concluded that PP3 prevents 
contact between milk lipase and its substrates, thus preventing sponta-
neous lipolysis (Goulding et al., 2020). 

Osteopontin 
Osteopontin is an acidic glycoprotein with high degree of phos-

phorylation and a MW of ⁓60 kDa (Goulding et al., 2020). It is believed 
that it has a diverse range of functions (e.g. development of immuno-
logical functions and nervous tissue) and adding osteopontin to infant 
formulas have been suggested to mimic human breast milk (Jiang & 
Lönnerdal, 2016). 

Growth factors 
Sweet whey has also been identified as a source of growth factors, 

including insulin-like growth factor (IGF)-I, IGF-II, platelet-derived 
growth factor, fibroblast growth factor and transforming growth factor- 

β. Growth factors usually have a dramatic impact on cell growth and in 
tissue-repair related processes (Goulding et al., 2020). Although growth 
factors have been shown to have a positive impact on undernourished 
and pre-term infants’ development, it was recently demonstrated that 
dairy products which enhance the intake of insulin-like growth factor-1 
in nourished children can result in overweight adults (Grenov, Larnkjær, 
Mølgaard, & Michaelsen, 2020). Although this is a topic of on-going 
research, the above-mentioned findings pose certain challenges in the 
utilization of whey protein ingredients in infant formulae, where higher 
concentrations of growth factors may have a negative impact (Julie, 
2017). 

3.1.1.3. Non-protein nitrogen (NPN). Approximately 50% of the nitro-
gen in whey is NPN. It is defined as the soluble nitrogen fraction after 
precipitation of proteins with 12% TCA. However, this definition may be 
perceived obsolete as harsh chemical conditions are used during analysis 
which may affect the NPN profiles obtained and leaves no chance for 
identification of NPN constituents. Generally, NPN is perceived as a 
fraction with little nutritional value (O’Mahony & Fox, 2014). The 
constituents of NPN do not have protein nature, but they are low mo-
lecular mass compounds such as urea, uric acid, ammonia (Ramos et al., 
2016, pp. 498–505), creatine, creatinine, choline, free amino acids and 
biogenic amines (Magan et al., 2019), hippuric and orotic acid (Tienstra, 
van Riel, Mingorance, & Olieman, 1992), N-acetylamino-hexoses (Cat-
aldi, Angelotti, D’Erchia, Altieri, & Di Renzo, 2003) and minor peptides. 
Most of the NPN compounds are end products of cows’ nitrogen meta-
bolism that could be derived from blood or could be the result of hy-
drolysis of the milk proteins. However, the profile of NPNs in both milk 
and whey is not fully elucidated and strongly depends on cows’ genetic 
background, diet, health, stage of lactation, parity (Rocchetti & O’Cal-
laghan, 2021). Therefore, little is known about the turn-over of NPNs 
from milk to whey and whey-derived ingredients during processing 
which may result in composition and quality inconsistencies in the final 
products. Among the low-molecular-weight NPN constituents, choline is 
considered an essential nutrient both in bovine and human nutrition and 

Fig. 3. An overview of sweet whey processing for the production of whey-derived ingredients (adapted from Ramos et al., 2016, pp. 498–505) and their Industrial 
applications. 
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it has a number of important biological functions, such as phospholipid 
biosynthesis and neurotransmitter synthesis via conversion to acetyl-
choline (Magan et al., 2019). Although no particular biological function 
of most low-molecular-weight NPN compounds has been reported, the 
pattern of some NPN constituents in milk from different species during 
lactation implies their physiological impact in early life (Michaelidou & 
Steijns, 2006). 

Overall, 245 peptides have been identified in whey which are the 
result of plasmin and cathepsins B and D activity on either whey or 
casein proteins and rennet on κ-casein (Dallas et al., 2014). More spe-
cifically, peptides belonging to the proteose peptone (PP) fraction have 
recently attracted great attention. PP3 fragments, proteose peptone 5 
(PP5), proteose peptone 8 slow (PP8slow), and proteose peptone 8 fast 
(PP8fast) are N-terminal peptides produced by the hydrolysis of PP3 and 
β-Casein from plasmin, respectively (O’Mahony & Fox, 2014). It has 
been reported that the PP fraction of bovine origin has nearly 90% ho-
mology with that of human milk, which intensifies the interest for their 
introduction in infant formulas. More specifically, PP8slow is a phos-
phopeptide which may enhance the gastrointestinal absorption of cal-
cium, PP8fast contains peptides with opioid activity and PP3 fragments 
have been reported to have low antibacterial activity against Gram 
positive bacteria (de Wit, 1998). In addition, there are studies indicating 
that the proteolytic enzymes originally present in milk or added together 
with cultures during cheese-making lead to the increased quantities of 
biologically active oligopeptides in whey. More specifically, peptides of 
2–20 amino acids have different composition and sequence which in-
fluence their activity and are of special interest (Mohanty, Mohapatra, 
Misra, & Sahu, 2016). 

3.2. Carbohydrates 

Whey streams contain lactose, several oligosaccharides and minor 
amounts of glucose and galactose. Lactose is a reducing disaccharide 
composed of glucose and galactose, it constitutes the major carbohy-
drate in sweet whey and functions primarily as a source of. It has high 
nutritional value because it promotes the absorption of Ca, Mg and P in 
the intestines and utilization of vitamin C (Hernández-Ledesma, Ramos, 
& Gómez-Ruiz, 2011). In addition to lactose, nearly 50 oligosaccharides 
have been identified in deproteinized sweet whey (Dallas et al., 2014). 
Oligosaccharides are a class of carbohydrates comprised of 3–10 
monosaccharide units and in sweet whey they usually contain fucose, 
N-acetylglucosamine and N-acetylneuraminic acid (NANA) in different 
proportions. Oligosaccharides derived from bovine milk are prebiotics 
that belong to the group of bifidus factor, promoting the growth of 
Lactobacillus bifidus (later reclassified as Bifidobacterium bifidus) in the 
intestinal tract (Oliveira, Wilbey, Grandison, & Roseiro, 2015). 

3.3. Fat 

Fresh sweet whey contains a small percentage of fat (⁓0.05%) which 
is composed of almost 66% non-polar lipids and 33% polar lipids. The 
non-polar fraction mainly contains triacylglycerols and diacylglycerols, 
while the polar fraction mainly consists of phospholipids with 38.5% 
phosphatidylethanolamine, ⁓14% phosphatidylcholine, ⁓32.6% 
sphingomyelins, ⁓5.2% phosphatidylinositol, and ⁓9.6% phosphati-
dylserine (Ferreiro & Rodríguez-Otero, 2018). Phospholipids are 
amphipathic molecules originating from the milk fat globule membrane 
(MFGM) that have attracted a lot of attention in recent years due to the 
health benefits provided to infants (i.e. neurodevelopment and defence 
against infections) (Timby et al., 2015). Phospholipids are polar lipids 
that facilitate fat emulsification into smaller droplets and contribute to 
their rapid digestion. The high amount of sphingomyelins make the 
phospholipid fraction from whey of special interest due to their positive 
effect on the cognitive performance of infants (Verardo, 
Gomez-Caravaca, Arraez-Roman, & Hettinga, 2017). 

3.4. Other compounds 

3.4.1. Minerals 
Sweet whey is a rich source of dairy minerals which are divided into 

major and minor minerals, depending on their concentration. The major 
minerals, calcium, phosphorus, potassium, sodium, chloride and mag-
nesium are present in substantial quantities in whey. Calcium is an 
important mineral because it is involved in growth, metabolism and 
health of bones (Modler, 2009, pp. 1–33). Bioavailability of calcium 
depends on its form, therefore, it should be in the soluble or even ionized 
form (Ca2+) at least when it reaches the small intestine (Gueguen & 
Pointillart, 2000). Ca2+ concentration in sweet whey is ⁓1.98 mM 
(Pa’ee, Gibson, Marakilova, & Jauregi, 2015) and thus it is a good source 
of dietary calcium. Sweet whey also contains important trace minerals 
including iron, zinc, copper and manganese. 

3.4.2. Vitamins 
Whey contains almost all the water soluble vitamins present in milk 

and therefore, it is a source of complex B vitamins, especially riboflavin 
(B2) and vitamin B12 (Magan et al., 2020). Vitamins are essential 
physiologically, biochemically and metabolically bioactive compounds 
responsible for maintaining normal physiological functions of human 
body. Deficiency of vitamin B12 due to genetic defects or inadequate 
dietary intake (e.g. due to exclusion of animal foods) can lead to blood 
shortage, impaired nerve function and slows down fatty acid meta-
bolism (O’Leary & Samman, 2010). 

3.4.3. Metabolites of microbial activity 
Whey also contains low-molecular-weight compounds other than 

non-protein nitrogen. Some compounds like citric acid are originally 
present in milk and others are derived from the metabolic activity of 
microorganisms. Depending on the type of cheese produced, the pro-
cessing of whey after curd draining and the time taken until pasteuri-
zation, various metabolites are being secreted into whey from the starter 
cultures used during cheese-making. Some of the microbial metabolites 
may result in elevated levels of specific compounds already present in 
sweet whey (Sundekilde, Larsen, & Bertram, 2013) (e.g. amino acids, 
biogenic amines, fatty acids and oligopeptides) and others can be 
directly associated with microbial metabolic activity (e.g. lactic acid and 
acetic acid). More specifically it has been found that aroma volatile 
compounds such as aldehydes (e.g. nonanal, hexanal, methional), ke-
tones (e.g. acetone, 2,3-butanedione, 2-butanone, acetoin, 2,3-pentan-
dione, 2-heptanone, 2-nonanone), lactones, sulphur compounds (e.g. 
dimethyl sulphide dimethyl disulphide, dimethyl trisulphide, 2,4-dithia-
pentane), indoles, are produced in whey by the various lactic acid 
bacteria (e.g, Streptococcus, Lactobacillus and Lactococcus) added into 
milk during cheese making (Hanková & Čížková, 2020). 

4. Chemical contaminants 

Apart from nutritional constituents originally present in milk, 
chemical contaminants can enter the dairy supply chain and end up in 
whey streams. Cheese production follows several stages and generally 
starts with animal feed production, followed by raw milk production at 
the farm, and further processing at the farm and finally, at dairy com-
panies. Along this supply chain, chemical hazards like pesticides, plas-
ticizers, antibiotics and other contaminants, like glyphosate (herbicide) 
and bisphenol A (common component of plastics and canned food liners) 
may enter at various stages but mostly at primary production, either 
through the ingestion of contaminated feed or through the administra-
tion of veterinary medicines. Their possible concentration in whey is 
highly influenced by the processing methods used and its physico-
chemical properties, however, in some cases contaminants may be 
concentrated, for example, in the production of powders, which if no 
precautions may cause a higher level of contaminants in the final 
product. Distribution of possible chemical contaminants into whey 
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processing streams is dependent on their hydrophilicity; the more hy-
drophilic the compound is, the higher its concentration in whey 
(Shelver, Lupton, Shappell, Smith, & Hakk, 2018). 

Another possible cause of contamination is the applied cleaning-in- 
place (CIP) practices of industrial and on-farm equipment. Quaternary 
ammonium compounds (QACs) and to lesser extend chlorine-based 
sanitizers such as hypochlorite (ClO− ) and chlorine dioxide (ClO2) are 
used according to the regulations of each country. Both biopesticides 
and inorganic chlorine species residues, known as oxidized inorganic 
disinfection by-products (DBPs), can enter the dairy supply chain. These 
residues have been linked to health effects, such as toxicity, and can be 
harmful to the consumer (Kang & Kondo, 2003; McCarthy et al., 2018). 
In the case of whey, strict CIP protocols are highly significant because 
whey originated form DBP-containing milk, will contain 60–85% of the 
amount originally present in milk (Cardador, Gallego, Prados, & 
Fernandez-Salguero, 2017). 

5. Current trends and future perspectives 

Dairy products, including whey, have become an essential part of 
human nutrition and today over 6 billion people consume dairy products 
worldwide. The continuously increasing demand for nutritious dairy 
products requires further exploitation of streams, like whey, with the 
aim to uncover the yet unknown constituents for their potential use and 
to ensure high-quality whey products. Hence, monitoring quality and 
documenting the detailed composition of whey products is of paramount 
significance. 

As of today, the composition of most dairy products is determined by 
using standardized classical analytical methods due to their simplicity. 
Such methods usually target one or few compounds of interest at a time, 
while other chemical substances remain undetected. Among the most 
common of such classical methods is the Kjeldahl method invented in 
1883, which is listed as the international standard for the determination 
of nitrogen content and calculation of crude protein in dairy products. 
Apart from being laborious, it is characterized by its inability to 
distinguish sources of nitrogen, for example nitrogen from proteins, 
peptides and low-molecular weight compounds containing nitrogen. 
Using this method, the declared apparent protein content of whey 
products will be too optimistic, and thus may lead to overestimation of 
the actual protein content of products. 

Today’s demands for whey-derived ingredients require the accurate 
and comprehensive documentation of whey constituents for safety and 
standardizing quality of the end products. Although the molecular level 
details of whey proteins, lipids and carbohydrates present in whey have 
been investigated to a degree, whey also contains low-molecular weight 
compounds that have been overlooked. In order to identify and quantify 
the low-molecular weight components in whey and whey process 
streams, high-throughput analytical technologies and powerful data 
analysis capabilities are required. The foodomics analytical techniques 
that have already been applied in the analysis of other dairy products 
and have the potential to uncover the low-molecular weight components 
in whey are briefly described below. 

5.1. Analytical techniques and methodologies for whey analysis 

Vibrational spectroscopy, nuclear magnetic resonance (NMR) spec-
troscopy and chromatography hyphenated with various detectors, 
including mass spectrometers, are the advanced analytical techniques 
that have been successfully applied for molecular characterization of 
dairy samples. Although their application in whey analysis is still 
limited, these analytical techniques have a great potential in molecular 
characterization of whey. These analytical platforms may serve different 
purposes and cover different classes of compounds, because their 
sensitivity and specificity differs significantly. Therefore, low-molecular 
weight compounds in whey cannot be covered by using only one 
analytical technique due to their heterogeneity (e.g. sugars, amino acids, 

oligo-peptides, organic acids, nucleic acids etc.) and different physico-
chemical properties. All the features which facilitate the selection of the 
analytical technique, depending on the aim of the analysis, together 
with an overview of studies using these analytical techniques for whey 
analysis are presented in Table 3. Nevertheless, whey processing streams 
have complex composition with high amount of lactose (up to 80% of 
the total solids) that overlaps and masks minor components, leading to 
loss of information during analysis (Xu et al., 2020) and therefore, a 
strategy for removing lactose from whey before its untargeted analysis 
should be developed. 

5.1.1. Vibrational spectroscopy 
Vibrational spectroscopy covers near-infrared spectroscopy (NIRS), 

mid-infrared spectroscopy (MIRS) and Raman spectroscopy. The most 
commonly applied vibrational technique to whey is MIR spectroscopy. 
NIRS, MIRS and Raman have the advantage of being non-destructive and 
practically require no sample preparation, but their sensitivity and 
selectivity are limited to measure abundant components. In the dairy 
industry, infrared spectroscopy (IR) is a de facto standard for quality 
control. Both NIRS and MIRS have been successfully applied for the 
quality assessment of whey (Pereria, Luiz, Bell, & Anjow, 2020) and 
whey permeate (Nørgaard, Hahn, Knudsen, Farhat, & Engelsen, 2005). 
NIRS has been used to monitor total solids, lactose, protein and fat 
content of liquid whey during the production of whey protein in-
gredients (Kucheryavskiy & Lomborg, 2015). In the dairy industry, 
vibrational spectroscopy has replaced several traditional analytical wet 
chemistry methods (Pereria et al., 2020) including Kjeldahl (protein) 
and Soxlet (fat) that are time consuming and involve extensive sample 
preparation and hazardous chemicals. Further, MIRS has the advantage 
that it is sensitive to protein secondary structure and is also a de facto 
standard for measuring trans fatty acids. NIRS has the additional 
advantage that it is well-suited as an on-line sensor in industrial envi-
ronments such as in Process Analytical Technology set-ups (van den 
Berg, Lyndgaard, Sørensen, & Engelsen, 2013). Vibrational spectroscopy 
including NIR, MIR and Raman have also been proved useful in the 
investigation of trace analytes like melamine and urea in milk (Reiner, 
Protte, & Hinrichs, 2020; Smirnova, Konoplev, Mukhin, Stepanova, & 
Steinmann, 2020), rendering these techniques promising in the analysis 
of such compounds in whey. Although most of the research has been 
focused on analyzing milk with these analytical techniques, their 
application in whey analysis has a great potential, since whey includes a 
large part of the hydrophilic compounds originally present in milk 
serum. 

5.1.2. Nuclear magnetic resonance (NMR) spectroscopy 
NMR has been proven to be a powerful analytical tool for the 

untargeted study of low-molecular weight compounds in complex 
matrices like whey, often investigated as a function of processing (Ber-
tram, 2016). NMR is a non-destructive, inherently quantitative and 
unbiased method that does not require extensive sample preparation. 
NMR is also a technique of choice in structure elucidation of unknown 
compounds. The main advantage of NMR is the detection and quanti-
fication of all molecules in complex mixtures like whey, regardless of 
their chemical and physical nature (e.g. volatility, polarity, molecular 
weight, size, chemical structure), with the prerequisite that they have 
NMR-active elements with non-zero spin quantum number (e.g. 1H, 13C, 
31P, 15N). Proton (1H) NMR is particularly useful, since protons are part 
of most biomolecules and therefore, this method gives an intrinsically 
quantitative overview of the composition of whey. Despite being a more 
robust and unbiased technique than mass spectrometry (MS) based 
methods, NMR is less sensitive and often detects only the 30 to 50 most 
abundant molecules. In dairy matrices, 1H NMR can efficiently detect 
several compounds, including sugars, small organic acids, vitamins, 
nucleotides, and aromatic compounds (Rocchetti & O’Callaghan, 2021). 
1H NMR spectroscopy represents one of the best tools in dairy research 
for untargeted screening of low-molecular weight compounds, but 
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despite its great potential it has not been employed in whey analysis. Till 
today, only 31P NMR has been used for identification and quantification 
of phospholipids in whey (Zhu & Damodaran, 2012). 

5.1.3. Gas chromatography-mass spectrometry (GC-MS) 
Gas chromatography-mass spectrometry represents one of the best 

platforms for analysis of small compounds (≤1.2 kDa), with electron 
impact (EI) being the most successful ionization method resulting in 
characteristic fragmentation and reproducible mass spectra. Among 
hyphenated analytical platforms, GC-MS allows the separation and 
detection of volatile compounds in dairy products, including whey 
(Sattin et al., 2016) and whey-based protein ingredients (Su et al., 
2020). More specifically, there are studies using GC-MS for the identi-
fication and quantification of volatile compounds in whey as a function 
of the starter cultures used during cheese-making, milk variability and 
whey processing (Liaw, Evan Miracle, Jervis, Listiyani, & Drake, 2011). 

Derivatization methods can further extend the use of GC-MS for the 
detection of non-volatile and/or thermally unstable compounds (Kha-
kimov, Motawia, Bak, & Engelsen, 2013), which has proven to be very 
sensitive in the study of metabolite profiles of milk and dairy products 
(Pisano, Scano, Murgia, Cosentino, & Caboni, 2016). Although chemical 
derivatization has proven to be a robust GC-MS approach allowing the 
untargeted analysis of a broader classes of compounds in dairy matrices, 
in whey analysis this technique has only been used for the targeted 
detection of disinfection by-products (Cardador et al., 2017). In dairy 
research, the most widespread GC method utilises flame ionization de-
tector (FID) for standardized analysis of fatty acids in whey and other 
dairy products (Zhu & Damodaran, 2012). 

5.1.4. Liquid chromatography-mass spectrometry (LC-MS) 
In contrast to GC-MS, LC-MS covers a wider range of compounds and 

does not require prior derivatization therefore, it is a powerful technique 
for the comprehensive analysis of low-molecular weight compounds in 
complex matrices like whey. As of today, a large number of LC column 
types is available, which differ in selectivity and resolution depending 
on the classes of compounds being analysed. Although the most 
commonly used LC columns are based on reverse phase for the analysis 
of semi-polar compounds, new developments with hydrophilic columns 
make the analysis of polar low-molecular weight compounds possible, 
enhancing its potential in whey analysis. However, the high amount of 
technical variation in detection and the limited identification and 
quantification of trace-level low-molecular weight compounds, require 
the development of such methods before whey analysis. 

Tandem mass spectrometers have enhanced the identification power 
of this technique and have been used in the analysis of small molecules 
in whey. In fact, tandem MS based spectral libraries, in-silico spectral 
libraries and search tools are rapidly growing and they are believed to be 
the future of small molecules identification in LC-MS analysis 
(McEachran et al., 2019). UPLC coupled with QTOF-MS (quad-
rupole-time of flight) is considered to be very successful for the analysis 
of low concentration compounds present in dairy matrices due the high 
acquisition speed, high resolution for identification and confirmation of 
mass spectroscopic data, detectability of low-abundance species in 
complex samples and quantitative accuracy (Zhang et al., 2018). All of 
which give a great potential in the analysis of low-molecular weight 
components of whey with this technique. Although the application of 
such methods in whey analysis is still limited, the continued quest for 

Table 3 
Sensitivity and advantages of analytical platforms commonly applied for molecular characterization of whey.  

Analytical method  Sensitivity Advantages Application to whey 

Vibrational 
spectroscopy 

NIRSd Bulk components (w* ≥ 0.1%) Untargeted, unbiased, rapid, reproducible, non- 
destructive, on-line, solid/liquid state samples 

Ingle et al. (2019) 
Kucheryavskiy and Lomborg (2015) 
Nørgaard et al. (2005) 

MIRSe Bulk components (w ≥ 0.01%) Untargeted, unbiased, rapid, reproducible, non- 
destructive, solid/liquid state samples 

Andrade, Pereira, Ranquine, Bell, and 
Anjos (2020) 
Andrade et al. (2019) 
Sturaro, De Marchi, Masi, and 
Cassandro (2016) 
Wang, Tan, Mutilangi, Aykas, and 
Rodriguez-Saona (2015) 

Raman Bulk components (w ≥ 0.1%) Untargeted, unbiased, rapid, reproducible, non- 
destructive, on-line, solid/liquid state samples 

Nørgaard et al. (2005) 

NMRa 1H Bulk components (c** ≥ ppm) Untargeted, unbiased, rapid, structure elucidation, 
liquid state samples 

Díez-Municio et al. (2012) 
Hu, Kurth, Hsieh, and Krochta (1996) 
Zhu and Damodaran (2012) 

13C 
31P 

GC-MSb Qf Volatile, semi-volatile, non-polar, and polar 
compounds of MW ≥ 12 kDa (c ≥ ppb) 

Higher resolution than LC, rich EI-MS-based libraries Cardador et al. (2017) 
Díez-Municio et al. (2012)  

Liaw et al. (2011) 
Mahajan, Goddik, and Qian (2004) 
Sattin et al. (2016) 

LC-MSc – Polar compounds (c ≥ ppb) Detection of compounds with MW ≤ 60 kDa, 
purification of compounds 

– 
MS/ 
MSg 

Athira et al. (2015) 
(Cohen, Barile, Liu, & de Moura Bell, 
2017) 
Dallas et al. (2014) 
Magan et al. (2020) 
Magan et al. (2019) 
Repossi et al. (2017) 

*Weight percentage concentration (%). 
**Concentration. 

a NMR = Nuclear magnetic resonance. 
b GC-MS = gas chromatography-mass spectrometry. 
c LC-MS = liquid chromatography mass spectrometry. 
d NIRS = near infrared spectroscopy. 
e MIRS = mid infrared spectroscopy. 
f Q = quadrupole. 
g MS/MS = mass spectrometry/mass spectrometry. 
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natural sources of bioactive compounds has increased their application 
in dairy research. Magan et al. (2020) used an LC coupled with QQQ 
(triple quadrupole) mass spectrometer for the targeted analysis and 
quantification of water-soluble vitamin profile (vitamins B1, B2, B3, 
B3-amide, B5, B6-pyroxine and B7) in acid, sweet and native whey and 
Repossi, Zironi, Gazzotti, Serraino, and Pagliuca (2017) used the same 
analytical set-up for the determination of the vitamin B12 content in 
ricotta sweet whey. In another study, Dallas et al. (2014) developed an 
LC-MS/MS based method for the identification and relative quantifica-
tion of oligosaccharides in deproteinized sweet whey. Finally, Magan 
et al. (2019) used a targeted combination of direct-injection MS and 
LC–MS/MS for a targeted detection and quantitation of milk metabolites 
present in acid, sweet and native whey. Although LC combined with MS 
or MS/MS has great potential in the targeted analysis of dairy products 
and intermediates for understanding the dynamics of the whey com-
ponents as a function of whey formation, fractionation, concentration 
and cleaning-in-place procedures, the relatively complex set up of the 
LC-MS system limits the speed of analysis and makes its implementation 
in the dairy industry challenging. 

5.1.5. Identification of unknown compounds 
One of the key challenges in the molecular characterization of whey 

samples is the identification of unknown compounds. More than a 
decade ago leading researchers in the field of metabolomics proposed 
minimum reporting standards for chemical analysis and defined three 
levels of identification (Sumner et al., 2007). Level 1 refers to the un-
ambiguous annotation which usually requires spectral comparison with 
an authentic standard and/or by complete NMR based structure eluci-
dation, while level 2 and 3 are based on comparison of spectral simi-
larities with databases. Identification of compounds based on MS data in 
untargeted analysis is achieved by employing mass spectral databases 
and manual verification, which results in their putative identification. 
As of today, there are several freely available and commercial databases 
based on EI-MS and ESI based fragmentation patterns, tandem MS-based 
spectral trees and 1H and 13C NMR spectral libraries of metabolites. 
However, the chemical complexity of foods is far beyond these data-
bases, and when it comes to less investigated matrices like whey, the 
chemical composition is even less understood. In order to facilitate 
easier compound identification, various computational techniques have 
been developed that take tandem MS or NMR data as input and suggest 
candidate metabolites that have to be verified by expert analysts 
(Blaženović, Kind, Ji, & Fiehn, 2018). However, recently developed 
machine learning methods that use tandem MS data either alone (Li, 
Kuhn, Gavin, & Bork, 2019) or in combination with NMR data (Boiteau 
et al., 2018) are opening new horizons for high-throughput identifica-
tion. In addition, rapid compound annotation methods using 
one-dimensional 1H NMR spectral data (Khakimov, Mobaraki, Trimigno, 
Aru, & Engelsen, 2020) or in combination with 2D (Garcia-Perez et al., 
2020) and 3D (Wang et al., 2019) NMR data are now available. Most of 
these methods are based on identifying a unique signature signal of a 
metabolite from input data by comparing with available NMR databases. 
However, identification of unknown compounds in whey using either 
MS or NMR data acquired from untargeted analysis is challenging due 
matrix complexity and requires spiking using authentic standards of 
candidate compounds and/or 2D NMR experiments. 

5.2. “The dark matter” of whey 

The application of the above-mentioned analytical technologies for 
the molecular characterization of whey can provide important infor-
mation regarding the quality of whey and whey-derived products. While 
the composition of milk is qualitative constant (Table 1), the composi-
tion of whey varies considerably. Dairy processors minimize processed 
milk variability by using mixtures of milk from a large number of farms 
with standardized protein and fat content. Further physical, chemical, 
biochemical and microbial changes can occur during processing and 

application of different manufacturing practices like cheese-making. In 
cheese-making, the type of the microbial culture and rennet added, as 
well as the unit operations applied will influence the composition of 
both cheese and expelled whey. 

As can be concluded by comparing Table 1 with Table 2, whey 
contains the water soluble fraction of milk (i.e. whey proteins, peptides, 
enzymes, carbohydrates, minerals, vitamins, non-protein nitrogen and 
other minor compounds), a small percentage of fat and products of the 
cheese-making practice (e.g. caseino-macropeptide). Although the pro-
file of most whey constituents is similar to that of milk, the applied 
cheese-making practices may introduce significant variations and thus 
prevent further exploitation of whey. In contrast to changes induced on 
proteins, minerals and carbohydrates in whey, changes in minor com-
pounds, and especially the non-protein nitrogen, that account for ⁓7% 
(w/w) of whey total solids have been largely overlooked. Minor com-
pounds are mainly products of the cow metabolic activity, the metabolic 
activity of microorganisms and enzymes present in milk or added to it 
during the cheese production. The identity and concentration of these 
compounds in milk is known to a certain extent, and they include amino 
acids, organic acids, sugars, ketone bodies, cholines, peptides and 
others. However, knowledge about their presence in whey and the effect 
of processing on their chemical nature and concentration is still scarce. 
This is due to a preference for standardized analyses that are mainly 
focused on a limited set of compounds within the area of quality control. 
Shifting the main focus from such targeted methods to untargeted 
workflows may reveal valuable attributes as well as new challenges. The 
untargeted approach thus has a great potential to bridge the knowledge 
of the detailed composition of whey and thus the composition of inter-
mediate and end products. 

5.3. Exploration of high-throughput untargeted data through efficient 
multivariate data analysis for whey exploitation 

Investigation of whey composition, for quality standardisation and 
successful development of products rich in specific nutrients such as 
proteins and minerals, using high-throughput and untargeted analytical 
techniques leads to the generation of large amounts of chemical data. 
Subsequently, this brings along another challenging task, the conversion 
of complex high-dimensional raw data into a quantitative table of 
compounds. High-dimensional foodomics datasets generated from hy-
phenated analytical platforms require the use of an array of data pro-
cessing tools for “cleaning” the raw data to make them suitable for a 
subsequent univariate and multivariate data analysis. 

For this purpose, a large number of commercial or freely accessible 
software packages is available. Untargeted GC-MS datasets are usually 
processed using ChromaTOF (LECO), DataAnalysis (Bruker), Chem-
station, Mass Profiler (Agilent), MetAlign (Lommen, 2009), and AMDIS 
(Stein, 1999) that are built to detect and integrate areas of chromato-
graphic peaks. However, inconsistent retention times of peaks, over-
lapping peaks, and low signal to noise ratio render the use of such 
software precarious and therefore, several input settings are required. 
Instead, the recently developed GC-MS data processing software 
PARADISe (Johnsen, Skou, Khakimov, & Bro, 2017) can handle most of 
the abovementioned data challenges, however the method is based on 
PARAFAC2 (Parallel Factor analysis 2) (Khakimov, Amigo, Bak, & 
Engelsen, 2012) which is a rather computational heavy three-way data 
modelling method. As in GC-MS, there are many open access and com-
mercial software for processing complex LC-MS datasets. These include 
XCMS (Smith, Want, O’Maille, Abagyan, & Siuzdak, 2006), MZmine 
(Pluskal, Castillo, Villar-Briones, & Orešič, 2010), MetaboScape 
(Bruker), Progenesis QI (Waters), Mass Profiler Professional (Agilent) 
and Sieve (Thermo Fisher Scientific). These software tools usually 
require multiple user defined settings to perform peak picking, noise 
reduction, alignment, gap filling, and reduction of features representing 
the same compound. Finally, there are also several NMR data processing 
software available including Chenomx (Mercier, Lewis, Chang, Baker, & 
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Wishart, 2011), rNMR (Lewis, Schommer, & Markley, 2009), and SigMa 
(Khakimov et al., 2020). Chenomx is an efficient software for tentative 
identification of compounds from a single spectrum of a mixture sample, 
but processing hundreds and thousands of spectra is time consuming and 
prone to introduce large non-sample related variations into the data. On 
the other hand, SigMa processes 1D 1H NMR spectra of mixtures in a 
more user-friendly way, does not require many settings and provides 
quantitative metabolite tables of hundreds and thousands of spectra 
simultaneously. 

As mentioned above, data processing usually requires a number of 
pre-processing steps including baseline removal, peak alignments, 
deconvolution, normalization and scaling (Khakimov, Gürdeniz, & 
Engelsen, 2015). Alignment of peaks assigned to the same chemical 
compound across all samples, is probably one of the most important 
steps ensuring bilinearity of data. Inconsistencies in the retention times 
of peaks in GC-MS data or chemical shift drifts in 1H NMR spectra are 
encountered due to the high complexity of the sample matrix and/or 
experimental error, i.e. variations in sample preparation and data 
acquisition. Methods commonly employed to cope with signal 
misalignment include warping (Tomasi, van den Berg, & Andersson, 
2004), icoshift (interval-correlation-shifting) (Savorani, Tomasi, & 
Engelsen, 2010) and PARAFAC2 (Khakimov et al., 2012). 

Furthermore, non-sample related variations might be introduced in 
the data due to variations in preparation and data acquisition among 
samples. Various non-parametric normalization methods have been 
developed to minimize these non-sample related variations that adjust 
the magnitude of signal fluctuations. However, the analysis of quality 
control samples along with test samples from industrial whey processing 
in a sufficient frequency, and the use of internal and/or external stan-
dards are often the most efficient ways of removing such variations from 
data. 

Scaling of variables is often necessary to level large scale differences 
between variables that are not related to their importance and thus, to 
make them comparable in multivariate data analysis. Several multi-
variate statistical techniques are extremely sensitive to scale differences 
of variables in a data set, and variables with the largest values may 
dominate the analysis and minimize the effect of variables measured on 
different scales. The most commonly used scaling method is autoscaling 
which involves a subtraction of a mean for a given variable from all 
samples and scaling by a standard deviation of the corresponding vari-
able across all samples. 

After data pre-processing, the quantitative table of compounds is 
ready to be explored by univariate (e.g. ANOVA) or multivariate data 
analysis methods. Techniques commonly used in dairy research are 
principal component analysis (PCA) (Hotelling, 1933), partial least 
squares-regression (PLSR) analysis (Wold, Sjöström, & Eriksson, 2001), 
partial least squares-discriminant analysis (PLS-DA) (Ståhle & Wold, 
1987), hierarchical cluster analysis (HCA) (Johnson, 1967), orthogonal 
partial least squares discriminant analysis (OPLS-DA) (Bylesjö et al., 
2006) and ANOVA–Simultaneous Component Analysis (ASCA) (Smilde 
et al., 2005). The use of these unsupervised (PCA, HCA) and supervised 
(PLSR, PLS-DA, ASCA) multivariate data analysis methods is largely 
determined by the aim and design of the study. Comprehensive reviews 
of these methods and their applications in different fields of food sci-
ence/foodomics can be found in the literature (Khakimov et al., 2015; 
Skov, Honoré, Jensen, Næs, & Engelsen, 2014). 

5.4. Uncovering “the dark matter” of whey leads to augmented side 
stream utilization and valorization 

A current trend in the food industry is co-product recovery and uti-
lization. In this context, sustainable management of dairy streams, 
limited waste and optimized use of by-products should be taken into 
account. Although current utilization of whey is an excellent example of 
side-stream optimization and represents a key element of circular 
economy in the dairy sector, there are still challenges that need to be 

addressed. In recent years, food manufacturing industries realized that 
whey constituents play a vital role in improving the nutritional quality 
of food products. However, the lack of knowledge of the complete mo-
lecular profile of whey limits the exploitation of the potential health 
benefits of the low-molecular-weight fraction of whey. 

6. Conclusion 

In the future, the continuously increasing world population will 
require growth of responsible and sunstainable food processing. Efforts 
to find resources for feeding the population worldwide and reduce waste 
disposal are already being carried out. The dairy industry generates an 
enormous amount of processing streams with sweet whey being the 
main one. Scientific and technological developments have led to the 
recovery of whey components, with excellent nutritional and techno-
logical properties, which are subsequently converted to value-added 
products. Although a wide array of whey-derived ingredients has been 
produced, they mainly rely on specific proteins, lactose or fat due to the 
lack of information on the minor, low molecular-weight compounds in 
whey. This incomplete molecular profile of whey prevents the dairy 
industry from augmenting the value of these components and process 
them into ingredients targeted for specialised formulations. However, 
whey is a quite complex matrix containing constituents with different 
properties and concentrations, which renders its detailed analysis 
challenging. An additional challenge for the detailed analysis of whey 
and whey derived products is the omnipresent lactose which saturates 
detectors in sensitive analytical approaches. The application of foodo-
mics tools seems to be a promising approach to pave the road for further 
exploitation of whey streams. The combination of high-throughput 
advanced analytical techniques with data pre-processing strategies 
and advanced data analysis, is the new era in the analysis of food 
products at molecular level. Therefore, an application of foodomics ap-
proaches is a way forward for analysing low-molecular weight com-
pounds in whey with the potential to develop new and innovative 
ingredients with documented safety and nutritional value. 
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Frost, G., et al. (2020). Identifying unknown metabolites using NMR-based metabolic 
profiling techniques. Nature Protocols, 15(8), 2538–2567. https://doi.org/10.1038/ 
s41596-020-0343-3 

Gauthier, S. F., Pouliot, Y., & Maubois, J.-L. (2006). Growth factors from bovine milk and 
colostrum: Composition, extraction and biological activities. Le Lait, 86(2), 99–125. 
https://doi.org/10.1051/lait:2005048 

Goulding, D. A., Fox, P. F., & O’Mahony, J. A. (2020). Milk proteins: An overview. In 
M. Boland, & H. Singh (Eds.), Milk proteins (3rd ed., pp. 21–98). London, United 
Kingdom: Academic Press.  

Grenov, B., Larnkjær, A., Mølgaard, C., & Michaelsen, K. F. (2020). Role of milk and dairy 
products in growth of the child. Nestle Nutrition Institution Workshop Series, 93, 
77–90. https://doi.org/10.1159/000503357 

Gueguen, L., & Pointillart, A. (2000). The bioavailability of dietary calcium. Journal of the 
American College of Nutrition, 19(2 Suppl), 119S–136S. https://doi.org/10.1080/ 
07315724.2000.10718083 
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