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Abstract 
 

 
Various methods for extraction and analysis of high value minor proteins (lactoferrin, 

lactoperoxidase and immunoglobulins) directly from raw milk were explored. 

Extraction, purification and analysis of high-value minor proteins directly from milk 

without pre-treatment are major challenges for dairy industry, largely due to the 

complexity of milk and the presence of colloidal solids (casein micelles and milk fat 

globules). To overcome some of these challenges, this work focused on three main 

objectives: 1) characterization of cryogel monolith chromatography for purification of 

lactoferrin (LF) and lactoperoxidase (LP) directly from raw milk in single step, 2) 

identification and characterization of Protein A Mimetic affinity ligands for 

purification of immunoglobulins (Igs) from milk and 3) development and validation 

of a surface plasmon resonance method for simultaneous quantification of five whey 

proteins in multiple samples. 

 

Results portrayed the possibility of  40–50 column volumes of various milk samples 

(whole milk, skim milk and acid whey) to pass through a 5 mL cryogel monolith 

chromatography column at 525 cm hr-1 without exceeding its pressure limits if the 

processing temperature is maintained around 35–37°C. Ideally, this should be the milk 

secretion temperature. The dynamic binding capacity obtained for the cryogel matrix 

(2.1 mg mL-1) was similar to that of the binding capacity (2.01 mg mL-1) at 

equilibrium with 0.1 mg mL-1 of lactoferrin in the feed samples. Lactoferrin and 

lactoperoxidase was selectively bound to the cryogel column with trivial leakage in 

flowthrough fractions. Lactoferrin was recovered from elution fractions with a yield of 

85% and a purity of 90%. These results, together with the ease of manufacture, low 

cost and versatile surface chemistry of cryogels suggest that they may be a good 

alternative to packed-bed chromatography for direct capture of proteins from milk, 

provided that the binding capacity can be increased.  

 

A Protein A Mimetic (PAM) hexapeptide (HWRGWV) peptide ligand that binds to 

the Fc portion of antibody molecules was explored for affinity purification of 

immunoglobulins from milk. The peptide has the ability to purify IgG from various 

milk and whey samples with a purity of greater than 85% in single step. More than 
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90% bound IgG was recovered with 0.2 M acetate buffer at pH 4.0 and total column 

regeneration was successfully achieved by 2.0 M guanidine-HCl. At 9.0 mg mL-1 of 

IgG feed concentration, an equilibrium binding capacity of 21.7 mg mL-1 and 

dynamic binding capacity of approximately 12.0 mg mL-1 of resin was obtained. 

Recoveries and yields of IgG were significantly influenced by the feed IgG 

concentration. PAM hexamer ligand also contributed a significant amount of cross-

reactivity with casein, glycomacropeptides and �-lactoglobulin proteins, however 

majority of these proteins were recovered in the regeneration step, except �-

lactoglobulin, which co-eluted with IgG. Higher IgG concentration in feed vastly 

reduced the amount of cross-reactivity whilst increasing the recoveries and purities in 

the final product. PAM affinity ligands also showed interactions towards other classes 

of bovine immunoglobulins. These findings established the possibility of using PAM 

hexamer peptide as an alternative to conventional Protein A/G affinity 

chromatography for the isolation of Igs from milk in single step process. 

 

A surface plasmon resonance (SPR) method was developed for simultaneous, 

quantitative determination of commercially important whey proteins in raw and 

processed milk samples, whey fractions and various milk-derived products, with six 

samples per assay. Immobilized antibody stability and reproducibility of analyses 

were studied over time for 25 independent runs (n=300), giving a relative standard 

deviation (RSD) of <4%. Immobilized antibodies showed negligible non-specific 

interactions (<2–4 SPR response units (RU)) and no cross-reactivity towards other 

milk components (<1 RU). Regeneration of immobilised antibodies with glycine at 

pH 1.75 was determined to be optimal for maintaining the SPR response between 

samples. This method compared and validated well with reversed phase high 

performance liquid chromatography (RP-HPLC) and standard enzyme-linked 

immunosorbent assays (ELISA).  
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Preface 
 

 

Development of innovative processes for the isolation and analysis of minor proteins 

directly from whole milk has been recognised as one of the most useful tools for 

future applications in dairy industries  
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Figure 4-7: Optimization of pH for anti-LF ligand regeneration by 10 mM glycine-

HCl. 

Figure 5-1: Equilibrium binding of IgG measured in a standard solution at binding 

buffer conductivity of 84 mS cm-1 and pH 7.4. The line fitted through the points 

corresponds to the Langmuir isotherm (k = 0.33 mg mL-1) and Qo = 22.99 mg mL-1 of 

bovine IgG). 

Figure 5-2: SDS-PAGE (4–12%) analysis of whey sample loading experiments set 2. 

Lane 1: protein ladder; Lane 2: initial whey (1X); Lane 3-6: elution fractions of 

whey sample (10 mL) loading at buffer conductivity of 84 mS cm-1; Lane 7: initial 

whey (5X); Lanes 8-10: elution fractions of IgG spiked (5 mg mL-1) whey sample (1 

mL) loading at buffer conductivity of 84 mS cm-1; Lanes 11-14: elution fractions of 

whey sample (10 mL) loading at buffer conductivity of 160 mS cm-1. 

Figure 5-3: SDS-PAGE (4–12%) analysis of skim milk sample loading experiments 

at sample buffer conductivity of 84 mS cm-1. Lane 1: protein ladder; Lane 2: initial 

skim milk (5X); Lanes 3-5: flowthrough fractions of skim milk loading (4.5 mL) run; 

Lanes 6-9: elution fractions of corresponding run; Lane 10: initial skim milk spiked 



 xvii 
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Figure 5-5: RP-HPLC analysis of selected elution and regeneration fractions of 

colostrum sample (2 mL) loading at 84 mS cm-1 chromatography experiment (Fig. 5-

4). 

Figure 5-6: SDS-PAGE (4–12%) analysis of colostrum skim milk sample loading 

experiments at a sample buffer conductivity of 84 mS cm-1. Lane 1: protein ladder; 

Lane 2: pure bovine IgG; Lane 3: initial colostrum skim milk (5X); Lanes 4-6: 
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Figure 5-7: PAM hexamer peptide resin binding selectivity towards Igs in various 

buffer conductivities. In this Figure, X-axis indicates the buffer conductivities (44–
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1 Introduction 
 
 
 

1.1 Background  

 
Milk has been the most widely consumed liquid food source for humans since ancient 

times. Among all sources, milk produced from domesticated animals such as cow, 

buffalo and goat have been widely consumed by humans depending on the source of 

availability. In the Western world, the most abundant source of milk for dairy 

industries is from cows because of its resemblance to human milk (Agostoni et al. 

2000; Jackson et al. 2004). Although the importance of milk and its derivatives have 

been noticed for several hundred years, recent findings of the impact of minor milk 

components impact on human health and nutrition has increased their use in both 

nutraceutical and therapeutic applications (El-Loly 2007; Madureira et al. 2007; 

Meisel 1997). Minor components include lactoferrin (LF), lactoperoxidase (LP), 

glycomacropeptides (GMP) and immunoglobulins (Igs) have been found several 

potential applications in human health (El-Loly 2007; Gonzalez-Chavez et al. 2009; 

Korhonen 2009; Meisel 1997; Seifu et al. 2005; Wong et al. 1996). For example, LP 

can be used as a natural preservatives (Sharma et al. 2009) while LF can be used as 

cancer preventing agent (Rodrigues et al. 2009) and Igs have great contribution on 

human health promotion (El-Loly 2007).   

 

Traditionally minor milk components have been produced from dairy waste streams 

such as whey, which is the by-product of cheese manufacturing process. In general, 

whey production involves a multiple step process where majority of high value minor 

components lose substantial amount of their biological activities and yields (Chand 

2006). Recently, these minor proteins have been extracted from skim milk to retain 

their activities and yields in the final product. This approach has significantly 

improved the overall quality of minor protein production but not as much as expected 

for all minor proteins since skim milk still undergoes several individual processing 

steps (Chand 2006). Some minor proteins, such as LP and Igs can be degraded or 

inactivated by preliminary milk processing unit operations (e.g., pasteurization and 
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homogenization). For instance, LP extracted from whey or from processed milk has 

little commercial value in the market because of its lower activity in processed milk 

(Chiu and Etzel 1997). Similarly, immunoglobulin of class A (IgA) has fat adhering 

properties and most of it goes to the cream phase during the fat separation step. 

Therefore, Igs have to be recovered before they commence fat separation step. There 

is an augmented interest for direct extraction of various minor proteins from raw 

whole milk, due to their increasing demand in commercial market and applications in 

both pharmaceutical and healthcare industries (Chand 2006; Fee and Chand 2005; 

Fee and Chand 2006).  

 

More recently, new or improved technologies are increasing the potential to extract 

minor milk proteins directly from whole milk. Due to the complex nature of milk, 

protein extraction from whole milk has been an immense challenge for several years. 

Conventional packed bed chromatography methods were not suitable to extract 

proteins directly from milk as colloidal solids in milk (fat globules and casein 

micelles) prevent flowthrough in the interparticle void spaces in packed bed and 

therefore block flow and causes significant backpressure and low flow rates (Fee and 

Chand 2006). Recently, using Sepharose Big Beads™ (GE Healthcare Technologies, 

Uppsala, Sweden) ion exchange resin either in packed bed chromatography mode or 

stirred tank mode, basic minor proteins (LF and LP) were successfully extracted from 

whole milk because of their large bead size which allows passage of milk solids at 

elevated temperatures (Fee and Chand 2005; Fee and Chand 2006). However, this 

area still needs to be investigated for the development of more robust and suitable 

adsorption methods with different kinds of chromatography media.  

 

Milk is regarded as a safe food source for producing high value proteins as it is 

consumed largely by human beings. Researchers have found that producing high 

value milk proteins (LF and Igs) in cow’s milk could be an alternative method for 

producing them in adequate amounts. Using either hyperimmunization technologies 

or recombinant technologies, producing adequate amount of antibodies and proteins 

of interest is possible (Echelard et al. 2006; Husu et al. 1993; Kuroiwa et al. 2009; 

Ormrod and Miller 1993; Pollock et al. 1999). However, the major challenge remains 

with development of a suitable extraction method to recover these proteins efficiently 

from transgenic whole milk. Routine methods used in Igs recovery from complex 
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fluids have posed several inherent problems such as poor selectivity, multiple step 

process and expensive ligands (Fassina et al. 2001; Fuglistaller 1989; Kondoh et al. 

1987; Yang et al. 2009). However, more commonly used affinity chromatography 

method for IgG purification is either protein A or Protein G affinity chromatography 

(Hober et al. 2007; Huse et al. 2002; Kochan et al. 1996). Major drawbacks of these 

ligands are: 1) limited selectivity towards only IgG class of Igs, 2) expensive ligands 

and process costs, 3) ligand leaching into the final product (Fuglistaller 1989; Kochan 

et al. 1996; Yang et al. 2009). To overcome some of these problems, several attempts 

were made but only a few of them were successful. Protein A Mimetic Peptides 

(PAM) designed using combinatorial peptide libraries have found many interesting 

properties such as low production costs, high stability and selectivity towards all 

classes of Igs molecules. Using PAM ligands as an affinity chromatography media, 

several processes were developed and optimized to purify human Igs from cell culture 

broths (Fassina and Miertus 2003; Fassina et al. 2001; Yang et al. 2005). However, 

this area still needs to be investigated for its applicability and suitability to extract Igs 

from cows milk and whey solutions. 

 

In order to understand the individual protein content variation in milk and processed 

products, it is imperative to quantify individual proteins directly from milk and 

various complex fluids. Although there are many individual analytical technologies 

available for protein quantification from milk, most of them have several inherent 

limitations. For example, the reversed phase high performance liquid chromatography 

(RP-HPLC) method has been the most widely used method for whey protein 

quantification but it cannot be used for whole or skim (low fat) milk because casein 

protein elution peaks overlap with whey protein peaks. In addition, immunoassays, 

enzyme linked immunosorbent assays (ELISAs) are very expensive, lengthy methods 

and can be used only for single protein analysis at a time. However, surface plasmon 

resonance (SPR) biosensor based immunoassays are becoming popular because of 

their fast and real-time analysis features while overcoming most of the problems 

associated with all other analytical methods. The major limitation of existing SPR 

biosensors is the quantification of one protein at a time. Nevertheless, latest SPR 

biosensor has capability of measuring 36 interactions at a time and using this 

biosensor there is a need to develop a more robust and simple analysis method for 

measuring whey proteins simultaneously in a single assay from whole milk and whey.   
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1.2 Objectives 

 
The specific objectives of the research project were to:  

 

� Investigate and characterize the applicability of cryogel monolith as a 

chromatography column for extraction of high valve minor proteins (LF and 

LP) directly from whole milk in single step. 

� Investigate and optimize suitable PAM affinity ligands to extract Igs 

selectively from milk. 

� Develop and validate a SPR biosensor based immunoassay for quantifying six 

whey proteins in milk and various other complex fluids. 

1.3 Dissertation organization 

 
This dissertation report starts with a brief background of research objectives and 

motivation. In Chapter 2, a brief description of general milk components, proteins and 

their extraction technologies are given. This chapter is mainly focused on discussing 

various available minor milk protein extraction technologies and recent 

developments. Later sections of this chapter describe several synthetic peptide-based 

affinity ligands and their potential applications in process development for selective 

extraction of immunoglobulins. Finally, this chapter presents various analytical 

methods for determining individual whey proteins and their limitations as well as 

recent analytical assays. In Chapter 3, main focus is on characterization of a cryogel 

monolith chromatography process for extracting minor proteins from whole milk 

followed by scale-up possibilities. 

 

 In Chapter 4, the development and validation of a rapid quantitative analysis assay 

for measuring six whey proteins from milk and various other dairy commodities using 

a surface plasmon resonance (SPR) method are presented in detail. 

 
In Chapter 5, research is focused on finding PAM peptide based affinity ligands and 

their potential applications in the isolation of immunoglobulins from milk and whey 

samples. Finally, overall conclusions and future recommendations are presented in 

Chapter 6. 
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2 Review of Literature 
 
 

 

2.1 Introduction 
 
It is very difficult to extract and quantify proteins from whole milk because of its 

complex nature. Milk contains various solids, fat globules and minerals that 

significantly influence the purification process (Pampel et al. 2007). Over the last few 

decades, isolation of proteins from dairy fluids has been performed by numerous 

techniques such as chromatography, precipitation and membrane filtration or 

adsorption methods. Majority of these studies have been carried out on skim/defatted 

milk or whey streams. Due to new applications and demand for various minor milk 

proteins in pharmaceutical and healthcare industries, there is a growing interest in the 

extraction of these minor proteins directly from raw milk. Protein extraction from 

whole milk results in several advantages over conventional processes such as better 

yields and high activities (Chand 2006) of minor components for both producers and 

consumers. Although there are some groups working on these aspects, it still needs to 

be studied extensively in order to implement this in preparative to industrial-scale 

applications for bulk productions. Before proceeding to milk protein fractionation, 

this chapter gives a brief overview of various aspects of dairy ingredients, including 

milk components and their properties, the global market for dairy commodities and 

their applications in relation to human health. In the later sections of the review, the 

focus is primarily on describing a number of minor milk proteins and their individual 

applications in food and pharmaceutical industries. Several preparative processing 

methods for isolating these individual proteins from milk and whey in the dairy 

industry are discussed. The review then focuses on isolation technologies for high 

value minor whey proteins (lactoferrin (LF), lactoperoxidase (LP) and 

immunoglobulins (Igs)) from milk and whey, because they are the proteins targeted in 

this research project. 

 

For the past two decades, LF has been the most commercially investigated whey 

protein in many dairy industries. A large amount of literature is available related to 
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LF extraction technologies however most of it was concerned with skim milk and 

whey. This review gives a detailed overview of various established methods and 

recent developments in the area of LF isolation.  

 

 For several years, therapeutic Igs have been isolated using conventional affinity 

chromatography methods, using either protein A or protein G as affinity ligands. 

Although these methods are powerful tools in Igs processing, they still have certain 

limitations and drawbacks such as ligand leaching and expensive processes. To 

overcome some of these drawbacks, this review discusses the possibilities of 

replacing these conventional (protein) affinity ligands with Protein A Mimetic (PAM) 

synthetic peptides. A brief overview of PAM affinity ligands and their potential 

applications in downstream processing is also given. 

 

Finally, this review focuses on various existing quantitative analysis techniques that 

have been used to estimate individual milk and whey proteins present in different 

dairy products and liquid milk samples. A brief overview of the most recent 

developments and future prospects in this area of research is given.  

2.2 Milk and its components 
 
Milk is the primary source of nutrition for neonates before they start digesting other 

foods. Early lactation milk is known as colostrum (Kelly 2003), which carries the 

primary defensive antibodies from mother to baby, until their immune system 

develops sufficiently to prevent the risk of many diseases (Korhonen et al. 2000). 

Generally, during the early stage of growth, neonates consume milk from the 

mother’s breast until a certain period, typically for 6–24 months but in some special 

cases they consume milk from several alternative sources (Playne et al. 2003) such as 

domesticated animals (Table 2-1), milk powders and artificial milk supplements. 

Among all the domesticated animals, cow’s milk has been the most widely consumed 

by human beings since ancient times.  

 

Although milk from several species such as cattle, buffalo, sheep, goat, camel, etc., 

has also been studied scientifically for several decades , cow’s milk (Steijns 2001) has 
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proven to have vast benefits to human health and nutrition because of its resemblance 

to human milk composition (Agostoni et al. 2000; Lonnerdal and Atkinson 1995).  

 

Bovine milk is a complex heterogeneous fluid, which consists of distinct essential 

nutrients such as fat globules, proteins, minerals and several other minor components 

(Farrell et al. 2004). Typical milk composition includes approximately 87% water and 

13% milk solids, where milk solids are further classified into fat (3.7%, triglycerides, 

esters and amino acids) and non-fat (8.9%) solids. Non-fat solids are a mixture of 

proteins (3.4%, caseins and whey) and lactose (4.8%) and all other minerals and 

minor components (0.7%) (Eigel et al. 1984).  

 

Table 2-1: Approximate concentration of major milk components in milk of different 

species (Playne et al. 2003).  

Nutrients 
 

Human 
(g L-1) 

Cow 
 (g L-1) 

Buffalo 
(g L-1) 

Goat 
(g L-1) 

Sheep 
(g L-1) 

 
Total Solids 129 125 171 130 163 

Proteins 10 34 38 29 55 

Caseins 4 28 32 23 46 

Whey proteins 5.5 6 6 6 9 

Fat 38 31 75 45 74 

Lactose 71 48 49 45 53 

Oligosaccharides 3.8 0.03-0.06  41 46 

Riboflavin  0.00043 0.0018 0.00102 0.0012 0.0044 

Minerals - - - - -  

Ash 2 7 8 8 9 

Calcium 0.34 1014 1.85 1.3 1.93 

Phosphorous 0.14 0.93 1.25 1.06 0.99 
 

Milk has a wide range of bioactive components such as oligosaccharides, glycolipids, 

growth factors, hormones, vitamins, proteins and peptides (Shah 2000; Steijns 2001). 

Besides all these components, milk proteins have a huge impact on human health 

(Meisel 1997). Milk proteins have been studied extensively and are well characterized 

in terms of their structure, physico-chemical and functional properties (Rose et al. 

1970) (Table 2-2). They are broadly divided into two categories: caseins and whey 

proteins. Caseins constitute 80% of total proteins that exist in milk as colloidal 
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suspensions of micelles (clusters of casein molecules are associated with calcium and 

inorganic phosphate). These micelles give the white appearance to milk as they are 

large enough (20–200 nm) to scatter (reflect) light. On the other hand, whey proteins 

account for the remaining 20% of total proteins and are comprised of α-lactalbumin 

(α-lac), �-lactoglobulin (�-lac), bovine serum albumin (BSA), Igs and minor proteins 

such as LF, LP and other proteins. All of these milk proteins are well characterized 

and reported. Most of them are unique in their basic properties (charge, size and 

hydrophobicity), functional (biological) properties and applications (Meisel 1997; 

Wong et al. 1996). 

 

Table 2-2: Bovine milk proteins and some of their  properties (Eigel et al. 1984; 

Farrell et al. 2004). 

Protein/peptide 
Concentration  

(g kg-1 of solids) 
% Total 
Protein 

Amino 
acid 

residues  
Mw  

(kDa) pI 
A280 nm 

at 1 mg mL-1 
Casein        

         α-s1-casein 12.0–15.0 30.6 199 23.6 4.9–5.3 1.005 

         α-s2-casein 3.0–4.0 8 209 25.3 4.9–5.3   
         �-casein 9.0–11.0 30.8 209 24 5.2 0.47 
         κ-casein 2.0–4.0 10.1 169 19 5.8 1.05 
         Total -casein 26 79.5      
         
Whey proteins        
          α-Lac 0.6–1.7 3.7 123 14 4.4 2.01–2.09 
          �-Lac 2.0–4.0 9.8 162 18.3 5.4 0.96 
          BSA 0.4 1.2 582 67 5.1 0.63–0.67 
          LF 0.02–0.1 0.3 690 77 7.9 0.991 
          LP 0.03 0.1 612 78 9.6   
Immunoglobulins 0.7 2.1  150–1000 5.0–8.0   
         
          IgG1 0.3–0.6 1.2 

 
161 5.5–6.8 1.36 

          IgG2 0.05 0.15  150 7.5–8.3 1.36 
          IgM 0.09 0.3  1000  1.21 
          IgA 0.01 0.03  385–417  1.21 

Miscellaneous  0.8 2.4 
 

  
  
 

Total Whey 
proteins 6.3 19.3 

 
    

Secretory 
components 0.02–0.1  

 
64    

Membrane proteins 0.4 1.2   7.48 1.55 
Total proteins 32.7 100      
Glycomacropeptide 1.5    8.6 <3.8   
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2.3 Factors affecting milk composition 

Human milk (Agostoni et al. 2000) contains most of the caseins and whey proteins as 

listed in Table 2-1 except �-lac. Both bovine and human milk systems have several 

similarities in terms of nutritional values, apart from containing different levels of 

protein concentrations (Table 2-1). For example, human milk contains very high 

amounts of IgA and LF but a negligible amount of �-lac. In contrast, bovine milk 

contains large amounts of �-lac, a relatively high amount of LP and only small 

amounts of LF and IgA. However, minor proteins or immunoglobulins concentration 

can be improved (10–50 times) in bovine milk using recombinant technologies 

(Pollock et al. 1999; Van Berkel et al. 2002) or hyper-immunization methods 

(Ormrod and Miller 1993). 

 
Average milk composition from the top five species is given in Table 2-1. It depicts 

that  milk composition is not consistent, and it depends on several factors including 

breed (Greenwood et al. 2002), genetic selection (Ng-Kwai-Hang et al. 2002), diet 

(Grainger et al. 2009), geography (Auldist et al. 2000) and health status of the species 

(Auldist et al. 1995). For example, LF content in colostrum of Holstein-Friesian (1.96 

mg mL-1) is four times higher than in Japanese Black (0.56 mg mL-1) and Brown 

(0.40 mg mL-1) (Tsuji et al. 1990). Auldist et al (1998) conducted a study to evaluate 

seasonal and lactational influences on bovine milk composition in New Zealand. In 

their study, they found that seasonal variations, but not stage of lactation, 

significantly affect milk composition. In addition, milk fat composition can vary with 

type and size of grain feeding (Mackle et al. 1997).  Farr et al (2002) and Sorensen et 

al (2008) studied the impact of milking frequency on milk composition, for example 

LF yield was less in cows milked twice daily compared with that of those milked 

once daily. Similarly, Turner et al (2007) has examined the affect of pasture 

allowance on minor protein (LF and LP) concentrations and activities. Outcomes of 

this study provided significant information about the parameters that could be used to 

manipulate LF and LP activity levels in milk.  

 

On the other hand, functionality of milk components were also affected by post -

harvesting practices such as storage conditions (Zeng et al. 2007), pre-treatment, 

processing mechanism (Singh 2004; Sourdet et al. 2003) and product storage. Mainly, 

post harvesting conditions such as longer storage and higher temperatures (>4°C) can 
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deteriorate many bioactive components and milk quality, which increases milk 

rancidity (off-flavour) and hydrolysis (Roupas 2001; Zeng et al. 2007). Improper 

cleaning /maintenance practices will facilitate bacterial growth, which results in 

complete milk deterioration. 

 

More recently, high pressure treatment methods for milk processing have been 

investigated to improve shelf-life while minimizing the loss of bioactive components 

which usually happens with conventional methods (Anema 2008a; Anema 2008b). 

Preliminary research within this area of process development has shown encouraging 

results and could be the potential alternative processing method in the near future 

(Huppertz et al. 2006). 

2.4 Milk as a source for recombinant protein production 

Proteins and bioactive compounds extracted from various sources include plants 

(Huang et al. 2002) and animals that have been utilized in therapeutic applications 

(Pollock et al. 1999). Although these practices have not raised any problems, proteins 

obtained from recombinant technologies have shown better quality than conventional 

proteins. Soon after the invention of recombinant technology, it became very popular 

to produce the desired bioactive proteins or peptides in suitable host organisms such 

as bacteria, yeast and fungi. This has revolutionised the pharmaceutical industry for 

producing new drugs in bulk amounts at minimum cost. Later, bacterial or microbial 

productions appeared to be severely limited in synthesizing certain bioactive 

components, especially those that have complex structures and post-translational 

modifications such as glycosylation (attaching a specific carbohydrate units  such as 

in the addition of glycan chains to proteins). Advances in cell-biology and analytical 

technology provided a new path for producing recombinant bioactive compounds in 

large amounts with minimal risks and production costs using transgenic plants and 

animals. Presently, milk is a promising system for the production of recombinant 

proteins from transgenic animals (Houdebine 2002a; Houdebine 2002b) because it 

has several advantages over all other recombinant production methods. For example, 

milk is a safe vehicle and it has been well-characterized for human consumption. 

Selected breeding of transgenic animals offer interesting possibilities to produce 

desired recombinant proteins in their milk by injection of foreign genes. 

Consequently, it became a great source for therapeutic protein productions in 
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transgenic animals. Recombinant proteins produced from milk of transgenic dairy 

animals can be a viable, ample and pathogenic free source. Transgenic animals have 

great capacity to produce large amounts of recombinant proteins at approximately 40 

g L-1 (Bosze et al. 2008; Echelard et al. 2008; Echelard et al. 2006; Pollock et al. 

1999). This is 50–100 higher than that of conventional bioreactor production methods 

(0.5–0.8 g L-1). 

 

Van Berkel  et al (2002) described the large-scale production of hLF in transgenic 

cattle as a successful achievement for the pharmaceutical industry. More recently, 

Echelard et al (2006) used transgenic dairy goats to produce recombinant human 

antithrombin (rhAT) at 2 g L-1 concentration in a cost-effective system. This product 

has been approved by European Medical Agency for therapeutic applications related 

to humans, for example, rhAT is in clinical use for prevention of deep-vein 

thrombosis. Similarly, Houdebine (2009) described several transgenic animal sources 

for production of various recombinant proteins and compared them with other 

systems.  

 

Hyperimmunization is another kind of technology for large-scale production of 

specific antibodies in animals for pharmaceutical applications (Husu et al. 1993). This 

is the most rapid and efficient method for developing quick vaccines in sufficient 

quantity for clinical trails against infections and inflammations (McVey and Loan 

1989; Mehra et al. 2006; Ormrod and Miller 1993). Hyperimmunization technology is 

preferred or often the only method for specific antibody production to eliminate 

poorly characterized mixtures of target antigens. This novel technology has been 

successfully employed by Brussow et al (1987) for the production of 100 fold milk 

polyclonal antibodies from pregnant cows. Resultant antibody concentrates were 

proposed to be used as passive immunity to infantile rotavirus gastroenteritis. 

Similarly, McVey and Loan (1989) and Husu et al (1993) have used 

hyperimmunization technology for large-scale production of specific antibodies in 

bovine colostrum of cattle. Investigations by Ormrod and Miller (1993) explored the 

possibility of producing biologically active substances into milk by specific 

hyperimmunization protocols. Outcomes of the research suggested that this 

technology has capability of modifying host responses against infections and 

lymphocyte functions. More recently, Kuroiwa et al (2009) described the production 
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of human polyclonal antibodies from hyperimmunized cows and their potential 

application in treating many human diseases.  

 

However, the major challenge for production of these therapeutic proteins in bulk 

amounts requires economical, efficient and effective protein purification technologies 

from raw milk to minimize loses, which usually happens during multi-step processes.  

2.5 Global milk production and its market 

According to the recent reports released by the International Dairy Federations (IDF 

432/2008), the total amount of milk production around the world in 2007 was 

approximately 670 million tonnes, and in 2006, it was 661 million tonnes. Except in 

2007, world wide milk production rose by 19% over the past 10 years (Fig. 2-1). The 

major part of the milk production was from cattle (85%), buffalo (11%), sheep (2%) 

and goat (2%). Milk productions from all other species are insignificant, though they 

are important in some regions of the world (Fox 2001). Growth in milk production 

has been consistently increasing, particularly fast in developing countries like China 

and India, where production levels were more than doubled in the last two decades. 

Although India continued to be the largest milk producer in the world with 94.6 

million tonnes per year, followed by the USA with 82.6 million tonnes (IDF 

432/2008; Wiley 2007), its contribution to the global market is negligible because 

milk consumption in the local market is also very high. The volume of the world 

dairy trade is increased by 20% from 1997–2007. This indicates that the demand for 

milk consumption and its potential applications in human healthcare and 

pharmaceuticals have been rapidly increasing in the last few years. On the other hand, 

top dairy exporting countries for the global market since 2006 include New Zealand, 

the European Union (EU-25), Australia and the USA. The top dairy importing 

countries include USA, Russia, Mexico and the European Union (IDF 432/2008).  

 New Zealand was reported to be the largest dairy products exporter since 2006 (IDF 

432/2008). Approximately 95% of milk produced in New Zealand has been exported 

in the form of various dairy commodities (milk powders, cheese etc.).  
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Figure 2-1: The amount of milk produced in the world for the last 10 years (IDF 

432/2008). The term ‘e’ used in the Figure 2-1 is ‘expected’.  

 

Figure 2-2: The amount of milk solids produced and expected to be produced from 

New Zealand dairy sector for next few years (Statistics 2009). The term ‘e’ used in 

the Figure 2-2 is ‘expected’. 
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Milk production in New Zealand rose by 6% in 2006 (14.9 million tonnes), which 

was equal to 3% of total world milk production. Among all milk exporting countries, 

New Zealand became one of the largest exporters of milk commodities, exporting 

NZ$10 billion worth for the year ended 31 March 2008 and expected to reach NZ$12 

billion worth for the year ending 31 March 20012 (IDF 432/2008). Major exporting 

destinations for New Zealand dairy commodities include Australia, USA, Japan and 

China (Statistics 2009). Due to the vast popularity and high benefits, hundreds of 

farmers have switched to the dairy farming business. According to recent reports, 

dairy farming in New Zealand (Fig. 2-2) has gradually increased for the period 2002–

2007.  

2.6 Functional foods and Nutraceuticals 

Functional foods are conventional food products that provide significant health 

benefits to consumers beyond their traditional supplements. Nutraceuticals are 

essential elements of food products that usually provide health and medical benefits 

to the consumer. Both functional foods and nutraceuticals have tremendous 

physiological health benefits(Basu et al. 2007) and reduce the risk of several 

chronicle diseases in human beings (Korhonen 1998; Korhonen 2009). Increased 

awareness of the diet-health relationship and rapid developments in clinical sciences 

has stimulated many people to focus on their diet and specific food consumption to 

avoid possible diseases while improving their health status. Most of the basic food 

products consumed in a routine diet have a certain amount of functional and 

nutraceutical elements. For example, milk is considered as a basic food in many diets, 

and is the good source of essential nutrients and several bioactive components 

(Hernandez and Guzman 2003; Meisel 1997). Other highly desired nutrients from 

food products include: fibre from oats; Omega-3 fatty acids from fish and flax oil; 

protein from soy and bioactive concentrates from berries and WPC & WPI from milk. 

Due to the awareness and proven health benefits, demand for functional foods and the 

nutraceuticals market has been rapidly increasing over the last 10 years (Basu et al. 

2007). .  
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The primary function of dairy food products consumption is to provide essential 

dietary supplements and energy to the body, similar to all other food products. Milk 

was thought to be the same as conventional food products until researchers found 

some additional benefits as regards human health. In the early 1980’s, the Japanese 

were the first people to recognize the significant contributions of dairy components 

on physiological health benefits in human (Hernandez and Guzman 2003; Steijns 

2001). Since then research has been accelerated to investigate and find potential 

functions and applications of several milk derived bioactive compounds in relation to 

human health. Possible bioactive ingredients available in milk are listed in Table 2-3.  

 

Table 2-3: Milk derived bioactive components Schlimme and Meisel (1995) and 

Meisel (1998).  

Casein proteins 
- Casein-derived peptides 
Whey proteins 
- Immunoglobulins 
- Lactoferrin and lactoperoxidase 
- Glycoproteins and Glycomacropeptides 
- Whey-derived peptides and amino acids 
Vitamin-binding proteins 
Membrane binding proteins 
Lipids 
Lactose and oligosaccharides 
Enzymes  
- Oxyreductases 
- Transferases 
- Hydrolases 
- Lyases 
- Isomerases 
- Ligases 
Hormones 
- Thyrotropin-releasing hormone (TRH) 
- Luteinizing hormone-releasing hormone (LHRH) 
- Adrenocorticotropic hormone (ACTH) 
- Thyroid stimulating hormone (TSH) 
Growth factors (e.g. EGF) 
Somatostatin (SIH) 
Gastrin-releasing peptide (GRP) 
Vitamins 
Insulin 
Relaxin 
Prolactin 
All other minerals and salt 
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Milk naturally contains several bioactive components which act as bacterial inhibitors 

Reiter and Oram  (1967) . Donovan and Odle (1994) illustrated the potential roles of 

milk growth factors for infant development. Schlimme and Meisel (1995) reviewed 

structural and functional applications of milk proteins in human health. Additionally, 

they also described several casein derived peptides and their potential physiological 

functions, enzymatic reactions, biological applications in dietary food products. 

Horton (1995) discussed the commercial utilization of minor bioactive components in 

food and health industries around the developed countries. Meisel (1997; 1998) and 

Shah (2000) have given a detailed overview on milk-derived peptides, their 

biochemical properties and potential nutraceutical applications in food and  

pharmaceutical  industries. Similarly, many scientists reviewed and published 

immence information regarding milk-derived bioactive proteins and peptides as food 

and nutraceutical ingredients (Fox 2001; Severin and Wenshui 2005; Steijns 2001), 

growth factors and antimicrobial activities (Fitzgerald and Meisel 2000; Pakkanen 

and Aalto 1997). Kelly (2003) has discussed regarding bovine colostrum and its 

potential clinical uses such as improving athletic performance, preventing diarrhea in 

persons with immune-deficiency syndromes, NSAID-induced gastrointestinal 

disturbances and several other applications. Milk derived components are functional 

foods, containing constituents which promote  life expectancy and improve human 

health conditions (Hernandez and Guzman 2003).  Biochemical properties of milk-

derived peptides in relation to human health were also reviewed by Meisel (2005).  

 

Marshall (2004) and Mehra et al (2006) have described the several potential 

therapeutic and pharmaceutical applications of whey proteins, immunoglobulins and 

their peptides in human health promotion. Semo et al (2007) investigated the 

innovative applications of casein micelles as natural nano-capsular vehicles for 

nutraceuticals. More recently, Korhonen (2009) and Madureira et al  (2007) 

investigated and discussed the latest improvements, biological functions and 

applications of milk derived bioactive components in human health and nutraceutical 

industries.  

 

Minor whey proteins such as LF, LP and other bioactive components were proven as 

potential elements in controlling infections and providing antibacterial activities in 
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human health (Hoek et al. 1997; Reiter 1985; Tenovuo 2002). Detailed descriptions 

about these proteins will be given in later Sections. 

 

According to recent technical market research, the global market for nutraceuticals 

was  US$117 billion in 2007, US$124 billion in 2008 and is expected to reach 

US$177 billion by 2013 at a compound growth rate of 7.4% per year (Research 

2007). Basu (2007) reported similar prospects for the growth of nutraceutical and 

functional food markets. The USA remained the biggest market for functional foods 

and nutraceuticals product consumption with approximately 33% of total global 

market share followed by Japan and China. In addition, Japan, China and India are 

the fastest growing consumer markets for functional foods and nutraceuticals 

(Research 2007).  

 

Dairy commodities represent a significant contribution to the global nutraceutical and 

functional food markets due to their healthy image and regular consumption in 

routine diets. Dairy constituents include whey protein concentrates (WPC) and whey 

protein isolates (WPI), cheese products, lactose derivatives, bioactive proteins and 

peptides, minerals, growth factors and hormones have shown a great impact on 

functional food and nutraceutical market expansion around the world (UBCI 2008). 

Although, the major share of dairy nutraceuticals market is among the USA, EU 

nations and Japan, New Zealand is a key contributor to the world dairy nutraceuticals 

and functional foods market with an annual export worth of NZD$10 billion worth 

dairy commodities in 2008 (IDF 432/2008; Statistics 2009). 

 

The global market for both consumer products and ingredients from milk has been 

growing rapidly, the main challenge for today’s science and technology is to improve 

process technologies for isolation of these bioactive components in a cost-effective 

manner whilst maintaining their inherent functional properties and nutritional values. 

The approach to meet these challenges to use as functional foods and nutraceuticals is 

not only to be considered in terms of processing and innovative point of view but also 

as a beneficial business model. Special aspects such as market, consumer perception, 

food safety, value chain and FDA regulatory issues are to be considered in the 

process developments and innovation technologies. Recent developments in 

separation science and dairy technologies offer a wide variety of opportunities to 
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identify, isolate and formulate these bioactive compounds from dairy fluids in bulk 

amounts with reasonable processing costs (Chand 2006; Etzel et al. 2000; Noel 2007). 

One such beneficial process is to isolate these bioactive components directly from 

milk (Chand 2006). It has several advantages over conventional methods, which 

includes high yields, improved activities (Fee and Chand 2006) and is 

environmentally benign. According to the International Dairy Federation (IDF 

432/2008) sources, important key aspects for the future dairy processing will be 

environment and energy sources. 

2.7 Milk proteins, properties and their applications 
 
Milk proteins are broadly classified as caseins and whey proteins. Generally, crude 

casein proteins are isolated by precipitation methods as explained in later Sections. 

Whey has been produced as a by-product in cheese manufacturing process in dairy 

industries for several decades. Until early 1990’s, anhydrous milk fat and cheese have 

been traded as bulk products, whilst whey is left as a waste product. Whey disposal 

has become a big issue for many countries and it posed several environmental 

problems. This potential issue led to  innovation of its probable advantages in human 

health (Smithers 2008). Since then research has been focused on protein extraction 

from cheese and acid whey streams. Initially, these proteins were recovered as whey 

protein concentrate by various precipitation methods and individual whey proteins by 

selective precipitation or selective isolation methods (Hidalgo and Hansen 1971; 

Matthews 1984; Otte et al. 1994; Richter et al. 1974). Improved technologies and 

recovery of individual whey proteins and use of their components for different 

purposes created a new era for dairy industries (Huth et al. 2004; Korhonen 2009; 

Marshall 2004). Due to increasing applications and health benefits of whey proteins 

in both food and nutraceutical industries, research has been focused on better 

technologies for their isolation and concentration in bulk amounts with low costs. 

Great achievements have been reported for major whey proteins such as α-lac and �-

lac extraction methods from cheese and acid whey solutions for large amounts. 

Furthermore, milk also contains various other minor whey proteins such as LF, LP, 

Igs and several other bioactive components (Shah 2000). A detailed description of 

various milk proteins and their applications in human health is given below along 

with their isolation technologies. 
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2.7.1 Casein Proteins 

The primary function of caseins is to provide nutrition to neonates. They perform this 

role very effectively because they are a good source of essential elements such as 

amino acids, calcium and inorganic phosphates (Brunner 1981). Caseins are classified 

into four major groups, α-s1, α-s2, �, and κ caseins, which comprise 45, 12, 33 and 

10%, respectively, of total casein proteins (Farrell et al. 2004). Individual 

quantification of casein proteins is not simple because of their micellar composition 

and common properties. However, they are easily separated from other milk proteins 

by acid precipitation at pH 4.6, because acidification causes the casein micelles to 

destabilize or aggregate by decreasing their electric charge to the isoelectric point (pI) 

of caseins (Norman 2000). α-Casein is the dominant casein in bovine milk, which is 

calcium sensitive and can be precipitated in the presence of very low levels of 

calcium and �-casein is also calcium sensitive (Farrell et al. 2004). κ-Casein is unique 

and resistant to calcium precipitation, it remains soluble in calcium solution under 

conditions that precipitate all other casein proteins. It plays a vital role in stabilization 

of caseins in the presence of calcium and formation of casein micelles.  

Consequently, some of it can appear in whey solutions (Norman 2000). Casein 

precipitation can also be achieved using enzyme coagulation methods with chymosin 

(EC 3.4.23.4) enzyme, which is generally extracted from cow’s stomach. Because of 

its potential importance in the dairy industry, this enzyme can be produced in large 

quantities using recombinant technology.  

 

Alpha- and beta-caseins consist of about 200-210 amino acid residues, with an 

average molecular weight of 24 kDa, whereas κ-casein contains only 169 amino acid 

residues, with a molecular weight of approximately 19 kDa (Farrell et al. 2004; 

Norman 2000). The actual molar mass of caseins varies slightly because it depends on 

the type of genetic variant and the degree of phosphorylation (addition of phosphate 

(PO4
2-) to a protein). The α-s1 casein has been identified with five genetic variants (A, 

B, C, D, and E) and its structure is composed of a hydrophobic and a polar domains. 

The α-s2 casein protein has been identified in two genetic variants (A and D) from 

bovine milk and more hydrophilic than that of α-s1 casein. Similarly, �-casein has 

been identified in seven genetic variants (A1, A2, A3, B, C, D and E) and they are 

more hydrophobic and have higher sensitivity to temperature than all other caseins. In 
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addition, only two genetic variants (A and B) are identified in κ-casein. The 

physiological role of κ-caseins is to stabilize calcium sensitive caseins in the presence 

of calcium in milk. They are less hydrophobic than �-caseins. Fundamentally, casein 

proteins contain a higher percentage of phosphorus residues (proline) in their amino 

acid sequences than other proteins, hence they are considered to be phospho-proteins 

(Farrell et al. 2004).  

2.7.2 Whey proteins 

On the other hand, whey proteins are rich in the sulphur containing amino acids such 

as cysteine and methionine. Consequently, they are highly soluble in aqueous buffers 

(Farrell et al. 2004; Norman 2000). Bovine whey or serum contains a mixture of 

different proteins and peptides with a wide variety of functional applications in food, 

health, pharmaceutical and cosmetic industries (Madureira et al. 2007; Marshall 

2004). It contains major whey proteins such as �-lac, α-lac, BSA, Igs, minor proteins 

such as LF, LP and all membrane proteins as well as macropeptides (proteose-

peptones). Immunoglobulin class G (IgG) is the main antibody constituent in bovine 

milk with small amounts of IgM and IgA (Farrell et al. 2004). Whey proteins are 

typically known as globular proteins and could be denatured by heating above 65–

70°C (Korhonen et al. 1998a). They are relatively more stable to pH variations and 

more sensitive to heat treatments than caseins. Whey proteins are rich source of 

essential amino acids and they are found to be very useful in human health 

(Madureira et al. 2007). Apart from membrane proteins, all the whey proteins have 

been extensively studied and characterized in terms of their structure, physico-

chemical properties (Table 2-2) and functional applications. Individual whey proteins 

are discussed in the following Sections. 

2.7.2.1 Beta-lactoglobulin 

Beta-lac is the most abundant whey protein and occupies approximately 50–60% of 

total whey proteins in bovine milk. Hambling et al (1992) and Liberatori (1977) have 

reviewed its structural and physico-chemical properties and functional applications in 

food, healthcare and cosmetic industries. �-Lac has a tendency to interact with α-lac 

and several caseins (κ-caseins) to form a complex by hydrophobic interactions (Wang 
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et al. 1997). The monomeric form of �-lac has a molecular weight of 18.4 kDa with 

162 amino acid residues. Unlike other whey proteins, it is not well known for its 

biological activities. However, in recent times Pellegirini (2001) and Krol et al (2008) 

described the bacterial activity domains in the bovine �-lac. It has  excellent gelation 

and foam stabilizing properties (Zayas 1997) and can potentially be used in functional 

foods and nutraceuticals manufacturing. Selective removal of �-lac from bovine whey 

would find immediate applications in infant food products (Eugenia Lucena et al. 

2006). �-Lac has been extracted from other whey proteins by selective precipitation 

methods (AL-Mashikh and Nakai 1987; Casal et al. 2006) and anion exchange 

chromatography methods. Chatterton et al (2006) discussed the bioactivity of both α-

lac and �-lac and their processing technologies in dairy industry. 

2.7.2.2 Alpha-lactalbumin 

This is the most abundant whey protein in human milk whey and the second most 

abundant in bovine milk whey. The bovine milk consists of approximately 20% of the 

total whey proteins and has a molecular weight of approximately 14 kDa with 123 

amino acid residues (Table 2-2). The biological functions played by α-lac is critical in 

lactose synthase system within the mammary glands. It shows structural similarities 

with type-c lysozyme. It also acts as a co-enzyme for �-1,4-galactosyltransferase and 

this enzyme enables lactose synthase to produce lactose by transferring galactose to 

glucose. Three genetic variants (A, B and C) have been reported in the literature for 

bovine milk, with the type B being the most common. The α-lac is the rich source of 

the two essential amino acids tryptophan and cysteine. These amino acids provide 

good solubility and digestibility and make it one of the highest nutritional sources for 

neonates. Many reviews and articles have been discussed about its structure, 

functions, biological activities (Madureira et al. 2007) and nutritional aspects in 

human health (Indyk 2009; Nakata 1999; Permyakov and Berliner 2000; Shah 2000; 

Svanborg et al. 2008).  

 

Bramaud et al (1997a) investigated the optimum conditions for selective precipitation 

of α-lac from bovine whey. In anion exchange chromatography, both α-lac and �-lac 

proteins are co-eluted at optimum conditions with relatively pure fractions. Manji et 
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al (1985) described the rapid separation of both α-lac and �-lac whey proteins using 

anion exchange chromatography.  

2.7.2.3 Bovine Serum Albumin  

Bovine serum albumin is a serum protein and it is identical to blood serum albumin. It 

has a molecular weight of approximately 66 kDa with 582 amino acid residues and is 

reported as a single genotype protein with no variants in bovine milk. BSA has 

tendency to bind calcium and other metal ions. Five to twelve calcium bindings have 

been reported at neutral pH. It has been widely used in biochemical applications 

including ELISAs (Enzyme-Linked Immunosorbent Assays), immunoblots and 

immunohistochemistry. It has also been used as a nutrient in cell and microbial 

culture media. Due to its hydrophobic nature, it strongly binds to free fatty acids in 

milk. This protein has also been extracted along with α-lac and �-lac whey proteins 

since pI of these proteins are within the same range as one another (Table 2-2).  

2.7.2.4 Lactoferrin 
 
Lactoferrin (LF) is a well-characterized iron-binding glycoprotein and it belongs to 

transferrin family, also known as lactotrasferrin (LTF). The non-glycosylated form of 

LF has a molecular weight of 80 kDa (690 residues) and pI 8.6 (Ekstrand 1994; 

Gonzalez-Chavez et al. 2009). Generally, LF has ∼55% of amino acid homology with 

serum transferrin and it contains four identical domains, two at Fe+3 and two at CO3
-2 

ions. It  is present in several secretory substances including milk and mucosal 

secretions such as tears and saliva (Masson et al. 1966). Bovine LF and human LF 

have approximately 69% of similarities in amino acid residues (Geneviève et al. 

1997). Human milk is the most abundant source of LF. It is one of the major whey 

proteins in human milk (Playne et al. 2003) with concentrations of 1.4–2.0 mg mL-1 

but only a minor component in bovine milk (Reiter 1985) with only one tenth (0.1–

0.2  mg mL-1) of concentration found in human milk. Huge variations in lactoferrin 

concentrations (0.06–1.0 mg mL-1) of milk from individual cows has been monitored 

and reported (Indyk and Filonzi 2005) in the literature. However, elevated levels of 

LF can be produced in bovine milk with the help of recombinant technologies 

(Thomassen et al. 2005).  
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Lactoferrin emerged as an important antimicrobial milk protein because of its iron- 

binding ability and other distinctive properties (Gonzalez-Chavez et al. 2009; Van der 

Strate et al. 2001). Recent scientific studies found many more applications of LF in 

human health such as immunomodulation, ability to prevent growth of pathogens 

(Ward et al. 2002) and potential antibacterial and antiviral properties (Enrique et al. 

2009; Van der Strate et al. 2001). It has other potential applications like anti tumour 

activity (Yang et al. 2002), anti inflammation (Guillen et al. 2000) and cancer 

prevention (Rodrigues et al. 2009) activities. LF has proven to be a substantial agent 

in controlling cell and tissue damage caused by oxidation. It facilitates iron transport 

in blood (Saarinen and Siimes 1977) and inhibits dendritic cell-mediated HIV-1 

transmission by blocking gp120 to DC-SIGN (Viani et al. 1999). In addition, LF has 

been used for several other applications. For example, highly purified bovine LF is 

used in infant nutritional formula, adult health promotional products, cosmetics, 

functional foods, beverages and animal feeds (Horton 1995; Serrano 2007). It can 

also be used as a shelf-life extension agent in many natural food products like meat 

(Taylor et al. 2004) to store for longer periods. 

 

Extraction and isolation of LF in both laboratory and industrial-scale applications 

have been achieved by using various processing technologies such as ion exchange, 

membrane adsorption, size exclusion, affinity and hydrophobic interaction 

chromatography methods (Fee and Chand 2006; Noel 2007; Norman 2000; Okonogi 

et al. 1988; Serrano 2007).  

2.7.2.5 Lactoperoxidase 
 
Lactoperoxidase (LP) was first identified and reported as an indigenous enzyme in 

milk by Arnold (1881).  It  has a single polypeptide chain having a molecular weight 

of approximately 78 kDa (Ekstrand 1994) with 612 amino acid residues (Cals et al. 

1991; Paul et al. 1985) and pI of 9.6 (Seifu et al. 2005; Sievers 1981; Watanabe et al. 

2000). Lactoperoxidase is one of the most abundant and heat stable enzymes in many 

mammalian milk systems. Bovine milk contains about 20 times higher LP than that of 

human milk (Gothefors and Marklund 1975) and it is the second most abundant 

enzyme (De Wit and Van Hooydonk 1996) in bovine milk. Lactoperoxidase is 

partially inactivated and retains most of its activity even after pasteurisation at 63°C 
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for 30 min or 72°C for 15 sec and it is destroyed at 80°C for 2.5 sec (Korhonen 1980; 

Van Hooijdonk et al. 2000; Wolfson and Sumner 1993). Lactoperoxidase has no 

antibacterial activity by itself but in the presence of specific co-factors, they act 

together as an important defence system in liquid solutions. The main co-factors are 

hydrogen peroxide (H2O2) and a halide or pseudo halide (thiocyanates). These two 

co-factors and LP components together are called the lactoperoxidase system (Seifu 

et al. 2005). This system has the ability to catalyse halides and pseudo halides by 

hydrogen peroxide to form potent intermediate products with antibacterial activities 

against bacteria, fungi and viruses (Adam et al. 2008; Gothefors and Marklund 1975; 

Kussendrager and Van Hooijdonk 2000; Sharma et al. 2009; Yener et al. 2009). 

Antibacterial activity of LP system has been reported 50–100 times more than that of 

hydrogen peroxide alone (Juven and Pierson 1996).  

 

Although lactoperoxidase is relatively stable against several factors it has  highly 

sensitive to light in the presence of riboflavin (De Wit and Van Hooydonk 1996) and 

adheres to glass surfaces readily depending on the hydrophobicity of the surfaces 

(Pruitt et al. 1990). Seifu et al (2005) investigated and reviewed its composition, 

properties, activity levels and applications in relation to human health and functional 

foods. In milk, LP catalyses and inactivates a wide range of microbes and acts as a 

natural preservative. This property is extremely useful when storage conditions are 

limited (Claeys et al. 2002; Donoghue et al. 1987; Fox and Kelly 2006a; Fox and 

Kelly 2006b; Nakada et al. 1996). It can also be used in food packaging to suppress 

microbial growth and increasing shelf-life (Han 2000). The LP system was primarily 

used as a preservative element for raw milk due to its inherent microbial inactivation 

properties. But recent developments in  analytical and biochemical technologies 

found many more applications of LP in health care products (Guthrie 1992), animal 

feeds, infant formulae, functional foods (Van Hooijdonk et al. 2000) and 

pharmaceuticals (Tenovuo 2002). 

 

Concentrations of LP and its catalysing activity in milk depend on several factors 

including feed, stage of lactation, breed and health status of animals (Fox and Kelly 

2006a; Fox and Kelly 2006b). A typical concentration of LP was reported as 30–40 g 

L-1 (Seifu et al. 2005) in bovine milk. Lactoperoxidase has maximum absorbance at 
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412 nm (Bardsley 1985) and its purity is estimated as a ratio of A412/A280, which has 

reported approximately 0.95 (Kussendrager and Van Hooijdonk 2000). 

Lactoperoxidase  catalysed reaction and activity assay can be performed using 2,2�-

azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as a substrate at pH 5–6 

(Bardsley 1985)  with maximum  activity in milk reported at pH 6.0 (Kumar and 

Bhatia 1999; Pruitt et al. 1990). 

2.7.2.6 Immunoglobulins  

Immunoglobulins are gamma globulin proteins that are found in blood and other body 

fluids of human, bovine and all other lactating species. These are used in the immune 

system to identify and neutralize foreign objects such as bacteria and viruses, which 

are generally called antigens. Human immunoglobulins are broadly classified into 

five different classes such as IgA, IgD, IgE, IgG, and IgM. These five isotopes differ 

from one other in several aspects including structure, configuration, biological 

function and distribution in human body. Igs account for 20% of total proteins in the 

human secretions. Among all, IgG is the most abundant immunoglobulin contributing 

to 75% of total immunoglobulins. However, the amount and availability of each 

isotope concentration varies from species to species. For example, bovine milk 

contains only some of these isotopes such as IgG, IgA and IgM (Table 2-2).  

 

Being a family, all immunoglobulins share a basic structural unit that contains four 

polypeptide chains with two identical heavy (H) chains and two identical light (L) 

chains. Molecular masses of heavy and light chain peptides are 50 kDa and 25 kDa, 

respectively. Heavy chain-light chain peptides and heavy chain-heavy chain peptides 

are connected by disulfide bonds at hinge region. These bonds are responsible for 

maintaining stability and flexibility of the immunoglobulins during antibody-antigen 

interactions. Monomer of IgG has a Y shaped structure with a hinge region, which is 

the region between V and I. Two light chains (κ and �) differ from each other in 

peptide chain length (211–217 amino acids). Each of these light chains has a constant 

and variable region, the variable region is the most important portion to bind various 

antigens (known as foreign bodies). The two heavy chains contain five types (γ, δ, α, 

µ and ε) and they determine the class of Igs, γ and δ chains contain approximately 

450 amino acids and α, µ and ε chains contain 550 amino acids in their peptide 
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sequence. Similarly, each heavy chain has a constant region, which is the same for all 

immunoglobulins of the same class and a variable region, which differs between Igs 

of different B cells but the same B cell produces same variable region for all Igs. 

Each Ig molecule has two identical binding sites known as F(ab)2 (fragment, antigen 

binding). Usually F(ab) is formed by the N-terminal end of one heavy and one light 

chain peptides. The C-terminal end of the heavy chain peptide is denoted as Fc 

(Fragment, crystallization) region, Fc portion binds to specific proteins, different cell 

receptors and foreign bodies. This ensures that each antibody generates appropriate 

immune responses for foreign bodies or antigens.    

 

The monomeric structure of all other antibodies such as IgA and IgM is similar to 

IgG except for the addition of a C-terminal octapeptide to the heavy chains. IgA 

occurs as monomer or dimer forms, comprising two IgA monomers joined together 

by a J-chain and secretory component. This complex is secretory IgA (sIgA) and it 

has a molecular weight of approximately 380 kDa (El-Loly 2007). IgA is the 

abundant immunoglobulin in the external secretions of the body and its catabolising 

activity is five times faster than that of IgG (Heremans 1974a; Kerr 1990). IgA acts as 

a first specific defence system against natural infections (Tomasi and Bienenstock 

1968). Unlike bovine IgA, there are several articles available regarding human IgA 

structure, functions and applications in human health (Goldblum 1990; Hexham et al. 

1997; Kazeeva and Shevelev 2007; Kerr 1990; Späth 1999; Yoo and Morrison 2005). 

A typical concentration of IgA in bovine colostrum ranges from 1–5 g L-1 and bovine 

milk contains only 0.05–1.0 g L-1. 

 

IgM molecule consists of five subunits (Y), similar to monomeric IgA, which are 

linked together in a circular form by disulfide bonds and J-chain. It has a molecular 

weight of 900–1000 kDa  (Table 2-2) (Butler 1969; Korhonen et al. 2000). In bovine 

milk, IgM concentration ranges from 0.04–1.0 g L-1, whereas bovine colostrum 

contains 5–10 greater levels than that of milk. 

2.7.2.6.1 Applications of immunoglobulins   
 

Immunoglobulins act as the first defence system against natural infections and 

diseases (Butler 1983; El-Loly 2007; Heremans 1974a; Heremans 1974b; Korhonen 
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1998; Korhonen et al. 2000; Tomasi and Bienenstock 1968). Igs have been used in 

many forms such as colostrum, milk derived products and concentrated individual 

antibodies to support human health because of their inherent ability to prevent 

infections and control diseases (El-Loly 2007; Kelly 2003; Korhonen et al. 2000). Igs 

are used in a wide variety of applications such as, disease treatment (Hilpert et al. 

1987; Korhonen et al. 1998b; Zeitlin et al. 2000), infection control (Lilius and 

Marnila 2001) prenatal therapy (Kelly 2003; Stephan et al. 1990), functional foods 

(Donovan and Odle 1994; Korhonen 1998) and research applications. Bovine 

colostrum and milk derived products are good sources for a large number of naturally 

contained antimicrobial substances (Reiter and Oram 1967), growth factors (Donovan 

and Odle 1994; Pakkanen and Aalto 1997) and nutrients (Butler 1983; Pakkanen and 

Aalto 1997; Reiter and Oram 1967). Enriched bovine colostrum, produced from 

hyperimmunized cows is a very good source of Igs and it has been used as a raw 

material to provide passive immunity (Lilius and Marnila 2001; Weiner et al. 1999; 

Zeitlin et al. 2000) to the neonates to save them from the variety of pathogens during 

early development of their own immune system. It is also used for the patients who 

suffer from gastrointestinal tract  related infections (Hilpert et al. 1987; Stephan et al. 

1990). 

 

In research applications, isolated and purified Igs are used in many applications that 

include monoclonal antibodies to identify and locate intracellular & extracellular 

proteins, immunoprecipitation, electrophoresis, immunofluorescence and 

immunoassays (Butler 1969; Butler 1983). 

 

Igs with specific antibody activities can be produced to the required levels in lacteal 

secretions through targeted hyperimmunization protocols, using vaccines containing 

inactivated pathogenic microbial material against which the Igs activities are desired 

(Husu et al. 1993; Kuroiwa et al. 2009). The increased pool of antibodies can be 

enriched further by applying various processing technologies. Production of Igs 

enriched products contain high levels of crude or purified antibodies that may find 

several beneficial applications in human and animal healthcare (Kelly 2003). 
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2.8 Separation techniques used in the dairy industry to 

extract milk proteins 

2.8.1 Protein purification 
 
Generally, protein isolation or separation is performed based on the protein native 

properties (Table 2-2) such as charge, size and hydrophobicity (Matthews 1984; Ye et 

al. 2000). In some special cases proteins are isolated by affinity ligands (Huse et al. 

2002). There is a wide range of technologies available for protein separation based on 

end user applications and commercial viability. Most popular separation techniques 

for extraction of proteins from crude mixtures are salt or solvent precipitation and 

adsorption chromatography methods (Etzel et al. 2008; Matthews 1984; Scopes 

1993). These methods have been investigated for several decades and are well 

documented in the literature. However, the processes available for commercial-scale 

and industrial-scale extraction of proteins are limited. The industrial-scale methods 

are divided into mainly three categories: selective precipitation, adsorption and 

membrane filtration. Most of these process steps were used either individually or in 

combination with several individual methods to isolate protein of interest from 

complex mixtures depending on the end user applications (Abd El-Salam 2006; 

Bhushan. S and Etzel. M. R 2009; Goodall et al. 2008; Hjorth 1997; Noel 2007; 

Serrano 2007). In general, the dairy industry uses several steps in combination to 

isolate different bioactive components from milk (Fig. 2-3). For example, 

centrifugation is one of the most commonly used methods to isolate milk fat 

components, precipitation methods for casein separation and ion exchange 

chromatography techniques for isolating major whey proteins (Korhonen et al. 

1998a). Recently, membrane filtration or membrane adsorption technologies (Goodall 

et al. 2008) are attracting dairy industries for bulk processing of bioactive 

components with fewer process complications. In addition, expanded bed adsorption 

or stirred tank systems (batch or continuous) have proved to be potential alternative 

methods for industrial-scale processing (Noel 2007) of complex mixtures. 
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Figure 2-3: Commercial milk protein/product formulation processes in dairy 

industry. 

 

Although there are several alternative processing technologies available for extraction 

of bioactive components from dairy fluids, most of them have their own limitations 

and inherent drawbacks. Some of these milk-derived bioactive components are 

susceptible to harsh treatments, usually employed in isolation processes. In addition, 

multiple step processes always increase the final product cost and decreases the 

activities and yields of sensitive bioactive compounds (Chand 2006). Considering all 

these necessary parameters, there is a need to develop chromatographic methods that 

minimize loss or retain bioactivity of these dairy components whilst maximizing the 

yields. Due to increasing demand and applications for these minor proteins/peptides 

in health, pharmaceutical and food industries, more robust and cost effective 

processes need to be developed for bulk productions.  

2.8.1.1 Precipitation 
 
Precipitation has been widely used in downstream processing for recovery of 

biological products such as proteins, enzymes and other bioactive compounds. The 
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selective precipitation technique involves adjusting physical properties of desired 

components in crude solutions by addition of organic solvents, salts, pH changes, 

and/or heating to promote selective insolubility or aggregation. The most common 

process of protein precipitation is salting-out at high concentrations of salt, usually 

ammonium sulphate ((NH4)2SO4). Selective precipitation has been the most commonly 

used method in dairy industry for making cheese by adjusting milk pH below 5 (Acid 

whey) at 40°C, which leads to aggregate casein proteins. Apart from this, 

precipitation methods have also been applied for selective extraction of whey proteins 

from whey. For example, selective precipitation methods were successfully optimized 

by Bramaud et al (1997a; 1997b) for isolation of α-lac from whey (Bramaud et al. 

1997a). AL-Mashikh (1987) and Casal et al (2006) have described the selective 

removal of �-lac from cheese whey by phosphate precipitation and chitosan caused 

precipitations, respectively. Other scientists also investigated the selective 

precipitation methods for isolation of whey proteins from acid and cheese whey 

(Hidalgo and Hansen 1971; Richter et al. 1974; Stanley et al. 1950). In addition, 

several other solvent precipitation methods were used to concentrate and isolate either 

individual or combination of whey proteins from whey streams. However, solvent 

precipitation methods were not suitable for all dairy proteins and bioactive 

components because of their inherent limitations in food and health care applications.  

2.8.1.2 Membrane filtration and membrane chromatography  
 
Membrane filtration is the most established method in dairy industry to concentrate 

milk-derived components. Membrane processes for separating milk components 

operate over a range of particle sizes from 1 nm to 10 µm as given in the Fig 2-4. 

Dairy industry uses different membrane process technologies such as cross-flow 

microfiltration (CFM), ultrafiltration (UF), reverse osmosis (RO), dynamic membrane 

filtration (DMF), electro ultrafiltration (EU), and nano-filtration (NF) for various 

products recoveries. For example, ultrafiltration using ceramic or polymer 

membranes completely retains whey proteins and produces permeate with lactose and 

minerals that can be further processed by either nano-filtration or reverse osmosis for 

lactose recovery or evaporation and spray-drying. Figure 2-5 is a schematic 

representation of membrane technologies and their applications in dairy industry for 

processing various individual milk-derived products.  
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 Figure 2-4: Size indication and membrane process for separating desired milk 

components (Brans et al. 2004).  
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Figure 2-5: Schematic representation of typical membrane processing in dairy 

industry (Cheryan 1998).  

 

Recent developments in membrane technologies and in the design of ionic 

membranes are enabling them to become more useful for simultaneous filtration and 

extraction of whey proteins from whey streams. Improved membrane process 
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technologies not only provide high throughput processing but also enhance product 

yields whilst reducing the final process costs. 

2.8.1.3 Chromatography 
 
Chromatography, most commonly column chromatography, has been in use for 

several decades. This method has been widely used for isolation, extraction and 

purification of bio-molecules ranging from small peptides to large antibodies from 

various complex mixtures. Generally, proteins and peptides are separated by 

application of suitable chromatography methods based on their physicochemical 

properties such as charge (cation or anion exchange chromatography), size (size 

exclusion chromatography or gel permeation), and hydrophobicity (hydrophobic 

interaction chromatography). In addition, certain bio-molecules, especially 

antibodies, are isolated by application of affinity chromatography methods. In affinity 

chromatography, the immobilised ligand is unique and has very specific binding to its 

counterpart, called an antigen. Chromatography processes can be operated in either 

batch or continuous modes in packed bed columns, expanded (or fluidized) bed 

columns or stirred (suspended) tanks. More details of each individual method are 

described in the following sections. 

2.8.1.3.1 Modes of chromatography operation 

2.8.1.3.1.1 Column or packed bed chromatography  
 
In packed bed column chromatography, the adsorbent is placed in a vertical column 

as the stationary phase and a liquid is passed into the column on to the top as the 

mobile phase. Generally, packed bed chromatography offers high surface areas that 

give high binding capacities when operated at optimum conditions. Packed bed 

chromatography is the most commonly used chromatographic processes in 

pharmaceuticals and is even more extensively used for analytical purposes of both 

laboratory and industrial-scale applications because of its sharp elution profiles and 

good peak resolutions (Etzel et al. 2000; Fee and Chand 2006). This process has been 

widely used in dairy industry for industrial scale isolation of individual whey protein 

fractionations. All whey proteins including α-lac, �-lac, BSA, LF, LP and 

immunoglobulins have been isolated from clarified whey solutions (Doultani et al. 

2004). Packed bed chromatography is a multistep process and requires pre-treated 
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feed material either using filtration or centrifugation step in order to avoid column 

clogging/blocking with complex fluids. In order to curtail column clogging and high-

pressure drop problems, these chromatographic columns were usually designed 

smaller in length and wider in diameter. On the other hand, large bead sized media, 

for example, Sepharose Big Beads (SP BB) (GE Healthcare, Sweden) can minimize 

column-clogging problems as the larger bead size leads to larger intraparticle void 

spaces in packed beds. This media has been well characterised and applied for large-

scale fractionation of high value individual whey proteins from milk and other dairy 

fluids (Chand 2006; Etzel et al. 2000; Fee and Chand 2005; Fee and Chand 2006). 

 

2.8.1.3.1.2 Batch (Stirred tank) Chromatography 
 
Batch or stirred tank adsorption chromatography is relatively new to dairy protein 

fractionation and it offers several advantages over the traditional packed bed 

chromatography process. For example, it is very useful for processing complex fluids 

like whole milk because whole milk contains large suspended particles that make it 

difficult to process in conventional packed bed chromatography. In general, whole 

milk is not expected to pass through a chromatography column because of its low 

processing temperatures.  It is a general practice to store milk at 4–10°C to minimize 

bacterial growth during long holding periods in dairy industry, and chromatographic 

extractions to fractionate milk proteins are also preferred to perform at these 

temperatures. Batch process may be very useful for on-farm fractionation of 

individual whey proteins from whole milk due to the variable fat content in an 

individual cow’s milk (Chand 2006; Fee and Chand 2005). Major concerns in batch 

processing include the fines that are generated with vigorous stirring speeds. These 

fines can easily block the filtration system and result in a longer processing times and 

low product recoveries. However, this can be controlled by the optimization of 

stirring speeds. Other limitations of this method include requirement of large 

equipment as the tanks must hold all the feed and the resin and slow throughput 

because of long processing times (Chand 2006). The batch adsorption method has 

been successfully applied for the isolation of minor milk proteins such as LF, LP and 

immunoglobulins from various milk fluids at optimum stirring speeds of 150–200 

rpm (Dionysius et al. 1991; Foley and Bates 1987). This method has been 
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successfully tested for on-farm extraction of high value minor milk proteins such as 

LF and LP from whole milk samples (Chand 2006; Fee and Chand 2005).  

2.8.1.3.1.3 Fluidized or expanded bed adsorption chromatography 
 
Fluidized or expanded bed adsorption (EBA) is an alternative purification tool, which 

has been used for isolation of proteins from crude complex mixtures (Hjorth 1997). 

This technology has been thoroughly investigated to isolate proteins and novel 

biological compounds from crude fermentation broths and complex mixtures in a 

single purification step. The EBA method was successfully employed in large-scale 

applications (1994; Chase and Draeger 1992; Gailliot et al. 1990). Hansson et al 

(1994) used the expanded bed adsorption (EBA) technology for single-step  recovery 

of fusion proteins directly from fermentation broth without any pre-treatment. In the 

last decade, EBA technology impressed many dairy industries for extraction of minor 

proteins from complex milk streams (Noel 2007). 

 

Shiozawa et al (2001) successfully applied EBA technology to isolate LF from skim 

milk with high yields. Since then its use has been increased in dairy industry for 

several minor proteins extractions. For example, Conrado et al (2005) investigated the 

concentration of α-lac from cow milk whey using EBA technology with hydrophobic 

resin. The key attribute of EBA is that bed expansion provides large inter-particle 

spaces that allow suspended particles to pass through the bed. EBA thus reduces some 

of the limitations associated with conventional (packed bed) chromatography 

processes, such as column clogging and high-pressure drops.  

2.8.1.3.1.4 Cryogel monolith chromatography 
 
Use of macroporous media is a new, emerging technology for extraction of proteins 

from solids-laden feed-streams (especially for dairy streams) at high flow rates. This 

method overcomes the need of multi-step processes which are usually associated with 

high capital costs. A porous chromatographic media with a suitable pore size can 

minimize pressure drop limitations, whilst functional groups present on the internal 

surfaces adsorb proteins with minimal mass transfer limitations since they are located 

within the convectional flow. A cryogel monolith is a highly porous adsorbent 

material with strong mechanical properties (Plieva et al. 2009). This material has 
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several other benefits over conventional chromatography adsorbents which include 

ease of manufacture, cheap production costs and very high flexibility. These materials 

can be modified to immobilize both ion exchange and affinity groups (Dainiak et al. 

2004; Plieva et al. 2006b; Savina et al. 2006) for purification of specific bio-

molecules of interest. Cryogel monoliths with interconnected pores ranging from 10 

to 200 µm have been developed, characterized (Plieva et al. 2006b) and used for 

chromatographic purification of both non-clarified cell supernatants and whole cell 

suspensions without column blockage (Dainiak et al. 2004; Jungbauer and Hahn 

2004; Kumar et al. 2006; Persson et al. 2004). However, to date, there have been very 

few reports published for their use in milk protein separation (Noppe et al. 2006; 

Noppe et al. 2007). Due to its high porous nature, this material might be interesting 

for extraction of minor proteins from raw whole milk in a single chromatographic 

step. Given the above cryogel pore size range, it should be possible to pass whole 

milk (which contains solids in the range 1–10 µm) at moderate to high flow rates 

without column blocking.  

2.8.1.3.2 Nature of chromatography adsorbents generally used in dairy 

processes 

 
There are wide varieties of chromatography resins available in the literature but only 

ion exchange and affinity chromatography resins have been extensively used in dairy 

industry for protein separation.  

2.8.1.3.2.1 Ion exchange chromatography 
 
Among all, ion exchange chromatography is the most common and popular type of 

adsorption chromatography in dairy processing. It is based on the net charge of 

components that will bind to the opposite charges present on adsorption surface. Ion 

exchange chromatography mainly depends on two factors: the pH and salt 

concentration of buffer solutions. For example, anion exchange adsorption surface 

with diethylaminoethyl (DEAE) moieties (+ charge) will facilitate to bind negatively 

charged proteins or peptides. It is generally applied above the iso-electric point (pI) of 

target components whilst cationic exchange chromatography is operated below the pI 

of target components. Ion exchange chromatography is often influenced by several 

other factors but mainly it depends on the buffer pH and conductivity. Bound 
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components can be eluted by varying either buffer pH or salt and both in some special 

cases (Scopes 1993). 

2.8.1.3.2.2 Affinity chromatography 
 
This is the second most popular chromatography method used in dairy processing. 

Affinity chromatography separates proteins and peptides based on specific reversible 

interactions (Scopes 1993). Antibodies with high purity have been recovered from 

various species and complex fluids by applying affinity chromatography adsorbents 

that contain specific affinity ligands (Hober et al. 2007; Linhult et al. 2005). In 

general, most commonly used affinity adsorbents for isolation of immunoglobulins 

from different sources are either protein-A or protein-G affinity media (Hober et al. 

2007; Kochan et al. 1996). Affinity adsorbents have several benefits over ion 

exchange adsorbents including selectivity, comparable binding capacities and very 

high purity products. Application of affinity chromatography for isolation of 

immunoglobulins from milk could be a very good technology but the major concern 

with these ligands are their leaching into the final product, which could make the final 

product toxic for human consumption. In addition, affinity chromatography has 

several other limitations in high throughput applications such as pre-treated samples, 

mild elution/sanitization conditions and expensive adsorbents (Linhult et al. 2005).  

 

Until recently, there was no suitable material available as replacement for these 

materials. Recently, with the help of sophisticated analytical technologies and peptide 

synthesis resources, scientists synthesized specific Protein-A Mimetic Peptides as 

(PAM) affinity ligands from combinatorial libraries (Fassina 2001). They have been 

successfully applied as an affinity media for extraction of immunoglobulins from 

various complex fluids in single step process methods (Fassina 2000; Fassina et al. 

1996). PAM peptide ligands are attractive materials as they are not only an alternative 

to affinity media but are also robust and have low production costs. In addition, these 

ligands are highly stable towards sanitization agents, which are usually employed in 

affinity chromatography and they have less risk of leaching into the final products 

(Fassina et al. 1996).  
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2.8.2 Minor protein extraction and isolation methods 

2.8.2.1 Isolation of LF and LP 

2.8.2.1.1 Ion exchange chromatography 
 
Amongst all the whey proteins LF and LP are known as basic whey proteins and they 

can be easily purified using cation exchange chromatography methods (Fee and 

Chand 2006; Yoshida and Ye-Xiuyun 1991). LF was extensively investigated in both 

laboratory and industrial-scale extraction technologies (Fee and Chand 2006; Norman 

2000). However, most of the cases LP protein has been co-eluted as a secondary 

product because of its near pI value. The most widely used extraction technology to 

isolate basic proteins is cation exchange chromatography. Due to the complex nature 

of milk, generally LF extraction was carried out by a combination of several 

individual processing methods such as precipitation, filtration and ion exchange 

chromatography (Chiu and Etzel 1997).  Cation exchange matrices that might be 

routinely used in basic protein separation include phosphocellulose, 

carboxymethyl/sulfopropyl-substituted cellulose, Sephadex™ and Sepharose™. 

Among these cationic resins, carboxymethyl-Sepharose (CM-Sepharose, weak 

cationic) and sulfopropyl-Sepharose (SP-Sepharose, strong cationic) resins (GE 

Healthcare, Sweden) were very well characterised for high throughput isolation of 

these basic proteins from milk and whey. During the early process developments, 

CM-Sepharose resin was the most widely used matrix for isolation of LF from acid 

and rennet whey around pH 7.7 but in recent times most of the LF purification 

methods were investigated using SP-Sepharose strong cationic exchange resins. SP-

Sepharose fast flow or big beads and Streamline-SP resins have been widely used for 

LF and LP extraction from milk and whey feeds in both laboratory and industrial-

scale applications. Etzel et al (2000) have optimized the chromatography process 

using SP-Sepharose Big Beads for isolation of LF from skim milk with >90% purities 

and 80% recoveries in singe-step packed-bed chromatography. They have also 

optimized the Streamline-SP resin as an expanded bed cation exchange 

chromatography media to isolate LF and LP from skim milk with >80% recovery at 

200 cm hr-1 flow rate (upward). 
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LF was first isolated by Johnson (1960) from human milk using carboxymethyl ion 

(weak cation) exchange chromatography, which is still one of the popular cation 

exchange methods. Since then several hundreds of protein separation methods and 

patents have been reported in the literature. Yoshida (1991) used carboxymethyl-

Toyopearl cation exchange resin for the selective extraction of LF and LP proteins 

from acid whey at pH 7.7 and eluted bound proteins with a linear gradient 0.0–0.55 M 

NaCl. Okanogoi et al (1988) claimed a process patent for producing high purity LF 

using carboxymethyl cation exchange matrix from skim milk and whey with >98% 

purity and >80% yields. Kussendrager et al (1994) developed a high throughput 

chromatography process for isolation of LF and LP from skim milk and whey with 

more than 80% yields. Burling (1989) and Uchida et al (1996) have reported 

industrial-scale methods to purify LF and LP from whey and milk. Recently, Fee and 

Chand (2006) optimized the high throughput process to isolate LF and LP from whole 

milk at milking pH and temperatures using SP Sepharose Big beads as packed 

chromatographic resin.  

 
Foley and Bates (1987) reported an easily scalable batch stirred tank extraction 

process of LF from human whey with 80% yield and 96% purity. Dionysius (1991) 

investigated CM Sephadex resin in a stirred tank system, mixed up with whey 

(cheese, rennet and acid) for 60 min at pH 7.0 and extracted more than 90% LF, 

bound LF was later on eluted by NaCl gradient elution. According to the reports, 

resin adsorption capacity dramatically changes with the nature of whey. Claycomb 

(2004) has been granted a patent for on-farm fractionation of high value milk 

proteins. Fee and Chand (2005) reported the possibility of on-farm fractionation of 

LF and LP using a fully automated protein fractionation robot system. Lu et al (2007) 

designed a production scale technology for extraction of LF from bovine colostrum 

with final yields (82.5%) and purities (94.2%) using the ultrafiltration system coupled 

by the fast flow strong cation exchange chromatography method. Wu and Xu (2009) 

reported isolation and purification of LF and IgG from bovine colostrum using a 

serial cation exchange chromatography. 

 

Mitchell et al (1994) used a cation exchange membranes operated in either dead end 

or cross flow configuration to isolate LF and LP from cheese whey. Chiu and Etzel 

(1997) described a method for the extraction of LF and LP from cheese whey using 
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microporous (3–5 µm) cationic membranes and achieved 50% and 70% recoveries, 

respectively. Ulber et al (2001) described a two-step down stream processing method 

for separation of bLF from sweet whey. Plate et al (2006) used 2 m2 membrane 

modules for preparative scale isolation of LF and LP from sweet whey with >90% of 

recovery yields and purities.   

 

Heeboll-Nielsen et al (2004) developed a superparamagnetic cation exchange 

chromatographic process for fractionation of bovine whey proteins including LF and 

LP with twenty eight-fold purification over the starting material.  

 

Andersson and Mattiasson (2006) used simulated moving bed (SMB) technology to 

isolate LF and LP from whey protein concentrate. SMB technology could be a 

potential tool for large-scale purification processes because it increased the target 

protein concentration 6.5 times whilst consuming 4.3 times less buffer solution in 

comparison with conventional methods. 

 

Noel (2007) has described the largest chromatography column for industrial-scale 

isolation of LF using an enhanced expanded bed adsorption (EBA) chromatography 

for processing of 200,000 L of crude cheese whey per day. During their optimization 

process, they have passed 85,000 L (3 cycles) of crude cheese whey through 950 L of 

the cation exchange column at 900 cm hr-1 flow velocities. Bound LF was eluted in 

mild alkaline conditions with final product quality of 90–100% yield and high purity 

(with a single band in SDS-PAGE). The cation exchange adsorbent used in this 

process had a dynamic binding capacity of 27–54 g L-1. Shiozawa et al (2001) have 

investigated EBA technology  using Streamline-SP as a stationary adsorbent for 

extraction of LF from skim milk with approximately 90% recovery and purity at a 

flow rate of 150 cm hr-1. 

2.8.2.1.2 Affinity chromatography 
 

This is the second most popular chromatography method for isolation of minor milk 

proteins. Kawakami et al (1987) used immobilized LF-monoclonal antibody resin for 

single-step isolation of LF from both human and bovine skim milk and colostrum 

streams with very high purities and recoveries of 98% and 97%, respectively. 
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Heparin-Sepharose chromatographic column has been used for the affinity 

purification of LF from human whey with high purity and yields. Authors reported 

that the method was relatively simple and scalable to desired levels (Blackberg and 

Hernell 1980).  Bezwoda and Mansoor (1986) isolated LF from human whey using 

Cibacron Blue F3G-A linked affinity adsorbents. Hutchens et al (1989) has been 

purified hLF from human colostral whey at neutral pH with recovery higher than 95% 

using a immobilized single-strand DNA-agarose affinity chromatography method. 

They achieved a single protein band after elution with elevated ionic strength buffers. 

Other affinity chromatographic methods used for isolation of LF from various sources 

include immobilized yolk antibody resins (E.C.Y Li-Chan et al. 1998) and anti-LF 

immunoaffinity chromatography (Y-Y Tu et al. 2002). Some other methods include 

magnetic affinity chromatography (Chen et al. 2007), dye affinity chromatography 

(Grasselli and Cascone 1996), microfiltration affinity chromatography (Jyh-Ping and 

Cheng-Hsin 1991) and affinity membrane chromatography (Wolman et al. 2007). 

Immobilized peptide ligands reported to be a prospective affinity chromatography 

resin for isolation of LF from milk and whey (Noppe et al. 2006).    

Lonnerdal et al (1977) and Al-Mashikhi et al (1988) described the potential 

applications of metal–chelate affinity chromatography for the isolation of LF from 

human milk.  

Although affinity chromatography is quite a popular method for isolation of LF, it is 

not extensively studied for extraction of LP. Shin et al (2001) used immuno-affinity 

chromatography for selective isolation of LP from whey but they are not well-studied 

for commercial-scale applications. 

2.8.2.1.3 Other chromatographic methods  

Size exclusion chromatography is not a popular method for protein purification but is 

commonly used for analytical purposes. This method has often been used as a final 

purification step in conjunction with other chromatography methods to enhance the 

protein purities. For example, Al-Mashiki and Nakai (1987) have applied the gel 

filtration chromatography method for isolation of LF and immunoglobulins from 

different whey streams.  
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Yoshida (1989) used hydrophobic interaction chromatography followed by  DEAE 

ion exchange chromatography to isolate LF and LP from acid whey. Recently, Tomita 

et al (2002) reported the possibility of LF and LP isolation from cheese whey or skim 

milk using the semi-large scale hydrophobic chromatography method.   

2.8.2.1.4 Non-chromatographic methods 
 
Saleh and Hossain (2001) developed a semi-batch foaming process to separate LF 

from a multi component mixture of BSA, α-lac and LF by utilizing protein surface 

active properties.  Noh et al (2005) has selectively purified the LF using  cationic 

surfactant as a micelles foaming agent. They have manipulated the protein behaviour 

by changing pH and salt concentration in the aqueous phase and surfactant 

concentration in the organic phase. Due to this LF was achieved in aqueous phase 

while solubilising all other proteins into organic phase. Fuda (2004) recovered 

approximately 25-fold  LF and LP from  sweet whey using colloidal aphrons (CGAs), 

which are surfactant micro bubbles generated by intense stirring of the anionic 

surfactant  called as sodium bis-2-ethylhexyl sulfosuccinate (AOT). Noel et al (2002) 

used the foam fractionation process as a low-cost and simple model for isolation of 

LF from skim milk.  

2.8.2.2 Isolation of immunoglobulins 
 
Traditionally, isolation of Igs from colostral whey has been achieved by precipitation 

methods with either ammonium sulphate or ethanol followed by several other 

chromatography methods. These conventional methods yield rather high pure IgG 

fractions and are appropriate for small-scale applications. They are not applicable for 

large-scale production of Igs from cows colostrum or milk (El-Loly 2007). As milk is 

a complex fluid and contains high amounts of fat, it is not easy to isolate Igs using 

conventional methods. Rapid developments in separation technologies and 

application of membrane separation methods have made it possible for industrial-

scale isolation of immunoglobulins from various streams including whey, colostrum 

and recombinant cell culture supernatants. Ever since the membrane technology 

revolution in the dairy industry, a great number of membrane process technologies 

have been developed for isolation of Igs from whey and milk streams by either using 

single step process or combination of several individual steps. For example, 
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ultrafiltration (UF) has been employed either alone or in combination with ion 

exchange chromatography or gel filtration chromatography for large-scale 

fractionation of Igs from cheese or colostral whey streams (Abraham 1988; Korhonen 

2004; Korhonen et al. 1998b; Syvaoja et al. 1994).  

 

Due to certain limitations (peak overlap with other whey proteins), ion exchange 

chromatography has less applications in isolating antibodies from dairy streams. 

However, it was widely used in combination with other membrane processing 

methods for isolating different classes of Igs. Al-Mashikhi and Nakai (1988; 1987) 

used  gel filtration chromatography for isolation of IgG and LF from colostral, acid 

and sweet whey streams with high biological activates of 99, 83.3 and 92%, 

respectively. Wu and Xu (2009) has applied a serial cation and anion exchange 

chromatography techniques for isolation of IgG and LF from bovine colostral whey. 

After final desalting and concentration steps, elution fractions were obtained with 

96.6% and 95% purities, respectively.  

 

On the other hand, affinity adsorption methods have been widely used for isolation of 

Igs from colostral or cheese whey. Protein-A/G affinity media is well characterized 

and used for fractionation of Igs, specially IgG. In some special applications, they use 

immunospecific affinity ligands. A great number of pilot and industrial scale 

methods, using membrane technologies and affinity chromatography, have been 

developed for extraction of Igs from whey and colostrum in combination with other 

chromatography techniques (Kochan et al. 1996; Mukkur and Froese 1971; Schmerr 

et al. 1985). Labrou and Clonis (1994) described the possible affinity based 

purification technologies in downstream processing of Igs. Linhult et al (2005) 

discussed the various industrial-scale purification processes of Igs using different 

ligands and  applications.  

 

Al-Mashikhi et al (1988) successfully isolated IgG from acid and cheddar whey using 

UF-membrane combined with immobilized metal chelate affinity chromatography 

producing purities of 77% and 53%, respectively. Akita and Li (1998) used 

immobilized egg yolk antibodies as a immunoaffinity chromatography to isolate sub-

classes of IgG (IgG1 and IgG2) from milk, colostrum and whey. Korhonen (1998b) 

used multi step process with series of membrane methods (UF, Microfiltration, 
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Reverse Osmosis) followed by cation exchange resin as a molecular sieve for 

concentration of Igs from colostral whey. Using this multi step process, they have 

finally achieved 40–75% of enrichment and it could be a useful method for crude Igs-

rich products. 

 

Human and secretatory IgA molecules have been isolated by applying various 

separation technologies such as precipitation, ion exchange and affinity 

chromatography methods from human serum (Kondoh et al. 1987; Monteiro et al. 

1985; Roque-Barreira et al. 1986) and human milk (Khayam-Bashi et al. 1977). 

 

Hutchens et al (1990) developed a salt-promoted thiophilic adsorption method for 

simultaneous isolation of all bovine Igs from colostral whey. Mukker and Froese 

(1971) described isolation of bovine IgM from colostral whey using a combination of 

molecular sieve and DEAE-Cellulose chromatography methods. 

 

In contrast, bovine IgA is the less abundant immunoglobulin in bovine colostrum and 

milk and it has fat adhering properties, which makes it even more difficult for IgA 

isolation from milk. Most of IgA migrates to the cream phase during the 

centrifugation process. Moreover, multi-step processes used in dairy industry 

denatures most of Igs (Li-Chan et al. 1995). In order to avoid these losses and 

improve Igs yields, extraction should be done as soon as milking is completed.  

2.8.2.2.1 Protein A/G alternative affinity ligands for antibody purification 
 
Protein A/G affinity chromatography is very effective in the large-scale purification 

of IgG since matrix capacity can reach up to 30–40 IgG mg mL-1 of resin under 

optimized conditions. However, these ligands suffer from several inherent drawbacks 

such as high cost, biological origin, possible contaminants, low stability and leaching. 

In addition, membrane chromatography methods cannot be applied for fractionation 

of proteins from raw and skim milk streams, because of its complexity. Being aware 

of drawbacks associated with Protein A/G, recent developments with the help of 

combinatorial chemistry and modern analytical tools, researchers focused on 

synthesizing small peptides as potential ligands for antibody due to their advantages. 

Roque (2004) summarized several possible synthetic affinity ligands for antibody 
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purification. Some of them are already commercialized (D'Agostino et al. 2008; 

Fassina et al. 1996; Newcombe et al. 2005; Roque et al. 2004; Yang et al. 2005) for 

the isolation of immunoglobulins from serum, bacterial cell culture broths and ascitic 

fluids. Compared to Protein A/G,  these synthetic peptide ligands have several 

benefits (D'Agostino et al. 2008) including high stability towards chemical and 

biological actions, low production cost, biologically no active contaminants and a 

robust nature. Moreover, these synthetic affinity ligands extended their selectivity to 

other classes of immunoglobulins (IgG, IgE, IgM and IgA) unlike conventional 

Protein A/G ligands (Palombo et al. 1998a; Palombo et al. 1998b; Palombo et al. 

1998c; Yang et al. 2009).    

 

There are several synthetic peptides that have been proposed as a potential 

replacement of Protein-A in the affinity chromatography but only a few were 

recognised as potential alternatives for Protein A ligands. More recently, Yang et al 

(2005) synthesised a hexamer peptide, which can selectively bind to several classes of 

immunoglobulins at near neutral pH and high concentration of ionic buffers (1 M 

NaCl). By using gradient elution of 0.2 N sodium acetate buffers, they were able to 

isolate different classes of immunoglobulins from human serum (Yang et al. 2009). 

They have also reported the specificity of this ligand towards immunoglobulins of 

human, bovine and several other species. To date, none was attempted to find PAM 

peptide ligands applications in dairy protein processing. Due to their robust nature, 

specificity and less leaching into the final product, it will be interesting to investigate 

their potential applications in dairy protein processing from milk samples. 

2.9 Whey and milk protein analysis methods 

 
There is plenty of literature available relating to milk and whey protein quantitative 

analysis techniques. Methods include size exclusion chromatography (Andrews et al. 

1985), liquid chromatography (Strange et al. 1992), ion exchange chromatography 

(Gonzalez-Llano et al. 1990) reversed-phased liquid chromatography (RP-LC) (Bobe 

et al. 1998; Elgar et al. 2000) and several other immunochemical based techniques 

(Gapper et al. 2007) have been proposed. However, most of these techniques have 

significant drawbacks such as low precision, complicated sample preparation methods 

and poor resolution among the protein peaks. Moreover, most of these techniques are 
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suitable for quantification of either one or group of whey proteins but not all whey 

proteins. 
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Figure 2-6: Reversed phase liquid chromatography (RP-HPLC) analysis of milk and 

whey proteins using 1 mL Resource column. a): Acid whey sample injection. b) Skim 

milk sample injection. c) Overlay of Figures 2-6a&b. 

 

Among all these methods, reversed-phased liquid chromatography was the most 

widely used method for analysis of whey proteins in dairy industry from whey 

samples. RP-HPLC method provides several benefits over other methods, which 
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include short analysis time, good peak resolution and superior column performance. 

The major drawback of this method is that it cannot be used for analysis of whey 

proteins from milk and other crude samples because of peaks overlapping (Fig 2-6) 

between whey and casein proteins (Elgar et al. 2000).  

 

Bobe et al (1998) and Elgar (2000) developed and reported a simultaneous analysis 

technique for all major whey proteins using RP-LC methods with good precision and 

accuracy. Kinghorn (1995) used capillary electrophoresis technique to quantify whey 

and milk proteins and compared this method  with other traditional methods to 

analyse whey proteins. Similarly, Norris et al (1998) compared various possible 

analytical techniques and their performance for analysis of whey proteins. Gapper et 

al (2007) discussed in detail about  various potential analytical techniques to quantify 

IgG from different dairy streams and Bonizzi et al (2009) recently reported the 

possible application of new immunoassays to quantify both LF and IgG in animal 

milk systems  

 

Very recently, Indyk et al (2009; 2003; 2007) used surface plasmon resonance (SPR) 

tools and developed rapid and accurate analysis methods for quantification of LF, IgG 

and α-lac proteins individually from liquid milk, milk powders and various complex 

dairy fluids. SPR based immunoassays provide tremendous benefits over 

conventional chromatography quantification methods. The SPR based assays require 

low sample volumes and have stable bioactive surfaces for repeated analysis, 

providing continuous real time monitoring of interactions. It also offers advantages of 

working directly with complex fluids such as whole milk and other dairy fluids and 

could be used to quantify adsorption and desorption kinetics of antibody-protein 

interactions. New multi-channel SPR biosensor is capable of measuring 36 

interactions in a single assay and it requires development of suitable method for 

measuring multiple proteins from complex fluids.  

 

Anema (2009) used lab-on-chip micro-fluidic SDS-gel electrophoresis technology for 

quantification of milk and whey proteins. 
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2.10  Summary of the literature review  

 
Demand for dairy based bioactive components has been continuously growing, 

especially the market and demand for minor milk proteins have been increasing 

rapidly in food, health and pharmaceutical industries because of their potential health 

benefits. At the same time, new and improved methods are necessary to increase our 

capacity to extract and purify these bioactive components efficiently from milk whilst 

reducing the production costs. Today, there are a large number of technologies 

available to extract these minor proteins from whey and skim milk but not many of 

these technologies are suitable for industrial-scale processing because of their 

inherent limitations. For example, minor protein extraction from whey and skim has 

been successfully employed in dairy industry using either EBA technology or stirred 

tank adsorption methods but their major constraints are long processing time, low 

recoveries and large equipment. Another major challenge of these existing 

technologies is the extraction of minor proteins from whole milk. According to the 

available reports (Chand 2006), it is clear that some of these minor proteins are 

sensitive towards processing methods generally applied in dairy industry and  

majority of their activities could be lost during the early stage of processes. In order 

to overcome some of the mentioned problems, it is necessary to develop a process to 

extract these minor components directly from whole milk before they undergo for 

conventional processing. Considering the cryogel monolith pore size and flow 

properties, it would be possible to apply whole milk through cryogel column without 

any pre-treatment. However, until today no one attempted cryogel monolith 

applicability to extract proteins from milk therefore, one of the objects of this 

dissertation was to investigate and characterize cryogel monolith applicability to 

extract minor proteins directly from whole milk.  

 

Milk has been studied as a very suitable vehicle for economical production of 

transgenic proteins and antibodies in bulk amounts. However, lack of suitable 

extraction technologies for antibody purification from milk has been a major 

limitation of this technology. Immunoglobulins from milk have been extracted using 

conventional affinity chromatography ligands like Protein-A/G and there are many 

concerns over their use in dairy protein processing because of their leaching into the 

final product, expensive processing costs and selectivity towards only IgG sub 
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classes. Some of the constraints could be overcome using pseudo-affinity or Protein-

A Mimetic (PAM) affinity chromatography processes for selective extraction of Igs 

because they are cheap, stable and robust ligands. PAM peptide ligands have been 

successfully used to extract different classes of human Igs (IgG, IgE, IgM, IgA) from 

cell culture broths with good yields and purities (Fassina and Miertus 2003; Fassina et 

al. 2001). Until today, no one investigated their probable applications to extract 

bovine Igs from milk and whey. Therefore, second objective of this current research 

was to find and characterize a suitable PAM ligand for extraction and purification of 

bovine Igs.  

 

There are many analytical methods available for measuring individual milk and whey 

protein content in complex mixtures but most of these methods have their own 

limitations as explained in the literature. Milk is a complex mixture of several 

proteins with a huge variation in their individual protein contents. Due to this, 

quantitatively measuring proteins from milk has been a great challenge for a long 

time. However, recent developments in the area of biochemistry and analytical 

chemistry have provided the basis for developing innovative assay methods for 

quantifying milk proteins individually with good precision. One such method is SPR 

technology. ProteOn XPR36 system recently brought to market (Bio-Rad 

Laboratories Ltd, Hercules, CA, USA) facilitates 36 interactions in single assay 

protocol and to date no method has been developed for measuring multiple whey 

proteins in a single assay from liquid milk samples. Therefore, the third objective of 

the current research is to develop and validate an SPR method for measuring six whey 

proteins from liquid milk and whey samples in a single assay.  
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3 Characterisation of Cryogel Monoliths for 

Extraction of Minor Proteins from Milk  

 

3.1 Introduction  
 
Use of macroporous media is a new and emerging technology for extraction of 

proteins from solids-laden feed-streams at high flow rates, which overcomes the need 

for multiple steps and associated high capital costs (Dainiak et al. 2004; Jungbauer 

and Hahn 2004; Lozinsky et al. 2001). A porous chromatographic media with a 

suitable pore diameter can minimise pressure drop limitations, whilst functional 

groups present on the internal pore surfaces adsorb proteins with minimal mass 

transfer limitations since they are located within the convectional flow. Cryogels are 

an example of a macroporous monolithic media that can be modified to immobilise 

both ion exchange and affinity groups (Dainiak et al. 2004; Plieva et al. 2006a; 

Savina et al. 2006) for purification of specific bio-molecules of interest. 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Cryogel monolith (5 mL) in dry state (left) and wet state (right). 

 

Cryogel monoliths (as shown in Fig. 3-1) with interconnected pores ranging from 10–

200 µm have been successfully used for chromatographic purification of both non-
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clarified cell supernatants and whole cell suspensions without blockage (Dainiak et al. 

2004; Jungbauer and Hahn 2004; Kumar et al. 2006; Persson et al. 2004). To date, 

there are not many published reports of their use for milk protein extractions (Noppe 

et al. 1999). In this study, it is demonstrated the application of a cationic cryogel 

monolith for chromatographic separation of minor milk proteins such as lactoferrin 

(LF) and lactoperoxidase (LP) from various milk fluids. Given the above cryogel pore 

diameter range, it should be possible to pass whole milk (which contains solids in the 

range 1–10 µm) at moderate to high flow rates without column blocking. 

  

3.2 Materials and methods 

3.2.1 Materials 
 
Cryogel monoliths (with interconnected pore diameters of 10–80,100 and 120 µm) 

were gifted by Professor Bo Matthiasson, Lund University, Sweden. SP Sepharose 

Big Beads were purchased from GE Healthcare Technologies, Sweden. A Tricorn 

(10/50 mm) chromatography column was gifted by GE Healthcare Technologies, 

Uppsala, Sweden. Standard, homogenised milk (containing 0.05% (“skim milk”) and 

3% (“whole milk”) fat) was purchased from local stores. Raw (non-homogenised) 

milk was obtained from the Greenfield dairy farm site (Dexcel Limited and Sensortec 

Limited, Hamilton, New Zealand). Analytical grade standard proteins (lactoferrin 

(LF) and lactoperoxidase (LP)) were obtained from Tatua Co-operative Dairy 

Company, Morrinsville, New Zealand. A standard ELISA kit for LF was purchased 

from Bethyl Laboratories (Montgomery, TX). A Bicinchoninic Acid (BCA) total 

protein analysis kit (Pierce, Rockfields, IL) and all other analytical grade chemicals 

were purchased from Sigma Aldrich (St Louis, MO). Surface plasmon resonance was 

carried out on a ProteOn XPR36 system (Bio-Rad Laboratories, Hercules, CA). 

Particle Size Distribution (PSD) was investigated by MICROTRAC-X100 particle 

size analyser (Leeds & Northrup, North Wales, PA). Scanning Electron Microscope 

(SEM) experiments were examined using Leica S440 SEM (Cambridge Instruments, 

Cambridge, UK). 

  

Criterion Cell System (Cat: 165–6001), Criterion XT 4–12% Bis-Tris Gel (Cat: 345–

0123, 12+2 Well), XT MES Running Buffer (20X) (Cat: 161–0789) and Precision 
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Plus Protein All Blue Ladder (Cat: 161–0373) were purchased from Bio-Rad, 

Hercules, USA).  

3.2.2 Methods 

3.2.2.1 Cryogel monolith chromatography 
 
The Tricorn (10/50) column was packed with a single 5 mL piece of supra-

macroporous cryogel monolithic material. The cryogel column was then equilibrated 

with 10 mM sodium phosphate buffer, pH 6.7 until it reached a stable UV adsorption 

baseline and equilibrium pH values. Acid whey, skim milk or whole milk samples 

were passed through the equilibrated cryogel column at various linear flow velocities 

from 75 to 750 cm hr-1 at typical milking temperatures (35–37°C) and the column 

backpressure was monitored continuously. When the back-pressure exceeded 0.5 

MPa, sample loading was stopped and unbound or weakly bound materials were 

washed out using equilibrium buffer. Bound protein was eluted in the same buffer 

using either gradient (0–1 M NaCl) or step elutions. Step elutions were carried out in 

two steps: 0.3 M NaCl to elute LP followed by 1 M NaCl to elute LF. Finally, column 

regeneration was achieved by cleaning with 1 M NaOH followed by DI water until it 

reached the equilibrium pH. Each experiment was repeated at least three times and 

average values were used for analysis.  

3.2.2.2 Selection of suitable cryogel porosity for processing whole 
milk samples 

 
The continuous supermicroporous cryogels used in this research work were sponge-

type with different pore sizes from 10–120 µm. Initially, cryogel monolith materials 

were investigated for flow properties with different milk feeds and suitable pore size 

cryogels were used in all sub-sequent adsorption and process development studies. 

Adsorption studies were carried out for selected pore sized cryogel monoliths of both 

weak and strong cationic polyacrylamide (carboxy-PAAm) cryogels (Dainiak et al. 

2004; Plieva et al. 2006a) with different ionic capacities. After the initial 

investigations of adsorption studies, selected cryogel monoliths were further studied 

for both equilibrium and dynamic protein adsorption capacities. Finally, optimized 

parameters were used in the process development of minor protein extraction from 

various milk feeds in a single-step chromatographic method.  
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During the experiments with whole homogenized milk loading at a selected flow rate 

through 5 mL cryogel monolith column, cryogel monoliths were removed from the 

column (wet state) and the material pore structure was examined by scanning electron 

microscope (SEM) as explained in Section 3.2.2.9. Milk fractions collected from the 

above experiments were measured for their particle size distribution using a particle 

size analyzer as described in Section 3.2.2.10.   

3.2.2.3 Equilibrium adsorption study 
 
Batch experiments were performed at room temperature (RT) to determine the 

equilibrium adsorption capacities of cationic cryogels. Aliquots of 0.1 mL cryogel 

matrix were swelled and equilibrated in equilibrium buffer until they reached the 

equilibrium pH, then the matrix was weighed quantitatively into 1.5 mL micro 

centrifuge tubes. Standard model proteins LF, LP, and mixture samples of known 

purity were reconstituted in equilibration buffer at concentrations from 0.1 to 1.5 mg 

mL-1. Then 1.5 mL of each standard solution was added to the cryogel matrix and left 

to mix by gentle inversion for 24 hrs on an end–to–end rotating plate. Supernatant 

was then collected and measured for equilibrium of LF (CLF*) and LP (CLP*) 

concentrations using UV absorbance at 280 nm and reversed phase chromatography 

(RPC) for individual protein content (LP and LF) estimation from protein mixtures. 

Total protein adsorption on the cryogel monolith matrix was calculated from the 

difference between initial and final concentrations of the protein solutions. Average 

values and standard deviations were used to generate isotherm fits. 

3.2.2.4 Dynamic adsorption study 
 
To determine the cryogel monolith column dynamic binding capacity, a 5 mL 

cationic cryogel monolith was packed into a Tricorn XK 5/10 column. LF with 

known concentrations (0.2–2.0 mg mL-1) was loaded into the column at a constant 

flow rate. Absorbance at 280 nm was monitored continuously in the column outlet 

stream until it reached 10% of the feed solution absorbance. For each feed 

concentration, 10% breakthrough volumes were obtained at several flow velocities 

and the dynamic capacities were calculated using equation 1. 
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where Q10% is the  dynamic (10%) breakthrough volumetric (mL) capacity, Ci is the 

initial protein (LF) concentration (mg mL-1), V0 is the void volume (mL) and Vt is the 

10% breakthrough volume (mL), and CV is the volume of the chromatographic 

matrix (column) (mL). 

Acid whey, skim or homogenised whole milk samples at 37°C were passed through 

the cryogel column at different flow velocities and fractions of flowthrough (10 mL 

fractions) and elution (3 mL fractions) streams were collected. All flowthrough and 

the elution fractions were assayed for total protein assay using the BCA protein assay 

and LF content by the SPR biosensor affinity assay described below.   

3.2.2.5 Total protein assay 
 
Total protein content for milk fractions was measured using the BCA protein assay, 

sensitive between 20 and 1200 µg mL-1 protein concentrations. The standard curve 

was generated using 0, 125, 250, 500, 750 and 1000 µg mL-1 BSA calibration 

standards (prepared from a 1 mg mL-1 standard solution provided with the 

commercial BCA assay kit). All samples and calibration standards were diluted to 

their final concentrations in 10 mM phosphate buffer in 1.5 mL micro centrifuge 

tubes. One mL of BCA working reagent was added to 50 µL of the standard or 

sample, vortexed, and incubated at 60°C for 15 min, then cooled to room temperature 

and absorbance at 562 nm read immediately. A zero correction was applied to the 

readings of the samples and standards and a calibration curve was constructed from 

the BSA standards. Absorbance of unknown protein samples was measured and 

concentrations calculated from the calibration curve. 

3.2.2.6 Lactoperoxidase assay 
 
The LP content  estimation assay followed a published procedure (Chiu and Etzel 

1997; Mitchell et al. 1994) based on oxidation of the synthetic substrate 2,2’-azino-

bis-93-ethyl-benzthiazaoline-6-sulfonic acid) (ABTS) (A-1888, Sigma, St Louis, MO, 

USA). The assay mixture consisted of: 0.7 ml of 100 mM ABTS in DI water; 100 µL 

of 0.025% H2O2 prepared in cold DI water; 50 µL of sample diluted in 200 mM 
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potassium phosphate solution; and 2.2 mL of 100 mM potassium phosphate buffer, 

pH 5.5. Mixtures were vortexed for 10 sec and then the linear increase in the 

absorbance, dA, at 436 nm was measured at 25 °C at 15 sec intervals. The slope, 

dA/dt, was measured and protein concentrations were calculated using activities 

obtained from a standard solution of known purity. This assay does not measure 

inactive LP content that may have been present in pasteurized milk or whey. 

Although inactive LP would bind to ion exchange adsorbents in a similar manner of 

active LP, it may not have a commercial value (Chiu and Etzel 1997). Therefore the 

activity assay would give the best estimate of commercially valuable LP. 

3.2.2.7 Lactoferrin assay 
 
Surface plasmon resonance (SPR) was used to determine LF content in all samples 

and chromatographic fractions by a reported method (Indyk and Filonzi 2005) with 

minor modifications.  The samples prepared from milk were first filtered through a 5 

µm filter before making serial dilutions in sample preparation buffer (10 mM HEPES 

containing 0.5 M NaCl to reduce non-specific interactions). Goat anti-bovine LF 

antibody (Bethyl laboratories, USA) (50 µg per mL in 10 mM sodium acetate buffer 

pH 5.0) was immobilized on the sensor chip surface with N-hydroxy succinimide 

(NHS) and ethylene diamine (EDAC) coupling reagents. Ethanolamine HCl (10 mM) 

was used to block any unbound functional sites. Similarly, a blank channel was 

prepared using 10 mM ethanolamine HCl instead of antibody during immobilization. 

This blank channel was used as a reference channel for LF calculations throughout 

experiments. Before applying unknown LF samples a calibration curve was generated 

using Bethyl calibrator LF (1 mg mL-1) standards.  The standards were serially diluted 

to six concentrations between 0–1000 ng mL-1and the SPR responses determined. A 

4-fit calibration curve was generated using ProteOn Manager™ software (Bio-Rad 

Laboratories, Hercules, CA). Unknown LF sample concentrations were calculated 

from the calibration curve.  

3.2.2.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis   

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

was performed as prescribed in the supplier protocol with minor modifications. 

Samples were prepared at appropriate concentrations using the ready-to-use sample 
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buffer (5 µL of sample buffer + 15 µL of sample) and the mixture heated for 5–7 min 

at 90°C. Samples were cooled down to room temperature (RT) and spun for 2 min 

using a Mini Spin Eppendorf centrifuge, this avoids precipitation in samples. After 

successful loading of respected samples (volume of 15 µL) into a 12 well Bis-Tris (4–

12%) gel, the chamber buffer level was re-adjusted to the designated buffer level and 

locked the chamber. SDS-PAGE was run at a constant voltage of 200 V for 40 min. 

Gels were removed from the Midi cell chamber and stained for 30–40 min in 

Coomasie Brilliant Blue 250 stain solution (0.25% (w/v)) followed by de-staining for 

overnight. Finally, de-stained gel was scanned using Bio-Rad Gel Doc system (Bio-

Rad, Hercules, USA).  

3.2.2.9 Cryogel morphology study by scanning electron microscope 

  
After completion of chromatography experiments, cryogel matrices were examined 

for structural changes by scanning electron microscope (SEM). Samples were fixed in 

2.5% glutaraldehyde in 0.15 M sodium cacodylate buffer pH 7.2 overnight, and then 

postfixed in 1% osmium tetroxide for 1 hr. Samples were then dehydrated stepwise in 

ethanol (0%, 50%, 75%, 96%, and 99.5%, twice at each concentration for 10 min, and 

then kept at 99.5% ethanol overnight) and transferred to a critical point dryer set at 

10°C where the ethanol was changed to liquid carbon dioxide as a transitional fluid. 

The temperature was then raised to 40°C and the pressure to about 100 bar, i.e., 

beyond the critical pressure and temperature (73 bar and 31°C respectively). Liquid 

CO2 was then transformed directly to gas uniformly throughout the whole sample 

without heat of vaporization or surface tension forces causing damage. Release of the 

pressure at constant temperature 40°C resulted in dried samples. Finally, samples 

were coated with gold/palladium (weight ratio 40/60) and examined using a Leica 

S440 scanning electron microscope. 

3.2.2.10 Particle size analysis 
 
In order to understand the cryogel column clogging phenomena inside the cryogel 

surface, chromatography experiment was  examined for the feed, flowthroughs, 

elution and CIP fractions using both dry weight and particle size analysis methods. 

During this study, homogenized whole milk was passed through the column at a 
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selected flow rate until the column was clogged and compressed the monolith. For 

dry weight analysis, selected fractions (n=3) (1 mL volume of each) have freeze-dried 

over night for mass balance calculations. On the other hand, same milk fractions were 

tested (n=3) for particle size distribution under Microtrac software 9.1.17 operating 

instructions provided by Microtrac X100 particle size analyzer.  

3.2.2.11 RP-HPLC analysis 
 
Reversed phase HPLC using a Resource column has been a well established method 

for analysis of whey proteins. During the static adsorption studies of model protein 

mix (LF+LP), quantity of each individual protein was estimated using a 1 mL 

Resource column. To estimate each protein quantity, suitable amount (500 µL) of 

samples (in buffer A (0.1% TFA in DI water)) with an appropriate dilutions were 

injected to the column at a flow rate of 2 mL min-1 followed by the washing step with 

the same buffer to remove unbound proteins. Then bound proteins were eluted at a 

linear gradient of 0–100% of buffer B (0.1% TFA in acetonitrile) for 20 CV at a flow 

rate of 2 mL min-1.  Quantity of each protein was estimated from the calibration 

curves generated with known quantities of each protein. 

 

On the other hand, using the reported RP-HPLC method (Elgar et al. 2000), purity of 

LF was estimated for selected elution fractions of cryogel chromatography 

experiments for various milk samples.  

3.3 Results and Discussion 

3.3.1  Cryogel flow properties 
 
Ionic cryogel monoliths with a range of interconnected pore diameters (80–120 µm) 

were initially investigated for flow properties using acid whey and skim milk 

samples. All of these materials were individually packed into a Tricorn (10/50) 

column as described in the earlier section. Cryogel monolith with pore diameter of 

10–80 µm was able to cope with acid whey samples (filtered through 0.22 µm) 

loading of more than 100 CV’s even at a flow velocity of 450 cm hr-1 (6 mL min-1) 

within the allowable back-pressure values (0.5 MPa). However, the mentioned pore 

diameter cryogel monolith column was not suitable for loading skim milk and 

homogenized whole milk samples because it has reached its maximum allowable 
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back pressure of 0.5 MPa (Fig. 3-2) just after 20 CV of skim milk loading at a flow 

velocity of 300 cm hr-1 (4 mL min-1). On the other hand, other two pore sizes (10–100 

µm and 10–120 µm) of cryogel monoliths were able to pass more than 160 CV of 

skim milk at a flow velocity of 300 cm hr-1, whilst back-pressure of these columns 

were well below the limit (Fig. 3-2). Although all above pore sized cryogel materials 

were suitable for processing acid whey samples the cryogel monoliths with � 80 µm 

diameters were not suitable for processing skim and whole milk samples at moderate 

flow velocities of 300 cm hr-1 and above. Considering the flow limitations, cryogel 

monoliths with pore diameter of 10–80 µm was eliminated for the further 

investigation of the process development. The protein binding capacity of cryogel 

monoliths was dependent on the total surface area of pore walls and the grafting 

density of functional groups incorporated (Savina et al. 2006). A larger pore 

decreases the internal surface area of the cryogels. Although the smaller pore sized 

cryogel monoliths resulted in higher binding capacities they have higher flow 

restrictions for complex fluid applications (Savina et al. 2006). Selection of suitable 

pore sized cryogel monolith for whole milk applications is one of the primary 

objectives in this work.  

 

As mentioned above increased pores size of cryogel monoliths to 120 µm might give 

higher flow velocities but protein binding capacity could be lower than that of 100 

µm cryogel monoliths. After the preliminary investigations, cryogel monoliths with 

pore diameter of 10–100 µm were used for further investigation of flow properties 

with homogenized whole milk and protein adsorption studies. Figure 3-3, illustrates 

the column back-pressure profiles for application of homogenized whole milk 

samples at various flow velocities and the maximum number of CV’s passed before 

the column reached its maximum allowable back-pressure (0.5 MPa) and became 

blocked (Billakanti and Fee. 2009).  

 

As flow velocity increased, the maximum number of CV’s decreased and pressure 

increased sharply after certain volumes of sample application. At the highest flow rate 

used (750 cm hr-1 or 10 mL min-1), the maximum sample load was approximately 90 

CV’s (450 mL) while at 375 cm hr-1 (5 mL min-1) or lower, the pressure remained 

well below the 0.5 MPa limit even at 130 CV’s (650 mL) of sample load. This 
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suggests that the cryogel of chosen pore diameter is able to cope with the presence of 

homogenised milk fat globules at reasonable flow rates (>525 cm hr-1). 
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Figure 3-2: Column backpressure versus total volumes of skim milk (0.5% fat) 

applied through different pore sized cryogel columns (5 mL) at a linear velocity of 

300 cm hr-1 and milking temperatures (35 to 37°C). 

 

The sharp increase in back-pressure coincided with visual observations of significant 

compression of the cryogel column as shown in the Fig. 3-4. Capture of solid 

particles (milk fat globules and/or casein micelles) within the cryogel matrix up to 

this point would have lead to slow blockage of the pores, diverting an increased 

portion of the flow through unblocked pores which, in turn, would become blocked, 

due in part to increased local flow velocities. At a critical point, the remaining pores 

would be unable to cope with the increased flow and bed compression would occur, 

thus restricting pore sizes further, increasing particle capture and accelerating pore 

blockage. Higher initial flow rates would have caused minor compression of the 

cryogel from the outlet, leading to a higher rate of capture of solids, thus reducing the 

flowthrough volume at which rapid backpressure occurred. In Figure 3-5, the 



 3-11 

influence of sample type on column backpressure at a constant flow rate of 525 cm 

hr-1 is shown. For homogenised skim and whole milk and whey solutions, pressure 

drop across the column remained below 0.5 MPa, the maximum allowable 

backpressure for the resin, for more than 100 CV’s of sample loading. On the other 

hand, for raw milk, which contains large solids (1–10 µm) (Chand 2006), the pressure 

drop increased almost from the beginning of loading and became blocked after 

approximately 30 CV’s of sample load.  

 

 

 

Figure 3-3: Column backpressure versus total volume applied to the column for 

homogenised whole milk (3% fat) samples loaded at various flow rates at 35 to 37°C. 
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Figure 3-4: Number of column volumes of homogenized whole milk that can be 

loaded to 5 mL cryogel monolith column before the maximum allowable resin back-

pressure (0.5 MPa) is exceeded at a linear velocity of 525 cm hr-1 and temperature 

(35–37°C). Marks (red lines) on the column indicate approximately 1 mL of column 

volumes and resin compression in this case was observed as approximately 1 mL 

volume.  

 

The maximum achievable flow velocity for raw milk samples was 525 cm hr-1. 

Beyond this flow rate, cryogels blocked immediately and the monolith matrix became 

compressed. Homogenised whole milk maintained a constant backpressure below 0.5 

MPa until about 120 CV’s, at which point the cryogel became blocked. Skim milk 

and whey backpressures remained low in excess of this flowthrough volume. The fact 

that the backpressures were constant for these samples indicates that very large 

volumes might be applied without backpressure problems but, as discussed below, 

approximately 20 CV’s of whole milk loading was enough to reach the maximum 

adsorption capacity of the cryogel for LF and LP.  
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Figure 3-5: Number of column volumes of sample that can be loaded before the 

maximum allowable resin back-pressure (0.5 MPa) is exceeded at linear flow velocity 

of 525 cm hr-1 for various milk samples at milking  temperature (35–37°C). 

 

Figure 3-6a shows a SEM image (20µm scale bar) of a clean cryogel prior to use. 

Figure 3-6b (20µm scale bar) shows the matrix after loading raw homogenized milk 

and the subsequent wash step with equilibrium buffer, showing that the matrix 

becomes fouled with solids during the loading step. Figure 3-6c shows a closer image 

(2µm scale bar) of the matrix internal pore surface after milk loading, revealing 

smeared deposits, presumably of milk fat, on the cryogel surfaces and around the rims 

of the pores. In Figure 3-6d (10µm scale bar), solid (probably casein) particles can be 

seen to be stuck onto the fat deposits and a large (60 µm) solid particle can be seen 

blocking at least one pore. These results show that some of the fat in milk feedstreams 

adhered to the pore walls over time. Aggregates of fat and casein micelles were also 

observed, which would have narrowed and subsequently blocked some of pores, 

supporting the mechanism proposed above to explain the sharp increase in 

backpressure observed after a critical volume of feed had been applied. 
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Figure 3-6: a) SEM image of unused cryogel monolith (10–100 µm pore size) prior 

to milk sample loading. Scale bar is 20 µm. b) SEM image of the cryogel monolith 

(10–100 µm pore size) after raw homogenized milk sample loading. Note the large 

aggregate, bottom right, and patchy smears of material on the cryogel surfaces. Scale 

bar is 20 µm. c) SEM image of the cryogel monolith (10–100 µm pore size) after raw 

homogenized milk sample loading, showing patchy smears of material on the cryogel 

surfaces. Scale bar is 2 µm. d) Magnified SEM image of the cryogel monolith (Fig. 3-

6b), showing a large aggregate blocking a pore. Scale bar is 10 µm. 

Dry weight analysis (Fig. 3-7) showed that there was no significant loss of solids 

(130.7±1.5 mg mL-1) in flowthrough fractions from the cryogel monolith column run 

at a flow rate of 375 cm hr-1. The low dry weight of solids in the first 6 mL is due to 

dilution of the collected sample by equilibration buffer displaced from the column as 

the milk was first loaded. This initial breakthrough fraction contained approximately 

4 mL of fluid from the column void volume so the milk flowthrough was diluted 

about three times. Dry weight analysis of this fraction (42 mg mL-1) was 

a b 

c d 

20 µm 20 µm 

10 µm 2 µm 
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approximately 1/3 of initial feed milk (128.5 mg mL-1), consistent with negligible loss 

of solids. Particle size analyses were carried out on homogenized milk, the initial 

breakthrough (6 mL), selected flowthrough (60 mL), wash (50 mL), elution (20 mL) 

and 1 M NaOH cleaning (5 mL) fractions using a MICROTRAC-X100 particle size 

analyser. For clarity, data is shown from representative samples only. Homogenized 

milk contained particles ranging from 0.1 to 5 µm in size, with an average of 1 µm 

(Fig. 3-8). All flowthrough, wash and elution fractions contained particle size 

distributions similar to the feed milk (data not shown). The NaOH cleaning fraction 

contained increased particle sizes, ranging from 5 to 50 µm with an average of 10 µm 

(Fig. 3-8).  

 

Figure 3-7: Total mass (dry weight) analysis of applied whole homogenized milk 

feed, breakthrough (6 mL) and selected flowthrough fractions (60 mL). 

 

These large particles were apparently aggregates of casein and fat that formed on 

cryogel pore surfaces during loading (Fig. 3-6d). These aggregates would have 

caused incremental pore blockage, eventually resulting in column blockage and 

subsequent column compression. This is consistent with the explanation given above 

for the sharp increase in backpressure (Fig. 3-5) observed after a critical volume of 

homogenized milk (130 CV at 375 cm hr-1, 120 CV at 525 cm hr-1 and 80 CV at 750 

cm hr-1) had been applied. 
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Cryogel compression does not cause irreversible damage to the matrix, due to the 

high elasticity of pore walls and good mechanical properties (Plieva et al. 2009). 

Proper CIP and regeneration should therefore allow repeated use of the column. It is 

found that cryogels could be used repeatedly as long as they were thoroughly cleaned 

with 1M NaOH (1 CV at 0.5 mL min-1), rinsed with DI water (3 CV at 1 mL min-1) 

and regenerated by exposure to high salt (2 CV of 1 M NaCl at 1 mL min-1) prior to 

column equilibration (3 CV at desired experiment flow rate) (data not shown). 

 

 

Figure 3-8: Particle size analysis of homogenized milk (starting material) and 1 M 

NaOH cleaning fraction after eluting the bound proteins. 

3.3.2 Binding capacity 
 
In order to find the protein adsorption capacity of a chromatography matrix in contact 

with a specific protein solution, the adsorption isotherm is required. Equilibrium 

adsorption/desorption in cryogel ion exchange chromatography was described by the 

Langmuir isotherm (equation 2). Values for the constants in this equation were 
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calculated from batch adsorption of model proteins. The equilibrium adsorption 

isotherms for LF, LP, and a mixture of both LF and LP on the cryogel are shown in 

Figs 3-9 and 3-10.  The equilibrium curve for LF is steeper at low concentrations than 

that of LP suggesting that at equimolar mixtures of these two proteins, there should 

be a preferential adsorption of LF. Figure 3-10 confirms this to be the case. 

 

CK
CQ

Q o

+
=          (2) 

 

In equation 2, Q is the adsorption capacity at equilibrium with a solute at solution 

concentration C, Q0 and K are constants determined by experiment. Solute 

concentration is expressed in mg mL-1 and adsorption capacities are expressed in mg 

of protein adsorbed per mL of matrix (resin). 
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Figure 3-9: Equilibrium binding for lactoferrin ( ) and lactoperoxidase ( ) 

measured in standard solutions. The lines fitted through the points correspond to the 

Langmuir isotherms (K=0.014 mg mL-1and Q0=4.91 mg mL-1 for lactoferrin; 

K=0.079 mg mL-1 and Q0=5.95 mg mL-1 for lactoperoxidase). 
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Dynamic binding capacities were determined at flow velocities from 150 to 750 cm 

hr-1 with the constant feed concentration maintained at 2 mg mL-1 LF (Fig. 3-11). The 

dynamic binding capacity results illustrated only a slight decrease with increased feed 

flow velocity, the dynamic binding capacity at 750 cm hr-1 feed flow velocity being 

only 15% lower than that at 150 cm hr-1. This less dependence on velocity is in line 

with expectations since the ion exchange ligands are located on surfaces within the 

convective flow paths through the cryogel and therefore protein uptake is not limited 

by diffusion. 
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Figure 3-10: Equilibrium isotherm for a mixture of both LP & LF, measured in a 

standard solution. The individual protein concentrations were estimated by RP-

HPLC. 

 

Upon the completion of model protein (LF, LP, and mixture) adsorption studies, 

various milk samples (homogenised whole milk, skim milk, and whey) were applied 

through cryogel columns to determine binding capacities (Table 3-1). Adsorption 

results from various milk samples were similar or lower (20 to 40%) than those of the 

dynamic binding capacities achieved with model protein solutions. A typical 

chromatography profile for skim milk sample loading experiment for extraction of 

minor proteins was as shown in the Fig. 3-12. Bound LP (0.3 M NaCl) and LF (1 M 

NaCl) proteins were eluted at respected stepwise elution conditions as mentioned. In 
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Figure 3-12, elution peak 1 represents the content of minor whey protein LP and the 

elution peak 2 represents the LF content. These respected fractions were further 

confirmed using different quantitative and qualitative assays. For example, described 

SPR assay was used to measure LF content present in applied sample, flowthroughs 

and elution fractions. Using the mass balance calculations, total amount bound LF 

was estimated for each individual milk sample loading experiment. On the other 

hand, purity of the selected elution fractions was assayed using RP-HPLC method 

(quantitatively) and summarized results are given in Table 3-1. LF yields from 

applied milk samples of more than 85% were obtained at purities of greater than 90% 

(Table 3-1). Binding capacities decreased in the order whey protein > skim milk > 

homogenised milk. Access to the ligands present in the smallest pores may have been 

blocked by fat globules (0.1–1 µm), casein micelles (<0.1 µm) or aggregates (Fig. 3-

8), thereby causing lower adsorption capacities in milk. Lower binding capacities in 

milk samples could also be due to the presence of fat globules or casein micelles 

fouling the surface of the cryogel and blocking binding sites (Fig. 3-6c). Cryogel pore 

diameters range from 10 to 100 µm, while particles released during 1 M NaOH wash 

averaged about 10 µm (Fig. 3-8), with some particles being up to 60 µm (Figs 3-6d & 

3-8).  

 

The purities of LF (MW 76 kDa) in the elution (1 M NaCl) fractions are shown for 

extractions from homogenized milk, skim milk and whey by dark bands at around 75 

kDa in 4–12% gradient SDS-PAGE gel electrophoresis (Figs. 3-13a-c) and 

independently confirmed by RP-HPLC (data not shown). LP (MW 69 kDa) content in 

the first elution (0.3 M NaCl) fractions was negligible (Figs. 3-13a-c). 
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Figure 3-11: The effect of flow rate on the binding capacity for LF on the cryogel 

monolith column (10–100 µm pore size). 

 

The ionic cryogel monoliths had approximately 25 times lower dynamic binding 

capacities (2.1 mg mL-1 of resin) than commercial SP Sepharose beads (48.6 mg mL-1 

of resin) (Fee and Chand 2006). In cryogel preparation, degassed pores occupy 80% 

of the total column volume so a lower ligand density (20-30 µmol mL-1 of gel) is 

available for protein binding compared with packed bed adsorptive systems (SP 

Sepharose FF contained ligand density of 180-250 µmol mL-1 of resin). High flow 

rates and large load volumes were achieved in the cryogels but the main challenge in 

the development of these materials lies in improving binding capacities. Other 

factors, such as the low cost of the material and the wide choice of functional groups 

available suggest that cryogel monoliths may be an alternative chromatographic 

media for extraction of minor proteins from milk and whey.  
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Figure 3-12: A typical UV trace of minor protein fractionation of skim milk sample 

loading through 5 mL cryogel column using AKTA 100 system. Arrows indicate the 

sample loading elution profile. Elution peak 1 represents mainly LP content (20% of 

buffer B) and elution peak 2 represents LF content (100% buffer B). 

 

 Table 3-1: Amount of LF (mg) recovered from each step in the chromatography 

cycle for loading of different volumes of commercial milk and whey samples into 5 

mL cryogel monolith column. LP was not included in this Table because only trace 

amounts were there. 

    

 Total amount of LF (mg)  

        

Sample Type 

Volume 

 (mL) Initial  Flowthrough Elution Purity 

Recovery 

(%) 

Yield 

(%) 

Whey 50 8.95 0.25±0.18 7.99±0.89 94±1 89.27 91.95 

Skim milk 50 7.55 1.25±0.10 5.42±0.66 92±2 71.79 86.35 

Skim milk 100 15.09 8.34±1.39 5.68±1.50 92±2 37.64 84.78 

Homogenized 

 milk 100 5.70 0.78±0.51 4.42±1.19 91±2 77.54 89.84 
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a 
 

b 

 

c 

Figure 3-13: SDS–PAGE (4–12%) analyses of fractions. a) Homogenized milk: 

Lane 1: protein ladder; Lane 2:  homogenized milk; Lanes 3 and 4: flowthrough 

fractions; Lane 5: elution 1 (0.3 M NaCl buffer); Lanes 6 to 10: elution 2 (1 M NaCl 

buffer) fractions. b) Skim milk: Lane 1: protein ladder; Lane 2: skim milk; Lanes 3 

and 4: flowthrough fractions; Lanes 5 to 6: elution1 (0.3 M NaCl buffer); Lanes 7 to 

10; elution 2 (1 M NaCl buffer) fractions. c) Whey: Lane 1: protein ladder; Lane 2: 

whey; Lanes 3 and 4: flowthrough fractions; Lanes 5 and 6: elution 1 (0.3 M NaCl 

buffer):  Lanes 7 to 10: elution 2 (1 M NaCl buffer) fractions. 

 



 3-23 

3.4 Conclusions 

Cationic cryogel chromatography appears to be technically feasible for extraction of 

minor milk proteins directly from raw milk at milking temperatures. Cryogel 

monoliths with a pore diameter of 100 µm proved to be a useful chromatographic 

media with low pressure drops at moderate flow velocities (300–525 cm hr-1) for raw 

milk applications. The cryogels tested had equilibrium binding capacities of 

approximately 4.5 mg mL-1 in pure protein experiments with LF feed solutions at 1 

mg mL-1. The dynamic binding capacity achieved for cryogel columns was 2.1 mg 

mL-1 of matrix at the feed concentrations of LF typically found in raw milk (0.2 mg 

mL-1 of LF) and the eluted LF fractions had purities of greater than 90%. Although 

the binding capacities achieved were low by comparison with commercial packed bed 

chromatographic resins, cryogels may still be an attractive matrix for direct 

chromatographic fractionation of milk proteins, provided that binding capacities can 

be improved. 
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3.5 Scaled-up cryogel monolith chromatography 
 

3.5.1 Introduction  
 
Cationic cryogel monoliths selectively adsorbed basic whey proteins directly from 

whole milk with good purities at moderate flow velocities. However, the major 

challenge with these materials is scaling-up and improving binding capacities. 

Process development using cryogel monoliths is relatively new and still under 

progress. Although cryogel monoliths have been successfully used in various 

applications as discussed in the earlier chapter, most of those studies were conducted 

at laboratory-scale. More recently, material manufacturers have been working on 

scaling-up possibilities while maintaining the even pore diameter distribution either 

making them by a disc type or single monoliths (Plieva et al. 2009). Major challenges 

in scaling-up this material are controlling pore size distribution and obtaining uniform 

properties through out adsorbent because of its monolith (single piece) structure. 

However, upon request, material suppliers are produced a scaled-up cryogel monolith 

of 100 mL column volume, which is 20 times bigger than that of earlier cryogel 

monolith (5 mL).  

3.5.2 Column preparation 
 

A cryogel monolith of 100 mL (50 mm length and 25 mm i.d.) was gifted by Protista 

Biotechnology AB (Lund, Sweden). The monolith (single piece) cryogel column was 

as shown in Figs. 3-14. Figures 3-14a and 3-14b are the dry state (before packing into 

the column) of the monolith top and front views, respectively. Figure 3-14c represents 

the wet state of the monolith after packing into an XK 50/18 chromatography column. 

The monolith was packed into the column (dry state) and then the bottom adapter was 

adjusted and closed with a flow restrictor. The column was slowly swollen by 

addition of DI water (from top) and the column left with excess water for 10 min.  
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Figure 3-14: Scaled-up cryogel monolith (100 mL). a) Top view of the dry monolith 
column; b) Front view of the dry monolith column; c) Wet cryogel monolith packed 
into an XK 50/18 column and equilibrated (swelled).  
 
 

a b 

c 
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Finally, the column height (50 mm) was adjusted with the top adapter without 

entrapping air bubbles and then the column was washed with 10–20 CV of 20% 

ethanol and DI water repeatedly to remove any air bubbles trapped inside the pores at 

a flow rate of 5 mL min-1 using the AKTA 100 system. Similar to previous cryogel 

monolith chromatography (5 mL), this column was then equilibrated using the same 

buffer system (10 mM sodium phosphate, pH 6.7) as used for 5 mL cryogel column. 

The monolith column was further investigated for LF adsorption and minor protein 

extraction studies using homogenized whole milk.  

3.5.3 Results and Discussion 
 

To investigate the dynamic adsorption capacity of the resin, a model protein solution 

(250 mL of LF at 0.2 mg mL-1) was loaded onto the cryogel column at a flow rate of 

10 mL min-1. The complete chromatogram of the LF sample loading and elution 

profile was monitored at UV 280 nm. Due to the monolith column length to diameter 

ratio, 10% breakthrough was reached at approximately 100 mL of LF solution 

loading. The column was then washed with equilibrium buffer until the UV 

adsorption signal reached baseline values. Finally, bound LF was eluted using 1 M 

NaCl (100% buffer B) and the total bound LF measured at approximately 28 mg, 

which was almost six times lower than its total protein adsorption capacity (90% 

breakthrough capacity). The elution peak was also very broad and recovered LF was 

significantly diluted (<0.3 mg mL-1) because of the large elution volume (120–150 

mL). The dynamic binding capacity (10% breakthrough capacity) of the above 

cryogel column at LF concentration of 0.2 mg mL-1 was approximately 0.3 mg of LF 

per mL of resin. 

 

Considering the cost and availability of LF protein, a similar experiment was run with 

lysozyme protein at a concentration of 1 mg mL-1. Approximately 100 mL of 

lysozyme was loaded onto the above column at the same prescribed binding 

conditions as earlier experiments and the calculated dynamic binding capacity (10% 

breakthrough) for this experiment was 0.6 mg of lysozyme per mL of resin, which 

was approximately one third of its total adsorption capacity (90% breakthrough 

capacity). Dynamic binding capacities (10% breakthrough) achieved for the 100 mL 

cryogel column were almost 5–7 times lower than that of the 5 mL cryogel column 
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(2.1 mg mL-1 of resin) for similar LF loading experiments. Low dynamic binding 

capacities and broad elution peaks for the 100 mL cryogel column could be because 

of the low length to width ratio of cryogel monolith. 

  

Similar to the 5 mL cryogel column, 1000 mL of homogenized whole milk was 

passed through the column at a flow rate of 100 mL min-1 using a peristaltic pump. 

After 3–4 CV washing with equilibrium buffer, the monolith was connected to the 

AKTA 100 system and elution buffer (1 M NaCl) was applied at a flow rate of 10 mL 

min-1, elution fractions (Fig. 3-15a) of 10 mL volumes were collected and the amount 

of LF content was estimated by the SPR method, as explained in the section 3.2.2.7. 

The purity of selected elution fractions were estimated using an RP-HPLC method. 

Similar to model protein experiments, the elution peak (Fig. 3-15b) was very broad 

(100–120 mL) and the LF content was 0.15–0.18 mg mL-1. The total LF recovered 

from the experiment was approximately 18 mg, which was approximately 25% of the 

total LF present in the applied milk. This low recovery could be because a large 

volume (1000 mL) of milk was passed through the column, where no binding 

occurred as the surface was already saturated. However, the recovered LF (elution 

fractions) had a purity of 87%, which is similar to the product from the 5 mL cryogel 

column. From the above results, it is clear that scaled-up monolith material has shown 

selectivity towards basic proteins similar to 5 mL cryogel column. However, leakage 

in flowthrough was much higher than that of 5 mL cryogel column. This suggests that 

there are widely differing flow rates through different parts of the bed and it could 

because of uneven pore size distribution throughout the monolith column.   
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Figure 3-15: a): UV trace of elution peak of homogenized whole milk (1000 mL) 
loading through 100 mL cryogel column at a flow rate of 100 mL min-1. b): Purity of 
a selected elution fraction of Fig. 3-15a using RP-HPLC analysis method. 
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3.5.4 Conclusions 
 

Although the scaled-up cryogel monolith showed good selectivity towards the basic 

whey proteins, major concerns regarding this scaled-up monolith are the low dynamic 

binding capacity and even pore size distribution throughout monolith. The 5 mL 

cryogel monolith had approximately 20 times lower adsorption capacity than 

commercial Sepharose Big Beads (section 3.3.2) and this scale-up has further lowered 

the adsorption capacity to almost five times lower than the 5 mL column. This 

indicates that altogether, scaled-up cryogel column has approximately 100 times 

lower dynamic binding capacity than commercial Sepharose Big Beads resin. 

However, if material providers could improve its binding capacity, cryogel monolith 

could be a useful material for extracting proteins from complex fluids. At this stage, 

considering the low dynamic binding capacity of cryogel monoliths, they would have 

limited value in process development. Therefore, as the development of large scale 

monoliths are beyond the scope of this thesis, they have not been further investigated. 
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4 Whey Protein Analyses in Multiple Samples 

by Surface Plasmon Resonance 

 
 

4.1 Introduction  

This chapter describes the development of a surface plasmon resonance (SPR) 

method for the simultaneous, quantitative immunodetection of five commercially 

important whey proteins (�-lac, �-lac, BSA, LF, LP and IgG) in six samples at a time, 

from various whey and milk sources. The proposed SPR assay is then compared with 

conventional assays such as immunoassays (ELISA) for LF, LP and IgG estimation in 

milk and whey and with RP-HPLC for �-lactalbumin, �-lactoglobulin and BSA 

estimation in whey. The assay is then used to analyse the individual whey protein 

contents of various dairy fluids, including whole milk, skim milk, commercial milk 

powders and liquid whey samples. 

4.2 Materials and methods 

4.2.1 Instrumentation 

A ProteOn XPR36 protein interaction array system (Fig 4-1a, Bio-Rad Laboratories, 

Hercules, USA) was used for the simultaneous quantitative assay development. Key 

features of ProteOn XPR36 system are: 1) it can monitor 36 interactions in a single 

run on a single chip, 2) six antibody ligands can be immobilized on a single chip (six 

vertical channels as shown in Fig. 4-1b) and thereby six different analytes (horizontal 

channels as shown in Fig. 4-1b) can be monitored in a single experiment and 3) it can 

also be used to test a variety of experimental conditions in a single run. Instrument 

control and data analysis were carried out with the ProteOn Manager Software 

version 2.1. 

Reversed phase liquid chromatography (RP-HPLC) was performed using a 1 mL 

Resource column on an AKTAexplorer 10 (GE Healthcare Life Sciences, Uppsala, 

Sweden) for estimation of individual whey protein content. SPR assays were 

developed on a ProteOn GLC biosensor chip (Bio-Rad Laboratories, Hercules, USA). 
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Figure 4-1: SPR instrumentation. a): ProteOn XPR36 protein interaction array 

system and accessories b): ProteOn GLC sensor chip surface chemistry. 

4.2.2 Reagents 

Amine coupling reagents 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCl 

(EDAC, 0.4 M), sulfo-N-hydroxysuccinimide (NHS, 0.1 M), ethanolamine-HCl (1.0 

M, pH 8.5), sodium acetate buffer (10 mM , pH 5.0) and GLC biosensor chips were 

purchased from Bio-Rad Laboratories. Glycine-HCl buffer (10 mM, pH 1.5 and 1.75) 

and HBS-EP running buffer (containing 10 mM 4-2(hydroxyethyl) piperazine-1-

ethanesulfonic acid (HEPES), 150 mM NaCl, 3.4 mM ethylenediaminetetraacetic 

acid (EDTA), 0.005% P20 (Tween 20) surfactant at pH 7.4 ) were prepared in the 

laboratory using analytical grade chemicals purchased from Sigma Aldrich (St. Louis, 

Front 

b 

a 
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MO, USA). Affinity purified sheep anti-bovine albumin (product catalog code A10-

113A, 1 mg mL-1), goat anti-bovine �-lactalbumin (A10-128A, 1 mg mL-1), rabbit 

anti-bovine �-lactoglobulin (A10-125A, 1 mg mL-1), sheep anti-bovine IgG (A10-

118, 1 mg mL-1) and goat anti-bovine lactoferrin antibodies (A10-126 A, 1 mg mL-1), 

IgG (E10-118) and LF (E10-126) ELISA kits were purchased from Bethyl 

Laboratories (Montgomery, TX, USA). Sheep anti-lactoperoxidase (ab6628, whole 

serum) and rabbit anti-lactoperoxidase (ab65812, 1.5 mg mL-1) polyclonal antibodies 

were purchased from Abcam (Cambridge, USA). Individual bovine milk proteins, 

including �-lactalbumin (product catalog code L5385), �-lactoglobulin (L3908), IgG 

(I5506), BSA (A-7906) and caseins were purchased from Sigma-Aldrich. LF and 

lactoperoxidase (LP) were obtained from Tatua Co-operative Dairy Company, 

Morrinsville, New Zealand. All other chemicals, including acetonitrile, trifluoroacetic 

acid (TFA) and buffer salts were of analytical grade and purchased from Sigma-

Aldrich.  

4.2.3 Biosensor surface preparation 

Each antibody was investigated individually and suitable assay conditions were 

established before they simultaneously immobilized on the same biosensor chip as 

explained below. Affinity-purified antibodies were immobilized onto five ProteOn 

GLC (carboxy alginate monolayer) biosensor chip channels as follows: channel 2, 

goat anti-bovine �-lactalbumin; channel 3, rabbit anti-bovine �-lactoglobulin; channel 

4, sheep anti-bovine albumin; channel 5, goat-anti-bovine lactoferrin; and channel 6, 

sheep-anti-bovine IgG. Immobilizations were carried out at 25°C via amine coupling 

under the instrument control. Briefly, the designated flow cells were activated 

simultaneously with a mixture of EDAC and NHS (1:1 v/v, 30 µL min-1, 5 min) 

followed by antibody (50 µg mL-1 in 10 mM sodium acetate buffer, pH 5.0, 30 µL 

min-1, 5 min) and, finally, unreacted surface ester functionalities were deactivated 

with ethanolamine-HCl (1.0 M, pH 8.5, 30 µL min-1, 5 min). Channel 1 was prepared 

similarly, as a blank reference channel, but without antibody ligand in the coupling 

solution. Following immobilization and between analyses, the chip was stored over a 

silica desiccant in a sealed container at 4°C. 
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4.2.4 Standards 

Bovine model proteins were dissolved in DI water to approximately 10 mg mL-1. 

These were further diluted and their final concentrations were determined by 

absorbance at 280 nm, using their extinction coefficients (E0.1%
1cm) (Farrell et al. 

2004). Further intermediate standard dilutions were prepared at 1 mg mL-1 in  HBS-

EP buffer (ProteOn running buffer) for �-lac and �-lac and in sample preparation 

buffer (HBS-EP buffer containing 500 mM NaCl) for BSA, LF and IgG. Sub-aliquots 

were stored at either 4°C (short term) or -18°C (long term) prior to use. Bovine 

protein calibration standards (0–1,000 ng mL-1) were prepared by serial dilution on 

the day of use from the 1 mg mL-1 standards, using running buffer (RB) for �-

lactalbumin and �-lactoglobulin or sample preparation buffer (SB) for BSA, LF and 

IgG. These standards were used to generate dose-response calibration curves for each 

of the antibody ligand channels for the quantification of unknown concentrations of 

whey proteins in milk and whey samples. 

4.2.5 Samples 

A range of retail liquid consumer milk samples and milk powders were purchased 

from the local market and whey was prepared from skim milk as described below. 

Samples were prepared by diluting in both running and sample preparation buffers 

(liquid milk 1:10,000 in RB and 1:1,000 in SB; milk powders 1:5,000 to 1:50,000).  

4.2.6 Whey preparation 

Bovine skim milk was heated to 45°C in a water bath and the pH adjusted to 4.6 by 

addition of 5 M HCl with continuous mixing. Precipitated casein proteins were 

removed by centrifugation at 18,500 x g for 20 min and the pH of the resultant whey 

supernatant was adjusted to 7.0 by the addition of 1 M NaOH, followed by filtration 

through a 0.22 µm filter. Whey samples were diluted (10 times) in both running 

buffer and sample preparation buffers and stored at 4ºC for short-term analysis and -

18ºC for long term analysis.  

4.2.7 Surface plasmon resonance biosensor assay 

Bovine calibration standards (0–1,000 ng mL-1) and diluted samples were dispensed 

(1,000 µL) into 1.5 mL plastic vials and six samples were injected simultaneously for 
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60 sec at 100 µL min-1 over the immobilized antibody ligand channels at 25°C under 

instrument control. The binding responses relative to the initial baseline were 

acquired for 30–60 sec of injection and calibration curves were generated from the 

standard series using the ProteOn Manager™ Software tools. The responses and 

calibration standards were used to determine the concentrations of unknown samples.  

4.2.8 RP-HPLC analysis 

A one  mL Resource™ RPC column (GE Healthcare Life Sciences) was connected to 

an AKTAexplorer 10 and the method of Elgar et al (2000) applied at room 

temperature and a flow rate of 3 mL min-1, with minor modifications in calibration 

standard preparation as follows. Mixtures of individual whey protein standards were 

freshly prepared from stock solutions on the day of use to give working 

concentrations of 0.03–1.0 mg mL-1 of �-lac and �-lac and 0.02–0.125 mg mL-1 of 

BSA, LF and IgG. Individual calibration standard curves for each protein were 

constructed from the average peak areas obtained from triplicate runs (n=3). These 

calibration curves were used to calculate unknown concentrations of the individual 

whey proteins in the whey samples.  

For liquid whey samples, concentrations were adjusted to bring the likely range of 

protein values within the linear portion of the standard curves. Whey was diluted 

three-, five- and ten-fold in solvent A and sample injection volumes were kept 

constant at 50 µL.  

4.2.9 ELISA assays 

Bovine ELISA quantification kits (Bethyl Laboratories) were used to quantify LF and 

IgG concentrations in milk and whey samples according to the manufacturer’s 

protocols with minor modifications. In the case of LF, after incubation of a 96-well 

plate with primary antibody for 1 hr at room temperature, the plate was washed three 

times with Tris-buffered saline (TBS; 50 mM Tris, 0.14 NaCl, pH 8.0) containing 1% 

BSA and then 100 µL of calibration standards (7.8 to 500 ng mL-1) and unknown 

samples (prepared in sample/conjugate dilution buffers) were loaded into each well 

and incubated for 1 hr at room temperature. After incubation, wells were washed five 

times with washing solution. HRP-conjugated bovine LF was diluted 1:100,000 in 

TBS containing 1% w/v BSA and 0.05% v/v Tween 20. Each well was then loaded 
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with 100 µL of diluted HRP conjugate, followed by 1 hr incubation at room 

temperature. After five washes, plate wells were developed by addition to each well 

of 100 µL of 0.2 mg mL-1 3,3’,5,5’-tetramethyl-benzidine (TMB) and 1 mg mL-1 urea 

hydrogen peroxidise and 11% v/v dimethyl-formamide (DMF) in 0.1 M acetic acid, 

pH 4.3. After 15 min at room temperature, the reaction was stopped by addition of 

100 µL of 1 M H2SO4. Finally, a universal microplate reader (FLUOstar OPTIMA, 

BME LABTECH, NC, USA) was used to measure absorbance at 450 nm. A similar 

procedure was followed for IgG determination, with minor modifications to washing 

and sample/conjugation solutions (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 

8.0). 

Calibration curves were generated from the absorbance measured for each dilution of 

LF and IgG samples. A four-fit model curve was generated and used for the 

calculation of unknown concentrations of LF and IgG in milk and whey samples. 

4.2.10  Method validation 

The SPR-based biosensor immunoassays were evaluated using commercially 

available individual whey proteins. The specificities of immobilized antibodies for 

their corresponding antigen proteins (analytes) were characterised by evaluating 

cross-reactivity against individual bovine whey proteins at the concentrations 

typically found in milk. The optimum ligand immobilization capacities on the 

carboxy alginate SPR sensor chip surface were determined qualitatively by working 

with several EDAC/NHS activation levels and antibody concentrations. The potential 

for non-specific binding of analytes and other milk components on the sensor chip 

surface was evaluated using the reference (control) surface of channel 1. SPR 

responses in channel 1 were subtracted from all other channels. The SPR assay 

conditions were optimized with respect to sample preparation, buffer compatibility, 

contact time, flow rate and between-sample regeneration protocol. Performance 

parameters, including analyte sensitivity, detection limits, accuracy, recovery and 

ligand leaching or degradation over time were estimated. Finally, the SPR results 

were compared with independent RP-HPLC and standard ELISA methods. 
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4.2.10.1 Method validation procedure 

The SPR-based biosensor immunoassays were evaluated using commercially 

available individual whey proteins for linearity, detection limits, precision, specificity 

and cross-reactivity at prescribed assay conditions. The SPR results were then 

compared with independent RP-HPLC and standard ELISA methods. 

4.2.10.2 Linearity and detection limits 

The optimum ligand immobilization capacities on the sensor chip surface were 

determined in preliminary work by working with several EDAC/NHS activation 

levels and antibody concentrations. The SPR assay conditions were optimized with 

respect to sample preparation, buffer compatibility, contact time, flow rate and 

between-sample regeneration protocol. 

4.2.10.3 Specificity and cross-reactivity 

The specificities of immobilized antibodies for their corresponding antigen proteins 

(analytes) were characterised by evaluating cross-reactivity against individual bovine 

whey proteins at the concentrations typically found in milk. The potential for non-

specific binding of analytes and other milk components on the chip surface was 

evaluated using the reference (control) surface of channel 1. SPR responses in 

channel 1 were subtracted from all other channels.  

4.2.10.4 Precision and reproducibility 

The precision of the assay was studied with respect to both repeatability and 

accuracy. Reproducibility was calculated from 25 independent injections (n=25) at 

optimized assay conditions, with each sample containing six analytes from a fresh 

250 ng mL-1 stock solution prepared on the day of the experiment. Finally, ligand 

degradation with time was estimated over 144 hrs.  

4.2.10.5 Statistical evaluation 

All experiments were repeated three times and results are given as mean values. 

Assay precision is expressed as %RSD of analyte responses. 
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4.3 Results and discussion 

4.3.1 Ligand immobilization  

Anti-α-lac, anti-β-lac, anti-BSA, anti-LF and anti-IgG were immobilized on channels 

2 to 6, respectively, of the GLC sensor chip. Channel 1 was prepared as a reference 

(blank) channel. A typical IgG antibody immobilization procedure (Fig. 4-2) involved 

activation of the sensor surface, followed by ligand coupling and then deactivation of 

excess reactive surface groups. The responses achieved in all other antibody channels 

(data omitted for clarity) were similar in form. After the ligand coupling and 

deactivation steps, the final ligand immobilization responses (∆RU) on each channel 

varied depending on the amount of ligand immobilized. The average sensorgram 

responses for ligand immobilizations were all above 7,000 RU. Slight differences in 

immobilization levels could be due to differences between the host species origins of 

the antibodies. The immobilization response was the highest for anti-β-lac (10,000 

RU).  

The analyte detection sensitivity of immobilized antibody ligands generally depends 

on the amount of ligand coupled on the sensor surface. In preliminary experiments 

(data not shown), various concentrations (25–100 µg mL-1) of antibody were 

immobilized on individual channels of a GLC sensor chip. After initial investigations, 

250 µL of 50 µg mL-1 antibody ligand was concluded to be optimal and was used for 

all subsequent immobilizations on GLC sensor chip surfaces. Chip surface channels 

were washed 2–4 times with regeneration buffer for 30 sec before injecting analytes. 

This practice minimizes weakly or non-specifically bound ligands and enhances assay 

reproducibility.  



 4-9 

0

3000

6000

9000

12000

15000

18000

21000

24000

0 500 1000 1500 2000

Time (sec)

S
P

R
 R

es
po

ns
e 

(R
U

)

1

2

3 �RU

 

Figure 4-2: Typical immobilization process of anti-IgG on the GLC sensor chip at 30 

µL min-1. (1) Indicates surface activation with 250 µL EDAC/NHS mixture injection; 

(2) Injection of 250 µL of antibody at 50 µg mL-1, pH 5.0; and (3) Blocking with 250 

µL of 1M ethanolamine-HCL. The final ligand immobilization level is indicated by 

∆RU. 

4.3.2 Method development  

Individual whey protein calibration standards were assayed to establish optimal 

analyte concentrations. Whey protein analytes at various concentrations (16–5,000 ng 

mL-1) were injected over the ligand channels with varying total volumes of analytes 

and flow rates. Sensorgram responses for both �-lac and �-lac were virtually constant 

above 2,000 ng mL-1 and this could be due to saturation of their respective antibody 

ligands. It was found that 0–1,000 ng mL-1 as the best calibration range for these 

proteins. Sensorgram responses during the association phase for BSA, LF and IgG 

increased with analyte concentrations upto 5,000 ng mL-1 but the difference between 

the initial slopes of the response curves decreased above 2,000 ng mL-1, reducing 
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resolution at the highest concentrations, and inter-sample reproducibility was also 

decreased at the highest concentrations. Therefore, calibration within the range 0–

1,000 ng mL-1 was concluded to be the most suitable, allowing analysis of samples at 

appropriate dilutions for typical protein concentrations in milk and whey (Farrell et 

al. 2004; Gapper et al. 2007). It is possible that the SPR responses to the analytes 

could be improved by purifying the antibodies prior to their immobilization but this 

was not investigated, as it would involve extra time and expense.  

The cross-reactivity of antibodies with all other milk components and their abilities to 

bind their specific antigen protein binding partners were evaluated to confirm ligand 

specificity. The immobilized antibodies were determined to be highly specific to their 

analytes, although there was a minor dose-response (<5-10 RU) on the carboxylated 

sensor chip surface by highly basic whey proteins (LF, LP and lysozyme, all of which 

have pI >9). These non-specific responses on the (negatively-charged) carboxy 

alginate sensor surface were analytically insignificant (<5–10 RU) at concentrations 

equivalent to those in diluted milk samples. Samples containing �-lac and �-lac 

analytes were prepared in RB (10,000X dilution), diluting the basic proteins to 

negligible levels (SPR responses < 1 RU) and any residual non-specific responses and 

buffer shifts were eliminated by subtracting the reference channel response. In the 

case of BSA, LF and IgG, samples were prepared in SB (500–2,000X dilution), 

which contained 0.5 M NaCl. Elevated levels of NaCl in the sample buffer minimized 

the non-specific interactions (<1 RU) and these were completely eliminated by 

subtracting analyte responses from the reference channel. The resulting calibration 

curves (Fig. 4-3) were used for determination of individual whey protein contents in 

various whey and milk samples. The potential influence of fat on antibody-protein 

interactions was evaluated by diluting retail consumer milk containing various fat 

levels (0.1–3.2%) at different levels. The measured individual whey protein levels 

were essentially equivalent and no effect of fat was detected (data not shown). 

Typical SPR sensorgrams are shown in Fig. 4-4 for six of the samples listed in Table 

4-2.  
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Figure 4-3: Individual whey protein calibration curves (0–1,000 ng mL-1). a): α-

Lactalbumin and β-lactoglobulin and b): BSA (bovine serum albumin), LF 

(lactoferrin) and IgG (immunoglobulin G). 
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For example, Fig. 4-4a shows the responses of ligand channels 2 to 6 to a 

homogenized whole milk sample (Sample HWM1, Table 4-2). It can be seen that all 

five analytes were present in the sample and their concentrations could be determined 

from the calibration curves given in Fig. 4-3. Comparison between Figs. 4-4e and 4-

4f illustrates that the LF concentration in the acid whey sample (Sample AW2, Table 

4-2) was approximately 4 times lower than in the skim milk sample (Sample SM2, 

Table 4-2), whereas AW2 was prepared from SM2. Figure 4-4 represents the 

simultaneous, quantitative analysis of five whey proteins under single assay 

conditions. However, when determining the five whey proteins in this assay, more 

accurate results could be obtained by using two sets of samples at different dilutions 

to give the widest dynamic range for all antibodies, due to the large concentration 

differences between abundant (α-lac and β-lac) and minor (LF, BSA and IgG) whey 

proteins in whey and milk samples (Farrell et al. 2004). For example, the responses to 

β-lac in all samples (ligand channel L3 in Fig. 4-4) were above the maximum 

calibration response in Fig. 4-3, so using a higher dilution for α-lac and β-lac would 

allow more accurate determination of these proteins and a second injection at a lower 

dilution would allow accurate determination of the minor proteins e.g. BSA (ligand 

channel L4 in Fig. 4-4). 

The reproducibility of antibody ligand responses were evaluated over time by 

repeated injections (n=25) of known whey protein mixture samples (250 ng mL-1) and 

calculated against calibration curves constructed after every 10 cycles. The results 

indicate an overall assay %RSD of approximately 4% (n=150) for all five antibodies 

(Table 4-1). All results in this assay other than pH optimization were obtained after a 

single immobilization of antibodies. Therefore, altogether, results were obtained from 

approximately 120 cycles, corresponding to 720 samples, without exhausting the 

ligand sensitivity. Antibody degradation over time was examined and is shown in Fig. 

4-5 to occur to differing extents for each antibody. The major antibody degradation 

was generally observed during the first few cycles of use, probably due to the 

removal of loosely bound ligand during regeneration. After repeated use and storage 

of immobilized antibody ligands (144 hrs duration, approximately 120 cycles), more 

than 50% of activity was lost for �-lac and �-lac antibodies and 20–30% activity was 

lost for all other antibodies. Some antibody deterioration was observed with chip 

ejection from the instrument, followed by storage (4°C for approximately 12 hrs) and 
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re-insertion (as indicated by arrows in Fig. 4-5). This could be due to thermal stress 

on the antibodies, degradation of the covalent surface linkages and antibody 

denaturation through exposure to buffers during ejection or re-insertion procedures, 

or antibody denaturation upon drying and re-wetting of the chip surface.  
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Figure 4-4: Typical SPR analyte responses on immobilized ligands, relative to the 
reference channel L1 (not shown); L2 = α-lactalbumin antibody; L3 = β-lactoglobulin 
antibody; L4 = bovine serum albumin antibody; L5 = lactoferrin antibody and L6 = 
immunoglobulin G antibody. Samples (see Table 4.2) a): Homogenized milk sample 
1; b): Skim milk sample 1; c): Acid whey sample 1; d): Homogenized milk sample 2; 
e): Skim milk sample 2 and f): Acid whey sample 2. 
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However, ejection, storage and re-insertion did not always result in antibody 

deterioration. Analyte responses in channels 2 and 3 (α-lac and β-lac) decreased 

gradually with time and use (Figs. 4-5a and b) but the antibody responses (BSA, LF 

and IgG) on the other channels (Figs. 4-5c–e) were stable, with low degradation 

evident (<20%). Variations in analyte responses at 62.5 and 125 ng mL-1 were 

significant because of the small magnitude of differences (< 4 RU) in SPR responses 

at those analyte concentrations. The latter three antibodies could be used for 

subsequent analyses after 144 hrs because the analyte responses remained high (80% 

of their initial values) (Fig. 4-5c–e). 

4.3.3 Method validation and comparisons with ELISA and HPLC 
 

Specificity is imperative for any immunoassay format and non-specific interference 

should be evaluated during method validation. The extent of potential non-specific 

binding from both target analytes and sample mixture components on the carboxy 

alginate surface (<5 RU) was therefore assessed against the reference (ligand-free) 

channel and determined to be negligible under the assay conditions used. For �-lac 

and �-lac, the RB ionic strength of 0.15 M NaCl was sufficient to minimize non-

specific surface interactions (<2 RU) at the working dilution ranges (>10,000X 

dilutions) by the highly basic proteins (e.g. LF, LP and lysozyme) present in milk and 

whey. A higher ionic strength (0.5 M NaCl) SB was used to reduce non-specific 

surface interactions (<1 RU) by the basic whey proteins at lower dilution during the 

assays of BSA, LF and IgG. Finally, the specificities of immobilized antibodies were 

evaluated by measuring cross-reactivity (n=3) between individual milk proteins 

(caseins, lysozyme and LP) at five times higher levels than those expected in milk. 

No responses (<1 RU) were obtained with these proteins from any of the antibody 

ligands (data not shown).  

�-Lac, �-lac and BSA in whey prepared from commercial milk were estimated (n=4) 

by the SPR biosensor and the results were compared with reversed-phase liquid 

chromatography (n=4). Each sample was assayed 5 times at 3 different dilutions, with 

results shown in Fig. 4-6. Similarly, SPR responses (n=13) to LF and IgG are 

compared with results from commercial ELISA methods (n=13) in Fig. 4-6.  
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Figure 4-5: Antibody ligand deterioration over time after immobilization on the 

biosensor chip. Analyte concentrations indicated by symbols � 1,000 ng mL-1; � 500 

ng mL-1; ∆ 250 ng mL-1; Ο 125 ng mL-1; ∗ 62.5 ng mL-1. Arrows indicate time of chip 

re-insertion after ejection and storage at 4°C for approximately 8 to 12 hrs. Terms 

used in this figure: BSA (bovine serum albumin); LF (lactoferrin); and IgG 

(immunoglobulin G). 
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The R2 correlation coefficients between the SPR and RP-HPLC methods were all 

above 0.97, while those between SPR and ELISA were 0.99 for LF and 0.94 for IgG. 

This indicates that the multi-channel SPR method is comparable to the RP-HPLC and 

ELISA assay methods. 
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Figure 4-6:  Whey protein assays by the SPR method compared with RP-HPLC and 

ELISA methods. Abbreviations: BSA (bovine serum albumin); LF (lactoferrin); and 

IgG (immunoglobulin G). 
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The HPLC method took approximately 30 minutes per sample (3 hours per 6 

samples) and estimated proteins non-specifically by peak retention time. The ELISA 

assays were highly specific but although they could quantify 96 samples 

simultaneously, each ELISA kit can detect only a single protein at a time and each 

cycle took more than 4 hrs. Once used, the ELISA plates could not be re-used. The 

SPR assay using the ProteOn system, on the other hand, was able to quantify 5 whey 

proteins simultaneously, with highly specific interactions, in up to 6 samples every 12 

minutes. Due to the large concentration differences between the high (α-lac and β-

lac) and low abundance whey proteins (LF, BSA and IgG) in most milk samples, two 

different dilutions with different buffers were used to quantify the five whey proteins 

more precisely within their optimal calibration ranges. This approach required two 

injections per set of six samples. However, not all milk-derived samples would have 

large differences in the abundance of component proteins (for example, hyperimmune 

milk, colostrum, whey-fortified beverages, or β-lac-depleted products), in which case 

a single dilution may be suitable, enabling all five proteins to be determined at once. 

Although a reference channel was utilized in this work, the ProteOn system does not 

actually require this, as the system can report SPR responses from the blank spots on 

the chip surface in between the ligand and analyte intersection points and use them 

for reference subtraction. Moreover, because there is negligible cross-reactivity, each 

antibody ligand channel could, in principle, be used as a “blank” reference channel 

for any of the other four. Thus, there is potential for the inclusion of a further 

antibody ligand on the chip to detect, for example heat-denatured LF. Initially it was 

attempted to use this sixth channel for LP detection but, in this case, tested antibody 

did not give an SPR response using the commercial sheep anti-bovine LP polyclonal 

antibody (Appendix C) available in the market (Abcam, Cambridge, USA). However, 

with the use of a blank reference channel, the new SPR assay has a throughput more 

than 15 times higher than the HPLC method, with the additional benefit of immuno-

specificity for positive identification of the five whey proteins. 

4.3.4 Method performance 

Over the optimized calibration working range (0–1,000 ng mL-1), individual whey 

protein quantifications were carried out for several milk samples (n = 13), mean and 

%RSD values of each protein as given in Table 4-2. Assay precision was estimated 
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from a mixture of whey protein standards (250 ng mL-1) over multiple independent 

runs (n=25) and the measured overall %RSD for 150 analytes (n=25x6) was 4%. 

Performance in repeated analyses for several analyses of whey protein mixtures 

illustrates the reproducibility of the immobilized antibody ligand responses and 

confirms the effectiveness of assay performance (Table 4-2). Despite the fundamental 

differences in analytical principles involved in immunoassays (ELISA and SPR) and 

liquid chromatography methods, Fig. 4-6 indicates that these three methods provided 

similar estimations for the whey protein contents of various dairy milk samples. 

Methodological advantages of the SPR assay include significantly shorter sample 

analysis times, real-time monitoring and simple sample preparation requiring only 

dilution. In contrast, fat and casein removal at low pH is mandatory prior to RP-

HPLC analysis.   

4.3.5 Regeneration   
 

To establish reproducible results and precise assay performance, the regeneration 

conditions for antibody-protein interactions must be optimized. To maintain response, 

the antigen must be removed from the antibody after each assay cycle with suitable 

regeneration conditions. As an example of the optimization procedure, Fig. 4-7 shows 

the initial slopes of the SPR response curves for 30 consecutive cycles for assaying 

LF with regeneration by a series of 10 mM glycine-HCl buffers with pH values 

ranging from 1.5 to 3.0. This series of experiments was completed within 3 hrs with 

an automated procedure on a single ligand channel containing immobilized anti-

lactoferrin. In each cycle, six samples were injected simultaneously across the ligand 

channel and regeneration was then achieved with the six regeneration buffers. Fig. 4-

7 shows that a regeneration buffer with a pH of 3.0 gave the lowest SPR response. 

This buffer and that with a pH of 2.5 apparently did not remove sufficient analyte 

between samples and the gradual decline with each cycle indicates that bound analyte 

continued to accumulate on the immobilized antibody surface. Regeneration at pH 

1.75 gave the highest sustained response, which is explained by effective removal of 

bound analyte without damage to the immobilized antibody. Therefore it is found to 

be optimum conditions. Similar regeneration protocols were prescribed in previous 

biosensor assay developments for α-lac, LF and IgG (Gapper et al. 2007; Indyk and 

Filonzi 2003; Indyk and Filonzi 2005) and, because this assay is aimed to develop 



 4-19 

simultaneous analysis for all five proteins, also employed these regeneration 

conditions for β-lac and BSA.  

Figure 4-7: Optimization of pH for anti-LF ligand regeneration by 10 mM Glycine-

HCl. 

4.3.6 Method applications 

The new assay was applied to a wide range of bovine milk and whey samples (Table 

4-2). The mean (n=13) α-lac content in retail consumer milk was estimated by this 

technique to be 0.8 mg mL-1 (0.52–1.1 mg mL-1) with %RSD 5.84%; β-lac content � 

4.0 mg mL-1 (3.3–5.8 mg mL-1) with %RSD 3.44%; BSA � 0.21 mg mL-1 (0.18–0.28 

mg mL-1) with %RSD 5.98%; LF � 0.12 mg mL-1 (0.05–0.25 mg mL-1) with %RSD 

4.5% and IgG � 0.48 mg mL-1 (0.32–0.59 mg mL-1) with %RSD 8.76%. These results 

are within the range of values reported in the literature, which are influenced by a 

number of factors (Farrell et al. 2004; Gapper et al. 2007; Jeanson et al. 1999; 

Kinghorn et al. 1995; Rosenthal et al. 1999). For example, milking frequency affects 

milk protein composition, with LF concentrations in cow’s milked once daily being 

higher than those milked twice daily (Farr et al. 2002). 
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In general, individual minor whey protein contents estimated in whey were slightly 

lower than those in the skim milk from which acid whey was prepared. α-Lac and β-

lac concentrations in acid whey samples 1 and 2 were virtually the same as their 

concentrations in the starting skim milk samples 1 and 2 (Table 4-2). However, the 

concentrations of the minor whey proteins (BSA, LF and IgG) were lower in those 

whey samples than in the corresponding skim milk samples (Table 4-2), possibly due 

to more significant losses from their total content by entrapment in precipitated 

caseins. These samples were all assayed on the same day as the acid whey was 

prepared. On the other hand, both α-lac and β-lac concentrations in acid whey 

samples 3 and 4 were significantly lower than those in their corresponding skim milk 

samples 3 and 4 (Table 4-2). However, these whey samples were measured 3 days 

after whey preparation so the decreased concentrations may be explained by whey 

protein denaturation during storage. The SPR assay might therefore be used to detect 

levels of denaturation of whey proteins during storage or other conditions. 

Table 4-1: Determination of SPR immunoassay precision and repeatability. 

 Overall precision of 25 repeated 
injections of 250 ng mL-1 of five 
whey protein mixture (n=300) 

Overall assay precession  for  
13 independent analytes (n=78) 

Protein Mean 

(ng mL-1) 

RSD (%) Mean 

(mg mL-1) 

RSD (%) 

�-Lac 240 4.58 0.78 5.84 

�-Lac 250 4.00 3.96 3.44 

BSA 240 3.88 0.21 5.98 

LF 260 3.41 0.12 4.50 

IgG 240 3.53 0.48 8.76 

* Relative Standard Deviation (RSD) is expressed in percentage. * Terms used in the 
above table as followed: �-Lac is �-lactalbumin; �-Lac is �-lactoglobulin; BSA-
bovine serum albumin; LF-lactoferrin and IgG-immunoglobulin-G. 
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Table 4-2: Individual whey protein concentrations in various milk and whey samples were analysed by prescribed SPR immunoassay. 
 

Sample �-Lac �-Lac BSA LF IgG 
 Meana RSD (%) Meana RSD (%) Meana RSD (%) Meana RSD (%) Meana RSD (%) 

 
HWM 1 0.66 2.56 3.65 1.54 0.24 8.75 0.15 8.42 0.50 6.96 

 HWM 2 0.51 7.57 3.08 1.98 0.19 7.53 0.25 5.62 0.49 7.77 
 HWM 3 0.87 5.84 4.21 0.38 0.26 8.75 0.16 6.22 0.59 5.41 
 HWM 4 0.90 4.33 4.74 5.63 0.22 6.23 0.11 5.37 0.62 4.71 
            

SM 1 0.64 10.8 3.95 1.97 0.23 7.00 0.16 4.96 0.49 5.71 
 SM 2 0.72 11.4 3.64 1.48 0.22 4.59 0.20 0.50 0.50 5.17 
 SM 3 1.07 4.01 4.850 2.80 0.28 7.19 0.17 5.19 0.55 5.68 
 SM 4 1.14 5.78 5.74 6.99 0.23 7.84 0.13 4.62 0.56 5.88 

           
AW 1 0.65 8.16 3.75 1.86 0.19 1.03 0.07 3.86 0.38 3.95 

 AW 2 0.73 1.79 3.50 5.03 0.17 2.86 0.05 1.99 0.32  
AW 3 0.82 3.64 3.65 7.99 0.20 6.36 0.05 7.63 0.38 5.32 

 AW 4 0.84 9.59 4.00 6.63 0.18 4.52 0.05 4.1 0.37 5.60 
           

SMP 0.61 0.33 2.71 0.44 0.14 5.11 0.000 0.00 0.02 47.61 
 

Meana values (n=6) of whey proteins are expressed in mg mL-1; Relative Standard Deviation (RSD) is expressed in percentage. * Terms used in 
the above table as followed: �-Lac is �-lactalbumin; �-Lac is �-lactoglobulin; BSA-bovine serum albumin; LF-lactoferrin and IgG-
immunoglobulin-G. HM-homogenised milk; SM-skim milk; AW-acid whey; SMP-skim milk powder. 
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The SPR assay could be used for quality control or to test composition claims by 

manufacturers of finished products such as colostrum powders of whey-fortified 

beverages, where other ingredients might interfere with HPLC methods. The high 

sample dilutions used in this assay would minimize matrix effects in complex 

products. It may also be possible to extend the multiple-channel SPR method to assay 

casein proteins, for example to enable screening of individual cow milk for production 

improvement studies. 

4.4 Conclusions 
 

A surface plasmon resonance technique has been developed to simultaneously 

quantify five bovine whey proteins of commercial interest, including BSA and β-lac, 

for which SPR assays have not previously been reported. Although all five proteins 

can be determined simultaneously, due to the large concentration differences between 

the more abundant proteins (α-lac and β-lac) and the less abundant proteins (LF, BSA 

and IgG) in most milk and whey samples, two different dilutions were used to 

quantify these two groups of proteins, requiring two injections per set of six samples. 

The antibody regeneration pH was optimized by tracking the SPR response to 

analytes for thirty repeated binding-regeneration cycles for a range of buffer pH 

values. Antibodies immobilised on the GLC sensor chip surfaces were stable for 

multiple regenerations and provided high sensitivity to their specific proteins, with 

negligible non-specific binding under the conditions used. No cross-reactivity was 

identified with other milk proteins and the ligand-free reference channel provided 

further confirmation that there were negligible surface interactions for milk proteins in 

the absence of corresponding antibody ligands. The assay provided label-free, real-

time and automated immunoassays for the simultaneous quantification of whey 

proteins in milk and milk-derived products. Furthermore, the SPR method was rapid, 

sensitive, precise, accurate, reproducible, used low sample volumes and provided 

analytical information comparable to that from ELISA (LF and IgG) and HPLC (α-

lac, β-lac and BSA) methods with correlation coefficients between these methods of   

R2 > 0.97, except for IgG, which had R2 = 0.94. 



 5-1 

5 Synthetic Peptide Ligands as Affinity Ligands 

for the Isolation of Antibodies from Milk  

 
 

5.1 Introduction 
 
An increase in the importance and demand for bovine antibodies as therapeutics has 

provoked the need for more efficient, robust and cost efficient processes to isolate Igs 

from dairy fluids (El-Loly 2007; Mehra et al. 2006). To date, most of the antibodies 

available in the market have been purified by conventional affinity chromatography 

using either protein A or protein G as affinity ligands (Dancette et al. 1999; Farid 

2006; Hober et al. 2007; Kochan et al. 1996). These affinity ligands are expensive, 

require mild elution conditions (< pH 3) and lose activity during sanitization 

(Fuglistaller 1989). To overcome some of the drawbacks of conventional affinity 

ligands, there is great interest in identifying alternative affinity ligands for antibody 

purification from bovine milk. The main objective of this study is to identify an 

affinity ligand that selectively binds to bovine immunoglobulins, and to optimize the 

suitable conditions to extract Igs from different milk sources. Issues around cost, 

ligand leakage and lose of activity are beyond the scope of this work. 

 

As discussed in the literature (Chapter 2, Section 2.8.2.2.1),  many Protein-A Mimetic 

Peptide (PAM) affinity ligands have been screened, synthesized and investigated for 

their applications in chromatography process development (Roque et al. 2004; Yang 

et al. 2005). Some of them have been extensively studied, especially small ligands, 

because of  their potential advantages of being more stable, less immunogenic, having 

wider selectivity and lower production costs (Fassina et al. 1996; Yang et al. 2005).  

For example, PAM peptide, also known as TG19318 (Fassina et al. 1998) tetramer 

peptide ligand, was successfully investigated for isolation of various classes of human 

Igs (IgG, IgA, IgE, IgM) (Huse et al. 2002) from human serum and bacterial cell 

culture broths. More recently, another PAM peptide ligand, known as PAM hexamer 

peptide (Yang 2008; Yang et al. 2005), was identified and characterized for its 

selectivity towards Igs of different classes (Yang et al. 2005; Yang et al. 2009). 
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However, to date, the applicability of these peptide ligands in the process 

development for isolation of Igs from dairy streams has not been reported.  

 

PAM hexamer peptide (HWRGWV) is a linear chain peptide of six amino acids with 

Histidine (His) at a free amine terminal end. The PAM hexamer peptide was 

synthesized directly on the Toyopearl AF-amino-650M (particle size of 65 µm) using 

Fmoc chemistry. This PAM peptide resin was further explored for its applications in 

the chromatography process development for isolation and purification of Igs from 

various dairy streams. In this chapter, the main objective is to investigate the PAM 

hexamer ligand affinity towards bovine Igs followed by the process development and 

purification of Igs from milk and whey.  

5.2 Materials and methods 

5.2.1 Reagents and instrumentation 
 

PAM hexamer peptide (HWRGWV) resin was synthesized directly on Toyopearl AF-

Amino-650 M (particle size 65 µm) (Tosoh bioscience, Inc., Montgomeryville, PA) 

using fluorenylmethyloxycarbonyl (Fmoc) chemistry by Peptides International 

(Louisville, KY, USA). This peptide ligand resin was synthesized at a peptide density 

of 0.11 meq g-1. Individual bovine milk proteins, including �-lactalbumin (L5385), �-

lactoglobulin (L3908), Immunoglobulin G (I5506), BSA (A7906) and caseins were 

purchased from Sigma-Aldrich, USA. Lactoferrin and lactoperoxidase were obtained 

from Tatua Co-operative Dairy Company, Morrinsville, New Zealand. AgResearch 

group kindly gifted bovine immunoglobulin A (bIgA), Hamilton, New Zealand. All 

other salts and chemicals, including sodium phosphate, sodium acetate and guanidine 

HCl as well as other consumables were analytical grade chemicals and purchased 

from Sigma Aldrich, USA. All chemicals and instrumentation used for SPR and RP-

HPLC experiments were the same as those listed in chapter 4 materials section. Skim 

milk was purchased from a local super market store and whey was prepared as 

described in Chapter 4 methods section. Colostrum powder, 100% natural and spray 

dried, was purchased from the local Health2000 nutrition store.  

 

Xcell4 SureLockTM Midi-Cell system (WRO100), NuPAGE Novex 4-12% Bis-Tris 

midi-gel (Lot No 9081482, 1 mmx20 well), NuPAGE LDS sample buffer (4X) (cat. 
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No NP0007), NuPAGE MES SDS running buffer (20X) (Cat. No NP0002) and 

Novex Sharp pre-strained protein marker (P/N 57318) were purchased from 

Invitrogen New Zealand Ltd, Auckland, NZ.  

5.2.2 Methods 

5.2.2.1 Peptide chromatography column preparation  
 

The PAM hexamer peptide, supplied as a dry resin was stored at 4°C for short-term 

and -18°C for long-term. Peptide resin (280 mg) was swollen in 10 mL of 20% 

methanol solvent in a 15 mL Falcon tube for 1 hr on an end-to-end shaker. Swollen 

wet resin was then carefully packed into a Pharmacia HR 5/10 (5 mm (I.D) x 10 cm 

(L)) chromatography column (total resin volume of 1 mL) without trapping air 

bubbles and then 20% of methanol was passed through the column at a flow rate of 

0.2 mL min-1 for overnight. PAM resin was then washed and equilibrated with 20–30 

CV of 20 mM phosphate buffer saline (binding buffer) containing 1 M NaCl for  the 

first time and 6 CV for all subsequent runs at a flow rate of 1 mL min-1. Bovine IgG 

samples prepared in the binding buffer at pH 7.4 were injected through the peptide 

column at a flow rate of 1 mL min-1 followed by washing with an equilibrium buffer 

(5–10 CV) to remove excess or unbound proteins. When the absorbance (A280 nm) of 

flowthrough buffer reached near baseline value, bound proteins were eluted with 0.2 

M sodium acetate buffer at pH 4.0 followed by column regeneration with  2 M 

guanidine-HCl buffer.   

5.2.2.2 Standards and samples 

Bovine IgG obtained from the commercial suppliers were diluted in the equilibration 

buffer to approximately 10 mg mL-1. This stock solution was further diluted in the 

equilibration buffer at suitable concentrations and solution absorbance was measured 

at 280 nm. Pure IgG solution concentration was appropriately calculated using its 

theoretical extinction coefficient (E0.1%
1cm=1.36) (Table 2-2).  

5.2.2.3 Milk, acid whey and colostrum sample preparation 

Retail liquid consumer skim milk was purchased from a local supermarket and acid 

whey was prepared from skim milk as explained in Section 4.2.6. Finally, pH of acid 

whey and skim milk samples were slowly adjusted to 7.4 by addition of 0.5 M NaOH 
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solution. Colostrum powder (100 % spray dried bovine colostrum) was dissolved in 

an equilibration buffer at suitable concentrations (500 mg of colostrum powder in 10 

mL buffer A) and left on end-to-end mixing for 60 min. Supernatant of the dissolved 

colostrum powder solution was then filtered through 5 µm filter and sample pH was 

re-adjusted to pH 7.4, if necessary.  

5.2.2.4 IgG estimation by SPR assay  

Quantitative analysis and mass balance calculations are very important parameters in 

chromatography process development and optimization. The SPR biosensor assay 

method was used to determination the IgG content in all liquid milk, colostrum and 

acid whey samples followed by the published protocol (Billakanti et al. 2010) with 

minor modifications. The main modification of the above assay protocol in this work 

was the elimination of an additional blank channel for reference subtraction. During 

the data processing, reference subtraction was performed using a double reference 

subtraction method (the first subtraction with blank sample buffer and the second with 

inter-spot reference subtractions). In this way, one can avoid using an extra channel 

for reference subtraction and buffer shift removal of the analyte responses. The 

amount of IgG bound to the PAM hexamer adsorbent was calculated from the 

individual steps of flowthroughs, elution and regeneration fractions of 

chromatography experiments. Mass balance calculations were performed for each 

individual experiment to obtain the PAM peptide resin binding capacities. All 

experiments were performed at least three times and average values were used in the 

final calculation and data representation.  

5.2.2.5 IgG estimation by RP-HPLC 

In order to evaluate the hexamer peptide ligand specificity towards target proteins 

(Igs) and its cross-reactivity with all other milk and whey proteins, it is necessary to 

examine all flowthrough, elution and regeneration fractions of each chromatography 

experiment using proper analytical methods. Reversed phase high-performance liquid 

chromatography (RP-HPLC) and SDS-PAGE analytical methods were employed to 

evaluate the purity of target protein and cross-reactivity of other contaminants in the 

elution fractions. The RP-HPLC method has been widely used in whey protein 

quantification (Elgar et al. 2000), therefore it would be useful tool for measuring 
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cross-reactivity of whey proteins. This method is not very suitable for quantification 

of whey proteins from milk and colostrum samples as casein protein peaks overlap 

with whey protein peaks, however, this method still could be used for purity 

estimation (qualitative analysis) of elution and regeneration fractions of each 

experiment of skim milk and colostrum samples. For acid whey experiments, RP-

HPLC assay was solely used for both quantitative and qualitative analysis of IgG and 

other whey proteins. Conversely, for skim milk and colostrum milk sample loading 

experiments, both SPR (quantitative) and RP-HPLC (qualitative) methods were 

applied. Experimental protocol for RP-HPLC was followed by the described protocol 

in Chapter 4 (Section 4.2.8). Purity of the selected elution fractions were further 

confirmed with SDS-PAGE as described in the following Section (qualitative).  

5.2.2.6 SDS-PAGE assay 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

was performed as prescribed in the supplier protocol with minor modifications 

(Invitrogen, New Zealand). Samples were prepared at appropriate concentrations 

using the ready to use sample buffer (5 µL of sample buffer and 15 µL of sample) and 

heated the mixture for 5–7 min at 90°C. Then samples were cooled down to room 

temperature (RT) and spun using a Mini Spin Eppendorf centrifuge for 2 min, this 

precipitated aggregates in samples. After successful loading of respected samples 

(volume of 15 µL) into a 20 well Bis-Tris (4–12%) gel, the Midi Cell chamber buffer 

level was re-adjusted to the designated buffer level and locked. SDS-PAGE gel was 

run at a constant voltage of 200 V for 32 min. Gels were removed from the Midi cell 

chamber and stained for 30–40 min in Coomasie Brilliant Blue 250 stain solution 

(0.25% (w/v)) followed by de-staining for overnight. Finally, de-stained gel was 

scanned using Bio-Rad Gel Doc system (Bio-Rad, Hercules, USA).  

5.2.2.7 Adsorption isotherm measurement 
 
Batch experiments were performed at room temperature to determine the equilibrium 

adsorption capacities of PAM hexamer ligand resin using commercial bIgG. Aliquots 

of 10 mg (dry weight) of PAM peptide resin (dry resin) were transferred into 1.5 mL 

microcentrifuge tubes and swelled in 20% methanol for overnight. Swollen resin was 

then equilibrated with the binding buffer until they reached the equilibrium buffer 
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conditions. Standard bIgG protein samples of known purity were reconstituted in the 

equilibration buffer at concentrations from 1 to 9 mg mL-1. Three hundred micro liters 

of each IgG standard solution was added to the PAM resin and the mixture was left to 

mix by gentle inversion on an end–to–end rotating plate for 24 hrs at room 

temperature. Supernatant was then collected and measured for equilibrium IgG (CIgG*) 

concentrations using UV at 280 nm. Total IgG adsorption on the PAM resin was then 

calculated from the difference between initial and final concentrations of the IgG in 

the solution phase. Average values of triplicates and standard deviations were used to 

generate isotherm fits.  

 

To determine the PAM peptide dynamic binding capacity, PAM peptide was packed 

into a 1 mL Tricorn XK 0.5/10 column (GE Healthcare, Sweden). Different known 

concentrations of IgG (1–10 mg mL-1) were injected (volume of 1 mL for each time) 

into the column at a constant flow rate of 1 mL min-1. PAM peptide resin dynamic 

binding capacity for each concentration was then calculated using the mass balance 

calculations. 

5.3 Results and Discussion 

5.3.1 PAM hexamer chromatography 
 
In order to investigate the PAM hexamer peptide affinity towards bIgs, stepwise 

exploration was carried out to understand the peptide ligand affinity interactions 

towards Igs and cross-reactivity with all other milk and whey proteins. To accomplish 

suitable binding conditions, basic information such as buffer compatibility and pH 

conditions were adopted from the published protocols (Yang et al. 2009). In this 

work, investigation started with similar buffer conditions as reported for isolation of 

Igs from human serum and cell culture broths (Yang et al. 2009). 

 

The buffer system is: 

Buffer A (equilibration/binding buffer) contains 20 mM sodium phosphate, 1 M NaCl 

(84 mS cm-1) at pH 7.4. 

Buffer B (elution buffer) contains 0.2 M sodium acetate at pH 4.0 

Buffer C (regeneration buffer) contains 2 M guanidine-HCl 
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5.3.2 Adsorption capacity  
 
Equilibrium adsorption/desorption of PAM peptide resin was described by the 

Langmuir isotherm (equation 1). Values for the constants in this equation were 

calculated from the batch adsorption (equation 1) of known concentration of IgG 

solutions. Obtained equilibrium adsorption isotherm of PAM hexamer peptide for IgG 

was shown in the Fig. 5-1.  

CK
CQ

Q o

+
=          (1) 

In equation 1, Q is the adsorption capacity at equilibrium with a solute at solution 

concentration C, Q0 and K are constants determined by adsorption experiment. Solute 

concentration is expressed as mg mL-1 and adsorption capacities are expressed in mg 

of IgG adsorbed per mL of PAM hexamer ligand resin. The PAM ligand resin has 

reached its maximum equilibrium adsorption capacity of approximately 21.7±0.6 mg 

mL-1 of resin at 9.0 mg mL-1 of IgG in the initial solution (Fig. 5-1).  

Figure 5-1: Equilibrium binding of IgG measured in a standard solution at binding 

buffer conductivity of 84 mS cm-1 and pH 7.4. The line fitted through the points 

corresponds to the Langmuir isotherm (K= 0.33 mg mL-1) and Qo = 23.0 mg mL-1 of 

bovine IgG). 
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Dynamic binding capacity of the PAM resin at the same initial IgG concentration was 

11.80±0.03 mg mL-1 of resin at a flow rate of 0.5 mL min-1. As expected, dynamic 

binding capacity of the resin was greatly dependent on IgG concentration present in 

the feed solution. For example, at 1 mg mL-1 of IgG application, resin dynamic 

binding capacity was calculated as only 4.80±0.21 mg mL-1 of resin, which was 

approximately 2.5 times lower than that of 9 mg mL-1 of IgG concentration in the feed 

samples.  

 

In the first step of this process development, PAM ligand interactions towards IgG 

and its cross-reactivity with all other milk and whey proteins at prescribed buffer 

conditions were determined. During this optimization process, various volumes (1–5 

mL) and concentrations (1–9 mg mL-1) of IgG were injected through 1 mL PAM 

peptide column and most of the bound IgG molecules were successfully recovered in 

elution (90%) with 0.2 M acetate buffer (buffer B) and remaining (10%) in the 

regeneration step with Buffer C (2 M guanidine-HCl). During all experiments injected 

IgG molecules were selectively bound to the resin with a minor leakage (<10%) in 

flowthroughs and recovered in elution. These results illustrate the peptide selectivity 

towards IgG. Upon the successful confirmation of PAM peptide selectivity towards 

IgG, buffer conductivity (salt concentration) impact on peptide ligand and IgG 

interactions was investigated with varying buffer conductivities (1.5–160 mS cm-1, 0–

2 M of NaCl) of the applied samples at pH 7.4. The PAM hexamer ligand resin has 

shown significantly lower binding capacity at low binding buffer conductivities but 

above 44 mS cm-1 (0.5 M NaCl) buffer conductivity, PAM ligand resin has shown 

improved binding capacities (10–20%) as buffer conductivity increased in the applied 

sample . In addition, buffer conductivity below 44 mS cm-1 peptide resin has shown 

different levels of cross-reactivity with different milk and whey proteins (�-lac, α-lac, 

LF and caseins (mainly �-caseins)). The amount of cross-reactivity was mainly reliant 

on two factors such as binding buffer conductivity and IgG concentration in the feed 

solution. For example, 1 mL of whey sample loading at buffer conductivity of 8.3 mS 

cm-1 has illustrated binding of all above mentioned proteins with different amounts 

but excess sample (>3 mL whey) loading resulted in replacement of �-lac with other 

proteins including IgG. These results indicate that the peptide has low adsorption of 

IgG at low buffer conductivities whilst more cross-reactivity with abundant whey and 
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milk proteins. It was further confirmed with different assays using frontal analysis of 

flowthroughs, washing, elution and regeneration fractions of chromatogram for 

injected samples. RP-HPLC analysis (Table 5-1) of the elution fractions of acid whey 

loading at 8.3 mS cm-1 buffer conductivity mainly contain �-lac (>90%) with a small 

amount of IgG (5% of total protein), whilst regeneration fractions mainly contain 

macropeptides (>70%), Igs (5–10%) and all other whey proteins. However, increasing 

the sample buffer conductivity >44 mS cm-1 reduced the cross-reactivity with most of 

these contaminants (�-lac, �-lac, LF and macropeptides) but still there was a 

significant amount of cross-reactivity with �-lac and macropeptides. Except �-lac, all 

the bound contaminants were removed during the regeneration step with 2 M 

guanidine HCl buffer. Recovered �-lac from PAM peptide ligand contains equal 

amounts of �-lac variants (A & B), which was co-eluted with Igs in the elution buffer 

B (100%). Attempt was made to separate IgG molecules from �-lac by varying 

elution conditions but �-lac could not be separated from Igs. Therefore, in all 

subsequent experiments, sample buffer with at least 0.5 M NaCl (44 mS cm-1) 

conductivity) was maintained and isocratic elution conditions were employed with 

100% buffer B to recover bound Igs. 

 

After the successful investigation of the PAM peptide ligand interactions towards 

pure IgG molecules and cross-reactivity with all other milk and whey proteins, 

various volumes of liquid milk samples were passed through PAM hexamer column 

in the following order: acid whey (2–20 mL, containing 0.3–0.5 mg mL-1 of Igs) at a 

flow rate of 1 mL min-1, skim milk (1–5 mL, contains 0.5–0.7 mg mL-1 of Igs) and 

colostrum skim milk (2–4 mL, contains 5–8 mg mL-1 of Igs) samples at a flow rate of 

0.25–0.5 mL min-1.  

 

After considering the inter-particle void spaces of the PAM ligand resin (particle 

diameter of 65 µm) and column backpressure limits (0.6 MPa), above flow rates 

would be the best for milk and whey sample applications. However, high flow rates 

could be possible if PAM ligands were immobilized or synthesized on different base 

matrices. For example, Fee and Chand (2006) successfully optimized SP-Sepharose 

Big Beads resin applicability in whole milk processing for isolation of minor milk 

proteins (LF and LP). Similarly, recent investigation of cryogel monolith 
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chromatography (Billakanti and Fee. 2009) for isolation of minor proteins (LF and 

LP) from whole milk could be another alternative base matrix for chromatography 

process development for protein extraction from complex fluids at moderate to high 

flow velocities.  

5.3.3 Acid whey application 
 

Frontal analysis of all chromatography experiments in this work were quantitatively 

and qualitatively analysed using different analytical methods as described in the 

Methods Section. During the standard acid whey sample loading (10 and 21 mL, 

which contained only 0.44 mg mL-1 of IgG), the total amount of bound IgG was 

approximately 2.6 and 3.1 mg mL-1 of resin, respectively. The total bound IgG 

accounts for only 60% and 33% (respectively) of total IgG loaded (presented in the 

acid whey) onto the column and most Igs adsorption occurred during the first 4–6 mL 

of acid whey loading. For these experiments, IgG purity in elution fractions was 

<55% (Table 5-1) with major contaminants of �-lac variants (A & B). Conversely, 

regeneration fractions contained a small amount of IgG (<25%) and a high amount of 

macropeptides (>75%), with negligible amount of other whey proteins. However, Igs 

adsorption capacity on the resin was greatly improved by loading IgG spiked acid 

whey samples (5 mg mL-1 of IgG) and the cross-reactivity with other whey proteins 

was reduced. Frontal analysis of IgG spiked experiments showed (Table 5.1) that 

most of the Igs present in the sample were bound to the resin, with low leakage 

(<20%). For example, 1 mL of IgG spiked acid whey sample (5 mg mL-1 of IgG) 

loading resulted in binding of 80% of the Igs present in the sample with a low level of 

leakage in flowthroughs and total amount of recovered IgG accounted for 4.03 mg 

(Table 5-1). RP-HPLC analysis (Appendix F, Fig F-4) of selected elution fractions for 

the above sample loading experiment is given in Table 5-1 and this illustrates the 

purity achieved was 80%, which was approximately 25% higher than that of a 

standard whey sample (Table 5-1). These results indicate that the PAM peptide resin 

binding capacity and recovered Igs purity were very much dependent on the Igs 

concentration present in the feed samples. The PAM hexamer resin has the ability to 

isolate Igs from standard acid whey samples but major challenges remain for Igs 

recoveries (which decreased almost 30–50% compared with Igs spiked samples) and 

purities (decrease >25%). This could be because of �-lac and macropeptides 
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concentrations present in standard whey samples (Tables 2-2 and 2-3) and their cross-

reactivities with PAM peptide ligands on the resin. Figure 5-2 illustrates the SDS-

PAGE analysis (qualitative) of elution fractions for standard acid whey sample 

loading (lanes 4-6, Fig. 5-2) and IgG spiked whey sample loading (lanes 9 and 10 of 

Fig. 5-2). Bands with Mw’s of 160, 75, 50 and 25 kDa were different fragments of Igs.  

Figure 5-2 also reveals the qualitative purity (number of bands) of proteins present in 

elution fractions from both standard and IgG spiked acid whey samples. Similarly, 

lanes 13 and 14 (Fig. 5-2) illustrate the qualitative purity of Igs recovered during the 

application of acid whey (10 mL) at a sample conductivity of 160 mS cm-1. 

 

Figure 5-2: SDS-PAGE (4–12%) analysis of whey sample loading experiments set 2. 

Lane 1: protein ladder; Lane 2: initial whey (1X); Lanes 3-6: elution fractions of acid 

whey sample loading (10 mL) at buffer conductivity of 84 mS cm-1; Lane 7: initial 

whey (5X); Lanes 8-10: elution fractions of IgG spiked (5 mg mL-1) whey sample (1 

mL) loading at buffer conductivity of 84 mS cm-1; Lanes 11-14: elution fractions of 

acid whey sample (10 mL) loading at buffer conductivity of 160 mS cm-1. 
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Table 5-1: Summary of Igs extracted from different liquid milk samples at different binding conditions. The terms used in this Table are AW-

acid whey, AW*-IgG spiked acid whey; SM-Skim Milk and SM*-IgG spiked Skim Milk; CSM-colostrum skim milk at conductivity of 40 mS 

cm-1, CSM*- colostrum skim milk at conductivity of 84 mS cm-1 and CSM**-colostrum skim milk at conductivity of 160 mS cm-1.  

 

    Initial Igs   Flowthrough   Elution   Regeneration   

Sample Volume  Igs Total Total Igs 
Total 

Bound Recovered  Purity Recovered  Purity 
  (mL) (mg/mL) (mg) (mg) (mg) (mg) (%) (mg) (%) 

AC 10.0 0.44 4.40 1.80 2.60±0.02 2.10±0.05 52±0 0.51±0.04   
AC 21.0 0.44 9.24 6.14 3.10±0.06 2.30±0.05 55±1 0.88±0.01   
AC* 1.0 5.00 5.00 1.00 4.00±0.00 3.20±0.00 80±0 0.81±0.00   

            
SM 4.5 0.53 2.39 0.49 1.90±0.01 1.17±0.04 45±1 0.76±0.03   
SM 1.0 0.53 0.53 0.13 0.40±0.00 0.26±0.01 40±1 0.13±0.01   
SM* 1.0 5.00 5.00 2.00 3.00±0.06 2.60±0.04 78±2 0.39±0.02   

            
CSM 2.0 5.80 11.60 7.70 3.90±0.03 2.49±0.07 81±1 1.38±0.08 32 
CSM* 2.0 5.80 11.60 7.00 4.60±0.03 3.20±0.14 85±1 1.46±0.11 52 
CSM** 2.0 5.80 11.60 5.60 6.00±0.11 4.00±0.02 86±1 2.04±0.13 56 
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5.3.4 Skim milk application 
 

Upon the completion of the investigation using acid whey samples, process 

optimization continued with skim milk samples. After considering the column 

backpressure limitations, a maximum of 4.5 mL of skim milk samples (84 mS cm-1) 

was passed through the PAM column at a flow rate of 0.2 mL min-1. Similar to acid 

whey results, most of the Igs present in milk were bound to the PAM peptide resin 

from standard skim milk (0.53 mg mL-1 of Igs) samples and bound Igs were 

successfully recovered with similar elution conditions to those for acid whey. The 

purity of the selected elution fraction for skim milk loading was <50% (Table 5-1) 

and the total recovered Igs were 1.94 mg, which was approximately 80% of total Igs 

present in the feed sample. The major contaminant in the elution fractions was �-lac, 

which accounted for almost 30–40% of total proteins in elution fractions, with all 

other minor contaminants including caseins, α-lac and macropeptides. The 

regeneration fraction contained major amount of caseins and other peptides with a 

small amount of IgG. Figure 5-3 represents the SDS-PAGE analysis of skim milk 

sample loading experiments through a 1 mL PAM hexamer peptide column at a buffer 

conductivity of 84 mS cm-1 (1 M NaCl). Line 2 of Fig. 5-3 represents initial skim milk 

(5X) loading and lanes 3–5 represent flowthrough fractions of the 4.5 mL skim milk 

loading experiment. These flowthrough fractions (depletion of IgG bands) indicate 

that almost all Igs present in the loading sample were selectively bound to the resin. 

On the other hand, Lane 7 was the elution fraction and it indicates different fragments 

(25, 50, 75 and 160 kDa) of Igs along with other bands of contaminants caseins, �-lac 

and α-lac proteins. The purity of Igs in elution fractions was approximately 40–45% 

(quantitatively estimated using RP-HPLC method) (Table 5-1, Appendix F, Fig.F-5). 

Reduced purity of Igs in the elution fractions could be due to the low Igs 

concentration in standard skim milk samples. Similar to acid whey experiments, the 

IgG spiked skim milk (5 mg mL-1 of IgG) loading experiment was employed at 

prescribed conditions. In Figure 5-3, Lanes 11–12 represent flowthrough fractions of 

1 mL IgG spiked skim milk sample loading experiment and they contain no traces of 

IgG bands. Depletion of Igs fragments in those lanes was a clear indication of 

selective adsorption of Igs on PAM hexamer resin. Bound Igs were eluted in buffer B 

(100%) with a purity of 78% (lanes 13 and 14 of Fig. 5-3 and Table 5-1)). Other 
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contaminants in these fractions were small amounts of β-lac and caseins. From the 

above results for both skim milk and acid whey sample loading experiments, it was 

clear that the major and most common contaminant in the elution fractions was �-lac. 

 

Figure 5-3: SDS-PAGE (4–12%) analysis of skim milk sample loading experiments 

at sample buffer conductivity of 84 mS cm-1. Lane 1: protein ladder; Lane 2: initial 

skim milk (5X); Lanes 3-5: flowthrough fractions of skim milk loading (4.5 mL) run; 

Lanes 6-9: elution fractions of corresponding run; Lane 10: initial skim milk spiked 

with IgG (5X); Lanes 11-12: flowthrough fractions of  IgG spiked skim milk loading 

(1 mL); and  Lanes 13-14: elution fractions of corresponding run. 

 

 During skim milk loading, PAM resin showed a significant amount of interactions 

towards casein proteins along with all other contaminants mentioned in acid whey 

sample loading experiments. However, these caseins did not interfere with Igs in the 

elution fractions and could be easily removed in the regeneration step. In addition, 1 

mL of IgG spiked skim milk (5 mg mL-1) loading has shown that the total amount of 

Igs bound to the column was  2.93 mg (purity of 78%), which was approximately 
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60% of the total Igs loaded onto the column. Reduced dynamic binding capacities 

(1.98 mg mL-1 of resin) and purities (45%) for standard milk samples could be due to 

ligand cross-reactivities with casein and other milk proteins. This work was further 

investigated with respect to  resin adsorption capacities using either IgG spiked skim 

milk, hyperimmunized milk or colostrum milk samples. However, considering the 

sample availability (hyperimmunized milk or colostrum milk) and cost, most 

experiments were conducted using commercially available spray dried natural 

colostrum powder (which was manufactured from local New Zealand cow’s 

colostrum). 

5.3.5 Colostrum sample application 
 

The PAM ligand column was further examined for its dynamic adsorption capacities 

with the application of colostrum samples, which contains high amounts of Igs. 

Desired volume of colostrum skim milk samples were prepared using an appropriate 

amount of colostrum powder in the binding buffer as described in the earlier Sections 

while maintaining Igs concentration of >5 mg mL-1. Typically, prepared colostrum 

samples contain approximately 5.8 mg mL-1 of Igs. To evaluate the peptide column 

maximum dynamic binding capacity, colostrum samples of different volumes (1–4 

mL) were loaded through 1 mL PAM hexamer ligand column at a flow rate of 0.5 mL 

min-1. During all the loading experiments, Igs present in the feed samples were 

selectively (>90%) bound to the resin with a minor leakage in flowthroughs until the 

resin reached its maximum dynamic binding capacity (approximately 6 mg mL-1 of 

resin) at sample loading of 1.2 mL. Frontal analysis of colostrum sample loading 

experiments was continuously monitored at UV 280 nm as shown in Fig. 5-4. Arrows 

indicate the time of sample loading, washing, elution and regeneration along with 

their respected peaks. The SPR analysis assay as described in Section 5.2.2.4 was 

applied to determine the concentration of Igs in all fractions of the colostrum skim 

milk loading experiments. Resin binding capacity for application of different 

colostrum samples were estimated from mass balance calculations of individual 

sample loading experiments and results are given in Table 5-1. After the mass balance 

calculations, selected fractions from the elution and regeneration peaks of Fig. 5-4 

were assayed using RP-HPLC method (quantitatively) as described in Section 5.2.2.5 

to determine the purity of Igs in each peak fraction. RP-HPLC analysis of selected 
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elution fractions (blue line, Fig. 5-5) suggest the fraction has >80% purity (Table 5-1) 

with the major contaminant of �-lac. Conversely, regeneration peak (pink line, Fig. 5-

5) indicates several other protein peaks along with IgG peak as expected. Major 

proteins in these fractions were caseins, IgG, α-lac, β-lac and macropeptides. These 

results were further conformed using SDS-PAGE assay (qualitative purity). Figure 5-

6 is the typical example for two consecutive experiments of colostrum sample loading 

through a 1 mL PAM ligand column. Lane 3 of Fig. 5-6 represents the initial protein 

composition of colostrum sample at five times dilution and lanes 4–6 represent 

flowthrough fractions (2 mL fraction size) of 2 mL sample loading run at a sample 

buffer conductivity of 84 mS cm-1. Lanes 8–9 and 11–12 represent the elution 

fractions of two consecutive runs, respectively. All bands in lanes 8–13 of Fig. 5-6 

represent different molecular weights (160, 75, 50 and 25 kDa) of Igs. Elution 

fractions of these experiments have shown more than 80% purity of Igs (Table 5-1). 

Due to the high concentration of Igs present in colostrum samples, all the mentioned 

contaminants could be suppressed by >70% than that of earlier results with standard 

skim milk and acid whey samples. Detailed results of PAM peptide resin binding 

capacities and Igs recoveries and purities from application of acid whey, skim milk 

and colostrum milk samples are given in Table 5-1. 

 

Finally, buffer conductivity impact on Igs adsorption and cross reactivity with all 

other milk proteins on PAM peptide column was determined using colostrum samples 

and corresponding results are presented in Fig. 5-7. In these experiments, 2 mL of 

colostrum samples (for each injection) were injected through a 1 mL PAM column at 

different buffer conductivities (44–160 mS cm-1) while buffer was kept constant at pH 

7.4. To minimize cross-reactivity with casein and major whey proteins, binding buffer 

should be used with at least 500 mM NaCl (44 mS cm-1) as explained before (Section 

5.3.2). 
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Figure 5-4: UV (280 nm) trace of a colostrum (2 mL, 84 mS cm-1) sample loading 
into the 1 mL PAM hexamer peptide column at a flow rate of 0.5 mL min-1. Arrows 
indicates the application of sample loading, elution and regeneration buffers, and their 
corresponding peaks. 
 

However, regardless of buffer conductivity levels, Igs were able to bind to the PAM 

hexamer resin with different binding capacities for different buffer conductivities as 

illustrated in Fig. 5-7 (dark brown line). For example, buffer conductivity of 160 mS 

cm-1 (2 M NaCl) showed 55% higher binding capacity (6 mg Igs per mL of PAM 

resin) than that of buffer conductivity at 44 mS cm-1 (0.5 M NaCl) (3.9 mg Igs per mL 

of PAM resin). In addition to binding capacities, higher buffer conductivities enabled 

improved purity (2% improvement in elution and 40–50% improvement in 

regeneration fractions) of Igs (Fig. 5-7, black lines). Although resin has illustrated 

higher binding capacity at sample buffer conductivity of 160 mS cm-1, the major 

concern remained was Igs recovery in elution fractions. For example, Igs recovered in 

elution fractions (Fig. 5-7, pink line) of sample loading at 44 mS cm-1 was 2.44 mg 

(3.9 mg of total Igs bound to the resin), which was approximately 63% of total bound 

Igs. Whereas, sample loading at 160 mS cm-1 was 4 mg (6 mg of total Igs bound), 

which accounted for approximately 66% of total bound Igs. During this, the amount 

of Igs recovered in the elution was only 3% improvement. In the case of regeneration 

fractions (Fig. 5-7, blue line), at 160 mS cm-1 conductivity the fractions contained > 
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56% of Igs compared to only 33% at buffer conductivity of 44 mS cm-1 (20-25% 

improvement). In order to achieve better Igs recovery in elution fractions, further 

investigations for establishing more suitable elution conditions should be done.  

 

 

 

Figure 5-5: RP-HPLC analysis of selected elution and regeneration fractions of 

colostrum sample (2 mL) loading at 84 mS cm-1 chromatography experiment (Fig. 5-

4). 
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Figure 5-6: SDS-PAGE (4–12%) analysis of colostrum skim milk sample loading 

experiments at a sample buffer conductivity of 84 mS cm-1. Lane 1: protein ladder; 

Lane 2: pure bovine IgG; Lane 3: initial colostrum skim milk (5X); Lanes 4-6: 

flowthrough fractions of colostrum (2 mL) loading run1; Lanes 7-10: elution 

fractions of corresponding run; Lanes 11-13: elution fractions of colostrum (2 mL) 

loading run 2. 
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Figure 5-7: PAM hexamer peptide resin binding selectivity towards Igs in various 
buffer conductivities. In this figure, X-axis indicates the buffer conductivities (44–160 
mS cm-1).Primary Y-axis indicates the amount of total Igs and amounts recovered in 
both elution and regeneration steps. Secondary Y-axis represents the purity of elution 
and regeneration fractions. 
 

5.3.6 PAM peptide interactions towards bovine IgA  
 

As explained in the literature, PAM peptide ligands have potential to interact with 

other classes of human Igs unlike conventional affinity ligands (Yang et al. 2009). 

This property of PAM peptide column was partially investigated using bovine IgA 

molecules. At prescribed binding buffer conditions (conductivity at 84 mS cm-1, pH 

7.4), 0.5 mL of pure bovine IgA (0.5 mg mL-1) was injected through the PAM 

hexamer column at flow rate of 1 mL min-1 and UV trace of the experiment was 

monitored at A280 nm (Appendix F, Figure F-3). Almost all (90%) IgA present in the 

sample was bound to the column with a negligible leakage in flowthroughs. Similar to 

IgG, bound IgA could be eluted (>95%) using 0.2 M sodium acetate buffer (100% 

buffer B) at pH 4.0. These results were similar to that of pure IgG loading 

experiments. Considering the availability, cost and time, other bovine 
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immunoglobulins (IgA and IgM) interactions on PAM peptide column and influence 

of process parameters were not thoroughly investigated.  However, previous 

investigations related to PAM hexamer peptide interactions towards all classes of 

human Igs (Yang 2008; Yang et al. 2009) and current results with bovine Igs (IgG and 

IgA) provide the evidence of their capability to extract different classes of Igs from 

milk and other complex fluids. Using controlled elution conditions different classes of 

Igs could be isolated either in one-step or a combination of additional chromatography 

steps. For example, size exclusion chromatography could be applied to isolate 

different class of Igs based on their molecular masses.  

 

5.4 Conclusions  
 
Protein-A Mimetic (PAM) hexamer peptide resin was successfully optimized for the 

isolation of Igs from different liquid milk samples include acid whey, skim milk and 

colostrum. The PAM peptide column has shown interactions towards different classes 

of bovine Igs (IgG and IgA).  Bovine Igs were successfully isolated from various 

liquid milk samples at prescribed conditions. Resin dynamic binding capacities, 

purities and recoveries of isolated Igs were dependent mainly on two factors such as 

binding buffer conductivity and Igs concentration in the feed solutions. Major 

contaminant found in the elution fractions was �-lac protein, which could not be 

separated from Igs. However, interference of �-lac protein was greatly suppressed 

(>70%) using high Igs concentration feed solutions and it indicates that the selected 

PAM hexamer peptide resin is suitable for extraction of Igs from either colostrum 

samples or hyper-immunized milk samples since they are rich in Igs concentration. 

The PAM hexamer peptide resin has shown interactions towards bovine IgA similar 

to human IgA, which indicates that this peptide resin has a potential to bind both 

classes of bovine Igs. Present and previous investigations (Yang et al. 2009) of this 

peptide to isolate Igs from human serum, mammalian cell culture broths and bovine 

milk samples indicate that this peptide could be a potential ligand for extracting 

different classes of Igs and could be a possible alternative for existing affinity 

chromatography ligands (Protein A/G). In addition, it was previously reported that all 

classes of bound human Igs were successfully isolated individually using controlled 

elution conditions (Yang et al. 2009). Together these results suggest that the PAM 

peptide has potential advantages in isolation different classes of Igs, which is not 
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possible with the conventional protein A/G affinity ligands. Due to the time 

limitations, peptide ligand leaching from the resin and binding capacity comparisons 

with conventional protein A/G affinity ligands were not investigated.  
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6 Conclusions and Recommendations for 

Future Work 

 
 
 

6.1 Cryogel monolith chromatography 

Characterization of cryogel monolith to extract minor milk proteins has demonstrated 

that significant quantities (40–50 CV) of raw milk can be passed through a 5 mL 

cryogel column at moderate flow velocities of 300–525 cm hr-1 and process 

temperatures of 35–37°C. Cationic cryogel monolith with interconnected pore 

diameter of 100 µm appears to be technically feasible for chromatographic extraction 

of minor milk proteins directly from raw milk. Dynamic binding capacities achieved 

for cryogel monoliths were approximately 2.1 mg LF per mL of column with LF feed 

solutions of 0.2 mg mL-1 (Typical LF concentration found in raw milk). Flow velocity 

(feed LF concentration kept constant) has shown less impact on cryogel column 

dynamic binding capacity. This low dependence on velocity is in line with 

expectations since the ion exchange ligands are located on surfaces within the 

convective flow paths through the cryogel and therefore protein uptake is not limited 

by diffusion. Although, the cryogel binding capacities are 20–25 times lower than that 

of commercial resins (SP Big Beads), cryogel may still be an attractive material for 

direct capture of milk proteins, provided that binding capacities could be improved.  

 

Commercial manufacturing of cryogel material has just begun and suppliers have 

been working on scale-up possibilities for using them in bigger-scale applications. 

One attempt was made in this research to scale-up the cryogel monolith to 20 times, 

unfortunately monolith column suffered from manufacturing problems (uneven pore 

distribution). At this stage, low dynamic binding capacities of cryogel monoliths 

would have limited value in further process development. Therefore, as the 

development of large scale monoliths are beyond the scope of this thesis, further 

investigation could not be conducted.  
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Recommendations for future work 

� Attempts may be made for improving cryogel ligand densities to improve 

protein binding capacities. 

� Scale-up studies may be continued to study the feasibility of their usage in 

large-scale applications. 

� Cryogel monoliths life cycle studies can be performed to know the impact of 

process conditions after certain runs. 

� Characterization at different process temperatures (8–20°C) may be 

investigated in the future. 

6.2 Whey protein analysis methods 

A surface plasmon resonance technique has been successfully developed to 

simultaneously quantify five bovine whey proteins in multiple samples. Although all 

five proteins can be determined simultaneously, due to the large concentration 

differences between the more abundant proteins (α-lac and β-lac) and the less 

abundant proteins (LF, BSA and IgG) in most milk and whey samples, two different 

dilutions were used to quantify these two groups of proteins, requiring two injections 

per set of six samples. The assay provided label-free, real-time and automated 

immunoassays for the simultaneous quantification of whey proteins repeatedly in 

different milk and milk-derived products. Furthermore, the SPR method was rapid, 

sensitive, precise and reproducible, used low sample volumes and provided analytical 

information comparable to that from ELISA (LF and IgG) and HPLC (α-lac, β-lac 

and BSA) methods with correlation coefficients between these methods of R2 > 0.97, 

except for IgG, which had R2 = 0.94.  

 
Recommendations for future work 

� Developed SPR assay can be further explored to analyse whey proteins from 

commercial milk-derived products. For example sports drinks to evaluate their 

denaturation after conventional processing. 

� This assay can be further studied to find a suitable antibody ligand for 

quantifying other whey protein lactoperoxidase, therefore this can be used to 
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quantify six whey proteins from colostrum powders, beverages, milk and 

whey fortified beverages.  

� It will be interesting to find suitable antibody ligands for major casein 

proteins, therefore, It could then potentially find some broader application in 

screening individual cow's milk for milk production improvements.  

� This assay may be further investigated to study the protein association and 

dissociation studies 

� Identifying pseudo affinity ligands (synthetic peptide ligands or small 

molecule affinity ligands) for replacement of these conventional antibodies 

would be alternative method for quantifying whey or milk proteins, this area 

needs to be focused in the future assay development because these ligands are 

low cost, robust and stable. 

 

6.3 Use of alternative affinity ligands in Igs processing 

 
Protein-A Mimetic (PAM) hexamer peptide chromatography was successfully 

optimized for the isolation of Igs from different liquid milk samples include acid 

whey, skim milk and colostrum samples. Dynamic binding capacities achieved for the 

PAM peptide column was approximately 9 mg per mL of resin at a feed concentration 

of 4 mg mL-1 IgG. This peptide has also shown interactions towards other classes of 

Igs (IgA). Cross-reactivity with milk and whey proteins could be significantly 

minimized using high IgG concentration feed materials and at least 0.5 mM NaCl (44 

mS cm-1) salt in the binding buffer. The PAM hexamer ligand has shown that it could 

be possible to capture IgG from routine milk and whey but product purity and 

recovery was greatly influenced by IgG concentration in feed material. The purities 

obtained with the application of colostrum were above 85% and it suggests that PAM 

hexamer peptide could be a potential alternative for Igs extraction from transgenic and 

colostrum milk sources. However, the investigation should be continued further for 

the examination of ligand leaching and antibodies activity after recovery from a 

chromatography process.  
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Recommendations for future work 

� Bioactivity of Igs may be examined after extraction processes because of their 

commercial image in the market. 

� PAM hexamer peptide process can be investigated further to see its 

equilibrium and dynamic adsorption capacities with other class of Igs (IgA 

and IgM) and possibility of their isolation from transgenic milk.  

� PAM ligands may be either directly synthesized or immobilized on any other 

commercial resin for investigating further with raw whole milk samples. For 

example, IgA present in milk should be captured as soon as milking is done 

because of its adhering properties to fat globules.  

� Process may be thoroughly investigated for the life cycle studies of the resin 

and ligand leaching over time. 

� Assessing temperature impact on Igs capture into the PAM resin may be 

investigated. 

� Scale-up possibilities, commercial feasibilities and economical studies must be 

conducted in the future for large-scale applications. 
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A Appendix A: Bicinchoninic acid assay (BCA) for total protein estimation. 
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Figure A-1: Calibration curve fit for BSA standards. 
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B Appendix B: Whey protein assay using 1 mL Resource column in RP-
HPLC method according to protocols in Sections 3.2.2.11 
and 4.2.8. 
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Figure B-1: Calibration curves for the mixture of LF and LP proteins (0.5 mL of 
sample injection) using RP-HPLC assay. Proteins were eluted using a linear gradient 
conditions (0–100%, 20 CV) of solvent B (acetonitrile contains 0.1% TFA). 
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Figure B-2: Overlay chromatogram representation of calibration curves for the 
mixture of LF and LP proteins (0.5 mL of sample injection) using RP-HPLC assay. 
Proteins were eluted using a linear gradient conditions (0–100%, 20 CV) of solvent B 
(acetonitrile contains 0.1% TFA). 
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Figure B-3: Calibration curves for five whey proteins assayed simultaneously using 
RP-HPLC method (Sample injection volume was 0.5 mL).  
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C Appendix C: SPR responses for antibody immobilization process. 
  
 
 
 
 

 
 
 
 

Figure C-1: Immobilization process (activation, ligand coupling and deactivation) of 
five antibodies on the GLC sensor chip at 30 µL min-1. A): Blank, B) Anti-α-lac, C) 
Anti-β-lac, D) Anti-BSA, E) Anti-LF and F) Anti-IgG.  
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Figure C-2: Immobilization process (activation, ligand coupling and deactivation) of 
lactoperoxidase antibody (Anti-LP, 50 µg mL-1) on the GLC sensor chip at 30 µL 
min-1.  
 

 
 

Figure C-3: Lactoperoxidase calibration standards (0-10,000 ng mL-1) passed through 
Anti-LP immobilized channel. SPR responses indicate the antibody could not interact 
to LP present in samples.   
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D Appendix D: SPR calibration curves for LF and IgG 
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Figure D-1: Calibration curve for LF standards analysed using SPR immunoassay 
method. 
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Figure D-2: Calibration curve for IgG standards analysed using SPR immunoassay 
method. 



 E-1

E Appendix E: Calibration curves of ELISA assays 
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Figure E-1: Calibration curve of LF standards using ELISA method. 
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Figure E-2: Calibration curve of IgG standards using ELISA method. 



 F-1 

 

F Appendix F: PAM hexamer peptide 3D structure. 
 

 

 

 

 
 

Figure F-1: 3D structure of PAM hexamer peptide (HWRGWV) is generated using 
bioinformatics tools (Argus Lab™). 
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Figure F-2: Bovine IgG (1 mg mL-1) injection through a 1 mL PAM peptide column 
at a flow rate of 1 mL min-1. 
 

 
Figure F-3: Bovine IgA (0.5 mg mL-1) injection through a 1 mL PAM peptide 
column at a flow rate of 1 mL min-1. 

Sample: 1 mL of bIgG (1 mg mL-1) 

Bound = 99.5% 
Eluted = 99.0% 

Sample: 0.5 mL of (0.5 mg/mL of 
bIgA) 

Bound = 91.0% 
Eluted = 89.0% 
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Figure F-4: RP-HPLC analysis of selected elution (blue line) and regeneration (pink 
line) fractions of standard acid whey sample (21 mL) loading at 84 mS cm-1. 
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Figure F-5: RP-HPLC analysis of selected elution (blue line) and regeneration (pink 
line) fractions of standard skim milk (5 mL) loading at 84 mS cm-1. 
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Figure F-6: RP-HPLC analysis of selected elution (blue line) and regeneration (pink 
line) fractions of colostrum sample (2 mL) loading at 44 mS cm-1 (0.5 M NaCl). 
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Figure F-7: RP-HPLC analysis of selected elution (blue line) and regeneration (pink 
line) fractions of colostrum sample (2 mL) loading at 84 mS cm-1 (1 M NaCl). 
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Figure F-8: RP-HPLC analysis of selected elution (blue line) and regeneration (pink 
line) fractions of colostrum sample (2 mL) loading at 160 mS cm-1 (2 M NaCl). 
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