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Abstract 

The aim of this study was to use low temperature electrostatic spray drying to produce bovine 

colostrum and lactoferrin powders with improved functional properties. The objectives were to 

examine the effects of spray, freeze and electrostatic spray drying on the physicochemical 

properties, bioactivity, antimicrobial and antioxidant activity of the bovine colostrum and 

lactoferrin.  

 

Liquid bovine colostrum and lactoferrin was spray dried at two different inlet temperatures: 

165 and 180℃ and was electrostatic spray dried at two lower inlet temperatures: 75 and 150℃. 

Powders collected were analysed for the following characteristics: moisture content, water 

activity, crude protein content, solubility, particle size, absorbance spectrum from Fourier-

transform infrared spectrophotometry (FTIR), bioactive immunoglobulin and lactoferrin 

content (enzyme-linked immunosorbent assay (ELISA)) bioactivity, iron-binding ability (two 

methods), antioxidant ability using 2,2′-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 

ability and antimicrobial ability. 

 

All analysed colostrum and lactoferrin powders had a moisture content below 4.5% (w/w) and 

water activity below 2.6. There was generally a decrease in the moisture content and water 

activity with increasing drying temperature. Drying temperatures also had an effect on the 

powder solubility and particle size. With higher drying temperatures, the solubility and 

volumetric median particle size (Dv50) of the powders decreased. The secondary structure of 

the protein investigated using FTIR showed that high temperature spray dried colostrum had 

greater protein degradation than low temperature electrostatic spray dried. ELISA analysis 

indicated that electrostatic spray dried colostrum retained more bioactive lactoferrin protein 

than freeze dried or high temperature spray dried. From both iron-binding methods tested, 

found that high temperature spray dried and low temperature electrostatic spray dried 

colostrum and lactoferrin had similar iron-bind ratios, ranging between 3 to 4 moles Fe/moles 

protein for colostrum, and 1.3 to 1.5 moles Fe/moles protein for lactoferrin. Low temperature 

electrostatic spray dried colostrum and lactoferrin showed better DPPH radical scavenging 

ability, followed by freeze dried and lastly high temperature spray dried. Colostrum 

electrostatic spray dried at 75C and freeze dried lactoferrin showed better antimicrobial ability 

to Escherichia coli and Staphylococcus aureus than others.  
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In conclusion, low temperature electrostatic spray drying was able to produce bovine colostrum 

and lactoferrin powders with slightly better bioactive and functional properties.  
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Chapter 1. Introduction 

 
Bovine colostrum and lactoferrin are well known for their health benefits and a wide range of 

applications in various industries. Colostrum is the first milk cows produce after parturition 

that repletes with immunoglobulins (Igs), growth factors and nutrients, making it highly valued 

in nutritional, sports, medical and therapeutical uses (Ceniti et al., 2023; Chandwe & Kelly, 

2021; Rathe et al., 2014). Lactoferrin is an iron-binding whey protein that commercially 

recovered from whey or skim milk, it is prized for its iron-binding and antimicrobial properties 

(Baker & Baker, 2004; Jenssen & Hancock, 2009). Lactoferrin has been added in infant formula 

and incorporated into functional foods and beverages for its health benefits (Aly et al., 2013; 

Li et al., 2024a). The global colostrum and markets were valued over $US3000 and $US600 

million in 2023 and is expected to grow larger (Anon, 2024a; 2024b). 

 

The growing interest in human consumption of bovine colostrum and lactoferrin focusing on 

their nutritional and functional aspects has enlarged the production of the ingredient (Krolitzki 

et al., 2022). It was reported that freeze drying colostrum showed a negative impact on the 

colostral fat as a large proportion of the fat globules were destroyed, however, an optimal 

drying temperature below 55℃ was recommended to maintain its biological functionality 

(Puppel et al., 2019). MAINER et al. (1999) found that the biological activity of colostrum 

was impacted when it was treated over 65℃. Sánchez et al.(1992b) found that heat-induced 

degradation of bovine lactoferrin protein was observed over a temperature range of 72-85℃. 

 

Spray drying is the most frequently applied drying technique to dehydrate dairy products but 

this method involves high temperatures (Schuck et al., 2016). Freeze drying is valued for its 

low-temperature drying conditions that minimizes the degradative reactions such as protein 

denaturation, producing the highest quality food product (Liapis & Bruttini, 2020). However, 

compared to spray drying, freeze drying requires 88% more capital cost and 80% more 

operational cost (Ratti, 2012).  

 

Electrostatic spray drying works by applying the electrostatic effect on the droplets and 

prolongs the constant rate drying period, hence able to dry the products at lower temperatures 

than spray drying (Mutukuri et al., 2021). Electrostatic spray drying has been applied to dry 

various materials include agricultural, food, pharmaceutical, and biomedical material. It has 
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been shown that electrostatic spray dried colostrum and lactoferrin preserved more functional 

and bioactive properties of the bioactive proteins (Masum et al., 2022). 

 

The overall aim of this project was to apply electrostatic spray drying to obtain colostrum and 

lactoferrin powders with better biological activities than conventional spry drying. 

 

In order to meet this aim, the objectives for this project were: 

1. To produce freeze, spray and electrostatic spray dried powders using fresh colostrum 

and lactoferrin. 

2. To measure the physicochemical properties and to characterise colostrum and 

lactoferrin powders produced by freeze, spray and electrostatic spray drying. 

3. To determine the bioactivity, antimicrobial and antioxidant activity of colostrum and 

lactoferrin powders produced by freeze, spray and electrostatic spray drying. 
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Chapter 2. Literature Review 

 
This literature review chapter covers the general properties of bovine colostrum and lactoferrin, 

followed by the introduction of three different drying techniques. The research methodologies 

employed in this research are also outlined and discussed. 

 

2.1 Bovine milk 

 

Bovine milk contains the nutrients needed for the growth and development of calves, providing 

lipids, proteins, amino acids, vitamins and minerals (Haug et al., 2007). At the macronutrient 

level, bovine milk comprises 85-87% water, 3.8-5.5% fat, 2.9-3.5% protein and 5% 

carbohydrates. Additionally, at the micronutrient level, bovine milk contains various of 

bioactive components, including immunoglobulins, vitamins, minerals, biogenic amines, 

organic acids, nucleotides and oligosaccharides (Foroutan et al., 2019). The content of these 

components in milk varies based on factors such as the breed of cows, lactation stage, diet, 

parity, and season (Auldist et al., 1998; DePeters & Cant, 1992). 

 

In general, bovine milk proteins can be classified into four different groups: caseins (αs1, αs2, β 

and k caseins), serum proteins [α-lactalbumin (α-La), β-lactoglobulin (β-Lg)], bovine serum 

albumin (BSA), immunoglobulins (Igs) and a range of other minor whey proteins (Le et al., 

2017). Caseins are characterised as proteins that coagulate and precipitate from skim milk when 

the pH is adjusted to pH 4.6 at 20°C. Whey protein, on the other hand, remains soluble at pH 

4.6 after the precipitation of caseins (Ali et al., 2019). Casein typically constitutes 

approximately 76 to 86% of the total protein in milk, with the rest being whey proteins 

(DePeters & Cant, 1992). 

 

Commercially available bovine milk is the “mature milk” from cows. In dairy cattle, the initial 

milk secreted immediately following parturition is called colostrum. Colostrum contains high 

levels of antibodies that benefit the immune and digestive health of calves. Over time post-

calving, colostrum is gradually replaced by transition milk. Transition milk is significantly 

lower in immunoglobulin G (IgG) compared to colostrum and calves cannot absorb this 

antibody from the small intestine through to the blood, but transition milk also contains many 

immune properties at a greater level than mature milk (McGrath et al., 2016). 
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2.2 Bovine colostrum 

 

Bovine colostrum is the pre-milk fluid produced by cows during the first 96 h postpartum 

(Copestake et al., 2006). It is a rich natural source of bioactive components, i.e., 

immunoglobulins (Igs), lactoferrin, lysozyme, lactoperoxidase and peptides. In ruminants, it is 

the primary source of initial acquired immunity for offspring (Stelwagen et al., 2009). It is 

designed to provide the calf with the necessary nutrients and passive immunity against 

pathogens. It is also considered significantly invaluable in revitalizing weak or sickly calves 

attributed to its high level of bioactive components (Nagy, 2009; Singh et al., 2011). 

 

2.3 Bioactive compounds in bovine colostrum 

 
Colostrum is a complex fluid rich in antibodies and growth factors. These antibodies confer 

passive immunity to neonates, whereas the growth factors play a crucial role in stimulating 

their gut development. The other bioactive components of colostrum, including lactoferrin, 

lysozyme and lactoperoxidase contribute greatly to survival of calves and shaping the 

development of the gastrointestinal system in the early life of calves (Elfstrand et al., 2002; 

Pakkanen & Aalto, 1997; Playford et al., 2001). 

 

Nutritionally, bovine colostrum contains essential nutrients such as proteins, fats, vitamins, and 

minerals (Table 2.1), each with well-characterized roles in the development and growth of 

calves (Kehoe et al., 2007; Playford & Weiser, 2021). From the literatures, there are four main 

groups of antibodies reported, including immunoglobulin G (IgG), immunoglobulin M (IgM), 

immunoglobulin A (IgA) and immunoglobulin E (IgE). Among these, IgG constitutes 

approximately 80% of the total immunoglobulins present in bovine colostrum (Król et al., 2012; 

Wąsowska & Puppel, 2018). 
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Table 2.1 Summary of Immunoglobulin G (IgG) and Lactoferrin content present in 

bovine colostrum. 

 

In general, colostrum contains more fat, protein and growth factors compared to transitional or 

mature milk (Table 2.2). However, the levels of bioactive compounds in and nutritive values 

of bovine colostrum diminish rapidly over time following calving. Contrary to this the content 

of lactose changes in an inverse manner to these components by increasing with successive 

milkings until it reaches a concentration of about 4.4% (McGrath et al., 2016). 

 

Table 2.2 Comparison of mature bovine milk and colostrum (Playford & Weiser, 2021). 

Component Bovine colostrum Bovine mature milk 

Total Solids (%) 24-28 12.9 

Fat (%) 6-7 3.6-4.0 

Total Protein (%) 14-16 3.1-3.2 

Casein (%) 4.8 2.5-2.6 

Albumin (%) 6.0 0.4-0.5 

Immunoglobulin (mg/mL) 42-90 0.4-0.9 

IgG (g/L) 32 1 

Lactose (%) 2-3 4.7-5.0 

Lactoferrin (g/L) 1.5-5 0.02-0.75 

 

The amount of colostrum produced and its composition is highly variable due to a number of 

factors, such as breed, age, parity, productivity, feeding intensity, season of the year, length of 

IgG (mg/mL) Lactoferrin (mg/mL) Reference 

98 0.388 (Bar et al., 2010) 

30 ± 3 1 (Abd El-Fattah et al., 2014) 

115 - (Borad et al., 2019) 

35 0.8 (Kehoe et al., 2007) 

35.6 - 93 1.5 - 5 (Playford & Weiser, 2021) 
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the dry period of cows and time postpartum, as older calves produce more colostrum and the 

concentration of antibodies are higher (Puppel et al., 2019; Zarcula et al., 2010). 

 

2.2.2 Functional properties of bovine colostrum 

 

The colostral immunoglobulins (Igs) play a pivotal role in providing passive immunity to 

newborn calves (Copestake et al., 2006). This initial milk is instrumental in endowing 

newborns with immunity, shielding them from diseases, particularly through the transmission 

of immune cells and antibodies, a process known as passive immunity (Kaplan et al., 2022). 

Given that the initial immune system of calves is not fully developed at birth, it is imperative 

that colostrum is administered promptly thereafter (Bar et al., 2010). At birth, calves possess 

the ability to absorb immunoglobulins from maternal colostrum through their small intestine. 

However, the small intestine of calves remains permeable for only a short duration. Calves 

need to receive an adequate supply of colostrum shortly after birth, as their lifelong immunity 

may be compromised (Lopez & Heinrichs, 2022). 

 

Previous studies found out that as a calf ages over 12 h after birth, their intestinal permeability 

to the immunoglobulins starts closing, further by the 24 h mark, an intestinal barrier appears 

and the calf’s intestine becomes impermeable to large proteins therefore the absorption of 

immunoglobulins from the colostrum ceases entirely (Bush & Staley, 1980; Stott et al., 1979).  

 

2.2.3 Applications of bovine colostrum 

 

In addition to its vital role in supporting the health of calves, bovine colostrum has been used 

for human consumption due to its high nutritive values. Bovine colostrum is often processed 

into powder form via freeze- or spray drying and transformed into health supplements available 

in both powder and pill form. These supplements are reported to offer a myriad of benefits for 

human health (Kaplan et al., 2022). Igs are the prominent immune components of colostrum, 

freeze dried powders can impart the health advantages into functional beverages, infant 

formulas and nutraceuticals (Umar et al., 2023). 

 

Colostrum is held in high regard as a multifaceted food ingredient owing to its rich composition 

of essential nutrients, high concentrations of bioactive proteins, vitamins, minerals, growth 



7 
 

factors, as well as free and conjugated oligosaccharides. This versatile substance finds 

application in an array of culinary creations such as cheeses, jellies, yogurts, ice creams, 

nutritional bars, and beverages (Playford & Weiser, 2021). 

 

Furthermore, colostrum in powdered form is frequently incorporated into various products, 

including infant formulas and cosmetics, to harness its beneficial properties and enhance their 

nutritional profiles (Costa et al., 2023). Guberti et al. (2021) confirmed that the consumption 

of bovine colostrum brings some general benefits on intestinal and respiratory recovery without 

causing adverse effects. Their research indicates that bovine colostrum can potentially enhance 

and modulate the immune system, fostering both local and systemic responses in diverse 

clinical and non-clinical conditions. 

 

2.2.4 Processing of bovine colostrum 

 
Bovine colostrum is typically collected from individual farms and shipped to central processing 

facilities, where it undergoes pasteurization, optional defatting and lactose removal. Then the 

colostrum is spray- or freeze dried into powder for foods or dietary use (Playford & Weiser, 

2021). Processes involved in the production of bovine colostrum for human consumption play 

a pivotal role in preserving and maintaining the activity of the bioactive components.  Found 

that the bioactive components in colostrum were not damaged after freeze-drying (Umar et al., 

2023).  And the IgG and lactoferrin protein in colostrum degraded when treated above 60℃ 

(Bar et al., 2010). Many of the active compounds are heat sensitive, therefore different 

production techniques, especially high temperature processes impose effects on their 

bioactivities to different degrees (Bar et al., 2010). 

 

2.3 Lactoferrin 

 
Bovine lactoferrin is a glycoprotein with a molecular weight of about 80 kDa (Groves, 1960). 

This protein was first isolated as an unknown “red protein” from bovine milk in 1939 (Sorensen 

& Sorensen, 1939). Lactoferrin protein is a member of the transferrin family, along with serum 

transferrin, ovotransferrin, melanotransferrin and the inhibitor of carbonic anhydrase, which 

has a specific ability to bind iron (González-Chávez et al., 2009). Investigations of bovine 

lactoferrin have been reported to show anti-microbial, anti-carcinogenic and anti-inflammatory 

effects (Legrand et al., 2005). 
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Commercially, lactoferrin is isolated and purified on an industrial scale from cheese whey and 

skim milk (Tomita et al., 2002). At present, global lactoferrin production was expected to be 

higher than 300 metric tonnes per year in 2021, ten-times expand than a decade ago (Krolitzki 

et al., 2022).  

 

2.3.1 Composition and structural features of bovine lactoferrin 

 
Lactoferrin is an iron-binding glycoprotein present in milk as well as other exocrine secretions 

and neutrophil granules in mammals, also with substantially higher levels being found in 

colostrum and human breast milk (Baker & Baker, 2005; González-Chávez et al., 2009). 

Bovine lactoferrin contains a single polypeptide chain of 696 amino acid residues. The 

polypeptide chain is folded into two symmetrical lobes (the N-lobe and C-lobe) joined by a 

short α- helix. N and C lobe is further divided into two domains: N1 and N2 or C1 and C2, 

respectively, with the iron-binding site located between two domains (Figure 2.1) (Baker & 

Baker, 2012). 

 

Figure 2.1 The tertiary structures of lactoferrin determined by X-ray crystallography. The 

iron-bound form of bovine lactoferrin. The N-lobe is on the left, with its 2 domains N1 (gold) 

and N2 (green) closed over the bound iron atom (red sphere), and the C-lobe is on the right 

with its 2 domains C1 (gold) and C2 (green) also closed over the iron atom. The a-helix that 

joins the 2 lobes is shown in turquoise and the C-terminal helix in blue (Baker & Baker, 

2012). 
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In lactoferrin, domain N1 is composed of amino acid residues 1-90 & 251-333; N2 is made up 

of amino acid residues 91-250. Similarly, domain C1 is comprised of 345-431 & 593-676 

amino acid residues and C2 is comprised of 432-592 amino acid residues. The amino acid 

residues 334-344 form a small 3-turn helix that functions as a flexible hinge during opening 

and closing of the domains (Baker & Baker, 2005; Steijns & Van Hooijdonk, 2000). 

 

2.3.2 Lactoferrins affinity with iron  

 
Lactoferrin has a great iron-binding affinity in which two ferric ions (Fe3+) can bind to the one 

single lactoferrin molecule. Each symmetrical lobe (N or C lobe) can bind one Fe3+ in the 

presence of carbonate ion (CO3
2-) (González-Chávez et al., 2009). The iron-binding site is 

situated inside the interdomain cleft in each lobe and consists of four residues 2 tyrosines (Tyr), 

1 aspartate (Asp), and 1 histidine (His) residues (Sharma et al., 2013) (Figure 2.2).  

 

 

Figure 2.2 Schematic figure of the iron-binding site of the C-lobe of lactoferrin. The iron 

atom is shown as a red sphere, while the interacting amino acid residues (2 Tyr, Asp and His) 

of lactoferrin are in yellow. And the corresponding amino acid residue numbers of C-lobe are 

in brackets (Sharma et al., 2013). 

 
Each lactoferrin molecule can bind up to two Fe3+, based on the Fe3+saturation levels, 

lactoferrin has been found to exist in three different forms: fully iron saturated form (holo). 

Partially iron saturated form (mono), and fully iron depleted form (apo) (Wang et al., 2019). 
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Commercially available lactoferrin is the native form where a mixture of these three different 

forms. The iron saturation level of commercially available (native), apo and holo forms of 

lactoferrin were found to be 12.6 ± 1.1%, 1.4 ± 0.5% and 100.0 ± 0.3%, respectively (Wang et 

al., 2017b).  

 

It has been reported that in the N-lobe, as iron is bound within the deep cleft formed by two 

domains (N1 and N2), domain N2 rotates by 53° and close (Schanbacher et al., 1993). In the 

iron-saturated (holo) lactoferrin, two domains of each lobe enclose the bound iron and form 

this highly sable and relatively rigid structure that effectively sequestered away from the 

external environment. This holo lactoferrin conformation is difficult to remove the bound metal 

without first destabilizing the protein structure, for example, at very low pH or perhaps by 

receptor action (Baker & Baker, 2005). 

 

Whereas the iron-free (apo) lactoferrin adopts an open form in which the two domains of each 

lobe are wide open that makes it less compact and stable than the holo lactoferrin (Baker & 

Baker, 2012).  

 

It is estimated that only 6-8% of milk lactoferrin is iron saturated (Sánchez et al., 1992a), which 

correlates to the finding of Makino & Nishimura (1992) that 95% of milk lactoferrin is in the 

monoferric and/or apolactoferrin form (Levay & Viljoen, 1995). Iron binding and release are 

associated with domain movements, in which the two domains of each lobe close over the 

bound iron ion or open to release it. This is influenced by cooperative interactions between the 

lobes (Baker & Baker, 2005). 

 

2.3.3 Denaturation of lactoferrin 

 
Lactoferrin is heat-sensitive as the heat-induced degradation of lactoferrin was observed above 

72℃ (Sánchez et al., 1992b). When in aqueous form, lactoferrin is stabilized by hydrogen 

bonding, hydrophobic/hydrophilic interactions, disulphide bonds and ligand binding (Brisson 

et al., 2007). These structure stabilizing forces can be affected by pH and temperature 

conditions. 
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The pH affects salt bridges and hydrogen bonding in lactoferrin whereas temperature alters the 

kinetic energy of hydrogen bonds, non-polar hydrophobic and intermolecular thiol/disulphide 

interactions (Brisson et al., 2007; Hendsch & Tidor, 1994). The effects of pH and thermal 

changes on lactoferrin are presented below in Table 2.3.  

 

Table 2.3 Effect of pH on the optical characteristics of apo-lactoferrin solutions1 (Abe et 

al., 1991). 

     pH      

℃ 2 3 4 5 6 7 8 9 10 11 

80 - - - - - - ± + ± -2 

90 - - - - - ± + + + -2 

100 - - - - ± ± + + + -2 

120 - - - - ± + + + + -2 

1Clear solution (-), turbid solution (±), or gel (+). 

2Gelled when the pH was adjusted to near neutral. 

Table 2.3 showed that the apo lactoferrin treated with different temperature remained soluble 

from pH values 2 to 5. However, higher temperature and more alkaline conditions tend to 

denature the apo lactoferrin as the solutions become turbid or gel formed. 

 

2.3.4 Functional properties and applications of lactoferrin  

 
Lactoferrin has been reported to exhibit wide spectrum of functions expect for iron-bind ability, 

including antimicrobial, antioxidant, anti-inflammatory, immunoregulatory activities and 

regulation of cellular growth and differentiation that protect against cancer development 

(Jahani et al., 2015; Niaz et al., 2019; Vogel, 2012; Wakabayashi et al., 2006; Ward et al., 2005).  

Bovine lactoferrin has a net positive charge that allows the full hydrogen bonding potential of 

the carbonate ion, which therefore the carbonate ion can bind the Fe3+ (Moore et al., 1997). It 

is suggested to exhibit physiological properties such as iron transport, antioxidant, 

anticarcinogenic and anti-inflammatory properties; and protection against microbial infection, 

which is the most widely studied function to date. The antimicrobial activity of lactoferrin is 

driven primarily by two mechanisms. The first is iron sequestration in sites of infection, which 

deprives the microorganism of this nutrient, thus creating a bacteriostatic effect. The other 

mechanism is the direct interaction of the lactoferrin molecule with the infectious agent. The 
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positive amino acids in lactoferrin can interact with anionic molecules on some bacterial, viral, 

fungal and parasite surfaces, causing cell lysis (González-Chávez et al., 2009). 

 

2.3.5 Antibacterial activity of lactoferrin  

 
Lactoferrin is considered to be the most polyvalent protein present in a host’s defence against 

tissue injuries and infections in vertebrates. The structural characteristics of lactoferrin provide 

functionality in addition to the Fe3+ homeostasis function, there are also microbiostatic 

activities against a broad spectrum of bacteria, fungi, yeasts, viruses (Rodríguez-Franco et al., 

2005). Owing to the propensity of its basic N-terminal domain to interact with various 

microbial and host targets, lactoferrin not only has antimicrobial properties but also modulates 

the innate and adaptive immune responses (Legrand, 2016). Lactoferrin involved in a large 

spectrum of biological properties including antibacterial activity against Gram-negative and 

Gram-positive bacteria (Ellison & Giehl, 1991). 

 

Initially iron chelation was considered as a major mechanism for its antimicrobial action. Now 

it is well established that iron-independent mechanisms such as direct interaction with bacteria 

leading to membrane destabilization, modulation of bacteria motility, aggregation or 

endocytosis into host cells, inhibition of adherence and biofilm formation are also responsible 

for its antimicrobial properties (Farnaud & Evans, 2003). 

 

The bactericidal effect of lactoferrin is mediated by damaging of the outer bacterial membrane, 

with subsequent alteration of its permeability. Yamauchi et al. (2006) had demonstrated that 

bovine lactoferrin can disrupt the outer cell membrane of the Gram-negative bacterial. 

Lactoferrin binds to the lipid component of lipopolysaccharide (LPS) of the bacteria hence 

making the membrane more susceptible to factors that alter the cation-LPS relationship (Jahani 

et al., 2015). 

 

The ability of lactoferrin to inhibit bacterial growth in vitro was one of the earliest functions 

described for this protein. In 1972, Bullen et al. (1972) demonstrated that the antibacterial 

activity of lactoferrin depends on its capacity of sequestering iron necessary for bacterial 

survival and growth. Almost all bacteria need iron for growth, a lack of iron inhibits the growth 

of iron-dependent bacteria such as Escherichia coli (Yen et al., 2011). However, lactoferrin can 

also serve as an iron donor, and in this manner to support the growth of some bacteria with 
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lower iron demands such as Lactobacillus sp. or Bifidobacterium sp., generally considered as 

beneficial (Petschow et al., 1999; Sherman et al., 2004). 

 

Lactoferrin is capable of binding certain DNA and RNA viruses. The lactoferrin antiviral effect 

is not related to lactoferrin withholding iron from the environment. It is generally accepted that 

the inhibiting activity takes place during the early phases of viral infection by the lactoferrin 

binding with glycosaminoglycans. In this manner lactoferrin prevents viruses from entering 

cells and infection is stopped at an early stage (Ward et al., 2005). Such a mechanism has been 

demonstrated as being effective against the herpes simplex virus and cytomegalovirus 

(Andersen et al., 2001; Fujihara & Hayashi, 1995; Marchetti et al., 1996). The isolated N- 

terminal basic peptides-lactoferricin, which is a lactoferrin-derived peptide released by pepsin 

digestion of lactoferrin, is a more potent antibacterial compound than the native protein 

(Roseanu et al., 2010). Table 2.4 presents the bacteria that can be inhibited by lactoferrin and 

corresponding mechanisms. 

 

Table 2.4 The bacteria against which lactoferrin has shown an inhibitory effect and the 

mechanism used by lactoferrin to exert its effect. 

Bacteria Mode of Action Reference 

Gram-positive   

Bacillus stearothermophilus Iron sequestering (O'Leary & Busta, 1974) 

Staphylococcus aureus Iron sequestering (Bhimani et al., 1999) 

Streptococcus mutans 
Iron-independent interaction with 

cell surface 
(Arnold et al., 1981) 

Staphylococcus epidemidis 
Interaction with lipoteichoic acid on 

bacterial surface 
(Roseanu et al., 2010) 

Gram-negative   

Chlamydophila psittaci Interferes with cell adhesion (Beeckman et al., 2007) 

Helicobacter pylori 
Iron-independent mechanism of 

inhibition 
(Wang et al., 2001) 

Legionella pneumophila Prevent intracellular proliferation (Goldoni et al., 2000) 
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2.3.6 Antiviral activity of lactoferrin  

Lactoferrin displays antiviral activity against both DNA- and RNA-viruses, including rotavirus, 

respiratory syncytial virus, herpes viruses, human immunodeficiency virus (HIV) (Van der 

Strate et al., 2001) and poliovirus (Marchetti et al., 1999), predominantly in in vitro systems. 

 

Anti-herpesvirus activity is mediated mainly by the N-lobe, but the C-lobe and even other 

members of the transferrin family also demonstrate some activity, suggesting that antiviral 

activity may be a property that developed early in the evolution of the transferrin family of 

proteins (Giansanti et al., 2002; Siciliano et al., 1999). Andersen et al. (2001) reported that 

lactoferrins and its N-terminal peptide lactoferricin (particularly the cyclic form) inhibit 

expression of early and late antigens, as well as production of infectious viral progeny during 

human cytomegalovirus (HCMV) infection in vitro. 

The antiviral activity of lactoferrin lies in the early phase of infection. It has been reported that 

lactoferrin binds to and blocks glycosaminoglycan viral receptors, especially heparan sulphate. 

The binding of lactoferrin and heparan sulphate can prevent the first contact between virus and 

host cell and therefore prevents infection (Van der Strate et al., 2001). 

2.3.7 Applications of bovine lactoferrin 

 
Lactoferrin was first added to infant formula in 1986 (Wakabayashi et al., 2006). Five hundred 

milligrams per kilogram lactoferrin is recommended as the level of supplementation in 

powdered infant formula by the Food and Agriculture Organization (FAO) and World Health 

Organization (WHO) (Hao et al., 2019). Also, lactoferrin has been added to a broad variety of 

products, such as immune system-enhancing nutraceuticals, cosmetics, pet care supplements, 

drinks, fermented milks, chewing gums, and toothpaste (García-Montoya et al., 2012; 

González-Chávez et al., 2009; Hao et al., 2019; Mulder et al., 2008; Tomita et al., 2002).  

 

Pizarro et al. (1991) found that iron deficiency and low iron levels were most common among 

infants fed a non-iron-fortified cow milk formula but were uncommon among infants fed an 

iron-fortified cow milk formula. Infants consistently fed iron-fortified formula had less than a 

1-in-25 chance of having anaemia, and less than 1% had iron-deficiency anaemia. In addition, 

studies in models of neonatal piglets founded that lactoferrin-fortified diet significantly reduced 

the incidence of diarrhea and improved the humoral immunity (Li et al., 2014).  
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Duran et al. (2002) reported that the dietary supplements containing bovine lactoferrin had 

antibacterial, antiviral and antioxidant properties and enhanced the immune system response. 

Mulder et al. (2008) studied the potential immune modulating properties and antioxidant 

activities of an oral supplementation of bovine lactoferrin in humans, their results showed that 

an oral supplementation of bovine lactoferrin, in particular 100 mg for seven days followed by 

200 mg for a further seven days, enhanced total T-cell activation and hydrophilic antioxidant 

status. 

 

Mohamed & Schaalan (2018) showed that the antidiabetic efficacy of lactoferrin was 

mechanistically evidenced by amelioration of the glycolytic homeostasis, dyslipidemic profile, 

and anti-inflammatory clinical outcomes. 

 

2.4 Freeze drying 

 

2.4.1 Introduction of freeze drying 

 
Freeze drying, also known as lyophilisation, is a drying process that removes water from the 

frozen state of the material. Freeze drying was introduced as a commercial practice during 

World War II due to the huge demand for dried human blood plasma in treatments in the field. 

By the end of the war, freeze drying became an accepted technique for drying medicine and 

biological materials (Harper & Tappel, 1957). Freeze drying was first introduced to process 

food in the 1940s (Devahastin & Jinorose, 2020). A complete freeze drying process includes 

three major stages: freezing, primary drying and secondary drying (Kasper & Friess, 2011). 

Figure 2.2 shows an overview of the freeze drying process. 
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          Figure 2.3 Freeze drying process.  

 
 

2.4.2 Three stages of freeze drying 

 
Freezing stage 

The overall performance of the freeze-drying process depends significantly on the freezing 

stage (Kasper & Friess, 2011). At this stage, the liquid is cooled until below the solidification 

temperature of the material system and ice nucleation starts, followed by ice growth (Nail et 

al., 2002). 

 

Primary drying stage 

During the primary drying stage, the crystalline ice formed during freezing is removed by 

sublimation. This requires the chamber pressure to below the vapor pressure of the crystalized 

solvent. The sublimation rate of the ice is a function of the area over which sublimation takes 

place and the thickness (Franks, 1998). The thicker the layer of the material on the tray, the 
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thinner the available superficial area for contact which leads to a decrease in the drying rate 

(Boss et al., 2004). At the completion of primary drying stage, 15-20% of the water is left 

undried (sorbed or bound water), which is then removed in the secondary drying stage. 

 

Secondary drying stage 

During the secondary drying stage, the solvent is removed from the chamber and a small 

amount of water can be removed by desorption. The bound water is removed by heating the 

product under vacuum (Boss et al., 2004). Pores on the dried layers are formed when bound 

(unfrozen) water is removed from the solute (Sadikoglu & Liapis, 1997). 

 

2.4.4 Merits and limitations of freeze drying 

 
Often freeze drying is compared to conventional spray drying for its following major 

advantages: 

a. Low temperature drying can minimise the degradative reactions that normally occur in 

the spray drying process, such as the Maillard reaction (Zhou & Langrish, 2021), 

protein denaturation and enzymatic reactions (Liapis & Bruttini, 2020). 

b. High recovery of the product, low moisture content and water activity, enhanced 

stability of the products (Ciurzynska & Lenart, 2011). 

c. Freeze dried products are porous and reconstitute easily in water (Harper & Tappel, 

1957). 

d. Better to conserve the sensorial properties of produced foods in terms of flavour, aroma, 

colour and texture (Valentina et al., 2016). 

 

Disadvantages: 

a. Time-consuming, slow drying rate and the specific requirement of using very low 

pressures and high vacuum (Liapis & Bruttini, 2020). 

b. Very expensive due to its high energy consumption and high costs of both operation 

and maintenance (Ciurzynska & Lenart, 2011). 
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2.5 Spray drying of dairy products 

 
The removal of water from milk prevents the growth of micro-organisms and facilitates 

preservation and storage of milk constituents (Schuck, 2002). Various drying techniques have 

historically been employed to prolong the shelf life of dairy products. However, the quality of 

dried dairy products is affected particularly by the drying technique itself (Caric & Kalab, 1987; 

Franks, 1998). Since the 1980s, the dairy industry has successfully recovered proteins such as 

caseins, caseinates, whey proteins, and various derivatives such as micellar casein concentrates, 

whey concentrates and native phosphocaseinate suspension, from milk. These milk proteins 

were dehydrated primarily by evaporation followed by spray drying (Schuck, 2002). 

 

Among the dehydration techniques to process fresh milk, spray drying is one of the most 

convenient techniques for the dehydration of dairy products or derivates. Spray drying is a 

continuous drying operation of converting a liquid feed into a powder with a hot gas being the 

drying medium (King Dean, 1987). Applications of spray drying within the dairy industry date 

from the early 1800s, yet it was not until the 1850s that it became technologically feasible to 

implement this unit operation industrially, and it was first patented in 1872 (O'Sullivan et al., 

2019). 

 

Spray drying is currently the mostly used method in industrial milk production due to its drying 

efficiency and high process control accuracy (Li et al., 2024b). World production of dry dairy 

products has increased constantly in recent years, due to the main advantages of the powders 

which: 

a. retain high quality, without special storage conditions. 

b. reduce mass and volume compared to fluid products. 

c. provide balance between milk supply and consumption. 

d. provide an irreplaceable food component in hot climate regions. 

e. are a valuable food reserve for emergencies. 

f. are suitable for various tailor-made food products (Schuck et al., 2016). 

 

To describe the spray drying process, there are three major phases which comprise the process. 

First of all, the concentrated liquid feed (generally by evaporation) is pumped into the dryer 
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and is converted to discrete solid particles, through the dispersion of the liquid stream by a 

process known as atomization, into individual droplets that having a high surface to mass ratio. 

Because the rate of evaporation is directly proportional to the droplet surface area (Launder, 

1978; Zang et al., 2019). Then these individual droplets come into close contact with a hot 

gaseous drying medium, where the solvent (usually water) within the dispersion droplets is 

vaporized, resulting in rapid and almost complete moisture evaporation, and thus drying. The 

last phase being product separation and recovery, where the dried particles become separated 

from the drying medium (usually air, inert gas is used in some conditions to prevent chemical 

reactions. Depending on the air flow as well as the chamber design, separation can be carried 

out altogether in the collection unit or firstly at the chamber bottom and secondly in the 

collection part (Cal & Sollohub, 2010; O'Sullivan et al., 2019). The drying process is shown in 

Figure 2.4. 

 

Figure 2.4 Overview of the spray drying unit operation and its associated process control 

systems for monitoring the performance of the atomization process (O'Sullivan et al., 2019). 
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2.5.3 Spray drying theory 

 
Thermal drying is a simultaneous heat and mass transfer process. The energy necessary for 

water evaporation is supplied to the material, meanwhile, the moisture is transported to the 

ambient medium (often hot air). The drying medium picks up the water vapour from the surface 

of the drying material and carries it away. The main mechanisms of drying are surface diffusion 

or liquid diffusion on the pore surfaces, liquid or vapor diffusion due to moisture concentration 

differences, and capillary action in granular and porous foods due to surface forces (Kowalski, 

2012). 

 

 

 

Figure 2.5 Illustration of constant rate and falling rate drying periods (Singh et al., 2014). 

 

Three drying periods are distinguished during the drying process (Figure2.5). During an initial 

adjustment period of the drying (AB), water is transported in liquid form to the droplet surface 

where it evaporates and escapes as vapour to the ambient air. The surface moisture of the 

droplets quickly drops to the wet-bulb temperature as the temperature rises. Once the product 

arrives at the wet bulb temperature of the air, the constant rate drying period (BC) proceeds 

consequently, where removal of the moisture takes place from the interior porous structure as 

well as remaining wet spots on the surface. Significant decrease of moisture content occurs at 

a constant rate. The moisture removal rate decreases with time at moisture levels below the 
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critical moisture content. The falling rate drying period (CE) then proceeds, during which the 

temperature is raised to fully evaporate the remaining solvent (Basmadjian, 2007; Singh et al., 

2025). However, with most of the moisture removed from the previous periods, the solid 

content of the outer layer of the droplet develops a dry shell and reduces the shrinkage of the 

particle (Perré & May, 2007). This can cause problems for temperature-sensitive activities from 

microorganisms, probiotics, or proteins.  

 

2.5.5 Critical parameters during the spray drying process 

• Inlet temperature of air: The inlet temperature, ranging from 90-160℃ in practice 

(Bhandari et al., 1993), is the temperature of the drying medium when first in contact 

with the feed. It is related to the product’s powder moisture, solubility, density (bulk 

and packed), and hygroscopicity (Goula et al., 2004). The powder is subjected to higher 

temperature, which may affect the chemical/physical properties of heat sensitive 

product. 

 

• Outlet temperature of air: It is a consequence of the heat exchange in a drying air–feed 

system. In practice, outlet temperature is the highest temperature to which the product 

may be heated. It governs the sizing of powder recovery equipment; the higher is the 

outlet air temperature the larger will be the size of powder recovery equipment and the 

conveying ducts and plenums (Maury et al., 2005).  

 

• Viscosity of feed material: A higher viscosity of the feed ingredient can lead to an 

increased spray drop size and hence to an increased drying time. As the viscosity is 

lowered, less energy or pressure is required to form a particular spray pattern. Viscosity 

can range from 0.001 to 0.308 Pa·s. Pneumatic nozzles can atomize highly viscous 

feeds easier than rotary or pressure nozzles, and the new effervescent nozzle has better 

performance dealing with food liquids with high viscosity (Stähle et al., 2015). 

 

• Solid content of feed material: A higher solid content of the feed is correlated with lower 

powder solubility, better powder wettability and more intact spherical shape of the 

particle (Wu et al., 2014). 
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• Feed temperature: with the temperature of the feed increases, the solution is may easily 

dry as it brings more energy to the system (Patel et al., 2009). 

 

• Wall deposition: Partially dried product falls on the wall during spray-air movement in 

the drying chamber. Wall deposition is a key processing problem in the spray dryer 

particles that indirectly affects the quality and quantity of the product. The degree of 

wall deposition is affected by several factors including operating parameters, type and 

size of spray dryer and the spray dryer wall properties (Keshani et al., 2015).  

2.5.6 Merits and limitations of spray drying 

 

Advantages: 

a. Spray drying is a rapid, continuous, cost-effective, and scalable dehydration process 

(Sosnik & Seremeta, 2015). 

b. Achievable in producing powders with narrow size distribution (Bhandari et al., 2008). 

c. High encapsulation efficiency and encapsulated product stability (García-Carrasco et 

al., 2023). 

 
Disadvantages: 

Before spray drying, the milk undergoes several processes (such as heat treatment, cream 

separation, membrane processes, vacuum evaporation and homogenization). The chemical, 

physical, technological, nutritional, functional and microbiological properties of final products 

are influenced by a number of factors such as operating conditions, properties of the dairy 

products and storage conditions. 

 

a. Protein denaturation due to high-temperature processing. 

b. Reduced product solubility (Malumba et al., 2008). 

c. Difficult to handle and clean (Samantha et al., 2015). 
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2.6 Other spray drying methods in the development 

 

2.6.1 Foam spray drying 

 

Foaming of liquid and semi-liquid materials has long been recognized as one of the methods 

to shorten drying time (Kudra & Ratti, 2006). Foam spray drying is based on the drying of 

purposely foamed droplets, these being formed before, during, or after atomization and before 

or during the drying itself (Ratti & Kudra, 2006). In foam spray drying, the product to be dried 

is first converted into a stable foam by whipping, bubbling, or shaking in the presence of a 

foaming agent and foam stabilizer. The foam has been significantly increased the surface area 

of the product and thereby decreasing the time, temperature, and cost needed for drying 

(Çalışkan Koç et al., 2022).  

 

Foam spray drying method produces a quickly dispersible product during drying without a 

subsequent agglomerating step; it permits a greatly increased dryer output. Gas injection 

improves the efficiency of water removal and makes possible the drying of the product (in the 

case of skim milk concentrates up to 60% solids); it hence reduces costs of instant powder 

manufacture by requiring only minor equipment changes which do not affect the efficiency of 

the dryer to produce a standard powder (Patel et al., 2009).  

 

In the application of foam drying, it has been applied to obtain high-quality powders from 

yoghurt, tomato paste and a variety of fruit pulps and juices (Hardy & Jideani, 2017; Kudra & 

Ratti, 2006). 

 

2.6.2 Spray freeze drying 

 

Instead of using hot atmosphere to drive moisture from atomized fluid particles, freezing air is 

employed and brought into contact with the spray, whereupon the individual droplets are frozen 

for subsequent moisture removal through sublimation under vacuum. This process must be 

performed under the triple point of water. As the water is transferred directly from the solid to 

vapor in the sublimation process, the drying rate is mainly dependent on the vapor pressure 

(Wang et al., 2006). 
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Spray freeze drying process (Figure 2.6) involves three major units-droplet formation, freezing 

and sublimation (Ishwarya et al., 2015). 

 

Figure 2.6 A schematic diagram of spray freeze drying apparatus (Ishwarya et al., 2015). 

 

During the freezing stage, atomized fine droplets are quickly frozen upon contact with a 

cryogen to form icy particles. This can further be demonstrated by several consecutive steps: 

1) initial cooling to a super cooled temperature below the normal freezing temperature, 

2) nucleation followed by growth of ice crystals and the subsequent rapid evolution of latent 

heat associated with fast crystal growth, termed recalescence, 

3) further, slower crystal growth which is limited by heat transfer from the cryogenic fluid, 

during which some freezing point depression may occur and once freezing is complete, 

cooling of the frozen particle down to the cryogen temperature. 

However, substances other than pure water will not solidify completely owing to the freeze 

concentration of solution in the interstices between ice crystals. 
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2.7 Electrostatic spray drying 

 
Electrostatic spray drying delivers an electrostatic charge during the atomization process of 

liquid droplets and water is removed at lower temperatures. This drying technique applies 

nitrogen instead of oxygen as a drying medium which expands applicability to oxygen sensitive 

materials (Masum et al., 2022). The electrostatic spray drying system consists of four major 

components: a pumping system (often a syringe pump), a metal nozzle, high voltage power 

supply, and inert drying gas. During the atomization, the conductive liquid feed is injected by 

the pump through the nozzle to which the electrical potential is applied. With sufficient voltage 

supplied, the free charges at the surface of the liquid exiting the nozzle cause an electrical stress 

which breaks up the stream into primary droplets. Next these primary droplets experience the 

Coulomb fission which is a process where a highly charged “primary drop” undergoes 

successive breakup to result in a multitude of smaller “secondary drops” (Gu et al., 2007). 

Followed by the solvent evaporation that causes the primary droplets to shrink, leading to the 

increase in charge concentration so the primary droplets finally will break up into smaller 

offspring droplets (Figure 2.7). 

 

Figure 2.7 Schematic illustration of a standard electrostatic spray drying setup (Nguyen et al., 

2016). 
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In the electrostatic spray drying process, the electrostatic effect stratifies the components of 

atomized droplets based on the polarity of the materials. The application of an electronic charge 

results in the polar solvent picking up more electrons than the solute. With feedstock in a polar 

solvent, solid materials are driven to the inside of the droplet and the solvent is driven to the 

outside. This prevents early shell formation of the particles and eliminates the need for the 

falling-rate drying period, allowing fast, efficient drying at a lower temperature (Figure 2.8) 

(Anon, 2024c).  

 

 

Figure 2.8 Illustration of constant rate and falling rate drying periods of electrostatic spray 

drying (Anon, 2024c). 

 
 
From the previous studies, Thakkar & Misra (2020) confirmed an improved therapeutic 

potential of electrostatic spray dried nanocrystals. (Mutukuri et al., 2021) used electrostatic 

spray drying to produce solid monoclonal antibody formulation with improved physical 

stability than traditional spray drying. 

 

 

 



27 
 

2.8 Lactoferrin recovery and preparation on laboratory and 

industrial scale 

 
Lactoferrin in aqueous form is very sensitive to chemical or microbial degradation and starts 

to lose its functional properties when it is stored at ambient temperature for more than four 

weeks (Wakabayashi et al., 2006). Therefore, it is generally converted into powder form to 

extend its shelf-life and to preserve its functional properties. 

 
The extraction and drying process to produce lactoferrin powder and processing parameters of 

lactoferrin-containing products have to be optimized to minimize any undesired denaturation 

(Wang et al., 2017b). Skim milk and sweet cheese whey (pH 5.2-6.7) that have not undergone 

excessive heating can be sources of lactoferrin. 

 
At present, lactoferrin is isolated and purified on an industrial scale from cheese whey and skim 

milk. The concentration of lactoferrin in cheese whey is roughly 100 mgL-1 (Tomita et al., 

2002). The feedstock containing lactoferrin is usually concentrated via ultrafiltration and 

diafiltration prior to introduction into the spray dryer. Since lactoferrin exists as a cationic 

protein in whey, it is readily adsorbed to a cation-exchange resin and then eluted using salt 

solutions. The eluted crude lactoferrin is desalted and concentrated using ultrafiltration and 

after which it is subjected to pasteurization. Purified lactoferrin powder with a purity of 95% 

or higher is finally obtained by freeze drying. In an alternative process, microfiltration and 

spray drying are performed instead of pasteurization and freeze drying, respectively (Tomita et 

al., 2002). 

 
On the laboratory scale, spray dried lactoferrin powders are usually produced using a laboratory 

scale spray dryer. According to Wang et al. (2017b), for the isolation of lactoferrin, industrially 

obtained fresh lactoferrin solution (16–18%, w/v) is used as starting material. The inlet 

temperature was maintained at 180℃. In order to investigate the extent of denaturation of the 

spray dried powders, two outlet temperatures (70℃ and 95℃) were chosen. The selected air 

inlet and outlet temperatures were within the recommended inlet (180–220℃) and outlet (90–

110℃) temperature ranges used for spray drying of heat sensitive products at normal 

atmospheric pressure. These two inlet and outlet temperature ranges are also commonly used 

in the industrial production of protein powders through spray drying. The feed flow rate during 

the spray drying process was adjusted to between 1000 and 1200 mLh-1 to maintain the set 
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outlet temperatures. Powders collected from the cyclone were used for further tests and the 

powders remaining in the chambers were discarded. 

 

In contrast to spray drying, according to Ratti (2012), freeze drying requires 88% more capital 

cost and 80% more operational cost than spray drying. The challenge of spray drying is that 

lactoferrin encounters thermal, interfacial and rapid evaporation-related stresses. The process 

parameters involved in extraction and drying of proteins induce certain degree of changes in 

the protein structure and ultimately affect their functional attributes and nutritional value (Wang 

et al., 2017b).  

 

2.9 Effects of spray drying on colostrum and lactoferrin 

 

Uniform and repeatable product characteristics are critical in the performance and acceptance 

of consumer products, and the spray drying process can have a major influence on achieving 

these characteristics (Huntington, 2004). To better understand the influence of different drying 

treatments on colostrum and lactoferrin, literature investigations were carried out in terms of 

physicochemical, structural and biological attributes. 

 
From the literatures, physicochemical properties including the water activity, moisture content, 

particle size, solubility, antioxidant capacity and iron-binding ability were studied and 

summarized. Findings about biological properties including active protein and antimicrobial 

ability of colostrum and lactoferrin were presented. The extent of denaturation and changes in 

the secondary structural features of spray dried colostrum and lactoferrin powders were also 

studied (Wang et al., 2017b). 

 
According to Wang et al. (2017a), spray dried lactoferrin powders with an outlet temperature 

of 95℃ had a moisture content and water activity double that of freeze dried lactoferrin powder. 

Spray dried powders with an outlet temperature of 70℃ had moisture content and water activity 

four times greater than freeze dried. This indicated that the spray drying conditions retained 

more moisture than freeze drying. The protein and residual moisture contents, water activity, 

solubility, particle size and colour parameters of both spray dried lactoferrin (SDLf) and freeze 

dried lactoferrin (FDLf) are presented in Table 2.5. 
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Table 2.5 Physicochemical properties of obtained lactoferrin powders. SD95 = Spray 

dried lactoferrin at 95oC outlet temperature, FD = Freeze dried lactoferrin, SD70 = 

Spray dried lactoferrin at 70oC outlet temperature (Wang et al., 2017a). 

 

Sample  

Protein content 

(%) 

Moisture content 

(%) 

Water activity 

(aw) 

Solubility 

(%) 

Particle size 

(μm) 

FD 90 ± 2.3a 2.7 ± 0.5a 0.1 ± 0.0a 94.3 ± 0.8a 48.0 ± 0.7a 

SD70 92.2 ± 2.2a 8.6 ± 0.3b 0.4 ± 0.0b 99.3 ± 0.8b 12.9 ± 0.2b 

SD95 94.0 ± 2.6a 5.2 ± 0.8c 0.2 ± 0.0c 98.4 ± 2.1b 12.8 ± 0.1b 

All the data are expressed as mean ± SD and are the mean of triplicates.  

Mean values with different lower-case letters in superscript at the same column are significantly different 

(p<0.05) 

 

Kawakami et al. (1992) found a 15−30% loss of iron-binding capacity of bovine native 

lactoferrin after heating at 90°C for 4 min. Similarly, Mata et al. (1998) observed a 50% loss 

of iron-binding ability of human native lactoferrin in buffer after heating at 85°C for 20 min. 

Based on the previous research carried out, high temperature treatment can actually reduce the 

iron-binding capacity of lactoferrin. 

 

Immunoglobulins present in colostrum are thermolabile, and denaturation initiates at operating 

temperature above 65℃ (Costa et al., 2023). Godden et al. (2003) reported an IgG 

concentration reduction by 23.6-58.5% due to the pasteurization process. Heat can negatively 

affect the immunoglobulin content in colostrum. 
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2.10 Fourier-transform infrared spectroscopy (FTIR) to determine 

the secondary structural changes of lactoferrin and colostrum 

 
The first structures of protein at an atomic resolution were determined in the late 1950s 

(Kendrew et al., 1958). Proteins are linear biological polymers for which the monomeric units 

are amino acids (Gallagher, 2009). A protein exhibits four levels of structure: primary, 

secondary, tertiary, and quaternary. Primary structure refers to the sequence of amino acids. 

The secondary structure of a protein refers to the periodical spatial arrangement of amino acid 

residues at certain segments of the polypeptide chain. Among these, they are stabilized by 

hydrogen bonds between peptide amide and carbonyl groups (Schulz et al., 1979). 

 
In general, two forms of periodic secondary structures are found in proteins: helical and 

extended sheet-like structures. Specifically, the polypeptides can form a-helix, b-sheets, b-turns 

or random coils. Among these, a-helix and b-sheet structures are very stable, especially proteins 

that contain large fractions of b-sheet structure usually exhibit high denaturation temperatures 

(Damodaran et al., 2007). 

 

The three-dimensional folding of the globular protein is called the tertiary structure. The 

structures of aggregates of globular proteins are the quaternary structures There are a few 

different techniques to determine the structure of proteins, such as X-ray crystallography, 

nuclear magnetic resonance spectroscopy (NMR) and Fourier transform infrared (FTIR) 

spectroscopy. X-ray crystallography and NMR spectroscopy can provide the greatest level of 

detail about a protein’s structure and a number of proteins’ structure were deciphered primarily 

using X-ray crystallography (Gallagher, 2009).  

 

FTIR has long been established as a powerful analytical technique to investigate protein 

secondary structure and local conformational changes. FTIR is an absorption spectroscopy that 

analyses the frequencies of amide bands to determine the distribution of the secondary structure 

of proteins (Pelton & McLean, 2000). The FTIR spectrum presents the absorption of energy by 

vibrating the stretching and bending of chemical bonds. 

 

FTIR spectroscopy works by shining infrared radiation on a sample and seeing which 

wavelengths of radiation in the infrared region of the spectrum are absorbed by the sample. 

The polypeptide and protein repeating units give rise to nine characteristic IR absorption bands, 
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namely amide A, B and I-VII. Among these, absorption associated with the amide I and II leads 

prominent to the vibrations of the bonds (Kong & Yu, 2007).  

 

According to Stanciuc et al. (2013) the elements of the secondary structure of lactoferrin 

mainly altered by the thermal treatment, changes in the secondary structure features of 

lactoferrin are presented in Table 2.6. 

Table 2.6 Structural indicators of lactoferrin molecule thermally treated at 25 and 80°C 

(Stanciuc et al., 2013). 

Descriptors Temperature 

 
25℃ 80℃ 

Secondary Structure Descriptors   

Strand, % 17.3 ± 0.02 16.1 ± 0.06 

Alfa helix, % 23.5 ± 0.15 21.2 ± 0.20 

Helix 3-10, % 3.8 ± 0.06 7.7 ± 0.06 

 

The average structural properties of lactoferrin highly depend on the temperature. Analysis of 

the two structures equilibrated at 25 and 80°C indicated that a temperature increases results in 

the decrease of the elements of the regular secondary structure, such as strand and α-helix 

content. Regardless of temperature, the secondary structure is dominated by the α-helix motif 

(23.5% at 25°C and 21.2% at 80°C). Although the total number of residues involved in helix 

formation decreased with temperature, the number of helices increased from 28% at 25°C to 

37% at 80°C (Stanciuc et al., 2013). 

 

 

 

 

 

  



32 
 

Chapter 3. Materials and Methods 

 
Materials, three different drying techniques, chemical reagents and the analytical 

methodologies used in this research are described in this chapter. The physicochemical 

properties of liquid lactoferrin, colostrum and their powders produced from three different 

drying treatments were determined, including moisture content, water activity, secondary 

structure profile, iron-binding and antioxidant abilities. The biological activities of these 

samples were also investigated regarding the proteins’ bioactivity and anti-microbial activity. 

 

3.1 Materials 

 

3.1.1 Raw bovine colostrum 

 

Raw bovine colostrum was donated by Magnolia Dairy Ltd., Auckland, New Zealand. It was 

produced in July 2022 from Jersey breed cows within 12 h after calving. After collection of the 

colostrum, it was immediately transported to the food technology laboratories at Massey 

University, Auckland, and gently mixed using an overhead stirrer (RW 20 digital, IKA, USA) 

at 200 rpm for  20 minutes. Then the colostrum was divided into 2.5 L plastic containers and 

stored at -20C before use. 

 

3.1.2 Bovine lactoferrin stream 

 

Bovine lactoferrin stream was provided by Westland Milk Products, Hokitika, New Zealand. 

The lactoferrin was recovered from skim milk using ultrafiltration with diafiltration. The 

lactoferrin stream was received at Massey University, Auckland in October 2022, and stored 

at -20C in 2.5 L plastic containers before use. 

 

3.1.3 Commercial lactoferrin powder samples 

 

For comparison purposes, two batches of freeze dried lactoferrin powders supplied by 

Westland Milk Products, Hokitika, New Zealand in 2022 were analysed in this project. 

Received powder samples were stored in foil barrier bags at -20C before use. 
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3.2 Proximate analysis of liquid materials 

 

Proximate analysis of the liquid colostrum and lactoferrin was completed in November 2022, 

by the Nutrition Laboratory, Massey University, Palmerston North, New Zealand. 

 

Total solids was determined by the Dairy method, AOAC 990.19, 990.20. Ash was determined 

by the furnace method at 550C AOAC 942.05 (Feed, meat). Crude protein was determined by 

method AOAC 968.06 (Dumas method), the conversion factor for nitrogen-to-protein in 

colostrum was 6.38 and that for lactoferrin was 6.14. Lactose was determined by an enzymatic 

method. Fat in colostrum was determined by the Mojonnier method (Flour, Baked, extruded 

products) AOAC 922.06; fat in lactoferrin was determined by the Mojonnier method, (Dairy) 

AOAC 989.05. Moisture was calculated from total solids. Carbohydrate was calculated by 

difference. 

 

3.3 Experimental design 

 

Lactoferrin and colostrum were dried using three different drying methods; freeze drying (F), 

spray drying (S) and electrostatic spray drying (ES). Freeze-drying was completed in one batch. 

For spray drying, lactoferrin and colostrum were spray dried at two different temperatures in 

duplicates, inlet 180°C/outlet 90°C and inlet 165°C/outlet 90°C. As for electrostatic spray 

drying, two different temperatures were used: inlet 75°C/outlet 35°C, and inlet 150°C/outlet 

60°C. Two liquid materials and all the dried sample powders and are listed in Table 3.1. 
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Table 3.1 Liquid and powder colostrum and lactoferrin samples evaluated. 

No. Abbr. Sample 

1 LQCL Liquid colostrum 

2 LQLF Liquid lactoferrin 

3 FCL Freeze dried colostrum 

4 FLF Freeze dried lactoferrin 

5 SCL165B1 165°C Spray dried colostrum Batch 1 

6 SCL165B2 165°C Spray dried colostrum Batch 2 

7 SCL180B1 180°C Spray dried colostrum Batch 1 

8 SCL180B2 180°C Spray dried colostrum Batch 2 

9 SLF165B1 165°C Spray dried lactoferrin Batch 1 

10 SLF165B2 165°C Spray dried lactoferrin Batch 2 

11 SLF180B1 180°C Spray dried lactoferrin Batch 1 

12 SLF180B2 180°C Spray dried lactoferrin Batch 2 

13 ESCL75B1 75°C Electrostatic spray dried colostrum Batch 1 

14 ESCL75B2 75°C Electrostatic spray dried colostrum Batch 2 

15 ESCL150B1 150°C Electrostatic spray dried colostrum Batch 1 

16 ESCL150B2 150°C Electrostatic spray dried colostrum Batch 2 

17 ESLF75B1 75°C Electrostatic spray dried lactoferrin Batch 1 

18 ESLF75B2 75°C Electrostatic spray dried lactoferrin Batch 2 

19 ESLF150B1 150°C Electrostatic spray dried lactoferrin Batch 1 

20 ESLF150B2 150°C Electrostatic spray dried lactoferrin Batch 2 

21 HG28 (Batch No.) Westland freeze dried lactoferrin 

22 CG17 (Batch No.) Westland freeze dried lactoferrin 
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3.4 Three different drying treatments 

 

3.4.1 Freeze drying of bovine colostrum and lactoferrin 

 

Freezing drying was completed using a Labconco freeze dryer shown in Figure 3.1. 

 

 

 

Figure 3.1 Labconco freeze dryer (Model 7753034, Labconco Corporation, USA). 
 

Preparation of materials for freeze drying 

One litre of lactoferrin or colostrum was divided into three aluminum foil trays with each one 

containing approximately 330 mL of material, the top of the tray was covered by a layer of foil 

to prevent contamination during storage. All trays of lactoferrin and colostrum were frozen at 

-20  2°C for 72 h before freeze drying. This is necessary as during the freezing stage, most of 

the water is converted into solid by forming a network of ice crystals so that it can undergo 
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sublimation (Kasper & Friess, 2011). Before loading to the freeze dryer, the top foil cover of 

each tray was punctured with small holes to allow water vapour to escape the tray during freeze-

drying. 

 

Freeze drying conditions 

Vacuum pressure varied from 0.28 to 2 mbar; tray temperatures varied from -12°C to 19°C 

depending on the freeze dryer’s vacuum cycle. The condenser temperature was between -54°C 

to -47°C during the freeze-drying process. All samples were freeze dried for 300 h. 

 

Powder collection and storage 

Freeze dried colostrum and lactoferrin formed a “cake” appearance and contained uneven pores 

after freeze-drying due to ice crystal formation at the freezing stage (Badal Tejedor et al., 2020). 

The “cake” was ground into powder. To do so, the samples were carefully transferred to a 

Ziploc bag and crushed manually to powders using a wooden rolling pin instead of an electric 

grinder due to potential extra heating on the freeze dried samples. After crushing and grinding 

the freeze dried samples were vacuum packed in individual foil bags and stored at -20°C before 

analysis. Freeze dried colostrum and lactoferrin showed light yellow and pink colours as shown 

in Figure 3.2. 

 

 

Figure 3.2 Freeze dried colostrum (left) and lactoferrin (right) powders. 
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3.4.2 Spray drying of bovine colostrum and lactoferrin 

 

Spray drying was carried out using a Saurin pilot scale spray dryer (Figure 3.3) (SL-10, Saurin, 

Australia). 

 

Figure 3.3 SL-10 Saurin spray dryer (SL-10, Saurin, Australia). 

 

Preparation of materials for spray drying 

Frozen colostrum or lactoferrin was thawed at room temperature (20  2C) overnight before 

spray drying. The thawed colostrum or lactoferrin was continuously stirred at 300 rpm using 

an overhead stirrer (IKA, RW 20 digital, USA) while pumping into the spray dryer to make 

sure the feed was homogenous. A peristaltic pump (Masterflex, Easy-load, Model 07516-00, 

USA) was used to pump the feed into the spray dryer at an 8.2 mL/min flow rate. 
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Spray drying conditions 

Two inlet air temperatures were selected to carry out spray drying: 180°C and 165°C, outlet 

temperature was set at 90°C. Conditions for all spray drying runs are recorded in Table 3.2. 

 

Table 3.2 Spray drying of bovine colostrum and lactoferrin conditions. 

Material 

Feed 

Volume 

(L) 

Feed 

Temperature 

(°C) 

Inlet 

Temperature 

(°C) 

Outlet 

Temperature 

(°C) 

Flow Rate 

(mL/min) 

Air Pressure 

(bar) 

Colostrum 
1.25 22 ± 1 180  2 90  2 8.2 4 

1.25 22 ± 1 165  2 90  2 8.2 4 

Lactoferrin 
1.25 22 ± 1 180  2 90  2 8.2 4 

1.25 22 ± 1 165  2 90  2 8.2 4 

 

Powder collection and storage 

At the end of the drying process, when the last feed material was pumped into the dryer, the 

heating program was stopped with compressed air still in the dryer until the outlet temperature 

decreased to less than 35°C.  The lid was unlatched, and the powder was carefully recovered 

from the collector and the cyclone, then powders recovered from the collector and cyclone 

were pooled and vacuum packed in foil bags (VMS 103, AUDIONVAC, Weesp, Netherlands). 

All powders were stored at -20  2°C before further analysis. 

 

Spray dryer CIP (cleaning in place) cleaning 

At the end of each spray drying run, the collection chamber was dismantled to recover all the 

powders. The spray nozzle was then dismantled and checked for any potential blockage. The 

spray dryer was reassembled and switched on. About 200 mL of hot water (~ 80°C) was 

pumped in to clean the feeding tube and also the nozzle. Then 1% caustic cleaning solution 

was pumped through the dryer to clean any parts which came into contact with the dairy 

ingredients. Finally, a hot water hose was used to flush thoroughly the dryer to remove any 

remaining caustic solution. After cleaning, all parts were air dried completely before 

reassembly and the next run. 
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3.4.3 Electrostatic spray drying of bovine colostrum and lactoferrin 

 

Electrostatic spray drying was completed using a PolarDry® Model 001 dryer (Figure 3.4) 

(Fluid Air, IL, United States). Located at Fluid Air, Melbourne, Australia. 

 

 

 

Figure 3.4 PolarDry® Model 001 Electrostatic spray dryer (Fluid Air, Melbourne, Australia). 

 

Preparation of materials for electrostatic spray drying 

Frozen colostrum and lactoferrin materials were packed with ice in a chilly bin and transported 

to Australia as check-in luggage. On arrival at Fluid Air, the colostrum and lactoferrin remained 

frozen and they were immediately transferred to a -20C freezer on site before electrostatic 
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spray drying. Colostrum or lactoferrin was thawed at room temperature (20  2C) overnight 

before electrostatic spray drying. The liquid colostrum or lactoferrin was continuously stirred 

using a magnetic stirring plate (Cimarec+™, Thermo Scientific, USA) at about 300 rpm while 

pumping to the electrostatic spray dryer. 

 

Electrostatic spray drying conditions 

Two inlet temperatures were applied: 150°C and inlet 75°C. Conditions used for electrostatic 

spray dryings are listed in Table 3.3. 

 

Table 3.3 Electrostatic spray drying of bovine colostrum and lactoferrin conditions. 

Material 

Feed 

Temperature 

(°C) 

Inlet 

Temperature 

(°C) 

Outlet 

Temperature 

(°C) 

Flow Rate 

(mL/min) 

Air Pressure 

(bar) 

Voltage  

(kV) 

Colostrum 

18 75 35 3 8 5 

18 150 60 3 8 5 

Lactoferrin 

18 75 35 3 8 5 

18 150 60 3 8 5 

 

Powder collection and transport 

All powders from the collection bottle and cyclone were recovered and sealed in foil barrier 

bags, stored at -20°C immediately after each drying. All powders were transported back to 

Massey University, Auckland, New Zealand for analysis. 

 

Electrostatic spray dryer cleaning 

At the end of the production run and cooling, the collection chamber was dismantled to recover 

all the powder. The spray nozzle was carefully removed to check for any blockages. The dryer 

parts were washed and air dried. 
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3.5 Drying yield 

 

From each drying, the drying yield was calculated as the percentage of recovered powders in 

total solids of the original feed (Equation 3.1). For spray and electrostatic spray drying, the 

yield of powders was calculated from the collected powders from the collector and cyclone. 

 

% Drying Yield =
𝑀𝑎𝑠𝑠 (𝑔)𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑜𝑤𝑑𝑒𝑟

𝑀𝑎𝑠𝑠 (𝑔) 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑓𝑒𝑒𝑑
 × 100 %            (3.1) 

 

3.6 Powders protein content by Kjeldahl 

 

The crude protein content of colostrum and lactoferrin powders were determined by a Kjeldahl 

method (Kjeldahl method, AOAC, 930.29, 2023) with a modification. After digestion, the 

samples were diluted to 100g with Milli-Q® H2O (Milli-Q® Reference Water Purification 

System, Merck, Germany) and 40 g of this diluted sample was then distilled and titrated. 

 

3.6.1 Solution preparation for Kjeldahl 

 

0.1% (w/v) methyl red in ethanol 

In a volumetric flask, 0.1000 g of methyl red (Pure indicator grade, Thermo Fisher Scientific, 

USA) was accurately weighed and dissolved in ethanol (>99.8%, Fisher Chemical™, USA) to 

100 mL. 

0.1% (w/v) bromocresol green 

In a volumetric flask, 0.1000 g of bromocresol green (Pure indicator grade, Thermo Fisher 

Scientific, USA) was accurately weighed and dissolved in ethanol (>99.8%, Fisher Chemical™, 

USA) to 100 mL. 

4% (w/v) boric acid preparation 

In a 2-L beaker, 80 g of boric acid (LabServ, Thermo Fisher Scientific, Australia) was dissolved 

completely in about 800 mL of hot distilled H2O (80 ± 5℃) and about 500 mL of cold distilled 

H2O was added to drop the solution’s temperature to about 30℃. Twenty millilitres of 0.1% 

(w/v) bromocresol green and 14 mL of 0.1% (w/v) methyl red were added to the solution and 

transferred to a volumetric flask, more cold distilled H2O was added to a final volume of 2 L. 
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3.6.2 Sample digestion for Kjeldahl 

 

Whole milk powder (WMP) was used as a control. About 1.0 g of WMP was weighed into a 

digestion flask. About 0.2 g of lactoferrin or 0.5 g of colostrum powder was weighed into 

designated digestion flasks. The exact weight (4 decimal places) of the powders were recorded. 

Two Kjeltabs catalysts (each containing 3.5 g K2SO4 and 0.0035 g Se) (FOSS Analytical A/S, 

Hillerød, Denmark) and 25 mL of concentrated H2SO4 (96%, Ajax Finechem™, Thermo Fisher 

Scientific, USA) were added to each flask. Then the samples were digested using a digestor 

(Tecator™, Digestor Auto 20, FOSS Analytical A/S, Hillerød, Denmark) at 420℃ for 3 h. 

After digestion, the flasks were carefully removed from the heating unit and cooled down in 

the fume hood before handling. Each digested sample was diluted with Milli-Q® H2O to 100 g 

and 40 g of which was transferred back to a clean digestion flask for distillation. 

 

3.6.3 Distillation 

 

Fifty millilitres of 4% (w/v) boric acid solution was added to a 250 mL conical flask and placed 

on the receiving platform of the distillation unit (Kjeltec 8100 Distillation Unit, FOSS 

Analytical A/S, Hillerød, Denmark). In each digestion flask, with 40 g digest, 70 mL of 40% 

(w/v) NaOH was added and the flask was distilled for 5 min. 

 

3.6.4 Titration and calculation 

 

After distillation, the distilled samples were titrated with 0.1M HCl (NIST Standard 

Concentrate, Fisher Scientific, LE11 5RG, UK) to a grey-mauve endpoint. Equation 3.2 was 

used to calculate the % nitrogen and protein content in samples. 

% 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 =
(𝐴∗𝐵)∗14∗100

1000∗𝐶
                                                              (3.2) 

Where:  

A = mLs HCl used 

B = exact molarity HCl 

C = weight (g) of original sample used. 
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Protein (%) = % nitrogen × conversion factor (The conversion factor for nitrogen to protein in 

milk & dairy products is 6.38). 

 

3.7 Physicochemical properties of dried powders  

 

3.7.1 Moisture content 

The moisture content of the powders was measured using the Niro No. A-1b method powder 

moisture routine method (GEA, 2024). Aluminium pans were dried in the oven at 103 ± 2℃ 

for 1 h to remove any moisture and cooled in a desiccator for 20 min. The exact weight of the 

dried aluminum pan was recorded as ‘Weight of pan’. Approximately 3 g of powder was 

weighed on the pan and the exact weight was recorded as ‘Weight of pan + powder’. The 

powders were dried in an oven (Heratherm OMS100, Thermo Scientific, USA) at 103 ± 2℃ 

for 16 h until a constant weight. The pans were cooled in a desiccator for 20 min and weighed 

again, recorded as “Weight of pan + dried powders”. 

 

The moisture content of the powder was calculated using Equation 3.3: 

 

% Moisture Content =  
(Weight of pan + powder)−(Weight of pan+dried powder)

(Weight of pan + powder)−(Weight of pan)
× 100       (3.3) 

 

The moisture content for each powder was determined in duplicate. 

 

3.7.2 Water activity 

 

The water activity of powders was measured using a water activity meter (AquaLab 4TEV, 

Addium, WA, USA). Before measurement, the instrument was calibrated with 0.250 aw, 0.500 

aw and 0.760 aw verification standards supplied by the manufacturer. A small plastic spatula 

was used to sample the sample cups. To start the measurement, a sample cup was filled with 

sample powder to half-full (approximately 0.8 g) to ensure the bottom of the cup was 

completely covered. The water activity of each powder was measured in duplicate. Cleaning 

in between measurements was conducted to ensure the measurement chamber was not 

contaminated by powders. 
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3.7.3 Solubility 

 

The solubility test was implemented according to method given by Anema et al. (2006) on 

measuring milk protein concentrate. Aqueous solutions of 5% (w/w) powder in Milli-Q® water 

were made by mixing the powder in Milli-Q® water with a propeller-blade attached to an 

overhead stirrer (Heidolph RZR 2050 Overhead Stirrer, Heidolph Elektro GmbH and Co. KG, 

Kelheim, Germany). During mixing, the solution was placed in a water bath at 30°C. This 

solution was stirred for 30 min to allow for complete dispersion before analysis. 

 

Ten grams of the solution was transferred to a 15-mL Eppendorf tube and centrifuged using an 

MSE Mistral 1000 Centrifuge (Sanyo-Gallenkamp, Global Science and Technology Ltd, 

Auckland, New Zealand), at 700×g for 10 min. About 3 g of the supernatant was pipetted onto 

a pre-weighed moisture dish and total weight was recorded. The moisture dish was dried for 

about 18 h in an oven at 105 ± 2°C (Heratherm OMS100, Thermo Scientific, USA). After 

drying, the dishes were removed to a desiccator (to avoid condensation affecting the results) to 

sit for 20 min and then reweighed. The amount of soluble material, σ, in the powders was 

calculated based on Equation 3.4: 

 

σ=
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
×100                                                                          (3.4) 

 

3.7.4 Particle size analysis 

 

Particle size distribution and volumetric median particle size (Dv50) were determined using a 

Mastersizer (Mastersizer 3000, Malvern Instruments Ltd., UK). Both dry and wet methods 

were applied. For the dry method, powders were dispersed into the testing chamber by vacuum. 

As for the wet method, the powders were dispersed in pure isopropanol and the particle size 

distribution was determined (Nugroho et al., 2021). The reason why a wet method was 

introduced to investigate the particle size was because the electrostatic spray dried colostrum 

powders (produced in Fluid Air, Australia) were tracked by the NZ Ministry of Primary 

Industries when couriered from Australia to New Zealand and hence unavailable to be tested 

in their powder form due to the requirement for biological and physical containment of 

hazardous samples.  
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The colostrum and lactoferrin powders freeze dried were not considered to be measured for 

particle profiles as these powders were initially manually ground so the particles were not 

evenly distributed, hence the results would not be regarded as representative. 

3.7.4.1 Dry method 

 
Sample powders were transferred out of a -20℃ freezer to warm to room temperature for about 

2 h before testing. About 3g of powders were sieved (commercial stainless steel mesh, 400 μm) 

and loaded into the Aero S dry cell. A particle refractive index of 1.45 was used for the 

measurement. Air pressure was set at 2 bar and the feed rate was adjusted to 50%. After each 

measurement, the sample chamber was dismantled to clean, any residual powders were brushed 

out of the chamber.  The chamber was then carefully reassembled to test the next sample. 

Volumetric median particle size (Dv50) values and particle distribution were measured (Wang 

et al., 2017a). 

 

3.7.4.2 Wet method 

 

Isopropanol ( 95%, Sigma-Aldrich, Missouri, USA) was used as a dispersing medium based 

on the method reported by (Nugroho et al., 2021). A 2% w/w suspension of powder in 

isopropanol was prepared by adding 0.1 g sample powder to isopropanol to a total mass of 5 g. 

The stirrer speed was set to 200 rpm. A particle refractive index of 1.39 was used to measure 

lactoferrin powder samples. For colostrum powders, a particle refractive index of 1.53 was 

used. A dispersant refractive index of 1.39, and an absorption coefficient of 0.01 was used for 

both powders (Nugroho et al., 2021). The isopropanol suspension was mixed well to ensuring 

the powders were evenly suspended in the isopropanol. A few drops of powder suspension 

were immediately pipetted to the Hydro SM sample cell until the laser obscuration was within 

the ideal range. The results were the average of three measurements. After measurements, the 

system was cleaned with 10% w/w Decon (Decon 90, Decon Laboratories, USA) and flushed 

five times with distilled water. Each sample was measured in duplicate, results were shown as 

particle size distribution and volumetric median particle size Dv50. 

 

3.7.5 Fourier transfer infrared spectrophotometry (FTIR) 

 

Proteins are linear biological polymers that are made up of amino acids. When a protein folds 

to form a well-defined 3-dimensional structure it exhibits three levels of structure: primary, 
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secondary and tertiary (Gallagher, 2009). FTIR has long been used to investigate the secondary 

structure of the proteins. A Bruker FTIR (Bruker Alpha, Bruker, Ettlingen, Germany) was used 

to analyse the samples. Before measurement, a Kimwipe wet with MeOH was used to wipe 

and clean the crystal plate. Sample powder was placed directly on the diamond crystal plate to 

coat the crystal with approximately 1 mm thickness of material. The pressure arm was 

positioned over the sample and pressure was applied to the sample. All spectra were average 

of 64 scans from 4000cm-1 to 650cm-1 at a resolution of 4cm-1 (Wang et al., 2017a). All 

powders were analysed in duplicates. Freeze dried sample was used as a control to compare 

the shifts of determined peaks. Three characteristic IR absorption peaks were analysed, 

including at 1645 cm-1 (amide I, C=O stretching and C-N stretching). 1542 cm-1 (amide II, C-

N stretching and N-H bending), and 1250 cm-1 (amide III, C-N stretching and N-H bending). 

A typical FTIR spectra is shown in Figure 3.5. 

 

 

 

Figure 3.5 A typical FTIR spectra of liquid, freeze dried (FD), and spray dried (SD) 

lactoferrin. SD70=spray dried lactoferrin at outlet temperature of 70℃, SD95=spray dried 

lactoferrin at outlet temperature of 95℃ (Wang et al., 2017a). 
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3.8 Enzyme-linked immunosorbent assay (ELISA) bioactivity of 

lactoferrin and IgG protein 

 

Bethyl enzyme-linked immunosorbent assay kits (ELISA) (Cat. No. E11-118 and E11-126, 

Bethyl Laboratories, USA) were used to quantify the lactoferrin and IgG activity in both liquid 

and powdered samples. Components supplied in each kit: 

 

• Pre-coated 96-well strip plate 

• Protein standard 

• Detection antibody 

• 20× Dilution buffer 

• HRP Solution C 

• TMB Substrate 

• Stop Solution 

• 20× Wash Buffer 

• Sealing Tape 

 

A 500 ng protein standard was provided in each individual test kit and the standard curve of 

lactoferrin, or IgG was obtained by serially diluting the protein standard to a series of 

concentrations needed. All ELISA test reagents from the kits were removed from the fridge 

about 1h prior to the experiment, because all reagents must be at room temperature (20-25℃) 

before use. 

 

3.8.1 Buffer preparation 

 

Dilution buffer 

To prepare the dilution buffer, 25 mL of the concentrated buffer (20×) was diluted to 500mL 

with Milli-Q® H2O. 
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Wash buffer 

To prepare the wash buffer, 50 mL of the concentrated wash buffer (20×) was diluted to 1 L 

with Milli-Q® H2O. 

 

3.8.2 Sample preparation 

 

Sample preparation for bovine lactoferrin or bovine IgG ELISA assay followed the same 

procedure and sample dilutions. 

 

For powders 

To prepare 5 mg/g stock solutions, 0.05 g was weighed and dissolved in Milli-Q® H2O to a 

total mass of 10  0.1 g, the exact weight of each powder was recorded.  The solutions were 

mixed on a magnetic stirring plate (IKA RT 10 P, USA) for two hours to hydrate well before 

use. 

Stock solutions were first diluted 1/1000 times: 10 L stock solution was diluted to 10 mL with 

dilution buffer in a 15 mL falcon tube and mixed well by vortexing (ZX3 Vortex mixer, VELP 

Scientifica, Italy). Afterwards, 100 L of the 1000  diluted sample was mixed with 900 L 

dilution buffer in a 1.5 mL centrifuge tube to further dilute the sample 10 times. Finally, the 

sample stock solutions were diluted 1/10,000 times. 

 

Liquid lactoferrin or colostrum 

Liquid lactoferrin and colostrum were diluted 1/10,000 times in total. Firstly, 10 L liquid 

lactoferrin or colostrum and 10 mL sample dilution buffer were added to a 15 mL falcon tube 

providing a 1/1000 dilution. Then 100 L of this dilution was added to 900 L dilution buffer, 

therefore the liquid lactoferrin or colostrum was further diluted 1/10 times. In total, liquid 

lactoferrin or colostrum was diluted 1/10,000 times. 

 

3.8.3 Standard preparation 

 

To prepare the lactoferrin or IgG protein standards at different concentrations, serial dilutions 

were carried out following this procedure. The top standard was prepared by reconstituting the 

500-ng lactoferrin or IgG standard in vial with 1.0 mL of 1 × dilution buffer to achieve a final 

concentration of 500 ng/mL. Seven 1.5 mL centrifuge tubes were prepared, 300 L of dilution 
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buffer was added into each of the seven tubes. Repeatedly, 150 L of the previous standard 

was added into 300 L of dilution buffer in the next tube until the sixth tube as described in 

Table 3.4. 

 

Table 3.4 Dilution of lactoferrin or IgG protein standards. 

Concentration Required 

(ng/mL) 

Previous Standard 

Volume (L) 

Diluent Volume  

(L) 

167 150 300 

55.6 150 300 

18.5 150 300 

6.17 150 300 

2.06 150 300 

0.69 150 300 

 

The seventh tube containing only 300 L of 1× dilution buffer served as the blank. 

 

3.8.4 Measurement procedure 

 
Each standard or sample was analysed in triplicate. A multichannel pipette was used to add 100 

L standards or samples to designated wells. The plate was then covered by a sheet of sealing 

tape and incubated at room temperature (20-25C) for one hour. After incubation, the plate was 

washed four times by a plate washer (ELX405, Bio-Tek, USA) and any remaining water in the 

wells removed from the plate by tapping it upside-down on paper towel. 100 L anti-lactoferrin 

antibody (100 L) was added to each well, the plate was covered again and incubated at room 

temperature for one hour. After incubation, the plate was washed four times and water was 

removed from the plate by tapping it upside-down on a paper towel. Then HRP solution C (100 

L) was added to each well and the plate was again covered and incubated at room temperature 

for 30 min. Then the plate was washed four times and water was removed from the plate by 

tapping it upside-down on a paper towel. TMB substrate solution (100 L) was added to each 

well and the plate was incubated in the dark at 25C for 30 min. At this point the colour in the 
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wells started developing a blue colour. After 30-min incubation, the reaction was stopped by 

adding 100 L of stop solution to each well, once the stop solution was added, the colour 

changed immediately to yellow.  

 

The absorbance of the solution in each well was read at an absorbance of 450 nm using a plate 

reader (Synergy 2, Bio-Tek, USA). Concentrations of targeted protein were calculated based 

on the standard curve and results were reported as mg of active protein/g powder. The ELISA 

standard curves are presented in Appendix 1 and 2. 

 

3.9 Iron-binding ability-A relative colorimetric method 

 

Two methods were used to evaluate the iron binding status of the powder samples. The first 

method was carried out as described by (Kawakami et al., 1992) which is a colorimetric method 

that generates relative results of iron bound to protein compared to freeze dried samples as a 

control. 

 

Hydrochloric acid (HCl) solutions 

HCl (0.1M) was prepared by adding 8.3 mL 36% (w/w) HCl to a volumetric flask, and it was 

made up to 1L with Milli-Q® H2O. This 0.1 M HCl was further diluted to 0.05 M by transferring 

50 mL of 0.1 M HCl to a 100 mL volumetric flask and adding Milli-Q® H2O to 100 mL. 

 

Sodium hydroxide (NaOH) solutions 

To prepare 0.05 M NaOH, 0.2000 g NaOH was initially dissolved in a beaker with about 80 

mL Milli-Q® H2O, then transferred to a 100 mL volumetric flask. The inside of the beaker was 

rinsed three times, and the solution was transferred to the flask, more Milli-Q® H2O was added 

to a final volume of 100 mL. 

 

Sample Buffer Preparation 

Sodium bicarbonate (NaHCO3) (1% w/v) was prepared by dissolving 1g NaHCO3 (ACS grade, 

Sigma-Aldrich, USA) in Milli-Q® H2O to a final volume of 100 mL in a 100 mL volumetric 

flask. 
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3.9.1 Iron solution preparation 

 

Iron (III) chloride (FeCl3) (0.5% w/v) was prepared by dissolving 0.5 g FeCl3 (Reagent grade, 

Sigma-Aldrich, USA) in Milli-Q® H2O to a final volume of 100 mL in a 100 mL volumetric 

flask. 

 

3.9.2 Preparation of sample stock solutions 

 

For lactoferrin powder samples, to make 1% (w/v) sample stock solution, 0.1000 g of powder 

was dissolved in about 4 g of Milli-Q® H2O. Then stirred for two h on a magnetic stirring plate 

(IKA RT 10 P, USA) to allow lactoferrin to hydrate well. After mixing, the pH was adjusted 

to 7.0 with 0.05 M HCl or 0.05 M NaOH and transferred to a 10 mL volumetric flask to make 

up a final volume of 10 mL. 

 

For liquid lactoferrin, 1 g of lactoferrin or colostrum stream was added to 8 g of Milli-Q® H2O, 

adjusted the pH to 7.0 with 0.05 M HCl or 0.05 M NaOH and more Milli-Q® H2O added to get 

a final mass of 10 g. 

 

To each test tube, 2 mL sample solution was mixed with 40 L NaHCO3 and 40 L Milli-Q® 

H2O or FeCl3 solution. A vortex mixer (ZX3 Vortex mixer, VELP Scientifica, Italy) was used 

to mix the solutions. Two test tubes were prepared for each sample. 

 

3.9.3 Measurement of absorbance 

 

To measure the absorbance of the sample with no added iron, the spectrophotometer was zeroed 

with two blanks containing 2 mL of Milli-Q® H2O, 40 L of NaHCO3 and 40 L of Milli-Q® 

H2O. 

To measure the absorbance of the sample with added iron, the spectrophotometer was zeroed 

with two blanks containing 2 mL of Milli-Q® H2O, 40 L of NaHCO3 and 40 L of FeCl3. 

 

The iron-binding ability was assessed by reading the absorbance of the solution at 465 nm 

The iron-binding ability (%) was calculated using Equation 3.5: 

 

𝐼𝑟𝑜𝑛 − 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 % =
𝐴𝑏𝑠(𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑖𝑡ℎ 𝑖𝑟𝑜𝑛)−𝐴𝑏𝑠(𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑟𝑜𝑛)

𝐴𝑏𝑠(𝐹𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝐿𝑓𝑜𝑟 𝐶𝐿 𝑤𝑖𝑡ℎ 𝑖𝑟𝑜𝑛)−𝐴𝑏𝑠(𝐹𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝐿𝑓 𝑜𝑟 𝐶𝐿 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑟𝑜𝑛)
× 100%      (3.5) 
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3.10 Iron binding ability-A qualification method using microwave 

plasma atomic emission spectroscopy (MP-AES) 

 

To quantify the concentration of Fe3+ bound to the protein present in the sample, the method 

used was based on the method described by (Morel et al., 2022). The principle of this method 

was to saturate the lactoferrin protein with extra Fe3+, then to isolate the iron-bound protein 

from excess free iron. Then the protein concentration and iron content attached to the protein 

was quantified obtain the ratio of iron bound to lactoferrin protein. Sephadex™ G-25 desalting 

columns (PD-10, Cytiva, New Zealand) were used to separate iron-bound lactoferrin protein 

from excess ferric solution. This method involved four steps: 

 

• Saturation of the lactoferrin protein with excess iron 

• Separation of iron-bound proteins from unbound excess iron 

• Quantification of the protein concentration using the Bradford method (Bradford, 1976) 

• Quantification of the iron concentration bound to protein using Microwave Plasma 

Atomic Emission Spectroscopy (MP-AES) 

 

3.10.1 Solution preparation 

 

Column Equilibration buffer-50 mM Tris Buffer with 20 mM NaHCO3 (E-buffer) 

In a 1 L beaker, 1.68 g NaHCO3 (ACS grade, Sigma-Aldrich, Missouri, USA) was dissolved 

in approximately 900 mL Milli-Q® H2O, one pouch of pre-made Tris powder (Sigma-Aldrich, 

Missouri, USA) was added and the pH value was adjusted to 7.8 using 6 M HCl. The solution 

was transferred to a 1 L volumetric flask and the Milli-Q® H2O used to rinse the beaker was 

also transferred to the volumetric flask, more Milli-Q® H2O was added until the final volume 

of 1 L. 

 

Lactoferrin or colostrum sample stock solutions 

To prepare 10 mL 50 mg/mL lactoferrin or colostrum sample stock solutions: 500 mg 

lactoferrin or colostrum was weighed into a 10 mL volumetric flask, about 5 mL of the E-buffer 

was added and the solution was mixed with vortex mixer (ZX3 Vortex mixer, VELP Scientifica, 

Italy) then the solution was left at  4C for 1 h, finally more of the E-buffer was to the final 
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volume of 10 mL and the solution was gently mixed by tipping the flask upside down a few 

times. For liquid lactoferrin or colostrum, 2 g of liquid lactoferrin or colostrum was diluted in 

a volumetric flask with the E-buffer to 10 mL. 

 

Iron solution (Solution A) 

An 11 mM ferric solution was prepared by dissolving 0.2222 g Fe(NO3)3·9H2O (Sigma-Aldrich, 

Missouri, USA) in E-buffer to a final volume of 50 mL. A 27.5 mM nitrilotriacetic acid (NTA) 

solution was prepared by dissolving 0.293 g Na2NTA (Sigma-Aldrich, Missouri, USA) in E-

buffer to a final volume of 50 mL. 

 

Column washing buffer-0.2 M NaOH (Solution B) 

To prepare the 0.2 M NaOH column washing buffer, 8 g of NaOH was dissolved in Milli-Q® 

H2O in a volumetric flask and made up to 1 L.  

 

3.10.2 Saturation of sample with excess iron 

 

In a 5 mL Eppendorf tube, to 2 mL lactoferrin or colostrum stock solution, 0.23 mL iron 

solution was added and mixed gently with a pipette tip. The solution was left to incubate at 25 

± 2C for 1 hour. This solution after incubation is called Solution C. 

 

3.10.3 Removal of excess iron and collection of eluates 

 

Preparation of the column 

The Sephadex™ G-25 column was fixed on a stand and test tubes were placed underneath the 

column as illustrated in Figure 3.6. The column was equilibrated according to the product user 

manual, briefly, 5 mL of the E-buffer was pipetted to fill up the column and allowed to enter 

the packed bed completely and drain. Waste flow-throghs were discarded. Approximately 25 

mL of E-buffer was used for equilibration per column. 

 

Sample loading 

After the column was equilibrated, 2.23 mL of Solution C was added to the column. After the 

sample had entered the column bed completely, 0.27 mL of E-buffer was added to the column 

to adjust the total loading volume to 2.5 mL. The first 2.5 mL of eluate from the column was 

discarded. Three and a half millilitres of more E-buffer was loaded onto the column and the 
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eluate was collected in a test tube as shown in Figure 3.6. For each sample, the column 

extraction was carried out in duplicate. Initial trials were carried out to determine the volume 

of eluate to collect to ensure all that all excess iron was flushed from the protein sample.  

 

 

Figure 3.6 A Sephadex™ G-25 column set-up for protein extraction. 

 

 

Figure 3.7 Eluate (3.5 mL) collected after each extraction and was red in colour. 
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Eluate collection 

From each extraction, 3.5 mL eluate was collected into a 25 mL test tube as shown in Figure 

3.7. Each eluate was divided into two parts for two further analyses: one part of eluate was 

subject to Bradford to determine the protein content, and the other to MP-AES to determine 

the Fe content.  

 

By combining the results from Bradford and MP-AES, the ratio of the Fe bound to protein can 

be calculated for each sample. 

 

To simplify the understanding of this column extraction method, a flow chart outlining the 

process is provided in Figure 3.8. 

 

 

Figure 3.8 Illustration of a complete Sephadex™ G-25 column extraction process. E-buffer 

(blue) was loaded to equilibrate the column and Solution C (orange) was added to separate 

the protein. 3.5 mL eluate was finally collected in a test tube and was divided into two parts 

for further analysis. 
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3.10.4 Column washing and regenerating 

 

At least two column volumes (about 20 mL) of Solution B was used to wash the column. Waste 

flowthroughs were discarded. However, to make sure the column was able to be reused, which 

means there should not be any remaining Fe trapped in the column after each purification. 

 

To verify this, further analysis was carried. A commercial free iron detection test kit (IC-

HI3834, Hanna Instruments, USA) was used, it works by using the phenanthroline method to 

measure total iron in the medium range of 0-5 mg/L. The phenanthroline complexes with the 

Fe2+ in presence of the solution and a form a coloured complex with λmax = 510 nm (Yegorov 

et al., 1993). Briefly, all potential ferric ions are reduced by sodium sulphite to ferrous ions, 

phenanthroline complexes with ferrous ion can form an orange-coloured solution. The colour 

intensity of the solution determines the iron concentration of the sample. 

 

Verification of the column washing flowthroughs 

The column was washed five times, therefore five flowthroughs (5 mL per wash) were 

collected in separate test tubes to be analysed. To the first 5 mL Solution B flowthrough, half 

packet of reagent HI3834 was added and after mixing the solution showed a red colour, this 

was repeated until to the fifth of the Solution B flowthrough, the solution was clear (Figure 

3.9).  

 

Figure 3.9 Colour change of the 1st Solution B washing (left) and 5th Solution B washing 

(right). 
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Spectroscopy verification 

From comparison with the standard colours provided with the kit after the fifth time of washing, 

there was no more iron in the column. However, to verify this, the first Solution B flowthrough 

was scanned from 400-700 nm (UV-1700, Shimadzu, Japan) to identify its peak and matching 

wavelength. It was found to be 511 nm, which agree to the absorption of wavelength of ferrous 

phenanthroline complexes (510 nm). 

 

Flowthroughs from the first to fifth times of washing were measured for absorbance against 

511 nm (UV-1700, Shimadzu, Japan), results are shown in Figure 3.10. 

 

 

Figure 3.10 Change of iron content in the Solution B washings from the first to the fifth time. 

 

Figure 3.10 shows that the iron content decreases as more washing was carried out, and after 

the fifth washing, there was no more iron detected. The columns were proved to be able to be 

regenerated and reused for more extractions. 

 

 

Used columns were stored at 4 ± 3°C in 0.02% sodium azide (NaN3) (ACS Reagent, Sigma-

Aldrich, USA) and can be used again once equilibrated as described in Section 3.10.3. 

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

1st washing 2nd washing 3rd washing 4th washing 5th washing

A
b
so

rb
an

ce
 

Times of washing



58 
 

3.10.5 Protein content determination by Bradford method 

 

The Bradford method was used to quantify the protein concentration in the eluates (Bradford, 

1976). Two hundred millilitres of commercial Bradford dye reagent (Sigma-Aldrich, USA) 

was transferred to a Schott bottle to avoid contamination when used, the bottle was covered 

carefully with foil to avoid light. Lyophilised bovine lactoferrin ( 85%, Sigma-Aldrich, USA) 

was used as the protein standard. 

 

Bradford standard curve preparation 

Seven concentrations of lyophilised bovine lactoferrin standards were prepared: 0.125, 0.25, 

0.5, 0.75, 1, 1.25 and 1.5 mg/mL (w/v).  The protein eluates collected from column extraction 

were thawed and diluted before analysis. Eluates from colostrum powder or liquid colostrum 

samples were diluted ten times by adding 100 µL eluate to 900 µL Milli-Q® H2O. The eluates 

of from lactoferrin powder or liquid lactoferrin samples were diluted forty times (lactoferrin 

samples have more concentrated protein hence diluted more than colostrum samples) by adding 

100 µL of eluate to 3.9 mL of Milli-Q® H2O. Standard curve for Bradford is presented in 

Appendix 3. 

 

Measurement procedure 

Five millilitres of the Bradford dye reagent was added to a 15 mL test tube. Then 100 µL of 

diluted sample eluate was added and mixed immediately by vortexing (ZX3 Vortex mixer, 

VELP Scientifica, Italy), then incubated at 20 ± 2°C for 5 min. After incubation, approximately 

1.5 mL solution was transferred to cuvettes (Semi-micro cuvette, Fisher Scientific, New 

Zealand) and the absorbance was measured at 595 nm (UV-1700, Shimadzu, Japan). Five 

millilitres of Bradford dye reagent and 100 µL Milli-Q® H2O was used as a blank. The 

determined protein content of colostrum and lactoferrin eluates can be found in Appendix 4. 

 

3.10.6 Sample iron content determination 

 

The iron concentration in the sample eluates was analysed using Microwave Plasma Atomic 

Emission Spectroscopy (MP-AES) (4200 MP-AES, Agilent Technologies, USA). 

 

Fe standard curve preparation 
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A Fe standard curve (Appendix 5) was prepared using a Fe standard of 1000 µg/L, in 5% HNO3 

(ICP-OES standards, single element, 7782-61-8, Agilent Technologies, USA). The 1000 µg/L 

Fe standard was diluted to five different concentrations from 0–0.8 mg/L (w/v). Each standard 

and sample was loaded once and measured by MP-AES in twenty replicates. 

 

Sample digestion 

Approximately 0.96 g of liquid sample eluates or 0.2 g of standard skim milk powder (ERM®-

BD151, European Reference Materials, Belgium) was accurately weighed into each digestion 

tube and the weight was recorded.  

 

To the solid powder sample, 3 mL Milli-Q® H2O was added. To the liquid sample, 2 mL Milli-

Q® H2O was added. Then 4 mL 68% (w/w) nitric acid (Thermo Fisher Scientific, MA, USA) 

was added to each tube, the digestion vessel was then closed and transferred to the microwave 

reaction system (Multiwave 5000, Anton Paar, New Zealand). Samples were heated from 

ambient temperature to 190°C within 15 min, held at 190°C for 20 min and cooled to 65°C 

within 29 min. After the digestion process, the rotor was carefully removed from the 

microwave reaction system. Nitrogen dioxide gases were carefully released from each 

digestion tube, and then the vessel caps were removed. The digested samples were transferred 

to 30 mL beakers from the digestion tubes first. Then all the digests were transferred to a 25 

mL volumetric flask and diluted with Milli-Q® H2O to 25 mL. 

 

Titration for Fe concentration determination 

One mL of the digest was pipetted into a 250 mL conical flask, diluted with 50 mL Milli-Q® 

H2O. Then a few drops of 0.5% w/v bromothymol blue (ACS Reagent, Dye Content  95%, 

Sigma-Aldrich, USA) was added to determine the endpoint. The solution was titrated with 

0.1961M NaOH until the colour changed from yellow to blue. Equation 3.6 was used to 

calculate the concentration of nitric acid: 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑛𝑖𝑡𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 (
𝑚𝑜𝑙

𝐿
) = 

𝐶𝑁𝑎𝑂𝐻∗𝑉𝑁𝑎𝑂𝐻

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
                                             (3.6) 

Where: 

CNaOH: Concentration of NaOH used in the titration (0.1961 M) 

VNaOH: Volume of NaOH used to titrate the sample (L) 

Vsample: Volume of sample transferred into the conical flask (L) 
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Equation 3.7 was used to calculate total mass of Fe present in the eluates: 

Mass of Fe = (
𝑚𝑔 𝐹𝑒

𝑔 𝑆𝑎𝑚𝑝𝑙𝑒
) = [

𝑚𝑔
𝐹𝑒

𝐿
 (𝑓𝑟𝑜𝑚 𝑠𝑡𝑑 𝑐𝑢𝑟𝑣𝑒)

1000
] ∗ 𝐷 * V                                      (3.7) 

Where: 

D: Digest times after dilution of the digest 

𝑉: Further diluted volume (mL)  

 

MP-AES measurement validation 

The MP-AES method is validated by comparing the determined iron content of the standard 

skim milk powder (ERM®-BD151, European Reference Materials, Belgium) with the product 

certificate of analysis (European Commission, Joint Research Centre, Consumers and 

Reference Materials, Belgium) (Appendix 6). 

 

3.11 DPPH antioxidant ability 

 

The antioxidant ability of lactoferrin and colostrum samples was evaluated by the radical 

scavenging method in a citrate-phosphate buffer system. DPPH 2,2′-Diphenyl-1-

picrylhydrazyl (DPPH) is a stable free radical appearing purple and has a maximum absorption 

at 515 nm. The DPPH assay has been widely used to determine the antioxidant ability of milk 

proteins (Chiang & Chang, 2005; Qureshi et al., 2020; Stobiecka et al., 2022). The method 

described by (Wang et al., 2017a) was used with modifications for this experiment where 96-

well microplates were used to carry out the analysis. 

 

3.11.1 Citrate-phosphate buffer preparation 

 

A citrate-phosphate buffer of pH 3 was prepared by mixing in the correct ratio of 0.1 M citric 

acid solution (Solution A) and 0.2 M di-sodium hydrogen phosphate dihydrate solution 

(Solution B) (Gomori, 1955). First, to prepare 100 mL solution A, 1.9212 g citric acid (Sigma-

Aldrich, Missouri, USA) was dissolved in Milli-Q® H2O in a 100 mL volumetric flask. Solution 

B was prepared by dissolving 3.56 g Na2HPO4·2H2O (Sigma-Aldrich, Missouri, USA) in Milli-

Q® H2O in a 100 mL volumetric flask to provide 0.2M di-sodium hydrogen phosphate 

dihydrate solution. To prepare pH 3 citrate-phosphate buffer, 39.8 mL of Solution A was mixed 

with 10.2 mL Solution B in a 100 mL volumetric flask and Milli-Q® H2O was added to achieve 
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a final volume of 100 mL. The pH of prepared citrate-phosphate buffer was verified to be 3.06 

at 18.7℃. 

 

3.11.2 Methanolic DPPH solution preparation 

 

A 2 mM DPPH in methanol solution was freshly prepared by dissolving 39.432 mg DPPH 

(Sigma-Aldrich, Missouri, USA) in methanol (Thermo Fisher Scientific, MA, USA) in a 50 

mL volumetric flask.  The flask was covered in aluminium foil to prevent photochemical 

decomposition as in the presence of light, molecular oxygen reacts slightly with DPPH causing 

its reduction (Egerton & Mattinson, 2007; Pitts et al., 1964). 

 

3.11.3 Sample stock solution preparation for DPPH assay 

 

For colostrum and lactoferrin powders, to make 20 mg/mL (w/v) sample stock solutions, 

approximately 500 mg of powder was accurately weighed and dissolved in Milli-Q® H2O in a 

25 mL volumetric flask and then transferred to 40 ml plastic containers. For each sample stock 

solution, a serial dilution was carried out by diluting the 20 mg/mL sample stock solution to 

produce seven different concentrations.  Seven 15 mL falcon tubes were labelled, one for each 

concentration: 15, 10, 7.5, 5, 2.5, 1.25 and 0.625 mg/mL (w/v).  

 

Dilution procedure 

Three millilitres of the original 20 mg/mL (w/v) stock solution was added to 1 mL Milli-Q® 

H2O in the first falcon tube to get 15 mg/mL (w/v) sample solution. Two millilitres of the 

original 20 mg/mL (w/v) stock solution was added to 2 mL Milli-Q® H2O in the second falcon 

tube to get 10 mg/mL (w/v) sample solution. Two millilitres of the 15 mg/mL (w/v) sample 

solution was added to 2 mL Milli-Q® H2O in the third falcon tube to get 7.5 mg/mL (w/v) 

sample solution. Two millilitres of the 10 mg/mL (w/v) sample solution was added to 2 mL 

Milli-Q® H2O in the fourth falcon tube to get 5 mg/mL (w/v) sample solution. Two millilitres 

of the 5 mg/mL (w/v) sample solution was added to 2 mL Milli-Q® H2O in the fifth falcon tube 

to get 2.5 mg/mL (w/v) sample solution. Two millilitres of the 2.5 mg/mL (w/v) sample 

solution was added to 2 mL Milli-Q® H2O in the sixth falcon tube to get 1.25 mg/mL (w/v) 

sample solution. Two millilitres of the 1.25 mg/mL (w/v) sample solution was added to 2 mL 

Milli-Q® H2O in the seventh falcon tube to get 0.625 mg/mL (w/v) sample solution. 
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For colostrum and lactoferrin raw liquid, samples were diluted with Milli-Q® H2O to 10, 20 

and 40 times in water. To prepared 10 times diluted colostrum or lactoferrin, 1 mL of the raw 

liquid was added to 9 mL Milli-Q® H2O in a 15 mL-falcon tube and mixed well. To prepare 20 

times diluted colostrum or lactoferrin, 2 mL of the 10 times diluted was added to 2 mL Milli-

Q® H2O in a 15 mL-falcon tube and mixed well. To prepare 40 times diluted colostrum or 

lactoferrin, 2 mL of the 20 times diluted was added to 2 mL Milli-Q® H2O in a 15 mL-falcon 

tube and mixed well. 

 

3.11.4 Sampling and measurement procedure 

 

Two 96-well plates (Nunc™ 96-Well, Fisher Scientific, USA) were used in this analysis. A 

12-channel auto pipette (10-100 µL, Eppendorf Research® Plus, Germany) was used to sample 

the plate. First, 265 µL of citrate-phosphate buffer (pH 3) was added to each well, then 20 µL 

H2O or sample in duplicate was added to the designated well. The reaction was initiated by 

adding 15 µL DPPH solution to each well. The plate was immediately loaded to the plate reader 

(Synergy 2, BioTek, Vermont, USA 05404) to read the absorbance at 515 nm (recorded as 

As1). Citrate-phosphate buffer (pH 3) was used as a control.  All plates were stored in the dark 

and read again after 2 h at 515 nm (recorded as As2). The radical scavenging ability was 

calculated as the percentage of loss of absorbance at 515 nm wavelength using Equation 3.8: 

 

 

𝑅𝑎𝑑𝑖𝑐𝑎𝑙 𝑆𝑐𝑎𝑛𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑏𝑖𝑙𝑖𝑡𝑦 % = [
𝐴𝑠1−𝐴𝑠2

𝐴𝑠1
−

𝐴𝑐1−𝐴𝑐2

𝐴𝑐1
] ∗ 100%                                    (3.8) 

 

Where: 

As1 and As2 are the absorbance of the sample at the beginning and after the 2-h incubation. 

Ac1 and Ac2 are the absorbances of the control at the beginning and after the 2-h incubation. 
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3.12 Antibacterial ability 

 

In this research, the standardised EUCAST disc diffusion method (Matuschek et al., 2014) was 

applied to evaluate the antimicrobial ability of lactoferrin and colostrum powder samples. The 

principle of this method is to place a sample-impregnated paper disc on agar previously 

inoculated with the tested microorganism, and the sample can diffuse radially from the disc 

into the agar medium. 

 

When tested samples having antimicrobial ability, a clear zone or ring of inhibition around the 

paper disc is formed. This method provided reliable qualitative results to visualize the 

antimicrobial susceptibility of lactoferrin and colostrum samples (Rivera et al., 2023). Two 

microorganisms selected to be tested on the lactoferrin and colostrum samples were 

Escherichia coli NCTC 8196 and Staphylococcus aureus NCTC 4163. 

 

Preparation of 5% (w/v) sample stock solutions 

Half a gram of sample powder was dissolved in Milli-Q® H2O and made up to 10 mL in a 

volumetric flask. Solutions were firstly mixed by a vortex mixer and left to hydrate well at 4℃ 

for about 10 h before use. 

 

Preparation of media and inoculum 

Mueller-Hinton (MH) agar (BD Difco, USA) was prepared according to the manufacturer’s 

instructions. Thirty-eight grams of MH agar powder was suspended in 1 L of distilled H2O, 

heated to 100 ± 2C to dissolve completely and then sterilized by autoclaving at 121°C for 15 

min. MH agar was then dispensed into Petri dishes and cooled down to 42-45°C, to achieve an 

even depth of 4.0 ± 0.5 mm. All plates were dried at 25°C in an incubator (Contherm, NZ) for 

about 8 h with lids partly ajar to evaporate the surface moisture.  

 

The inoculum suspension was prepared by selecting several morphologically similar colonies 

of E. coli NCTC8196 and S. aureus NCTC 4163 from overnight growth (16–24 h of incubation) 

on a non-selective medium with a sterile loop or a cotton swab and suspending the colonies in 

sterile saline (0.85% NaCl w/v in H2O) to the density of a McFarland 0.5 standard. 
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Inoculation of agar plates and paper discs application 

A sterile cotton swab was dipped into the inoculum suspension and the excess fluid was 

removed by pressing and turning the swab against the inside of the tube to avoid over-

inoculation of plates. Then the inoculum was spread evenly over the entire surface of the agar 

plate by moving the swab in three directions across the entire surface in a zigzag pattern. A 

swab was discarded after streaking three plates in a row and a new one was used for new plates. 

Five mm blank paper discs (BBL, USA) were used in this test. To each paper disc, 30 µL of 

the sample solution was pipetted onto the surface to wet the disc completely. On each plate, 

four discs were applied firmly on the agar surface within 15 min of inoculation. 

 

Measurement of inhibition zone diameters and interpretation of results 

After incubation, the inhibition zone diameters of a single sample on each plate were measured 

to the nearest millimetre with a calliper and photos were taken. The results were reported as 

the mean diameters of the inhibition zone from each sample. 

 

3.13 Statistical analysis 

 

All experiments in this study were carried out in at least duplicate. One-way analysis of 

variance (ANOVA) and followed by Tukey’s test was performed to analyse data in SPSS 

statistical software (Version 27, IBM Corporation, Armonk NY, USA) to determine the 

significant difference between mean values. Confidence intervals were 95.0%. P-values less 

than 0.05 were considered significant.  
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Chapter 4. Results and Discussion 

 

Results are presented and discussed in the same order of the methods described in Chapter 3. 

 

 

4.1 Proximate analysis of liquid colostrum and lactoferrin 

 

Proximate analysis of the liquid colostrum and lactoferrin starting material was completed in 

November 2022, by the Nutrition Laboratory, Massey University, Palmerston North, New 

Zealand. Moisture content, ash, crude protein, fat, carbohydrate and lactose were determined. 

Results are shown in Table 4.1. 

 

Table 4.1 Proximate analysis of bovine colostrum and bovine lactoferrin liquid. Results 

presented are means ± standard deviation (for colostrum n=2, for lactoferrin n=1). 

Ingredient 
Moisture

% 

Ash 

 % 
 

Crude 

Protein % 

Fat 

% 

Carbohydrate 

% 

Lactose 

g/100 g 

Colostrum 73.0 ± 0.1  1.0 ± 0.1 18.0 ± 0.1 4.9 ± 0.1 3.1 ± 0.1 2.4 ± 0.1 

Lactoferrin 82.9 0.1 16.4 0.2 0.4 ND 

ND: Not detected 

 

The lactoferrin had a total solids content of 17.1%, with 96% of this being protein, as it was 

purified from skim milk. In comparison, the colostrum had a moisture content of 73% and a 

total solids content of 27%, whereas mature milk typically has about 12.9% total solids 

(Playford & Weiser, 2021). 
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4.2 Freeze, spray and electrostatic spray drying results 

 

4.2.1 Drying recovery yields 

 
Drying yields of freeze, spray and electrostatic spray dried colostrum or lactoferrin were 

calculated as the mass of powder recovered by the original mass of total solids in the feed 

material (refer to Section 3.5). Results are reported in Table 4.2.  

 

Table 4.2 Drying Yields% (w/w) of freeze, spray and electrostatic spray dried powders. 

Results presented are means  standard deviation (n=1 or 2). 

Material Dried Powder 
Drying recovery yield  

% (w/w) 

Colostrum FCL 98* 

 SCL165 53  1 

 SCL180 59  1 

 ESCL75 60  2 

 ESCL150 63  3 

Lactoferrin FLF 98* 

 SLF165 46  1 

 SLF180 45  1 

 ESLF75 58  18 

 ESLF150 46  1 

*: Only one batch of drying was carried out (n=1) 

 

The yield was calculated as the powder recovered based on the original total solids in the feed 

material. Freeze dried powders were found to have the highest drying recovery yields of 98% 

(w/w). Spray dried powders, conversely, had relatively much lower yields with about 50% 

powder loss in each run. SLF180 was seen to have lowest yield of 45  1% (w/w) among the 

three different drying methods used. This low production yield can be common with 

conventional spray drying at the pilot plant scale (Garimano et al., 2021) obtained spray dried 

colostrum powders with an average yield about 25% (w/w), Rodrigues et al.  (2020) obtained 

spray dried milk powders with a yield of approximately 50% (w/w), and (de Oliveira et al., 

2021) obtained spray dried goat milk powder with yields ranging from 41 to 62% (w/w). In 

spray drying, the losses of materials can be attributed to the great loss of the product sticking 
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to the drying chamber inner walls (Salama, 2020). In a commercial spray drying operation the 

yield is typically considerably higher. 

 

4.2.2 Powder moisture content 

 

The moisture content of freeze, spray, and electrostatic spray dried powders, for colostrum and 

lactoferrin were measured as described in Section 3.7.1 and the results are shown in Tables 4.3 

and 4.4, respectively. 

 

Table 4.3 Moisture content% (w/w) of freeze, spray and electrostatic spray dried 

colostrum powders. Different superscript letters (a, b, c) indicate significant difference 

across the different moisture contents of each powder. Results presented are means  

standard deviation (n=2 or 4). 

Dried Powder Moisture Content1% (w/w) 

FCL  2.6 ± 0.1αb 

SCL165 4.4 ± 0.1c 

SCL180 4.0 ± 0.0c 

ESCL75 3.5 ± 0.7c 

ESCL150 1.4 ± 0.1a 

α: Only duplicates were carried out (n=2) 
1: When standard error is 0.0, it is rounded to 0.1. 

 

Table 4.4 Moisture content% (w/w) of freeze, spray and electrostatic spray dried 

lactoferrin powders. Different superscript letters (a, b, c, d) indicate significant 

difference across the different moisture contents of each powder. Results presented are 

means  standard deviation (n=2 or 4). 

Dried Powder Moisture Content1% (w/w) 

FLF  1.3 ± 0.1αa 

SLF165 4.2 ± 0.1d 

SLF180 3.1 ± 0.3c 

ESLF75 4.1 ± 0.1d 

ESLF150 2.3 ± 0.1b 

α: Only duplicates were carried out (n=2) 
1: When standard error is 0.0, it is rounded to 0.1. 
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All powder samples recovered from different drying methods had a moisture content less than 

4.5% (w/w). Of all tested, freeze dried lactoferrin showed the lowest moisture content at 1.3 ± 

0.1%, closely followed by ESCL150 with 1.4 ± 0.1%. Meanwhile, the moisture content of 

samples SCL165, SLF165, ESLF75, and SCL180 was similar, averaging around 4%. 

 

4.2.3 Powder water activity 

 

The water activity (Aw) of freeze, spray, and electrostatic spray dried colostrum and lactoferrin 

powders were measured using a water activity meter as described in 3.7.2 and results are shown 

in Tables 4.5 and 4.6, respectively. 

 

Table 4.5 Water activity of freeze, spray and electrostatic spray dried colostrum 

powders. Different superscript letters (a, b, c) indicate significant difference across the 

different water activity of each powder. Results presented are means  standard error 

(n=4). 

Dried Powder Water Activity1 
 

FCL 0.06 ± 0.01a 

SCL165 0.20 ± 0.01bc 

SCL180 0.19 ± 0.01bc 

ESCL75 0.26 ± 0.01c 

ESCL150 0.12 ± 0.01ab 

1: When standard error is 0.00, it is rounded to 0.01. 

 

 

Table 4.6 Water activity of freeze, spray and electrostatic spray dried lactoferrin 

powders. Different superscript letters (a, b, c) indicate significant difference across the 

different water activity of each powder. Results presented are means  standard error 

(n=4). 

Dried Powder Water Activity1  

FLF 0.05 ± 0.01a 

SLF165 0.13 ± 0.01b 

SLF180 0.10 ± 0.01b 

ESLF75 0.19 ± 0.01c 

ESLF150 0.12 ± 0.01b 

1: When standard error is 0.00, it is rounded to 0.01. 



69 
 

All the powders analysed in this assay had a water activity below 0.35. Freeze dried colostrum 

and lactoferrin showed the lowest water activity, approximately 0.05. In contrast, colostrum 

and lactoferrin electrostatic spray dried at 75℃ had the highest water activity, with values of 

0.26 ± 0.01 and 0.19 ± 0.01, respectively, compared to their counterparts. Notably, colostrum 

samples were observed to have an overall higher water activity level than lactoferrin samples, 

this could be the bound crystallization water in the lactose of the colostrum powder (Reh et al., 

2004). 

 

4.3 Compositional analysis-Kjeldahl protein content 

 

The crude protein content of freeze, spray and electrostatic spray dried powders were 

determined by the Kjeldahl method as described in Section 3.6. Whole milk powder (WMP) 

(Anchor, Fonterra, New Zealand) was used as a control sample that had a true protein value of 

24.36% (w/w). Results are shown in Table 4.7. 

 

Table 4.7 Crude Protein Content% (w/w) of freeze, spray and electrostatic spray dried 

powders. Results presented are means ± standard deviation (n=2 or 4). 

Material Dried Powder Crude Protein Content% (w/w) 

Colostrum FCL 55 ± 0.1α 

 SCL165 63 ± 0.8 

 SCL180 61 ± 0.0 

 ESCL75 61 ± 0.4 

 ESCL150 60 ± 0.4 

Lactoferrin FLF 96 ± 0.1α 

 SLF165 95 ± 0.2 

 SLF180 95 ± 0.2 

 ESLF75 96 ± 0.3 

 ESLF150 95 ± 0.4 
α: Only replicates were carried out (n=2)  

 

Kjeldahl results showed that dried colostrum powders had a crude protein content of 

approximately 60% (w/w), and lactoferrin powders had a crude protein of 95% (w/w), both 

values agree with the protein content (by the total solids) from the proximate analysis results 

in Section 4.1.  
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4.4 Physicochemical characterisation 

 

4.4.1 Solubility 

 

Solubility is an important feature in judging the physical characteristics of milk powder. 

Dissolution of powdered ingredients is particularly important to manufacturers and consumers 

as a benchmark of quality (Fang et al., 2008). The solubility of milk powder is affected by the 

degree of heating in the drying process (Baldwin & Truong, 2007). Solubility results of 

colostrum and lactoferrin powders are shown in Tables 4.8 and 4.9, respectively. 

 

Table 4.8 Solubility% (w/w) of colostrum powders at 23 ± 1℃. Different superscript 

letters (a, b) indicate significant difference across the different solubility of each powder. 

Results presented are means ± standard deviation (n=2). 

Dried Powder Solubility% (w/w)  

FCL 72 ± 0.4a 

SCL165 88 ± 1.0b 

SCL180 85 ± 2.0b 

ESCL75 88 ± 2.0b 

ESCL150 87 ± 1.0b 

 

 

Table 4.9 Solubility% (w/w) of lactoferrin powders at 23 ± 1℃. Different superscript 

letters (a, b, c) indicate significant difference across the different solubility of each 

powder.  Results presented are means ± standard deviation (n=2). 

Dried Powder Solubility% (w/w)  

FLF 73 ± 4.0a 

SLF165 93 ± 1.0c 

SLF180  81 ± 1.0ab 

ESLF75  86 ± 1.0bc 

ESLF150 82 ± 0.4b 

 

All tested samples exhibited a solubility in water exceeding 70% at 23 ± 1°C. Freeze dried 

colostrum and lactoferrin had the lowest solubility, around 72% (w/w). Freeze drying typically 
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results in a lower water content and water activity when compared to spray drying. This is then 

reflected in the lower solubility values of the freeze dried powders. Colostrum and lactoferrin 

spray dried at 165°C demonstrated better solubility compared to those dried at 180°C. Overall, 

colostrum and lactoferrin subjected to electrostatic spray drying at 75°C had better solubility 

compared to those dried at 150°C. Poor solubility may be attributed to high drying temperature. 

Fang et al. (2012) found that the solubility of milk protein concentrate (MPC) deteriorated with 

increasing drying temperature. Felfoul et al.  (2022) reported that the solubility of spray dried 

skim dromedary milk (camel milk) increased significantly when dried at higher temperature, 

oppositely, the solubility of spray dried bovine milk decreased when dried at higher 

temperature. 

 

4.4.2 Particle size distribution 

 

Particle size distribution and the volumetric median particle size Dv50 were determined with a 

Mastersizer (Malvern, USA) using dry and wet methods as described in Section 3.7.4. Particle 

size distributions of the colostrum and lactoferrin powders measured by the dry method are 

shown in Figures 4.1 and 4.2, respectively.  

 

The colostrum dried by electrostatic drying was not measured using the dry method. The 

colostrum and lactoferrin powders freeze dried were not measured as explained in Section 

3.7.4. The particle size distribution is reported as a volume distribution, which is based on the 

volume occupied by the constituent particles.  

 

The Dv50 value signifies that 50% of tested colostrum and lactoferrin samples are below this 

diameter, with the results from both the wet and dry methods presented in Tables 4.10 and 

4.11, separately. 
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Figure 4.1 Particle size distribution of (a) colostrum powders (b) lactoferrin powders using 

the dry method (mean values were used to plot, n=2). 
 

 

 

 

 

 

 

Figure 4.2 Particle distribution of (c) colostrum powders and (d) lactoferrin powders using 

the wet method. Powders were dispersed in isopropanol at 2% (w/v) (mean values were used 

to plot, n=2). 

 

(b) (a) 

(c) (d) 
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Table 4.10 Volumetric median particle size (Dv50) of tested colostrum powders. 

Different superscript letters (a, b) indicate significant difference across the particle size 

of each powder. Results presented are means ± standard deviation (n=2). 

Colostrum Powder 
Dv501 by Dry Method 

(m) 

Dv50 by Wet Method 

(m) 

SCL165 6.7 ± 0.2 5.3 ± 0.2a 

SCL180 6.4 ± 0.2 5.2 ± 0.1a 

ESCL75 - 7.9 ± 0.1b 

ESCL150 - 7.2 ± 0.2b 

1: When standard error is 0.0, it is rounded to 0.1. 

 

 

Table 4.11 Volumetric median particle size (Dv50) of tested lactoferrin powders. 

Different superscript letters (a, b, c) indicate significant difference across the particle 

size of each powder. Results presented are means ± standard deviation (n=2). 

Lactoferrin Powder 
Dv501 by Dry Method  

(m) 

Dv501 by Wet Method 

(m) 

SLF165 5.0 ± 0.1a 5.4 ± 0.4a 

SLF180 4.6 ± 0.1a 5.5 ± 0.1a 

ESLF75 7.3 ± 0.2c 8.3 ± 0.7ab 

ESLF150 5.8 ± 0.1b 6.6 ± 0.1b 

1: When standard error is 0.0, it is rounded to 0.1. 

 

The volumetric median particle size (Dv50) of electrostatic spray dried colostrum and 

lactoferrin were found to be larger than spray dried powders. It can be observed from the results 

that the particle size decreased as the drying temperature increased. The wet method tested 

sample ESCL75 had a particle size of 7.9 µm, and sample ESCL150 showed a reduced particle 

size of 7.2 µm, they were found not to be significantly different (p˃0.05). This trend is more 

obvious with the electrostatic spray dried lactoferrin powders. The dry method tested ESLF75 

had a particle size of 7.3 µm, significantly larger than that of ESLF150 (p˂0.05) (5.8 µm). 

From the wet method, the particle size of ESLF75 was 8.3 µm whereas ESLF150 had a smaller 

particle size of 6.6 µm (p ˃0.05). Toro-Sierra et al. (2013) found that the particle size of spray 



74 
 

dried whey proteins was not influenced by the drying temperatures. Wang et al. (2017a) 

reported different outlet drying temperatures had no significant effect on the particle size of 

lactoferrin. 

 

 

 

4.4.3 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR spectra can provide information about protein secondary structure. FTIR spectra were 

generated as per the method described in Section 3.7.5. Colostrum and lactoferrin spectra are 

shown in Figures 4.3 and 4.4, respectively.  

 

Amide I band (1700-1600 cm-1) is the most sensitive spectral region in the protein secondary 

structure because approximately 80% of the protein’s secondary structures vibrations are due 

to C=O stretch. In the amide I region, each type of secondary structure gives rise to a different 

C=O stretching frequency due to the unique molecular geometry and hydrogen bonding pattern 

(Schulz et al., 1979).  Amide I components are important in detrmining the potential secondary 

structure changes and provides informtion on carbonyl stretching vibrations, and amide II 

components arise from NH bond vibrations (Kong & Yu, 2007). From the average assignment 

of amide I band positions (Barth, 2007), a-helix is observed between an average at 1654 cm-1, 

b-sheet was observed at 1633 cm-1, turns are observed at 1672 cm-1. These band positions are 

circled and labeled in the enlargement of the amide I region (Figures 4.5 and 4.6, respectively). 
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Figure 4.3 FTIR spectra of colostrum powders. 

 
 

 

 
 

Figure 4.4 FTIR spectra of lactoferrin powders. 
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Figure 4.5 Enlarged FTIR amide I region of colostrum samples secondary derivative 

spectrum. 

 
 

 
 

Figure 4.6 Enlarged FTIR amide I region of colostrum samples secondary derivative 

spectrum. 
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It can be seen in Figure 4.3 that ESCL75 and ESCL150 have a lower intensity in the amide I 

and II regions, whereas SCL165 and SCL180 had higher intensities, indicating that samples 

ESCL75 and ESCL150 retained most of the band structures in the amide I and II regions. 

However SCL165 and SCL180 may have had more protein unfolding accuring due to protein 

denaturation during the high temperature drying process. Figure 4.4 shows that FLF had the 

weakest absorbance at the amide I and II regions and likely retained more secondary structure 

than the other samples. Other spray dried and electrostatic spray dried lactoferrin powder 

showed similar vibrations at the amide I and II regions, suggesting that they had retained nearly 

the same amount of band structures. Specifically, in the enlarged amide I region, Figure 4.5 

showed that sample SCL165, SCL180 and FCL had similar absorbance at 1654 and 1672 cm-1 

wavenumber, higher than that of ESCL75 and ESCL150, indicating that sample SCL165, 

SCL180 and FCL encountered more unfolding in the a-helix and in the turns. This was slightly 

different at 1633 cm-1 wavenumber where SCL165 and SCL180 had similar intensity but it was 

higher than FCL, ESCL75 and ESCL150 which were found to have the lowest intensity at 1633 

cm-1 wavenumber, suggesting that they had the least unfolding of the b-sheet structure. Figure 

4.6 showed that all lactoferrin samples had similar absorption peaks in the a-helix and turns 

area, however, the b-sheet peak of FLF shifted down indicating FLF retained more b-sheet 

structure than other samples.  
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4.5 Bioactivity of lactoferrin and IgG protein 

 

4.5.1 Enzyme-linked immunosorbent assay (ELISA) 

 

Enzyme-linked immunosorbent assay (ELISA) uses the catalytic properties of enzymes to 

detect and quantify immunological reactions in biological systems. It can be used to detect 

antigens that are present in very small quantities in a fluid sample (Stephanie et al., 2013). This 

is because at a very low concentration, it is unlikely that an antibody can bind to a molecule 

other than its own antigen (Bethyl-E11-126/ Bethyl-E11-118 User Manual, Bethyl Laboratories, 

USA). 

 

The ELISA kits used in this research are based on the sandwich ELISA, that the antigens are 

sandwiched between two layers of antibodies (capture and detection antibodies) (Sakamoto et 

al., 2018). The bovine lactoferrin or IgG proteins tested are captured by anti-bovine lactoferrin 

or anti-bovine IgG antibodies that have been pre-adsorbed on the surface of the microtiter 

wells. Any unbound antigens are washed off following repeated incubation and washing. Then 

a streptavidin-conjugated horseradish peroxidase (SA-HRP) is added to catalyze a colorimetric 

reaction with the chromogenic substrate TMB (3,3’,5,5’-tetramethylbenzidine). The 

colorimetric reaction produces a blue colour and it turns yellow when the reaction is terminated 

by the addition of sulphuric acid. The absorbance of the yellow product at 450 nm is 

proportional to the amount of lactoferrin or IgG analyte present in the samples. 

 

The amount of lactoferrin and IgG in their active form were quantified from ELISA tests. By 

comparing the protein amount determined by ELISA, it was then possible to determine the 

amount of lactoferrin or IgG protein undenatured by the drying methods tested. If the drying 

methods damaged the proteins, then the results from ELISA will provide this information.   

 

ELISA standard curves for bovine IgG and lactoferrin were produced with the standards 

supplied within the lactoferrin and IgG ELISA kits (replicated standard curves are presented in 

Appendix 1 and 2, respectively). The procedure followed was outlined in Section 3.8. Spray 

and electrostatic spray dried colostrum and lactoferrin powders were produced in duplicates 

and tested in triplicates, but freeze dried colostrum and lactoferrin powders were produced in 

one batch, tested in triplicates. Results are presented as mg (active lactoferrin or IgG) / g 

(powder) based on dry weight.  
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The results for the IgG protein in colostrum and lactoferrin powders are presented in Figures 

4.7 and 4.8. 

 

Figure 4.7 Concentration of IgG in colostrum powder samples (mg active IgG/g powder 

(based on dry weight)) (means ± standard error, n=5 to 10). 

 

 

 

Figure 4.8 Concentration of IgG in lactoferrin powder samples (mg active IgG/g powder 

(based on dry weight)) (means ± standard error, n=5 to 12). 
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The ELISA results for the amount of lactoferrin protein in colostrum and lactoferrin powders 

is presented in Figures 4.9 and 4.10. 

 
 

Figure 4.9 Concentration of lactoferrin in colostrum powder samples (mg active LF/g powder 

(based on dry weight)) (means ± standard error, n=3 to 6). 

 

 

Figure 4.10 Concentration of lactoferrin in lactoferrin powder samples (mg active LF/g 

powder (based on dry weight) (means ± standard error, n=3 to 6). 
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Two commercial freeze dried lactoferrin powders (HG28, CG17) were also analysed for IgG 

and lactoferrin content. HG28 had an active IgG content of 15 ± 1 mg/g of powder (n=2) and 

an active lactoferrin content of 844 ± 16 mg/g of powder (n=2). CG17 had an active IgG content 

of 14 ± 1 mg/g of powder (n=2) and an active lactoferrin content of 926 ± 69 mg/g of powder 

(n=2). 

 

Figure 4.7 showed that freeze dried colostrum had an active IgG protein content of 343 ± 53 

mg/gram of powder.  SCL165 and SCL180 had an active IgG protein content of 390 ± 25 and 

358 ± 32 mg/g of powder, respectively. The ESCL75 electrostatic spray dried colostrum 

powder had an active IgG protein content of 376 ± 38 mg/g of powder, while that for ESCL150 

colostrum powder was 429 ± 29 mg/g of powder. ANOVA analysis showed no significant 

difference between all values (p>0.05). Figure 4.8 showed that all lactoferrin powders had 

comparable active IgG protein content of approximately 14 mg/g of powder. These values were 

small compared with both the active IgG protein values in the colostrum samples and the 

corresponding active lactoferrin content in the lactoferrin samples.  

 

Figure 4.9 showed that freeze dried colostrum had a significantly higher active lactoferrin 

content of 10 ± 2mg/g of powder (p<0.05), followed by sample ESCL75 and ESCL150 with 

approximately 6 and 5mg/g of powder, respectively. These results indicated that freeze dried 

colostrum preserved the highest amount of active lactoferrin protein during the drying process. 

In contrast, SCL165 and SCL180 retained the least amount of active lactoferrin content, with 

only about 2mg/g of powder. Figure 4.10 showed that FLF, SLF165, SLF180 and ESLF75 

have a similar active lactoferrin content, each approximately 800mg/g of powder, with no 

significant difference from each other (p>0.05). Sample ESLF150 showed a significant higher 

(p<0.05) active lactoferrin content at about 1000mg/g of powder suggesting it retained near 

full amount of lactoferrin protein after drying. 
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4.5.2 Iron binding ability by relative colorimetric method 

 

This method compares the relative iron binding capacity of spray dried powder with freeze 

dried powder assuming freeze drying results in minimal denaturation of lactoferrin protein and 

therefore does not affect its iron binding capability. The method used was based on the method 

of (Kawakami et al., 1992) as described in Section 3.9. Results are reported as the percentage 

of iron binding ability for spray and electrostatic spray dried samples compared to freeze dried 

sample as a control. The iron binding ability results for colostrum and lactoferrin are shown in 

Figures 4.11 and 4.12, respectively. 

 
 

Figure 4.11 The relative iron binding ability of colostrum powders compared to freeze dried 

colostrum  powder. Based on the method of (Kawakami et al., 1992) (means ± standard 

deviation , n=2). 
 

 
 

Figure 4.12 The relative iron binding ability of lactoferrin powders compared to freeze dried 

lactoferrin powder. Based on the method of (Kawakami et al., 1992) (means ± standard 

deviation , n=2). 
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Two commercial freeze dried lactoferrin powders (HG28, CG17) were also analysed for iron 

binding ability using the colorimetric method described above. HG28 had an iron-binding 

ability of 82 ± 1% (n=2). CG17 had an iron-binding ability of 110 ± 1% (n=2). 

 

Figure 4.11 showed that spray dried colostrum powders had an iron binding ability of 

approximnately 70% of the control. ESCL150 and ESCL75 had an iron binding ability of 90 ± 

3 and 100 ± 3%, respectively, compared to the control. These results indicated that spray drying 

diminished the iron binding ability of colostrum, whereas electrostatic spray drying on the other 

hand, retained it much better and was significantly higher (p<0.05). Figure 4.12 showed that 

the iron binding ability of spray and electrostatic spray dried lactoferrin powders were all above 

100%, suggesting that they have higher iron binding capacity then the freeze dried control 

sample. SLF180 had an iron binding ability of 103 ± 1%, which was significantly lower than 

others (p<0.05). SLF165, ESLF75 and ESLF150 had comparable iron binding ability of 

approximately 115% compared to the freeze dried control. This may be due to less lactoferrin 

protein degradation during the low temperature drying process, therefore more iron was bound 

to the lactoferrin protein. 

 

4.5.3 Iron-binding ability by MP-AES method 

 

A modified four-step method to quantify the ratio of iron bound to lactoferrin protein was 

carried out based on Morel et al. (2022) in Section 3.10. The iron saturated lactoferrin protein 

was eluted out of a Sephadex™ G-25 desalting column (PD-10, Cytiva, New Zealand) and 

the eluate was subject to, firstly Bradford test for the concentration of protein, secondly MP-

AES for the concentration of the iron. Therefore, a ratio of iron bound to protein was able to 

be determined. The Bradford method (Bradford, 1976) was used to determine the protein 

content in the lactoferrin and colostrum eluates collected from column separation, using a 

commercial lyophilised bovine lactoferrin standard ( 85%, Sigma-Aldrich, USA) as 

described in Section 3.10.5.  

 

The Bradford assay standard curve is presented in Appendix 3 and the calculated protein 

content of colostrum and lactoferrin eluates were shown in Appendix 4. The MP-AES Fe 

concentration standard curve is presented in Appendix 5. The MP-AES method was validated 

by comparing determined iron content of the standard skim milk powder (ERM®-BD151, 

European Reference Materials, Belgium) with the product Certificate of Analysis (Appendix 
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6). The iron content of the standard skim milk powder was determined to be 46.6 ± 0.5 mg 

Fe/kg skim milk powder (means ± standard deviation, n=2), while the iron content provided 

from the product Certificate of Analysis (Appendix 6) was 53 mg Fe/kg skim milk powder 

(European Commission, Joint Research Centre, Consumers and Reference Materials, 

Belgium). Thus, the iron concentration in the standard skim milk powder (ERM®-BD151) 

measured by the MP-AES method agreed with the concentration reported on the product 

specification. The final iron binding results of colostrum and lactoferrin powders were 

reported as moles Fe per mole of protein (Table 4.12 and 4.13, respectively). 

 

Table 4.12 Iron binding ratio of proteins present in colostrum powders. Different 

superscript letters (a) indicate significant difference across the iron binding ability of 

each powder.  Results are presented as means ± standard deviation (n=20 or 40). 

Sample moles Fe/moles Protein 

FCL 3.26 ± 0.69 

SCL165 3.91 ± 0.19a 

SCL180 2.79 ± 1.15a 

ESCL75 4.32 ± 0.22a 

ESCL150 4.07 ± 0.15a 

*: Only one sample was tested, n=1 

 

 

Table 4.13 Iron binding ratio of proteins present in lactoferrin powders. Different 

superscript letters (a) indicate significant difference across the iron binding ability of 

each powder.  Results are presented as means ± standard deviation (n=20 or 40). 

Sample moles Fe/moles Protein 

FLF 1.28 ± 0.02 

SLF165 1.47 ± 0.19a 

SLF180 1.31 ± 0.05a 

ESLF75 1.47 ± 0.34a 

ESLF150 1.31 ± 0.01a 

*: Only one sample was tested, n=1 
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From Table 4.12, sample ESCL75 exhibited a high iron binding ratio of 4.32 ± 0.22, while 

ESCL150 had a slightly lower ratio of 4.07 ± 0.15. Both samples demonstrated better iron 

binding abilities compared to the other samples, though were not significantly higher (p>0.05). 

In contrast, SCL180 had the lowest iron binding ratio at 2.79 ± 1.15, similar to SCL165, which 

had a ratio of 3.91 ± 0.19. Freeze dried colostrum had an iron binding ratio of 3.26 ± 0.69. 

From Table 4.13, sample ESLF75 showed the highest iron binding ration of 1.47 ± 0.34, 

followed by SLF165 with a ratio of 1.47 ± 0.19. ESLF150 and SLF180 had very close results 

at approximately 1.30, all values were not significantly different to each other (p>0.05). Freeze 

dried lactoferrin was tested the lowest iron binding ratio of 1.28 ± 0.02. 

 

The observed decrease in iron binding capacity may be attributed to protein damage during 

high-temperature processing. Both electrostatic spray dried colostrum and lactoferrin exhibited 

better iron binding abilities compared to their respective others. Overall, colostrum powders 

demonstrated showed a better iron binding ability than lactoferrin. This could be related to 

other components in colostrum that also have affinity to iron. Previous studies have reported 

casein proteins present in milk also bind iron (Baumy et al., 1988; Delshadian et al., 2018; 

Kibangou et al., 2005). 
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4.6 Physicochemical properties 

4.6.1 DPPH antioxidant properties 

The antioxidant ability of colostrum and lactoferrin samples were determined as described in 

Section 3.11 based on DPPH radical scavenging ability in a citrate-phosphate buffer system. 

Samples were loaded on a 96-well plate and the absorbance read at 515 nm wavelength. Each 

sample was analysed in dupliacte. The DPPH radical scavenging ability was calculated as the 

percentage of loss of absorbance (Equation 3.8). The results obtained for colostrum and 

lactoferrin are shown in Figures 4.13 and 4.14, respectively. 

 

 

 

 

 

Figure 4.13 The DPPH free radical scavenging ability (%) of colostrum powders (means ± 

standard deviation, n=2). 
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Figure 4.14 The DPPH free radical scavenging ability (%) of lactoferrin powders (means ± 

standard deviation, n=2).  

 

For the raw materials, liquid colostrum and lactoferrin, they were diluted 10, 20 and 40 times 

and measured for the DPPH radical scavenging ability following the same procedure as for the 

powders. The results are presented in Figure 4.15. 

 

Figure 4.15 The DPPH free radical scavenging ability (%) of diluted colostrum and 

lactoferrin raw materials (means ± standard deviation, n=2). 
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Two commercial freeze dried lactoferrin powders (HG28, CG17) were also analysed for DPPH 

radical scavenging ability. HG28 had a DPPH radical scavenging ability of 40 ± 2%(n=3) at a 

concentration of 15 mg/mL. CG17 had an iron-binding ability of 35 ± 2% (n=3) at a 

concentration of 15 mg/mL. 

 

Figure 4.13 showed that the two electrostatic spray dried colostrum samples had very similar 

DPPH radical scavenging ability to the freeze dried colostrum and these values were greater 

than for the spray dried colostrum samples. ESCL75 had a DPPH radical scavenging ability of 

approximately 34% at a concentration of 15 mg/mL. FCL and SCL180 exhibited around 31% 

scavenging ability at the highest concentration tested (15 mg/mL), with ESCL150 a little lower 

at about 29%. SCL165 had a slightly higher scavenging ability than SCL180, both around 27% 

at 15 mg/mL, which was lower than other colostrum samples. From Figure 4.14, ESLF75 and 

ESLF150 displayed similar DPPH radical scavenging abilities of about 36%. Freeze dried 

lactoferrin showed a DPPH radical scavenging ability of around 33% at 15 mg/mL. Similar to 

colostrum samples, SCL165 and SCL180 showed lower DPPH radical scavenging ability at 

approximately 29% at the same concentration. Overall, the electrostatic spray dried powders 

exhibited slightly higher DPPH radical scavenging ability compared to all the other powders. 

 

Figure 4.15 showed that the raw liquid colostrum at ten- and twenty-times dilutions showed 

better DPPH radical scavenging ability than lactoferrin of approximately 35 and 29%, 

respectively, compared to lactoferrin with a result of 29 and 27%, respectively. Forty-times 

diluted colostrum and lactoferrin showed a similar DPPH radical scavenging ability of about 

22%. 
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4.7 Antimicrobial activity 

 

Antimicrobial activity was carried out using the disc diffusion method described in 3.12. Gram-

negative Escherichia coli NCTC 8196 and Gram-positive Staphylococcus aureus NCTC 4163 

were used in this test. Five millimetre blank paper discs (BBL, USA) were used in this test. 

Each petri dish contained two samples with each duplicate placed diagonally. The zones of 

inhibition were observed after an incubation period of 18 h at 37℃. Results of inhibition in 

Table 4.14 are presented as means and their standard deviations (n=2 to 5). Zone of potential 

inhibitions was shown in Figure 4.16-4.19. 

 

Table 4.14 Zone of diameters of colostrum and lactoferrin against bacterial species. 

Results are presented as means ± standard deviation (n=2 to 5). 

Sample (5% w/v) E. coli (mm) S. aureus (mm) 

LQCL 2.4 ± 0.1 (n=3) N 

FCL 2.7 ± 0.9 (n=5) N 

SCL165 2.3 ± 0.1 (n=2) 3.2 ± 0.1 (n=2) 

SCL180 2.9 ± 0.4 (n=5) 2.7 ± 0.1 (n=2) 

ESCL75 3.6 ± 0.1 (n=5) 4.3 ± 0.1 (n=2) 

ESCL150 2.2 ± 0.1 (n=4) N 

LQLF 3.5 ± 0.6 (n=3) 4.2 ± 1.1 (n=3) 

FLF 3.9 ± 0.1 (n=5) 3.9 ± 0.2 (n=5) 

SLF165 2.9 ± 0.1 (n=2) 3.8 ± 0.9 (n=2) 

SLF180 3.7 ± 0.6 (n=5) 3.6 ± 1.2 (n=5) 

ESLF75 3.6 ± 0.6 (n=5) 3.8 ± 0.9 (n=5) 

ESLF150 3.3 ± 0.6 (n=4) 3.5 ± 0.4 (n=4) 

Westland FLF HG28 3.7 ± 1.1 (n=2) N 

Westland FLF CG17 2.5 ± 0.1 (n=2) N 

N: No inhibition zone formed 
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Figure 4.16 Zone of inhibitions of colostrum samples against E. coli. 
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Figure 4.17 Zone of inhibitions of lactoferrin samples against E. coli. 
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Figure 4.18 Zone of inhibitions of colostrum samples against S. aureus. 
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Figure 4.19 Zone of inhibitions of lactoferrin samples against S. aureus. 
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Samples LQCL, FCL, SCL165 and SCL180 showed similar inhibition zones of approximately 

2.5 mm to E. coli. No inhibition zones to S. aureus were observed for samples LQCL and FCL. 

ESCL75 had an inhibition zone of approximately 4 mm to both bacteria. ESCL150 had an 

approximately 2 mm inhibition zone to E. coli while nothing was observed to S. aureus. LQLF 

had an inhibition zone of 3.5 ± 0.6 and 4.2 ± 1.1 mm with E. coli and S. aureus, respectively.  

FLF had similar inhibition zones of 3.9 ± 0.1 and 3.9 ± 0.2 mm to both bacteria. SLF165, 

SLF180, ESLF75 and ESLF150 all observed similar inhibition zones in the range of 3 to 4 mm 

to E. coli and S. aureus, respectively. Two commercial freeze dried lactoferrin powders (HG28, 

CG17) were observed to have no inhibition zone to S. aureus. HG28 and CG17 had an 

inhibition zone of 3.7 ± 1.1 and 2.5 ± 0.1 mm to E. coli, respectively (Appendix 7). 

 

Overall, lactoferrin samples were observed to have larger inhibition zones than colostrum 

samples to both bacteria. Moreover, colostrum and lactoferrin samples showed better anti-

microbial ability to E. coli than to S. aureus. Lactoferrin samples were seen to possess more 

effective antimicrobial activity to S. aureus when compared with the colostrum samples. This 

agrees with the findings of (Jahani et al., 2015) that lactoferrin is more effective on the Gram-

positive bacteria such as Staphylococcus epidermidis and Bacillus cereus. 
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Chapter 5. Overall Discussion 

 

The objectives of this project were to investigate the effects of freeze drying, spray drying and 

electrostatic spray drying on the physicochemical and bioactivities of dried bovine lactoferrin 

and colostrum powders. 

 

The produced colostrum and lactoferrin powders using the different drying technologies had 

relatively good production yields (based on the dry weight) compared to literature results (de 

Oliveira et al., 2021; Fatima et al., 2024; Garimano et al., 2021). All spray drying methods 

provided a powder yield of greater than 45% (w/w). Lactoferrin was found to be stickier in the 

dryer hence there was more build up on the chamber wall and in the cyclone.  

 

The moisture content and water activity of colostrum and lactoferrin powders was seen to 

decrease in vale with increasing drying temperatures.  

 

It was however the other way around for the powder solubility and particle size profile. Spray 

dried (165℃) or electrostatic spray dried (75℃) powders exhibited better solubility in water 

and larger particle size when compared to the other powders. Alamilla-Beltran et al. (2005) 

reported an increase in the particle size by over 20 µm when spray dried at higher temperature 

at inlet 170/ outlet 145 and inlet 200/ outlet 173℃). 

 

The correlation between increasing solubility with increasing drying temperatures has also 

been reported in other studies.  Fang et al. (2012) reported a decrease in milk protein 

concentrate (MPC) powder solubility as a result of increasing inlet air temperature (107, 155 

and 178℃) with increasing protein denaturation. Anandharamakrishnan et al. (2007) reported 

higher spray drying temperature at 120℃ increased insolubility of whey proteins. Felfoul et al. 

(2022) reported that the solubility of spray dried bovine milk at 85℃ was lower than when they 

dried at 75℃. 

 

The FTIR results showed that high temperature spray dried colostrum displayed more unfolded 

structure in the amide I region than freeze dried and electrostatic spray dried powders. Notably, 

electrostatic spray dried colostrum powders retained more a-helix, turns and b-sheet. However, 

with lactoferrin powders, all the samples had similar degree of protein unfolding with minor 
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differences, e.g., freeze dried lactoferrin retained more a-helix and b-sheet than the others. High 

temperature spray dried colostrum (180C) was observed to have more heat-induced protein 

unfolding than electrostatic spray dried colostrum that retained more secondary structure. 

Freeze dried lactoferrin denatured the least compared to other samples but with no major 

difference regarding the a-helix and turns structures. 

 

The ELISA results showed that the three different drying techniques did not lead to 

significantly differences (p˃0.05) in the IgG protein bioactivity. Spray dried colostrum samples 

(at 165 and 180℃) retained less lactoferrin protein content by approximately 8 and 4 mg per 

gram of powder than freeze dried and electrostatic spray dried samples, respectively. 

Electrostatic spray drying at 150℃ was seen as being significantly effective in retaining the 

lactoferrin protein in lactoferrin powders. 

 

Lactoferrin is known for its iron binding properties. The iron binding ability of the colostrum 

and lactoferrin samples quantitively analysed and compared to freeze dried sampled provided 

a comparison of iron binding ability of lactoferrin protein. A relative colorimetric method 

described in Section 3.9 showed a relative iron binding capacity of colostrum and lactoferrin 

powders, and Section 3.10 described a quantitative method to investigate the molar ratio 

binding ability of tested samples. From the relative method, high temperature spray dried 

colostrum powders had significantly lower iron binding ability than electrostatic spray dried 

(p˂0.05). Spray dried lactoferrin (at 180℃) showed significantly lower iron binding ability 

compared to the SLF165 spray dried and electrostatic spray dried lactoferrin powders (p˂0.05). 

These results from the relative comparison were in agreement with second method which 

quantitively presented the molar ratios of iron to protein. The results indicated that higher 

drying temperature deteriorated the iron binding ability of the proteins. Electrostatic spray dried 

colostrum (at 75℃) had an iron binding ratio of 4.32 ± 0.22, while that for spray dried 

colostrum at 180℃ was 2.79 ± 1.15, although one way ANOVA showed they were not 

significantly different (p˃0.05). The iron binding ratios of lactoferrin powders were similar in 

the range of 1.3 to 1.5. These results agreed with Morel et al. (2022), they reported a molar 

iron binding ratio of approximately 1.2 of the spray dried lactoferrin. 

 

The antioxidant activity results of colostrum and lactoferrin showed that 180℃ spray dried 

colostrum and lactoferrin powders achieved approximately 27 and 31% DPPH radical 
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scavenging ability at highest tested concentration (15 mg/mL). Electrostatic spray dried (at 

75℃) colostrum and lactoferrin showed overlapping radical scavenging ability of 

approximately 34%. Freeze dried colostrum and lactoferrin showed slightly better DPPH 

radical scavenging ability than high temperature spray dried powders. This trend agrees with 

Wang et al. (2017a) who reported that 180℃ spray dried lactoferrin exhibited a lower DPPH 

radical scavenging ability than freeze dried lactoferrin. 

 

All colostrum and lactoferrin samples were effective on both the Gram-positive and Gram-

negative bacteria. Electrostatic spray dried (at 75℃) colostrum had an inhibition zone on the 

E. coli and S. aureus plate of 3.6 ± 0.1 and 4.3± 0.1 mm, respectively. The inhibition zones 

were larger than the other colostrum samples. Liquid lactoferrin had the largest inhibition zone 

of 4.2 ± 1.1 mm on the S. aureus plate. Freeze dried lactoferrin had the largest inhibition zone 

of 3.9 ± 0.1 mm on the E. coli plate. Lactoferrin samples showed better antimicrobial activity 

on the Gram-positive S. aureus.  
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Chapter 6. Conclusions and Future 

Recommendations 

 

6.1 Conclusions 

This study showed that different drying techniques can affect the physicochemical and 

functional properties of bovine colostrum and lactoferrin. High temperature spray dried 

colostrum and lactoferrin had lower solubility in water and smaller volumetric median particle 

size (Dv50) than low temperature electrostatic-spry-dried. Also the high temperatures involved 

in the spraydrying degraded the protein more than freeze or electrostatic spray dried colostrum 

and lactoferrin. 

 

ELISA results showed higher bioactive IgG and lactoferrin protein content was retained in 

electrostatic spray dried samples, they also had better DPPH radical scanvenging ability 

compared to freeze and high temperature spray dried. This might due to the protein 

denaturation induced by heat during high temperature drying. The iron-bind ability of 

colostrum or lactoferrin showed very small difference between the different drying techniques. 

Lactoferrin samples showed better antimicrobial activity than colostrum, most probably due to 

the lower lactoferrin protein content in colostrum.  

 

6.2 Future recommendations 

 

The determination of secondary structure changes of colostrum and lactoferrin samples was 

analysed by FTIR, it would be recommended to also investigate their thermal stability using 

Differential Scanning Calorimetry (DSC) to determine their thermal denaturation temperatures. 

 

From the quantitative iron-binding method’s results, notably colostrum samples were found to 

bind more iron than lactoferrin samples. The literature has reported that the casein proteins 

present in milk are able to bind iron (Baumy et al., 1988; Delshadian et al., 2018; Kibangou et 

al., 2005). Therefore the higher iron-binding ratio of the analysed colostrum samples could be 

related to the casein proteins present in colostrum that also bound iron. It is also recommended 

to investigate the iron-binding ability of other components except for lactoferrin protein solely 

in colostrum.  
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Appendices 

 

Appendix 1-ELISA bovine IgG standard curve A, B 

 

Bovine IgG ELISA standard curve was generated from bovine IgG standards supplied by the 

kit. Protein standards of eight different concentrations (0.69 to 500 ng/mL) were used and 

measured in triplicates on the 96-well plate. Non-linear standard curve was generated from 

software SigmaPlot (SigmaPlot 1.45, Grafiti LLC). 

 

 

 

 

Figure A1. Bovine IgG ELISA standard curve A. Points plotted were individual data, and 

model was generated from means (n=3). 
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Figure A2. Bovine IgG ELISA standard curve B. Points plotted were individual data, and 

model was generated from means (n=2). 
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Appendix 2-ELISA bovine lactoferrin standard curve A, B 

 

 

Bovine lactoferrin ELISA standard curve was generated from bovine lactoferrin standards 

supplied by the kit. Protein standards of eight different concentrations (0.69 to 500 ng/mL) 

were used and measured in triplicates on the plate. Non-linear standard curve was generated 

from software SigmaPlot (SigmaPlot 1.45, Grafiti LLC). 

 

 

 
Figure A3. Bovine lactoferrin ELISA standard curve A. Points plotted were individual data, 

and model was generated from means (n=3). 

 

 

 

 

 

 

 

 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

1 10 100 1000

A
b
o
so

rb
an

ce

LF standard concentration (ng/mL) 

𝑦 = −1.9776 + 0.5540 ∗ ln 𝑥 + 40.1463

R2 =0.9868

A



118 
 

 

 
 

Figure A4. Bovine lactoferrin ELISA standard curve B. Points plotted were individual data, 

and model was generated from means (n=2). 
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Appendix 3-Bradford standard curve of lyophilized bovine lactoferrin in different 

concentrations 

 

 

The standard curve was generated from eight different concentrations (0 to 1.5 mg/mL) of 

lyophilized bovine lactoferrin ( 85%, Sigma-Aldrich, USA).  

 

 

 
 

 

Figure A5. Bovine lyophilized bovine lactoferrin Bradford standard curve. Points plotted 

were individual data, and model was generated from means (n=2). 
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Appendix 4-Bradford results of colostrum and lactoferrin eluates protein concentration 

(mg/mL) 

 

Table A1. Protein concentration (mg/mL) of colostrum and lactoferrin eluates collected 

from column. 

Material Dried Powder 
Protein Concentration 

(mg/mL)  

Colostrum FCL 9.65  0.21 

 SCL165 10.78  0.27 

 SCL180 11.85  0.06 

 ESCL75 11.96  0.12 

 ESCL150 12.46  0.17 

Lactoferrin FLF 30.86  0.42 

 SLF165 28.24  0.75 

 SLF180 28.68  1.77 

 ESLF75 27.94  3.00 

 ESLF150 29.88  1.02 
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Appendix 5–MP-AES Fe concentration standard curve 

 

 

The standard curve was generated from five different concentrations (0 to 0.8 mg/mL) of Fe 

standard (Agilent Technologies, DE, USA).  

 

 
 

 

Figure A6. MP-AES Fe standard curve. The points plotted are means  standard deviation 

(n=20). 
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Appendix 6-Certificate of analysis for the standard skim milk powder (ERM® - BD151) 
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Appendix 7-Inhibitions zones of commercial freeze dried lactoferrin (HG28, CG17) 

 

 
 

Figure A7. Zone of inhibitions of commercial freeze dried lactoferrin samples Escherichia 

coli NCTC 8196. 

 

 

 

 
 

 

Figure A8. Zone of inhibitions of commercial freeze dried lactoferrin samples Staphylococcus 

aureus NCTC 4163. 
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