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1.1 Introduction- milk & heat treatment  
Milk is one of the most important sources of nutrients to the mammalian neonate. Therefore, 

bovine milk-based products, like infant formula, whey protein isolate and others, are 

manufactured to meet nutritional requirement for the consumer. Due to its rich nutritional 

components, a variety of microorganisms can grow and multiply quickly in milk, including 

pathogens and spoilage organisms (Oliver, Jayarao, & Almeida, 2005). Public health hazards 

associated with dairy products have been a safety risk until the application of pasteurization to 

inactivate those pathogen (Boor, Wiedmann, Murphy, & Alcaine, 2017). Pasteurization is 

defined as “A microbiocidal heat treatment aimed at reducing the number of any pathogenic 

microorganisms in milk and liquid milk products, if present, to a level at which they do not 

constitute a significant health hazard” (Alimentarius, 2004). Low-temperature, long-time 

pasteurization (LTLT, 63°C/30min) and high-temperature, short-time pasteurization (HTST, 

72°C/15s) are generally used in the dairy industry. Not all spoilage organisms are destroyed 

under such conditions. Therefore, ultra-high temperature processing (UHT, 135-150 °C for 

seconds) in combination with aseptic packaging, or in-container sterilization, can be applied to 

achieve sterilization of milk and milk products, to obtain a long shelf life without the need for 

cold storage.   

Besides nutritional components, milk also contains a broad range of bioactive components that 

protect the neonate against a hostile environment (Stelwagen, Carpenter, Haigh, Hodgkinson, 

& Wheeler, 2009), among which the immune-active proteins play a pivotal role in protecting 

the gut mucosa against pathogens and contribute to the development of the immunity system of 

the neonate (Telang, 2018; Ulfman, Leusen, Savelkoul, Warner, & van Neerven, 2018). This 

protective effect may be direct, through immune-active proteins in milk, but also through 

formation of bioactive peptides during digestion of milk proteins (Madureira, Tavares, Gomes, 

Pintado, & Malcata, 2010; Szwajkowska, Wolanciuk, Barlowska, Krol, & Litwinczuk, 2011). 

However, heat processing may damage the protective activity of bovine milk, as indicated by 

several recent studies. Raw bovine milk showed a better maturational and protective effect on 

the immature intestine of preterm piglets than a pasteurized, spray-dried equivalent, whole milk 

powder or bovine milk protein-based infant formula (Li et al., 2014). Unprocessed cow’s milk 

was reported to show a better protection of infants from common respiratory infections than 

processed milk (Loss et al., 2015). It has been shown that raw milk exhibited the asthma 

protective capacity, while heated milk did not show similar effect (Abbring et al., 2017). Such 

a decrease of biological function of raw milk induced by heat processing is partly ascribed to 
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the damage of proteins, especially bioactive whey proteins. Milk proteins consist of caseins and 

whey proteins. In contrast to caseins, whey proteins are responsible for most of the biological 

activity found in milk. However, most of whey proteins are heat sensitive (Wijayanti, Bansal, 

& Deeth, 2014). Heat induced denaturation, aggregation, hydrolysis, and chemical modification 

(especially Maillard reaction) can all occur as a result of thermal treatment (Cornacchia, 

Forquenot de la Fortelle, & Venema, 2014; Dissanayake, Ramchandran, Piyadasa, & Vasiljevic, 

2013; Gathercole et al., 2017). Proteomic studies on the stability of bovine whey proteins during 

processing showed that many, especially immune-active, proteins were decreased or absent in 

their native form in processed milk (Brick et al., 2017; Zhang, Boeren, et al., 2016). Heat 

processing at  60 °C for 30, 60 or 90 min resulted in denaturation of bioactive proteins in bovine 

colostrum, such as immunoglobulin G, lactoferrin and lactoperoxidase, all to a different degree 

(Shimo, Wu, Ding, Xiong, & Yan, 2015; Tacoma et al., 2017). Although a lot of studies 

investigated thermal denaturation, aggregation, and chemical modification of whey proteins 

during industrial heat processing, it is not well understood how those immune-active proteins 

respond to a more moderate range of heat treatments, and how the resulting changes would 

affect the biological function of these proteins. Additionally, the mechanisms that underlie the 

decrease in native immune-active proteins are not well understood. Detailed determination of 

the changes in immune-active proteins in bovine milk after different heat treatments combined 

with an evaluation of their biological function may help to understand the loss of function of 

these proteins, as noted in actual dairy products. 

1.2 Biological activity of whey proteins from bovine milk  
Whey proteins, accounting for approximately 20% of the total protein amount in bovine milk, 

consist of β-lactoglobulin, α-lactalbumin, bovine serum albumin, immunoglobulin, lactoferrin, 

lactoperoxidase and hundreds of low abundant proteins  (Hettinga et al., 2011; Wijayanti et al., 

2014), which together are involved in multiple biological functions, such as antimicrobial 

activity (Van Hooijdonk, Kussendrager, & Steijns, 2000), immunomodulation (Cross & Gill, 

2000), anti-inflammation (Chatterton, Nguyen, Bering, & Sangild, 2013), enhancement of 

intestinal maturation (Corrochano et al., 2018), improvement of metabolic disease 

(Wirunsawanya, Upala, Jaruvongvanich, & Sanguankeo, 2018). It is therefore extensively used 

as supplement in food products to improve the health status of its consumers, especially for 

infants and elderly, who have a compromised immune system.   
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Figure 1-1 Protein composition and biological function of whey protein as well as commercial application. 
 

One specific immune functionality of interest is the potential allergy-protective effect of whey 

proteins against non-milk allergy, which was explored by several studies in recent years. 

Exposure to farming in early life protected against development of asthma, hay fever, and atopic 

sensitisation in children (Riedler et al., 2001), which was associated with the consumption of 

raw milk (Loss et al., 2011; Perkin & Strachan, 2006; Waser et al., 2007).  Non-pathogenic 

bacteria, unsaturated fatty acids (Brick et al., 2016), microRNA (Kirchner, Pfaffl, Dumpler, von 

Mutius, & Ege, 2016), and immune-active proteins (van Neerven, Knol, Heck, & Savelkoul, 

2012) in raw milk were implied as important factors in this protective function. In a mice model, 

raw milk prevented house dust mite-induced asthma, while heated milk lost this activity, which 

indicates the involvement of heat-sensitive components (Abbring et al., 2017), such as the heat 

labile immune-active proteins. Such a role of  immune-active proteins was addressed in several 

earlier studies. A negative relationship between total and cow's milk-specific IgA levels in 

colostrum and human milk and subsequent development of cow's milk allergy (CMA) in breast-

fed infants was observed (Jêvinen, Laine, Jêvenpêê, & Suomalainen, 2000). IgG immune 

complexes were reported to be involved in protection from asthma, by inducing antigen-specific 

FoxP3+ CD25+ regulatory T cells (Mosconi et al., 2010). Lactoferrin was reported to inhibit 

the IgE-dependent activation of human mast cells that is a key event in allergic reactions (He 

et al., 2003). The potential of LF in human allergic inflammatory disorders by suppressing 

inflammation was also explored (Kruzel, Bacsi, Choudhury, Sur, & Boldogh, 2006). Although 

a lot of indirect evidence suggests the potential of immune-active proteins in the protection of 

allergy, a direct link to specific milk components has not been reported yet.  
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Figure 1-2 Crystal structure of bovine lactoferrin.  Blue: α-helix, purple: β-strand, orange: loop. 
 

All these immune-modulatory activities of whey proteins are contributed to the presence of 

immune-active proteins, such as lactoferrin, lactoperoxidase, immunoglobulins, as well as low 

abundant bioactive proteins (such as superoxide dismutase, osteopontin, cathelindicins, 

lactadherin). Lactoferrin is single polypeptide chain glycoprotein with a molecular weight of 

80 kDa. As one of the most abundant proteins in human milk (1-2 g/l) (Montagne, Cuilliere, 

Mole, Bene, & Faure, 2001), lactoferrin plays a critical role in the immune system, due to 

multiple biological functions, such as delivering iron, and its antibacterial, antifungal and 

immunomodulatory activity. Bovine lactoferrin, which consist of 689 amino acids, shows a 69% 

sequence homology with human lactoferrin and has a similar biological function (Pierce et al., 

1991). The unique physicochemical properties of lactoferrin provided by the three dimensional 

structure contribute to its multiple biological functions. It consists of two symmetric lobes that 

each can bind a single Fe3+ ion (K ∼ 1020 M) in a deep cleft together with two CO2
−3 ions 

between two domains (Fig. 1-2) (Baker & Baker, 2004). This iron-binding capacity is one of 

the underlying mechanisms against bacterial infection. Lactoferrin possesses a high positive 

charge (pI ~ 9), and thus can bind to negatively charged component (like LPS) and to immune 

cells, which is another mechanism by which it can kill bacteria and exert immunomodulatory 

functions. The immunomodulatory activity of lactoferrin on immune cells, especially antigen 

presenting cell, was demonstrated in recent years, stressing the role of lactoferrin in maintaining 

immune homeostasis. It has been shown that recombinant human lactoferrin induced the 

maturation of human dendritic cells (DCs) derived from monocytes (Spadaro et al., 2008). 

Bovine lactoferrin skewed monocyte differentiation into DCs with impaired capacity to 

undergo activation and to promote Th1 responses (Puddu et al., 2011). Dietary bovine 
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lactoferrin altered the capacity of mesenteric lymph node and spleen immune cells to respond 

to stimulation, supporting a role for LF in the initiation of protective immune responses 

(Comstock, Reznikov, Contractor, & Donovan, 2014). The biological activity of lactoferrin can 

be exerted by the intact protein or by the formed bioactive peptides after its digestion (Bruni et 

al., 2016). Due to its low level in bovine milk (around 0.1 mg/ml) compared to human milk 

(around 2 mg/ml) (Donovan, 2016), it was used as a supplement in bovine milk-based infant 

formula or other liquid functional foods, to provide additional protection for immune-

compromised people, although this requires careful processing to prevent its heat-induced 

inactivation. Processing can modify the structure of lactoferrin, but a direct link between these 

structural changes and the corresponding changes of its biological function is lacking.   

Lactoperoxidase (LPO), containing 612 amino acid residues, is the most predominant enzyme 

in bovine milk. It can form the LPO-system with SCN- and H2O2, which can produce an  

antibacterial component (HOSCN), to inactivate microorganisms. The antibacterial activity of 

LPO against pathogens and spoilage microorganisms in different food matrices has previously 

been reported (Björck, 1978; Elliot, McLay, Kennedy, & Simmonds, 2004; Jooyandeh, 

Aberoumand, & Nasehi, 2011). Besides the direct antibacterial activity, an immunomodulatory 

activity of LPO was also demonstrated. For example, LPO markedly suppressed the H2O2-

induced IL-8 secretion in human intestinal epithelial Caco-2 cells (Matsushita et al., 2008) and 

inhibited proliferation and interferon-γ production of ovine blood lymphocytes in response to 

mitogenic stimulation (Wong, Seow, Husband, Regester, & Watson, 1997).   

Immunoglobulins are a family of high molecular weight proteins that share common 

physicochemical characteristics and antigenic determinants (Butler, 1969). Three major classes 

of immunoglobulins (IgG, IgM and IgA) were identified in bovine milk (Korhonen, Marnila, 

& Gill, 2007), which are responsible for conferring passive immunity to neonates. The antigen 

can be recognized by its variable domain, which makes immunoglobulins much more specific 

than other antimicrobial components (Hurley & Theil, 2011). Several very early clinical studies 

showed that enteropathogenic E. coli from the intestine and rotavirus-induced gastroenteritis 

can be eliminated by milk immunoglobulin concentrate (Brüssow et al., 1987; Mietens et al., 

1979). The effect of orally ingested bovine immunoglobulins on gastrointestinal and respiratory 

tract infections were also reviewed (Ulfman et al., 2018). Polymeric immunoglobulin receptor, 

a transmembrane glycoprotein, is a key component of the mucosal immune system that bridges 

innate and adaptive immune defense by mediating the epithelial transcytosis of polymeric IgA 

(Kaetzel, 2005). 
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Table 1-1 Concentration of major whey proteins and several immune-active proteins in bovine mature milk.  
Protein name  Molecular weight (kDa)  Concentration in mature milk (mg/ml) 

β-lactoglobulin 18  3.2  

α-lactalbumin 14  1.2 

Bovine serum albumin 66  0.4 

Immunoglobulin G 150  0.61 

Immunoglobulin A 320  0.14 

Immunoglobulin M 900  0.05 

Lactoferrin 80  0.1 

Lactoperoxidase 77.5  0.03 

Lactadherin 47~52  0.03 

Osteopontin 44  0.02 

Mucin 1 120~225  0.01 

Beta-2-microglobulin  11  0.01 

Xanthine oxidase 275  0.01 

sCD14 35.6  0.007 

Lysozyme 14.3  0.004 

Complement factor B 90  0.002 

Reference : (Rainard, 2002; van Neerven et al., 2012; Wijayanti et al., 2014) 

Low abundant immune-active proteins in bovine milk are drawing more attention recently. For 

example, xanthine oxidase (XO), as a major constituent of the milk fat globule membrane, 

contributes to the antimicrobial barrier and innate immune system (Martin, Hancock, Salisbury, 

& Harrison, 2004). Monocyte differentiation antigen CD14, a 48-kDa polypeptide, may 

participate in modulating the gut immune response by interacting directly with local T and B 

cells, thereby controlling homeostasis in the neonatal intestine (Labéta et al., 2000). The 

complement system, consisting of over 20 different proteins, also plays an important role in 

immune complex clearance, as well as induction and enhancement of antibody responses 

(Korhonen, Marnila, & Gill, 2000). Osteopontin (OPN) is a phosphorylated acidic glycoprotein, 

which showed a wide range of bioactivities, including stimulating brain, intestinal, and 

immunological development (Jiang & Lönnerdal, 2016). Lactadherin is a glycoprotein in milk 

involved in regulation of many biological and physiological processes related to immunity. It 

was reported to promote intestinal DCs development in vivo and in vitro by inducing 

CD3+CD4+CD25+ T cell differentiation and enhancing IL-10 production (Zhou et al., 2010). 

Cathelicidins are a group of structurally diverse antimicrobial peptides, having multiple 

functions including cell proliferation and migration, immune modulation, wound healing, 

angiogenesis and regulating the release of cytokines and histamine (Bals & Wilson, 2003). 
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Those bioactive proteins not only work independently, but also in a synergistic way. The 

combination of LF and the LPO system reduced the mycelial volume of Candida albicans and 

changed the size and shape of cells more than each agent alone (Nakano et al., 2019). Moreover, 

it was demonstrated that the LF-OPN complex promotes proliferation and differentiation of 

intestinal cells significantly more than the individual proteins (Liu, Jiang, & Lönnerdal, 2019). 

IgA can enhance the antimicrobial effect of the lactoperoxidase system against Streptococcus 

mutans (Tenovuo, Moldoveanu, Mestecky, Pruitt, & Rahemtulla, 1982). XO can act together 

with LPO as XO-LPO system to generate more potent antimicrobial agents, and physiologically 

active ROS and RNS that are important mediators in cellular proliferation, differentiation and 

gene expression (Al-Shehri, Duley, & Bansal, 2020). From this perspective, whey proteins, as 

a mixture of many different bioactive proteins, may exert a stronger bioactivity as a whole than 

its constituent proteins. 

1.3 Effect of heat treatment on whey protein 
Milk is a complicated system because it contains all kinds of components, such as proteins, 

lipids, and sugars (Nissen, Bendixen, Ingvartsen, & Rontvedt, 2013). Heating not only result in 

unfolding and aggregation of proteins, but also accelerates the Maillard reaction, which can 

cause numerous chemical modifications of proteins due to its reaction with the milk sugar 

lactose (Anema, 2008a, 2008b; del Angel & Dalgleish, 2006; Donato, Guyomarc'h, Amiot, & 

Dalgleish, 2007; Miyamoto et al., 2009; Singh, 2004; Ye, Anema, & Singh, 2008). Unfolding 

of proteins makes it easier for them to be modified, while chemical modification of proteins 

may further enhance crosslinking of proteins as well as aggregation among whey proteins or 

between whey proteins and casein micelles (Donato et al., 2007). Modification, crosslinking 

and aggregation of proteins may affect its digestion, and thereby cause differences in released 

bioactive peptides (Deglaire et al., 2016; Leeb, Gotz, Letzel, Cheison, & Kulozik, 2015; 

Moscovici et al., 2014). The interaction between those reaction and corresponding 

consequences are showed in Figure 1-3. 
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Figure 1-3 The reactions may occur during heating and the consequences on digestion and biological function. A line 
with arrow: increase; a flat line with a horizontal end: decrease 
 

1.3.1 Heat induced denaturation of whey protein 

One of the most important heat induced changes of whey proteins is its unfolding and 

denaturation. Most whey proteins are globular proteins, which easily lose their native tertiary 

structure upon heating. The denaturation of whey protein can be measured with a variety of 

techniques, such as HPLC, differential scanning calorimetry, circular dichroism, and Fourier 

transform infrared spectroscopy (Wagner, Biliaderis, & Moschakis, 2020). It was reported that 

70 °C is a critical temperature for the denaturation of β-lactoglobulin at the pH of milk, 6.7 (De 

Wit & Swinkels, 1980). Pure α-lactalbumin showed a thermal denaturation temperature with 

an average of 63.7 °C, at the same pH (McGuffey, Epting, Kelly, & Foegeding, 2005). 

Denaturation of lactoperoxidase, measured by loss of activity, showed that only 5.2% of the 

enzyme activity was preserved after it was heated at 70 °C for 5 min (Aprodu, Stănciuc, 

Dumitraşcu, Râpeanu, & Stanciu, 2014). The critical temperature for bovine IgG to change 

secondary structure at neutral pH is 72 °C (Li, Bomser, & Zhang, 2005). 

LF, as one of the main immune-active proteins, is of high interest among all whey proteins. The 

thermal stability of lactoferrin increases with iron saturation, due to the more compact tertiary 

structure of the protein after binding iron (Andersen, Baker, Morris, Rumball, & Baker, 1990; 

Sánchez et al., 1992). The denaturation temperatures of apo-lactoferrin (iron free) and holo-

lactoferrin (iron containing >90%) in aqueous solution are 71±0.2 °C and 91±0.5°C, 

respectively (Bokkhim, Bansal, Grøndahl, & Bhandari, 2013). Heat induced denaturation of 

lactoferrin in simple model systems was measured with various techniques, which showed that 



General Introduction

17

1

 

its stability was highly dependent on pH, ionic strength. There are conflicting reports about the 

effect of pH on the thermal stability of lactoferrin. An early study observed that an acid 

environment could help lactoferrin resist heat-induced changes at 90 °C for 5 min (Abe et al., 

1991). However, a recent study demonstrated that the denaturation temperature of bovine 

lactoferrin and caprine lactoferrin gradually decreased from pH 7.0 to 3.0 (Sreedhara et al., 

2010). Ionic strength was reported to negatively affect iron-binding ability of lactoferrin during 

heat treatment (Kawakami, Tanaka, Tatsumi, & Dosako, 1992). Similarly, it was shown that 

the temperature of maximum heat absorption of the three forms of lactoferrin remained 

consistent within the range of pH 4-7 at very low ionic concentration (Bokkhim et al., 2013).  

Limited information can found about the denaturation of other immune-active proteins in milk. 

Pasteurisation (62.5 °C/30 min) significantly reduces the amount of sCD14 in breast milk 

(Cossey, Jeurissen, Bossuyt, & Schuermans, 2009). Complement component 3 (C3), 

osteopontin, glycosylation-dependent cell adhesion molecule 1, lactadherin (MFGE8), 

polymeric immunoglobulin receptor (PIGR), alpha-1-antiproteinase (SERPINA1), fatty acid-

binding protein, heart (FABP3), and xanthine dehydrogenase/oxidase (XDH) decreased 25%–

85% after pasteurization (65 °C/30 min) and 85%–95% after spray drying (Zhang, Boeren, et 

al., 2016). XDH, PIGR, C3, MFGE8, Fibronectin, Monocyte differentiation antigen CD 14 

showed a decrease of above 10% in UHT, ESL and boiled milk compared with raw milk and 

pasteurized milk (72°C/15s), measured by label-free proteomics (Brick et al., 2017). A more 

detailed measurement of the denaturation of these proteins after different heat treatment at 

relatively low heating temperatures would be useful. Combining the existing denaturation 

kinetics data of the main whey proteins and low abundant whey proteins, 70 °C seems to be a 

critical temperature for heat-induced damage, which is right around the temperature of 

pasteurisation, making it interesting to see how temperatures around 70 °C are able to retain 

proteins.  

1.3.2 Heat induced aggregation between whey proteins  

Protein aggregation, induced by hydrophobic, electrostatic and covalent interaction, affected 

the functional properties of milk proteins (Brodkorb, Croguennec, Bouhallab, & Kehoe, 2016; 

Wijayanti et al., 2014). When skim milk was heated to 90 °C for up to 10 min, the level of 

native whey proteins decreased in parallel with an increase in disulphide-linked complexes, 

including very complex heteropolymers (mainly homopolymers of κ-casein and αs2-casein but 

also some heteropolymeric complexes) as identified by two-dimensional gel-electrophoresis 

combined with MALDI-TOF (Chevalier, Hirtz, Sommerer, & Kelly, 2009). Pure α-LA rapidly 
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aggregated at 95 °C, pH 7.0, as indicated by development of turbidity (McGuffey et al., 2005), 

while it aggregates more easily in the presence of β-LG (de la Fuente, Singh, & Hemar, 2002). 

This indicates that thermal behaviour of proteins when heated in a protein matrix differs from 

that when heated alone, due to the interaction between proteins. 

Association of immunoglobulin G (IgG) with other whey proteins during heating was 

investigate in a recent study (Bogahawaththa, Chandrapala, & Vasiljevic, 2017). When IgG was 

heated with other whey proteins (β-LG, α-LA and BSA) at 100°C for 30 s, thiol-disulphide 

interchange occurred. BSA did not form covalent complexes with IgG in the absence of β-LG 

and α-LA when heated at the 100 °C for 30 s, indicating that BSA is not actively interacting 

with other proteins. 

Compared to denaturation, thermal aggregation of lactoferrin was relatively less investigated. 

Apo-lactoferrin formed disulphide linked and non-covalently linked aggregates from 60 °C, 

while holo-lactoferrin formed disulphide linked aggregates above 80 °C (Brisson, Britten, & 

Pouliot, 2007b). Thermal aggregation of lactoferrin with whey proteins was shown to occur in 

LF-enriched milk (Brisson, Britten, & Pouliot, 2007a). LF significantly influenced the 

structural properties of whey protein gels through hydrophobic interactions and disulphide 

bonds, which were highly dependent on pH and the structural properties of LF (Li & Zhao, 

2018). However, a detailed investigation about the aggregation between lactoferrin and whey 

protein and the underlying mechanisms have not yet been performed, which could help to 

optimize the heat processing of lactoferrin in a complicated matrix, to better retain lactoferrin 

in its native form.  

1.3.3 Heat induced changes in digestion of whey proteins 

Above mentioned modifications induced by heating can affect many of physicochemical 

properties of whey proteins, but especially the digestion of protein (van Lieshout, Lambers, 

Bragt, & Hettinga, 2019). Protein digestion may be influenced by various physicochemical 

changes, such as unfolding, chemical modification and aggregation, which are depending on 

the heating intensity. This probably explains the conflicting results presented about the effect 

of processing on digestion of milk in scientific literature. For example, raw milk was reported 

to be digested significantly faster with human proteolytic enzymes than heat-treated milk, 

probably due to the structural changes in the proteins caused by denaturation and aggregation 

of the whey proteins during heat treatment (Almaas et al., 2006). However, some studies 

showed no differences in digestion between raw and processed milk (Wada & Lonnerdal, 2015). 
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Milk heated at higher temperatures showed softer coagulum and higher protein hydrolysis at 

the end of digestion (Mulet-Cabero, Mackie, Wilde, Fenelon, & Brodkorb, 2019). Digestion of 

lactoferrin by trypsin was affected by pasteurisation, as shown by mapping and tracking the 

pepsin-driven release of peptides from the lactoferrin over the course of the digestion 

(Moscovici et al., 2014). An in vitro gastric digestion of heat-induced aggregates of β-

lactoglobulin showed that high-molecular-weight non-native aggregates were digested 

relatively rapidly, whereas some of the non-native dimers showed similar resistance to digestion 

as native monomers (Peram, Loveday, Ye, & Singh, 2013). A high protein concentration during 

heating led to the formation of larger whey protein aggregates, which showed a slower 

degradation rate (Zhang & Vardhanabhuti, 2014). Taken together, data shows that the effect of 

heating on digestion through denaturation and aggregation depends on the specific heat load 

applied. 

Non-enzymatic posttranslational modifications of proteins generally reduce its digestibility. 

Blockage of the ε-amino groups of Lys residues by Maillard reaction hindered tryptic digestion 

as well as the action of other digestive enzymes, thereby impairing protein digestibility (Rérat, 

Calmes, Vaissade, & Finot, 2002). Lactosylated proteins induced by heating were found to 

resist hydrolysis by proteases in a model system (Dalsgaard, Nielsen, & Larsen, 2007). Maillard 

reaction products of lactoferrin have different enzymatic cleavage patterns and peptide 

formation compared to native lactoferrin (Moscovici et al., 2014). Although there are negative 

effects of glycation on digestibility, these reactions hardly occur during mild heat treatment in 

an aqueous system.  

 

1.3.4 Heat induced changes in biological activity of whey protein 

The biological activity of whey proteins may be changed upon heating, due to the different 

changes that can occur to the native proteins, which e.g. have already been tested in bacterial 

growth experiments, in vitro immune cell models, and animal model studies.  

An often studied biological activity associated with whey proteins is its bacteriostatic activity. 

Heating was generally shown to decrease the bacteriostatic activity of whey proteins. Even heat 

treatments as mild as holder pasteurization were previously shown to adversely affect the 

bacteriostatic properties of human milk, which was associated with reduced levels of lysozyme, 

secretory IgA, lactoferrin, lactoperoxidase and sCD14 (Christen, Lai, Hartmann, Hartmann, & 

Geddes, 2013; Van Gysel, Cossey, Fieuws, & Schuermans, 2012). The antibacterial activity of 

bovine lactoferrin against food pathogens was decreased after it had been heated at 85 °C for 
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10 min (Conesa et al., 2010). Another study showed that an active LPO system greatly increased 

the keeping quality of milk pasteurized at 72 °C/15 s by inhibiting spoilage microflora, but had 

little effect in milks heated at 80 °C/15 s due to the inactivation of LPO at 80 °C (Marks, 

Grandison, & Lewis, 2001). The capacity of bovine whey to inhibit rotavirus infection in 

MA104 cells was not affected by treatment at 75 °C for 20 s, but decreased after heating at 

85 °C for 10 min (Parrón et al., 2016).  

Compromised intestinal barrier function plays a major role in the pathogenesis of NEC 

(Halpern & Denning, 2015) and food allergy (Sicherer & Sampson, 2010). Premature infants 

have impaired epithelial barrier function compared to term infants, which may be improved by 

supplementation of native whey proteins in a piglet model (De Vos et al., 2014). Heating 

decreased the intestinal integrity enhancing activity of whey protein. It was reported that 

industrial processing (pasteurization, filtration, spray-drying) of whey protein concentrate 

(WPC) affected intestinal structure, function, and integrity when included in formulas fed to 

preterm piglets (Li et al., 2013). Low-heat-treated WPC, especially when derived from acid 

whey, enhanced proliferation and cytokine response of intestinal epithelial cells, due to higher 

levels of bioactive proteins, such as lactoferrin and transforming growth factor-β2 (Nguyen, 

Sangild, Li, Bering, & Chatterton, 2016). A formula based on mildly pasteurized (73 °C/30 s) 

WPC limited gut inflammation and stimulated gut maturation in preterm and near-term piglets, 

compared to extensively heated (73 °C/30 s + 80 °C/6 min) WPC (Navis et al., 2020).  

Another earlier discussed function of milk proteins is related to the allergy protection of raw 

milk as has been shown in several epidemiological and animal studies (Loss et al., 2011; 

Sozańska, Pearce, Dudek, & Cullinan, 2013), which was speculated to be partly associated with 

the presence of immune-active proteins, possibly due to their anti-inflammatory and 

immunomodulatory activity.  Heat induced loss of allergy protection of raw milk may have 

been due to denaturation of those immune-active proteins (Abbring et al., 2017), because most 

of the immune-active proteins in milk are heat-labile (Brick et al., 2017; Zhang, Boeren, et al., 

2016). Although there is ample indirect evidence for this effect, the direct evidence for 

elucidating the contribution of individual whey proteins in the allergy protective activity still 

needs to be provided, where especially which whey protein is involved in the protection remains 

to be addressed. Besides, how the raw milk can be mildly processed to preserve the allergy 

protective capacity while at the same time ensuring microbiological safety is great of 

importance. Generally, heat-induced changes to physicochemical properties and biological 

function of immune-active protein still needs to be studied in more detail.  
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1.4 Proteomic analysis on heat-induced changes of milk protein 
Identification and characterization of low abundant milk proteins was a challenge until the 

application of proteomics techniques, varying from identification of the basic composition of 

milk proteins to their post-translational modifications, which increased the range of proteins we 

can detect. Combination of centrifugation and filter-aided separation preparation was shown to 

yield higher rates of protein identification. This method was used to compare the proteome 

between human milk and bovine milk (Hettinga et al., 2011). After that, identification and 

quantification of milk fat globule membrane proteome was done (Lu et al., 2011). The 

measurement of the dynamic changes of the proteome of both human milk and bovine milk 

were followed (Zhang et al., 2015a; Zhang et al., 2015b; Zhang, de Waard, et al., 2016).  

The effect of processing on the whey protein proteome were also characterized by a 

combination of acid precipitation to remove denatured/aggregated proteins, combined with 

identification and quantification of proteins by LC-MS/MS. The damage of industrial 

processing (freezing, spray drying and pasteurization) on immune-active milk serum proteins 

in different species was analysed by proteomics (Zhang, Boeren, et al., 2016). Another study 

showed that a heat treatment of 80 °C for 60 min significantly affected bovine whey proteins, 

as measured by LC–MS/MS following electrophoresis (Felfoul, Jardin, Gaucheron, Attia, & 

Ayadi, 2017). Brick et al. (Brick et al., 2017) found that 23 proteins were reduced by heating 

after comparing the native milk serum proteome between raw cow’s milk and various 

industrially applied processing methods, i.e., homogenization, fat separation, pasteurization, 

ultra-heat treatment (UHT), treatment for extended shelf-life (ESL) and conventional boiling.  

Heating colostrum at 60 °C for 0 (untreated control), 30, 60, or 90 min showed that up to 62 

proteins differed in abundance in heat-treated samples compared with the unheated control, 

which included immune active proteins, like lactadherin, chitinase-3-like protein 1, and 

complement component C9 (Tacoma et al., 2017).  

Chemical modifications due to heating of proteins can also be analysed by LC-MS/MS. For 

example, lactosylation of milk proteins in different milk products was identified and quantified 

(Le, Deeth, Bhandari, Alewood, & Holland, 2012, 2013; Milkovska-Stamenova & Hoffmann, 

2016; Rauh et al., 2015). Disulphide bond identification and rearrangement between milk 

proteins induced by heating or other harsh treatments was mapped by proteomics (Creamer et 

al., 2004; Lowe et al., 2004; Rombouts et al., 2015). 
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Although there is an increasing application of proteomics for quantification of milk proteins, 

most studies focused on the identification and comparison of proteome from different species. 

Although several studies compared the effect of industrial processing on whey protein proteome, 

detailed information about how different mild heat treatments, i.e. within the pasteurization 

range, affects the immune-active proteins, is still to be discovered. The results of such research 

can help to optimize the preservation of immune-active proteins, through mild heat treatment.  

1.5 Aim and outline of this thesis 
The above mentioned heat induced changes of whey protein were often investigated for 

different proteins separately, and mainly focused on the abundant whey proteins, neglecting the 

contribution of low-abundant immune-active proteins. A systematic and comprehensive 

investigation of heat-induced changes in those low-abundant proteins and their corresponding 

biological functions is lacking. The aim of the project is thus to study the effect of heat 

processing, within the pasteurization temperature range, on immune-active proteins in milk 

from the perspective of protein denaturation and aggregation, and connecting these 

modifications to digestibility and biological function.  

 

Figure 1-4 Outline of the experimental design of the different chapters of this thesis.  
 

The general experimental design is shown in Figure 1-4. To get more insights in the interaction 

of lactoferrin with each of major whey proteins, the aggregation and disulphide bond 

rearrangement of lactoferrin with β-lactoglobulin, α-lactalbumin, and bovine serum albumin 

were studied in Chapter 2. After the role of disulphide bond interchange between the abundant 

whey proteins was determined, the next step was to study the interaction between lactoferrin 
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and whey proteins as a whole. In addition, the effect on the digestibility and bacteriostatic 

activity ensuing from these changes was investigated in Chapter 3, to obtain more detailed 

insights into heat-induced changes of lactoferrin in a milk serum matrix. In addition to 

lactoferrin, there are more bacteriostatic proteins present in whey. To establish a direct 

relationship between denaturation of immune-active proteins globally and bacteriostatic 

activity, the changes of these proteins and bacteriostatic activity of milk after heating was 

investigated in Chapter 4. Besides bacteriostatic activity, whey proteins are linked to many 

more biological functions, of which the allergy protective effect is a highly relevant one. To 

determine the mechanistic relation between heat damage to whey proteins and allergy 

development, and gain more insight in the actual whey protein(s) involved in the allergy-

protective effects of raw cow’s milk, the change of immune-active proteins and allergy 

protective activity of milk after different heating intensities was investigated Chapter 5. Finally, 

the results of this thesis were discussed from a holistic perspective in Chapter 6. This research 

has contributed to new knowledge on the effect of mild heat treatments on immune-active 

proteins in general and lactoferrin in particular. Such knowledge is beneficial for the production 

of milk products that have improved immunological functionality, like infant formula. Based 

on this thesis, an improved heat treatment for preservation of bacteriostatic activity and allergy 

protective activity of immune-active proteins may be developed. 
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CHAPTER 2.
Aggregation and disulphide bond interchange of lactoferrin with 

major whey proteins during heat treatment

This chapter is based on:

Xiong, L., Liu, J., Boeren, S., Vervoort, J., & Hettinga, K. (2020). Aggregation and disulphide 
bond interchange of lactoferrin with major whey proteins during heat treatment. In preparation
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Abstract 
Lactoferrin is an important immune-active protein in milk. Upon heating of milk, e.g. during 

pasteurization, the physicochemical characteristics of lactoferrin are modified, leading to, 

amongst others, aggregation. Lactoferrin can aggregate with whey proteins during heat 

treatment, but the exact mechanisms underlying this aggregation are not clear. The present 

study aims to determine the thermal behaviour of lactoferrin in the presence of β-lactoglobulin 

(β-LG), α-lactalbumin (α-LA), and bovine serum albumin (BSA), which are the three most 

abundant whey proteins in bovine milk. SDS-PAGE and LC-MS/MS were applied to 

characterize the thermal aggregation characteristics of lactoferrin. Upon heating of lactoferrin 

in the absence or presence of β-LG, α-LA or BSA, changes in the physicochemical 

characteristics of LF aggregation were observed. Lactoferrin, in the absence of these proteins 

showed disulphide linked aggregation at elevated temperatures (65 °C or above). This 

aggregation was not significantly affected by the presence of α-LA or BSA, but was accelerated 

by the presence of β-LG. This aggregation was shown to be related to intra- and intermolecular 

disulphide bond formation of LF and β-LG. The free cysteine group of  β-LG was proposed to 

be the catalyst for reduction and rearrangements of the disulphide bonds. Cys36, Cys45, Cys115, 

Cys198, Cys405, Cys457, Cys515, Cys573 and Cys647 residues formed 36 different disulphide 

bonds in 47 different crosslinked peptides between lactoferrin molecules (inter- and 

intramolecular disulphide bonds). Among these cysteines, except for Cys647, the same 

cysteines from lactoferrin formed 9 different disulphide bonds with Cys60 and Cys160 from β-

LG in 21 heterologous crosslinked peptides (intermolecular disulphide bonds). 

Keywords: Lactoferrin, whey protein, thermal aggregation, disulphide bond rearrangement, 

cysteine 
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2.1 Introduction 
Lactoferrin is an important protein in milk, which is involved in protection of neonates from 

infectious processes (Telang, 2018). As a consequence, lactoferrin is extensively used as an 

ingredient in infant foods as well as other functional foods. Heat treatments (e.g. pasteurization, 

sterilisation) are generally applied in dairy processing to guarantee microbial safety and to 

extend shelf life. However, such heat treatments can also induce changes to proteins, thereby 

influencing their biological activity. Disruption of disulphide bonds, followed by formation of 

non-native intra- and intermolecular disulphide bonds is one of the possible heat-induced 

changes, which could contribute to the formation of protein aggregates. Disulphide bond 

rearrangements can affect the biological function of a protein by the resulting irreversible 

protein denaturation, which can also lead to changes in functional properties, including 

emulsifying, foaming, and gelling properties (Havea, Carr, & Creamer, 2004; Mounsey & 

O’Kennedy, 2007; Nguyen, Wong, Fanny, Havea, & Anema, 2012; Visschers & de Jongh, 

2005). Lactoferrin (LF, approximately 0.1 g/L in bovine milk) contains 17 disulphide bonds 

which play an important role in stabilizing its structure (Pierce et al., 1991). Lactoferrin does 

not have a free cysteine group. Disulphide linked aggregation of lactoferrin with itself and with 

other milk proteins was observed in earlier studies upon heating, like during pasteurization 

(Brisson et al., 2007a, 2007b). Next to LF, other abundant whey proteins are β-lactoglobulin 

(β-LG, approximately 3.2 g/L), α-lactalbumin (α-LA; approximately 1.2 g/L) and bovine serum 

albumin (BSA; approximately 0.4 g/L) (Raikos, 2010). Of these, β-LG has 2 disulphide bonds 

and one free sulfhydryl group (Creamer et al., 2004), α-LA contains 4 disulphide bonds and no 

free sulfhydryl group (Ewbank & Creighton, 1993), and BSA contains 17 disulphide bonds and 

one free sulfhydryl group (Rombouts et al., 2015). Heat induced aggregation of β-LG, α-LA , 

BSA, and other whey proteins involves sulfhydryl (–SH)/disulphide (S–S) interchange 

reactions (Wijayanti et al., 2014). Generally, thermal aggregation of these proteins is enhanced 

when these proteins are heated together, as compared to them being heated alone. BSA and β-

LG could enhance the heat-induced incorporating of α-LA into both disulphide-bonded and 

hydrophobically associated aggregates (Havea, Singh, & Creamer, 2000; Schokker, Singh, & 

Creamer, 2000). In a whey protein concentrate heated at 75 °C, BSA formed disulphide-bonded 

strands faster than β-LG thereby catalysing the aggregation of α-LA (Havea, Singh, & Creamer, 

2001). When heating β-LG and BSA in different ratios, at a protein concentration of 10%, the 

gelling behaviour of the mixture was dependent on the predominant protein in the mixture 

(Gezimati, Singh, & Creamer, 1995). Therefore, these proteins may also affect aggregation of 
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lactoferrin when they are heated in a mixture, which has hardly been studied yet. LF was 

reported to enhance the denaturation of β-LG when heated at 67.5-80 °C, indicating that an 

interaction occurred between LF and β-LG (Halabi et al., 2020).We found that β-LG accelerated 

heat-induced disulphide linked aggregation of LF in a previous study (Chapter 3). However, 

the exact mechanisms of this heat-induced aggregation were not reported yet. Also, the role of 

α-LA and BSA in the thermal aggregation of lactoferrin with whey proteins is not clear.  

To characterize disulphide bond rearrangements in proteins, mass spectrometry-based 

techniques have been applied in recent years (Lakbub, Shipman, & Desaire, 2018; Rombouts 

et al., 2015). For example, when β-LG was heated without other proteins present, the Cys160-

Cys66 disulphide bond was broken with concurrent reduction of the Cys160 side chain in heated 

β-LG aggregates (Creamer et al., 2004; Zhan, Liu, Xie, Xiong, & Nie, 2018). When a mixture 

of β-LG and κ-casein was heated, Cys160 from β-LG was covalently linked to Cys88 from κ-

casein, indicating that Cys160 tended to participate in intermolecular disulphide bond formation. 

Cys160 is in a disulphide bond with Cys66 in the native β-LG molecule. This disulphide bond 

was proposed to be reduced (as also found for β-LG heated alone), after which Cys160 could 

crosslink with Cys88 from κ-casein. This reduction of the disulphide bond of Cys160-Cys66 

was probably due to intramolecular thiol-disulphide exchange reactions of β-LG preceding the 

reaction of Cys160 with Cys88 of κ-casein (Lowe et al., 2004). A recent study by us showed 

that lactoferrin accelerated aggregation of β-LG compared to when it was heated alone, which 

was associated with sulfhydryl/disulphide interchange (Chapter 3). Therefore, the 

rearrangement of disulphide bonds between lactoferrin and β-LG may be different from when 

lactoferrin is heated alone. The identification of disulphide bonds interchange among proteins 

is useful for better characterizing the heat-induced changes in protein structure, thereby 

enabling better insights into the effect of heat treatment on functionality of these proteins. In 

the current study, we demonstrate the heat-induced aggregation of lactoferrin with β-LG, α-LA, 

and BSA, and address the rearrangement of intra- and intermolecular disulphide bonds in the 

aggregates of LF and β-LG in isolation, and in a mixture of LF and β-LG. 

2.2 Material and methods 
2.2.1 Material  

Bovine lactoferrin were provided by FrieslandCampina Ingredients (Vivinal Lactoferrin; 

estimated purity, 95%; iron saturation: 9%; ash: 0.5%; Veghel, the Netherlands). β-LG (L3908), 
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α-LA (L5385) and BSA (05470) were purchased from Sigma-Aldrich (Sigma-Aldrich, St. 

Louis, Missouri, US).   

2.2.2 Sample preparation and heat treatment 

Milk ultrafiltrate was used to simulate the aqueous environment of milk, which was prepared 

according to the following method. Raw milk was centrifuged at 1500g for 20 minutes at 4 °C 

to remove the fat, followed by ultracentrifugation at 100,000g for 90 min at 30 °C to precipitate 

casein, thereby obtaining milk serum. Milk serum was filtered through a 0.2 µm filter, and was 

then ultra-filtered by a 3 kDa tube to get the permeate, which was the milk ultrafiltrate. The 

milk ultrafiltrate was loaded on an SDS-PAGE gel to check for the absence of the whey proteins. 

The concentration of lactoferrin used was 1 mg/ml according to the maximum level allowed by 

the Novel Food and GRAS regulations in the EU (https://eur-

lex.europa.eu/eli/dec_impl/2012/727/). These three whey proteins, β-LG, α-LA and  BSA, were 

dissolved in milk ultrafiltrate at 3.2 mg/ml, 1.2 mg/ml, and 0.4 mg/ml, respectively, 

corresponding to their concentrations in bovine milk (Raikos, 2010). Finally, 8 different 

samples, all including LF, were prepared: LF alone, two proteins model system (3 groups: 

LF+α-LA, LF+β-LG, LF+BSA), three or four proteins model system (4 groups: LF+α-LA+β-

LG, LF+α-LA+BSA, LF+β-LG +BSA, LF+α-LA+β-LG+BSA). In the meantime, 7 control 

model systems without LF were prepared, single protein model system (3 groups: α-LA, β-LG, 

BSA),and two or three proteins model system (4 groups: α-LA+β-LG, α-LA+BSA, β-LG+BSA, 

α-LA+β-LG+BSA). Aliquots (1.0 mL) of sample solutions were transferred into 15 mL plastic 

centrifuge tubes which were covered with caps and heated in shaking water baths for 30 min at 

55, 60, 65, 70, 75, 80, 85, 90 °C (for single or two proteins model systems), or 65, 75 and 85 °C 

(for three or four proteins model systems). After heating, the samples were rapidly cooled to 

room temperature in ice water for further analysis.  

2.2.3 SDS-PAGE 

The protocol of SDS-PAGE in both reducing and non-reducing condition was according to our 

previous publication (Xiong, Li, Boeren, Vervoort, & Hettinga, 2020a). 

2.2.4 Free thiol group by DTNB 

The measurement of free sulfhydryl was based on the DTNB method with some modifications 

(Riddles, Blakeley, & Zerner, 1979). First, 4 mg of Ellman’s Reagent (Thermo Fisher Scientific, 

Massachusetts, United States) was dissolved in 1 mL of reaction buffer (0.1M sodium 

phosphate, pH 8.0, containing 1mM EDTA). Then, 250 μL sample was added into the tube 
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containing 50 μL of Ellman’s Reagent solution and 2.5 mL of the reaction buffer. As a blank, 

250 μL of reaction buffer was added to a separate test tube. All the samples were mixed and 

incubated at room temperature for 15 minutes, after which the absorbance of each sample was 

measured at 412 nm with a spectrophotometer (Agilent Technologies, California, US). The 

concentrations of sulfhydryl in the samples were calculated according to the formula =  , 

where C = concentration in moles/liter (=M), A = absorbance, b = path length in centimeters,  

E = molar extinction coefficient of TNB (14,150 M-1cm-1). 

2.2.5 LC-MS/MS 

β-LG, LF and LF+β-LG samples heated at 85 °C were used to determine which cysteines of LF 

and β-LG participated in the formation of non-native disulphide bonds. For this, non-reducing 

SDS-PAGE (prepared as described before), in-gel digestion, and LC-MS/MS were combined. 

To collect all the disulphide-linked aggregates involving lactoferrin, lanes above (including) 

the monomeric lactoferrin band (80 kDa) were cut out and sliced into small pieces of about 1 

mm2 with a clean scalpel and then transferred into 2 mL centrifuge tubes. To the sliced gel 

pieces, 50 µL freshly prepared trypsin in bicinchoninic acid (ABC) solution (5 ng/µL in ABC) 

was added, after which sufficient ABC was added to cover all the gel pieces, then incubated at 

45 °C for 2 hours. The peptide fraction was cleaned up with a C18 µColumn according to a 

previous study (Dingess et al., 2017). 

The LC-MS/MS parameters are described as followed. One microliter of the peptide samples 

were loaded directly onto a 0.10 *  250 mm ReproSil-Pur 120 C18-AQ 1.9 µm beads analytical 

column (prepared in-house) at a constant pressure of 800 bar with 1 ml/L HCOOH in water and 

eluted at a flow of 0.5 µL/min with a 50 min linear gradient from 9% to 34% acetonitrile in 

water with 1 ml/L formic acid with a Thermo EASY nanoLC1000. An electrospray potential 

of 3.5 kV was applied directly to the eluent via a stainless steel needle fitted into the waste line 

of the micro cross that was connected between the pump and the analytical column. Full scan 

positive mode FTMS spectra were measured between m/z 380 and 1400 on a Q-Exactive HF-

X (Thermo electron, San Jose, CA, USA) in the Orbitrap at high resolution (60000). MS and 

MSMS AGC targets were set to 3×106, 50000 respectively or maximum ion injection times of 

50 ms (MS) and 25 ms (MSMS) were used. HCD fragmented (Isolation width 1.2 m/z, 24% 

normalized collision energy) MSMS scans of the 20 most abundant 2-5+ charged peaks in the 

MS scan were recorded in data dependent mode (threshold 1.2×105, 15 s exclusion duration for 

the selected m/z +/- 10 ppm). LC-MS runs with all MSMS spectra obtained were analysed with 
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MaxQuant 1.6.3.4 (Cox & Mann, 2008) using the “specific” digestion mode and further default 

settings for the Andromeda search engine (first search 20 ppm peptide tolerance, main search 

4.5 ppm tolerance, MSMS fragment match tolerance of 20 ppm). Variable modifications were 

set for protein N-terminal acetylation and M oxidation, which were completed by non-default 

settings for de-amidation of  N and Q, and the maximum number of modifications per peptide 

was 5 (Cox et al., 2011). nLC-MS/MS system quality was checked with PTXQC (Bielow, 

Mastrobuoni, & Kempa, 2016) using the MaxQuant result files. 

For the crosslinked peptides, the theoretic monoisotopic molecular weight can be calculated by 

equation 1. For crosslinked peptides with two disulphide bonds, equation 2 was employed. For 

self-loop-linked peptides, equation 3 was employed.  

M_cp=M_1+ M_2 – (2×1.0078)        Equation 1 

M_cp=M_1+ M_2 – (4×1.0078)       Equation 2 

M_cp=M_r – (2×1.0078)                  Equation 3 

M_cp : monoisotopic molecular weight of crosslinked peptide  

M_r : monoisotopic molecular weight of self-loop peptide  

M_1 : monoisotopic molecular weight of peptide 1 

M_2 : monoisotopic molecular weight of peptide 2  

Thermo Xcalibur and MaxQuant were used to analyse the MS/MS raw data, while pLink 2, 

which can be downloaded at http://pfind.ict.ac.cn/software/pLink/index.html, was used to 

search for potential disulphide crosslinked peptides (Chen et al., 2019). The difference of 

monoisotopic molecular weight of potential crosslinked peptides and theoretical monoisotopic 

molecular weight should be within 10 ppm. MS/MS spectra of all potential crosslinked peptides 

were manually checked.  

2.2.6  Data analysis 

All experiments were performed at least in duplicate. Multiple comparisons of means was 

performed with SPSS statistics 25. ANOVA with Tukey's HSD for post-hoc testing was used 
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to identify which treatments were significantly different, based on p<0.05. Data were presented 

as mean ± standard deviation of replicates. 

2.3. Results & Discussion 
2.3.1 Disulphide linked aggregation of lactoferrin with α-LA, β-LG or BSA 

 

Figure 2-1 Non-reducing SDS-PAGE of lactoferrin heating with α-LA, β-LG or BSA .  
Note: LF (A) , LF+α-LA (B),  LF+β-LG (C), LF+BSA (D), LF+α-LA+β-LG (E), LF+α-LA+BSA (F), LF+β-LG+BSA 

(G), LF+α-LA+β-LG+BSA (H). Red rectangles represented bands of large aggregates. Arabic numbers represented 

heating temperatures (°C). Capital letter M represented per-stained marker and capital letter; N represented unheated 

protein sample. 

2.3.1.1 Lactoferrin heated without α-LA, β-LG or BSA.  

When LF was heated alone, an apparent decrease of the intensity of the LF band was observed 

when  the heating temperature was above 65 °C (Fig. 2-1A). In addition, large aggregates were 

observed at elevated temperatures. Both the decrease of the LF band intensity upon heating and 

the concomitant observation of large aggregates was not found in the reducing gel of LF 

(Supplementary Fig.2-1), indicating that the aggregates were linked by disulphide bonds. 

Some monomeric lactoferrin remained at elevated temperatures (90 °C). The iron saturation of 

the lactoferrin used in our study was about 9%, indicating that the protein was a mixture of apo-

lactoferrin, mono-ferric lactoferrin and holo-lactoferrin. The denaturation temperature of apo-

lactoferrin and holo-lactoferrin were previously found to be around 61°C and 91°C, respectively 

(Bokkhim et al., 2013).  Unfolding of the LF molecule is the initial step for covalent and non-

covalent aggregation (Wang, Nema, & Teagarden, 2010). Holo-lactoferrin may still be in its 
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native form after heating at 90 °C for 30 min, which can explain the occurrence of aggregates 

(from apo- and mono-ferric lactoferrin) from 65 °C onwards, while this process is still not 

occurring at 90 °C for holo-lactoferrin. 

2.3.1.2 Lactoferrin heated in the presence of α-LA 

When lactoferrin was heated with α-LA (Fig. 2-1B), the monomeric LF showed an apparent 

decrease in intensity as temperature increased from 60 °C to 85 °C, which appears to be similar 

to the sample where LF was heated alone. It was previously reported that no self-aggregation 

of α-LA occurred, even after being heated at 90 °C for 24 min in milk ultrafiltrate, based on 

size exclusion chromatography (Calvo, Leaver, & Banks, 1993). A study on heat-induced 

structural changes of α-LA demonstrated that reshuffling of disulphide bonds occurred above 

90 °C, resulting in the irreversible denaturation of α-LA (McGuffey et al., 2005). This explains 

why no differences in intensity of monomeric α-LA were observed when it was heated below 

90 °C. In conclusion, owing to the lack of free sulfhydryl groups and its high heat stability, α-

LA can hardly influence the heat-induced aggregation of LF in the temperature range 55-85 °C. 

2.3.1.3 Lactoferrin heated in the presence of β-LG 

When LF was heated with β-LG (Fig. 2-1C), an obvious decrease of monomeric LF occurred 

after heating at 65 °C, and LF completely disappeared when temperatures were ≥70 °C, whereas 

the band of monomeric β-LG decreased from 80 °C onwards, suggesting that aggregation 

between LF and β-LG mainly occurred at 65-70 °C, whereas the self-aggregation of β-LG 

started from 80 °C. Accordingly, large aggregates in the sample were observed. Oldfield’s two-

stage mechanism describing heat-induced aggregation of β-LG could explain the formation of 

large aggregates when heating LF+β-LG samples at 60 °C (Oldfield, Singh, Taylor, & Pearce, 

1998). In the first stage, owing to the exposure of the free sulfhydryl group on the surface of β-

LG, intra- and intermolecular disulphide bonds formation can be initiated, which increases with 

elevated temperatures due to the increased entropy. Therefore, β-LG facilitated the heat-

induced disulphide linked aggregation of LF due to the presence of the free thiol group within 

the β-LG molecule.   

2.3.1.4 Lactoferrin heated in the presence of BSA 

When LF was heated with BSA (Fig. 2-1D), as the temperature increased, LF monomers 

diminished in intensity, while large aggregates appeared. However, the aggregation of LF was 
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similar to when it was heated alone. Aggregation of BSA in the presence of LF was also similar 

to when it was heated alone (Supplementary Figure 2-1). These results indicate that LF and 

BSA do not affect the each other’s response to heating.  

2.3.1.5 Lactoferrin heated in the presence of α-LA, β-LG and BSA 

When lactoferrin was heated with a combination of two proteins among α-LA, β-LG and BSA, 

or with all these three proteins together (Fig. 2-1E-H), the role of α-LA, β-LG and BSA in the 

combined model systems could be evaluated. The results of these model systems showed that 

α-LA was not the driving force for the disulphide linked aggregation, by comparing the results 

from LF+β-LG (Fig. 2-1C) with LF+α-LA+β-LG (Fig. 2-1E), and LF+BSA (Fig. 2-1D) with 

LF+α-LA+BSA (Fig. 2-1F). A similar result was found for BSA, by comparing LF+α-LA (Fig. 

2-1B) with LF+α-LA+BSA (Fig. 2-1F), and LF+β-LG (Fig. 2-1C) with LF+β-LG+BSA (Fig. 

2-1G), indicating that BSA was also not a driving factor for the disulphide linked aggregation, 

even though it has a free sulfhydryl group. Obvious differences, on the other hand, were 

observed when β-LG was present. Comparing LF+α-LA (Fig. 2-1B) with LF+α-LA+β-LG (Fig. 

2-1E), it can be observed that monomeric LF dramatically decreased at 65 °C in the presence 

of β-LG, similar to LF+β-LG (Fig. 2-1C). Additionally, a decrease of monomeric α-LA was 

shown in the presence of β-LG, which was different from LF+α-LA (Fig. 2-1B), indicating that 

β-LG also induced the aggregation of α-LA. Comparing LF+BSA (Fig. 2-1D) with LF+β-

LG+BSA (Fig. 2-1G), a similar decrease of monomeric LF was observed in the presence of β-

LG as was found for LF+β-LG (Fig. 2-1C). The response of LF, α-LA, and BSA to heating in 

our model system with all four proteins, LF+α-LA+β-LG+BSA (Fig. 2-1H), was similar to all 

two and three protein model systems that included β-LG. Comparing all models systems, it is 

evident that the presence of β-LG had the largest influence on the heat-induced aggregation of 

LF. Although it was previously shown that BSA, due to its free sulfhydryl group, can induce 

the aggregation of α-LA (Calvo et al., 1993), a similar effect for LF was not seen in our 

experiments, possibly due to the low BSA protein concentration in our model systems. In 

particular, the concentration of β-LG (3.2 mg/mL) was much higher than that of BSA (0.4 

mg/mL), which, combined with the lower molecular weight of β-LG compared to BSA, led to 

a free sulfhydryl group concentration of β-LG containing model systems being almost 28 times 

higher. This may therefore partly explain why no significant decrease of monomeric α-LA was 

seen for LF+α-LA+BSA (Fig. 2-1F) and α-LA+BSA (Supplementary Fig. 2-1). In summary, 



Aggregation and disulphide bond interchange of lactoferrin with whey proteins

35

2

 

β-LG not only facilitated aggregation of LF, but also enhanced the involvement of α-LA and 

BSA in the aggregates formed at higher temperatures.  

2.3.2 Concentrations of free thiol groups in the  samples 
Table 2-1 Sulfhydryl group content of samples 

Sulfhydryl group content /(umol/g) 

Sample Native 65°C 75°C 85°C 

LF 

LF+α-LA   

ND 

ND 

0.81±0.35a 

1.65±2.71a 

ND 

ND 

0.93±1.86a 

1.02±1.21a 

LF+β-LG  21.69±2.09ab 24.07±0.41c 22.52±0.91bc 19.94±1.96a 

LF+BSA ND ND 0.38±0.75 ND 

LF+α-LA+β-LG 15.72±0.17a 19.43±0.4c 16.85±0.87b 16.61±0.25b 

LF+α-LA+BSA ND 0.37±0.44a 0.2±0.4a ND 

LF+β-LG+BSA 18.79±0.7b 23.75±0.92d 22.06±0.9c 16.01±0.37a 

LF+α-LA+β-LG+BSA 13.67±0.05a 18.85±1.19c 15.1±0.3b 12.94±1.39a 

Note: Different lowercase letters indicate significant differences at different heating temperatures in the 
same sample   (p < 0.05). ND: content too low to be detected. 
 

Free sulfhydryl group concentrations may vary among the heating temperatures. β-LG-

containing samples had more free sulfhydryl groups than the other samples (Table 2-1). The 

fact that no free sulfhydryl groups were detected in the BSA-containing samples was possibly 

due to the sensitivity of the Ellman method, as well as the low concentration of BSA. However, 

the 4 samples containing β-LG revealed a trend of increasing free sulfhydryl group 

concentrations between the unheated and 65 °C heated samples, slightly decreasing when 

heated from 65 °C to 85 °C. This observation can probably be explained by the unfolding of β-

LG at 65 °C, while at higher temperatures sulfhydryl groups are more easily oxidised and as a 

consequence crosslinked. This is in agreement with two processes that would influence the 

amount of sulfhydryl groups (Iametti, Cairoli, De Gregori, & Bonomi, 1995). First, the free 

sulfhydryl groups hidden inside the folded protein get exposed when the protein is unfolded, 

and second, oxidation transforms the free sulfhydryl groups into disulphide bonds. When β-LG 

was heated alone, the maximum extent of thiol group exposure was reached after heating at 
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80 °C for 45 min (Sava, Van der Plancken, Claeys, & Hendrickx, 2005). The maximum content 

of thiol groups in the present study occurred after heating at 65 °C for 30 min, suggesting that 

interaction of lactoferrin with β-LG changed the content of free thiol group. In summary, an 

increasing concentration of sulfhydryl groups indicates that protein unfolding is the dominant 

reaction at lower heating temperatures, while the decreasing concentration of sulfhydryl group 

at higher temperature indicates that aggregation and sulfhydryl-disulphide reactions are more 

important at these higher temperatures.  

2.3.3 Rearrangement of disulphide bonds between lactoferrin and β-LG 

2.3.3.1 Amino acid sequence of lactoferrin 

 

Figure 2-2 Identified peptides of bovine lactoferrin from LF and LF+β-LG samples. Arabic numbers are the position 
of amino acid residue; sequences found were highlighted in yellow; within found sequences, self-loop-linked sequences 
were highlighted in green; shaded sequences were not found. Crossed linked peptides and disulphide bonds were not 
shown in this figure. Cysteine residuals were marked in red.  
 

The profile of identified peptides from lactoferrin is shown in Fig. 2-2. For mature native bovine 

lactoferrin, there were 17 disulphide bonds and no free sulfhydryl group, so all cysteine residues 
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were in the oxidized state (Moore, Anderson, Groom, Haridas, & Baker, 1997). Protein 

unfolding requires loss of secondary and tertiary structure, in which also disulphide bonds may 

be broken. In that case, a broken disulphide bond may result in the formation of free sulfhydryl 

groups. Multiple peptides with reduced cysteines from lactoferrin were identified, revealing 

that some disulphide bonds were broken during heating or sample preparation.  

For the sequences that were not found in this experiment (shaded in Figure 2-2), three possible 

reasons can explain their absence. (1) After tryptic digestion some sequences were too short to 

be detected. For instance, after tryptic digestion, LF(1-8) would be cleaved into two short 

sequences due to the lysine in it. These two sequences would be too short for MS/MS 

identification. (2) Lactoferrin is a glycoprotein, and asparagine residues with a glycans attached 

would influence the detection of peptides. In bovine lactoferrin, Asn233, Ans281, Asn368, 

Asn476 and Asn545 are known to be glycosylated (Spik et al., 1994; Wei, Nishimura, & 

Yoshida, 2000; Yoshida, Wei, Shinmura, & Fukunaga, 2000). This glycosylation would inhibit 

the detection of these Asn containing  peptides. (3) The largest expected sequence LF(357-386) 

has 30 amino acid residues. Trypsin can only cleave peptide chains at the carboxyl side of the 

lysine and arginine, leading to such a long sequence, that may also be difficult to detect. 

2.3.3.2 Identification of homologous crosslinked peptides of lactoferrin 

Identified homologous crosslinked peptides of bovine LF are shown in Table 2-2 and Table 2-

3. In LF and LF+β-LG samples heated at 85 °C, a total of 47 different homologous crosslinked 

peptides, including 36 different disulphide bonds were identified. In addition,14 different self-

loop-linked peptides in LF, including 7 different disulphide bonds, of which four are non-native, 

were identified. Although some sequences were only present in LF samples and some only in 

LF+β-LG samples, crosslinked peptides found in both samples shared a similar retention times, 

m/z-values, and MS/MS fragmentation patterns. It is evident that extensive heat-induced 

rearrangement of disulphide bonds occurred. For instance, one peptide can have two cysteine 

residues, resulting in self-loop-linked peptides. Among these peptides, Cys573-Cys587 and 

Cys625-Cys630 were in line with the disulphide bonds known to be present in native LF, 

whereas the other five were related to non-native disulphide bonds. Among the crosslinked 

peptides, Cys457-Cys532, Cys573-Cys587 and Cys115-Cys198 probably were native 

disulphide bonds, whereas all others were non-native disulphide bonds. Noticeably, some of 

these peptides were linked by two disulphide bonds, for example, peptides [LF(152-163)-( )-
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LF(152-163)], [LF(152-163)- ( ) -LF(175-186)], [LF(175-186)- ( ) -LF(175-186)], and 

[LF(164-174)-( )-LF(175-186)]. 

Table 2-2 Self-loop-linked peptides of bovine lactoferrin identified by peptide mapping 
Observed in LF Observed in LF+Blg Matched Peptides 

tR/(min) m/za chargeb massa tR/(min) m/za chargeb massa massa peptides S-S positionc 

19.46 671.831 2 1341.647 19.46 671.801 2 1341.586 1341.585 LF(152-163) Cys157-Cys160 

18.13 639.804 2 1277.592 18.21 639.804 2 1277.592 1277.590 LF(164-174) Cys170-Cys173 

8.71 619.731 2 1237.446 8.91 619.729 2 1237.443 1237.445 LF(175-186) Cys181-Cys183 

17.29 829.01 3 2484.008 17.30 829.011 3 2484.011 2484.011 LF(175-197) Cys181-Cys183 

21.31 579.961 3 1736.859 21.30 579.962 3 1736.862 1736.859 LF(674-689) Cys675-Cys684 

17.34 710.317 2 1418.619 17.38 710.316 2 1418.616 1418.617 LF(501-514) Cys502-Cys505 

17.34 473.881 3 1418.619     

15.65 796.669 4 3182.646 15.64 796.669 4 3182.643 3182.644 LF(571-600) Cys573-Cys587d 

15.59 637.538 5 3182.651 15.61 637.536 5 3182.642 

15.70 531.45 6 3182.651 15.69 531.449 6 3182.649 

16.20 756.361 2 1510.707 16.24 504.577 3 1510.706 1510.706 LF(621-633) Cys625-Cys630d 

16.18 504.577 3 1510.707     

14.55 652.983 3 1955.926 14.59 652.983 3 1955.927 1955.923 LF(621-637) Cys625-Cys630d 

14.51 489.989 4 1955.924 14.76 489.989 4 1955.923 

14.46 392.193 5 1955.924 14.60 392.192 5 1955.923 

18.08 606.781 2 1211.546 17.95 606.782 2 1211.548 1211.547 LF(624-633) Cys625-Cys630d 

18.06 404.856 3 1211.545 17.93 404.857 3 1211.547 
    

16.08 829.388 2 1656.760 1656.764 LF(624-637) Cys625-Cys630d 
    

16.17 553.260 3 1656.757 

16.26 415.199 4 3217.541 16.25 415.199 4 1656.765 

23.31 805.393 2 1608.771 23.67 805.386 2 1608.757 1608.764 LF(675-689) Cys675-Cys684 

16.70 831.886 2 1661.756 16.70 556.5926 3 1666.754 1661.750 LF(499-514) Cys502-Cys505 

16.69 554.926 3 1661.753 
    

16.56 833.351 3 2497.028 16.98 833.352 3 2497.032 833.352 LF(164-186) Cys170-Cys173 

Cys181-Cys183 

Note: a: monoisotopic masses; b: positively charged; c: disulfide amino acid residual sequence position in lactoferrin; 
d: same disulfide bonds with native lactoferrin. And original proteins and amino acid sequence numbers are indicated 
(signal peptide included). 
 
 
Table 2-3 Homologous crosslinked peptides of bovine lactoferrin identified by peptide mapping 

Observed in LF Observed in LF+Blg Matched Peptides 

tR/(
min) m/za char

geb massa tR/(min) m/za 
cha
rge

b 
massa massa Peptide Sequence S-S positionc 

14.4 452.721 4 1806.852 14.4 452.720 4 1806.850 1806.851 LF(40-47)-(SS)-LF(456-463) Cys45-Cys457 
14.4 438.246 4 1748.954 

    
1748.845 LF(40-47)-(SS)-LF(114-121) Cys45-Cys115     

18.8 453.240 4 1808.928 1808.928 LF(40-47)-(SS)-LF(571-578) Cys45-Cys573     
18.8 603.985 3 1808.932 

 

19.3 523.278 4 2089.083 19.3 523.278 4 2089.082 2089.081 LF(405-415)-(SS)-LF(40-47) Cys405-Cys45 
19.3 697.370 3 2089.086 

     

19.0 515.275 4 2057.067 19.0 515.276 4 2057.073 2057.076  LF(405-415)-(SS)-LF(571- 578) Cys405-Cys573     
19.0 686.701 3 2057.079 

 

14.4 514.758 4 2055.000 14.5 514.759 4 2055.004 2054.999 LF(405-415)-(SS)-LF(456-463) Cys405-Cys457     
12.7 437.626 5 2183.090 2183.094 LF(405-416)-(SS)-LF(456-463) Cys405-Cys457 

15.9 670.662 3 2008.962 15.9 670.662 3 2008.961 2008.960 LF(532-544)-(SS)-LF(515-520) Cys532-Cys515 
14.6 476.635 5 2378.137 

    
2378.136 LF(532-544)-(SS)-LF(455-463) Cys532-Cys457 

19.1 564.038 4 2252.121 19.2 564.038 4 2252.119 2252.118 LF(532-544)-(SS)-LF(571-578) Cys532-Cys573 
15.5 563.518 4 2250.042 15.5 563.519 4 2250.045 2250.041 LF(532-544)-(SS)-LF(456-463) Cys532-Cys457 
15.5 751.022 3 2250.042 

       



Aggregation and disulphide bond interchange of lactoferrin with whey proteins

39 

Observed in LF Observed in LF+Blg Matched Peptides 

tR/(
min) m/za char

geb massa tR/(min) m/za 
cha
rge

b 
massa massa Peptide Sequence S-S positionc 

18.3 561.281 4 2241.094 18.3 561.283 4 2241.100 2241.092 LF(198-210)-(SS)-LF(40-47) Cys198-Cys45 
18.3 830.757 3 2489.249 18.3 830.756 3 2489.245 2489.241 LF(198-210)-(SS)-LF(405-415) Cys198-Cys405 
18.3 623.319 4 2489.243 18.3 623.320 4 2489.247 

   

17.4 881.427 3 2641.256 17.5 881.424 3 2641.247 2641.252 LF(198-210)-(SS)-LF(198-210) Cys198-Cys198 
    18.3 661.32 4 2641.249 

14.0 656.318 3 1965.931 
    

1965.929 LF(198-210)-(SS)-LF(515-520) Cys198-Cys515 
13.4 760.041 3 2277.101     2277.099 LF(198-210)-(SS)-LF(113-121) Cys198-Cys115e 

13.5 570.283 4 2277.102 
     

13.4 456.428 5 2277.100 
     

16.9 584.800 4 2335.169 16.9 584.801 4 2335.174 2335.166 LF(198-210)-(SS)-LF(29-38) Cys198-Cys36 
16.9 779.397 3 2335.168 

       

17.7 553.280 4 2209.087 17.7 553.280 4 2209.088 2209.087 LF(198-210)-(SS)-LF(571-578) Cys198-Cys573 
    17.7 737.373 3 2209.094    

13.7 552.761 4 2207.013     2207.010 LF(198-210)-(SS)-LF(456-463) Cys198-Cys457 
14.3 538.260 4 2149.008 14.5 538.257 4 2148.998 2149.005 LF(198-210)-(SS)-LF(114-121) Cys198-Cys115 
14.4 641.139 5 3200.658 

    
3200.655 LF(579-600)-(SS)-LF(571-578) Cys587-Cys573 

13.8 470.243 4 1876.940 
    

1876.940 LF(113-121)-(SS)-LF(40-47) Cys115-Cys45 
12.8 462.240 4 1844.930 

    
1844.935 LF(113-121)-(SS)-LF(571-578) Cys115-Cys573 

17.7 646.012 3 1935.013 17.7 646.011 3 1935.009 1935.007 LF(29-38)-(SS)-LF(40-47) Cys36-Cys45 
17.7 484.760 4 1935.009 17.7 484.760 4 1935.009 

 
    

15.8 555.808 4 2219.202 2219.203 LF(28-38)-(SS)-LF(39-47) Cys36-Cys45 
12.4 476.238 4 1900.921 

    
1900.925 LF(29-38)-(SS)-LF(456-463) Cys36-Cys457 

12.4 381.192 5 1900.923 
       

13.2 461.738 4 1842.922 13.3 716.738 4 2862.919 1842.919 LF(29-38)-(SS)-LF(114-121) Cys36-Cys115 
16.6 523.785 4 2091.111 

    
2091.108 LF(29-39)-(SS)-LF(40-47) Cys36-Cys45 

18.7 593.315 3 1776.923 18.7 445.238 4 1776.922 1776.923 LF(571-578)-(SS)-LF(571-578) Cys573-Cys573 
12.9 444.719 4 1774.845 13.0 444.719 4 1774.844 1774.845 LF(571-578)-(SS)-LF(456-463) Cys573-Cys457 
12.9 592.623 3 1774.845 13.1 592.623 3 1774.846 

   

14.2 430.218 4 1716.841 
    

1716.840 LF(571-578)-(SS)-LF(114-121) Cys573-Cys115 
19.9 666.340 4 2661.330 19.8 666.34 4 2661.328 2661.325 LF(638-650)-(SS)-LF(405-415) Cys647-Cys405 
19.9 888.120 3 2661.335 19.9 888.12 3 2661.336 

   

20.2 715.100 4 2856.369 
    

2856.367 LF(638-650)-(SS)-LF(532-544) Cys647-Cys532 
18.7 704.342 4 2813.338 18.8 704.346 4 2813.354 2813.336 LF(638-650)-(SS)-LF(198-210) Cys647-Cys198 
18.7 938.787 3 2813.338 18.8 938.789 3 2813.345 

   

14.2 627.807 4 2507.199 
    

2507.190 LF(638-650)-(SS)-LF(455-463) Cys647-Cys457 
14.8 613.303 4 2449.180 

    
2449.184 LF(638-650)-(SS)-LF(113-121) Cys647-Cys115 

19.2 596.301 4 2381.171 19.2 596.301 4 2381.174 2381.172 LF(638-650)-(SS)-LF(571-578) Cys647-Cys573 
19.2 794.734 3 2381.178 19.2 794.734 3 2381.178 

   

15.4 794.040 3 2379.098 15.4 794.041 3 2379.100 2379.095 LF(638-650)-(SS)-LF(456-463) Cys647-Cys457 
15.4 595.784 4 2379.105 15.4 595.783 4 2379.102 

   

15.4 476.827 5 2379.096 15.4 476.829 5 2379.104 
   

    
19.2 613.301 4 2349.173 2449.184 LF(638-650)-(SS)-LF(113-121) Cys647-Cys115     
19.7 604.300 4 2413.170 2413.177 LF(638-650)-(SS)-LF(40-47) Cys647-Cys45     
19.5 996.147 3 2985.419 2985.421 LF(638-650)-(SS)-LF(638-650) Cys647-Cys647     

19.5 747.369 4 2985.445 
   

    
18.5 628.825 4 2511.269 2511.261 LF(345-356)-(SS)-LF(405-415) Cys348-Cys405     
19.3 671.801 4 2683.172 2683.169 LF(152-163)-(SS)-LF(152-163)d Cys157/Cys160-

Cys157/Cys160     
15.6 645.765 4 2579.030 2579.030 LF(152-163)-(SS)-LF(175-186)d Cys157/Cys160-

Cys181/Cys183 
13.4 572.591 3 1714.750 

    
1714.763 LF(456-463)-(SS)-LF(114-121) Cys457-Cys115 

8.8 415.196 4 1656.754 
    

1656.757 LF(114-121)-(SS)-LF(114-121) Cys115-Cys115 
9.0 619.731 4 2474.893 

    
2474.890 LF(175-186)-(SS)-LF(175-186)d Cys181/Cys183-

Cys181/Cys183 
15.2 839.354 3 2515.040 15.3 839.354 3 2515.037 2515.035 LF(164-174)-(SS)-LF(175-186)d Cys170/Cys173-

Cys181/Cys183 15.2 629.767 4 2515.039 15.3 629.767 4 2515.037     
Note: a: monoisotopic masses; b: positively charged; c: disulfide amino acid residual sequence position in lactoferrin; 
d: double-disulfide-bond crosslinked peptide; e: same disulfide bonds with native lactoferrin; tR, retention time. Original 
proteins and amino acid sequence numbers are indicated (signal peptide included). 
 

 

 

 

Observed in LF Observed in LF+Blg Matched Peptides 

tR/(min) m/za chargeb massa tR/(min) m/za chargeb massa massa peptides S-S positionc 

19.46 671.831 2 1341.647 19.46 671.801 2 1341.586 1341.585 LF(152-163) Cys157-Cys160 

18.13 639.804 2 1277.592 18.21 639.804 2 1277.592 1277.590 LF(164-174) Cys170-Cys173 

8.71 619.731 2 1237.446 8.91 619.729 2 1237.443 1237.445 LF(175-186) Cys181-Cys183 

17.29 829.01 3 2484.008 17.30 829.011 3 2484.011 2484.011 LF(175-197) Cys181-Cys183 

21.31 579.961 3 1736.859 21.30 579.962 3 1736.862 1736.859 LF(674-689) Cys675-Cys684 

17.34 710.317 2 1418.619 17.38 710.316 2 1418.616 1418.617 LF(501-514) Cys502-Cys505 

17.34 473.881 3 1418.619     

15.65 796.669 4 3182.646 15.64 796.669 4 3182.643 3182.644 LF(571-600) Cys573-Cys587d 

15.59 637.538 5 3182.651 15.61 637.536 5 3182.642 

15.70 531.45 6 3182.651 15.69 531.449 6 3182.649 

16.20 756.361 2 1510.707 16.24 504.577 3 1510.706 1510.706 LF(621-633) Cys625-Cys630d 

16.18 504.577 3 1510.707     

14.55 652.983 3 1955.926 14.59 652.983 3 1955.927 1955.923 LF(621-637) Cys625-Cys630d 

14.51 489.989 4 1955.924 14.76 489.989 4 1955.923 

14.46 392.193 5 1955.924 14.60 392.192 5 1955.923 

18.08 606.781 2 1211.546 17.95 606.782 2 1211.548 1211.547 LF(624-633) Cys625-Cys630d 

18.06 404.856 3 1211.545 17.93 404.857 3 1211.547 
    

16.08 829.388 2 1656.760 1656.764 LF(624-637) Cys625-Cys630d 
    

16.17 553.260 3 1656.757 

16.26 415.199 4 3217.541 16.25 415.199 4 1656.765 

23.31 805.393 2 1608.771 23.67 805.386 2 1608.757 1608.764 LF(675-689) Cys675-Cys684 

16.70 831.886 2 1661.756 16.70 556.5926 3 1666.754 1661.750 LF(499-514) Cys502-Cys505 

16.69 554.926 3 1661.753 
    

16.56 833.351 3 2497.028 16.98 833.352 3 2497.032 833.352 LF(164-186) Cys170-Cys173 

Cys181-Cys183 

Note: a: monoisotopic masses; b: positively charged; c: disulfide amino acid residual sequence position in lactoferrin; 
d: same disulfide bonds with native lactoferrin. And original proteins and amino acid sequence numbers are indicated 
(signal peptide included). 
 
 
Table 2-3 Homologous crosslinked peptides of bovine lactoferrin identified by peptide mapping 

Observed in LF Observed in LF+Blg Matched Peptides 

tR/(
min) m/za char

geb massa tR/(min) m/za 
cha
rge

b 
massa massa Peptide Sequence S-S positionc 

14.4 452.721 4 1806.852 14.4 452.720 4 1806.850 1806.851 LF(40-47)-(SS)-LF(456-463) Cys45-Cys457 
14.4 438.246 4 1748.954 

    
1748.845 LF(40-47)-(SS)-LF(114-121) Cys45-Cys115     

18.8 453.240 4 1808.928 1808.928 LF(40-47)-(SS)-LF(571-578) Cys45-Cys573     
18.8 603.985 3 1808.932 

 

19.3 523.278 4 2089.083 19.3 523.278 4 2089.082 2089.081 LF(405-415)-(SS)-LF(40-47) Cys405-Cys45 
19.3 697.370 3 2089.086 

     

19.0 515.275 4 2057.067 19.0 515.276 4 2057.073 2057.076  LF(405-415)-(SS)-LF(571- 578) Cys405-Cys573     
19.0 686.701 3 2057.079 

 

14.4 514.758 4 2055.000 14.5 514.759 4 2055.004 2054.999 LF(405-415)-(SS)-LF(456-463) Cys405-Cys457     
12.7 437.626 5 2183.090 2183.094 LF(405-416)-(SS)-LF(456-463) Cys405-Cys457 

15.9 670.662 3 2008.962 15.9 670.662 3 2008.961 2008.960 LF(532-544)-(SS)-LF(515-520) Cys532-Cys515 
14.6 476.635 5 2378.137 

    
2378.136 LF(532-544)-(SS)-LF(455-463) Cys532-Cys457 

19.1 564.038 4 2252.121 19.2 564.038 4 2252.119 2252.118 LF(532-544)-(SS)-LF(571-578) Cys532-Cys573 
15.5 563.518 4 2250.042 15.5 563.519 4 2250.045 2250.041 LF(532-544)-(SS)-LF(456-463) Cys532-Cys457 
15.5 751.022 3 2250.042 
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2.3.3.3 Identification of heterologous crosslinked peptides between β-LG and lactoferrin 

Identified heterologous crosslinked peptides between LF and β-LG are shown in Table 2-4. In 

total, 21 heterologous crosslinked peptides were identified in the LF+β-LG sample. Only the 

participation of Cys66 and Cys160 from β-LG into newly formed disulphide bonds was 

observed, while other cysteines were not shown to participate, indicating the predominant roles 

of Cys66 and Cys160 in intermolecular disulphide bond interchange. Similarly, only Cys66 and 

Cys160 were identified for the intermolecular disulphide interchange among β-LG 

(Supplementary table 2-1), which is in line with previous studies. For example, it was reported 

that one-third of the Cys160 residues could be available to interchange with other protein 

(Creamer et al., 2004). In addition, Cys160-Cys160 was found as intermolecular disulphide 

bond (Surroca, Haverkamp, & Heck, 2002), whereas only Cys160 and Cys66 participated in 

disulphide interchange with κ-casein in heated milk (Lowe et al., 2004). This can be explained 

by the fact that the Cys66-Cys160 disulphide bond is located in one of the external loops of β-

LG, making it more available for rearrangement reactions (Papiz et al., 1986). 

Table 2-4 Heterologous crosslinked peptides between bovine β-LG and lactoferrin identified by peptide mapping 
Observed in LF+β-LG          Matched Peptides 

tR/(min) m/za chargeb massa massa    Peptide Sequence                                    S-S positionc 

9.1 416.388 5 2076.899 2076.911 β-LG(61-69)-(SS)-LF(113-121) β-LG(Cys66)-LF(Cys115) 

9.7 488.212 4 1948.816 1948.816 β-LG(61-69)-(SS)-LF(114-121) β-LG(Cys66)-LF(Cys115) 

9.2 502.712 4 2006.819 2006.821 β-LG(61-69)-(SS)-LF(456-463) β-LG(Cys66)-LF(Cys457) 

9.2 669.946 3 2006.816 2006.821 

15.4 670.642 3 2008.901 2008.898 β-LG(61-69)-(SS)-LF(571-578) β-LG(Cys66)-LF(Cys573) 

8.8 552.259 4 2205.003 2205.006 β-LG(61-70)-(SS)-LF(113-121) β-LG(Cys66)-LF(Cys457) 

8.84 534.736 4 2134.911 2134.916 β-LG(61-70)-(SS)-LF(456-463) β-LG(Cys66)-LF(Cys457) 

8.84 427.99 5 2134.910 2134.916 

8.79 474.465 4 1893.831 1893.835 β-LG(61-70)-(SS)-LF(515-520) β-LG(Cys66)-LF(Cys515) 

8.97 404.788 5 2018.900 2018.905 β-LG(61-69)-(SS)-LF(113-121) β-LG(Cys66)-LF(Cys115) 

9.02 488.211 4 1948.812 1948.816 β-LG(61-69)-(SS)-LF(456-463) β-LG(Cys66)-LF(Cys457) 

15.12 488.731 4 1950.894 1950.893 β-LG(61-69)-(SS)-LF(571-578) β-LG(Cys66)-LF(Cys573) 

8.90 505.733 4 2018.903 2018.905 β-LG(61-70)-(SS)-LF(114-121) β-LG(Cys66)-LF(Cys115) 

15.90 523.657 5 2613.244 2613.243 β-LG(149-162)-(SS)-LF(113-121) β-LG(Cys160)-LF(Cys115) 
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Observed in LF+β-LG          Matched Peptides 

tR/(min) m/za chargeb massa massa    Peptide Sequence                                    S-S positionc 

16.87 498.038 5 2485.151 2485.148 β-LG(149-162)-(SS)-LF(114-121) β-LG(Cys160)-LF(Cys115) 

19.27 745.356 4 2977.391 2977.395 β-LG(149-162)-(SS)-LF(198-210) β-LG(Cys160)-LF(Cys198) 

20.49 645.316 4 2577.232 2577.236 β-LG(149-162)-(SS)-LF(40-47) β-LG(Cys160)-LF(Cys45) 

19.27 591.705 5 2953.488 2953.479 β-LG(149-162)-(SS)-LF(405-416) β-LG(Cys160)-LF(Cys405) 

16.36 509.639 5 2543.156 2543.153 β-LG(149-162)-(SS)-LF(456-463) β-LG(Cys160)-LF(Cys457) 

16.40 636.796 4 2543.152 2543.153 

16.95 768.365 3 2302.072 2302.072 β-LG(149-162)-(SS)-LF(515-520) β-LG(Cys160)-LF(Cys515) 

16.95 576.527 4 2302.077 2302.072 

20.28 637.316 4 2545.234 2545.231 β-LG(149-162)-(SS)-LF(571-578) β-LG(Cys160)-LF(Cys573) 

15.66 611.274 4 2441.063 2441.063 β-LG(61-69)-(SS)-LF(198-210) β-LG(Cys66)-LF(Cys198) 

14.68 534.753 4 2134.979 2134.978 β-LG(61-69)- (SS)-LF(29-38) β-LG(Cys66)-LF(Cys36) 

Note: a: monoisotopic masses; b: positively charged; c: disulphide amino acid residual sequence position in lactoferrin. 
And original proteins and amino acid sequence numbers were indicated (signal peptide included).  
 

The overview of disulphide interchange of lactoferrin alone, as well as between lactoferrin and 

β-LG, is displayed in Figure 2-3. In terms of cysteines originating from lactoferrin, 8 different 

cysteine residues were observed to participate in heterologous crosslinked peptide formation 

with β-LG, Cys36, Cys45, Cys115, Cys198, Cys405, Cys457, Cys515 and Cys573, which 

exactly matched with the cysteines that had a high frequency of occurrence in homologous 

crosslinked peptides. Only Cys647 of lactoferrin, which participated in 8 different homologous 

disulphide bonds, was not observed to participate in heterologous intermolecular crosslinked 

peptides. From the conformational structure of lactoferrin, four of these cysteines are known to 

be present on the surface of native lactoferrin, of which three, Cys405, Cys517 and Cys573, are 

located in the C-lobe, while the  others are located in the N lobe. Although it was reported that 

the C-lobe of lactoferrin was more compact than the N-lobe (Anderson et al., 1987), no  

difference in reactivity between cysteines present in the two different lobes was found. This 

was probably due to the fact that the intense heat treatment unfolded both lobes simultaneously.   
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Figure 2-3 Overview of disulphide interchange within lactoferrin (A), between lactoferrin molecules (B), and between 
lactoferrin and β-LG (C). 
 

2.4 Conclusion 
α-LA and BSA by itself do not increase the heat-induced aggregation of LF, even if heated at 

90 °C for 30 min. β-LG not only increased the aggregation of lactoferrin during heating, but 

was also able to involve α-LA and BSA into heat-induced aggregation of lactoferrin. As the 

heating temperature increased, the content of free sulfhydryl groups first increased and then 

decreased, indicating that sulfhydryl groups and disulphide bond interchange play an 

increasingly important role in aggregation as temperature increased. Several crosslinked 

peptides of lactoferrin were detected, proving that intra- and intermolecular disulphide bond 

rearrangements occurred during heat treatment. Cys36, Cys45, Cys115, Cys198, Cys405, 

Cys457, Cys515, Cys573 and Cys647 were the most reactive cysteines in lactoferrin for 

homologous disulphide bond interchange. Except for Cys647, the same cysteines were also 

were the most reactive cysteines in lactoferrin for heterologous disulphide interchange with β-

LG.  
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Supplementary Material 

 

Supplementary figure 2-1 Non-reducing SDS-PAGE of control samples Note: α-LA (A), β-LG (B), BSA (C), α-LA+β-
LG (D),  β-LG+BSA (E), α-LA+BSA (F), α-LA+β-LG+BSA (G). Red rectangles represented bands of large aggregates. 
Arabic numbers represented heating temperatures (°C). Capital letter M represented per-stained marker and capital 
letter N represented native protein sample.   
 

Supplementary table 2-1 Homologous crosslinked peptides of β-LG identified by peptide mapping 
Observed in Β-LG  Observed in LF+Β-LG  Matched Peptides 

m/za chargeb massa m/za chargeb massa massa peptides 

829.394 4 3313.543 829.394 4 3313.543 3313.538 β-LG (149-160)-(SS)-β-LG (149-162) 

   
680.804 4 2719.183 2719.201 β-LG (61-69)-(SS)-β-LG (149-162) 

   
570.465 5 2847.287 2847.296 β-LG (61-70)-(SS)-β-LG (149-162) 

a: Monoisotopic masses, b: positively charged; original proteins and amino acid sequence numbers were indicated 
(signal peptide sequence number included。。 
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CHAPTER 3.
E�ect of milk serum proteins on aggregation, bacteriostatic 

activity and digestion of lactoferrin after heat treatment

This chapter has been published as:

Xiong, L., Boeren, S., Vervoort, J., & Hettinga, K. (2020). E�ect of milk serum proteins on 
aggregation, bacteriostatic activity and digestion of lactoferrin after heat treatment. Food 
Chemistry, 337, 127973.
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Abstract 
 To establish the effect of the presence of milk serum proteins on heat-induced changes to 

lactoferrin, lactoferrin alone, and lactoferrin mixed with either milk serum or β-lactoglobulin 

was heated at 65 °C, 70 °C and 75 °C for 30 min. After heating, the effect of milk serum proteins 

on aggregation of lactoferrin was characterized, after which the effect of such aggregation on 

digestion and bacteriostatic capacity of lactoferrin were determined. The presence of milk 

serum proteins accelerated the aggregation of lactoferrin during heating through 

thiol/disulphide interchange. Lactoferrin also formed disulphide-linked aggregates when it was 

heated with β-lactoglobulin. Protein aggregates formed at 75 °C were much more resistant to 

infant digestion, causing decreased peptide release from lactoferrin. Heating lactoferrin and 

milk serum proteins together accelerated the loss of bacteriostatic activity upon heating. In 

conclusion, heat-induced aggregation of lactoferrin with milk serum proteins affected both its 

digestion and its bacteriostatic activity.  

Keywords: Lactoferrin, milk serum proteins, thermal aggregation, bacteriostatic activity, in 

vitro digestion 
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3.1 Introduction  
Lactoferrin is a multifunctional iron-binding glycoprotein with bacteriostatic and 

immunomodulatory activities, which protects neonates against infection. Therefore, it is added 

to infant formula and other functional food products. Heat treatment is extensively applied for 

the processing of such products to inactivate foodborne pathogen and food spoilage bacteria, 

which may induce denaturation and aggregation of lactoferrin, leading to a decrease or loss of 

its bacteriostatic activity. Lactoferrin is a heat labile protein, of which the denaturation and 

aggregation are affected by multiple factors, including iron saturation (Bokkhim et al., 2013), 

pH (Abe et al., 1991; Sreedhara et al., 2010), ionic strength of the solution (Bokkhim et al., 

2013; Kawakami et al., 1992) or  the presence of polysaccharides (Li, Lan, & Zhao, 2019; Xu, 

Zhao, Guo, & Du, 2019). The protein composition could modify the denaturation kinetics of 

whey protein. In a recent study, β-lactoglobulin (β-LG) enhanced the denaturation of α-

lactalbumin (α-LA), without any effect on denaturation of lactoferrin (Halabi et al., 2020), a 

result similar to an earlier study (Sánchez et al., 1992).  

Most of the research discussed above is on the denaturation of lactoferrin. However, in complex 

systems (biological mixtures) not only denaturation is important but perhaps even more 

aggregation of proteins concomitant with denaturation. Heat-induced aggregation as occurs on 

milk processing may have important implications for the properties of lactoferrin-containing 

milk products. Bovine lactoferrin contains 17 intramolecular disulphide bonds (Moore et al., 

1997), which could influence its interaction with other proteins through disulphide interchange. 

Studies showed that lactoferrin formed large insoluble aggregates through non-covalent 

interactions and intermolecular thiol/disulphide interchange after being heated at 60 °C-70 °C 

for 5 min in the absence of other proteins (Brisson et al., 2007b). However, the effects will 

probably be different when lactoferrin is heated in a complex milk-like system that includes 

multiple milk proteins. These milk proteins are not only present in milk products, but also are 

extensively utilized as ingredient in food products. Most of them are thermo-labile, tending to 

interact with each other and other proteins after heat treatment. For example, interactions and 

association of β-LG, αs2-casein, and κ-casein (κ-CN) via disulphide interchange in heated milk 

was previously reported (Chevalier & Kelly, 2010). Aggregation among β-LG, α-LA, and 

bovine serum albumin (BSA), and the consequences of this aggregation, were extensively 

explored in the past years (Havea et al., 2001; Krämer, Torreggiani, & Davies, 2017; Oldfield, 

Singh, & Taylor, 2005; Peram et al., 2013). Due to its high concentration in milk, and the 

presence of free thiol group within its structure, β-LG is more reactive than other whey proteins 
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in disulphide interchange and often is recognized as the initiating protein in the thermal 

aggregation of whey protein (Wagner et al., 2020; Wijayanti et al., 2014). It was reported that 

α-LA aggregated slowly when heated alone, while it was readily involved in disulphide-bonded 

and hydrophobically associated aggregates when heated with β-LG, indicating that aggregation 

of these two proteins is governed by β-LG (Schokker et al., 2000). In addition, interaction 

between β-LG and κ-CN was recognized as the main force involved in the formation of the 

casein-whey protein complexes (Cho, Singh, & Creamer, 2003; Corredig & Dalgleish, 1999). 

However, little is known about interaction of lactoferrin specifically with other milk proteins.  

Although a few studies reported the formation of lactoferrin/whey protein complexes after heat 

treatment (Brisson et al., 2007a; Li & Zhao, 2018), detailed information is lacking about the 

aggregation of lactoferrin and whey proteins, including the microstructure of the resulting 

protein aggregates, the mechanisms of aggregate formation, and the involvement of β-LG. More 

in particular, the effect of such aggregation on in vitro digestion and bacteriostatic activity of 

lactoferrin has not been investigated. Therefore, the aim of this study was to explore the 

aggregation of lactoferrin with milk serum proteins after different heating intensities, and its 

effect on in vitro digestion and bacteriostatic activity.  

3.2 Material and methods 
3.2.1 Material  

Bovine lactoferrin was obtained from FrieslandCampina Ingredients (Vivinal Lactoferrin; 

estimated purity: 95%; iron saturation: 9%; ash: 0.5%; Veghel, the Netherlands) and was used 

without further purification. Bovine raw tank milk was obtained from the Wageningen 

University farm (Wageningen, Netherlands) from clinically healthy cows. Raw milk was 

centrifuged at 1500×g for 20 min at 4 °C (with rotor 16.250, Avanti Centrifuge J-26 XP, 

Beckman Coulter, USA) to remove the fat. Skim milk was ultracentrifuged at 100,000×g for 

90 min at 30 °C (with rotor 70 Ti, Beckman L-60, Beckman Coulter, USA), to precipitate casein 

micelles. The supernatant was milk serum, containing whey proteins and non-micellar caseins, 

named “milk serum proteins (MS)” further on. For the preparation of milk ultrafiltrate, milk 

serum was filtered through a 0.2 µm membrane (Minisart® syringe filters, Sartorius AG, 

Göttingen, Germany), and was then ultrafiltered with a 10 kDa filter tube (Amicon® Ultra 

Centrifugal Filters, Sigma-Aldrich, St. Louis, Missouri, United States). The milk ultrafiltrate 

was loaded onto an SDS-PAGE gel to check for the absence of the main milk proteins. The 
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ultrafiltrate was collected and used to dissolve the lactoferrin and β-LG to simulate the milk 

environment. 

3.2.2 Sample preparation and heat treatment 

To study the interaction of lactoferrin with β-LG, 1 mg/ml lactoferrin was mixed with 3 mg/ml 

β-LG in milk ultrafiltrate (pH 6.6). For the interaction of lactoferrin with whey proteins, 1 

mg/ml lactoferrin was added into milk serum, named “LFMS” further on. Lactoferrin at 1 

mg/ml was heated, freeze-dried and mixed with heated milk serum before analysis as a control, 

named “LF+MS” further on. The concentration of lactoferrin was set at 1 mg/ml according to 

the maximum use levels of bovine LF in infant formula, as defined by Novel Food and GRAS 

regulations in the EU https://eur-lex.europa.eu/eli/dec_impl/2012/727/ (European Commission, 

2012). All samples were prepared in duplicate and were heated in 15 mL plastic tubes by 

immersion in a temperature-controlled water bath at 65 °C, 70 °C, 75 °C, respectively, for 30 

min. The corresponding samples were named as “LFMS-65”, “LFMS-70”, “LFMS-75”, 

“LF+MS-65”, “LF+MS-70”, and “LF+MS-75”. After heat treatment, all samples were cooled 

with ice water and stored at 4 °C for further analysis. 

3.2.3 Measurement of turbidity and particle size 

The turbidity of protein samples was measured according to the absorbance at 600 nm with a 

Cary 60 UV-Vis Spectrophotometer (Agilent Technologies, California, US). The particle size 

distribution was determined using a Zeta-sizer Nano ZS (Malvern Instruments Ltd., Malvern, 

UK). All the measurements were performed in triplicate at 25 ˚C. The refractive index was set 

to 1.38 for all samples according to the refractive index used for a whey protein concentrate 

solution in a previous study (Westerik, Scholten, & Corredig, 2015). 

3.2.4 SDS-PAGE 

Milk serum and lactoferrin samples were loaded onto an SDS-PAGE and proteins were 

visualized using Coomassie Brilliant Blue R-250 (1610436, Biorad, California, USA) to 

determine the presence of the most abundant milk proteins in the samples. The reducing SDS-

PAGE was carried out as described previously (Xiong et al., 2020a). For the non-reducing SDS-

PAGE, all samples were prepared without dithiothreitol, and running buffer was prepared 

without antioxidant. The rest of the procedure was performed as described for the reducing 

SDS-PAGE. After destaining, the gels were scanned using ChemiDoc XRS+ Imaging System 

with Image Lab Software (Bio-Rad, California, USA). 
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3.2.5 Bacteriostatic assay 

Enterobacter cloacae subsp. cloacae (ATCC® 13047™, American Type Culture Collection, 

Manassas, USA) and Staphylococcus epidermidis (ATCC® 14990™, American Type Culture 

Collection, Manassas, USA) were selected, to have one Gram-negative and one Gram-positive 

species that are known to occur in milk and clinically relevant. The two stains were activated 

in nutrient broth (CM0001, Thermo Fisher Scientific, Massachusetts, USA) from frozen stock 

for 16-24 hours at their optimum growth temperature (Enterobacter cloacae 30 °C; 

Staphylococcus epidermidis, 37 °C). Reactivated bacterial strains were centrifuged for 5 min at 

4,000 × g (with Rotor FA-45-30-11, Microcentrifuge 5430R, Eppendorf, Hamburg, Germany), 

after which the bacterial pellets were dissolved in PFZ (peptone physiological salt solution; 

Tritium Microbiology, The Netherlands). After the optical density (OD) had been measured 

with a spectrophotometer (Cary 50 UV-Visible Spectrophotometer, Agilent Technologies, USA) 

to estimate bacterial numbers, dilutions of bacteria were made with PFZ for inoculation. All 

milk serum samples were micro-filtrated by RC membrane (Ø 0.2 μm with 26 mm syringe 

filters; Phenomenex, Torrance, Canada) to eliminate bacteria in the starting material (<10 

CFU/ml). Bacterial solutions in PFZ (0.1 ml) were inoculated into 0.9 ml milk serum samples, 

to reach a final bacterial concentration of around 3×103 CFU/ml. After incubation at their 

optimum growth temperatures for 2 hours, 0.1 ml of the sample was taken for plating on 

tryptone soya agar (CM0131, Thermo Fisher Scientific, Massachusetts, USA) and then 

incubated at 30 °C for 24 hours for Enterobacter cloacae, or on mannitol salt agar (CM0085B, 

Thermo Fisher Scientific, Massachusetts, USA) and then incubated at 37 °C for 48 hours for 

Staphylococcus epidermidis. Only the plates with between 20 and 300 colonies were used for 

determining bacterial levels (CFU/ml). Multiplication rate per hour = ��
�0

/�, N0 = number of 

bacteria immediately after inoculation, Nt = number of bacteria after 2 hours or 4 hours of 

incubation, t = incubation time (2 hours or 4 hours). 

3.2.6 In vitro digestion 

After heat treatment, the sample was digested with a simulated in vitro infant digestion model 

according to Menard et al. (Ménard et al., 2018), with some modifications. Lactoferrin samples 

were mixed with gastric simulated fluid including 268 U/ml pepsin (P6887, Sigma, St. Louis, 

Missouri, USA), with a ratio (v/v) of 63 to 37 (sample to simulated gastric fluid), the pH of the 

mixture was adjusted to 5.3, and the samples were incubated at 37 °C for 1h. After 1h gastric 

digestion, the pH was adjusted to 6.6 to stop the pepsin activity. For gastrointestinal digestion, 

gastric digested samples were mixed with simulated intestinal fluid including 16 U/ml trypsin 
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(P7550, 4×USP, Sigma, St. Louis, Missouri, USA), with a ratio (v/v) of 39 to 61 (samples to 

total simulated fluid). pH of the mixture was adjusted to 6.6 and was incubated at 37 °C for 1h. 

After 1h, 50 μl of Pefabloc (0.1 M) per ml of intestinal digesta was added to the mixture to stop 

the intestinal digestion. The digested samples were collected at 0, 15, 30 and 60 min in the 

gastric phase and at the end of the intestinal phase. All samples were frozen at -20 °C for further 

analysis. 

3.2.7 Liquid chromatography with tandem mass spectrometry 

3.2.7.1 Proteomics 

To determine the  composition of aggregates, the bands of aggregates in the SDS-PAGE gel 

were cut into small pieces of < 1 mm2 with a sharp clean scalpel. The gel pieces were transferred 

into a clean 0.5 ml low binding micro centrifuge tube and were reduced by 20 mM dithiothreitol, 

followed by alkylation with 20 mM acrylamide. After that, the gel pieces were thoroughly 

washed with water and digested with 50 µl (5 ng/µl) cold freshly prepared trypsin solution at 

45 °C for 2 hours. The peptide fraction was cleaned up with a C18 µColumn according to a 

previous study (Dingess et al., 2017). 

The LC-MS/MS parameters are described as followed. One microliter of the peptide samples 

were loaded directly onto a 0.10 * 250 mm ReproSil-Pur 120 C18-AQ 1.9 µm beads analytical 

column (prepared in-house) at a constant pressure of 800 bar  with 1 ml/L HCOOH in water 

and eluted at a flow of 0.5 µl/min with a 50 min linear gradient from 9% to 34% acetonitrile in 

water with 1 ml/L formic acid with a Thermo EASY nanoLC1000. An electrospray potential 

of 3.5 kV was applied directly to the eluent via a stainless steel needle fitted into the waste line 

of the micro cross that was connected between the pump and the analytical column. Full scan 

positive mode FTMS spectra were measured between m/z 380 and 1400 on a Q-Exactive HFX 

(Thermo electron, San Jose, CA, USA) in the Orbitrap at high resolution (60000). MS and 

MSMS AGC targets were set to 3×106, 5×104 respectively or maximum ion injection times of 

50 ms (MS) and 25 ms (MSMS) were used. HCD fragmented (Isolation width 1.2 m/z, 24% 

normalized collision energy) MSMS scans of the 20 most abundant 2-5+ charged peaks in the 

MS scan were recorded in data dependent mode (Threshold 1.2×105, 15 s exclusion duration 

for the selected m/z +/- 10 ppm). LCMS runs with all MSMS spectra obtained were analysed 

with MaxQuant 1.6.3.4 (Cox & Mann, 2008) using the “specific” digestion mode and further 

default settings for the Andromeda search engine (First search 20 ppm peptide tolerance, main 

search 4.5 ppm tolerance, MSMS fragment match tolerance of 20 ppm. Variable modifications 
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were set for Protein N-terminal Acetylation and M oxidation which were completed by non-

default settings for de-amidation of  N and Q the maximum number of modifications per peptide 

was 5 (Cox et al., 2011). The  UP000009136 bovine database  containing 23965 protein 

sequences (Boggs et al., 2016) was used together with a contaminants database that contains 

sequences of common contaminants like Trypsins (P00760, bovine and P00761, porcine) and 

human keratins (Keratin K22E (P35908), Keratin K1C9 (P35527), Keratin K2C1 (P04264) and 

Keratin K1CI (P35527)). The “label-free quantification” as well as the “match between runs” 

options were enabled. De-amidated peptides were allowed to be used for protein quantification 

and all other quantification settings were kept default. nLC-MSMS system quality was checked 

with PTXQC (Bielow et al., 2016) using the MaxQuant result files. 

3.2.7.2 Peptidomics 

To determine the peptides profile from lactoferrin, the isolation and purification of peptides 

from digested mixture were carried out based on previously described methods (Dingess et al., 

2017). The LC-MS/MS parameters was the same as mentioned above except that the digestion 

mode  was set as “Unspecific” and that instead of the complete bovine database a partial bovine 

database was used with all proteins observed in bovine milk serum as founded by Boggs  et al. 

(Boggs et al., 2016). 

3.2.8 Data analysis 

Analysis of proteomics data was performed as described previously (Xiong et al., 2020a). Data 

analysis was performed using R 3.6.1. The package “ggplot2” was used for graphical 

representation of the data. Multiple comparisons of means was performed with SPSS statistics 

25. ANOVA and Tukey's HSD for post-hoc testing, were used to identify which treatments 

were significantly different, where p < 0.05 was considered to indicate significant differences 

among groups. Data were presented as mean ± standard deviation of duplicates. 
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3.3 Results 
3.3.1 Changes of turbidity and particle size in differently heated lactoferrin samples 

 

Figure 3-1 The effect of heating of lactoferrin in the absence and presence of milk serum proteins on its aggregation. 
Change of turbidity of lactoferrin (A) and milk serum sample (B), and number based particle size distribution of 
different samples (C) after heating. LF, lactoferrin; MS, milk serum; LFMS, milk serum with addition of 1 mg/ml 
lactoferrin. N, sample without heat treatment; 65/70/75 refer to samples being heated at 65/70/75 °C for 30 min, 
respectively. Statistical significance for (A) and (B) was analyzed using ANOVA and Tukey’s HSD test. Means were 
compared and marked as “a, b, c, d, e” from small to large. Means followed by the same letter were not significantly 
different (p > 0.05). Different letters indicate statistically significant difference among different heat treatments (p < 
0.05). 
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The turbidity of differently heated samples was measured according to their absorbance at 600 

nm (Fig. 3-1). When lactoferrin was heated alone, the turbidity of the solution increased after 

being heated at 65 °C for 30 min, followed by a further increase after being heated at 70 °C or 

75 °C for 30 min (Fig. 3-1A, p <0.05). For all MS samples, the turbidity of the samples 

increased slowly from the unheated to the 75 °C heated samples. A statistically significant 

difference in turbidity was observed between the 65 °C and 70 °C heated samples (Fig. 3-1B, 

p <0.05). A further increase of turbidity in the 75 °C heated samples was observed, probably 

due to an increased number of small aggregates or formation of larger aggregates (Fig. 3-1B). 

Compared to MS samples, turbidity of LFMS samples showed a larger increase from unheated 

to 75 °C. Statistically significant increases in turbidity were found among all samples (Fig. 3-

1B, p <0.05), with a rapid increase of turbidity from 65 °C to 75 °C. The changes in the size 

distribution of all samples showed a similar trend to the changes of turbidity (Fig. 3-1C). The 

size of particles in unheated MS and LFMS samples are in the range of  9-37 nm, with a 

dominant particle size of 15-17 nm (Fig. 3-1C). After heating, the size distribution became 

broader, with the size of the dominant particles becoming above 50 nm in all heated samples. 

For heated MS samples, the peak gradually changed from 68 nm to 92 nm with increasing 

temperatures, whereas for heated LFMS samples, the peak gradually changed from 79 nm to 

125 nm.  

3.3.2 Aggregation of lactoferrin with milk serum proteins after heat treatment 

Disulphide-linked aggregates can be identified through differences between reducing (Fig. 3-

2C& 2D) and non-reducing SDS-PAGE (Fig. 3-2A& 2B). The rate of decrease of the 

monomeric lactoferrin band was rapid when heated in the presence of whey protein, compared 

with it being heated alone. Comparing reducing (Fig. 3-2C) and non-reducing gels (Fig. 3-2A), 

lactoferrin heated alone started to form disulphide-linked aggregates from 65 °C. The intensity 

and  number of bands representing aggregates increased from 65 °C to 75 °C (Fig. 3-2A). 

Lactoferrin formed different aggregates when heated in the presence of milk serum proteins, of 

which the size and protein composition changed with the heating temperatures (Fig. 3-2B), 

when compared with the reducing gel (Fig. 3-2D). When the LFMS sample was heated at 65 °C, 

the intensity of the band of monomeric lactoferrin decreased, while new bands appeared 

between lactoferrin (80 kDa) and immunoglobulin (150 kDa) that were not visible in the 

similarly heated MS samples (Fig. 3-2B). When the LFMS sample was heated at 70 °C, 

monomeric lactoferrin and the aggregates between 80 kDa and 150 kDa decreased, while larger 

aggregate were formed, as shown in Fig. 3-2B. Monomeric lactoferrin almost disappeared after 
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heating at 75 °C, accompanied by a sharp decrease of monomeric BSA and immunoglobulin, 

suggesting that these proteins were also involved in the formation of large aggregates (Fig. 3-

2B). Bands of monomeric β-LG and α-LA were also decreasing in 70 °C and 75 °C heated milk 

serum to which lactoferrin was added, although this decrease was not as obvious as for BSA 

and immunoglobulin. 

 

Figure 3-2 The effect of heating of lactoferrin in the absence and presence of milk serum proteins on its disulphide 
linked aggregation. Non-reducing SDS-PAGE gel of differently heated lactoferrin (A) and milk serum samples (B), and 
reducing SDS-PAGE gel of differently heated lactoferrin (C) and milk serum samples (D), with the main proteins 
indicated. Lane 1, protein marker; Lane 2, unheated lactoferrin; Lane 3, 4, 5, lactoferrin being heated at 65/70/75 °C 
for 30 min, respectively. Lane 6, milk serum without heat treatment; Lane 7, 8, 9, milk serum being heated at 65/70/75 °C 
for 30 min, respectively. Lane 10, milk serum with addition of 1 mg/ml lactoferrin without heat treatment; Lane 11, 12, 
13, milk serum with addition of 1 mg/ml lactoferrin being heated at 65/70/75 °C for 30 min, respectively. Abbreviations: 
IgG, immunoglobulin G; LF, lactoferrin; BSA, bovine serum albumin; β-LG, β-lactoglobulin; α-LA, α-lactalbumin. 
 

From the SDS-PAGE gel, the decrease of the monomeric lactoferrin and the decrease of the 

main whey proteins like BSA can be observed. It is assumed that aggregates were formed during 

heat treatment. Therefore, LC-MS/MS based proteomics was used to identify the protein 

composition of the aggregates. In total, 36 proteins were quantified, for which the detailed 
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information was shown in Supplementary table 3-1. A clustering heatmap of these proteins 

was made to find differences in the protein profile between the differently heated samples. In 

MS samples, the protein profile of aggregates in 75 °C heated samples was different from 

unheated samples and lower temperature heated samples (Fig. 3-3A). In LFMS samples, 70 °C 

and 75 °C heated samples showed a similar protein profile of the aggregates, differing from 

unheated samples and 65 °C heated samples (Fig. 3-3B). Comparing MS and LFMS samples, 

it could be observed that the presence of lactoferrin appeared to accelerate the aggregation of 

milk serum  proteins. This thus indicates that thiol/disulphide interchanges occurred between 

lactoferrin and other milk serum proteins.  

 

Figure 3-3 The effect of lactoferrin on protein composition of disulphide linked aggregates in the presence of milk serum 
proteins after heat treatment. Heatmap of protein aggregates in MS samples (A) and LFMS samples (B), and changes 
of individual milk protein in aggregates from MS samples (C) and LFMS samples (D). The number indicates the heating 
temperature, while the number after the underscore indicates the replicate. MS, milk serum; LFMS, milk serum with 
addition of 1 mg/ml lactoferrin; N, sample without heat treatment; 65/70/75 refer to samples being heated at 65/70/75 °C 
for 30 min, respectively. The number behind underscore indicates the heating temperature, while the number after the 
underscore indicates the duplicate Abbreviations: β-LG, β-lactoglobulin; LF, lactoferrin; α-LA, α-lactalbumin; BSA, 
bovine serum albumin; LPO, lactoperoxidase; κ-CN, kappa casein; α-s1-CN, alpha-s1 casein.  Statistical significance 
for (C) and (D) was analyzed using ANOVA and Tukey’s HSD test. Means were compared and marked as “a, b” from 
small to large. Means followed by the same letter were not significantly different (p > 0.05). Different letters indicate 
statistically significant difference among different heat treatments (p < 0.05). 
 

To get more insights about how lactoferrin quantitatively affected the main milk proteins, the 

levels of the main milk proteins in the aggregates were shown in Fig. 3-3C and Fig. 3-3D. In 

the MS samples, β-LG, α-LA, BSA, κ-CN, and αs1-casein (αs1-CN) were present at similar 



E�ect of milk serum proteins on aggregation of lactoferrin during heat treatment

57

3

 

levels in the aggregates of all differently heated samples. Lactoferrin and lactoperoxidase (LPO), 

on the other hand, significantly increased in the 75 °C heated samples (Fig. 3-3C). After adding 

lactoferrin into the milk serum, obvious changes were observed for these proteins, except for 

α-LA and αs1-CN. The levels of β-LG, LF and LPO in the aggregates increased after heating at 

70 °C, whereas the level of BSA increased in 75 °C heated LFMS samples. κ-CN showed a 

gradually increase in the aggregates in the 65 °C and 70 °C heated samples, which further 

increased in 75 °C heated samples (Fig. 3-3D). The changes of those proteins among samples 

indicate that aggregation of β-LG, BSA, LPO, and κ-CN were all affected by the presence of 

lactoferrin.  

 

Figure 3-4 The effect of heating of lactoferrin in the absence and presence of β-lactoglobulin on its disulphide linked 
aggregation. Non-reducing (A) and reducing (B) SDS-PAGE gel of different heated mixture of lactoferrin and β-
lactoglobulin. Lane 1, β-LG without heat treatment; Lane 2, 3, 4,  β-LG being heated at 65/70/75 °C for 30 min, 
respectively. Lane 5,  mixture of lactoferrin and β-LG without heat treatment; Lane 6, 7, 8, mixture of lactoferrin and 
β-LG being heated at 65/70/75 °C for 30 min. Abbreviations: LF, lactoferrin; β-LG, β-lactoglobulin. 
 

β-LG is the predominant whey protein in milk and is highly reactive due to the free thiol group 

buried inside its folded structure (Hoffmann & van Mil, 1997). Proteomics data also showed 

that the amount of β-LG in proteins aggregates increased after adding lactoferrin. Therefore, a 

more simple lactoferrin/β-LG model system was used to investigate the role of β-LG in the 

aggregation of lactoferrin. When heating lactoferrin with purified β-LG, monomeric lactoferrin 

showed a sharp decrease from 65 °C, almost disappearing from 70 °C onwards. 

Correspondingly, larger aggregates were observed from 65 °C, which further increased after 

heating at 70 °C and 75 °C (Fig. 3-4). After adding a reducing agent, larger aggregates 

disappeared, but still some small aggregates, corresponding to the bands between 80 kDa and 

150 kDa in the LFMS samples (Fig. 3-2B), remained visible. This is probably due to difficulties 

in achieving full reduction of disulphide bonds for all protein aggregates. A decrease in the 
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level of monomeric β-LG was not clearly visible on the SDS-PAGE gel after heating with 

lactoferrin, which may have been caused by overloading of the sample (Fig. 3-4A). After 

decreasing the concentration of  β-LG to 1 mg/ml, a decrease of monomeric β-LG was observed 

from 65 °C when it was heated with lactoferrin (Supplementary fig. 3-1). When β-LG was 

heated alone, no larger aggregates were observed until 75 °C. Taken together, this data 

confirmed that β-LG and lactoferrin influenced each other’s response to the heat treatment. 

3.3.3 Bacteriostatic activity of differently heated lactoferrin and milk serum samples 

 

Figure 3-5 The effect of heating of lactoferrin and milk serum proteins on bacteriostatic activity. Multiplication rates 
of Enterobacter cloacae (A) and Staphylococcus epidermidis (B) in differently heated lactoferrin and milk serum samples. 
LFMS, milk serum with addition of 1 mg/ml lactoferrin; LF+MS, lactoferrin and milk serum samples were heated at 
same temperature separately, and then mixed before the bacteriostatic activity assay. 65/70/75 refer to samples being 
heated at 65/70/75 °C for 30 min, respectively. Statistical significance was analyzed using ANOVA and Tukey’s HSD 
test. Means were compared and marked as “a, b, c, d” from small to large. Means followed by the same letter were not 
significantly different (p > 0.05). Different letters indicate statistically significant difference among different heat 
treatments (p < 0.05). 
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Both lactoferrin and milk serum have been shown to have bacteriostatic activity (Wang, 

Timilsena, Blanch, & Adhikari, 2019; Xiong et al., 2020a). Inhibition on bacterial growth may 

change after different heat treatments, due to the denaturation and/or aggregation of 

antibacterial proteins (Xiong et al., 2020a). Bacteriostatic activity of LFMS samples and 

LF+MS samples was tested to investigate the effect of aggregation of lactoferrin with milk 

serum proteins on the bacteriostatic capacity. Unheated LFMS showed the highest inhibition 

capacity among all samples. For heated LFMS samples, a rapid decrease of bacteriostatic 

activity against Enterobacter cloacae occurred from LFMS-65 to LFMS-70 (Fig. 3-5A). 

Bacteriostatic capacity already started to decrease in the LFMS-65 samples (Fig. 3-5A), 

although not statistically significant, whereas its capacity decreased significantly in the LFMS-

70 and LFMS-75 samples. LF+MS samples showed a different trend compared to LFMS 

samples (Fig. 3-5A). Compared to unheated LFMS, LF+MS-65 and LF+MS-70 showed a 

similar, but reduced, bacteriostatic activity, while LF+MS-75 showed the lowest activity. The 

largest change of bacteriostatic activity against Enterobacter cloacae occurred between 

LF+MS-70 and LF+MS-75 (Fig. 3-5A, p <0.05). A similar pattern was observed for the activity 

against Staphylococcus epidermidis, where the bacteriostatic activity was similar in LFMS, 

LFMS-65, LF+MS-65 and LF+MS-70 samples (Fig. 3-5B). However, it significantly decreased 

in LFMS-70 samples compared with LFMS-65 (p <0.05). The bacteriostatic activity further 

decreased in LFMS-75 samples, as well as the LF+MS-75 samples. In general, the largest 

reduction of bacteriostatic activity occurred between 70 °C and 75 °C, when lactoferrin and 

milk serum were heated separately, while the largest reduction of bacteriostatic activity 

occurred from 70 °C onwards when they were heated together. Although the bacteriostatic 

activity of all samples decreased to the same level after being heated at 75 °C, the decrease was 

accelerated by heating lactoferrin and milk serum proteins together during 65 °C-75 °C.  
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3.3.4 Protein degradation and peptide release of heated lactoferrin after in vitro infant 

digestion 

 

Figure 3-6 The effect of heating of lactoferrin in the absence and presence of milk serum proteins on its degradation 
after infant gastric digestion. A, B, C and D refer to LFMS sample without heat treatment, being heated at 65/70/75 °C 
for 30 min under non-reducing conditions, respectively. E, F, G, H refer to LFMS sample without heat treatment, being 
heated at 65/70/75 °C for 30 min under reducing condition, respectively. G0/G15/G30/G60 are digested samples 
collected after 0/15/30/60 min of gastric digestion, respectively; GI means samples collected after complete 
gastrointestinal digestion. Abbreviations: IgG, immunoglobulin G; LF, lactoferrin; BSA, bovine serum albumin; β-LG, 
β-lactoglobulin; α-LA, α-lactalbumin. 
 
Different heat treatments resulted in differences in the degradation pattern of lactoferrin upon 

in vitro digestion. The protein degradation of LFMS samples was displayed in Fig.3-6. The 

identification of these bands according to protein marker was shown in Supplementary Fig 3-

2. For the unheated LFMS sample (Fig. 3-6A), no significant degradation of lactoferrin was 

observed in the gastric phase, which differed from the intestinal digestion, after which complete 

disappearance of monomeric lactoferrin was observed. For LFMS heated at 65 °C (Fig. 3-6B), 

monomeric lactoferrin decreased after 15 min gastric digestion, and then remained similar in 

the later gastric digestion. The bands >150 kDa became lighter during gastric digestion and 

almost disappeared after intestinal digestion, possibly due to partial digestion of the aggregates. 

For LFMS heated at 70 °C (Fig. 3-6C), more aggregates >150 kDa were present in the sample, 
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which decreased after gastric digestion for 60 min, although some aggregates remained. All 

aggregates almost completely disappeared after intestinal digestion. For the LFMS heated at 

75 °C (Fig. 3-6D), a decrease of aggregates after gastric digestion was not found, but the 

aggregates disappeared completely after intestinal digestion. 

The non-reducing gel showed the changes of the aggregates during digestion. Because multiple 

proteins were involved in the aggregates, it was hard to see the change of individual proteins, 

like lactoferrin. Therefore, the reducing gel was used as well to achieve more detailed insights. 

Combining the reducing and non-reducing gel, the effect of aggregation on individual proteins 

can be better observed. For the unheated LFMS in the reducing gel (Fig. 3-6E), the result was 

the same as for the non-reducing gel, because of the absence of disulphide related aggregation. 

For the LFMS heated at 65 °C (Fig. 3-6F), partial digestion of lactoferrin was found, which is 

similar to the results of the non-reducing gel. For the LFMS heated at 70 °C (Fig. 3-6G), no 

monomeric lactoferrin was observed in the non-reducing gel due to aggregation, while some 

monomeric lactoferrin appeared in the reducing gel, even after gastric digestion for 60 min, 

indicating that lactoferrin in these aggregates wasn’t digested completely. Similar result 

occurred in LFMS heated at 75 °C (Fig. 3-6H). When the digestion of the differently heated 

LFMS samples was compared, lactoferrin was shown to be digested better in 65 °C and 70 °C 

heated samples than in unheated samples. Remarkably, lactoferrin appeared to be slightly less 

digested in the 75 °C heated sample than the 70 °C heated sample. 

Differential release of peptides from lactoferrin due to differences in its degradation may occur. 

Our data showed a similar cleavage pattern for all samples (Supplementary Fig. 3-3), although 

the intensity profile of peptides originating from lactoferrin showed differences 

(Supplementary Fig. 3-4). Corresponding to the least degradation of intact lactoferrin, the 

unheated LFMS sample released the lowest levels of peptides from lactoferrin after digestion. 

From Supplementary Fig. 3-4, peptide profiles of LF+MS sample was different from that of 

LFMS sample, with a lower signal in all LF+MS samples. No significant trend was observed 

in differently heated LF+MS samples. When it comes to LFMS, peptides profile showed an 

obvious difference between differently heated samples, with LFMS being heated at 70 °C 

showing the highest peptide signals, followed by the samples heated at 65 °C. The samples 

heated at 75 °C showed the lowest peptide signals (Supplementary Fig. 3-4).  
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3.4. Discussion 
3.4.1 Whey proteins accelerate disulphide linked aggregation involving lactoferrin 

In the present study, a combination of turbidity and particle size determination, SDS-PAGE, 

and proteomics was used to investigate the thermal aggregation of lactoferrin with milk serum 

proteins and its consequences. When lactoferrin was heated alone, an increase in turbidity was 

observed at 65 °C (Fig. 3-1A), indicating that insoluble aggregates started to form from 65 °C.  

The turbidity further increased in the 70 °C and 75 °C heated samples (Fig. 3-1A), which may 

have been due to the formation of either larger or more aggregates in those samples. Disulphide-

linked aggregates of lactoferrin were observed in the 70 °C and 75 °C heated samples (Fig. 3-

2A). From this data, it can be concluded that non-covalent interactions are underlying the 

protein aggregation in the 65 °C heated samples. Intermolecular disulphide interchange 

reactions occur upon heating, leading to aggregation of proteins as also suggested in a previous 

study (Brisson et al., 2007b). This formation of aggregates indicates that lactoferrin has 

undergone significant structural changes. 

The results also showed that the presence of lactoferrin altered the thermal aggregation of milk 

serum proteins (Fig. 3-3 & Supplementary table 3-1). For the MS samples, the sharp increase 

of turbidity from 70 °C onward indicated the formation of aggregates (Fig. 3-1B). With a further 

increase in temperature, the aggregates increased in size, as indicated by the increase of 

turbidity and particle size (Fig. 3-1C). When MS and LFMS samples heated at the same 

temperature were compared, the turbidity and the average size of all heated LFMS samples was 

higher than that of the respective MS samples (Fig. 3-1B & 1C). Therefore, the differences 

between these samples seem to result from the interaction between lactoferrin and whey 

proteins during heating. Combining data on the changes in particle size distribution and 

turbidity shows that this is induced by the formation of larger aggregates rather than an increase 

of the number of small aggregates. The aggregates with different size, as formed at various 

heating temperatures, may behave differently during the digestion.  

The aggregation of lactoferrin was faster when heated in the presence of milk serum proteins 

(Fig. 3-2B), due to intermolecular thiol/disulphide interchange reactions, as shown by the 

disappearance of the aggregates under reducing conditions (Fig. 3-2D). The proteomics data 

(Fig. 3-3C & 3D) highlighted the involvement of several high abundant whey proteins in the 

aggregation during heating. Lactoferrin contains 17 intramolecular disulphide bonds without a 

free thiol group (Pierce et al., 1991). The presence of proteins containing free thiol groups, such 
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as β-LG or BSA, facilitates aggregation via intermolecular thiol/disulphide interchanges. This 

was also demonstrated by previous studies, which showed no rapid self-aggregation of α-LA 

upon heating, whereas the concomitant presence of  β-LG or BSA was shown to considerably 

enhance the heat-induced aggregation of α-LA (Dalgleish, Senaratne, & Francois, 1997; Havea 

et al., 2001; Schokker et al., 2000). The presence of β-LG and/or BSA may thus increase the 

tendency of other proteins, like lactoferrin, to aggregate upon heating.  

Our data confirms the direct thiol/disulphide interchange between lactoferrin and β-LG (Fig. 3-

4), in accordance with another study that also reported the aggregation of lactoferrin with β-LG 

in lactoferrin-enriched milk (Brisson et al., 2007a). Our data indicate that upon heating, 

lactoferrin will have exposed S-S bridges that can be reduced by for instance free SH-groups 

of β-LG or BSA. This was further confirmed by the bands between 80 kDa-150 kDa on the 

SDS-PAGE gel (Fig. 3-2B) that were not visible in the similarly heated MS samples, indicating 

the formation of aggregates consisting of lactoferrin and other milk proteins in the LFMS 

samples. Interestingly, the above-mentioned bands in the LFMS samples were similar in 

appearance to those on the SDS-PAGE gel of lactoferrin with β-LG (Fig. 3-4B). When β-LG 

was heated alone, no change of turbidity (Supplementary Fig. 3-5) and no formation of 

disulphide linked aggregates was observed (Fig. 3-4), indicating that it is stable in the 

temperature range of 65 °C-75 °C. Our data also showed that lactoferrin affected the response 

of β-LG to the heat treatment, which confirms the recent study (Halabi et al., 2020) that reported 

a more extensive loss of native β-LG in the presence of lactoferrin upon heating. Due to the 

heat sensitivity of lactoferrin, its disulphide bridges may have been more exposed when β-LG 

started unfolding to expose its free thiol group in the temperature range of 65 °C-75 °C. The 

free thiol group from β-LG may subsequently have undergone disulphide interchange reactions 

with the exposed S-S bridges of lactoferrin, which explains the enhanced aggregation of β-LG 

in the presence of lactoferrin. When heated in milk serum, lactoferrin probably mainly interact 

with β-LG, making β-LG more available for other proteins to aggregate at lower temperature, 

resulting in the change of protein aggregate composition (Fig. 3-3B). In summary, the data 

shows that acceleration of the aggregation of lactoferrin in the presence of milk serum proteins 

can be partly ascribed to β-LG. Whether aggregation of lactoferrin with other milk serum 

proteins is mainly mediated by β-LG, or that other proteins like BSA also play a role, is not 

clear. Further studies should be done to confirm the contribution of individual whey proteins to 

the thiol/disulphide induced aggregation of lactoferrin.   
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3.4.2 Aggregation caused loss of bacteriostatic activity of lactoferrin and whey protein 

The bacteriostatic activity of whey proteins is highly dependent on their native structure and is 

negatively affected by denaturation and aggregation (Xiong et al., 2020a). The observed 

changes in bacteriostatic activity after different heat processing were generally consistent with 

the changes due to  aggregation in these samples. When lactoferrin and whey proteins were 

heated separately, a rapid decrease of bacteriostatic activity was observed after heating at 75 °C 

(Fig. 3-5), which corresponds to the extensive aggregation of lactoferrin and milk serum 

proteins when heated separately (Fig. 3-2A & 2B). Similar changes of the bacteriostatic 

capacity of milk serum after heat treatment were reported in our previous study (Xiong et al., 

2020a). When lactoferrin  in milk serum was heated at 70 °C and above, a rapid decrease of 

bacteriostatic activity was observed (Fig. 3-5), which coincides with the observed aggregation 

of LFMS samples (Fig. 3-2B). The bacteriostatic mechanisms of lactoferrin have been ascribed 

to its ability in iron scavenging and LPS binding (Wang et al., 2019). After heating at 85 °C for 

20 min, the ability to bind iron of soluble lactoferrin remained at 50%, while aggregates of 

lactoferrin lost their ability to bind iron (Mata, Sánchez, Headon, & Calvo, 1998). It was 

reported that aggregated lactoferrin had lost its bacteriostatic activity against E. coli O157:H7 

and S. enteritidis (Conesa et al., 2010). These studies together with our data thus suggest that 

aggregation diminishes the bacteriostatic activity of lactoferrin. Aggregation between 

lactoferrin and milk serum proteins may change the iron binding domain of lactoferrin during 

heat treatment, thus causing a more extensive loss of its bacteriostatic activity.  

3.4.3 Aggregation decreased peptic degradation of lactoferrin and release of peptides   

In the present study, most of the lactoferrin was degraded after the complete gastrointestinal 

digestion in all samples, without much differences between different heat treatments (Fig. 3-6). 

Nevertheless, large differences in first phase of gastric digestion of lactoferrin were observed, 

indicating that unfolding and aggregation of lactoferrin affected gastric digestion more than 

intestinal digestion. Native lactoferrin was hardly digested after the infant gastric digestion (Fig. 

3-6A & E), which is consistent with an early study, showing that native lactoferrin is not 

extensively digested by infant’s gastric secretions (Spik, Brunet, Mazurier‐Dehaine, Fontaine, 

& Montreuil, 1982). Even for in vivo and in vitro adult studies, it was shown that still some 

lactoferrin molecules remained intact after gastric digestion (Bokkhim, Bansal, Grøndahl, & 

Bhandari, 2016). Heating induced structural changes of lactoferrin to a different extent, 

depending on the intensity of the heat treatment, which may affect the digestion pattern of 

lactoferrin. Grosvenor et al. (Grosvenor, Haigh, & Dyer, 2014) reported that pasteurization 
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(72 °C/15 s) altered the kinetics of release of specific peptides during gastric digestion of 

lactoferrin. On the other hand, Wang et al. reported that no difference in the degradation of 

lactoferrin was observed between samples heated at 70 °C for 10 min and its unheated 

counterparts based on an in vitro adult digestion model (Wang, Timilsena, Blanch, & Adhikari, 

2017). We observed a more extensive decrease of the intact lactoferrin band on SDS-PAGE 

and a higher peptide intensity in all heated samples compared to their unheated counterparts 

(Fig. 3-6 & Supplementary Fig. 3-4), indicating that conformational changes induced by heat 

treatment enhanced the susceptibility of lactoferrin to gastric hydrolysis.  

When lactoferrin was heated in the presence of milk serum proteins, the digestion pattern 

showed a difference among the three differently heated samples (Fig. 3-6). This difference was 

probably associated with the extent of aggregation. The lowest retention of intact lactoferrin 

after gastric digestion in the LFMS-70 samples in the reducing gel suggests that most of the 

lactoferrin that was present in these aggregates was hydrolysed by pepsin. The increased 

retention of intact lactoferrin and the lowest level of peptides in the LFMS-75 samples indicates 

that at this heat load lactoferrin present in larger aggregates can’t be digested as well as the 

samples treated at lower temperature. It was previously demonstrated that heat-induced 

increases in protein digestibility due to unfolding of protein may be overwhelmed by formation 

of proteolytic-resistant aggregates (Yasuaki Wada & Loennerdal, 2014), and physicochemical 

properties of protein aggregates significantly affected their digestion behaviour, with a higher 

degradation rate for smaller aggregates (Zhang & Vardhanabhuti, 2014). Combining the data 

from our study and existing studies, it can be concluded that aggregation not only affected the 

overall digestibility of milk serum proteins but also played a critical role in the kinetics of 

digestion of specific proteins, in this case lactoferrin. The rate of digestion of lactoferrin is thus 

a balance of an increased digestion rate due to unfolding and a decreased digestion rate due to 

aggregation.  

In summary, the data show how heating of lactoferrin in a milk matrix may change its digestion 

kinetics and cause a loss of its activity. It thereby corroborates that heating lactoferrin and other 

protein ingredients in food products separately may decrease the disulphide linked aggregation 

of lactoferrin with other proteins, which may ultimately help to retain its bioactivity. This can 

be of important relevance for producers of lactoferrin-containing functional foods. 
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3.5 Conclusion 
Milk serum proteins accelerated the aggregation of lactoferrin via thiol/disulphide interchange 

reactions during heat treatment, which was partly mediated by β-LG. Interaction of lactoferrin 

with milk serum proteins accelerated the loss of its bacteriostatic activity. Moderate heat 

treatment could enhance hydrolysis of lactoferrin during gastric digestion. However, extensive 

aggregation of lactoferrin with milk serum proteins into large aggregates counteracted the 

improved digestion induced by unfolding, and subsequently changes the peptide profile after in 

vitro infant gastric digestion.  
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Supplementary Materials  

 

Supplementary figure 3-1 The effect of heating of lactoferrin in the absence and presence of β-lactoglobulin on its 
disulphide linked aggregation.  Lane 1, protein marker; Lane 2, 3, mixture of lactoferrin and β-lactoglobulin without 
heat treatment; Lane 4, 5  mixture of lactoferrin and β-lactoglobulin being heated at 65 °C for 30 min; Lane 6, 7, mixture 
of lactoferrin and β-lactoglobulin being heated at 75 °C for 30 min;. Lane 8, 9, mixture of lactoferrin and β-lactoglobulin 
being heated at 85 °C for 30 min; Abbreviations: LF, lactoferrin; β-LG, β-lactoglobulin. 
 

 

Supplementary figure 3-2 In vitro digestion of unheated LFMS samples after gastric digestion and gastrointestinal 
digestion. M, protein marker; G60 means digested samples collected after 60 min of gastric digestion; GI means samples 
collected after complete gastrointestinal digestion. Abbreviations: IgG, immunoglobulin G; LF, lactoferrin; BSA, 
bovine serum albumin; β-LG, β-lactoglobulin; α-LA, α-lactalbumin. 
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Supplementary figure 3-3 Cleavage pattern of lactoferrin in the absence and presence of milk serum protein on after 
infant gastric digestion. LFMS, milk serum with addition of 1 mg/ml lactoferrin; LF+MS, lactoferrin and milk serum  
samples were heated at same temperature separately, and then mixed before digestion. N, sample without heat 
treatment; 65/70/75 refer to samples being heated at 65/70/75 °C for 30 min, respectively.  
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Supplementary figure 3-4 Peptide profiles from lactoferrin in differently heated milk serum samples after infant 
digestion. LFMS, milk serum with addition of 1 mg/ml lactoferrin; LF+MS, lactoferrin and milk serum samples were 
heated at same temperature separately, and then mixed before digestion. N, sample without heat treatment; 65/70/75 
refer to samples being heated at 65/70/75 °C for 30 min, respectively.  
 

 

Supplementary figure 3-5 Change of turbidity of β-lactoglobulin after heating. N, sample without heat treatment; 
65/70/75 refer to samples being heated at 65/70/75 °C for 30min, respectively. Abbreviations: β-LG, β-lactoglobulin. 
Statistical significance was analyzed using ANOVA. Means followed by the same letter were not significantly different 
(p > 0.05). Different letters indicate statistically significant difference among different heat treatments (p < 0.05) based 
on Tukey’s HSD test. 
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Supplementary table 3-1  The level of proteins in aggregates after different heat treatment.   
              Log10(iBAQ) 

Protein name 
MS-N MS-65 MS-70 MS-75 LFMS-N LFMS-65 LFMS-70 LFMS-75 

Lactoferrin 5.40±0.45 5.60±0.48 6.09±0.90 7.81±0.18 6.11±1.05 5.81±0.14 8.85±0.04 9.28±0.05 
Beta-lactoglobulin 7.81±0.44 7.87±0.15 7.97±0.20 8.73±0.01 7.65±0.18 7.43±0.19 9.05±0.14 9.61±0.03 

Alpha-lactalbumin 5.86±0.64 5.05±0.16 5.74±0.47 7.10±0.01 5.67±0.06 3.72±0.03 5.96±0.02 6.74±0.05 
Bovine serum albumin 6.11±0.02 6.42±0.11 6.49±1.39 7.06±0.20 6.24±0.41 5.62±0.22 6.25±0.07 7.10±0.13 
Lactoperoxidase 2.55±0.47 3.68±0.03 3.69±1.17 6.62±0.29 3.64±0.15 3.53±0.63 5.93±0.16 6.94±0.03 
Kappa-casein 4.41±0.48 4.29±1.01 5.45±0.11 6.39±0.42 2.95±0.35 4.06±2.31 5.56±0.48 6.82±0.63 
Alpha-S1-casein 4.26±0.35 5.45±0.26 5.73±1.59 4.74±0.20 4.07±0.09 5.48±0.39 6.20±0.10 5.93±0.14 
Xanthine 

dehydrogenase/oxidase 
4.77±0.35 6.50±0.28 5.72±0.12 7.48±0.02 4.16±0.60 5.64±0.45 7.19±0.10 7.67±0.07 

Polymeric 

immunoglobulin 

receptor 

3.90±0.76 4.66±0.89 4.69±0.18 7.19±0.88 3.69±0.47 3.94±0.60 7.01±0.06 7.53±0.39 

Butyrophilin subfamily 

1 member  
6.52±0.13 6.81±0.58 4.89±0.04 6.80±0.45 6.02±0.88 5.78±0.65 6.40±0.14 6.60±0.02 

Ig-like domain-

containing protein 
2.99±0.23 3.94±0.41 3.60±0.39 6.56±0.31 3.29±0.63 3.31±0.18 5.75±1.12 6.89±0.75 

Fibroblast growth 

factor-binding protein 

1 

4.48±2.21 4.44±0.77 5.02±1.13 4.66±0.13 4.64±0.49 3.81±1.03 5.97±0.87 7.42±0.04 

Uncharacterized 

protein 
2.74±1.34 3.93±0.02 3.52±1.81 5.83±0.23 3.37±0.76 3.31±0.19 4.34±0.16 5.21±0.30 

Sodium-dependent 

phosphate transport 

protein 2B 

3.63±0.24 6.01±0.53 4.73±1.83 6.67±0.27 3.35±0.04 5.43±0.36 6.02±0.08 6.22±0.13 

 

Lactadherin 3.99±0.10 4.49±0.18 4.01±2.17 6.43±0.35 2.30±0.23 3.25±1.18 6.15±0.30 6.83±0.43 

Ig-like domain-

containing protein 

3.53±0.31 4.36±0.75 4.37±0.37 6.43±0.24 3.56±0.27 3.93±0.13 6.07±0.12 6.20±0.09 

Complement C3 3.38±0.22 4.24±0.83 4.03±1.03 5.87±0.20 3.32±0.54 2.87±0.02 5.70±0.09 6.46±1.21 

Serotransferrin 2.42±1.30 4.07±0.29 3.96±0.54 6.38±1.20 3.31±1.81 3.80±0.16 6.34±0.47 5.99±0.65 

ATP-binding cassette 

sub-family G member 

2 

5.13±0.26 6.03±0.27 4.73±1.41 6.49±0.02 5.32±0.30 5.14±0.18 5.84±0.49 6.06±0.18 

Platelet glycoprotein 4 4.59±0.49 5.51±0.20 3.35±0.21 6.38±0.17 2.93±0.78 3.65±1.58 4.38±0.96 5.79±0.15 

Uncharacterized 

protein 

3.81±1.35 3.86±0.43 3.30±0.73 6.13±0.18 3.38±0.72 3.70±0.57 5.25±0.29 6.41±0.43 

Beta-1,4-

galactosyltransferase 1 

2.63±0.31 4.25±0.84 4.39±1.08 5.93±0.09 3.36±0.01 3.02±0.30 4.59±1.62 6.65±0.10 

Uncharacterized 

protein 

3.26±0.18 3.86±0.04 3.41±0.44 4.61±0.25 3.49±1.29 3.18±0.15 4.93±0.57 6.01±0.21 

Fatty acid-binding 

protein 

3.98±1.75 5.33±0.66 5.16±0.34 6.08±0.08 4.07±0.99 3.46±1.59 4.97±0.13 5.03±0.78 

Complement factor B 3.08±1.07 4.00±0.10 3.62±0.70 5.39±0.20 3.49±0.82 3.27±0.03 4.57±0.81 5.13±1.12 

Actin, cytoplasmic 2 3.97±0.23 5.89±0.49 3.90±0.18 5.51±0.48 3.08±0.10 3.31±0.15 5.16±0.57 5.32±0.53 

Lipocalin 2 2.64±0.10 4.00±0.28 3.36±0.15 3.95±0.27 3.31±0.99 2.91±0.35 4.36±1.13 6.45±0.08 

Junction plakoglobin 5.49±0.43 5.56±0.20 4.83±0.04 5.73±0.41 4.93±0.42 4.66±0.55 4.68±1.50 4.86±0.73 

Sulfhydryl oxidase 2.58±0.11 4.04±0.19 3.59±0.37 4.20±0.31 3.13±0.08 2.83±0.33 5.70±0.08 5.56±0.67 
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              Log10(iBAQ) 

Protein name 
MS-N MS-65 MS-70 MS-75 LFMS-N LFMS-65 LFMS-70 LFMS-75 

Fibrinogen gamma-B 

chain 

3.18±0.06 4.10±0.01 3.23±0.12 5.25±0.29 2.95±1.00 2.65±0.43 4.68±0.54 5.44±0.60 

Perilipin-2 5.41±0.42 4.80±0.71 3.82±0.43 5.52±0.16 3.30±0.54 4.68±0.37 4.17±1.15 4.96±0.56 

Uncharacterized 

protein 

5.16±0.13 5.42±0.04 3.99±0.67 5.41±0.44 5.02±0.24 4.62±0.64 4.46±0.19 3.60±0.31 

Fibronectin 2.93±0.61 3.88±0.12 3.09±0.16 4.49±0.08 3.51±0.10 2.80±0.27 3.90±0.05 4.62±0.30 

Fatty acid synthase 4.95±0.48 4.95±0.27 3.76±0.73 4.61±1.02 3.86±0.01 4.07±0.05 3.98±0.51 4.88±0.07 

Complement  C7 3.15±0.19 4.10±0.40 3.49±0.14 4.82±0.08 3.64±0.22 2.72±0.30 4.66±0.23 4.50±0.72 

Desmoplakin 4.07±0.09 4.92±0.36 3.42±0.02 4.86±0.32 3.87±0.17 4.03±0.48 4.26±1.31 4.17±0.08 

Result was expressed as Mean±SD calculated logarithm of iBAQ value. MS, milk serum; LFMS, milk serum 
with addition of 1 mg/ml lactoferrin. N, sample without heat treatment; 65/70/75 refer to samples being heated at 
65/70/75 °C for 30 min, respectively. 
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Abstract 
Bovine milk shows bacteriostatic activity mainly due to the presence of antibacterial proteins, 

like lactoferrin,  lactoperoxidase and immunoglobulins. Heat treatment is applied to kill bacteria 

and thereby extend shelf life of dairy products. Such heat treatment may, however, impair the 

activity of native antibacterial proteins in milk. The aim of this study was to investigate 

bacteriostatic capacity and retention of antibacterial proteins in unheated and heated bovine 

milk. Skim milk samples were heated at 65 °C, 70 °C, 75 °C, 80 °C and 85 °C, for 30 minutes. 

Whey was isolated from the heat-treated skim milk and the bacteriostatic capacity of this whey 

was tested against Streptococcus thermophilus, Escherichia coli, Lactococcus lactis and 

Pseudomonas fluorescens. The proteomic profile of native whey was determined using LC-

MS/MS-based proteomics. Results showed that the bacteriostatic activity of whey negatively 

correlated with intensity of heat treatment, which was also reflected in the reduced level of 

native antibacterial proteins. There is a significant difference between milk samples treated for 

30 minutes at < 75 °C and milk samples treated at ≥ 75 °C in both bacteriostatic capacity and 

native antibacterial proteins. Growth rates of Streptococcus thermophilus, Lactococcus lactis 

and Pseudomonas fluorescens were negatively correlated with retention of lactoferrin and 

lactoperoxidase. In conclusion, our study shows that the bacteriostatic capacity of whey 

decreases with increasing heating intensity, which is strongly correlated with the denaturation 

of antibacterial proteins. Bacteriostatic activity can be a biomarker for loss of function of 

antibacterial proteins, and can thereby be used as an indicator for  the extent of heat processing 

of dairy products including antibacterial proteins in a mild heat treatment.  

Keywords: Proteomics, milk, antibacterial, thermal treatment, pasteurization, milk enzymes. 
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4.1. Introduction 
Bovine milk exerts bacteriostatic ability due to the presence of various antibacterial proteins 

and peptides, such as lactoperoxidase, immunoglobulin and lactoferrin. Heat treatment is 

applied to milk and dairy products to ensure their microbiological safety and shelf life. Thermal 

processes can, however, impact functional properties of milk proteins, e.g. their ability to exert 

an bacteriostatic capacity. It was reported that consumption of raw cow’s milk reduced the risk 

of common respiratory infections (Loss et al., 2015), while processed human milk and bovine 

milk (e.g. pasteurization, boiling, ultra-high temperature processing) had significantly increased 

risks for these diseases for new born (Dritsakou, Liosis, Valsami, Polychronopoulos, & 

Skouroliakou, 2016; Loss et al., 2015; Montjaux-Regis et al., 2011), which may be due to the 

presence of immune-active proteins in raw milk that have been destroyed upon heat treatment. 

Bacteriostatic capacity of human milk against Escherichia coli was decreased after high-

temperature treatment (Silvestre, Ruiz, Martinez-Costa, Plaza, & Lopez, 2008). Studies on the 

stability of whey proteins during heat processing showed that many, especially immune-active, 

proteins were decreased or absent in processed milk (Brick et al., 2017; Zhang, Boeren, et al., 

2016). Although milk contains many immune-active proteins, lactoferrin, lactoperoxidase and 

immunoglobulin are the main ones in bovine milk (Madureira, Pereira, Gomes, Pintado, & 

Malcata, 2007). In addition, low abundant  immune-active proteins including monocyte 

differentiation antigen CD14 and complement components could contribute to beneficial 

immune effects of milk. All these immune-active proteins are strongly affected by heat 

processing (Brick et al., 2017). 

Lactoferrin (LF) is an iron-binding glycoprotein present in the milk and other secretory fluids 

of many mammalian species. Bovine lactoferrin consists of 689 amino acids and is present at 

around 20-200 mg/L in cow’s milk (Steijns & van Hooijdonk, 2000). It was reported to exert a 

broad range of biological activity including being antibacterial, antivirus, immunomodulatory. 

Lactoferrin is therefore added into infant formula to improve health of new-born (King et al., 

2007). The antimicrobial activity of lactoferrin is mainly contributed to its iron-sequestering 

and lipopolysaccharide-binding properties (Farnaud & Evans, 2003). Studied showed that heat 

treatment could reduce iron-binding capacity of lactoferrin (Mata et al., 1998). Therefore, a 

decrease of the antibacterial activity of lactoferrin may be caused by reduction of its iron-

binding capacity. A study showed that holder pasteurization (63 °C/30 min) of skim milk 

reduced the native lactoferrin content by about 40%. It was also reported that pasteurisation at 

a different temperature/time combination (72 °C/15 s) led to a similar 40% - 50% denaturation, 
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though it showed similar bacteriostatic properties as unheated lactoferrin. Ultra-high-

temperature treated lactoferrin, on the other hand, was completely denatured and lost its 

inhibitory capacity on Escherichia coli (Paulsson, Svensson, Kishore, & Naidu, 1993).  

Lactoperoxidase (LPO) is one of the most prominent enzymes in bovine milk containing 612 

amino acids, which exerts its function as LPO system with hydrogen peroxidase and the 

pseudohalogen thiocyanate. Lactoperoxidase catalyses the peroxidation of thiocyanate and 

some halides to produce components that inhibit the growth of a variety of bacteria (Bjorck, 

Rosen, Marshall, & Reiter, 1975; Kussendrager & van Hooijdonk, 2000; Reiter, Marshall, 

Bjorck, & Rosen, 1976), which may contribute to the prevention of enteric infections in 

neonates (Reiter, Marshall, & Philips, 1980; Still, Delahaut, Coppe, Kaeckenbeeck, & 

Perraudin, 1990). Activity of lactoperoxidase decreased when it was heated at 62 °C/20 min or 

72 °C/6 min (Claeys, Van Loey, & Hendrickx, 2002) and showed a complete inactivation at 

78 °C/15 s in bovine milk (Dumitrascu, Stanciuc, Stanciu, & Rapeanu, 2012). LPO was 

completely inactivated in milk samples subject to  heat treatment at  ≥ 80 °C for 10 min, which 

is used as an indicator of heat treatment of milk around 80 °C (Sharma & Rajput, 2014). 

Immunoglobulins (Ig) are secreted by mammals to control infections, and consequently can 

also be part of passively transferred immunity to neonates. Three classes of immunoglobulins 

have been identified in bovine milk, IgA, IgM and IgG. Previous studies found that oral 

administration of bovine colostrum could provide passive immune protection for humans 

through its immunoglobulins (He, 2001; Hurley & Theil, 2011). It was reported that holder 

pasteurisation (63 °C/30 min) denatured 33% of IgM, but had no effect on the other two major 

immunoglobulins (Mainer, L. Sanchez, Ena, & Calvo, 1997). However, heat-sterilization 

denatured all immunoglobulins (Kummer et al., 2008). In vitro antibacterial activity of 

immunoglobulin is controversial. It was reported that isolated bovine IgG from a single cow 

did not reveal any inhibitory activity on Escherichia coli, but it can enhance specifically the 

bacteriostatic activity of lactoferrin against the strain pathogenic to calves, NCTC 10444 (Spik, 

Cheron, Montreuil, & Dolby, 1978; Stephens, Dolby, Montreuil, & Spik, 1980).  

The effect of heat processing on the bovine milk proteome was reported in several studies in 

recent years, helped by the development of high-throughput methods, equipment, and software 

approaches (Greenwood & Honan, 2019). In these studies, industrial heating processes or single 

heat treatments were applied to observe differences in the protein profile, as induced by heat 

treatment (Brick et al., 2017; Felfoul et al., 2017; Tacoma et al., 2017; Zhang, Boeren, et al., 
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2016). However, these studies did not look at the effect of small variations in temperature on 

the protein profile. Also, denaturation of proteins was generally studied without directly linking 

this to the protein’s biological function. A biomarker for protein function is the bacteriostatic 

capacity, which should be based on a wide range of bacteria that can grow in milk and are 

known to be sensitive to antibacterial proteins. A detailed study about how heat treatment 

affects both protein denaturation and the bacteriostatic capacity of  bovine milk in a temperature 

range under 100 °C would thus be useful, because previous studies showed that in this 

temperature range part of the antibacterial proteins may survive the heat treatment. Therefore, 

the aim of this study was to investigate the effect of such heat treatments on denaturation of a 

wide range of immune-active milk protein, and the bacteriostatic capacity of milk, to provide 

evidence  for the relation between the denaturation and bioactivity of these milk proteins. 

4.2. Material and methods  

The experimental approach of this study is depicted in Fig. 4-1. 

Figure 4-1 The flow chart of the general procedures of the research. 
 

4.2.1 Material  

Bovine raw tank milk was obtained from Wageningen University farm (Wageningen, 

Netherlands) from clinically healthy cows. 

4.2.2 Methods 

4.2.2.1 Heat treatment 

Raw milk was centrifuged at 1500 × g for 20 minutes at 4 °C (with rotor 16.250, Avanti 

Centrifuge J-26 XP, Beckman Coulter, USA) to remove the fat. After centrifugation, skimmed 

milk samples were heated. For this, 50 ml raw milk samples were poured into centrifuge tubes 

and heated for 30 min in a water bath at 65 °C, 70 °C, 75 °C, 80 °C and 85 °C in triplicate. 

After heat treatment, samples were immediately cooled to room temperature for further analysis. 
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4.2.2.2 Whey preparation 

After heat treatment, the milk samples were immediately cooled to room temperature. Casein 

and denatured proteins was removed according to a previous paper (Law & Leaver, 2000), all 

skimmed milk samples were acidified by drop-wise addition of 1 M HCl under stirring, until a 

pH of 4.6 was reached. The samples were then kept at 4 °C for 30 min to equilibrate. The 

acidified skim milk was ultracentrifuged at 100,000 × g for 90 min at 30 °C (with rotor 70 Ti, 

Beckman L-60, Beckman Coulter, USA). After ultracentrifugation, samples were separated into 

three phases. The top layer was milk fat, the middle layer was whey with the native milk 

proteins, and the bottom layer (pellet) was micellar casein with the denatured whey proteins. 

4.2.2.3 SDS-polyacrylamide gel electrophoresis 

The Protein content of the whey was determined by Milkoscan (FT120, FOSS, Hillerød, 

Denmark), as previous paper (Somers, Guinee, & Kelly, 2002). Whey was diluted 5-fold with 

distilled water. Two microliter of each protein sample was heated at 70 °C for 10 minutes with 

5 µL 4X concentrated LDS sample buffer (NP0007, Thermo Fisher Scientific, Massachusetts, 

USA), 2 μL 10X concentrated Sample reducing agent (NP0009, Thermo Fisher Scientific, 

Massachusetts, USA) and 13 μL of water. Ten microliter of each protein sample was loaded 

onto a 10% Bis-Tris gel (NP0301BOX, Thermo Fisher Scientific, Massachusetts, USA). A 

prestained protein ladder (26616, Thermo Fisher Scientific, Massachusetts, USA), ranging from 

10 kDa to 180 kDa, was used to monitor the progress of SDS-polyacrylamide gel 

electrophoresis. The gel was run in MES buffer (NP0002, Thermo Fisher Scientific, 

Massachusetts, USA) at 120 V for approximately 120 minutes at room temperature (XCell 

SureLock Mini-Cell, Thermo Fisher Scientific, Massachusetts, USA). The gel was stained with 

Coomassie Brilliant Blue R-250 (1610436, Biorad, California, USA) for one hour and then 

destained for four hours with washing buffer (10% (v/v) ethanol and 7.5% (v/v) acetic acid) 

while mildly shaking at room temperature. 

4.2.2.4 Proteomics analysis 

The FASP (Filter Aided Sample Preparation) method was carried out according to previous 

articles (Hettinga et al., 2011; Lu et al., 2011; Wiśniewski, Zougman, Nagaraj, & Mann, 2009). 

Whey samples (20 μL) were diluted in SDT-lysis  buffer (100 mM Tris/HCl pH 8.0 + 4% SDS 

+ 0.1 M dithiothreitol) to reach a protein content of approximately 1 μg/μL. Samples were then 

incubated for 10 min at 95 °C. They were centrifuged at 13524 × g for 10 min after being cooled 
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down to room temperature (Eppendorf 5424, Eppendorf, Hamburg, Germany). Then, 20 μL of 

sample in SDT was directly added to the middle of 180 μL 0.05 M IAA (Iodoacetamide)/UT 

(100 mM Tris/HCl pH 8.0 + 8 M urea) in a low binding Eppendorf tube and incubated for 10 

min while mildly shaking at room temperature. The sample (100 μL) was transferred to a Pall 

3K omega filter (10–20 kDa cutoff, OD003C34; Pall, Washington, NY, USA) and centrifuged 

at 13524 × g for 30 min. Another three centrifugations at 13524 × g for 30 min were carried out 

after adding three times 100 μL UT, respectively. After that, 110 μL 0.05 M ABC (0.05 M 

NH4HCO3 in water) was added to the filter unit and centrifuged at 13524 × g for 30 min. The 

filter was transferred to a new low-binding Eppendorf tube. Then, 100 μL ABC containing 0.5 

μg trypsin was added to the filter. After incubation for 2 hours at 45°C, the tube with filter was 

centrifuged at 13524 × g for 30 min. Finally, the filter was removed and 6 μL 10% 

trifluoroacetic acid (TFA) was added to adjust the pH of the sample to around 2. These samples 

were ready for LC-MS/MS.  

The LC-MS/MS parameters are the same as described previously (Zhang et al., 2015a, 2015b). 

First, 18 μL of the trypsin-digested whey protein fractions was injected on a 0.10 ∗ 30 mm 

Magic C18AQ 200A 5 μm beads (Michrom Bioresources Inc., USA) pre-concentration column 

(prepared in house) at a maximum pressure of 800 bar. Peptides were eluted from the pre-

concentration column onto a 0.10 ∗ 200 mm ReproSil-Pur 120 C18-AQ 1.9 µm beads analytical 

column with an acetonitrile gradient at a flow of 0.5 μL/min, using gradient elution from 8% to 

33% acetonitrile in water with 0.5 v/v % acetic acid in 50 min. The column was washed using 

an increase in the percentage acetonitrile to 80% (with 20% water and 0.5 v/v % acetic acid in 

the acetonitrile and water) in 3 min. Between the pre-concentration and analytical column, an 

electrospray potential of 3.5 kV was applied directly to the eluent a stainless steel needle fitted 

into the waste line of the micro cross. Full scan positive mode FTMS spectra were measured 

between m/z 380 and 1400 on an LTQ-Orbitrap XL (Thermo Electron, San Jose, CA, USA). 

CID-fragmented MSMS scans of the four most abundant doubly- and triply-charged peaks in 

the FTMS scan were recorded in data-dependent mode in the linear trap (MSMS 

threshold=5.000). 

4.2.2.5 Bacteriostatic properties analysis 

Streptococcus thermophilus (C106 strain, CSK Food Enrichment culture collection, Ede, 

Netherlands), Escherichia coli K12 (DSM 498, DSMZ, Braunschweig, Germany), Lactococcus 

lactis ssp. lactis (DSM 20481, DSMZ, Braunschweig, Germany), and Pseudomonas 
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fluorescens (DSM 50900, DSMZ, Braunschweig, Germany) were activated in nutrient broth 

from frozen stock for 24 – 48 hours at their optimum temperature (Streptococcus thermophilus, 

45 °C; Escherichia coli, 37 °C; Lactococcus lactis ssp. lactis, 30 °C; Pseudomonas fluorescens, 

30 °C). The suspensions of these four strains were stored at 4 °C and reactivated before 

inoculation. Reactivated bacterial strains were centrifuged for 5 min at 12,000 × g (with Rotor 

FA-45-30-11, Microcentrifuge 5430R, Eppendorf, Hamburg, Germany) after which the 

bacterial pellets were dissolved in PFZ (peptone physiological salt solution; Tritium 

Microbiology, The Netherlands). After the optical density (OD) had been measured with a 

spectrophotometer (Cary 50 UV-Visible Spectrophotometer, Agilent Technologies, USA), 

dilutions of bacteria were made with PFZ for inoculation. 

All whey samples were micro-filtrated by RC membrane (Ø 0.45 μm with 26mm syringe filters; 

Phenex) to eliminate bacteria in the starting material (< 10 CFU/ml), and transferred into glass 

culture tubes. Bacteria were inoculated into the prepared whey samples at final bacterial 

concentration around 102 to 103 CFU/ml, after which they were incubated at their optimum 

temperatures for 2 hours based on our preliminary study (Data not shown). One milliliter of the 

samples was taken out for plating on specific agar and then incubated overnight. 

Only the plates with between 20 and 300 colonies were counted. If only one dilution had proper 

counts (between 20 and 300 colonies), N= n*d; If two dilutions for the same sample had proper 

counts, the calculation of the CFU/ml was according to the following equation: 

, where N = number of colonies per ml of product, ΣC = sum of all 

colonies on all plates counted, n1 = number of plates in lower dilution counted, n2 = number of 

plates in next higher dilution counted, d = dilution from which the first counts were obtained. 

This calculation was based on Bacteriological Analytical Manual (BAM) from the U.S. Food 

and Drug Administration (https://www.fda.gov/food/laboratory-methods-food/bam-aerobic-

plate-count#conventional, accessed August 20, 2019)(Maturin & Peeler, 2001). 

4.2.2.6 Assay of enzyme activity 

The LPO activity was measured by following the H2O2-dependent oxidation of pyrogallol at 

420 nm (Chance & Maehly, 1955). Briefly, 0.32 mL potassium phosphate buffer (0.1 M, pH 

6.0), 0.32 mL 5% pyrogallol and 0.16 ml 0.5% hydrogen peroxide solution were mixed in a 

cuvette. The reaction was initiated by the addition of 0.1 ml milk sample. Blank measurements 

were carried out with pyrogallol and milk sample only. The increase in absorbance at 420 nm 
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(ΔA420 nm) for approximately 5 minutes was recorded. The ΔA420nm/20 seconds was 

obtained using the maximum linear rate for both the test and blank. One unit will form 1.0 

milligram of purpurogallin from pyrogallol in 20 seconds at pH 6.0 at 20 °C. All tests were 

performed in triplicate.   

4.2.2.7 Data analysis 

For proteomics, each run with all MSMS spectra obtained was analyzed with Maxquant 1.6.0.1 

with the Andromeda search engine (Cox & Mann, 2008). Carbamidomethylation of cysteines 

was set as a fixed modification. The digestion of enzyme was set as trypsin. Oxidation of 

methionine, N-terminal acetylation and de-amidation of asparagine or glutamine were set as 

variable modifications for both identification and quantification. The bovine (taxonomy ID: 

9913) reference database for peptide and protein searches was downloaded as fasta file from 

Uniprot with reverse sequences generated by Maxquant. All fasta files were downloaded from 

http://www.uniprot.org/ (accessed Dec 2013). A set of 31 protein sequences of common 

contaminants was used as well, which included Trypsin (P00760, bovine), Trypsin (P00761, 

porcine), Keratin K22E (P35908, human), Keratin K1C9 (P35527, human), Keratin K2C1 

(P04264, human), and Keratin K1C1 (P35527, human). A maximum of two missed cleavages 

were allowed, and a mass deviation of 0.5 Da for fragment MS/MS peaks and 20 ppm and 4.5 

ppm for the peptide MS peaks during the first and main search, respectively. The false discovery 

rate (FDR) was set to 1% on both peptide and protein level. The length of peptides was set to 

at least seven amino acids. Finally, proteins were identified based on minimally 2 distinct 

peptides of which at least one unique and at least one unmodified. The intensity based absolute 

quantification (iBAQ) algorithm calculates the sum of all peptide intensities divided by the 

number of theoretically observable tryptic peptides, which has been reported to have a good 

correlation with known absolute protein concentrations over at least four orders of magnitude 

(Schwanhäusser et al., 2011). The iBAQ values can thus be used as an indication for the 

absolute amount of proteins in the samples and was therefore used to show the  quantitative 

effect of heating on the milk proteins. 

Data analysis was performed using R 3.4.0. Packages “plyr” and “ggplot2” were used for 

multiple comparisons of means, and graphical representation of the data, respectively. p < 0.05 

was considered to indicate significant differences among groups. ANOVA, and Tukey's HSD 

for post-hoc testing, were used to identify which treatments were significantly different. 
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Correlation analysis was performed by calculating Pearson correlations. Data were presented 

as mean ± standard deviation of three independent experiments. 

4.3 Results and discussion 
4.3.1 Bacterial growth rate in differentially heated whey  

Bacteriostatic capacity of whey isolated from heat treated milk was determined with four 

different bacteria. We observed that the growth rate of bacteria in whey increased with the 

heating intensity (Fig. 4-2). Unheated whey had the lowest growth rate, while whey heated at 

85 °C showed the highest growth rate. For heat treated samples, whey heated at 65 °C and 70 °C 

showed a lower growth rate for Streptococcus thermophilus, Lactococcus lactis, and 

Pseudomonas fluorescens than milk samples heated at  ≥ 75 °C (p < 0.05) (Fig. 4-2). No 

significant change was observed in growth rate of Escherichia coli among differently heat 

treated whey samples, although all were higher than unheated whey samples (Fig. 4-2). In 

general, bacteriostatic capacity of whey decreased after heat treatment, and decreased in the 

order: unheated whey > whey heated at 65 °C and 70 °C > whey heated at 75 °C, 80 °C, and 

85 °C. 

Figure 4-2 Growth rate per hour of Streptococcus thermophilus (ST), Lactococcus lactis (LL), Pseudomonas fluorescens 
(PF) and Escherichia coli (Ecoli) in milk serum after different heat treatment. Values are expressed as means ± SD. 
Statistical significance was analyzed using ANOVA. Means followed by the same letter are not significantly different 
(p > 0.05). Different letters indicate statistically significant difference among different heat treatments (p < 0.05) based 
on Tukey’s HSD test. Raw, 65-85 reflect the data from raw skim milk or skim milk heated at the temperatures 
mentioned for 30min. 
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Milk contains a variety of antimicrobial components, especially proteins, that are sensitive to 

heat treatment, and that may thus be related to this decreased bacteriostatic capacity. The 

unheated sample was considered as the reference, with the highest bacteriostatic capacity, as no 

protein denaturation had occurred. As a result, bacteria are expected to have the lowest growth 

rate in the unheated sample. In contrast, higher bacterial growth rates are expected to appear at 

more intensively heat treated samples, as was found for most bacteria (Fig. 4-2). However, a 

difference was found among the different bacterial species. Our study showed that unheated 

whey showed the decreased growth rate of Lactococcus lactis, Streptococcus thermophilus and 

Pseudomonas fluorescens compared with heat treated milk samples. This indicates that the 

antimicrobial milk proteins are bacteriostatic to both gram-positive and gram-negative bacteria. 

As with the other three bacteria, we found that unheated whey has the lowest growth rate of 

Escherichia coli compared with heat treated milk samples. However, no differences were 

observed among differently heat treated whey samples with regards to the growth rate of 

Escherichia coli. This  may be contributed to resistance of Escherichia coli to antimicrobial 

components in milk, such as lactoferrin. For example, Escherichia coli 0126 was observed to 

be more resistant to the bactericidal action of  human lactoferrin than Vibrio cholerae and 

Streptococcus mutans, due to its synthesis of enterochelin (Arnold & Cole, 1977).  Different 

response to lactoferrin in strains of Escherichia coli was reported by Tomita’s and Branen’s 

studies, which observed different inhibitory concentration of lactoferrin hydrolysate on 

Escherichia coli O111 and Escherichia coli O157:H7 (Branen & Davidson, 2000; Tomita et 

al., 1991). Another explanation may be specific low abundant heat sensitive components to 

which different bacteria may be sensitive.                                                                                                               

4.3.2 Serum protein content in differently heated whey 

After heat treatment, denatured whey protein precipitated with casein during acidification and 

these were subsequently removed with ultracentrifugation. The whey samples thus only 

contained the native whey proteins. Total protein concentration in these native whey samples 

are shown in Fig. 4-3. This figure shows that the total native whey protein content gradually 

decreased with increasing heating intensity, as expected. 
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Figure 4-3 Total protein concentration (mg/ml) in native milk serum after different heat treatments using MilkoScan.  
Values are expressed as means ± SD. Statistical significance was analyzed using ANOVA. Means followed by the same 
letter are not significantly different (p > 0.05). Different letters indicate statistically significant difference among 
different heat treatments (p < 0.05) based on Tukey’s HSD test. Raw, 65-85 reflect the data from raw skim milk or skim 
milk heated at the temperatures mentioned for 30 min. 
 

 

 

Figure 4-4 SDS-PAGE gel of different heat treated milk serum samples, with the main proteins that can be identified 
on the gel indicated. Raw, 65-85 reflect the data from raw skim milk or skim milk heated at the temperatures mentioned 
for 30min. Abbreviations: IgG, immunoglobulin G; LF, lactoferrin; LPO, lactoperoxidase; BSA, bovine serum albumin; 
IgG-H, immunoglobulin G heavy chain; β-Lg, β-lactoglobulin; α-La, α-lactalbumin. 
 
To confirm which proteins were denatured after heat treatment, we performed an SDS-PAGE 

analysis to visualize the changes in the whey protein profile (Fig. 4-4). All sample for SDS-

PAGE were prepared in the same way to guarantee the protein changes only caused by heat 
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treatment. Both abundance and variety of native whey proteins decreased with increasing 

heating intensities. The data of total protein content and SDS-PAGE (Figs. 4-3 & 4-4) show 

that the decrease of total protein content is associated with denaturation of several individual 

whey proteins after heating at different intensities. Protein content of whey heated at 65 °C/ 30 

min already showed a significantly decreased total native protein content compared with 

unheated whey (p < 0.05). This decrease may be caused by the denaturation of lactoferrin and 

disappearance of lactoperoxidase, as visible on the SDS-PAGE (Fig. 4-4). Whey treated at 

70 °C/ 30 min showed a further decrease in total protein content, which could be explained by 

a further decrease of lactoferrin. Total protein content of whey heated at 75 °C/ 30 min showed 

an even bigger decrease due to disappearance of lactoferrin and immunoglobulin, in addition to 

a decrease of bovine serum albumin, α-lactalbumin and β-lactoglobulin. Whey heated at 80 °C/ 

30 min and 85 °C/ 30 min showed the disappearance of the earlier mentioned low abundant 

proteins combined with a significant decrease of α-lactalbumin and β-lactoglobulin, the two 

major whey proteins present in bovine milk, which also explains the large drop in total native 

protein content between 75 °C and 80 °C (Fig. 4-3). The result was consistent with the 

proteomic result for β-lactoglobulin, α-lactalbumin and bovine serum albumin 

(Supplementary Fig. 4-1). Another study also showed that significant physicochemical and 

structural changes of milks proteins occurred after bovine milk was heated at 80 °C for 60 min, 

mainly characterized by the disappearance of native α-lactalbumin and β-lactoglobulin (Felfoul 

et al., 2017). From the SDS-PAGE gel, the  temperature at which denaturation of proteins 

started was: lactoperoxidase < lactoferrin < immunoglobulin < bovine serum albumin < α-

lactalbumin, β-lactoglobulin. The change of these major proteins after different thermal 

treatments is generally in accordance with a previous study, which indicated that the sensitivity 

to heat denaturation decreases in the order: Ig > BSA, β-LG > α- LA (Larson & Rolleri, 1955). 
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4.3.3 Protein profile, antibacterial proteins content, and lactoperoxidase activity in 

differentially heated whey  

 

Figure 4-5 Protein profile of differentially heated milk serum samples. Rows reflect individual samples. The number 
indicates the heating temperature, while the number after the underscore indicates the replicate. Individual proteins 
are given in columns. Z score normalized heat map of the iBAQ values.  Hierarchical clustering was performed using 
complete agglomeration method and a Euclidean distance metric. The color scale means the iBAQ value standard 
deviations from the mean, with red for low values and blue for the high values. Raw, 65-85 reflect the data from raw 
skim milk or skim milk heated at the temperatures mentioned for 30min. 
 
Proteomic analysis of the native whey proteins after different heat treatments allowed detection 

of many proteins, including the main antibacterial proteins discussed in section 4.3.2. A total 

of 246 proteins could be identified and quantified in the sample. In the whey preparation, 

denatured proteins were removed together with casein by acid precipitation, so only the native 

protein remained in the whey for detection by LC-MS/MS. The protein level detected thus 

reflects the level of native protein in the heated milk samples. The number of identified proteins 
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after the different heat treatments decreased from 228 proteins at 65 °C to 86 proteins at 85 °C. 

To visualize the protein profile of these samples, a clustered heat map based on iBAQ value of 

proteins was prepared that showed the overall protein profile in all samples (Fig. 4-5). These 

samples with similar protein pattern would be classified into one cluster and the distance 

between samples indicates the difference in protein pattern. It was found that milk samples 

heated at 80 °C formed a cluster with samples heated at 85 °C, indicating a similar protein 

profile in those samples. This cluster was different from the cluster that consisted of the samples 

heated at 75 °C  and lower temperatures, suggesting a clear distinction between samples heated 

at ≤ 75 °C and > 75 °C. Noticeably, in the cluster of  ≤ 75 °C heated samples, 75 °C heated 

samples are nearer to the 80 °C and 85 °C heated samples, which showed some proteins may 

already change from 75 °C. This result corresponded to an existing proteomic study, in which 

protein patterns in raw, skimmed and pasteurized milk differed from that in ultra-high heat 

treated, extended shelf life milk, and boiled milk (Brick et al., 2017).These change may be 

correlated with the decrease of bacteriostatic activity of milk as will be discussed further in 

section 4.3.4. 
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Figure 4-6 Effect of different heat treatment on lactoferrin (A), lactoperoxidase (B), immunoglobulin (C) and minor 
immune  proteins (D). Values are expressed as means ± SD. Statistical significance was analyzed using ANOVA. Means 
followed by the same letter are not significantly different (p > 0.05). Different letters indicate statistically significant 
difference among different heat treatments (p < 0.05) based on Tukey’s HSD test. Minor immune protein (except 
lactoferrin, lactoperoxidase and immunoglobulin) reflect all detected protein related to immunity including immune 
response, complement, antibacterial, host defense, acute phase, and antigen binding. Raw, 65-85 reflect the data from 
raw skim milk or skim milk heated at the temperatures mentioned for 30 min. 
 
Gene ontology enrichment of genes of identified proteins was performed using The Database 

for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 

(https://david.ncifcrf.gov/home.jsp) (Huang, Sherman, & Lempicki, 2009), with functional 

categories of identified proteins being shown in Supplementary table 4-1. Changes in proteins 

related to antimicrobial and  immunity were shown in more detail in Figure 4-6 and 

Supplementary table 4-2. Considering that the bacteriostatic properties of whey have been 

attributed to the presence of specific antibacterial proteins, the level of these main antibacterial 

proteins, lactoferrin, lactoperoxidase, and immunoglobulin, were compared according to their 

iBAQ value (Fig. 4-6A-C). After heat treatment, significant decreases were found in all these 

major antibacterial proteins. Differences were especially found between milk samples heated 
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at < 75 °C and milk samples heated at ≥ 75 °C. Unheated whey and whey heated at 65 °C and 

70 °C showed no significant differences in lactoferrin, lactoperoxidase and immunoglobulin. 

Retention of lactoferrin in unheated whey, whey heated at 65 °C and 70 °C showed a significant 

difference from that in whey heated at 75 °C, 80 °C and 85 °C (p < 0.05; Fig. 4-6A), whereas 

no significant difference was observed among whey heated at 75 °C, 80 °C and 85 °C. This 

result is consistent with an earlier study that showed that 90% of lactoferrin was denatured after 

heating at 72 °C for 1300 s (apolactoferrin) and 4500 s (hololactoferrin) (Sánchez et al., 1992), 

and  another study reported that more lactoferrin in milk denatured when it was heated above 

65 °C for 30 min compared with milk heated below 65 °C (Kulmyrzaev, Levieux, & Dufour, 

2005). In a radial immunodiffusion assay, lactoferrin remained active after a 65 °C/30 min 

treatment, but significantly lost its activity after a 75 °C/30 min treatment (Elagamy, 2000). 

Combining our findings and previous data, 65-75 °C may be a key temperature range for 

denaturation of lactoferrin if heating for prolonged times (30 min). Similarly, there was a 

significant difference in retention of lactoperoxidase between milk samples heated at < 75 °C 

and milk samples heated at ≥ 75 °C, but lactoperoxidase more gradually decreased with 

increasing temperatures above 75 °C (Fig. 4-6B). Our finding is similar to previous study which 

reported D-values for denaturation of lactoperoxidase decreased rapidly in the temperature 

range 70-76 °C (Marin, Sanchez, Perez, Puyol, & Calvo, 2003). Like for lactoferrin and 

lactoperoxidase, retention of immunoglobulin in whey heated below 75 °C was significantly 

higher than that in whey heated at > 75 °C. The immunoglobulin concentration in whey heated 

at 75 °C was significantly higher than in samples heated at 80 °C and 85 °C, but still slightly 

lower than samples heated < 75 °C. Our result showed that denaturation of immunoglobulin 

occurred mainly between 75 °C and 80 °C.   It was reported that 90% of immunoglobulin was 

denatured when it was heated at 72 °C for 3490 seconds (Mainer, Sanchez, Ena, & Calvo, 1997), 

and a later study reported that IgG showed significant loss of activity after a 65  °C/30 min heat 

treatment, as determined by  immunodiffusion assay (Elagamy, 2000). Lower D values for IgG 

were shown in Chen’s study (Chen, Tu, & Chang, 2000), with 200 seconds in PBS and 234 

seconds when heated at 70 °C, which is different from our study. This difference may be caused 

by different media in which IgG was treated.  According to both the proteomics data and the 

SDS-PAGE result, the heat sensitivity of the main antibacterial proteins is in the order LPO, 

LF > IG.  

Besides these three main immunological proteins, the summed iBAQ values of all minor 

immune-related proteins (including immune response, complement, antibacterial, host defense, 
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acute phase, and antigen binding) were compared among different heat treated milk samples 

(Fig. 4-6D). These proteins involved in immune response, complement, antibacterial, host 

defense, acute phase, and antigen binding biological process were selected according to the 

information provided by DAVID and Uniprot (https://www.uniprot.org/). Minor immune-

active proteins, e.g. complement components and cathelicidins, may also play an important role 

in the bacteriostatic effects of milk (Chen et al., 2005; Gordon et al., 2005). Fig. 4-6D shows a 

significant decrease in all minor immune-active proteins after heat treatment compared with 

unheated whey, with a significant difference between whey heated at ≤ 75 °C and whey heated 

at 80 °C, 85 °C. Detailed information about these minor protein are shown in Supplementary 

table 4-2. The level of low abundant immune-active proteins showed a slight decrease after 

heating at 65-75 °C for 30 min, which be contributed to monocyte differentiation antigen CD14, 

complement component C7, alpha-1-acid glycoprotein, and peptidoglycan recognition protein 

1. This result coincides with other recent milk proteomic studies. For example, it was previously 

reported that proteins related to immunity showed only a slight decrease after pasteurization 

(62-63 °C/30 min) (Zhang, Boeren, et al., 2016), whereas another study showed that lactadherin, 

chitinase-3-like protein 1, and complement component C9 in colostrum decreased at least 2-

fold after heating at 60°C for 30, 60 and 90 min (Tacoma et al., 2017) . Upon applying heating 

at a higher temperature (80°C/60 min), it was shown that peptidoglycan recognition protein in 

camel milk strongly decreased (Felfoul et al., 2017).  Compared with these previous studies, 

we show a more detailed overview of the influence of small temperature changes within the 

pasteurisation temperature range on the native protein profile of bovine milk. 

The low abundant immune-active proteins showed a gradual decrease during the whole heat 

treatment, with denaturation starting at 65 °C and showing a more steep increase in denaturation 

above 75 °C, except cathelicidins that showed a high stability even after heat treatment at 80 °C. 

Due to the fact that lactoperoxidase exerts its antibacterial activity by catalysing the 

peroxidation of thiocyanate and some halides, we determined the lactoperoxidase activity in 

whey after heat treatment (Fig. 4-7). No significant difference was observed for lactoperoxidase 

activity between unheated and 65 °C heated milk. Lactoperoxidase activity significantly 

decreased in milk heated at 70 °C compared with raw milk and milk heated at 65 °C, and lost 

almost all its activity when heated at 75 °C and above. The proteomics data (Fig. 4-6B) shows 

no significant decrease for lactoperoxidase between raw milk and milk heated at 70 °C, whereas 

lactoperoxidase activity showed a significant decrease (Fig. 4-7), indicating that 
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lactoperoxidase already started to lose its catalytic activity when it was not completely 

denatured yet.  

 

 

Figure 4-7 Lactoperoxidase activity in native milk serum after different heat treatments. The activity of lactoperoxidase 
was shown relative to raw milk. The activity of lactoperoxidase was set as 100%. Values are expressed as means ± SD. 
Statistical significance was analyzed using ANOVA. Means followed by the same letter are not significantly different 
(p > 0.05). Different letters indicate statistically significant difference among different heat treatments (p < 0.05) based 
on Tukey’s HSD test. Raw, 65-85 reflect the data from raw skim milk or skim milk heated at the temperatures 
mentioned for 30min. 
 

4.3.4 Relationship between antibacterial protein retention and bacteriostatic capacity  

Considering that the growth rate of the four bacteria increased, and the three major antibacterial 

proteins decreased, with intensity of heat treatment, a negative correlation can be expected 

between bacterial growth rate and retention of native proteins. To confirm the existence of such 

a relationship, we determined the correlation coefficients between the iBAQ values of these 

three proteins, minor immune-active protein, total immune-active protein, and the bacterial 

growth rates (Fig. 4-8). This figure shows that levels of lactoferrin was strongly correlated with 

the growth rates of Streptococcus thermophilus (r = -0.86, p < 0.05), Lactococcus lactis (r = -

0.92, p < 0.05) and Pseudomonas fluorescens (r = -0.91, p < 0.05), and the level of 

lactoperoxidase was strongly correlated with the growth rates of Lactococcus lactis (r = -0.83, 

p < 0.05), while no significant relationship was found between either of the three proteins, or 

the two proteins groups, and Escherichia coli. 
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Figure 4-8 Correlation matrix of bacterial growth rates and iBAQ values of native antibacterial proteins. Abbreviation: 
TIP, total immune protein; MIP, minor immune protein; LF, lactoferrin; LPO,lactoperoxidase; IG, immunoglobulin; 
ST, Streptococcus thermophilus; LL, Lactococcus lactis; PF, Pseudomonas fluorescens; Ecoli, Escherichia coli. 
 

Lactoferrin was reported to significantly inhibit growth of Pseudomonas fluorescens in 

different media (Caputo et al., 2015; Del Olmo, Calzada, & Nunez, 2010; del Olmo, Morales, 

& Nunez, 2009; Harouna et al., 2015; Kim, Rahman, & Shimazaki, 2008). We found that there 

is a significant difference in content of native lactoferrin between whey heated  < 75 °C and ≥ 

75 °C (Fig. 4-6A), which is consistent with the effect of these treatments on the growth rate of 

Pseudomonas fluorescens. The strong correlation between native lactoferrin and Pseudomonas 

fluorescens (r = -0.91; Fig. 4-8) indicates that lactoferrin may play an important role in retarding 

its growth, also supported by previous studies that reported bactericidal activity of lactoferrin 

against Pseudomonas (Olmo, Morales, & Nunez, 2009; Singh, Parsek, Greenberg, & Welsh, 

2002). Activation of the lactoperoxidase system also showed bactericidal activity on 

Pseudomonas fluorescens in ewe and goat milk (Ay & Bostan, 2017; Uceda, Guillen, Gaya, 

Medina, & Nuñez, 1994; Zapico, Gaya, Nunez, & Medina, 1995), which may explain the 
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correlation of the growth rate of this bacterium with lactoperoxidase (r = -0.8,  p = 0.06; Fig. 

4-8).  

Lactoferrin, and iron-binding proteins in general, were reported to exert an bactericidal activity 

on Escherichia coli (Berlov, Korableva, Andreeva, Ovchinnikova, & Kokryakov, 2007; Bullen, 

Rogers, & Leigh, 1972). It was reported that lactoferrin could clear Escherichia coli O157:H7 

colonization in cattle and sheep (Rybarczyk et al., 2017; Yekta, Cox, Goddeeris, & Vanrompay, 

2011). We found only a weak correlation between the level of native lactoferrin and growth 

rate of Escherichia coli (r = -0.44; Fig. 4-8). Lactoperoxidase was also previously shown to 

have bacteriostatic activity against Escherichia coli in milk (Kangumba, Venter, & Coetzer, 

1997; Seifu, Buys, Donkin, & Petzer, 2004). Although whey containing more lactoperoxidase 

showed stronger activity against Escherichia coli (Fig. 4-2), only a weak correlation was found 

(r = -0.36; Fig. 4-8) between lactoperoxidase and the growth rate of Escherichia coli. 

Considering that growth rate of Escherichia coli is already increased in whey heated at 

temperatures of 65 °C and above, the growth inhibition against Escherichia coli may be due to 

a very heat sensitive component besides the immune proteins taken into account for this analysis.  

Due to their high abundance in bovine milk, immunoglobulin may be thought to contribute a 

lot to the antimicrobial activity of milk; however, our results do not support this hypothesis. No 

strong correlations were found between the retention of immunoglobulin with either of the four 

bacteria, which may be explained by the specificity of milk immunoglobulins in general. 

Besides, unlike lactoperoxidase and lactoferrin which exert direct antibacterial effect against 

pathogens, immunoglobulins neutralize pathogen not only by direct interaction with antigen, 

but also by activating the complement system. Both these aspects may make it difficult to find 

a correlation between level of total immunoglobulin with growth rate of bacteria in in vitro 

assays like applied in this study.  

Interestingly, except the three main antibacterial proteins, several other minor immune proteins 

were found to have a close correlation with growth rate of bacteria (Supplementary Fig. 4-2). 

Lipopolysaccharide-binding protein was reported as an important component of the innate 

immune response and has a protective effect against bacterial infection (Knapp, de Vos, 

Florquin, Golenbock, & van der Poll, 2003; Lamping et al., 1998). It was observed that 

lipopolysaccharide-binding protein has a close correlation with growth rate of Streptococcus 

thermophilus, Lactococcus lactis and Pseudomonas fluorescens (r > 0.8, p < 0.05). Mannose-

binding protein C, with a carbohydrate-dependent bactericidal effects (Chen & Wallis, 2004; 
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Lee, Ichikawa, Kawasaki, Drickamer, & Lee, 1992), was found to have a very strong correlation 

with growth rate of Streptococcus thermophilus, Lactococcus lactis and Pseudomonas 

fluorescens with r > 0.98 (p < 0.05). Peptidoglycan recognition protein 1, a ubiquitous protein 

in innate immunity, was observed to have a close correlation with four selected bacteria (r > 

0.87, p < 0.05), especially Escherichia coli (r = -0.94, p < 0.05). Haptoglobin was reported to 

have the ability to selectively antagonize lipopolysaccharide (LPS) effects (Arredouani et al., 

2005). It showed a good correlation with the growth rate of Streptococcus thermophilus, 

Lactococcus lactis and Pseudomonas fluorescens (r > 0.8,  p < 0.05). This data on the minor 

immune-active proteins indicates that these protein may also be relevant for the overall 

bacteriostatic activity of milk. Therefore, inhibition of bacteria may be an integral result of 

various antibacterial components, though abundant antibacterial proteins are thought to play an 

important role.  

Milk is a complex system containing a wide variety of proteins, peptides, carbohydrates and 

other bioactive components. With so many factors that may influence the bacteriostatic capacity 

of bovine milk, it is hard to characterize the actual proportion of the bacteriostatic property 

provided by individual proteins, like the three antibacterial proteins targeted in this study, 

though we found several of them are well correlated to the growth rate of bacteria. Furthermore, 

the possible unrecognised synergistic effects between these components and the milk 

environment could further complicate matters (Spik et al., 1978; Stephens, Harkness, & Cockle, 

1979). Therefore, developing a model system of isolated single proteins may provide further 

evidence which protein(s) is/are most strongly associated with the bacteriostatic capacity, 

although this would lack the possible effects of the milk matrix. Furthermore, it is not clear how 

heating exactly causes a reduction of the antimicrobial function of immune-active proteins, 

though we found that the decrease of bacteriostatic capacity of whey correlates with a decrease 

in native immune-active proteins. Therefore, it would be interesting to explore in more detail 

the mechanism by which heating may cause this decrease of native protein’s bacteriostatic 

capacity.   

4.4 Conclusion  
The present study described detailed changes of immune-active proteins after different heat 

treatments, and associated these changes in protein composition with bacteriostatic activity. 

This study found that unheated whey had the lowest bacterial growth rate, while whey heated 

at increasing temperatures resulted in increasing bacterial growth rates except for Escherichia 
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coli, showing that the bacteriostatic capacity of milk is negatively correlated with heating 

intensity. Our study showed a strong correlation between decreases in the level of several native 

antibacterial proteins and bacterial growth rates, indicating that bacteriostatic activity can be a 

biomarker for loss of function of antibacterial proteins, and can be used as an indication for the 

extent of heat processing of dairy products including antibacterial proteins in a mild heat 

treatment. Besides the bacteriostatic properties of bovine milk, the large number of immune-

active proteins in bovine milk could also exert many other beneficial effect, such as 

immunomodulation, to facilitate the host’s defense system. Therefore, heat treatment under 

75°C will be suggested to be applied for inactivation of  pathogens, while preserving native 

immune-related proteins, thereby improve function of milk for the consumer. 
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Supplementary Materials 

 

Supplementary figure 4-1 Proteomic analysis of β-lactoglobulin, α-lactalbumin and bovine serum albumin in different 
heat treated milk serum samples. Different letters indicate statistically significant differences among different 
treatments (p < 0.05). 
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Supplementary figure 4-2 Correlation matrix of bacterial growth rates and iBAQ values of minor immune-active 
proteins. Abbreviations: ST, Streptococcus thermophilus; Ecoli, Escherichia coli; LL, Lactococcus lactis; PF, 
Pseudomonas fluorescens; CD14, Monocyte differentiation antigen CD14; LBP, Lipopolysaccharide-binding 
protein;C7,Complement component C7; EP, Ectonucleotide pyrophosphatase/phosphodiesterase family member 3; 
MC, Mannose-binding protein C; BMG, Beta-2-microglobulin; FKBP1A, Peptidyl-prolyl cis-trans isomerase FKBP1A; 
CATHL3, Cathelicidin-3; CATHL4, Cathelicidin-4; CATHL6, Cathelicidin-6; CATHL7, Cathelicidin-7; CL43, 
Collectin-43; CH, Complement factor H; PGRP1, Peptidoglycan recognition protein 1; HAPT, Haptoglobin; AAG, 
Alpha-1-acid glycoprotein. 
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Supplementary table 4-1 Functional category of identified proteins by the DAVID gene ontology program. 
Terms Count Percentage(%) p-value 

Secreted 102 34.7 5.6E-59 

Signal 155 52.7 4.5E-49 

Glycoprotein 89 30.3 8.2E-36 

Disulfide bond 104 35.4 4E-35 

Intermediate filament 20 6. 5.6E-19 

Serine protease inhibitor 16 5.4 1.6E-18 

Protease inhibitor 19 6.5 2.1E-18 

Keratin 15 5.1 4.1E-14 

Lipoprotein 27 9.2 9.2E-12 

Antimicrobial 13 4.4 5.6E-11 

Prenylation 14 4.8 6.6E-11 

Antibiotic 12 4.1 9.1E-11 

Milk protein 7 2.4 1.3E-10 

Acute phase 8 2.7 4.7E-10 

Oxidation 8 2.7 4.7E-10 

Methylation 25 8.5 1.3E-09 

Cytoplasmic vesicle 19 6.5 0.000000007 

Pyrrolidone carboxylic acid 11 3.7 0.000000015 

Cytoplasm 58 19.7 0.00000022 

Phosphoprotein 76 25.9 0.00000043 

Blood coagulation 8 2.7 0.0000007 

Hemostasis 8 2.7 0.0000007 

Polymorphism 10 3.4 0.00000095 

Allergen 5 1.7 0.000001 

HDL 6 2 0.0000013 

GTP-binding 17 5.8 0.0000016 

Immunity 14 4.8 0.0000024 

Innate immunity 11 3.7 0.0000047 

Only p-value< 10-5 were listed. Terms means enriched terms associated with the gene list coding identified proteins; 
count means the number of gene related to specific function; percentage means involved genes/total genes; p-value 
means modified fisher exact p-value, the smaller, the better. 
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Supplementary table 4-2 Effect of different heat treatment on minor immunological proteins. 

Result was expressed as logarithm of iBAQ value. Different letters mean significant differences among different 
treatment group (p <0.05). Abbreviations: Raw，，unheated milk; 65°C/70°C/75°C/80°C/85°C, milk was heated at 
65°C/70°C/75°C/80°C/85°C for 30min; Minor immune protein, all detected protein related to immunity including 
immune response, complement, antibacterial, host defense, acute phase, and antigen binding. 
 

 

 

 

 

  

Protein name Raw milk 65°C 70°C 75°C 80°C 85°C 

Monocyte 
differentiation 
antigen CD14 

6.15±0.43a 5.06±0.19b 5.52±0.08ab 4.76±0.19b 2.71±0.40c 2.34±0.25c 

Lipopolysaccharide-
binding protein 

5.13±0.36a 4.74±0.47a 2.97±0.38b 2.73±0.39bc 2.36±0.40bc 1.81±0.29c 

Complement 
component C7 

4.95±0.53a 2.81±0.42b 3.42±0.35b 3.26±0.30b 3.02±0.42b 2.37±0.54b 

Phosphodiesterase 
family member 3 

5.00±0.40a 4.68±0.34a 5.24±0.22b 5.02±0.20b 2.53±0.30b 2.31±0.30b 

Mannose-binding 
protein C 

5.01±0.35a 3.84±0.10bc 3.89±0.15b 2.73±0.28d 3.07±0.48cd 2.50±0.27d 

Beta-2-
microglobulin 

6.60±0.48a 6.04±0.25a 6.37±0.39b 5.75±0.23b 2.73±0.38b 2.16±0.51b 

Peptidyl-prolyl cis-
trans isomerase 
FKBP1A 

4.85±0.11a 3.00±1.07a 3.48±1.23a 3.58±0.94a 2.76±1.14a 2.40±0.67a 

Cathelicidin-3 5.41±0.51a 4.98±0.15a 5.50±0.17a 5.25±0.14a 4.83±0.19a 4.07±0.19b 
Cathelicidin-4 5.19±0.62ab 3.58±1.22bcd 5.43±0.17a 4.63±0.38abc 2.96±0.23cd 2.80±0.38d 
Cathelicidin-6 5.41±0.51a 4.98±0.15a 5.50±0.17a 5.25±0.14a 4.83±0.19a 4.07±0.19b 

Cathelicidin-7 5.41±0.51a 4.98±0.15a 5.50±0.17a 5.25±0.14a 4.83±0.19a 4.07±0.19b 

Complement factor 
H  

4.60±0.54a 3.86±0.18a 4.19±0.22a 2.76±0.24b 2.63±0.47b 2.14±0.20b 

Collectin-43 4.02±0.58a 3.97±0.29a 4.21±0.38b 3.77±0.14b 2.82±0.08b 2.22±0.10b 

Alpha-1-acid 
glycoprotein 

6.86±0.43a 6.11±0.06b 6.88±0.04a 6.87±0.08a 6.33±0.26ab 5.83±0.18b 

Peptidoglycan 
recognition protein 
1 

4.92±0.46a 3.20±0.10b 2.87±0.68b 2.53±0.41b 2.93±0.38b 2.57±0.29b 

Haptoglobin 4.02±0.59a 3.32±0.46ab 3.01±0.26ab 2.94±0.48ab 2.63±0.49b 2.20±0.33b 

Lactadherin 6.82±0.64a       5.96±0.13a          6.07±0.22ab            5.29±0.34b 3.27±1.06c 2.19±0.37c 
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Abstract 

The allergy-protective capacity of raw cow’s milk was demonstrated to be abolished after heat 

treatment. The heat-sensitive whey protein fraction of raw milk is often implied to be the source 

of this allergy-protective effect, but a direct link between these proteins and the protection 

against allergic diseases is missing. This study therefore aimed at investigating the mechanistic 

relation between heat damage to whey proteins and allergy development. Raw cow’s milk was 

heated for 30 min at 50, 60, 65, 70, 75, or 80 °C and the native whey protein profile of these 

differentially heated milk samples was determined using LC-MS/MS-based proteomics. 

Changes in the native protein profile were subsequently related to the capacity of these milk 

samples to prevent the development of ovalbumin-induced food allergy in a murine animal 

model. A substantial loss of native whey proteins, as well as extensive protein aggregation, was 

observed from 75 °C. However, whey proteins with immune-related functionalities already 

started to denature from 65 °C, which coincided with the temperature at which a loss of allergy 

protection was observed in the murine model. Complement C7, monocyte differentiation 

antigen CD14, and polymeric immunoglobulin receptor concentrations decreased significantly 

at this temperature, although several other immunologically active whey proteins also showed 

a decrease around 65 °C. The current study demonstrates that immunologically active whey 

proteins that denature around 65 °C are important for the allergy-protective capacity of raw 

cow’s milk and thereby provides key knowledge for the development of microbiologically safe 

alternatives to raw cow’s milk. 

Keywords: allergic diseases, immunologically active whey proteins, immunomodulation, milk 

processing, raw cow’s milk 
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5.1 Introduction 
Allergic diseases are a serious health problem. They affect the lives of more than a billion 

people worldwide and their prevalence is expected to rise to four billion by 2050. Because of 

the large number of people affected, society faces huge healthcare costs and major socio-

economic consequences.(European Academy of Allergy and Clinical Immunology, 2014). 

The vast increase in the prevalence of allergic diseases is mainly evident in industrialized 

countries and is often linked to the Western lifestyle (Alfvén et al., 2006; Eder, Ege, & von 

Mutius, 2006). This lifestyle is accompanied by the loss of rural living conditions resulting in 

a decreased microbial exposure in early life. In accordance with this so-called hygiene 

hypothesis, epidemiological studies have consistently shown that children growing up on a farm 

are at a significantly lower risk of developing allergic diseases than children living in the same 

rural area but not growing up on a farm (Alfvén et al., 2006; Braun-Fahrlander et al., 1999; 

Ernst & Cormier, 2000; Kilpelainen, Terho, Helenius, & Koskenvuo, 2000; Riedler, Eder, 

Oberfeld, & Schreuer, 2000; von Ehrenstein et al., 2000; von Mutius & Vercelli, 2010). Several 

farm exposures have been associated with this protective ‘farm effect’ (Ege et al., 2007; Ege, 

Mayer, et al., 2011; Remes, Iivanainen, Koskela, & Pekkanen, 2003; Riedler et al., 2001), but 

particularly the consumption of raw, unprocessed, cow’s milk is of interest, since this effect 

was found to be independent of living on a farm. This suggests that a general, non-farming, 

population might equally benefit from the consumption of raw cow’s milk (Brick et al., 2016; 

Ege et al., 2007; Loss et al., 2011; Perkin & Strachan, 2006). Raw cow’s milk consumption can 

thus be considered a possible allergy-preventive measure. However, due to the potential 

presence of pathogens, its consumption is discouraged by regulatory agencies (Committee on 

Infectious Diseases & Committee on Nutrition & American Academy of Pediatrics, 2014). 

A wide range of components have been hypothesized to contribute to the allergy-protective 

effects of raw cow’s milk (Abbring, Hols, Garssen, & van Esch, 2019; Braun-Fahrländer & von 

Mutius, 2011; van Neerven, Knol, Heck, & Savelkoul, 2012). Since recent research clearly 

demonstrates a loss of protection upon heat treatment, heat-sensitive raw milk components, like 

whey proteins, are the most likely candidates (Abbring, Ryan, et al., 2019; Abbring et al., 2017; 

Brick et al., 2016; Loss et al., 2011). In contrast to caseins, whey proteins are susceptible to 

heat treatment (Brick et al., 2017). Heating of these proteins induces processes like denaturation 

and aggregation which results in structural alterations that can lead to loss of functionality 

(Chen et al., 2005; Li-Chan, Kummer, Losso, Kitts, & Nakai, 1995; McGuffey, Epting, Kelly, 
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& Foegeding, 2005). Particularly immunologically active whey proteins, like lactoferrin and 

immunoglobulins, are heat-sensitive (Zhang et al., 2016). Since these components have 

immune-related functionalities that can be linked to the allergy-protective effects of raw cow’s 

milk, abolishing them by heat treatment could be underlying the loss of protection (Abbring, G. 

Hols, et al., 2019). In addition to destroying immunologically active whey proteins, heat 

treatment can also induce the formation of new protein structures. Heating, for example, leads 

to aggregation of β-lactoglobulin and α-lactalbumin, both with themselves as well as with 

casein micelles (Beaulieu, Pouliot, & Pouliot, 1999; Chen et al., 2005; McGuffey et al., 2005). 

Aggregation of these whey proteins has been demonstrated to result in a shift in uptake from 

enterocytes to Peyer’s patches thereby leading to increased immunogenicity (Roth-Walter et al., 

2008). A better understanding of the heat sensitivity of whey proteins is key for the development 

of optimized processing parameters, that may lead to a safe and protective product in the future. 

Although the effect of milk processing on whey proteins is widely studied, a direct link 

demonstrating the consequences on the allergy-protective effects associated with raw milk is 

lacking. Providing this link is crucial to gain more insight in the actual whey protein(s) involved 

in the allergy-protective effects of raw cow’s milk. In the present study, native proteomics was 

therefore combined with a functional readout for allergic diseases. This study hereby aimed at 

achieving a better understanding of the underlying mechanism between heat damage to whey 

proteins and allergy development and is, to our knowledge, the first to compare different heating 

temperatures (instead of high heat vs no heat). 

5.2 Materials and methods 
5.2.1Mice 

Specific pathogen-free, three-week-old, female C3H/HeJ mice were purchased from The 

Jackson Laboratory (Bar Harbor, ME, USA). Upon arrival, mice were randomly assigned to the 

control or experimental groups. They were housed at the animal facility of Utrecht University 

(Utrecht, The Netherlands) in filter-topped makrolon cages (one cage/group, n = 6-8/cage) on 

a 12 h light/dark cycle with access to food (‘Rat and Mouse Breeder and Grower Expanded’; 

Special Diet Services, Witham, UK) and water ad libitum. Animal procedures were approved 

by the Ethical Committee for Animal Research of the Utrecht University and conducted in 

accordance with the European Directive 2010/63/EU on the protection of animals used for 

scientific purposes (AVD108002015346). 
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5.2.2 Milk collection and heat treatment 

Raw cow’s milk was collected from a biodynamic dairy farm (Hof Dannwisch, Horst, 

Germany). Upon collection, part of the raw milk was heated to obtain the 50 °C, 60 °C, 65 °C, 

70 °C, 75 °C, and 80 °C milk samples. For each of these heat treatments, three 50 mL aliquots 

were placed in a water bath and as soon as the milk reached the target temperature, heating was 

continued for 30 min. After these 30 min, the milk was cooled on ice. The milk used for the 

animal experiment was then aliquoted and stored at -20 °C until further use. The milk used for 

protein analysis was immediately used to obtain the whey fraction. An overview of all milk 

processing steps is shown in Figure 5-1A. 

 

Figure 5-1 Schematic overview of the experimental setup (A) Flow chart of the various milk processing steps. (B) 
Experimental timeline of the animal study. OVA, ovalbumin; CT, cholera toxin. 
 

5.2.3 Whey fraction preparation 

After heat treatment, milk samples used for protein analysis were skimmed by centrifugation at 

1500 g for 20 min at 10 °C (Avanti J-26 XP, rotor 25.15; Beckman Coulter, Miami, FL, USA). 

Caseins and denatured proteins were subsequently removed as described previously (A. J. Law 



Chapter 5

106

& J. Leaver, 2000). After ultracentrifugation, samples were separated into three phases. The top 

layer was remaining milk fat, the middle layer was milk serum with the native whey proteins 

(the whey fraction), and the bottom layer (pellet) was micellar casein with denatured/aggregated 

proteins. The whey fraction was collected and used for further analysis as described below.  

5.2.4 Protein characterization by BCA assay and SDS-PAGE 

The soluble protein content remaining in the native whey fraction was determined by using the 

Pierce BCA Protein Assay Kit according to the manufacturer’s instructions (Thermo Fisher 

Scientific, Paisley, Scotland). In addition, whey fraction samples were loaded onto an SDS-

PAGE and proteins were visualized using CBB R-250 Staining Solution (Bio-Rad, Veenendaal, 

The Netherlands), as described previously(Xiong, Li, Boeren, Vervoort, & Hettinga, 2020b), to 

determine the abundance of milk proteins in the native whey fraction. Gels were scanned using 

the ChemiDoc XRS+ Imaging System (Bio-Rad) with Image Lab Software (Bio-Rad). 

5.2.5 Sample preparation for proteomics 

The Filter Aided Sample Preparation (FASP) method was carried out according to Wiśniewski 

et al. (Wiśniewski, Zougman, Nagaraj, & Mann, 2009), with adaptations according to Hettinga 

et al. and Lu et al. (Hettinga et al., 2011; Lu et al., 2011). Briefly, protein samples (10 µg), after 

reduction and alkylation, were transferred to a Pall 3K Omega filter (Pall Corporation, Port 

Washington, NY, USA), where they were washed with 8 M urea and ABC. The filter unit was 

then transferred to a new low-binding microcentrifuge tube and 100 µL ABC containing 0.5 µg 

trypsin (Roche, Penzburg, Germany) was added to digest the protein. Finally, 6 µL 

trifluoroacetic acid (TFA; Sigma-Aldrich) was added to the resulting peptide solutions to adjust 

the pH of the samples to around 2. These samples were then ready for LC-MS/MS. 

5.2.6 Proteomics by LC-MS/MS 

The LC-MS/MS parameters used were the same as described previously (Zhang et al., 2015a; 

Zhang et al., 2015b). Samples were analyzed by injecting 18 µL of trypsin-digested whey 

protein fractions in a 0.10 x 30 mm Magic C18AQ 200A 5 µm beads (Michrom BioResources 

Inc., Auburn, CA, USA) pre-concentration column (prepared in house) at a maximum pressure 

of 800 bar. Peptides were eluted from the pre-concentration column onto a 0.10 x 200 mm 

ReproSil-Pur 120 C18-AQ 1.9 µm beads analytical column. Between the pre-concentration and 

analytical column, an electrospray potential of 3.5 kV was applied directly to the eluent through 

a stainless steel needle fitted into the waste line of the micro cross. Full scan positive mode 

FTMS spectra were measured between m/z 380 and 1400 on an LTQ-Orbitrap XL (Thermo 
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Electron, San Jose, CA, USA). CID-fragmented MS/MS scans of the four most abundant 

doubly- and triply-charged peaks in the FTMS scan were recorded in data-dependent mode in 

the linear trap. 

5.2.7 Data analysis proteomics 

Each run with all MS/MS spectra obtained was analyzed with MaxQuant 1.6.0.1 with the 

Andromeda search engine (Cox & Mann, 2008). Trypsin was set as the digestion enzyme. 

Carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine, 

N-terminal acetylation and de-amidation of asparagine or glutamine were set as variable 

modifications for both identification and quantification. The bovine (taxonomy ID: 9913) 

reference database for peptide and protein searches was downloaded as fasta file from Uniprot 

with reverse sequences generated by MaxQuant (fasta file downloaded from Uniprot in 

2013(UniProt, 2013)). A set of 31 protein sequences of common contaminants was used as well. 

A maximum of two missed cleavages were allowed and a mass deviation of 0.5 Da for fragment 

MS/MS peaks, and 20 ppm and 4.5 ppm for the peptide MS peaks during the first and main 

search, respectively. The false discovery rate (FDR) was set to 1% on both peptide and protein 

level. The length of peptides was set to at least seven amino acids. Finally, proteins were 

identified based on minimally two distinct peptides of which at least one unique and at least 

one unmodified. The intensity based absolute quantification (iBAQ) algorithm, which has been 

reported to have a good correlation with known absolute protein concentrations, was used to 

reflect the quantitative effect of heating on the proteins (Schwanhausser et al., 2011). The 

proteomics data was further analyzed by Perseus 1.6.2.3 (Tyanova et al., 2016). 

5.2.8 Experimental design animal study 

A schematic representation of the experimental timeline is depicted in Fig. 1B. Mice were orally 

exposed, by using a blunt needle, to 0.5 mL raw milk, the milk samples heated at 50 °C, 60 °C, 

65 °C, 70 °C, 75 °C, 80 °C or PBS (as a control) for eight consecutive days (days -9 to -2). 

Subsequently, mice (n = 8/group) were orally (by means of gavage) sensitized to 20 mg 

ovalbumin (OVA; 20 mg/0.5 mL PBS; grade V; Sigma-Aldrich) using 15 µg cholera toxin (CT; 

List Biological Laboratories, Campbell, CA, USA) as an adjuvant (days 0, 7, 14, 21, and 28). 

Sham-sensitized control mice (n = 6) received CT alone (15 µg/0.5 mL PBS). OVA solutions 

were passed through Pierce High Capacity Endotoxin Removal Resin (Thermo Fisher Scientific) 

to remove lipopolysaccharide. Five days after the last sensitization (day 33), all mice were 

intradermally and orally (50 mg/0.5 mL PBS) challenged with OVA. Sixteen hours after the 
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oral challenge (day 34), a blood sample was taken via cheek puncture and mice were killed by 

cervical dislocation.  

5.2.9 Assessment of the acute allergic skin response 

All mice were intradermally challenged in both ear pinnae with OVA (10 µg OVA/20 µL PBS) 

to determine the magnitude of the acute allergic skin response. The acute allergic skin response 

is expressed as Δ ear swelling (µm) and was calculated by subtracting mean basal ear thickness 

from mean ear thickness 1 h after intradermal challenge. Ear thickness at both timepoints was 

measured in duplicate for each ear using a digital micrometer (Mitutoyo, Veenendaal, The 

Netherlands). Measurements were carried out by a researcher blinded to treatment. To be able 

to perform the intradermal challenge and both ear measurements, mice were anesthetized using 

inhalation of isoflurane (Abbott, Breda, The Netherlands). 

5.2.10 Detection of OVA-specific IgE in serum 

Serum OVA-specific IgE levels were quantified by means of ELISA as described elsewhere 

(Abbring, Ryan, et al., 2019). Results are expressed in arbitrary units, calculated based on an 

internal standard curve of pooled sera. 

5.2.11 Flow cytometric analysis of immune cells 

Lymphocytes were isolated from spleen by crushing tissue through a 70 µm nylon cell strainer 

and removing red blood cells using lysis buffer (8.3 g NH4Cl, 1 g KHC3O, and 37.2 mg EDTA 

dissolved in 1 L demi water, filter sterilized). The obtained single cell suspensions were 

subsequently incubated for 15 min on ice with anti-mouse CD16/CD32 (Mouse BD Fc Block; 

BD Biosciences, Alphen aan de Rijn, The Netherlands) in PBS/1% BSA (Sigma-Aldrich)/5% 

fetal bovine serum (FBS; Bodinco, Alkmaar, The Netherlands) buffer to block non-specific 

binding sites. Cells were then extracellularly stained with the following antibodies (all 

purchased from eBioscience, Breda, The Netherlands, unless otherwise stated): CD4-PerCP-

Cy5.5, CXCR3-PE, T1ST2-FITC (MD Bioproducts, St. Paul, MN, USA), CD25-Alexa Fluor® 

488, latency-associated peptide (LAP)-PE-Cy7, F4/80-APC-eFluor® 780, CD11c-PerCP-

Cy5.5, MHCII-FITC or CD45-PE-Cy7 for 30 min on ice. Fixable Viability Dye-eFluor® 780 

(eBioscience) was used to exclude dead cells from analysis. Cells only needed to be stained 

extracellularly were fixed using Intracellular Fixation Buffer (eBioscience). Cells also to be 

stained intracellularly were fixed and permeabilized using the FoxP3 Transcription Factor 

Staining Buffer Set (eBioscience) and then stained with FoxP3-APC or IL-10-PE (eBioscience). 

Fluorescently stained cells were measured with the FACS Canto II (BD Biosciences) and 
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analyzed using FlowLogic Software (Inivai Technologies, Mentone, Australia). To detect LAP 

expression and IL-10 production, spleen-derived lymphocytes were polyclonally stimulated 

with anti-CD3 (10 µg/mL)/CD28 (1 µg/mL; eBioscience) for 24 h at 37 °C and 5% CO2, of 

which the last 4 h in the presence of monensin (eBioscience), prior to staining. 

5.2.12 Statistical analysis 

Statistical analysis related to the protein analysis was performed using R 3.5 (The R 

Development Core Team, 2013). Packages ‘ggplot2’, ‘gplots’, and ‘ggbiplot’ were used for 

graphical representation of the data. Results on the total native whey protein content are 

presented as mean ± SD of triplicates. Dunnett’s multiple comparisons test was used to identify 

statistical differences between raw and heated milk samples. The hierarchical clustered heat 

maps, based on Z score normalized iBAQ values of the protein profiles, were created using the 

R package ‘gplots’. Hierarchical clustering of both milk samples and proteins was performed 

using the complete agglomeration method and a Euclidean distance metric. Principal 

component analysis (PCA) was performed based on iBAQ values of the identified proteins 

using the R package ‘prcomp’ and plotted using the package ‘ggbiplot’. For the statistical 

analyses related to the animal experiment, GraphPad Prism software (version 7.03; GraphPad 

Software, San Diego, CA, USA) was used. These data are presented as mean ± SEM or as box-

and-whisker Tukey plots when data were not normally distributed. Differences between pre-

selected groups were statistically determined using one-way ANOVA, followed by 

Bonferroni’s multiple comparisons test. For OVA-specific IgE levels, the Kruskal-Wallis test 

for non-parametric data followed by Dunn’s multiple comparisons test for pre-selected groups 

was used. For all results, P < 0.05 was considered statistically significant. 

5.3 Results 
5.3.1 Substantial loss of native whey proteins at heating temperatures of 70 °C and above 

To determine the remaining amount of native whey proteins present in milk after various heat 

treatments, the protein concentration of the native whey fraction was determined. The results 

of the BCA assay show that the total native protein content gradually decreased from raw, 

unheated, milk to milk heated at 80 °C (Fig. 5-2A). However, a significant decrease in native 

whey protein concentration was only observed from 70 °C. To get a first indication about the 

effect of the different heat treatments on the most abundant whey proteins, the whey fraction 

was analyzed with a reducing SDS-PAGE. The two major whey proteins present in cow’s milk, 

β-lactoglobulin and α-lactalbumin, denatured at 80 °C, as demonstrated by reduced protein band 
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intensities on the reducing SDS-PAGE. For BSA, denaturation occurred around 75 °C. For 

whey proteins with immunomodulatory functionalities, such as immunoglobulins and 

lactoferrin, denaturation already happened at 70 and 65 °C, respectively (Fig. 5-2B). In addition, 

heat-induced aggregate formation through disulfide interchange, in both skim milk and whey 

fraction samples, was assessed using a non-reducing SDS-PAGE. This showed that proteins 

started to aggregate from 75 °C and aggregates were more abundantly present in milk heated at 

80 °C (Fig. 5-2C). As expected, aggregates were not visible on the non-reducing SDS-PAGE 

of whey fraction samples, since they were removed during acidified ultracentrifugation, after 

which only the native proteins remained (Fig. 5-2D). 

 

 

 

Figure 5-2 Reduced native whey protein concentration after heating at 70 °C or higher. (A) Total protein concentration 
in the native whey fraction after different heat treatments. (B) Reducing SDS-PAGE of the different native whey 
fraction samples after heat treatment and (C) non-reducing SDS-PAGE of the different skim milk samples and (D) 
whey fraction samples, with the main proteins that can be identified on the gel indicated. Protein concentrations are 
presented as mean ± SD of triplicates. *P < 0.05 compared to raw milk as analyzed with Dunnett’s multiple comparisons 
test. M, marker; raw, raw cow’s milk; 50-80 °C, raw cow’s milk heated at the indicated temperature for 30 min; IgG, 
immunoglobulin G; LF, lactoferrin; BSA, bovine serum albumin; IgG-H, heavy chain of immunoglobulin G; αs2-CN, 
αs2-casein; β-CN, β-casein; αs1-CN, αs1-casein; κ-CN, κ-casein; β-LG, β-lactoglobulin; α-LA, α-lactalbumin. 
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5.3.2 Cluster analysis of the native protein profile separated 75 and 80 °C from lower 

heating temperatures 

To further analyze the impact of heating on the native whey protein composition, proteomics 

was performed by means of LC-MS/MS. As expected, results showed that the protein profile 

has a reduced number of native proteins remaining after increasing heating intensity. A heat 

map was subsequently created which visualized the native protein profile of the different heat-

treated milk samples. According to the clusters presented in the heat map, the native protein 

profile of samples heated at 75 and 80 °C differed from samples heated at lower temperatures 

(Fig. 5-3). No clear distinction could be made among samples heated below 75 °C (Fig. 5-3). 

To determine more in detail whether the differentially heat-treated milk groups could be 

distinguished, a PCA plot was created. Based on principal component 1, which accounted for 

57.5% of the total variation, milk samples heated at 75 and 80 °C differed from samples heated 

at lower temperatures (Fig. 5-4). Unheated and ≤ 70 °C heat-treated milk groups differed from 

each other mainly on principal component 2, which accounted for 9.9% of the total. 

Figure 5-3 Hierarchical cluster analysis separated 75 and 80 °C from lower heating temperatures based on native 

proteomics pattern. Protein profile of whey fraction samples based on Z score normalized iBAQ values. Columns reflect 

individual samples. The number indicates the heating temperature, while the number after the underscore indicates the 

replicate. Rows reflect individual proteins. Hierarchical clustering was performed using complete agglomeration 

method and a Euclidean distance metric. The color scale reflects the iBAQ value-based Z score. 
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To further analyze the impact of heating on the native whey protein composition, proteomics 

was performed by means of LC-MS/MS. As expected, results showed that the protein profile 

has a reduced number of native proteins remaining after increasing heating intensity. A heat 

map was subsequently created which visualized the native protein profile of the different heat-

treated milk samples. According to the clusters presented in the heat map, the native protein 

profile of samples heated at 75 and 80 °C differed from samples heated at lower temperatures 

(Fig. 5-3). No clear distinction could be made among samples heated below 75 °C (Fig. 5-3). 

To determine more in detail whether the differentially heat-treated milk groups could be 

distinguished, a PCA plot was created. Based on principal component 1, which accounted for 

57.5% of the total variation, milk samples heated at 75 and 80 °C differed from samples heated 

at lower temperatures (Fig. 5-4). Unheated and ≤ 70 °C heat-treated milk groups differed from 

each other mainly on principal component 2, which accounted for 9.9% of the total variation, 

whereas milk heated at 50 and 60 °C could not be distinguished from each other (Fig. 5-4). 

 

Figure 5-4 Principal Component Analysis (PCA) distinguished different heat-treated milk groups based on native 
protein profile. Milk heated at 50 and 60 °C could not be distinguished from each other. Colored symbols refer to the 
seven milk groups tested. The first two principal axes explained 67.4% of the variance. The variation (%) explained by 
each PCA axis is in parentheses. PC1, principal component 1; PC2, principal component 2. 
 
 



Loss of allergy-protective capacity of raw cow’s milk after heat treatment

113

5

 

5.3.3 Loss of allergy protection in murine OVA-induced food allergy model already evident 

from 65 °C 

To assess whether a reduction in the amount of native whey proteins results in a loss of the 

allergy-protective capacity, the same milk samples were tested in a murine OVA-induced food 

allergy model. As expected, intradermal challenge with OVA increased the acute allergic skin 

response in OVA-sensitized allergic control mice compared to PBS-sensitized control mice 

(Fig. 5-5A). Treating mice with raw milk prior to OVA-sensitization significantly reduced the 

acute allergic skin response compared to PBS-treated allergic control mice. A shift in allergy 

protection appeared to occur from 60 to 65 °C; mice treated with milk heated at 60 °C still 

showed a significant reduction in the acute allergic skin response compared to PBS-treated 

allergic control mice, whereas milk heated at 65 °C was no longer protective. A loss of allergy-

protection was also observed in mice treated with milk heated at 70, 75, and 80 °C (Fig. 5-5A). 

Although not significant, OVA-specific IgE levels were higher in OVA-sensitized allergic 

control mice compared to PBS-sensitized control mice. No differences in OVA-IgE levels were 

observed between milk-treated mice (Fig. 5-5B).  

 

 

Figure 5-5 Heat treatment at 65 °C or higher destroyed allergy-protective capacity of raw milk in murine OVA-induced 
food allergy model. (A) The acute allergic skin response (expressed as Δ ear swelling) measured 1 h after intradermal 
challenge in both ear pinnae with OVA. (B) OVA-specific IgE levels measured in serum 16 h after oral challenge with 
OVA. Data are presented as mean ± SEM for the acute allergic skin response and as box-and-whisker Tukey plot (in 
which outliers are shown as separately plotted points) for OVA-specific IgE levels, n = 6 in PBS group and n = 6-8 in all 
other groups. *P < 0.05, **P < 0.01, ****P < 0.0001 as analyzed with one-way ANOVA followed by Bonferroni’s multiple 
comparisons test for pre-selected groups (A) or Kruskal-Wallis test for non-parametric data followed by Dunn’s 
multiple comparisons test for pre-selected groups (B). OVA, ovalbumin; raw, raw cow’s milk; 50-80 °C, raw cow’s milk 
heated at the indicated temperature for 30 min; AU, arbitrary units. 
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5.3.4 Induction of regulatory Tr1 cells correspond to acute allergic skin response 

Since regulatory T cells (Tregs) are key for the induction of oral tolerance to food proteins 

(Pabst & Mowat, 2012), the effect of the different milk types on Treg subsets in the spleen was 

assessed. The percentage of CD25+FoxP3+ Treg cells was significantly decreased in OVA-

sensitized allergic control mice compared to PBS-sensitized control mice. CD25+FoxP3+ Treg 

cell frequency did, however, not differ between milk-treated mice (Fig. 5-6A). Interestingly, 

the percentage of IL-10-producing Tr1 cells increased significantly in raw milk- and 50 °C 

milk-treated mice compared to PBS-treated allergic control mice (Fig. 5-6B). This increase 

coincided with the reduced acute allergic skin response observed in these groups (Fig. 5-5A). 

Although protection against allergic symptoms was also observed for milk heated at 60 °C, the 

percentage of Tr1 cells was not increased simultaneously (Fig. 5-6B). Compared to raw milk, 

milk heated at 65, 75 and 80 °C showed a reduction in Tr1 cell frequency (Fig. 5-6B), which is 

in line with the observed loss of protection against the OVA-induced acute allergic skin 

response (Fig. 5-5A). For the percentage of TGF-β-producing Th3 cells, the highest heating 

temperatures showed the lowest cell frequency, but differences were not significant (Fig. 5-6C). 

 

 

Figure 5-6 Percentage of regulatory Tr1 cells coincided with acute allergic skin response. Percentage of (A) FoxP3+ Treg 
cells (CD25+FoxP3+ of CD4+ cells), (B) Tr1 cells (IL-10+ of CD4+CD25+ cells), and (C) Th3 cells (LAP+FoxP3- of CD4+ 
cells) in the spleen. Data are presented as mean ± SEM, n = 6 in PBS group and n = 6-8 in all other groups. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001 as analyzed with one-way ANOVA followed by Bonferroni’s multiple 
comparisons test for pre-selected groups. OVA, ovalbumin; raw, raw cow’s milk; 50-80 °C, raw cow’s milk heated at 
the indicated temperature for 30 min.  
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5.3.5 Milk heated at 70 °C or higher associated with increased percentages of Th1, Th2, and 

dendritic cells (DCs) 

 

 

Figure 5-7 Increased Th1, Th2 and DC percentages at heating temperatures of 70 °C and above. Percentage of (A) Th1 
cells (CXCR3+ of CD4+ cells), (B) Th2 cells (T1ST2+ of CD4+ cells), and (C) CD11c+MHCII+ DCs (CD11c+MHCII+ of 
CD45+ cells) in the spleen. Data are presented as mean ± SEM, n = 6 in PBS group and n = 6-8 in all other groups. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 as analyzed with one-way ANOVA followed by Bonferroni’s multiple 
comparisons test for pre-selected groups. OVA, ovalbumin; raw, raw cow’s milk; 50-80 °C, raw cow’s milk heated at 
the indicated temperature for 30 min.  
 

Besides Tregs, also other immune cells influence the strength of the allergic response. In order 

to investigate the effect of the different heating temperatures on Th1 cells, Th2 cells, and DCs, 

splenocytes were isolated and analyzed by flow cytometry. A decrease in Th1 cells was 

observed in OVA-sensitized allergic control mice compared to PBS-sensitized control mice 

(Fig. 5-7A). Th2 and DC frequency did not differ between these control groups (Fig. 5-7B & 

C). Although raw milk treatment protected against allergic symptoms, which was associated 

with an increased percentage of regulatory Tr1 cells, it also tended to increase the percentage 

of Th2 cells (Fig. 5-7B). In addition, CD11c+MHCII+ DCs were elevated in raw milk-treated 

mice compared to PBS-treated allergic control mice (Fig. 5-7C). Milk heated at 70 °C or higher 

increased the percentages of Th1, Th2, and DCs compared to PBS-treated allergic control mice 

(Fig. 5-7A-C). These increased immune responses coincided with a loss of allergy protection 

(Fig. 5-5A) and low numbers of regulatory Tr1 cells (Fig. 5-6B). 

5.3.6 Denaturation of several immunologically active whey proteins already started at 

60/65 °C  

Even though the overall protein profile (BCA assay, clustered heat map, and PCA) showed 

major differences in the native protein profile from 70/75 °C onwards, a loss of allergy 

protection was already demonstrated at 65 °C. To get a more detailed perspective on changes 

in immunologically active whey proteins, a heat map solely focusing on these specific whey 

proteins was created. In this heat map, a relatively clear difference is observed between milk 
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samples heated at temperatures below 65 °C and milk samples heated at temperatures of 65 °C 

and above (Fig. 5-8), which corresponds to the loss of allergy protection observed in the murine 

OVA-induced food allergy model (Fig. 5-5A).  

 

 

Figure 5-8 Hierarchical cluster analysis of immunologically active whey proteins demonstrated that the denaturation 
of these proteins already starts at 65 °C. Protein profile of whey fraction samples based on Z score normalized iBAQ 
values. Columns reflect individual samples. The number indicates the heating temperature, while the number after the 
underscore indicates the replicate. Rows reflect immunologically active whey proteins. Hierarchical clustering was 
performed using complete agglomeration method and a Euclidean distance metric. The color scale reflects the iBAQ 
value-based Z score. OP, osteopontin; PIR, polymeric immunoglobulin receptor; LPO, lactoperoxidase; LF, lactoferrin; 
LAD, lactadherin; C3, complement component 3; XDH, xanthine dehydrogenase/oxidase; CTHL-1, cathelicidin-1; SOD, 
superoxide dismutase; CTHL-5, cathelicidin-5; CTHL-4, cathelicidin-4; CD14, monocyte differentiation antigen CD14; 
IG, immunoglobulin; C7, complement component 7. 
 

To zoom in on the effects of the various heat treatments on the immunologically active whey 

proteins, and to get an idea about their concentration, Table 5-1 was compiled to show the 

differences in iBAQ intensities for these proteins. Interestingly, complement component 7 (C7) 

decreased significantly at 60 °C and polymeric immunoglobulin receptor and monocyte 

differentiation antigen CD14 at 65 °C. For immunoglobulins, denaturation also started already 

around 60/65 °C, but due to a larger variation between replicates, the reduction only reached 

significance at 75 °C. Most of the other immunologically active whey proteins only decreased 

significantly from 75 °C, although they already started to decrease, to varying extents, from 
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lower temperatures. For superoxide dismutase, cathelicidins, and osteopontin, no clear decrease 

with increasing temperature was observed (Table 5-1). 

Table 5-1 iBAQ values of immunologically active whey proteins after different heat treatments.  
                Log10 (iBAQ) 
 
Protein name 

Raw 50 °C 60 °C 65 °C 70 °C 75 °C 80 °C 

Complement C7 3.86 ± 0.22 
 

4.06 ± 0.14 
 

2.96 ± 0.30* 
 

2.95 ± 0.34* 
 

2.99 ± 0.09* 2.38 ± 0.58* 
 

2.38 ± 0.54* 

Monocyte differentiation 
antigen CD14 

5.02 ± 0.08 
 

5.07 ± 0.20 4.98 ± 0.14 3.82 ± 0.69* 2.50 ± 0.44* 2.70 ± 0.18* 2.36 ± 0.28* 

Polymeric immunoglobulin 
receptor 

7.14 ± 0.61 
 

6.92 ± 0.20 6.79 ± 0.11 6.03 ± 0.28* 5.64 ± 0.52* 4.99 ± 0.25* 3.96 ± 0.20* 

Lactadherin 
 

5.49 ± 0.10 
 

5.85 ± 0.15 5.97 ± 0.07* 5.83 ± 0.19 4.93 ± 0.15* 4.62 ± 0.07* 4.30 ± 0.38* 

Immunoglobulin 4.70 ± 0.15 
 

4.29 ± 0.63 3.35 ± 0.35 3.71 ± 0.68 3.32 ± 0.99 2.54 ± 0.31* 2.12 ± 0.58* 

Complement C3 
 

5.90 ± 0.70 
 

5.68 ± 0.09 5.71 ± 0.05 5.29 ± 0.36 5.03 ± 0.32 4.23 ± 0.38* 3.36 ± 0.74* 

Lactoperoxidase 
 

6.49 ± 0.15 6.54 ± 0.19 
 

6.70 ± 0.08 6.61 ± 0.21 6.19 ± 0.25 4.74 ± 1.08* 3.49 ± 1.10* 

Xanthine 
dehydrogenase/oxidase 

5.40 ± 0.18 
 

5.32 ± 0.33 5.37 ± 0.05 5.22 ± 0.26 4.98 ± 0.18 4.30 ± 0.22* 2.77 ± 0.19* 

Lactoferrin 
 

6.58 ± 0.02 6.61 ± 0.28 6.75 ± 0.11 6.44 ± 0.31 6.03 ± 0.23 2.85 ± 0.24* 2.16 ± 0.33* 

Superoxide dismutase  
 

4.28 ± 0.15 
 

4.66 ± 0.19 4.68 ± 0.20 
 

4.87 ± 0.16* 
 

4.52 ± 0.21 
 

4.59 ± 0.18 
 

3.47 ± 0.40* 

Cathelicidin-1 
 

4.44 ± 0.13 
 

4.90 ± 0.29 5.05 ± 0.15* 4.87 ± 0.30 4.70 ± 0.39 4.66 ± 0.09* 4.10 ± 0.26* 

Cathelicidin-4 
 

3.10 ± 0.77 
 

4.04 ± 0.30* 
 

4.09 ± 0.09* 
 

3.55 ± 0.09 
 

3.96 ± 0.46 
 

4.12 ± 0.06* 3.65 ± 0.24 

Cathelicidin-5 
 

4.49 ± 0.14 
 

4.29 ± 0.72 4.88 ± 0.07 4.08 ± 1.22 4.18 ± 0.92 4.89 ± 0.13 4.60 ± 0.07* 

Osteopontin 6.54 ± 0.11 6.54 ± 0.25 6.61 ± 0.08 6.69 ± 0.30 6.49 ± 0.34 6.65 ± 0.04 6.79 ± 0.20* 
*p < 0.05 compared to raw milk as analyzed with Dunnett’s multiple comparisons test. Raw, raw cow’s milk; 50-80 °C, 
raw cow’s milk heated at the indicated temperature for 30 min.  
 

5.4 Discussion 
The present study demonstrates that heat treatment of milk results in a substantial loss of native 

whey proteins due to denaturation and aggregation processes. A considerable decrease in the 

amount of native whey proteins was observed from 75 °C and above, but immunologically 

active whey proteins already started to decrease from 65 °C. Interestingly, the loss of 

immunologically active whey proteins coincided with the loss of allergy protection observed in 

a murine OVA-induced food allergy model. In this model, we observed a clear shift in allergy 

protection from 60 to 65 °C, where milk heated at 65 °C or higher was no longer protective. 

Raw cow’s milk consumption has repeatedly been reported to protect against childhood asthma 

and allergies (Abbring, Ryan, et al., 2019; Abbring et al., 2017; Brick et al., 2016; Ege et al., 

2007; Loss et al., 2011; Perkin & Strachan, 2006), which has often been related to the bioactive 

whey protein fraction of the milk (Abbring, Hols, et al., 2019; van Neerven et al., 2012), 
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although a direct link between individual proteins and this protection has never been 

demonstrated. The whey protein fraction of raw cow’s milk consists of hundreds of proteins 

and each of these proteins has its own denaturation kinetics (Brick et al., 2017). Heating milk 

at different temperatures may therefore result in different native protein profiles. Relating the 

changes in these native protein profiles to the capacity of the milk to prevent the development 

of allergic diseases may give an indication of the proteins responsible for the protective effect. 

The current study therefore used small differences in heating temperature (50, 60, 65, 70, 75, 

and 80 °C, chosen to be ranging from almost no to almost full whey protein denaturation) and 

tested the various heat-treated milk samples for their native protein profile and their allergy-

protective capacity. 

As expected, the number of denatured proteins increased with increased heating intensity. 

Consequently, the native protein profile differed considerably between the different heat-treated 

milk samples. The different data analyses of the overall native protein profile (BCA assay, 

clustered heat map, and PCA) showed a significant difference between milk heated ≥ 75 °C and 

milk heated < 75 °C, which is in line with our previous results (Xiong et al., 2020b). Similar 

effects were also reported by Brick et al. who demonstrated a decrease in detectable native 

whey proteins after heating with an intensity higher than pasteurization (72 °C for 20 s) (Brick 

et al., 2017). According to the BCA assay, a significant decrease in the native whey protein 

concentration was also observed in milk heated at 70 °C. However, due to a larger variation 

between replicates, this group was not clustered with milk heated at 75 and 80 °C in the 

subsequent analyses. When specifically focusing on immunologically active whey proteins, 

their denaturation already started at a lower temperature. This is in accordance with previous 

studies, which demonstrated that particularly the immune active proteins present in the whey 

fraction have a high heat sensitivity (Zhang et al., 2016). Although also for these proteins a 

sharp decrease was observed from 75 °C, a gradual decrease was already visible from 65 °C.  

To determine the consequences of the heat-induced reduction in native whey proteins on the 

allergy-protective effects associated with raw milk, milk samples were tested in a murine OVA-

induced food allergy model. As demonstrated before, treating mice with raw milk prior to 

sensitization and challenge with OVA significantly reduced the acute allergic skin response 

(Abbring, Ryan, et al., 2019; Abbring, Wolf, et al., 2019). The current study shows that this 

protective effect lasted up to 60 °C. Interestingly, a loss of allergy protection was observed at 

heating temperatures of 65 °C and above, thereby coinciding with the denaturation of 

immunologically active whey proteins. The effects on the acute allergic skin response were not 
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reflected in OVA-IgE levels but did correspond with regulatory Tr1 cell numbers, involved in 

the induction of oral tolerance to food proteins (Pabst & Mowat, 2012). 

As mentioned earlier, particularly immunologically active whey proteins were shown to 

denature from 65 °C onwards. A closer look at these proteins revealed that the concentration of 

complement C7, monocyte differentiation antigen CD14, and polymeric immunoglobulin 

receptor decreased significantly from this temperature. Complement C7 is a protein involved 

in the complement system of the innate immune system and is part of the membrane attack 

complex. How complement C7 may be involved in the allergy-protective effect of raw cow’s 

milk remains unclear, although a role of the complement pathway in the development of asthma 

and allergy has been described (Gerard & Gerard, 2002). Monocyte differentiation antigen 

CD14 is also a molecule of the innate immune system and acts as a receptor and carrier for 

bacterial endotoxin. Interestingly, CD14 expression was markedly higher in farmers’ children 

than in non-farmers’ children (Lauener et al., 2002). In addition, polymorphisms in the CD14 

gene have been demonstrated to modify the effect of raw cow’s milk consumption on allergic 

diseases (Bieli et al., 2007; Ege, Strachan, et al., 2011). Polymeric immunoglobulin receptor is 

an Fc receptor which facilitates the transcytosis of soluble IgA and immune complexes. Breast 

milk immune complexes are shown to be potent inducers of oral tolerance and prevented asthma 

development in mice (Mosconi et al., 2010). Whether the formation of immune complexes also 

contributes to the allergy-protective effect of raw cow’s milk remains to be elucidated.  

The significant decrease in complement C7, CD14, and polymeric immunoglobulin receptor 

concentrations after heat treatment at 65 °C may partly explain the loss of allergy protection at 

the same temperature. However, many other immunologically active whey proteins also 

showed a, non-significant, decrease around 65 °C. Because of the many immunologically active 

whey proteins present in raw cow’s milk, even small changes in each of them could affect the 

final allergic response. In addition, we have to acknowledge that some proteins like enzymes 

with a relatively low abundance but a high activity, such as alkaline phosphatase, were not 

detected with the method used. The wide variety of proteins and the subtle changes in each of 

them after the different heat treatments makes it hard to pinpoint one unique protein responsible 

for the allergy-protective effect. Eventually, the synergistic effect of changes in several proteins 

simultaneously probably underlies the loss of protection. 

In addition to the observed loss of protection from 65 °C, this study also demonstrates that raw 

milk can be heated up to 60 °C (for 30 min) without negative consequences for its allergy-
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protective capacity. Immunologically active whey proteins were hardly affected by these 

temperatures and although milk heated at 50 °C did not significantly reduce the acute allergic 

skin response, the PCA could not distinguish between 50- and 60 °C-treated milk samples. This 

knowledge can be very relevant for the development of mildly processed milk in which 

bioactive raw milk components are retained and future studies should investigate whether the 

observed effects also hold for other allergens. However, heat treatment at these low 

temperatures is not considered safe and has only been used to gain a better understanding of the 

immunologically active whey proteins involved in the allergy-protective effects of raw cow’s 

milk. 

Besides the loss of immunologically active whey proteins, the formation of protein aggregates 

can also underlie the loss of allergy protection upon heat treatment. These protein aggregates 

were reported to have an increased immunogenicity compared to their native counterparts 

because of a shifted uptake from enterocytes to Peyer’s patches (Roth-Walter et al., 2008). 

Heat-induced protein aggregate formation, through disulphide interchange, was therefore 

assessed in the differentially heated milk samples. Protein aggregates started to form from 75 °C 

onwards and might therefore be responsible for the enhanced immune response, demonstrated 

by increased percentages of Th1 cells, Th2 cells, and DCs, observed in mice treated with milk 

samples heated at the same temperature. However, since the loss of allergy protection was 

already demonstrated from 65 °C, the formation of immunogenic protein aggregates is most 

likely not responsible for this effect. 

In conclusion, we demonstrated that the allergy-protective effect of raw cow’s milk is lost after 

heating milk for 30 min at 65 °C or higher. This loss of protection coincided with a reduction 

in native immunologically active whey proteins. A significant reduction was demonstrated for 

complement C7, monocyte differentiation antigen CD14, and polymeric immunoglobulin 

receptor, but many other immunologically active whey proteins also showed a decrease around 

65 °C. As, possible immunogenic, aggregates were not yet formed at this temperature, they 

probably do not play a role in the allergy-protective effect of raw cow’s milk.  The current study 

provides a better understanding of the mechanistic relation between heat damage to whey 

proteins and allergy development, which is essential for the development of microbiologically 

safe alternatives to raw cow’s milk that still retain its protective capacity. 
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CHAPTER 6.
General Discussion
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6.1 Introduction 
Milk contains a wide variety of nutritional and bioactive components. Heat treatment, as applied 

in pasteurization and sterilization, is generally used to inactivate pathogens and spoilage 

microorganisms, to ensure safety upon human consumption as well as to prolong the shelf life 

of dairy products. However, heat treatment can also induce denaturation, aggregation, and 

glycation of whey proteins, which may affect their nutritional properties and biological activity. 

This thesis investigated the effect of heat treatment within the pasteurization temperature range 

on denaturation and aggregation of immune-active proteins in bovine milk, and the 

consequences of denaturation and aggregation on their digestion and biological activity. This 

was done in order to provide a better understanding about the mechanisms by which heat 

treatment decreased the immune activity of native immune-active proteins in the bovine milk 

matrix. In addition, the  knowledge obtained can help to optimize dairy processing, for example, 

by adjusting the heating intensity or when possible combining with non-thermal technologies, 

to maximally preserve biological activity of immune-active proteins on the condition that milk 

safety can still be ensured. SDS-PAGE, FASP, and in-gel digestion combined with LC-MS/MS 

were the main techniques applied to characterize the changes of physicochemical properties of 

whey proteins (Chapter 2-5), whereas microbiological assays and an animal experiment were 

applied to evaluate the change of biological activities of the proteins (Chapter 3-5).  

To achieve this objective, the disulphide linked aggregation of lactoferrin with major whey 

protein (β-lactoglobulin, α-lactalbumin, bovine serum albumin) was studied, including a 

detailed analysis of disulphide bond interchange, both among lactoferrin molecules and 

between lactoferrin and β-lactoglobulin, using LC-MS/MS (Chapter 2). Among these three 

major whey proteins, β-lactoglobulin is the most active protein involved in the disulphide linked 

aggregation with lactoferrin. Among lactoferrin’s cysteine residues, Cys36, Cys45, Cys115, 

Cys198, Cys405, Cys457, Cys515, Cys573 were the most reactive for disulphide bond 

interchange, both among lactoferrin molecules and between lactoferrin and β-lactoglobulin, 

when heated at 85 °C. Besides the major whey proteins, other low abundant whey proteins may 

also be involved in the aggregation of lactoferrin, but to a much lesser extent. The aggregation 

of lactoferrin with the other whey proteins (including non-micellar casein), and the effect on 

the bacteriostatic activity and digestion of lactoferrin were studied in Chapter 3. Aggregation 

of lactoferrin was enhanced in the presence of whey proteins, which accelerated the loss of 

bacteriostatic activity. Mild heating conditions (< 70 °C/30 min) induced denaturation and 

aggregation of lactoferrin with a concomitant enhancement of its gastric digestion, while more 
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intensive aggregation at higher temperatures decreased its gastric digestion in an in vitro infant 

digestion model. In addition to lactoferrin, hundreds of potentially bioactive proteins are present 

in bovine milk. The denaturation of whey proteins in milk, especially immune-active proteins 

with its corresponding modification of bacteriostatic activity of whey after different heat 

treatments was investigated in Chapter 4. The data showed that the bacteriostatic activity of 

milk serum was rapidly decreased after heating at 75 °C for 30 min. This decrease of 

bacteriostatic activity correlated with a loss of native immune-active proteins, especially 

lactoferrin, lactoperoxidase and several low-abundant antibacterial proteins 

(lipopolysaccharide-binding protein, mannose-binding protein C, peptidoglycan recognition 

protein 1, haptoglobin). Different proteins may contribute differently to specific bioactivities of 

whey. The denaturation of whey proteins in milk, especially immune-active proteins after 

different heat treatments and the corresponding change of the allergy-protective activity of milk, 

were evaluated in Chapter 5. Heating at 65 °C for 30 min reduced the allergy-protective 

activity of milk in a murine model, which was correlated with the decrease of complement C7, 

monocyte differentiation antigen CD14, and polymeric immunoglobulin receptor, and a 

globally subtle decrease of other immune-active proteins.  

Combining all these results, aggregation of lactoferrin in a whey protein model system, milk 

serum, and skim milk and the effect of this aggregation on its digestion and biological activity 

are discussed first in this chapter. Second, the changes of the proteome of native whey after 

different heat treatments in the pasteurisation range and aggregation of whey proteins in the 

presence/absence of lactoferrin are discussed. Third, the contribution of different whey proteins 

in the bacteriostatic and allergy-protective activity of raw milk, according to their changes after 

different heat treatment, are discussed. Last, the potential to preserve native immune-active 

proteins, combining low temperature heat treatment with non-thermal methods is discussed. 

Finally, the main conclusion from this thesis are given.  

6.2 Effect of heat treatment on physicochemical properties and 

biological activity of lactoferrin 
6.2.1 Aggregation of lactoferrin in a whey protein model system, milk serum and skim milk 

Thermal stability of whey proteins are highly dependent on the matrix. Functional properties of 

whey proteins are modified after unfolding and aggregation among proteins (Liu et al., 2016; 

Mulcahy, Fargier-Lagrange, Mulvihill, & O'Mahony, 2017). Understanding of the underlying 

mechanisms can help to manipulate the functional and nutritional properties of whey protein in 
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different food matrices (Wagner et al., 2020). The breakage of native disulphide bonds and 

reformation into different intermolecular disulphide bonds, combined with hydrophobic and 

electrostatic interactions, were suggested to contribute to an irreversible aggregation of whey 

proteins (Anema, 2000; Wijayanti et al., 2014).  

 

Figure 6-1 Disulphide linked aggregation of lactoferrin when heated alone (A, Chapter 3), with β-lactoglobulin (B, 
Chapter 3), in milk serum (c, Chapter 3) and in skim milk (D, chapter 5). LFMS, milk serum with addition of 1 mg/ml 
lactoferrin. N, sample without heat treatment; 65/70/75/80 refer to samples being heated at 65/70/75/80 °C for 30 min. 
Abbreviations: IgG, immunoglobulin G; LF, lactoferrin; BSA, bovine serum albumin; β-LG, β-lactoglobulin; α-LA, α-
lactalbumin. 
 

Our study showed that disulphide linked aggregation of lactoferrin was largely affected by the 

presence of other whey proteins during heating, as indicated by the difference in the level of 

disulphide linked aggregation of lactoferrin when it was heated alone in milk ultrafiltrate 

(Chapter 2), in protein model systems (Chapter 2), in milk serum (Chapter 3), and in skim 

milk (Chapter 4 & 5) in the temperature range of 50-85 °C, as measured by non-reducing SDS-

PAGE and LC-MS/MS.  

Aggregation of lactoferrin occurred at 65 °C or above when lactoferrin was heated alone, as 

indicated by the increase of turbidity of lactoferrin solutions (Chapter 3), which is consistent 

with published results (Brisson et al., 2007b). Disulphide linked aggregation of lactoferrin also 

occurred from 65 °C, but to a less extent, as indicated by a small quantity of dimers and trimers 

in the  65 °C/30 min heated samples when it was heated in milk ultrafiltrate in the absence of 

other milk proteins, which indicates that the breakage of existing disulphide bonds already 

occurred from 65 °C (Chapter 2 & 3). However, a more clear decrease of monomeric 

lactoferrin was observed only after heating at 75 °C, indicating that intermolecular disulphide 

bond interchanges were not happening to a large extent for isolated lactoferrin at temperatures 

< 75 °C. Intramolecular disulphide bonds are important for stabilizing the secondary and 

tertiary structure of proteins. The secondary structure of lactoferrin, making up the backbone of 
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the protein, changed after heating at 70 °C, while the tertiary structure was affected at lower 

temperatures indicating changes in overall structure, probably flexible loops at lower 

temperatures (Schwarcz, Carnelocce, Silva, Oliveira, & Goncalves, 2008). However, more 

disulphide-linked aggregates were observed only after heating at 75 °C/30 min, which means 

that the reduction of disulphide bonds or intramolecular disulphide bond interchange was 

predominant at temperatures lower than 75 °C, which is in agreement with the changes of free 

thiol group content of the protein model system in Chapter 2.  Taking all results together, only 

minor disulphide breakage seems to occur below 75 °C whereas more extensive intermolecular 

disulphide rearrangements occur at higher temperatures. 

When lactoferrin was heated in a protein model system consisting of α-LA, β-LG and/or BSA, 

β-LG was observed to enhance the disulphide-linked aggregation of lactoferrin the most, while 

α-LA and BSA did hardly affect it. β-LG contains a free thiol group, which is hidden in the 

native state, that becomes accessible upon unfolding, making it reactive for disulphide bond 

interchanges with other protein, such as α-LA (Schokker et al., 2000). α-LA was involved in 

disulphide aggregation with itself or lactoferrin only at temperatures above 85 °C because it 

contains no free thiol group. Cys36, Cys45, Cys115, Cys198, Cys405, Cys457, Cys515 and 

Cys573 of lactoferrin were observed to be involved in intermolecular disulphide bond 

rearrangements between lactoferrin and β-lactoglobulin when heated at 85 °C. Those cysteines 

are located both in the N-lobe and C-lobe of lactoferrin. Probably due to the high temperature 

used in our experiments, it induced the unfolding of the two lobes simultaneously, although the 

C-lobe is known to be more compact than the N-lobe (Anderson, Baker, Norris, Rice, & Baker, 

1989). The high temperature used may thus explain why cysteine residues in both lobes 

participated in the intermolecular disulphide bond interchange. 

When lactoferrin was heated in milk serum containing whey proteins and non-micellar caseins, 

more lactoferrin aggregated via disulphide crosslinking, as indicated  by the big decrease of 

monomeric lactoferrin from 65 °C to 70 °C, as measured by non-reducing SDS-PAGE 

(Chapter 3), and an increase of the level of aggregated lactoferrin from 65 °C to 70 °C, as 

determined by LC-MS/MS (Chapter 3). Lactoferrin was shown to be more heat-labile when 

heated in milk than in a phosphate buffer (Sánchez et al., 1992), which can be partly ascribed 

to aggregation via intermolecular disulphide bond interchange between lactoferrin and whey 

proteins, according to our study.  Intermolecular disulphide bond formation may also impact 

the physical properties of proteins, such as increasing the gel strength (Visschers & de Jongh, 

2005). Therefore, the increase of the elastic modulus of WPI gels after adding 30% lactoferrin 
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(Li & Zhao, 2018) can be partly explained by the formation of intermolecular disulphide bonds 

between lactoferrin and whey proteins, especially with β-lactoglobulin according to our results.   

When lactoferrin was heated in skim milk, the largest decrease of the monomeric form of 

lactoferrin occurred from 70 °C to 75 °C, indicating that most of the lactoferrin was involved 

in disulphide linked aggregation at 75 °C. This coincides with a previous study which showed 

that lactoferrin was not detected in the whey fraction from rennet skim milk that was heated at 

75 °C (Brisson et al., 2007a). Comparing the thermal aggregation of lactoferrin in milk serum 

and skim milk, the presence of casein may prevent disulphide bond interchange between 

lactoferrin and whey proteins. When casein micelles are present, β-LG may preferentially 

aggregate with the κ-casein on the surface of the casein micelle (Vasbinder, Alting, & de Kruif, 

2003), making it less reactive towards lactoferrin. Casein micelles were reported to promote 

denaturation, but limit aggregation of whey protein (O'Kennedy & Mounsey, 2006). Based on 

these previous findings, lactoferrin would be expected to be less involved in β-LG-induced 

aggregation in skim milk, compared to the whey protein systems used in this thesis. 

From our results, heating lactoferrin in the presence of whey proteins can increase the 

irreversible aggregation by sulphydryl-disulphide interchange. Comparing the different whey 

proteins, β-LG affected the covalent aggregation of lactoferrin the most. Therefore, decreasing 

the level of β-LG or blocking its free thiol group may also contribute to reducing aggregation 

of lactoferrin. A variety of approaches to reduce the aggregation of whey proteins were 

previously studied. SH-blocking reagents, such as dithio(bis)-p-nitrobenzoate, N-

ethylmaleimide and DL-thioctic acid can effectively prevent disulphide linked aggregation, but 

they can also induce other undesirable modification by reacting with other side-groups of 

protein (Wijayanti et al., 2014). The addition of free cysteine for preventing thiol–disulphide 

exchange was also explored. Aggregation of α-LA and whey protein isolate was reduced at a 

low dose of cysteine (Nielsen, Lund, Davies, Nielsen, & Nielsen, 2018; Zhu & Labuza, 2010). 

Besides SH-blocking reagents, H2O2, a oxidizing agent, was reported to decrease the 

aggregation of WPI by interfering with the intermolecular sulfhydryl-disulphide interchange 

(Sutariya & Patel, 2017). To prevent lactoferrin from irreversible denaturation and aggregation, 

other protective components were also explored. Heat stability of lactoferrin can be improved 

in the presence of sodium alginate and okra polysaccharide (Li et al., 2019; Xu, Zhao, Guo, & 

Du, 2019). Although many studies have tried to prevent aggregation of whey proteins by 

incorporating other components, most of them are using components that are not food grade 

and require precise control of their concentration. From a practical point of view, it would thus 
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be more feasible and easier to heat lactoferrin and other protein ingredients in dairy products 

separately, which may decrease the disulphide linked aggregation of lactoferrin with other 

proteins, ultimately helping to decrease its irreversible denaturation, as indicated from our study. 

6.2.2 The effect of aggregation on digestion of lactoferrin 

Unfolding, aggregation and chemical modification may occur upon heating, resulting in 

different digestion kinetics of the protein (van Lieshout et al., 2019). Heat-induced denaturation 

was reported to enhance the digestion of globular proteins, such as β-LG (Peram et al., 2013). 

Glycation, on the other hand, was reported to hinder the hydrolysis of protein (Deng, Wierenga, 

Schols, Sforza, & Gruppen, 2017; Zenker, van Lieshout, van Gool, Bragt, & Hettinga, 2020). 

Therefore, the impact of heating of milk proteins on their digestion kinetics is highly dependent 

on the balance of the different reactions that are induced, which in turn depend on the precise 

heat load and food matrix composition.  

Our study showed that heating lactoferrin at 65-75 °C for 30 min can generally enhance the 

gastric digestion of lactoferrin compared to the unheated one, but without obvious effects on 

overall gastrointestinal digestion (Chapter 3). Noticeably, the digestion of lactoferrin heated at 

65-75 °C in milk serum showed an increase at 65-70 °C, but then decreased when heated at 70-

75 °C. Our preliminary study showed that the Maillard reaction between lactoferrin and lactose 

hardly happened when heated at 65-85 °C for 30 min in an aqueous system, indicating that 

glycation is not involved in the alteration of lactoferrin digestion. Therefore, unfolding and 

aggregation may play more critical roles for the digestion of lactoferrin. For the point of 

molecular structure, the proteolysis rate of a protein was highly dependent on the accessibility 

of a cleavage site in a protein to protease. Pepsin and trypsin are the main enzyme for protein 

digestion in the gastrointestinal tract (Singh, Ye, & Ferrua, 2015). Pepsin prefers to cleave 

around bulky hydrophobic residues of protein (Tang, 1963), which are exposed upon unfolding, 

which is thereby increasing the accessibility to pepsin. Trypsin cleaves peptide chains mainly 

at the carboxyl side of the amino acids lysine or arginine (Olsen, Ong, & Mann, 2004), which 

is largely affected by the glycation level of the protein, because this reaction can modify lysine 

and arginine (Deng et al., 2017). The digestion by trypsin was hardly diminished due to limited 

glycation in our protein samples at lysine or arginine residues, as mentioned above. Aggregation 

was also reported to affect the digestion rate of a protein. Large aggregates may have a smaller 

total surface area than smaller aggregates, which may therefore cause more resistance to 

digestion (Zhang & Vardhanabhuti, 2014).  The size of the aggregates was dependent on both 

hydrophobic interaction and disulphide bonds. Intermolecular disulphide bonds were suggested 
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to result in larger insoluble protein aggregates of lactoferrin (Brisson et al., 2007b), and 

disulphide bonded aggregates were harder to digest than non-covalent linked aggregates (Zhang 

& Vardhanabhuti, 2014). Therefore, blocking disulphide bond interchange between proteins, 

as discussed in section 6.2.1, could be a way to prevent the formation of large insoluble 

aggregates and produce smaller aggregates, leading to higher digestibility. The results obtained 

in this thesis about digestion of lactoferrin heated in the presence/absence of whey proteins may 

benefit designing milk products enriched in lactoferrin from the aspect of controlling the 

heating intensity and the matrix in which it is heated, aimed at retaining intact lactoferrin as 

much as possible during gastric digestion, as the protein is most active in its native from. 

6.2.3 The effect of heat treatment on bacteriostatic activity of lactoferrin 

Biological activities of lactoferrin are highly dependent on its native structure. Heat induced 

structural changes may lead to changes of its biological activity.  Heating lactoferrin at 100 °C 

for 3 min decreased its antitumor activity, whereas no obvious decrease was observed when it 

was heated at 50 °C and 70 °C for 3 min (Li et al., 2019). Similarly, heat treatment at 95 °C for 

10 min led to the loss of the osteogenic activity of lactoferrin, while heating at 65 °C/30 min, 

72 °C/10 s and 85 °C/10 min did not affect this activity, although changes of secondary structure 

were observed in all heated forms of lactoferrin (Fan et al., 2019). When lactoferrin was heated 

in a phosphate buffer, the bacteriostatic activity of bovine lactoferrin decreased after heating at 

72 °C/15 min and 85 °C/10 min, due to aggregation of lactoferrin, while no decrease was found 

after heating at 62.5 °C for 30 min and 72 °C for 15 s  (Conesa et al., 2010; Harouna et al., 

2015). Combining all the results, aggregation affected the biological activity of lactoferrin more 

than just by its unfolding, which was supported by our data in Chapter 2 & 3. We observed 

that the loss of LF activity after heating depended on the matrix, with a rapid loss in activity 

when heated in the presence of whey protein (Chapter 3), because of extensive aggregation 

between LF and whey protein.  LF has a strong bacteriostatic activity, and to keep it active it 

can be heated separately to prevent aggregation with other proteins when it would be added to 

dairy products. When lactoferrin was heated in the presence of casein micelles (Chapter 5), as 

discussed in 6.2.1, heat-induced sulfhydryl/disulphide interchange of lactoferrin may actually 

be reduced due to the reaction between β-LG and κ-casein on the surface of casein micelles 

(Chapter 5). However, the effect of the presence of casein on the bacteriostatic activity of 

lactoferrin when heating in the presence of whey protein needs to be studied further.  

When protein is ingested, it needs to go through the gastrointestinal digestion before it can exert 

its biological activity, often in the intestinal tract. Aggregation affected the bacteriostatic 
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activity not only by directly modifying the structure of protein, but also by altering the digestion 

kinetics of protein. As discussed in 6.2.2, aggregation can affect the gastric digestion of proteins. 

From the perspective of in vivo digestion, which was part of the animal experiment (Chapter 

5), retaining proteins in a form that resists gastric digestion is indeed important for retention of 

its biological activity. Due to the different mechanisms by which lactoferrin exerts its biological 

activities, conformational changes may affect the biological activity of lactoferrin to a different 

degree. The different studies in this thesis show that heating lactoferrin in the presence of whey 

proteins resulted in more aggregation of lactoferrin, and a faster reduction of its bacteriostatic 

activity. It can be assumed that other biological activities, such as immunomodulatory activity, 

would also be reduced by aggregation. Therefore, heating lactoferrin and other protein 

ingredients in dairy products separately can prevent aggregation of lactoferrin, ultimately 

retaining more biological activity.  

6.3 Effect of heat treatment on proteome and biological activity of 

whey protein  
6.3.1 Proteome of native whey protein after different heat treatment 

Heat treatment combined with acid precipitation to remove casein and denatured whey proteins, 

followed by FASP and LC-MS/MS were applied to get a comprehensive understanding how 

different heat treatments affected the whey proteome, especially focusing on the low abundant 

proteins. In Chapter 4, skim milk was heated at 65, 70, 75, 80, and 85 °C. Whey protein profiles 

showed the largest differences between milk heated at < 75 °C and  ≥ 75 °C. In Chapter 5, 

skim milk was heated at 50, 60, 65, 70, 75, and 80 °C. Whey protein profiles showed the largest 

difference between milk heated at ≤ 75 °C and  > 75 °C. This clustering was consistent with 

Brick’s study (Brick et al., 2017), which showed a difference in protein profiles between high 

temperature heat treatments (boiling, UHT, ESL) with heating temperatures above 95 °C and 

no/low temperature heat treatments (raw, skimmed, pasteurized) that involved heating 

temperatures below 72 °C. Our study provided evidence that heating at 75 °C/30 min is a 

turning point for the change of native whey proteins, which fills the gap between the heat 

treatments of 72 °C and 95 °C as studied previously. A change of the biological activity of whey 

protein was thus expected after heating at 75 °C/30 min, as the loss of biological activity was 

expected to coincide with the loss of the proteins’ native form.  
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Figure 6-2  Volcano plots of milk serum proteins after different heat treatments compared with raw milk. 65-R, 70-R, 
75-R, 80-R represent the significantly changed immune-active proteins in milk heated at 65, 70, 75, 80 °C compared 
with raw milk. LF, lactoferrin; LPO, lactoperoxidase; IG, immunoglobulins; CD14, monocyte differentiation antigen 
CD14; LBP, lipopolysaccharide-binding protein; C7, complement component C7; ENPP3, ectonucleotide 
pyrophosphatase/phosphodiesterase family member 3; MBP, mannose-binding protein C; B2M, beta-2-microglobulin; 
FKBP1A, peptidyl-prolyl cis-trans isomerase FKBP1A; CATHL4, cathelicidin-4; CATHL6, cathelicidin-6; CL43, 
collectin-43; CFH, complement factor H; PGLYRP1, peptidoglycan recognition protein 1; HP, haptoglobin; AGP, 
alpha-1-acid glycoprotein; LAD, lactadherin. 
 

Brick et al. (Brick et al., 2017) showed that 23 proteins differed between high heat treatments 

(boiling, UHT, ESL) and no/low heat treatment, among which most of them were immune-

active proteins. However, it is not clear from that study from which temperature the changes 

started, due to the large temperature gaps between the commercially processed samples. A more 
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detailed perspective on the changes of immune-active proteins in this temperature range can be 

found in this thesis (Fig. 6-2). When heated at 50 °C for 30 min, no obvious effects on the 

immune-active proteins was observed (Chapter 5), coinciding with Brick’s study, in which no 

change of whey proteins was observed in milk treated at 50 °C (Brick et al., 2017). When heated 

at 60 °C for 30 min, complement component C7 started to decrease (Chapter 5). This heat load 

is a bit lower than LTLT (62.5 °C/30 min). Therefore, our result fill the gap of  a recent study 

showing that complement component C7 was not detectable after being heated at 95 °C for 15s, 

of which the heat load is higher than LTLT (Liu, Zhang, Han, Zhang, & Zhou, 2020). When 

heated at 65 °C for 30 min, complement component C7, monocyte differentiation antigen CD14, 

and polymeric immunoglobulin receptor showed a significant decrease (Chapter 5). The 

change of CD14 in bovine milk coincides with that in human milk, where it was shown that 

holder pasteurization (62.5 °C/30 min) decreased the concentration of CD14 (Cossey et al., 

2009). A decrease of polymeric immunoglobulin receptor in bovine milk after commercial 

pasteurization was also previously observed (Zhang, Boeren, et al., 2016). However, another 

study reported that it decreased after HTST (72 °C/15 s) but not after LTLT (63 °C/30 min) 

heating of colostrum (Chatterton et al., 2020), which indicates that 63 °C - 65 °C for 30 minutes 

is the critical heat load for the denaturation of polymeric immunoglobulin receptor, although 

this temperature needs to be confirmed in future studies. Besides that, mannose-binding protein 

C, alpha-1-acid glycoprotein, peptidoglycan recognition protein 1, haptoglobin also showed a 

decrease after 65 °C/30 min treatment (Chapter 4). In human milk, pasteurization (62.5 °C/30 

min) did not affect the level of mannose-binding protein C (Cossey et al., 2009). The 

temperature range 62.5 °C - 65°C may thus also for this protein be critical, but it is important 

that the data was collected from bovine milk and human milk, respectively, which extensively 

differ in composition, which may have impacted the effect of heating on protein denaturation. 

As shown in Chapter 2 & 3, and discussed in 6.2, the denaturation and concomitant change of 

biological activity of proteins were affected by the presence of other proteins during heating. 

Therefore, the heat stability of mannose-binding protein C within the pasteurization range needs 

to be determined in a bovine milk matrix.  Alpha-1-acid glycoprotein was reported to be 

decreased by 10%  after heating at 62-63 °C for 30 min (Zhang, Boeren, et al., 2016), which is 

in agreement with our data. A recent study reported that peptidoglycan recognition protein 

decreased after a 95 °C/15 s heat treatment (Liu, Zhang, et al., 2020). In camel milk, 

peptidoglycan recognition protein was not detectable after heating at 80 °C for 60 min (Felfoul, 

Jardin, Gaucheron, Attia, & Ayadi, 2017). Peptidoglycan recognition protein decreased after 

65 °C/30 min in our study, which filled the temperature gap in the above mentioned studies in 
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which the heat treatments used were more intense than LTLT (62.5 °C/30 min).  When heated 

at 70 °C for 30 min, lactadherin decreased in addition to above mentioned proteins (Chapter 4 

& 5), which extends a recent which that showed that lactaherin quantities were not significantly 

affected by LTLT and HTST, which are both less intense than 70 °C/30 min (Chatterton et al., 

2020). When heated at 75 °C, most immune-active proteins denatured, as shown in Chapter 5, 

including lactoferrin, immunoglobulin, complement C3, lactoperoxidase and xanthine 

dehydrogenase/oxidase. The native form of those proteins could almost not be detected at all 

when heated at 80 °C and 85 °C, where the iBAQ value presented in Chapter 4 & 5 were 

imputed from a normal distribution for the statistical analysis.   

Generally, immune-active proteins were largely affected by heat treatments ≥ 75 °C/30 min. 

However, some immune-active proteins already decreased to a certain extent from 60 °C/30 

min. Because each protein has a specific denaturation temperature as well as biological activity, 

it is possible that the biological activity already changes after a heat treatment below 75 °C/30 

min. The impact of these proteome changes on proteins’ functionality will be discussed in 6.3.4.  

6.3.2 Disulphide linked aggregation of whey protein with/without addition of lactoferrin 

after heating 

When milk serum was heated at 65, 70, and 75 °C for 30 min, disulphide linked aggregates 

were visualized by non-reducing SDS-PAGE (Chapter 3). Those proteins involved in 

aggregates that are too large to enter the SDS-PAGE remained in the stacking gel and were 

identified and quantified by LC-MS/MS. In total, 36 proteins were identified and quantified, 

including the major whey proteins, non-micellar casein and several low abundant proteins. The 

cysteines and disulphide bond distribution of these proteins was displayed in the Table 6-1. 

Nine of these low-abundant proteins were immune related proteins, including lactoferrin, 

lactoperoxidase, xanthine dehydrogenase, polymeric immunoglobulin receptor, lactadherin, 

complement C3, complement factor B, sulfhydryl oxidase, and complement C7. After heating 

at 75 °C for 30 min, the level of most identified proteins in the aggregates significantly 

increased, including the above mentioned immune-active proteins, as shown in Chapter 3, 

which suggests that those proteins have undergone disulphide linked aggregation. This result 

can partly explain the loss of native whey proteins in bovine milk heated at 75 °C for 30 min as 

found in Chapter 4, as such covalently bound whey protein aggregates would have been 

removed by the acidified ultracentrifugation step as used for the sample preparation.  
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Table 6-1 Cysteines and disulphide bond distribution of 36 proteins identified in protein aggregates.  
Protein name  Number of cysteine 

residues 

Number of disulphide 

bonds 

Free thiol 

groups 

Lactoferrin 34 17 0 

Beta-lactoglobulin 5 2 1 

Alpha-lactalbumin 8 4 0 

Bovine serum albumin 35 17 1 

Lactoperoxidase 15 7 1 

Kappa-casein 2 1 0 

Alpha-S1-casein 0 0 0 

Xanthine dehydrogenase/oxidase 38 - - 

Polymeric immunoglobulin receptor 20 - - 

Butyrophilin subfamily 1 member  10 - - 

Ig-like domain-containing protein - - - 

Fibroblast growth factor-binding protein 1 4 - - 

Uncharacterized protein - - - 

Sodium-dependent phosphate transport 

protein 2B 

26 - - 

Lactadherin 12 - - 

Complement C3 27 - - 

Serotransferrin 18 36 0 

ATP-binding cassette sub-family G 

member 2 

11 - - 

Platelet glycoprotein 4 10 - - 

Uncharacterized protein - - - 

Beta-1,4-galactosyltransferase 1 7 - - 

Uncharacterized protein - - - 

Fatty acid-binding protein 5 - - 

Complement factor B 23 - - 

Actin, cytoplasmic 2 6 - - 

Lipocalin 2 2 - - 

Junction plakoglobin 13 - - 

Sulfhydryl oxidase 38 - - 

Fibrinogen gamma-B chain 11 - - 

Perilipin-2 5 - - 

Uncharacterized protein - - - 

Fibronectin 62 - - 

Fatty acid synthase 50 - - 

Complement  C7 56 - - 

Desmoplakin 13 - - 
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Lactoferrin was added into milk serum prior to heat treatment to get more insights into the 

interaction between lactoferrin and whey proteins. When milk serum to which lactoferrin was 

added was heated at 65, 70, and 75 °C for 30 min, the level of proteins involved in disulphide 

linked aggregation increased, especially after heating at 70 °C for 30 min (Chapter 3). The 

nine immune-active proteins mentioned earlier showed a significant increase in the aggregates 

formed upon heating at 65 °C to 70 °C, indicating the interaction between lactoferrin and those 

proteins, directly or indirectly. Noticeably, β-LG showed a significantly increase in the amount 

of aggregates after adding lactoferrin also from 65 °C to 70 °C, and the direct disulphide 

interchange of β-LG with lactoferrin and the main contribution for aggregation of lactoferrin 

with the three major whey proteins, as described in Chapter 2 & 3, were confirmed. However, 

for other low-abundant proteins, it is not clear whether they interact with lactoferrin directly or 

that the aggregation is mediated by β-LG, because most of them increased in the aggregates 

concomitantly with β-LG when heated at 70 °C after adding LF, which thus needs to be 

investigated further. Direct aggregation between lactoferrin and κ-casein was also previously 

reported (Brisson et al., 2007a). The increase of κ-casein in the aggregates after heating at 75 °C 

in the presence of lactoferrin is thus probably due to direct interaction between these proteins. 

Although most proteins are associated by disulphide linked aggregation, it  cannot excluded 

that there is involvement of other covalent interaction, e.g. because αs1-casein that contains no 

cysteine was also present in the aggregates, which might have been due to its association with 

κ-casein.  

Our study showed that the loss of native immune-active proteins was partly associated with 

disulphide interchange among whey proteins. The addition of lactoferrin enhanced the 

disulphide linked aggregation of whey protein, suggesting that aggregation of whey protein was 

affected by protein composition. Therefore, when enriching bioactive proteins in products, the 

concentration of these proteins and heat induced interaction among different proteins and the 

potential consequences of these interactions for their activity need to be considered.   

6.3.3 Implication of whey protein in biological activity of raw milk 

Because proteins contribute differently to the specific biological activities of whey and milk, 

the gradual denaturation of whey proteins between 50-85 °C may result in different turning 

points for different biological activities, which was confirmed in this thesis. The rapid decrease 

of bacteriostatic activity occurred after heating at 75 °C/30 min (Chapter 4), while the loss of 

allergy protective activity already occurred at a temperature of 65 °C (Chapter 5), indicating 
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that different proteins predominated in exerting these two activities, or that the requirement of 

the protein to be correctly folded differs for different functionalities.  

The bacteriostatic proteins in whey are mainly lactoferrin, lactoperoxidase and immunoglobulin, 

with some other low-abundant proteins. The decrease of the bacteriostatic activity of milk 

serum was associated with the reduction of the native form of these bacteriostatic proteins. 

When milk was heated at 65 °C and 70 °C for 30 mins, the bacteriostatic activity decreased 

slightly, which was associated  with a slight decrease of lactoferrin, monocyte differentiation 

antigen CD14, complement C7, mannose-binding protein C, and peptidoglycan recognition 

protein 1. The bacteriostatic activity showed a larger decrease after heating at 75 °C, which was 

associated with a significant decrease of lactoferrin, lactoperoxidase and most other immune-

active proteins (Chapter 4).  

Different from the bacteriostatic activity, that decreased rapidly after 75 °C/30 min, the loss of 

allergy protective activity already occurred from 65 °C/30 min, which was associated with a 

decrease of polymeric immunoglobulin receptor, complement component C7 and monocyte 

differentiation antigen CD14 (Chapter 5). However, their specific role in the loss of the allergy-

protective effect still needs to be confirmed by studying the effect of purified proteins or 

fractions enriched in one or more of these proteins. For example, adding alkaline phosphatase 

in pasteurized milk was suggested to restore the allergy-protective effect of milk that was 

destroyed by heat processing for 15 s at 78 °C (Abbring et al., 2019). In addition to the above 

mentioned proteins, immunoglobulin, lactoferrin, xanthine dehydrogenase, complement 

component C3 also showed a slight decrease, which is similar to the results of Chapter 4.  

Whey protein, as a whole, would possess a stronger biological activity due to synergy between 

the immune-active proteins. Although part of the immune-active proteins are heat stable, their 

global biological activity may decrease due to denaturation of other heat-labile proteins, which 

result in the loss of a synergic effect. For example, lactoferrin can form a complex with 

osteopontin (Liu et al., 2019). The denaturation of lactoferrin may affect the formation of this 

complex, thus decreasing the biological activity of the complex, even if osteopontin itself would 

not be affected by the heat treatment.  

Our results suggest that different whey proteins contribute to specific bioactivities, which was 

reflected by the change of two studied bioactivities, bacteriostatic activity and allergy protective 

activity, after different heat treatments. Heat processing of whey-protein containing products, 

in which these biological activities need to be retained, thus needs to be customized to achieve 
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the maximal preservation of the specific required activity. For retaining the bacteriostatic 

activity, a heat intensity below 75 °C/30 min would meet the requirement. For preservation of 

the allergy protective activity, on the other hand, a heat intensity below 65 °C/30 min would 

need to be applied, which means that microbiological safety can’t be guaranteed. This may 

however be solved by applying non-thermal processing methods, as these may be able to 

inactivate pathogen, while retaining the proteins’ bioactivities.  

6.4 Non-thermal dairy processing to preserve more immune-active 

whey proteins 
Our study showed that heat processing resulted in a decrease of native immune-active proteins 

to a different degree, depending on the precise heat load. As heat treatments below the regular 

pasteurisation heat load may lead to issues with microbial safety, non-thermal processing or 

decreased heat treatment combined non-thermal processing may be good alternatives to prevent 

denaturation of immune-active proteins and simultaneously ensuring microbiological safety. 

Non-thermal technology, including pulsed electric fields processing (PEF), high pressure 

processing (HPP), ultrasound, ultraviolet treatment (UV-C) and microfiltration were explored 

for their application in dairy. Some information is available about their effect on bioactive 

proteins and the biological activity of milk, although more evidence is needed.  

PEF in combination with low temperature heating has the potential to achieve microbiological 

safety in milk equivalent to conventional thermal pasteurisation, while inducing relative minor 

chemical and physical changes (Buckow, Chandry, Ng, McAuley, & Swanson, 2014). It can 

also provide greater effective retention of lactoferrin than pasteurisation (Sui, Roginski, 

Williams, Versteeg, & Wan, 2010). However, the effect of PEF on the whey proteome as a 

whole  has not been studied yet.  

HPP has been well studied as an alternative to conventional thermal pasteurization based on its 

efficient inactivation of microorganisms. The effect of HPP on proteins varied depending on 

both HPP intensity and types of milk. HPP increasing from 400 to 600 MPa resulted in more 

denaturation of native milk proteins, leading to altered immunogenicity, compared with HTST  

(Bogahawaththa, Buckow, Chandrapala, & Vasiljevic, 2018; Liu et al., 2020). For human milk, 

HHP at 500 MPa for 8 min better preserved lactoferrin, lysozyme and lipase than LTLT (Pitino 

et al., 2019). These conflicting results may be caused by different intensity and the particular 

type of milk (bovine vs human). Therefore, a precise intensity of HPP that can inactivate 

pathogens and simultaneously preserve bioactive compounds needs to be further investigated 
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6

 

in different types of milk. Although ultrasound was found to eliminate spoilage and potential 

pathogens to a required level without a negative effect on the total protein or casein content 

(Cameron, McMaster, & Britz, 2009), the ultrasonic application on milk needs additional study 

because it was shown to lead to more loss of native proteins in bovine milk compared to LTLT, 

HTST and HPP.  

The potential of  UV-C treatment to preserve the bioactive proteins was explored in both human 

milk and bovine milk. It was reported that UV-C irradiated human milk showed a similar 

bacteriostatic activity to unheated milk, and significantly higher levels of immunological 

proteins than LTLT (62.5 °C/30 min) on the condition of a 5-log10 bacterial reduction (Christen 

et al., 2013). Also in  bovine milk, UV-C treatment can retain more native whey proteins than 

LTLT and HTST, again based on a 105 reduction of native bacteria in milk (Liu, Xiong, et al., 

2020). 

Microfiltration can remove pathogens and ensure microbiological safety of milk very well 

(Saboyainsta & Maubois, 2000), which was, for example, applied for making cheese from raw 

milk. However, a direct comparison of the retention of bioactive proteins, and their activity, 

between microfiltered and pasteurized milk is lacking.  

From the perspective of feasibility of industrial processing, microfiltration is a promising 

technique that can be easily applied since it can be applied on a large scale and also already has 

been used to produce many different dairy ingredients. Although a microfiltration membrane is 

easily blocked by milk fat, if microfiltration is proven to be a promising way to preserve the 

immune-active proteins, skim milk with most native protein retained can be produced. Also, 

mixing pasteurized cream and microfiltrated skim milk to produce whole milk is possible. In 

addition, the microfiltrated skim milk could also be added into normally pasteurized milk, to 

produce semi-skim milk enriched in native immune-active proteins. Generally, although there 

is a potential of non-thermal processing technologies for achieving a better retention of the 

biological activity of milk, the effect of those technologies on the immune-active proteins and 

their activity still needs to be investigated in more detail, especially from the perspective of 

actual biological functionality. 
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6.5 Conclusion 
The main conclusions of the work described in this thesis are: 

1. β-lactoglobulin increases the disulphide linked aggregation of lactoferrin the most among the 

major whey proteins,  β-lactoglobulin, α-lactalbumin and bovine serum albumin. 

2. Whey proteins accelerate the irreversible denaturation of lactoferrin, resulting in more loss 

of bacteriostatic activity than when lactoferrin is heated alone.  

3. Heat-induced denaturation of lactoferrin increases its gastric digestibility in an in vitro infant 

digestion model, while lactoferrin incorporated into large aggregates with other whey proteins 

reduced this digestibility.  

4. Heat treatments below 75 °C/30 min retained most of the bacteriostatic activity of bovine 

milk, whereas a heat intensity below 65 °C/30 min was required for preservation of the allergy 

protective effect of raw bovine milk.  
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Milk proteins are one of the important nutritional components in bovine milk, besides  

carbohydrates, lipids and vitamins. Bovine milk proteins can be classified into two groups, 

casein and whey proteins. Whey proteins, accounting for 20% of the amount of bovine milk 

proteins, include β-lactoglobulin, α-lactalbumin, bovine serum albumin, and hundreds of other 

less abundant proteins. The milk proteins not only provide amino acids as nutrients for the body, 

but also exhibit several biological functions like bacteriostatic activity and immunomodulation. 

Immune-active proteins in whey, like lactoferrin, immunoglobulin, and lactoperoxidase, are 

mainly responsible for these immune-modulating functionalities. A variety of pathogens can 

multiply in milk due to due to its richness in nutrients, which could pose serious health risks to 

consumers. Heat treatments, such as pasteurization and sterilization, are extensively used in 

dairy industry to ensure the safety of dairy products and to extend shelf life. However, heat 

treatment induced denaturation, aggregation and glycation of whey proteins result in the 

changes of physicochemical properties and biological activity. This thesis sought to investigate 

how different heat treatments within the pasteurization range induce structure changes of 

immune-active proteins, and subsequently change their physicochemical properties and 

immune functionality.  

As one of the important immune-active proteins in milk, lactoferrin is often enriched in infant 

formula or functional food products, to provide immune benefits for consumer. The aggregation 

of lactoferrin with other whey proteins may occur during heating, which could reduce the 

immunological activity of lactoferrin. Therefore, the role of major whey proteins (β-

lactoglobulin, α-lactalbumin and bovine serum albumin) in the disulphide linked aggregation 

of lactoferrin after heating at 55-90 °C for 30 min were investigated in Chapter 2. The 

disulphide bond interchange within lactoferrin as well as between β-lactoglobulin and 

lactoferrin were measured to explore the underlying mechanism for disulphide-linked 

aggregation of lactoferrin. Our results showed that β-lactoglobulin enhanced the disulphide 

linked-aggregation of lactoferrin the most among these three proteins β-lactoglobulin, α-

lactalbumin and bovine serum albumin, which was attributed to the presence of the free thiol 

group within β-lactoglobulin. After heating at 85 °C for 30 min, 8 cysteines formed 36 different 

disulphide bonds in 47 different crosslinked peptides among lactoferrin molecules (inter- and 

intramolecular disulphide bonds) were found. Among these cysteines, 8 cysteines from 

lactoferrin formed 9 different disulphide bonds in 21 heterologous crosslinked peptides with 2 

cysteines from β-lactoglobulin (intermolecular disulphide bonds). 
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Besides the major whey proteins studied in Chapter 2, whey proteins encompass many more 

hundreds of proteins that could possibly interact with lactoferrin during heating, with 

subsequent changes in physicochemical properties and biological activity. The aggregation of 

lactoferrin in milk serum after heating 65, 70, and 75 °C for 30 min was characterized, and the 

effect of such aggregation on bacteriostatic activity and in vitro digestion were further 

investigated in Chapter 3. The aggregation of lactoferrin was enhanced when LF was heated 

in milk serum, compared to it being heated alone. Lactoferrin heated alone at 70 °C or above 

led to self-aggregation via disulphide interchange, whereas heating lactoferrin in milk serum 

already led to the disulphide linked aggregation of lactoferrin at 65 °C and above. Lactoferrin 

formed disulphide-linked aggregates with whey protein and non-micellar casein, which 

involved β-lactoglobulin, α-lactalbumin, bovine serum albumin, immunoglobulin, κ-casein and 

many low abundant proteins. Lactoferrin also formed disulphide-linked aggregates when it was 

heated with β-lactoglobulin, indicating that the formation of lactoferrin-whey protein 

complexes was, at least partly, mediated by β-lactoglobulin. The more loss of bacteriostatic 

activity was observed when heating lactoferrin with whey protein, which was associated with 

their aggregation. Lactoferrin that was involved in whey protein aggregates formed at 65 °C 

and 70 °C were more susceptible to infant in vitro digestion, while those formed at 75 °C were 

much more resistant to digestion. In conclusion, whey protein affected the aggregation of 

lactoferrin, which subsequently changed both its bacteriostatic activity and digestion behaviour.  

Not only lactoferrin is antibacterial, but a wider range of whey proteins its bacteriostatic activity, 

such as lactoperoxidase and immunoglobulins, as well as low abundant immune-active proteins. 

Different heat treatments can induce the denaturation of these proteins to a different degree, 

which could result in a gradual change of their bacteriostatic activity. The effect of different 

heat treatments on the proteome of whey proteins and their bacteriostatic activity were 

investigated in Chapter 4. Skim milk samples were heated at 65 °C, 70 °C, 75 °C, 80 °C, and 

85 °C, for 30 minutes. Milk serum was isolated from the heat-treated skim milk and the 

bacteriostatic capacity of this milk serum was tested against Streptococcus thermophilus, 

Escherichia coli, Lactococcus lactis and Pseudomonas fluorescens. The bacteriostatic activity 

of milk serum negatively correlated with the intensity of heat treatment, which was also 

reflected in the reduced level of native antibacterial proteins. There is a slight decrease of 

bacteriostatic activity, which was associated with denaturation of low abundant immune-active 

proteins, such as complement C7, monocyte differentiation antigen CD14 and polymeric 

immunoglobulin receptor. There is a significant difference between milk samples treated for 30 
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minutes at < 75 °C and milk samples treated at ≥75 °C in both bacteriostatic capacity and native 

antibacterial proteins. Growth rates of Streptococcus thermophilus, Lactococcus lactis, and 

Pseudomonas fluorescens were negatively correlated with the retention of lactoferrin and 

lactoperoxidase. In conclusion, the bacteriostatic capacity of milk serum decreases with 

increasing heating intensity, which is strongly correlated with the denaturation of antibacterial 

proteins that extensively occurred after heating at 75 °C for 30 min. 

In addition to bacteriostatic activity, immune-active proteins were indicated to be involved in 

the protection from the development of allergic diseases, but a direct link between these proteins 

and the protection against allergic diseases was missing, which therefore has been investigated 

in Chapter 5. Raw cow’s milk was heated at 50, 60, 65, 70, 75 and 80 °C for 30 min and the 

native whey protein profile of these differentially heated milk samples was determined using 

LC-MS/MS-based proteomics. The capacity of different heat treated milk samples to prevent 

the development of ovalbumin-induced food allergy was evaluated in a murine animal model. 

The allergy-protective effect of raw cow’s milk was lost after heating milk for 30 min at 65 °C 

or higher temperatures. Although a substantial loss of native whey proteins, as well as extensive 

protein aggregation, was observed from 75 °C, whey proteins with immune-related 

functionalities already started to denature from 65 °C, which coincided with the temperature at 

which a loss of allergy protection was observed in the murine model. Of the immune-active 

whey proteins, complement C7, monocyte differentiation antigen CD14, and polymeric 

immunoglobulin receptor concentrations decreased significantly at this temperature. In addition, 

several other immune-active whey proteins also showed a decrease around 65 °C. This chapter 

thus suggests that immune-active whey proteins that denature around 65 °C are probably mainly 

responsible for the allergy-protective capacity of raw cow’s milk, although  their specific role 

in the loss of the allergy-protective effect still needs to be confirmed. 

Chapter 6 discussed how the obtained results in this thesis contribute to our understanding 

about how different heat treatments within the pasteurization temperature range affected the 

structure, digestion, and biological function of immune-active whey proteins. Comparison of 

the aggregation of lactoferrin in a whey protein model system, milk serum and skim milk 

suggested that heating lactoferrin in the presence of other proteins can increase the irreversible 

aggregation by sulfhydryl-disulphide interchange. It thereby provides evidence that heating 

lactoferrin and other protein ingredients in dairy products separately may decrease the 

disulphide-linked aggregation of lactoferrin with other proteins, which may ultimately help to 

retain protein bioactivity. The extensive aggregation of lactoferrin with whey proteins, partly 
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via disulphide bond interchange, retards the in vitro gastric digestion of lactoferrin. Therefore, 

preventing disulphide bond interchange between proteins could be a way to prevent formation 

of large insoluble aggregates or produce smaller aggregates, leading to higher digestibility. The 

contribution of different whey proteins in the bacteriostatic and allergy protective activity of 

raw milk, and the appropriate heat treatment for preserving them, were discussed. A heat 

intensity below 75 °C/30 min would meet the requirement to maintain the bacteriostatic activity, 

whereas a heat intensity below 65 °C/30 min would be required to preserve the allergy 

protective activity. However, with heating below 65°C/30 min, the microbiological safety can’t 

be guaranteed, therefore, non-thermal methods may be used to inactivate pathogen or other 

time/temp combinations, other raw milk criteria, etc. could also be used to inactivate pathogen. 
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