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ABSTRACT 

 

The aim of this study was to investigate the conjugation of whey proteins (WPs) with lactose 

phosphate (LP) and to compare the functional properties of these conjugates with either non-

conjugated whey protein or whey protein conjugates using lactose. Lactose-6’-phosphate (Lact-

6’P) was prepared chemically via two chemical pathways, either using unprotected lactose or 

with protected lactose via a pertrimethylsilyated derivative. The most successful production of 

Lact-6’P was via a mono-deprotected pertrimethylsilyated derivative of lactose. This compound 

reacted with diphenylphosphoryl chloride by hydrogenation before hydrolyzed to remove 

trimethylsilyl protecting groups. Purification and neutralisation, followed by lyophilisation, 

produced the pure dipotassium salt of Lact-6’P. This material gave LP ions at m/z = 421
+
 when 

analysed using High Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS) and 

had one triplet peak pattern around 4 ppm in the 
31

P NMR spectrum. Mixed regiosomers of 

unprotected LP were prepared by reaction of lactose with sodium hexametaphosphate at pH 5.5, 

80°C for 5 days. Products from the latter preparation were purified by anion exchange 

chromatography monitored by p-hydroxybenzoic acid hydrazide (PAHBAH) analysis. This LP 

preparation contained Lact-6P and Lact-6’P, and other regioisomers. The regioisomeric mixture 

of protected LP (LP 1) and the 6’ regiospecific LP (LP 2) were conjugated to whey proteins 

using incubation time varying from 0 to 10 days, at 40°C and at water activity Aw = 0.79. SDS-

PAGE analysis, visible browning, absorbance at 294 nm and 420 nm, OPA assay and mass 

spectrometry were employed to monitor the extent of conjugation. An incubation time of 3 days 

was selected as the standard conjugation time based on conjugation rates and the degree of 

Maillard browning. Mass spectrometric analysis of the modified whey proteins at 3 days 

indicated a maximum of 3 LP moieties were conjugated to α-Lac, in comparison to 8 lactose 

moieties for α-Lac-Lactose. Meanwhile, 5 LP moieties conjugated to β-Lg-LP in contrast to 10 

lactose moieties. Functional studies using the conjugated LP-whey proteins showed that they 

possessed improved protein heat stability, better emulsifying properties, and also had good 

solubility compared to non-conjugated and lactose-conjugated whey proteins. Thus, a new 

approach of LP conjugation to whey proteins has shown to be a useful method for altering the 

functional properties of proteins.  

 

Keywords: Lactose phosphate (LP), Lactose-6’-phosphate (Lact-6’P), Maillard reaction, 

Conjugated WPs-LP. 
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Figure 6.1  Schematic of the conjugation between whey proteins and LP via 

MR. 
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Figure 6.2  Conjugation of unmodified WPI and modified WPI at 40°C, Aw = 

0.79, (a) WPI only, (b) WPI-Glucose, (c) WPI-Glu-6P, (d) WPI-

Glu-1P, (e) WPI-Lactose and (f) WPI-Lact-1P. 
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Figure 6.3  Upper picture shows colour changes of unmodified WPI after 

conjugation for 3 days incubation. In the bottom picture the first 

row shows the conjugation of WPI-LP 2 from day 1 to 10 and the 

second row shows the conjugation of WPI-LP 1 from day 1 to 10. 
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Figure 6.4  Intermediate MR changes measured by absorbance at 294 nm. 

Data values with standard deviations included in Appendix 6.1. 

Error bars represent standard errors, n=2. Bars caped with 

different letters are significantly different at p < 0.05, ANOVA, 

Duncan test. 
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Figure 6.5  Development of browning (as measured by absorbance at 420 

nm) in different protein-sugar conjugated mixtures as function of 

time (days). Data values with standard deviations are included in 

Appendix 6.1. Error bars represent standard errors, n=2. Bars 

caped with different letters are significantly different at p < 0.05, 

ANOVA, Duncan test. 
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Figure 6.6  

 

 

 

 

 

Figure 6.7 

Average L*a*b* values obtained using Hunter colorimeter from 

different non-conjugated and conjugated at Aw 0.79, 40°C for 3 

days; (a) α-Lac, (b) β-Lg, and (c) WPI. Error bars correspond to 

standard deviations. Data on each graph with standard deviation 

values are included in Appendix 7.1 (a), (b) and (c). 

 

OPA assay expressed as percentage free amino groups of non-

conjugated and conjugated (a)  α-Lac, (b)  β-Lg and (c) WPI with 

lactose and LP as a function of incubation time (days) at 40ºC. 
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Figure 6.8  OPA assay expressed as percentage free amino groups of 

conjugated α-Lac,  β-Lg and WPI with equal ratio of lactose and 

LP, as a function of incubation time (days) at 40ºC. 
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Figure 6.13 

 

Decrease of (a) % OPA and (b) lightness in WPI only, α-Lac 

only, β-Lg only with or without lactose, lactose phosphate and 

mixture of lactose and LP as a function of time at Aw 0.79 and 

40ºC. Data values with standard deviations are included in 

Appendix 8.2-8.5. 

 

Degree of Hydrolysis (DH) bar chart for non-conjugated and 

conjugated (a) α-Lac, (b) β-Lg and (c) WPI at different trypsin 

digestion times. Error bars represent standard errors, n=2. Bars 

caped with different letters are significantly different at p < 0.05, 

ANOVA, Duncan test. Data values and standard deviations are 

reported in Appendix 8.6. 

 

Coomassie blue staining SDS-PAGE profile of dry heated non-

conjugated and conjugated α-Lac, β-Lg and WPI for 3 days 

incubation under non-reducing condition. Protein markers with a 

molecular range of 14.4-97.4 kDa were used as standards. (a) 

SDS-PAGE gel 1 (lanes M, 1 to 8) and (b) SDS-PAGE gel 1 

(lanes M, 1 to 4, and 9 to 12) with protein bands in lanes M, 1, 2, 

3 and 4 are the same protein sample for both gels. 

 

Silver staining of SDS-PAGE profile of dry heated non-

conjugated and conjugated α-Lac, β-Lg and WPI for 3 days 

incubation sample. Protein markers with a molecular range of 

14.4-97.4 kDa were used as standards. (a) SDS-PAGE gel 1 

(lanes M, 1 to 8) and (b) SDS-PAGE gel 1 (lanes M, 1 to 4, and 9 

to 12) with protein bands in lanes M, 1, 2, 3 and 4 are the same 

protein sample for both gels. 

  

Periodic acid oxidation and subsequent alcian blue/silver staining 

SDS-PAGE profile of dry heated non-conjugated and conjugated 

α-Lac, β-Lg and WPI for 3 days incubation sample. Protein 

markers with a molecular range of 14.4-97.4 kDa were used as a 

standards. (a) SDS-PAGE gel 1 (lanes M, 1 to 8) and (b) SDS-

PAGE gel 1 (lanes M, 1 to 4, and 9 to 12) with protein bands in 

lanes M, 1, 2, 3 and 4 are the same protein sample for both gels. 
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Figure 6.14 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15 

SDS-PAGE profile analysis of three different staining types of gel 

electrophoresis for optimised days incubation of dry heated non-

conjugated and conjugated α-Lac, β-Lg and WPI; Protein markers 

with a molecular range of 14.4-97.4 kDa were used as standards. 

(a) Coomasie blue staining; (b) silver staining; (c) periodic acid 

oxidation and subsequent alcian blue/silver staining with lane M: 

Marker, Lane 1: WPI standard (Davisco Ltd.) 1 mg/mL, Lane 2: 

WPI-Lactose, Lane 3: WPI-LP 1, Lane 4: α-Lac standard (Sigma 

Aldrich) 1 mg/mL, Lane 5: α-Lac-lactose, Lane 6: α-Lac-LP 1, 

Lane 7: β-Lg standard (Sigma Aldrich) 1mg/mL, Lane 8: β-Lg-

Lactose and Lane 9: β-Lg-LP 1. 

 

Total ion chromatograms (TIC) from LCMS of non-conjugated 

whey proteins: Extracted ion chromatogram of (a) α-Lac only, (b) 

β-Lg only and (c) WPI only, at 0 day incubation time. 
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Figure 6.16      

 

Total ion current chromatogram of the separation of the whey 

proteins α-Lac and β-Lg. (Insets) Mass spectra of the protein 

peaks with annotated charge states. 
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Figure 6.17  Deconvoluted mass spectra of β-Lg. The spectrum of β-Lg alone 

at 0 day and at β-Lg incubated with lactose or lactose phosphate 

(LP) at 1 day and 3 days, respectively. (a) The spectra of β-Lg 

alone at 0 day presented peaks for only non-conjugated protein 

(both variants A and B). (b) The spectra of β-Lg-Lactose at 1 day 

of incubation presented peaks that corresponded to small peak of 

non-conjugated peak left and +1, +2, +3, +4 and +5 lactosylated 

β-Lg. (c) The spectra of β-Lg-LP at 3 days of incubation 

presented peaks that corresponded to none non-conjugated protein 

peak left and +1, +2, +3, +4 and +5 phosphorylated β-Lg. 
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Figure 6.18  LC/ESI-MS mass spectra of α-Lac after incubation at 0 day as 

control. (a) Observed ion species range, (b) Deconvoluted mass 

spectra with table of different Mr values insets. 

 

      151 

Figure 6.19  LC/ESI-MS mass spectra of β-Lg after incubation at 0 day as 

control. (a) Observed ion species range, (b) Deconvoluted mass 

spectra with table of different Mr values insets. 
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Figure 6.20  LC/ESI-MS mass spectra of WPI after incubation at 0 day as 

control. (a) Observed ion species range, (b) Deconvoluted mass 

spectra with table of different Mr values insets. 
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Figure 6.22 

Retention time for the conjugated protein sugar with the extracted 

total ion chromatography (TIC) obtained for (a) α-Lac-Lactose, 

(b) α-Lac-LP 1 and (c) α-Lac-LP 2. Number 1-8 denotes the 

incubation times of 0, 1, 2, 3, 4, 5, 7 and 10 days, respectively. 

 

Retention time for the conjugated protein sugar with the extracted 

total ion chromatography (TIC) obtained for (a) β-Lg-Lactose, (b) 

β-Lg-LP 1 and (c) β-Lg-LP 2. Number 1-8 denotes the incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days, respectively. 
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Figure 6.26 

Retention time for the conjugated protein sugar with the extracted 

total ion chromatography (TIC) obtained for (a) WPI-Lactose, (b) 

WPI-LP 1 and (c) WPI-LP 2. Number 1-8 denotes the incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days, respectively. 

 

DSC thermograms of WPI samples with showing (a) Td onset and 

(b) Td peak. 
 

DSC profiles of (a) α-Lac only, (b) α-Lac-Lactose, (c) α-Lac-LP 1 

and (d) α-Lac-LP 2 at 3 days of incubation. 

 

DSC profiles of (a) β-Lg only, (b) β-Lg-Lactose, (c) β-Lg-LP 1 

and (d) β-Lg-LP 2 at 3 days of incubation. 
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Figure 6.27 DSC profiles of (a) WPI only, (b) WPI-Lactose, (c) WPI-LP 1 

and (d) WPI-LP 2 at 3 days of incubation. 
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Figure 6.28 

 

Circular dichroism spectra of WPI only, WPI-Lactose, WPI-LP 1 

and WPI-LP 2 at 3 days incubation. 
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Figure 6.29 Emulsification properties (measured as absorbance as a function 

of time) of emulsions made with unmodified or conjugated WPI 

after 3 days incubation. Error bars represent standard errors, n=2. 

Bars caped with different letters are significantly different at p < 

0.05, ANOVA, Duncan test. 

 

      180 

Figure 6.30 Turbidity as a function of CaCl2 concentrations for (a) WPI 

aqueous solutions at different concentration, and (b) WPI alone or 
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1.1 Research background 

 

It is believed that lactose phosphate (LP) exists within the lactose compound. There are several 

approaches applied to extract and purify the LP in lactose. This research will focus on other 

methods to synthesis LP instead of extracting it out directly from lactose. The idea is to produce 

a large amount of pure LP through chemical reaction, using lactose as the starting material.  

 

This research involves the use of anion-exchange chromatography to obtain pure LP for 

the mixture after synthesis of LP. Different methods of chemical reaction synthesis were applied 

and discussed in this thesis, and the final pure LP compound was characterised using Liquid 

Chromatography Mass Spectrometry (LCMS) and Nuclear Magnetic Resonance (NMR) 

spectroscopy. The LP was then conjugated to Whey Protein Isolates (WPIs) and other milk 

proteins. 

 

The conjugation of the LP to whey proteins, alpha-lactalbumin (α-Lac) or beta-

lactoglobulin (β-Lg), were investigated to see if it could improve the heat stability of WPI 

powders. The number of potential applications of WPI is currently limited by the low heat 

stability of the whey proteins. A previous study reported that glucose-6-phosphate (Glu-6P), but 

not glucose, increased the heat stability of β-Lg when conjugated to β-Lg through glycosylation 

(Maillard reaction, MR) (Aoki et al., 1997). In this study, LP-milk protein conjugates were 

characterised to investigate the heat stability properties.  

 

 

1.2 Synthesis, purification and characterisation of lactose phosphates 

 

Visser (1980) reported that pharmaceutical grade lactose (PGL) was contaminated with LP, and 

that the presence of LP strongly retarded the growth of crystals of pharmaceutical grade lactose 

in aqueous solution (Visser, 1980, 1984 and 1988). Since Visser’s research, there has been 

limited research on LP and there is little information regarding LP’s origin, impact and 

application in the food industry. Breg et al. (1988) characterised the extracted LP from 

pharmaceutical grade lactose using High Performance Liquid Chromatography (HPLC) and both 

1D and 2D NMR. In 2007, Lifran studied the growth inhibition effect of LP on lactose 

crystallization. Lifran (2007) proposed a direct and rapid capillary electrophoresis (CE) method 

to analyse LP in lactose-rich dairy products. 
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Direct extraction and purification of LP from lactose and also production of LP via unprotected 

preparation are expected to produce different types of isomers of LP, and thus, there is possibility 

to form mixture of LP in the same fractions. In this study, there is great interest to study on the 

regiospecific method of synthetic preparation of LP to have separate isomers of each LPs or 

mainly to isolate, separate and purify the lactose-6’-phosphate (Lact-6’P). The separate isomers 

of LP and also LP in its mixture form, might have different performance and reactions towards 

the protein conjugation. Thus, it is of great importance to work with two different conditions’ 

state of LP material.  

 

Recently, methods to synthesise Lact-6’P and other saccharide phosphates has been 

reported by Joseph et al. (2013), using a simple two-step synthetic procedure of protecting the 

lactose with per-O-trimethylsilyl (p-TMS) groups, followed by addition of diphenyl phospho-

chloride (POΦ2Cl). The diphenyl-lactose groups were later easily removed by hydrogenalysis 

using platinum (IV) oxide as the catalyst in 75% ethanol. A yield of 86% of Lact-6’P was 

obtained in a small-scale reaction. More recently, Liu and Mariano (2015) improved the 

synthetic steps that has been proposed by Joseph et al. (2013) to produce large batches of ,’-

trehalose-6-phosphate for large batch preparation. However, no one has reported on the large 

batch Lact-6’P production using this synthetic pathway. 

 

 

1.3 Lactose phosphates as a potential compound for WPI conjugation 

 

There is no study on the potential of LP in improving the WPI functionalities. Much research has 

focused on improving the milk proteins functionalities via either enzymatic or chemical 

modifications. This study will focus on the chemical modification of WPI powder via 

phosphorylation. Generally, the phosphorylation of food proteins improved a number of 

functional properties, including heat stability, emulsifying properties, foaming properties, gelling 

properties, water absorption capacity, oil absorption capacity, and calcium phosphate-

solubilizing ability. Dry-heating phosphorylation is also introduced in this study. Some 

characteristics of LP groups are involved, and the effects of phosphorylation on the chemical 

changes and the functional properties are discussed.  
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1.4 Whey Proteins Conjugation via Maillard reaction (MR) 

 

MR is known as a reaction method in milk proteins modification. It is commonly known as 

browning reaction, it is important to control the extent of conjugation via MR since the browning 

effect could lead to the health issues. Various method and significance on the modification via 

MR has been reported and discussed in Chapter 2. Since conjugation that involves the sugar 

phosphate attachment via covalent bond has only been limited to previous glu-6P conjugated 

with β-Lg, this study will investigate the potential of LP, whether in its isomers’ mixture or  in 

the regiospecific isomer to get conjugated with WPI via MR.  

 

This study will also investigate and discuss on the conjugation of WPI in separate 

proteins’ type of α-Lac and β-Lg. To better understand the distribution and extent of LP 

conjugation, it is important to look into different behaviours of separate milk proteins’ species. 

The extent of conjugation is monitored by LCMS technique and the physical behaviour towards 

thermal effect is observed using the Differential Scanning Calorimetry (DSC) instrument. Most 

of the findings on milk proteins conjugation work will be discussed later in Chapter 6.  

  

 

1.5 Research objectives 

 

The aims of the work presented in this thesis were to investigate the production of LP using 

different chemical methods and to clearly understand the effect of LP on conjugation with WPI 

and other milk proteins, in conditions relevant to the industrial situation, to improve the thermal 

stability of proteins.  

 

The objectives of the study were as follows; 

 

 To undertake recent literature review and understand the physical and chemical 

properties of LP 

 To introduce chemical pathway methods of producing LP compound 

 To develop the conjugation method between lactose phosphate and whey protein isolates, 

α-lactalbumin and β-lactoglobulin using dry-heating method in order to optimise lactose 

phosphate conjugation site 

 To investigate the chemical and functional properties of conjugated WPI-LP powder 
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1.6 Thesis structure 

 

Chapter 1 contains a brief background on phosphorylated lactose and conjugation via MR. 

 

Chapter 2 presents an extensive review covering knowledge related to phosphorylated lactose 

preparation and also importance of sugar phosphate in milk proteins conjugation.  

 

Chapter 3 describes the methods, materials and chemicals, and analytical methods section in this 

research.  

Chapter 4 describes the unprotected phosphorylation, mainly discussing the findings and 

characterisation of unprotected LP. 

 

Chapter 5 focuses on the second method of phosphorylation using synthetic route of 

Acetonation-dimethoxyisopropylation (ADMP) and p-O-TMS. 

 

Chapter 6 reports the conjugation of LP with WPI, thermal stability, emulsifying, solubulity and 

turbidity properties improvement. 

 

Chapter 7 summarises the conclusion for the whole study discussed in this thesis. 
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Chapter 2 

 

Literature Review 
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2.1       Physical and chemical properties of lactose and phosphorylated lactose 

 

2.1.1 Lactose 

 

Lactose, also known as milk sugar, is the most present carbohydrate in the milk from most 

species, with its concentration varying from 0 to ~10% (Fox & McSweeney, 1998). Lactose (4-

O-β-D-galactopyranosyl-D-glucopyranose, C12H22O11) is a disaccharide made up of two 

monosaccharides, D-glucose and D-galactose, linked by a β-1, 4-glycosidic linkage. Lactose has 

an aldehydic function in the ring-opened form of the glucose part of its molecule, making it a 

reducing sugar. The ring-closed form has α- and β- anomers which differ in the orientation of the 

hydroxyl group at carbon 1 of the glucose part. Mutorotation can cause interconversion of the 

anomers. Jawad et al. (2012) stated that at equilibrium at ambient temperature the proportions of 

the anomers are about 40% α-lactose and 60% β-lactose. At 20°C, the α and β isomers are 

soluble in water to the extent of about 70 and 500 g/L, respectively, and combined with an 

approximate anomer ratio of α:β (1:2), giving a total solubility of 180 g/L at 20°C. The existence 

of the lactose anomers affects lactose crystallization behaviour, crystal morphology, solid state 

properties and solubility properties (Wong & Hartel, 2014), and contributes to lactose having six 

different polymorphs (Holsinger, 1988). The molecular structure of lactose is shown in Figure 

2.1. 

 

 

 

                                                     α-lactose                                                    β-lactose 

 

Figure 2.1 Molecular structure of α-lactose and β-lactose. 

 

  α-lactose is more temperature dependent than β isomer when it comes to solubility, and 

the former has higher solubility at >94°C. Meanwhile, α-lactose isomer is a common commercial 

form of lactose that crystallizes at <94°C (usually crystallizes as monohydrate), whereas β-

lactose potentially crystallizes at >94°C (crystallizes as anhydrous crystals). In addition, the 

yield of α lactose is 5% higher than that of β-lactose (Fox, 2009). The relative amounts of α- and 

β-1, 4-glycosidic linkage 
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β- lactose are measured from change in optical rotation, where total lactose is calculated from the 

final (equilibrium) rotation and sample weight (Sharp & Jr, 1941). Lactose appears to have 

limited value as a sweetening agent with low level of sweetness. For instance, at 1% lactose in 

solution it is only about 16% as sweet as sucrose (Fox & McSweeney, 1998). Information on the 

physico-chemical properties on lactose has been reported in many research studies (Holsinger, 

1988; Visser, 1988; Fox & McSweeney, 1988; Lifran, 2007; Raghavan et al., 2000).   

 

  Lactose is mainly used in the food and pharmaceutical industries in a wide range of 

products (Lifran et al., 2000 & Raghavan et al., 2000). Lactose can be used as a filler or flavour 

carrier with little effect on protein functionality (McSweeney & Fox, 2009). Lactose is used in 

bakery, dairy and confectionery products, and also in infant formula, and the lactose from whey 

concentrates has been widely used in such applications (Ganzle, 2013). Lactose can also be 

converted into biomass materials such as ethanol and other fermentative products (Adam et al., 

2004). Whey is one of the major wastes in the dairy industry and lactose is found abundantly in 

whey at about 5% concentration (Fox, 2009). Zadow (1992) reported studies on whey and on 

lactose processing. Recently, it has been reported that the lactose can be recovered by 

desiccation. However, this method is costly due to its high energy consumption (Crisa, 2013). 

Other recovery methods for lactose include microfiltration, ultrafiltration, ion exchange and 

reverse osmosis (de Souza et al., 2010).  

 

  A study by Visser (1988) reported that lactose could increase the heat stability of whey 

proteins since lactose affects the hydrophilicity and thus, it affects the solubility behaviours of 

the whey proteins during heat treatment. Other than its role to help increase heat stability, the 

lactose concentration can also affect the solubility of whey proteins following heat treatment 

(Visser, 1988). Lactosylated casein has been reported to have improved antioxidant properties 

(McGookin & Augustin, 1991). A study on lactosylation by Nacka et al. (1988) reported the 

ability of lactose when bound to protein to enhance the heat stability, giving better emulsifying 

properties compared to a non-lactosylated protein. Furthermore, Liu and Zhong (2012) state that 

the lactose can prevent protein aggregation during heat treatment due to the hydrophilicity that 

lactose provides due to the presence of hydroxyl groups. 

 

2.1.2 Phosphorylated lactose 

 

Pigman and Horton (1972) published a review on sugar phosphates, and subsequent research has 

been carried out on different aspects of phosphorylated sugars from various types of sugars. 
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Buchanan et al. (1972) biosynthesised sucrose-6’-phosphate from sugar beet leaves. Wahlgren et 

al. (1986) found a small concentration of lactose phosphate (LP) in fresh milk and whey, and this 

was confirmed by Lifran (2006) who stated that there was about 0.120 ppm LP in milk. Lifran 

(2006) also reported that there was a 10-fold increase in LP in mature cheese or whey compared 

to the fresh cheese or whey, and correlated this with the addition of lactic acid cultures into the 

milk during the cheesemaking. Thus, LP was biosynthesized during the cheesemaking process.  

 

  Phosphorylated lactose or LP is a molecule of lactose that has one or more phosphate 

attachment to the hydroxyl groups in the molecule. In commercial pharmaceutical grade lactose 

(PGL), about 90% of the LP is isomers with phosphate is bound to the galactose molecule, and 

about 10% is lactose-6-phosphate (Lact-6P) in which the phosphate group is located on the C-6 

of the glucose as shown in Figure 2.2. The arrows in this figure point to the other positions 

where phosphate attaches in PGL, on the C-3, C-4 or C-6 of the galactose. 

 

 

 

Figure 2.2 Molecular structure of Lact-6P with arrows indicating common sites of 

phosphorylation in LPs found in milk. 

 

  Due to its hygroscopic behaviour, lactose phosphate can cause caking of dairy powders 

(Visser, 1984) and researchers have tried to develop methods to overcome this problem that 

would be applicable to the dairy processing line. LP is labile under elevated temperature or 

acidic conditions, hydrolysing to lactose and phosphate ion. LP has been described as a “poison 

for crystal growth” by White (2003), because it hinders lactose crystallization, even when its 

concentration is very low (i.e, 100 mg/L is necessary for maximum inhibition) (Fuquay et al., 

2011). The LP contamination in lactose is variable, and has been reported in the range 270 to 

400 mg LP per kg lactose (ppm). Other ways of framing this content are that PGL contains about 

60 ppm sugar-bound phosphate, corresponding to about 270 ppm disaccharide phosphates, or 
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about one molecule in every 4000 lactose molecules (Visser, 1984). Diprotonated lactose 

monophosphate has two acid constants that are higher than for the corresponding values for 

phosphoric acid (pKa1= 1 and pKa2= 6, as indicated * in Table 2.1) (Visser, 1980). The neutral 

diprotonated lactose phosphoric acid is only present in very acidic solutions (pH < 1), while 

lactose phosphate is about 99% in the monovalent form between pH 3 and 4. Under highly basic 

conditions (pH > 8), 99% of lactose phosphate exists in the divalent form (Lifran, 2007).  

 

Table 2.1 LP ionic state depending on the pH (Adapted from Lifran, 2007). 

 

 

 

 

 

  Numerous fundamental studies on the basic chemistry of LP along with the development 

of analytical techniques are still required to enable improved methods of LP purification. Visser 

(1980) and Lifran (2007) have studied lactose phosphate, especially in research areas related to 

dairy processing problems, including the inhibitory effect of LP on lactose crystallisation. Breg 

et al. (1988) have performed Nuclear Magnetic Resonance (NMR) characterisation of four 

different LP isomers. Despite the major body of evidence gathered by Visser (1980) 20 years 

ago, LP was remained mainly un-researched. In 2007, Lifran investigated the impact of LP in 

conditions relevant to the industrial manufacture of lactose. Currently, the only commercially-

available lactose phosphate isomer is lactose-1-phosphate (Lact-1P) from Sigma-Aldrich 

Company (USA and China branches) and Santa Cruz Biotechnology Inc. (USA). Unfortunately, 

previous studies by Visser (1988) and Lifran (2007) concluded that Lact-1P isomer is not present 

in PGL. Therefore, the LP mixture naturally present in PGL had to be extracted from this 

product to obtain representative samples for further quantitative study.  

 

  Lifran (2007) stated that the lack of studies on lactose phosphate is mainly due to three 

factors. Firstly, it takes a long time to get either pure lactose phosphate mixtures from a dairy 

source and to chemically prepare lactose phosphate. Secondly, there is still a need for a fast and 
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direct analytical quantification for lactose phosphate. Finally, there are still challenges in scaling 

up the laboratory methods for isolating lactose phosphate to enable commercial production.  

 

2.1.3 Natural occurrence of LP       

 

LP is one of the sugar phosphates that occurs as an intermediate in biochemical pathways 

(Salminen & von Wright, 2004). Hexose sugars are fermented by many lactic acid bacteria 

(LAB) in processes that are coupled to substrate-level phosphorylation. The high energy 

adenosine tripolyphosphate (ATP) produced from LAB metabolism is subsequently used for 

biosynthetic purposes. Cheese is one of the dairy starter products in which the lactose in milk is 

enzymatically converted to lactic acid by bacteria. Due to the importance of fermented dairy 

products, lactose metabolism by LAB on cheese has been studied extensively, converting lactose 

into the cell. The phosphoenolpyruvate phosphotransferase system Lactococcus (Lc.) Lactis can 

phosphorylate lactose to Lact-6P. Subsequently, lactococci possess a β-D-phosphogalactosidase 

that can hydrolyse Lact-6P to glucose and galactose-6-phosphate (Salminen & von Wright, 

2004). The enzymatic pathway is shown in Figure 2.3.  

 

 

 

Figure 2.3 Enzymatic pathway of lactose metabolism. 

 

  Sugar phosphates also play a role during metabolic processes involved in the biosynthesis 

of milk and lactose in the udder. Therefore, there is a possibility for the presence of 
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phosphorylated sugars in milk (McGeown & Malpress, 1952; Gander et al., 1957; Gangguli & 

Iya, 1963; Hoff & Wick, 1963; Cumar et al., 1957; Wahlgren et al., 1986). Studies have shown 

that lactose-1-phosphate (Lact-1P) is present at less than 1 ppm concentration (McGeown & 

Malpress, 1952; Wahlgren et al., 1986), while Cumar et al. (1965) isolated lactose-3’-phosphate 

(Lact-3’P) which is present in greater amounts in milk. Gander et al. (1957) reported the 

enzymatic synthesis of Lact-1P from bovine mammary tissue. Walstra and Jenness (1984) 

quoted a much higher concentration (15 mg per liter of milk) for all isomers of lactose 

monophosphate. A summary of the phosphorylated sugars in milk as given by Walstra and 

Jenness (1984) is presented in Table 2.2.  

 

Table 2.2 Sugar phosphate composition in bovine milk (Adapted from Walstra and Jennes, 

1984). 

 

       Types of sugar phosphates                                                                 mg/kg 

Glycerol phosphate                                                   10.0 

Phosphopyruvate                                                                           0.1 

Phosphoethanolamine                  83.0 

Phosphoglycerolethanolamine                 46.0 

Phosphoserine                     0.7  

Pentose phosphates                    n.d 

          Lactose-1-phosphate                               0.1 

 Lactose-3’-phosphate 

          Lactose-6’-phosphate
 

          Glucose-1-phosphate                   1.0 

          Glucose-6-phosphate                  12.0 

          Galactose-1-phosphate                                                              45.0 

          Fructose-6-phosphate                              4.0 

          Fructose-1, 6-diphosphate                            15.0                

          N-acetyl glucosamine-1-phosphate                           89.0 

n.d not determined 

 

  Visser (1980) has also separated and detected dilactose phosphate complexes within the 

solid lactose crystal lattice. Recrystallization and continuous washing (e.g. up to 14 times) is 

required during PGL purification, with pH of the washes kept between pH 3.1 and pH 6.1. 

During ion exchange purification to remove lactose solution, most dilactose phosphate 

compound has also been removed (Visser, 1980). Visser et al. (1988) reported that the α-form 

anions of dilactose phosphate adsorb on to some lactose crystal surfaces, thereby inhibiting 

further incorporation of α-lactose into the crystal lattice. The rate of crystal growth decreases as 

 15.0 
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α-lactose hydrate is purified by recrystallization. Therefore, the pH of lactose solution decrease 

with the presence of one or more LP inhibitors. Thus, lactose phosphate has a stronger affinity 

for α-hydrate crystals than α-lactose itself.  

 

 Both the isomeric composition and concentration of LP can change during dairy 

processing to produce lactose. Visser (1988) reported that the concentration of LP is greater in 

lactose than in milk. There are at least two possible reasons for the increase in LP levels within 

PGL. The first hypothesis is that LP has microbiological sources while the second hypothesis is 

based on a biological chemical LP production. The latter hypothesis allows for higher production 

of LPs (Lifran, 2007). During the biosynthetic processes caused by starter cultures in cheese-

making, LP is produced (Lifran et al., 2006). For lactose consumption, LAB first phosphorylate 

the lactose via a carbohydrate phosphotransferase system located in the cell membrane. This 

process permitted shifting of LP through the membrane prior to fermentation when entering the 

glycolytic pathway (Kandler, 1983). An illustration on the biosynthetic process is presented in 

Figure 2.3. The LP level was highest in mature cheeses. Tarelli and Wheeler (1994, 1995) 

reported that LP formed via phosphorylation under mild heating conditions during whey 

processing. Burley (1970) described another route for LP production by preparing calcium 

phosphate precipitates as intermediates prior to reaction with lactose. More controlled syntheses 

of sugar phosphates have also been reported (Rannow et al., 1994; Joseph et al., 2013; Cui et al., 

2013 and Liu et al., 2015). 

 

2.1.4       Synthetic and chemical pathway in phosphorylation          

 

Since the enzymatic pathway results in a mixture of LP isomers which then require purification, 

and since enzymes can be hard to control, there is great interest to develop chemical syntheses. 

Tarelli and Wheeler (1994; 1995 and 1997) investigated the phosphorylation of sugars using 

different types of phosphorylating agents and optimised the reaction conditions. In 1995, Tarelli 

and Wheeler proposed an indirect esterification process between sucrose and sodium 

metaphosphate using a mild heat-process (pH 5.5, 80ºC incubation, for 5 days). Although the 

yield is not high (~20%), and this technique produced material contaminated with inorganic 

phosphate and the reactant sugar, it is still worth using this method as a trial for the possibility of 

producing LP on a large scale.  

 

Different phosphorylating agents could cause the esterification process to proceed at an 

increased rate and to a greater extent. Figure 2.4 depicts different types of salt phosphates used 
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for phosphorylation. Tarelli and Wheeler (1995; 1997) claimed that replacing the orthophosphate 

with metaphosphate salts increased the rate of phosphorylation. The increased rate and extent of 

phosphorylation observed with pyrophosphate, tripolyphophate, and especially metaphosphate 

salts, may simply be the result of increasing electrophilic character of their phosphorus atoms 

(Tarelli & Wheeler, 1997). During this phosphorylation, the hydroxyl groups in the sugar 

compound act as the nucleophile and the phosphorylating agent as the electrophile.  

 

. 

 

Figure 2.4 Different types of phosphorylating agents reported by Tarelli and Wheeler (1995). 

 

Other studies have reported the regiospecific phosphorylation of sugar to get desired 

isomers of sugar phosphates. Often in these synthetic pathways, an intermediate compound plays 

a key role. For instance, an intermediate of lactose called 2,3:5,6:3',4'- tri-O-

isopropylidenelactose dimethyl acetal or ADMP (Yoshino et al., 1986; Barili et al., 1997) has 

been synthesised as a potential intermediate for preparation of substituted lactoses. Another 

reported syntheses include preparation of sucrose-6’-phosphate using phosphoryl chloride (Kim 

and Behrman, 1995), while Rannow et al., (1994) reported the gram-scale synthesis of ,’-

trehalose-6-monophosphate (T6P) and ,’-trehalose-6, 6’-diphosphate. Further synthetic work 

developing more direct or efficient routes to sugar phosphates have been reported (Cui et al., 

2013 & Joseph, 2013), and recently Liu and his colleagues (2015) developed a large-scale route 

for conversion of ,’-trehalose to T6P. This synthesis benefitted from the fact that trehalose is a 

symmetrical disaccharide, but a similar strategy may work for lactose.  
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2.1.5 Purification techniques and characterisation of phosphorylated lactose   

 

Many sugar phosphates can be separated from solutions but do not readily crystallize. Some 

sugar phosphates can be isolated as solids by using ethanol precipitation of their barium salts 

(Leloir, 1951; McDonald, 1972 and Visser, 1984; 1988). Sugar phosphates like D-galactose-6-

phosphate (Gal-6P), D-glucose-6-phosphate (Glu-6P) and also α-lactose-1-phosphate (Lact-1P) 

are commercially available. Other preparations for synthetic sugar phosphates are also described 

in the literature with studies on physical and chemical properties on sugar phosphates (Leloir, 

1951 and Hassid & Ballou, 1957). The work by Leloir (1951) also have given a number of 

methods for the location of the phosphate group in sugar phosphates.  

 

 Purification using anion exchange chromatography has been widely used to isolate pure 

sugar phosphates. Cumar et al. (1965) isolated LP from cow colostrum using anion exchange 

chromatography and confirmed the presence of purified Lact-3’P between 15 and 20 μmoles per 

liter. Studies on LP purification by Visser (1984; 1988) and Lifran (2007) used anion exchange 

column to purify the LP materials from the mixtures. AG1 resins are strongly basic anion 

exchangers with quaternary ammonium functional groups attached to the styrene divinylbenzene 

copolymer. The size of resin used in previous studies ranged between 100-200 mesh (Visser, 

1984; Lifran 2007). Tarelli and Wheeler (1997) purified sucrose phosphates from the mixtures 

they obtained after indirect esterification, by fractionation on AG1-X8 anion exchange resin 

(acetate form) eluting with a gradient of ammonium acetate (0 to 1 M). 

 

2.1.6     Analytical studies on phosphorylated lactose 

 

A combination of High Performance Liquid Chromatography (HPLC), gas liquid 

chromatography (GLC) and NMR’s spectroscopy was used in the characterisation of LP isomers 

found in purified PGL (Visser, 1988; Breg et al. 1988). LPs in PGL were isolated using anion 

exchange chromatography and separated using HPLC to give two different fractions (Visser, 

1984) with different acid strengths. The retention time for fraction A and B, at 4.1 and 9.9 min, 

respectively, indicated that fraction A contained weaker acids than B. Visser (1984) stated that at 

pH 4 the phosphates of fraction A exist as neutral molecules while in fraction B contained 

anions, and that at pH 7, fraction A was also in the anionic state. Each fraction contained at least 

three LP isomers according to GLC and NMR analysis. Further NMR analysis has found at least 

six isomers of LP within PGL (Visser, 1984). Timmermans (1990) concluded therefore that PGL 
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contains a sugar phosphate and that the growth retarder they are looking for, might therefore be a 

sugar phosphate, possibly a LP. 

 

At that time, Visser (1984) was unable to determine which isomer, anomer or types of 

sugar phosphates that does the lactose growth retardation since each LP should be purified and 

separated in order to study each isomers. He reported that the isomers, 2, 2’, 3, 3’, 4, and 4’- LP 

were in the extracted and purified PGL, but that neither of the isomers with the primary hydroxyl 

phosphorylated (Lact-6P or, Lact-6’P) was identified (Visser, 1984). Visser (1984) assayed 

fractions for their total phosphorus (P) and inorganic phosphorus (Pi) using a conventional 

spectrophotometric total phosphorus method and then organic phosphorus (Po) was calculated by 

difference (Chen et al., 1956; Australian standards AS 2300.2.9-1988; FIL-IDF 42B:1990). 

Although such an indirect method to quantify types of phosphorus has been criticised for 

inaccuracy (Belloque et al., 2000), this method has been used in other work (Upreti & Metzger, 

2007). The advantages of this method are that it is simple, low cost and does not require 

advanced instruments.  

 

  Subsequently, Visser (1988) noted the uncertain composition of LP mixtures and the lack 

of understanding on the retarding mechanism of LP towards lactose crystal growth. Visser 

(1988) found it impossible to determine the different types of LP isomers that were present in his 

study using 1D NMR. The problem with the LP characterisation was tackled by Breg et al. 

(1988) who successfully separated lactose monophosphate from lactose, obtaining two different 

LP fractions using combination of both HPLC and ion exchange technique. Both fractions were 

characterized using 1D and 2D 
1
H, 

13
C and 

31
P NMR spectroscopy, including COSY 

experiments and examining the H-H, C-H and P-H couplings. Four different lactose 

monophosphates were found within the purified LP mixture. Fraction A consisted of Lact-6’P 

(15%) and Lact-6P (10%) while fraction B contained Lact-3’P (32%) and Lact-4’P (43%). The 

Lact-3’P, Lact-4’P and Lact-6’P isomers all have an unsubstituted 4-O-α/β-glucose moiety and 

in total, making up about 90% of the LP (Breg et al. 1988).  

 

  Visser’s prediction was that molecules or ions which can act as growth retarders for 

lactose crystals would have an available 4-O-α-glucose moiety (Visser 1988). Those with 4-O-β-

glucose moiety could mutorotate to the α form. This prediction would suggest that the 10% Lact-

6P would not be an effective inhibitor, since one of the hydroxyl groups in the glucose moiety is 

esterified. Breg et al. (1988) also clarified the importance of pH when using NMR spectra to 
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compare different phosphate containing fractions, since different isomers of LP have different 

protonated states, and can be in the monoanionic or dianionic forms in solution. 

 

Although the above studies characterised the proportions of LP isomers, the retarding 

mechanism on lactose was still only partly understood, until further studies were made by Lifran 

(2006, 2007). Lifran (2006) investigated the impacts of lactose on in lactose crystallisation 

during dairy processing, and also, investigated the origins of LP from dairy products such as 

milk, whey and cheese. Lifran (2007) purified large amounts of LP mixtures using a combination 

of gel filtration and anion exchange with ammonium acetate elution, and was also able to obtain 

lactose with very low LP content.   

 

  HPLC’s using a β-cyclodextrin bonded column and an acetonitrile-aqueous ammonium 

acetate gradient elution as solvent system has been reported to separate phosphorylated 

carbohydrates (Feurle et al., 1998). These authors used on-line coupling to electrospray 

ionisation mass spectrometry (ESI-MS) with direct sugar phosphate identification by tandem 

MS-MS (Feurle et al., 1998). Detection of phosphorylated sugars has also been performed by 

HPLC with indirect UV detection (Smrcka & Jensen, 1988) or with a post-column 

spectrophotometric reactor (Inoue et al., 2000; Inoue et al., 2002). Many oligosaccharides and 

sugar phosphates analyses have been conducted using high performance anion exchange 

chromatography (HPAEC) with conductimetric detection or pulsed amperometric detection 

(PAD) using highly specialised columns (Paskach et al., 1991; Hull & Montgomery, 1994; 

Schneider et al., 1999). These analytical instruments, which are very sensitive and can detect 

traces in the order of the picomole, must not be overloaded and require highly pure sugar 

phosphate samples. Therefore, using HPLC or HPAEC to quantify LP in lactose powders is 

almost impossible, unless an extensive sample preparation is performed.  

 

Lifran (2007) used capillary electrophoresis (CE) to analyse LP. This method allowed 

direct and rapid quantitation of LP, although it could not separate the isomers. Lifran (2007) 

noted that other quantitation methods are very time-consuming, require extensive sample pre-

treatment, and therefore do not allow simple direct injection of samples. In contrast, CE has the 

ability to separate and quantify LP from lactose (Lifran, 2007). Separations by CE technique are 

mainly based on the charge and size of analytes, and are performed inside narrow capillaries (20-

200 μm internal diameters) (Lifran, 2007). The main advantage of using the CE method as 

opposed to either HPLC, HPAEC or ion-chromatography, is that a high amount of organic 

compounds can be injected without pre-treatment and also, without overloading the capillary. 
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Supplying negative voltage can cause the migration of the anions towards the detector, at the 

anode end of the capillary. However, LP being a sugar phosphate has a very little UV absorbance 

hence the detection must be carried out in the indirect mode using a background electrolyte. The 

method is developed based on the work of Soga and Imaizumi (2001) and Izco et al., (2002; 

2003).  

 

The LP identity and concentration was determined by comparison with Lact-1P, as the 

only available lactose phosphate isomer standard. The lactose phosphate fraction collected in 

Lifran’s work had the same effective mobility as the Lact-1P standard, as demonstrated by the 

increase in peak height when the sample was spiked with the Lact-1P standard. CE analysis 

showed that different concentrations of lactose phosphate were present in different batches of 

lactose powder, varying between 144 and 252 mg/kg lactose. Since LPs exist as charged 

compounds in solution, by using a pH above its pKa values, LP could be separated by capillary 

electrophoresis (CE) (Izco et al., 2002; 2003; Ciringh & Lindsey, 1998; Soga & Imaizumi, 1999; 

2001). Petzold et al., (2004) also analysed milk samples using CE to determine LP 

concentrations in milk, whey and cheese.  

 

  Other quantification methods have been used to calculate the concentration of different 

forms of phosphorus contained in lactose powders, and the values obtained from indirect 

methods have been compared to direct methods (Lifran, 2007). Results from different 

phosphorus analyses were benchmarked against those of independent external analyses using 

inductively coupled plasma atomic emission spectrometry (ICP-AES) for total phosphorus, flow 

injection analysis (FIA) for Pi and HPAEC for LP (Lifran, 2007).  

 

Quantitation and characterisation of sugar phosphates (e.g. LP) has also used MS. 

Quantification based on determination of phosphate position in sugar phosphates present in 

bovine colostrum was achieved with ion or molecule reactions in Fourier Transform-Ion 

Cyclotron Resonance Mass Spectrometry (FTICR-MS) (Leavell & Leary, 2003; Petzold et al., 

2004). Leavell and Leary (2003) reported the presence of hexose phosphates and successfully 

analysed ions generated for the monomoric species. In this study, Lact-1P was shown to form an 

HCl elimination product following reaction with chlorotrimethylsilane (TMSCl). As samples 

were subjected to collision-induced dissociation (CID), the molecular ions in the gas phase 

fragmented into smaller molecular ions. Based on this MS technique, a fragment ion at m/z 

331.1 indicated monosaccharide species of Glu-1P and Glu-6P that were derived from Lact-1P. 

This method could then assign the phosphate position within the complex disaccharide 
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phosphate of Lact-1P, since it provides information on monosaccharide streochemistry. A year 

later, Petzold et al. (2004) developed the same technique as reported by Leavell and Leary 

(2003) and used it to identify hexose phosphates and other acidic carbohydrate materials in 

bovine colostrum after anion exchange purification. The selectivity of this technique is high 

since it can detect a very small molecular weight difference (about m/z 0.01) between 

phosphorylated disaccharide (m/z 421.0656) and sulfated disaccharide (m/z 421.0756).  

 

 

2.2        Phosphorylation and protein conjugation  

 

Phosphorylation is the addition of the negatively charge phosphate group through covalent 

bonding with the amino acid in the case of a protein, or via other organic linkages such as the 

alcohol group, -OH in the case of lactose. Phosphate esters are intermediary metabolites in living 

tissues, and are potential intermediates in the mechanism of non-enzymatic “browning” in food 

applications (Jones & Burt, 1960). In line with the development of value-added products, 

researchers have tried to improve the heat stability of whey protein. Modification of food 

proteins through phosphorylation can improve a number of functional properties, including heat 

stability, emulsifying properties, foaming properties, gelling properties, water absorption 

capacity, oil absorption capacity, and calcium phosphate-solubilizing ability (Kato et al., 1995; 

Li et al., 2004; 2010). 

 

Some food proteins, such as ovalbumin (OVA), milk whey protein, and fish protein have 

been successfully phosphorylated by conjugating with glucose-6-phosphate (Glu-6P) (Aoki, et 

al., 1994, Aoki et al., 1997; Kato et al., 1995; Wahyuni et al., 1999). Conjugated proteins-Glu-6P 

(with phosphorus content of >1 g/100 g protein), have shown excellent functional properties (e.g. 

heat stability, emulsifying activity and improvement on calcium phosphate-solubilizing ability). 

However, the browning effect caused by conjugation between protein-Glu-6P was not resolved. 

The high cost of Glu-6P may be another factor that has prevented the utilization of this sugar 

phosphate in modified food proteins (Li et al., 2004). From the perspective of in vitro 

physiological function studies, α-Lactalbumin (α-Lac) has an improved digestibility compared to 

ovalbumin and the inflammatory response of α-Lac is suppressed by phosphorylation. 

Experiments with animal models are important to determine the toxicity and physiological 

functions of phosphorylated proteins (Li et al., 2010). 
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Since whey proteins are an essential food ingredient, any permitted modification methods and 

other food additives usage need to avoid the use of toxic reagents during chemical 

phosphorylation. From this point of view, dry-heating phosphorylation could potentially be a 

superior food modification method compared to other modification methods. Many phosphate 

salts are allowed as food additives and generally recognized as safe by the U.S. Food and Drug 

Administration. Meanwhile, the safety of dry-heating technology in the food industry is also 

recognized. The relatively mild reaction conditions, simplicity of the process and also low cost 

phosphate sources used in dry-heating phosphorylation, makes phosphorylation through dry 

heating an appealing process (Li et al., 2004). 

 

 

2.3   Conjugation via the Maillard reaction (MR) 

 

Many scientists claimed that conjugation via MR as the safest and potential method in the food 

industry (Kato, 2002; Mine & Yang, 2010; Oliver et al., 2006). Therefore, there is great interest 

to understand the chemistry of the MR, to improve the physico-chemical properties of the 

products, and to discover the potential of Maillard products with various functionalities. The MR 

was first investigated by Louis-Camille Maillard, in 1912. The MR is one of the simplest food 

proteins functional modifications, since the reaction occurs only through heating between protein 

and sugar.  

 

  The MR, is a non-enzymatic reaction between carbonyls (usually a reducing sugar, such 

as glucose, fructose, or lactose and aldehydes or ketones) and amines (or amino acids or any 

nitrogenous substances) resulting in the formation of a wide range of products contributing to 

colour and odour with both beneficial and detrimental effects depending on the food system used 

(Ajandouz et al., 2008; Kim & Lee, 2009). The MR is also very important in food 

manufacturing, since it can alter the aroma, taste and colour of food and extended heating could 

lead to formation of a toxic compound or advanced Maillard products (AMP) in food production. 

At higher temperature, longer glycation duration, and also higher pH, it creates undesired 

browning effect of MR correlated to the negative health concerns such as carcinogenicity 

(Mottram et al., 2002). 

 

Hodge (1953) had also categorized MR into three stages; initial, intermediate, and final 

mechanisms. Studies on protein functionality found that, milk proteins significantly enhanced 

via covalent coupling with sugar without the presence of chemical reagents (Akhtar & 
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Dickinson, 2007; Chevalier et al., 2001a; Broersen et al., 2004; Hiller & Lorenzen, 2011; Jiang 

& Brodkorb, 2012; Li et al., 2009; Lillard et al., 2009; Mesa et al., 2008; Liu et al., 2012; 

Nakamura et al., 1992; Oliver et al., 2006; Sun et al., 2004; Zeng et al., 2011). Chemical 

conjugation of a food protein is via two types of reaction, named MR (Figure 2.5) (Kato et al., 

1995; Aoki et al., 1997; Wahyuni et al., 1999; Katayama et al., 2002; Kato, 2002; Jimenez-

Castano et al., 2007; Nakamura et al., 2008) and reductive alkylation (Figure 2.6) (Baniel et al., 

1992). 

 

 

Figure 2.5 Protein conjugation via MR. 

 

Factors like temperature, time, relative humidity (RH), pH, and reactants molar ratio 

affect the degree of glycation (van Boekel, 2001), hence, the nature of the products formed and 

their functional properties (Labuza & Baisier, 1992; BeMiller, 1996; Pan & Melton, 2007; 

Scaman et al., 2006). Chemical modification method on protein is used successfully to study the 

structure-function relationships (enzymatic function, biological function, physico-chemical and 

functional properties). Reviews on classical food protein modifications to improve functionality 

are reported in many literature (Means & Feeney, 1971; Feeney & Whitaker, 1977; 1982; 1986). 

Hence, this review concerns on the one part that is related to this research. 
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Figure 2.6 Protein conjugation by reductive alkylation. 

 

The MR for protein glycation can be achieved, either by the wet methods (Li et al., 2012; 

Zhu et al. 2008) or dry methods (Akhtar & Dickinson, 2003; 2007). Wet methods by heating an 

aqueous solution with protein and sugars, always require longer incubation reaction time (several 

hours to several days). Dry heating method was extensively studied in literature due to a higher 

reaction efficiency it has rather than wet method (Oliver et al., 2006). Glycation via wet method 

has potential to significantly alter the unmodified protein structure, but not in comply with dry 

method (Morgan et al., 1999a; 1999b; 1999c; Nacka et al., 1998) although chances of glycation 

is higher in dry method. In wet method, specific denatured β-Lg monomer forms thiol group via 

covalent linkage. The existing homodimers and expanded monomers underwent subsequent 

aggregation via non-covalent interactions, forming high molecular weight species. In wet 

solution, glycation become slower as the lower concentration effects on the proteins and sugars. 

Most of the dry-heating and wet-heating methods summarized and compared in review papers 

published by Oliver et al. (2006) and Oliver (2011). 

 

Several factors related to humidity or water activity (Aw), temperature and also time are 

attributed to the optimisation of glycation reaction during conjugation via MR process. In fact, 

under the lower Aw conditions, in both wet and dry conditions it proceeds to glycation at a faster 

rate, and investigation have shown that the optimum Aw for the MR ranges from 0.5 to 0.8 

(Boland et al., 2000). Watanabe et al. (1984) also mentioned that, outside of the stated range of 

water activity (e.g. 0.3-0.8 Aw) the reaction proceeds very slowly. In particular, at high ratios of 
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whey protein reducing sugar (e.g. 1.0:0.1), the sugar is completely consumed in the reaction and 

there is no need for removal of excess sugar. At the higher sugar level (e.g. 1.0: 0.6), the reaction 

proceeds rapidly, but the excess of sugar that remains after the desired degree of glycation is 

achieved must be removed. If not the reaction will proceed to the later stages of the MR and 

undesirable properties will appear (browning, off flavours, lack of functionality etc.). Regarding 

the temperature range, it has been found that below 30°C the reaction proceeds very slowly and 

above 75°C other reactions can take place that are detrimental to protein functionality (Watanabe 

et al., 1984).  

 

2.3.1     Reducing sugars as conjugated molecule  

 

"Reducing sugar" in basic solution is defined as sugar that forms an aldehyde or ketone (Bruice, 

2005). Sugar acts as a reducing agent in the MR. Various natures of sugar has a dramatic 

influence on the rate of the MR for conjugation and ultimately on protein functionality. 

Reducing sugar consists of monosaccharide, disaccharide or even polysaccharide types (Zhu et 

al., 2010). Studies on the nature of different types of sugar is an important factor for improving 

the functional properties of conjugated proteins via MR (Chevalier et al., 2001a). During MR, 

conjugation produces more hydrophilic proteins due to the effect of sugar(s) on the proteins 

(Hettiarachchy et al., 2012). In the MR conjugation, it mostly attaches sugars to the ε-amino 

group of lysine residue to the α-amino group of the N-terminal amino acid. The term sugars here 

is not only restricted to monosaccharide conjugation (Katayama et al., 2002), but also 

disaccharides (Chevalier et al., 2001c), and polysaccharides (Jimenez-Castano et al., 2007; 

Nakamura et al., 2008). Other studies also focus on sugar phosphate such as Glu-6P for protein-

sugar conjugation via MR (Kato et al., 1995; Wahyuni et al., 1999).  

 

  Lactose is an example of reducing sugar that is widely used in milk protein conjugation 

via MR. When lactose is bound to protein, lactosylation has improved the heat stability 

properties and emulsifying properties if comparing to the non-lactosylated proteins (Nacka et al., 

1998). Lactose also helps to improve the antioxidant properties in milk products of Maillard-

reacted casein and lactose (McGookin & Augustin, 1991). Lactosylation of proteins with 

reducing sugar such as lactose, has also been reported as an effective approach to prevent whey 

protein aggregation during thermal treatment due to the presence of steric repulsion on protein 

surface (Liu & Zhong, 2012; 2013). 
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Selection of reducing sugars for protein conjugation affects the glycation site specificity 

(Chobert et al., 2006). Among the six common sugars reported, arabinose and ribose gave the 

highest degree of modification while lactose generated the lowest degree of modification 

(Chobert et al., 2006). Also, conjugated beta-lactoglobulin (β-Lg) with arabinose or ribose 

improved its emulsifying properties. Meanwhile, glucose, galactose and rhamnose are less 

reactive. Foaming properties are better when β-Lg is conjugated with glucose or galactose. 

Conjugated protein with ribose or arabinose will form polymers that are stabilized by covalent 

bond, while in the case of other sugars, parts of the aggregated proteins are stabilized by 

hydrophobic interaction and disulphide bonds (Chevalier et al., 2001c).  

 

2.3.2     Sugar phosphate as new approach in protein conjugation   

 

Phosphates act as chelating agents in the protein system which can enhance water-holding 

capacity. Chelating divalent ions could also prevent the formation of cross-bridges between 

proteins, which allow the more readily unfold and bind free-water. A phosphate has negatively 

charged, with each phosphate carrying two negative charges that promotes electrostatic 

interactions. Phosphate group added to protein will alter the characteristics of the native protein. 

This condition has conformational structural changes within the proteins. Ohtake et al. (2004) 

have shown that the combinations of sugars with various ions (for instance sugar phosphate) has 

improved protein stabilizing agents if comparing to non-phosphorylated sugars.  

 

It is believed that the phosphate group bound to the proteins improves the functional 

properties of food proteins and phosphate group approach has also remains unique in the food 

ingredients worldwide and studies by Aoki (1996), Aoki et al. (1997) and Enomoto et al. (2007) 

also confirmed that, Glu-6P but not glucose, has the ability to increase the heat stability of β-Lg. 

Aoki et al. (1997) also mentioned that β-Lg-Glu-6P conjugation improved the solubility, heat 

stability and also the emulsifying properties of proteins. In his work, β-Lg has been conjugated 

with Glu-6P through the MR by incubation at 50°C and 65% relative humidity.  

 

Glu-6P as metabolic product of sugars that has a hemiacetal bond of carbonyl group with 

both carbonyl and phosphoryl groups, which is also used as a safe protein modifier. Kato et al. 

(1995) claimed that under mild conditions of MR, an amino-carbonyl reaction with reducing 

sugars or introducing phosphoryl groups, has significant effects in protein modification. In the 

early stage of the MR, formation of Ovalbumin-Glucose (OVA-Glu) complexes were easily 

solubilised and have resistance towards conformational destruction and heat coagulation (Kato et 
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al., 1995). The amino-carbonyl reaction between protein and various reducing sugars with 

structural analogy have also found that structural and chemical properties of sugars could affect 

mechanism of MR and the properties of the reaction products of protein-sugar complexes (Kato 

et al., 1995). 

 

 

2.4  Composition of milk protein 

 

Historically, milk was first investigated in the recent ice age times but some people were unable 

to digest the lactose and reduced the milk consumption worldwide. It was only around 11,000 

years ago farmers found a solution to overcome lactose intolerance levels by fermenting milk to 

cheese and yogurt, and only several thousand years later did a mutation originating in Europe to 

allow for the ability for individuals to produce lactase to breakdown lactose, allowing for the 

consumption of milk in humans (Curry, 2013).  

 

Milk is a white liquid that is given off by female mammals during pregnancy and is a 

fundamental product in the dairy industry. It has many specific uses ranging from consumption 

of heat treated milks to production of yogurts, cheese and other dairy products. Milk undergoes 

heat treatment from thermization to sterilization to make milk safe for consumption and is used 

in many different applications. It serves as a great energy and protein source for individuals to 

meet their daily nutritional demands and also acts as a good source of calcium for strengthening 

bones (Anema et al., 2014). The primary composition of milk is mostly water (contributing to 

around 87%) while the rest of it is composed of smaller proportions of carbohydrates (4.6%), 

milk fat (4.2%), milk protein (3.4%) and smaller proportion of minerals  (Calvano et al., 2013; 

Mansson, 2008), as shown below in Figure 2.7. 

 

These values are important to make up the texture and quality of milk and can change 

based on the processing methods used to formulate milk. Milk is an oil-water emulsion where 

the triacylglycerides are displaced inside the bilayer of the endoplasmic reticulum; this is 

encompassed by a milk fat globule membrane that serves to emulsify fat particles within milk 

and triggers lipoprotein lipase activity, as mentioned by Fox and McSweeney (2006). This is 

important as it gives milk its texture, viscosity and also protection against oxidation that can 

result in off-flavours in milk (Mannson, 2008; Gallier et al., 2014). Milk proteins consist of both 

caseins and whey proteins where the caseins are considered more heat stable than whey. The 

whey protein fraction consists of both α-Lac and β-Lg where they use to be considered a waste 
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by-product. However, recent developments have shown the potential application of whey 

proteins in the food industry through modifying the protein stability and properties by 

carbohydrate conjugation with primary amino sites (lysine) in MR (Anema et al., 2014).    

 

 

 

Figure 2.7 Pie chart diagram on the composition of milk % (w/w) (Adapted from Walstra and 

Jennes, 1984). 

 

2.4.1     Whey Proteins (WPs) and its components 

 

Milk proteins has two fractions, the caseins and the serum or WPs. Caseins are located in 

calcium phosphate-containing colloidal aggregates, called casein micelles (Holt, 1992; Rollema, 

1992). Different proteins that exist within the whey proteins are shown in Table 2.3. The whey 

proteins are mainly consist of α-Lac and β-Lg. Changes in pH, salts and presence of other 

proteins can affect the structural properties of whey proteins. Commercially available whey 

protein powders include various mixtures of whey powders, whey protein concentrates (WPCs), 

whey protein isolates (WPIs) and individual proteins of, α-Lac, β-Lg, bovine serum albumin 

(BSA), immunoglobulins (Igs), lactoperoxidase, lactotransferrin and casein macropeptides, that 

are separated and purified into different protein as required by the industry (Hettiarachchy et al., 

2012).   
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Table 2.3 Composition and some physico-chemical properties of major WPs (Modified from 

Cayot & Lorient, 1997; de Wit, 1998; Fox & McSweeney, 1998; Belitz & Grosch, 1999 

Mulvihill & Donovan, 1987; Walstra & Jenness, 1984). 

 

Protein properties           β-Lg (B)       α-Lac (B)           BSA              IgG 

Concentration (g/L of milk)     3.3     1.2                   0.4                  0.8 

Approximate % of total WP                  45     20                 5               10 

MW (Da)              18,363            14,176             66,267      1.5 x10
5
-1x10

6
 

Amino acids/mol                                  162                  123                   582             > 1000 

Genetic variants                                      7                       3                1                     - 

Disulphide bonds/mol                             2      4                17                 - 

Isoelectric point (pI)                           5.3-5.4            4.2-4.5                5.1               5.5-8.3 

 

 

  The most important WPs products are whey protein isolates (WPIs contain >90 % 

protein) and whey protein concentrates (WPCs; about 85% protein) (Walstra et al., 2006; 

Swaisgood, 1982; Eigel et al., 1984; Mulvihill & Donovan, 1987; Whitney, 1988). Whey protein 

has been utilised in many foods and beverages and is considered as a key supplemental protein 

source to add to food products.  WPI are processed by ion-exchange chromatography separation 

of the proteins from the whey. The ion exchange column adsorbs the proteins and then 

compounds like lactose and salts are eluted from the column before a change in pH to allow the 

proteins to elute. Under optimal processing conditions, WPI recovery was about 85% of the 

protein and 15% other material. The high protein content and low lactose and lipid 

concentrations lead to WPI having excellent functional properties as a food additive (Walstra et 

al., 2006; Swaisgood, 1982; Eigel et al., 1984; Mulvihill & Donovan, 1987; Whitney, 1988). 

Hence, wide applications of WPIs are introduced due to their unique functional properties. 

 

2.4.1.1    α-Lac 

 

The second most abundant whey protein is α-Lac, which accounts for 20% of the whey proteins 

(Eigel et al., 1984). α-Lac has three known genetic variants, but all contain 123 amino acid 

residues with a molecular mass of 14,200 Da. It has compact globular structure with 30%  α-

helix and  9% β-sheets, and contains a bound calcium ion (Cayot & Lorient, 1997). It has an N-

terminal glutamic acid and COOH-terminal leucine, has no free thiols and has four disulphide 

bonds. Figure 2.8 shows the schematic of globular α-Lac. 
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Figure 2.8 3D diagram of bovine α-Lac (Swiss Model Generator-ProMod Version 3.70). 

 

Theoretically, α-Lac leads to the formation of molten globule state as one possible 

intermediate in protein’s folding. Many proteins that have unfolded structure are usually 

physiologically stable compared to the folded structure. A lot of studies have been done to 

enhance the functional properties of proteins, and continuous studies on protein folding and 

unfolding are one of them (Hettiarachchy, 2012). Studies have shown that α-Lac is relatively 

thermally stable when calcium is bound as compared to other whey proteins, and it may be 

glycosylated with mannose, galactose, fucose, glucose, and lactose (Barman, 1970). 

 

2.4.1.2    β-Lg 

 

β-Lg is the most abundant protein in whey (Sawyer & Holt, 1993), and represents 50% of the 

whey proteins in bovine milk. β-Lg is a major whey protein and exist mainly in the milk of 

various ruminant species (Sawyer & Holt, 1993). β-Lg consists of 162 amino acids with two 

disulfide bonds and has a molecular mass of 18,300 Da. β-Lg has a large proportion of β sheets 

(43%-50%) in the protein structure (Townend et al., 1967). The nine stacked β sheets result in a 

compact protein structure and has complete proteolysis resistant to digestive proteases. At the pH 

of milk, β-Lg exists as a dimer constituted of two stacked cones (Monaco et al., 1987). The 

monomer of β-Lg can bind smaller molecules like vitamins and fatty acids (Hettiarachchy, 

2012). Figure 2.9 shows the diagram of bovine β-Lg. 

 

(A)  

β-Lobe 

(B) 

α-Lobe 

Ca
2+

 

C N 

Hexamer of α-Lactalbumin 

Monomer of α-Lactalbumin 
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Figure 2.9 3D diagram of bovine β-Lg (Swiss Model Generator-ProMod Version 3.70). 

 

There are two commonly variants of β-Lg, called β-Lg A and β-Lg B. These two variants 

differ at positions 64 and 118, where Asp and Val in β-Lg A are substituted by Gly and Ala in β-

Lg B (Braunitzer et al., 1973). In the native state, β-Lg exists as a stable dimer (between pH 5.5 

and 7.5) with two non-covalently linked monomeric subunits, but these dissociate under 

electrostatic repulsions below pH 3.5. In the pH range of 3.5 and 5.2, the dimers tetramerize to 

form octomers. Above pH 7, β-Lg undergoes reversible conformational changes, while above pH 

8.0, the protein forms unstable aggregates and can denature (Lyster, 1972). β-Lg contains five 

cysteine residues, but can only form two disulfide linkages. The first disulfide bridge occurs 

between positions 66 and 160, while the second is between position 106 and one of the two 

positions 119 or 121. The other one free thiol group is then equally distributed between positions 

119 and 121 (McKenzie, 1971; McKenzie et al., 1972). The free thiol group is crucial in the 

interaction of β-Lg and other proteins, mainly κ-casein and α-Lac, during heating (Walstra & 

Jennes, 1984).  

 

Since WPs become the major waste product in cheese industry and β-Lg constitutes the 

main protein within the whey proteins, there have been many studies to understand the 

functional properties and the nutritional benefit of β-Lg. β-Lg performed as a superior 

emulsifying agent after glycation with Glu-6P (Aoki et al., 1997) and also showed superior heat 

stability and solubility prior to monosaccharide glycation with glucose, mannose and galactose 

(Nacka et al., 1988). The reactions involved in lactosylation of β-Lg to form α-lactulosyllysine, 

together with the heterogeneity of the resulting protein glycoforms have been studied (Jones et 

al., 1998; Leonil et al., 1997, Fogliano et al., 1998; Morgan et al., 1997).  
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2.5 Physico-chemical interactions and heat stability changes in non-conjugated and    

        conjugated WPs 

 

The major WPs, β-Lg and α-Lac are adversely affected by heating (Vardhanabhuti & Foegeding, 

1999), and potential applications of WPIs are currently limited by this low thermal stability. 

Denaturation of whey proteins starts at 65°C, but mostly occurs during milk heating at 

temperature above 80°C (Maćej, 1983). In general, milk proteins or other dairy products are 

heated in order to avoid undesirable microorganisms (McKinnon et al., 2009). Heat treatment at 

135-150ºC for 2s is a common pasteurization or sterilization treatment used. Therefore, one of 

the main targets in many WPs studies is to overcome the thermal instability of the proteins. 

Whey protein powders should be suitably hydrated to achieve optimal performance during heat 

treatment. Glycation via the MR could improve the heat stability properties of the WPs 

(BeMiller & Whistler, 1996) and aggregation that formed was also improved by adding co-

solutes like sucrose, glycerol, and sorbitol in whey proteins ingredient (Baier & McClements, 

2001; Chanasattru et al., 2007; Chantrapornchai & McClements, 2002; Kulmyrzaev et al., 2000).  

 

Mechanisms of denaturation, aggregation and gelation of whey proteins are too complex, 

since they are influenced by other protein environment factors such as minerals, changes in 

temperature (Taylor, 2003), ionic strength, pH (Golovanov et al., 2004; Liu & Zhong, 2013), 

organic compounds, and many others (Ryan et al., 2012; Havea et al., 2004). Due to their 

commercial importance, studies were conducted on the heat induced denaturation, aggregation 

and gelation of whey proteins, although still not fully understood in few circumstances 

(Mulvihill & Donovan, 1987; Sawyer, 2003).  

 

There are two steps in the denaturation process; unfolding of any α-helix and of exposed 

β-sheet portions followed by unfolding of other β-sheets. The low rate of disulfide bond 

formation in most native proteins, is increased by the unfolding of the native structure that 

occurs during food processing operations. Meanwhile, denaturation process can be either in 

reversible and irreversible. For reversible, the protein is partially unfolding with a loss of helical 

structures, while in irreversible, an aggregation process occurs involving sulfhydryl (-

SH)/disulphide (S-S) interchange reactions (Vasbinder & De Kruif, 2003) and other 

intermolecular interactions, such as hydrophobic and electrostatic interactions (McKenzie, 1971, 

McMahon et al., 1993; Hoffman & vanMil 1997; Anema & Li, 2000; Akhtar et al., 2007, Baier 

& McClements, 2005; Bryant et al., 1998; Foegeding et al., 2002; Fuente et al., 2002). The 
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effects of protein denaturation through changes in the different chemical bond interactions are 

depicted in Figure 2.10. 

 

 

 

Figure 2.10 Schematic diagrams of chemical bonds in protein. 

 

Disulphide bonds and non-covalent interactions (hydrophobic and electrostatic 

interactions, and hydrogen bonds) are involved in aggregation and denaturation processes. In 

native state, α-Lac proteins do not have thiol groups (-SH). It has four disulphide bridges and the 

presence of ions could resist heat to a greater extent than β-Lg. Once the α-La is heated in the 

presence of β-Lg at neutral pH, α-Lac is readily irreversibly denatured (Burrington, 2012). To 

understand the denaturation behaviour of each proteins, either on α-Lac and β-Lg, analysis 

should be done on separated purified forms, or in fresh commercial whey proteins (Taylor, 

2003). Descriptions of the changes in protein conformation at the molecular level are given by 

Taylor, 2003 and Jayat et al., 2004.  

 

  Presence of salts can affect protein solubility and aggregation due to changes in protein-

protein interactions (Burrington, 2012) such as by decreasing the inter-protein charge repulsion 

or salt bridges formation between proteins. The presence of divalent salts such as calcium 

chloride increases the protein aggregation as compared to monovalent salts such as sodium 

chloride.  One reason for this is that addition of calcium salts before or after heat-treatment of β-

Lg results in ionic bond formation between two carboxyl groups and a calcium ion. Although 
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salt addition to proteins can induce aggregation, salts like phosphate and citrate result in 

decreased aggregation of β-Lg during heat treatment, due to the chelating properties of 

monovalent phosphate and citrate (Cayot & Lorient, 1997). It is also known that WPs are unable 

to self-aggregate. Protein aggregation that occurs subsequent to denaturation can affect turbidity 

and viscosity of solutions (Prabakaran & Damodaran, 1997). 

 

  Since these reactions affect the electrostatic charge in each protein molecules, the pH 

states can be varied to optimise the effects. Whey aggregation occurs within the pH range of 4.8 

to 5.3; close to the pI of β-Lg and α-Lac (Golovanov et al., 2004; Liu & Zhong, 2013). The pI of 

β-Lg, α-Lac, and BSA is 5.2, 4.8-5.1, and 4.8-5.1, respectively (Hickstein & Peuker, 2008; 

Nakano & Ozimek, 2000), within the beverages product range in food industry (Etzel, 2004; 

Mettler et al., 2006). Denaturation become slower as the pH of the protein is adjusted closer to 

the pI. At pH 5.2, the pI charge is at 0 and has the highest point for protein-protein interaction. 

Protein precipitate out of solution at this pH, and increased up to 7 with protein net charge 

shifting to negative. Although the net charge at pH 7 is negative, it has similar condition of 

protein state as in the net positive charge at pH 4.2 (Burrington, 2012). β-Lg is irreversibly 

denatured at pH 7, 70ºC (Burrington, 2012) (unless some other ingredients or stabilisers are 

added to increase protein heat stability), while α-Lac is denatured at pH 6.7, 65ºC (Taylor, 2003). 

The α-Lac is free from available cysteyl residue that could initiate aggregation and it changes 

conformation at 64ºC. Presence of free thiol group (β-Lg, BSA), could potentially form 

aggregation within the α-Lac. During thermal denaturation of β-Lg in the temperature range 50-

90ºC, the thiol groups become exposed and the β-Lg denaturation is reversible as long as the 

temperature is lower than 65-70ºC.  

 

  Most consumable foods are made up within the pH range of pH 3-7. At pH 3, β-Lg has a 

very high net positive charge, enhancing the repulsive charges between β-Lg proteins in solution 

(Burrington, 2012). Heat treatment stops the repulsive interaction within the protein molecules. 

However, when the pH is increased up to 4, the net charge is decreased, and WP solution will 

now increase in turbidity, even without heating, due to the attraction between proteins 

(Burrington, 2012)..  
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2.6       Analytical approaches to investigate conjugation 

 

MS can provide fast and accurate determinations of the extent of glycation reaction of milk 

proteins. These MS measurements can then be correlated with observations of changes in quality 

and functional properties in modified or unmodified milk proteins. The information provided by 

this technique can also help us understand the lysine bioavailability of milk proteins. 

Conjugation between sugar and whey proteins and the subsequent modification of their 

functional properties have been reported since the 1980s (Kitabatake et al., 1985). Detailed 

characterization of this conjugation occurred more recently with the advent of MS techniques 

which can detect intact proteins. The coupling of liquid chromatography to mass spectrometers, 

development of mass analysers with high mass resolution, and development of sophisticated 

deconvolution algorithms were all required before such analyses of conjugated proteins could 

occur. The MS technique is sometimes combined with 2D-PAGE for characterization of 

modification during the processing and storage of commercially-available milk powder products 

(Marvin et al., 2002). 

 

Lund et al. (2005) studied the lactosylation reaction of α-Lac in solution using Reversed-

Phase High Performance Liquid Chromatography Mass Spectrometry (RP-HPLC-MS). Other 

techniques have also been employed to monitor β-Lg model systems, such as immunochemical 

methods (Matsuda et al., 1985; Morgan et al., 1999c) and CE (Jones et al., 1998; Otte et al., 

1998), with the latter technique also applied to lactosylated α-Lac and β-Lg in milk powder 

samples (Jones et al., 1998; Guyomarc’h et al., 2000). Numerous studies have used ESI-MS and 

matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) techniques to 

investigate the changes caused by glycation of milk proteins (Brownlow et al., 1997; Leonil et 

al., 1997; Fogolari et al., 2000; Wu et al., 1999; Fayle & Gerrard, 2002; Fenaille et al., 2004; 

2005; 2006; Meltretter & Pischetsrieder, 2008; Meltretter et al., 2007; 2008a; Oliver et al. 2006; 

Oliver, 2011).  

 

 In relatively early studies, Morgan et al. (1997) and Leonil et al. (1997) characterised the 

adducts formed by lactose and β-Lg during mild heat treatment. Leonil et al. (1997) evaluated 

the extent of the initial MR by mass spectrometry and provided some of the first evidence of 

specific lactosylation of β-Lg. Morgan et al. (1998) monitored Amadori product formulation 

between lactose and β-Lg directly using ESI-MS and found the glycation reaction was faster at 

lower water activity, and further observed different heterogeneous β-Lg glycoforms.  
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The HPLC-MS technique combined with proteolysis has been used to determine the initial sites 

of lactosylation of the two major whey proteins α-Lac and β-Lg. Such mass spectroscopic studies 

have found, for example, that initial modification occurs at 
47 

Lys and 
100

Lys when the protein is 

glycated with lactose in the solution state (Chevalier et al., 2001b; Fogliano et al., 1998; Molle et 

al., 1998; Siciliano et al., 2000) while 
47

Lys and 
91

Lys are the sites which are first modified 

during dry heat treatment and can even react prior to heating (Fenaille et al., 2004; Morgan et al., 

1998). Morgan et al. (1998) reported that after 2 h incubation using the dry method, lactosylation 

had also occurred at the α-NH2 terminal and at the 
15

Lys,
 70

Lys and 
100

Lys residues and after 10 

h, three lactose molecules on average were bound to the β-Lg sites, with 10 Lys residue sites 

being glycated. Lactosylated β-Lg revealed the presence of site 
47

Lys (Chevalier et al., 2001b; 

Leonil et al., 1997; Meltretter et al., 2007; Molle et al., 1998; Siciliano et al., 2000). In some 

cases, presence of the expected tryptic peptide containing 
101

Lys (
101

Lys−
124

Arg), even in native 

β-Lg is harder to be observed (Chobert et al., 1990). 

 

 The two different variants of β-Lg (β-Lg A and β-Lg B) have been reported to show 

similar glycation behaviour (Fenaille et al., 2003; Losito et al., 2007; Monaci & van Hengel, 

2007), although they do have slightly different stabilities and structures (Dong et al., 1996; 

Gough & Jenness, 1962; Hillier et al., 1979; Huang et al., 1994). Morgan et al., (1998) 

investigated that the lactosylation of β-Lg during dry-heat treatment with a molar ratio of 1:50 β-

Lg B to lactose at pH 7, 50°C (65% RH) for 22 h, and compared the results to lactosylation in 

the solution state using 1:1000 β-Lg Variant B to lactose molar ratio at pH 7, 60°C for 72 h. The 

least reactive sites in the dry state (
8
Lys, 

60
Lys, 

83
Lys, 

135
Lys and 

141
Lys) (Morgan et al., 1998) 

were also the least reactive during lactosylation in solution (Morgan et al., 1997). French and 

Harper, (2001) and Morgan et al. (1998) noted that glycation of β-Lg most readily occurred at 

specific lysine residues, mainly on the protein surface.  

 

 Fenaille et al. (2004) investigated the conjugation of β-Lg using dry method with the 

condition of 1:200 β-Lg A/B to sugar molar ratio at 60
º
C (44% RH, pH 7.1) using MALDI-TOF-

MS and ESI-MS/MS. After 8.25 h there was no detectable unmodified protein, while 17 and 22 

sites had been modified by lactose and galactose respectively. They rationalised this high degree 

of modification by stating that galactose reacted at 19 expected sites (15 lysine and 3 arginine 

residues and the terminal α-NH2) of β-Lg as well as multiple conjugation at 
47

Lys and 
75

Lys. The 

high levels of conjugation possible with β-Lg and galactose was also discussed by Corzo-

Martinez et al. (2008) (1:100 β-Lg A/B to galactose molar ratio) who reported up to 21 galactose 

bound to each β-Lg molecule after reaction at 50
°
C, 44% RH, pH 7 (0.1 M phosphate buffer) for 
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6 days. Fenaille et al. (2004) reported that as well as the lysine residues, 
124

Arg of β-Lg is 

lactosylated. However, lactose appears to be more specific than galactose in mainly only 

glycating the lysine residues (Fenaille et al., 2004).  

 

Boland  et al. (2000) also had patented methods of controlling glycation via dry method 

MR of WPs to improve WP functionalities and progress of glycosylation monitored using ESI-

MS. Two experiments were conducted using WPI as WP source and lactose as reducing sugar. 

The two samples of WPI had different levels of initial lactosylation due to different processing 

history, labeled as WPI-1 (contains β-Lg variant A and B) and WPI-2 (contains β-Lg variant A) 

(Boland et al., 2000). Glycosylation was conducted at 40°C, with relative humidity of Aw = 0.79 

for 0, 3, 5, 7 and 10 days incubation time. At 0 hour, very little lactosylation was detected and 

the major peaks are the native β-Lg variants A and B. After seven days, adducts of lactosyllysine 

with incremental mass increase of 324 Da (the molecular weight of lactose) was observed, to the 

molecular mass of the native β-Lg variants A and B (for WPI-1). However, there is still some 

native β-Lg was monitored after day 7th. After 10 days all the native (non-lactosylated) β-Lg has 

gone, and lactosylated derivatives of β-Lg variants A and B (for WPI-1) with up to 10 lysines 

blocked can be seen, with the mean distribution around six adducts. Meanwhile, for WPI-2, a 

similar pattern to WPI-1 is seen after 10 days, with WPI-2 showing up to eight adducts with the 

mean around five lactosylation sites (Boland et al., 2000). Although the addition of lactose to β-

Lg could be readily observed, MS did not easily detect α-Lac, and no lactosylated species were 

found (Boland et al., 2000). 

 

 Although early studies such as that by Leonil et al. (1997) suggested that α-Lac did not 

appear to be as susceptible to conjugation as β-Lg, this may be because α-Lac does not ionize as 

readily as β-Lg and is, thus, more difficult to be analysed by MS. Higher mass resolution and 

more sophisticated deconvolution algorithms have enabled the detection of lactose conjugation 

to α-Lac. Subsequently, some studies reported that α-Lac is also lactosylated (Alomirah et al., 

2003; Hau & Bovetto, 2001). In milk-based systems, β-Lg appears to undergo more extensive 

glycation than α-Lac (Alomirah et al., 2003; Czerwenka et al., 2006; Guyomarc’h et al., 2000; 

Leonil et al., 1997). This is in contrast to the report by Nacka et al. (1998) that α-Lac is 

glycosylated more rapidly than β-Lg in a model system of 1:1000 to 1:5 molar ratio protein: 

sugar with different reducing sugars sugar (such as glucose, galactose, lactose, mannose, ribose 

and glyceraldehyde) at 60°C, pH 6.5 for 0−74 h, under anaerobic conditions). 

 

 



36 

 

2.7  Physical characterisation of the effect of conjugation 

 

Understanding the heat stability of conjugated proteins is necessary to produce more heat 

resistant milk protein products. Differential Scanning Calorimetry (DSC) can measure changes 

in thermal properties caused by heating, and is a relatively simple technique (Hettiarachchy et 

al., 2012). The thermal stability of DSC consists of two domains, first, thermal transition 

denaturation (Td) onset and second, thermal transition crystallization (Tc) peak (Enomoto et al., 

1997). The DSC output is displayed as a thermogram which shows both temperature and 

enthalpy changes during the denaturation or transition process (Chiu & Prenner, 2011). The 

temperature at which denaturation occurs, as given by the thermal transition midpoint (Tm), gives 

information on the stability of the tertiary structure of the protein. DSC can also be used to 

determine the enthalpy (ΔH) of denaturation of a protein from its native folded state (McGuffey 

et al., 2005; Chaudhuri et al., 2014). 

 

The pH of protein affects the denaturation process observed by DSC (Hettiarachchy et 

al., 2012). At pH 7.5, the thermogram for β-Lg before or after glycation indicated the presence of 

two endotherms at 40°C and 73°C, representing the dimeric and monomeric forms, respectively 

(Liu et al., 2012). It has been reported that β-Lg consists of two independent energetic domains 

that have different thermal stabilities (Dimitrios et al., 2001). Enomoto et al. (2007) have done 

the thermodynamic stability of β-Lg using DSC and it can be seen that native β-Lg has first and 

second domains. Td of second domain was 71.0°C for native β-Lg, and has slightly glycation and 

phosphorylation effects on the Td for β-Lg. However, for native α-Lac, a single peak was 

observed, with Td of 58.4°C (Enomoto et al., 2009). The α-Lac observation also suggests that 

most of the protein was in holo-form (Permyakov and Berliner, 2000). Both work conducted by 

Enomoto and his colleagues (2007, 2009) claimed that the effect of phosphorylation by dry-

heating with pyrophosphate after glycation via MR was small. Meanwhile, in other work Hattori 

et al. (1994) reported that ΔH for the β-Lg–carboxymethyl dextran conjugate decreased to 40% 

compared to that for the native β-Lg. This change was proposed to be due to a decrease in the 

secondary structure content, such as α-helix structure.  

 

Liu and Zhong (2013) had analysed DSC denaturation profiles for WPI conjugated with 

different sugars such as glucose, lactose and maltodextrin. Only the first scan of DSC was 

observed but nothing was seen on the second scan. The Td and ΔH of native WPI were 86.2°C 

and 19.7 kcal/mol at pH 3, respectively. As the pH increased from 3.0 to 5.0, the Td and ΔH of 

native WPI reduced, supporting the fact of better thermal stability of β-Lg at the lower pH (Boye 



37 

 

et al., 2000). The Td of conjugates was similar at pH 3.0 and 5.0, although ΔH was higher at pH 

5.0. Since all glycated WPI had Td significantly increased but the WPI glycated with glucose 

aggregated at various conditions, the increase in Td alone was not the main factor towards the 

limitation on aggregation of WPI glycated by lactose and maltodextrin (Liu and Zhong, 2013). 

 

In other work, Zhu et al. (2010) stated that Td of β-Lg in 10% WPI shifted slightly from 

74°C to 71°C after dextran was added without glycation. The WPI–dextran conjugate DSC 

thermogram was almost constant, suggesting that WPI in the WPI–dextran conjugate is mainly 

unfolded proteins. Similarly, Chevalier et al. (2002) proposed that β-Lg undergoes extreme 

denaturation (unfolding) when glycated with ribose or arabinose, since they observed no heat 

transition changes in DSC thermograms of the conjugates. They also noted a small increase of 

about 10°C in the denaturation temperature of β-Lg after glycation with lactose, rhamnose, 

glucose or galactose. This observation suggests that glycation could protect the protein from 

adverse heat treatment effects, compared to the unmodified proteins.  

 

In a different approach, Li et al. (2010) used circular dichroism (CD) technique to 

monitor the changes in the functional properties of WPIs upon phosphorylation by dry heating in 

the presence of pyrophosphate. CD spectroscopy can provide a measure of protein structure at 

the secondary folding level. CD spectroscopy was also used previously by Enomoto et al. (2009) 

to observe the effects on protein structure of glycation of phosphorylated α-Lac. From the 

finding by Enomoto et al. (2009), a slight change in the CD spectra suggested the mild changes 

of secondary structure α-Lac molecules by phosphorylation after glycation. Therefore, molten 

(partially unfolded) conformations were formed by phosphorylation after glycation (Li et al., 

2005).  

 

CD analysis after dry-heating phosphorylation showed mild changes on the secondary 

structure in OVAs and BSAs food proteins (Enomoto et al., 2007; Li et al., 2005; Hayashi, et al., 

2005). During this phosphorylation, it has formed what the authors termed molten (partially 

unfolded) conformations, and they stated that the surface hydrophobicity was increased, since 

buried hydrophobic residues were exposed at the surface of protein due to the repulsion the 

negative charges of the introduced phosphate groups (Li et al., 2004). The authors stated that 

these molten conformations induced firmer and more uniform gelation of soluble aggregates via 

extensive intermolecular interactions (Kato et al., 1989). Other authors have noted that 

phosphorylation greatly affects the secondary and tertiary structures of food protein by 

disrupting the protein native structure (Sitohy et al., 1995; Woo & Richardson, 1983). 
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Electrophoresis analysis such as Sodium Dodecyl Sulphate-Polyacrylamide Electrophoresis 

(SDS-PAGE) is also important to separate, identify and characterize the proteins in milk. The 1D 

and 2D electrophoresis provide information about the proteins’ physical properties such as the 

size and charge (O’Farrell, 1975). The different proteins move along the SDS-PAGE gel based 

on the difference in terms of electrophoretic motilities at the pH of the gel. The addition of 

negatively charged phosphate groups increases the mobility of WPs (Li et al., 2003; 2005, 

Hayashi et al. 2008; Enomoto et al., 2009a and 2009b), SDS-PAGE also can provide information 

on aggregate formation. Li et al. (2003; 2005) stated that a slight aggregation caused by disulfide 

bonds may have occurred during the heat treatment of WPI.  

 

 

2.8     Improvement of functional properties by conjugation of WPs 

 

Functional properties such as solubility, thermal stability, emulsifying activity, and whippability 

are closely associated with the size of protein, structural conformation and distribution of ionic 

charges (Spinelli et al., 1977). Treatments which can alter these properties include reactions 

which either add a new functional group to the protein or remove a component portion from the 

protein. Such modification can lead to improve solubility, foaming and emulsifying properties of 

the food product (Woo & Richardson, 1983; Matheis & Whitaker, 1984; Seguro & Motoki, 

1989; Aoki et al., 1994, 1997; Kato et al., 1995; Sitohy et al., 1995; Vojdani & Whitaker, 1996; 

Chobert, 2003). The glycation of proteins can modify their structure and functionalities.  

 

As noted in earlier sections, these effects have been studied on a laboratory scale by 

many groups, such as the reaction between purified β-Lg and lactose or glucose (Matsuda et al., 

1985), the conjugation of β-Lg with an alginic acid oligosaccharide conjugate (Hattori et al., 

1997) and the covalent binding of glycosyl residues (gluconic and melibionic acids) to β-Lg to 

improve solubility and heat stability (Kitabake et al 1985; Aoki et al., 1999; Chevalier et al., 

2001a; Hattori et al., 1997; Sato et al., 2005). Kato et al. (1995) improved the heat stability and 

emulsifying activity of OVA by modification with Glu-6P, and the heat stability and emulsifying 

properties of β-Lg were improved by conjugation with Glu-6P (Aoki et al., 1997).  

 

Watanabe et al. (1984) showed that glycation with lactose increased the temperature of 

denaturation of whey protein preparations as well as of isolated α-Lac and β-Lg. The heat 

stability and emulsifying properties of β-Lg were also improved by conjugation with 

carboxymethyldextran (Nagasawa et al., 1996). The emulsifying properties of casein were 
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improved by conjugating them with dextran and galactomannan (Kato et al., 1992). Japanese 

researchers pioneered studies on the antigenicity of the browning product between β-Lg and 

lactose (Matsuda et al., 1985 and 1987; Otani et al., 1985, a and b). Their findings were not 

surprising because although β-Lg is a valuable protein according to nutrition scientists, it is also 

known as a potent stimulant of milk allergies. About 82% of milk allergy patients are sensitive to 

β-Lg (Spies, 1976). 

 

Phosphorylation is a particularly effective way to increase negative charges in protein 

molecules and thereby improve functional properties (Matheis, 1991). However, chemical 

phosphorylation is often inappropriate for food processing due to the presence of unreacted 

chemicals, unwanted side reactions, and harsh reaction conditions. Enzymatic phosphorylation 

also has limits, e.g., the limited amount and the high cost of enzymes. There are several key 

reviews on food modifications (Means & Feeney, 1971; Feeney & Whitaker, 1977; 1982; 1986; 

Haertle & Chobert, 1999; Oliver, 2011).  

 

Despite the large interest in food modification, there has not been much study on 

conjugation of milk proteins with phosphorylated sugar, despite the early work conducted by 

Aoki (1996), Aoki et al. (1997) and Kato et al. (1995). Conjugating proteins with phosphorylated 

sugars could improve the functional properties like solubility and also could enhance the 

emulsifying properties of the proteins. These effects were show in the studies by Aoki (1996), 

Aoki et al. (1997), Kato et al. (1995), Wahyuni et al. (1999) and Hayashi et al. (2008). The 

significant improvement in the emulsifying properties of phosphorylated proteins upon mild 

phosphorylation was explained as being due to the presence of negative charges on the surfaces 

of the phosphorylated proteins. The negative charges cause electrostatic repulsion between the 

proteins, thus reducing the flocculation and coalescence of their emulsions (Taylor, 2003).  

 

In current dairy industry processes, lactose can react with milk proteins to form 

lactulosyllysine residues. This MR improves the emulsifying properties as discussed in other 

reviews (Darewicz & Dziuba, 2001; Diftis & Kiosseoglou, 2004; Groubet et al., 1999; Sato et 

al., 2000; Campbell et al., 2003; Chobert et al., 2006; Dickinson & Izgi, 1996; Pedrosa et al., 

1997; Handa & Kuroda, 1999, Oliver et al., 2006; Aoki et al., 1999). Kato et al. (1989, 1990) 

also explained that, better emulsifying properties accompanied by increasing surface 

hydrophobicity. At higher surface hydrophobicity, protein has better amphiphilic balance and at 

this protein state, it could prevent formation by electrostatic repulsion force of oil droplets 
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coalescence. The electrostatic force exists due to presence of negative charges of the phosphate 

groups within phosphorylated proteins (Li et al., 2004; Enomoto et al., 2005; Li et al., 2005).  

 

The amino acid residue lysine plays a key role in determining the extent of bioavailability 

of milk proteins. Lysine is an essential amino acid, but as reported in many reviews its 

nutritional value can be reduced through the MR. Such loss can become significant in the case of 

infant formula (Friedman, 1999).  Therefore, studies on the bioavailability of milk protein and 

their conjugates are also important. Loss in the bioavailability of milk proteins has been reported 

to be mainly due to the lysine deterioration (Anema et al., 2005); with alteration of other 

essential amino acids playing a lesser role (Fuquay et al., 2011). Factors such as the pH, the 

presence of anions such as bicarbonate or phosphate, and the identity of proximate amino acids, 

in either the primary or tertiary protein structure can affect the reactivity of lysine residues, 

presumably by affecting the Amadori rearrangement that occurs early in the MR (Baynes et al., 

1989; Burr et al., 1996; Henle & Klostermeyer, 1993; Walton & Shilton, 1991). The dependence 

on proximate amino acid residues can also be because the lysine residue that might otherwise be 

subjected to glycation, is partially protected by hydrogen bonds within the protein (Baynes et al., 

1989). 

 

In MR, proteins improved in terms of solubility (Katayama et al., 2002; Saeki & Inoue, 

1997; Sato et al., 2000; Shepherd et al., 2000). Protein solubility is defined as thermodynamic 

equilibrium that exist within protein-protein and protein-solvent interactions and protein-water 

interaction always associated with proteins functionalities. The peptide bonds and amino acid 

chains are important in solubility since the interaction tends to form dipole-dipole or hydrogen 

bonds and interactions with ionized or polar groups, respectively. Conversely, the hydrophobic 

interactions increase the protein-protein interactions and result in solubility decrease 

(Hettiarachchy et al., 2012). Although WPs has good solubility over wide range of pH (from pH 

2 to 9), its solubility is also affected by other factors such as temperature and addition of other 

compound. Solubility and stability of proteins were sometimes determined by the addition of 

salt, like calcium chloride, CaCl2 in previous study (Arriaga, 2011). At certain temperature, pH 

and concentration of CaCl2, added the WPs suffered from turbidity changes, and thus decreased 

their solubility. Maintaining solubility during WPs’ heat processing has remained an issue, since 

during the heat treatment, WPs are likely to denature and thus, altering the proteins’ structure. 

Reported studies on aggregation that can lead to loss of solubility were also discussed in many 

reviews (Aoki et al., 1999; Bouhallab et al., 1999; Chevalier et al., 2001c; Chobert et al., 2006; 

Ease et al., 1996b; Kato et al., 1988; Morgan et al., 1999c). 
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Turbidity of undiluted unheated and heated samples containing potassium iodate, KIO3 was 

measured in triplicate with UV spectrophotometer at 900 nm in 10 mm pathlength disposable 

cuvettes, at 25ºC and water was used as reference (Arriaga, 2011). There is an increase of 

turbidity as the KIO3 concentration increase. WP denaturation causes an aggregation into 

particles, increasing the turbidity that was obviously seen by naked eye. In the case of unheated 

samples, the presence of sugar leads to a decrease in turbidity as its concentration increases, 

which is probably related with the decrease of the refractive increment of sugar (Arriaga, 2011).  

 

In other study by Anema and Klostermeyer (1997), turbidity measurements at 900 nm 

was conducted on heated skim milk using UV-Vis. Milk sample of 10% total solids (TS) at pH 

6.7 or higher, has lower turbidity with higher temperature to a minimum at about 60°C and later 

turbidity increased again at higher temperatures. Minimum in turbidity at 60°C was greater, as 

the pH increased from 6.7 to 7.1, and turbidity increment at the higher temperatures was less 

observed. Prior to turbidity measurements, sample was diluted in 6% β-Lg native solution that 

correlates with calcium concentration, at a dilution rate of 0.1. Calcium was added to WP 

solution (mainly of β-Lg) during preparation using 1M CaCl2 solution and varied between 5.0 

and 7.0 mM of CaCl2 and pH adjusted to 6.8. At 95°C, turbidity increased significantly from 0.8 

to 2.13 between 5 and 6 mM of CaCl2 and has achieved saturation level for the highest calcium 

concentrations. Increment of turbidity could be due to the larger aggregates produced with both 

temperature and calcium concentration increment (Ndoye et al., 2013). Turbidity changes is also 

a useful measurement to determine the degree of WP aggregation (Anema and Klostermeyer, 

1997; Ju and Kilara, 1998; Simons et al., 2002; Giroux et al., 2010).  

 

Simons et al. (2002) also has reported an increment of turbidity for 20 mg/mL β-Lg 

solution heated at 70°C after 2 h as soon as increasing the calcium concentration from 0 to 15 

mM. Meanwhile, the turbidity decreased at higher calcium concentrations (50 and 100 mM). 

Decreased in turbidity was due to precipitation of aggregates (Ju and Kilara, 1998). Meanwhile, 

research done by Purwanti et al. (2009) has reported the impact of temperature (50–95°C) and 

NaCl concentration (0, 20 and 50 mM) towards turbidity formation of a WP solution containing 

3.2 g/L of β-Lg. This study has monitored the time temperature based on the industrial profiles 

as in the UHT pilot and has resulted an increment of the turbidity as the heating temperature 

extended, more obviously seen at temperatures above 75°C. As the NaCl concentration 

increases, it enhance the formation of turbidity, the same results obtained for CaCl2 

concentration. Similar to calcium ions, sodium ions also initiate heat induced aggregation of WP, 

although at lesser extent (Xiong, 1992; Majhi et al., 2006; Abhyankar et al., 2010). 
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Absorbances of unmodified and modified β-Lg and lactotransferrin (LF) protein samples were 

measured at 900 nm. All pure β-Lg and lactotransferrin (LF) solutions had absorbances 

approaching 100% in both water and the salt solutions, NaCl (Anema & de Kruif, 2014). At pH 

range of 5–7.3, complexes were formed. Meanwhile, the complexes were remain neutral charge 

as it approached maximum turbidity. When NaCl salt was added, complexation is halted and 

disappeared at 100 mM salt concentration (Anema and de Kruif, 2014). Based on turbidity 

analysis, a series of protein solutions with different ratios of β-Lg and LF were and the turbidity 

data observation at 900 nm of the solutions were monitored after mixing for 30 min (Anema and 

de Kruif, 2014). As the pH of protein mixture increased, the level of LF required to produce a 

turbid solution when mixed with β-Lg also increased. The width of the curves and the maximum 

turbidity varies with pH with the widest curve and the highest turbidity was observed at an 

intermediate pH of 6.3. Therefore, this observation suggests that turbidity quickly developed at 

optimize mixing ratio between the two proteins. However, due to complex formation, protein 

mixtures tend to dissociate rather slowly as the mixing ratio is exceeded from either side (Anema 

and de Kruif, 2014). 

 

Foaming properties are also important functional properties of protein and MR has been 

proved to improve foaming properties (Wierenga et al., 2009). The principle of foaming is based 

on the volume increment proportional to the gas that is introduced into a protein solution or 

dispersion. In the WPs context, the foaming properties was described as the ability of secondary 

and tertiary protein structure forming film at the air-water interface (Hettiarachchy et al., 2012). 

Protein-sugar conjugation under dry state and well-controlled conditions (temperature, RH and 

time), is an adequate method for improving functionality of proteins without important structural 

changes (Morgan et al., 1997; Oliver, 2011; Oliver et al., 2006). Corzo-Martinez et al. (2012) 

also explained that conjugation of β-Lg with galactose via the MR could be a good alternative as 

a foaming agent for protein. At pH 5, β-Lg:galactose glycoconjugates showed a better dynamic 

of adsorption to the air/water interface as compared to their corresponding controls of protein 

heated in absence of galactose. Meanwhile, conjugation at pH 5 of β-Lg-galactose discussed in 

the study allows application as a foaming agent in acidic foods. Meanwhile, conjugation of WPI 

and polysaccharide gum such as durian seed gum, enhanced foaming properties and this study 

revealed the presence of protein in the molecular structure of conjugated polymer significantly 

affected foaming ability by reducing surface tension (Amid et al., 2013).  

 

Meanwhile, conjugation via MR also provide excellent antioxidant activity (Lertittikul et 

al., 2007; Nakamura et al., 1998; Sun et al., 2005; Zeng et al., 2011; Dong et al., 2012; Jiang & 
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Brodkorb, 2012; Stanic-Vucinic et al., 2013), enhance antimicrobial or bactericidal activity 

(Chevalier et al., 2001b; Song et al., 2002; Takahashi et al., 2000; Tanaka et al., 1999), and also 

has improved textural properties (Ashie & Lanier, 1999; Easa et al., 1996; Gerrard et al., 2003a, 

2003b). Hydrolysis of whey protein is also performed to improve heat stability (Fox and Hearn, 

1978; Shimoyamada et al., 1996), reduce allergenicity (Mahmoud et al., 1992), improve 

digestibility (Potier and Tom, 2008), and liberate bioactive peptides (Korhonen and Pihlanto, 

2006). With an enzyme like trypsin whose likely attack sites are known, it is easy to predict the 

attack sites. Hydrolysis with trypsin lead to release of high amounts of lysine (Pindato et al., 

1999) and the enzymatic activity of trypsin is also very specific toward the positive side-chains 

of residues lysine and arginine, cleaving a peptide at the carboxyl side of these residues, during a 

hydrolytic reaction (Cheison et al., 2010). In the case of trypsin, it is already known that arginyl 

residues are up to 25-fold more easily hydrolysed than are lysyl residues (Wang and Carpenter, 

1967).  

 

 

2.8     Conclusions  

 

The dairy industries stresses the importance of utilizing the whey products for commercialization 

and there is a clear need for scientists to study milk protein interactions and to enhance the 

quality of whey products. The lysine bioavailability of WPs can be adversely affected during the 

processing of milk proteins, due to both chemical and physical changes that can result in protein 

denaturation and aggregation. In order to understand these problems, researchers are 

investigating the protein-protein interaction that occur in WPs throughout the processing of whey 

products. Different types of analysis have been introduced to enhance the tools for investigating 

the research towards whey proteins, with MS being an important contributor in most studies.  

 

  Previous studies have clearly shown that there are advantages to deliberately modify 

proteins via conjugation to sugars. It is important in such studies to identify the extent of protein 

conjugation. MS analysis has been widely used for this purpose, since conventional assays such 

as the o-pthaldialdehyde (OPA) assay can only determine the degree of conjugation but not the 

distribution of the conjugated groups. Most previous studies have just conjugated with 

uncharged sugar moieties, but the studies by Kato (1989 and 1990) and Aoki (1996 and 1999) 

indicate that there could be advantages in conjugating negatively-charged groups such as 

phosphates. Meanwhile, more protein-sugar phosphate conjugation should be investigated, since 

the resulted phosphorylated sugar-proteins could improve milk protein functionalities when 
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compared to conjugation of sugar-protein or unconjugated WPs. As mentioned earlier in this 

chapter, phosphorylation has improved the thermal stability of WPs, thus has become a solution 

for the least stability of WPs at low temperature. In this current study, the use of LP is especially 

appealing since lactose is a readily available commercial product.   

 

  In addition, understanding LP could also be used in future work where functionalities of 

whey proteins are manipulated through their conjugation with LP. Not much information on the 

characteristics of LP compounds and also their effects on functional properties of whey proteins, 

such as rheological and emulsifying properties, is reported in the published literature. In 

addition, information on the digestion of conjugated whey proteins-LP can be important, if LP is 

used in food systems.   
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3.1 Introduction           

 

This chapter describes the preparation of lactose phosphates (LPs) and their conjugation with 

whey proteins. It also describes the characterisation methods and the instrumentation that were 

used for the analyses. All chemical structures and compound terminology involved in this thesis 

are depicted in Appendix 1.1. 

 

 

3.2       Materials and chemicals 

 

Lyophilised lactose was obtained from Fonterra (Kapuni, New Zealand). Whey Protein Isolate 

(BiPRO) and α-lactalbumin was purchased from Davisco, Foods International, Inc. β-

Lactoglobulin was purchased from Sigma-Aldrich, New Zealand (Analytical grade) (for protein 

products, further description included in Section 3.2.1).  

 

Sunflower cooking oil for emulsifying test of protein was purchased from Warehouse 

shop, Auckland, New Zealand. The rest of the chemicals used were purchased from AJAX 

Finechem Pty Ltd. (Sydney, Australia), BDH chemicals (VWR International Ltd.) (Poole, 

England), ECP Ltd. (Auckland, New Zealand), J.T. Baker®, (Phillipsburg, NJ, USA), and 

Macron Fine Chemicals™ (Center Valley, PA, USA), unless otherwise specified. TLC analyses 

used silica gel TLC plate 60 F254 (20cm x 20cm) plates (Merck) and cellulose plates (Merck). 

Flash chromatography was used with silica gel 922 (200-325 mesh) solid fine (ECP Ltd). 
1
H 

NMR spectra were obtained at 400 MHz, 
13

C at 100.55 MHz, and 
31

P at 161.87 MHz. All the 

chemicals used were of analytical grade or highest available purity. HPLC, ESI-MS, and HPLC-

MS grade acetonitrile, ethanol, methanol, hexane and all other chemicals were purchased from 

ECP Ltd., Auckland, New Zealand.  Type 1 Water with a resistivity of 18.2 MΩ.cm was 

obtained from arium® pro Ultrapure Water Systems Sartorius AG Microsites (USA) and used 

throughout the experiments. 

 

2,2-Dimethoxypropane (CH3)2C(OCH3)2, MW: 104.15) (Sigma-Aldrich, USA). Analytical 

grade. 

2-mercaptoethanol (HSCH2CH2OH, MW: 78.13) (Sigma-Aldrich, USA). Analytical grade. 

Acetic acid (CH3COOH, MW: 60.05) (ECP Ltd., New Zealand). Analytical grade. 

Acetone (C3H6O, MW: 58.08) (ECP Ltd., New Zealand). Analytical grade. 

Acetonitrile, ACN (CH3CN, MW: 41.05) (ECP Ltd., New Zealand). Analytical grade. 
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Acrylamide (30% acrylamide and bis-acrylamide solution, 37.5:1) (BioRad, New Zealand). 

Analyical grade. 

Alcian blue 8GX powder (C56H68Cl4CuN16S4, MW:1298.86) (ScienceLab.com, Inc., Texas, 

USA). Analytical grade. 

Ammonia (NH4OH, MW: 35.05) (AJAX Finechem Pty Ltd., Australia). (28%) Analytical grade.  

Ammonium acetate (NH4CH3CO2 , MW: 77.08) (AJAX Finechem, New Zealand). (28%) 

Analytical grade. 

Ammonium persulfate ((NH4)2S2O8, MW: 228.20) (Sigma-Aldrich, USA). Analytical grade. 

Ammonium thiocyanate (NH4SCN, MW: 76.12) (Sigma-Aldrich, USA). Analytical grade. 

Anion exchange resin AG1-X8 chloride form, 8% crosslinkage, 100–200 dry mesh size 

(BioRad, New Zealand). Analytical grade. 

Barium hydroxide (Ba(OH)2, MW: 171.34) (Sigma-Aldrich, USA). Analytical grade.  

Broad range SDS-PAGE Precision Plus Protein-All Blue Prestained Protein standards. 

(BioRad, New Zealand). Analyical grade. 

Bromophenol blue (BioRad, New Zealand). Analyical grade. 

Calcium chloride (CaCl2, MW: 110.98) (Sigma-Aldrich, New Zealand). Analytical grade. 

Chloroform (CHCl3, MW: 119.38) (Sigma-Aldrich, USA). Analytical grade.  

Coomassie Brilliant Blue R250 (BioRad, New Zealand). Analytical grade. 

d-Chloroform (Sigma-Aldrich, USA). Analytical grade.  

d4-methanol (Global Science, VWR International Ltd., New Zealand). Analytical Grade. 

D-(+)-galactose (C6H12O6, MW: 180.156) (Sigma-Aldrich, Italy). ≥ 99%.  

D-(+)-glucose (C6H12O6, MW: 180.156) (Sigma-Aldrich, USA). ≥ 99.5%.  

D-(+)-Glucose-1-phosphate dipotassium salt hydrate (C6H11K2O9P · xH2O, MW: 336.32) 

(Sigma-Aldrich, USA). ≥ 97% grade purity. 

D-(+)-Glucose-6-phosphate sodium salt (C6H12NaO9P, MW: 282.12) (Sigma-Aldrich, USA). 

Sigma grade, crystalline. 

D-(+)-Lactose-1-phosphate (C12H21O14PBa, MW: 557.59) (Sigma-Aldrich, USA). Analytical 

Grade 

Deuterium oxide (D2O, MW: 20.03) (Sigma-Aldrich, USA). Analytical grade. 

Dichloromethane (CH2Cl2, MW: 84.93) (ECP Ltd., New Zealand). Analytical grade. 

Diphenyl phosphoryl chloride, (POΦ2Cl, (C6H5O)2POCl3, MW: 268.63) (Sigma Aldrich, 

USA). 99% 

Ethanol (CH3CH2OH, MW: 46.07) (ECP Ltd., New Zealand). 99.4%.  Analytical grade. 

Ethyl acetate (CH3COOCH2CH3, MW: 88.11) (ECP Ltd., New Zealand). Analytical grade. 

Formalin (37% Formaldehyde) (ECP Ltd., New Zealand). Analytical grade. 
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Formic acid (CH2O2, MW: 46.03) (Sigma-Aldrich, USA). Analytical grade. 

Glutaraldehyde solution (OHC(CH2)3CHO, MW: 100.12) (Sigma-Aldrich, USA). Grade II, 

25% in water 

Glycerol (C3H8O3, MW: 92.09) (ECP Ltd., New Zealand). Analytical grade. 

Hexamethyldisilazane (HMDS, (CH3)3SiNHSi(CH3)3, MW: 161.39) (Sigma-Aldrich, USA). 

Analytical grade. 

Hexane (C6H14, MW: 86.18) (ECP Ltd., New Zealand). Analytical grade. 

Hydrochloric acid (HCl, MW: 36.46) (ECP Ltd., New Zealand). Analytical grade. 

Iron (III) chloride (FeCl3, MW: 162.20) (Sigma-Aldrich, USA). Analytical grade.  

Isobutyric acid ((CH3)2CHCO2H, MW: 88.11) (Sigma-Aldrich, USA). Analytical grade. 

Isopropanol (C3H8O, MW: 60.1) (ECP Ltd, New Zealand). Analytical grade. 

L-Leucine ((CH3)2CHCH2CH(NH2)CO2H, MW: 131.17) (Sigma-Aldrich, USA). Analytical 

grade. 

Low-range SDS-PAGE standards marker 161-0304 (BioRad, New Zealand). Analytical 

grade. 

Methanol (CH4OH, MW: 32.04) (ECP Ltd., New Zealand). Analytical grade. 

p-hydroxybenzhydrazide (HOC6H4CONHNH2, MW: 152.15) (Sigma-Aldrich, USA). 

Analytical grade. 

para-toluene sulfonic acid  (p-TSA) ( CH3C6H4SO3H, MW: 172.20) (BDH Chemicals Ltd., 

USA). Analytical grade. 

Periodic acid (H5IO6 , MW: 227.94) (Sigma-Aldrich, USA). Analytical grade. 

Peroxidase from Horseradish (MW: ~40, 000) (Sigma-Aldrich). Analytical grade. 

Phosphorus (V) oxychloride (POCl3, MW: 153.3) (Sigma-Aldrich, USA). Analytical grade. 

Potassium bromide (KBr, MW: 119.00) (Sigma-Aldrich, USA). FT-IR grade, ≥ 99%.   

Potassium bromide (KBr) (ECP Ltd, New Zealand). Analytical grade. 

Potassium hydroxide (KOH, MW: 56.11) (Sigma-Aldrich, USA). Analytical grade. 

Potassium metabisulfite (K2S2O5, MW: 222.33) (ECP Ltd., New Zealand). Analytical grade. 

Pyridine (C5H5N, MW: 79.1) ((Sigma-Aldrich, USA). ≥ 99.9%. Analytical grade. 

Silver nitrate (AgNO3, MW: 169.87) (ECP Ltd., New Zealand). Analytical grade. 

Sodium carbonate (Na2CO3, MW: 105.99) (ECP Ltd., New Zealand). Analytical grade. 

Sodium chloride (NaCl, MW: 58.44) (AJAX Finechem Pty Ltd., New Zealand). Analytical 

grade.  

Sodium citrate tribasic dihydrate (HOC(COONa)(CH2COONa)2 ·2H2O, MW: 294.10) 

(Sigma-Aldrich, USA). Analytical grade. 

http://en.wikipedia.org/wiki/Methyl_group
http://en.wikipedia.org/wiki/Methyl_group
http://en.wikipedia.org/wiki/Sulfonic_acid
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Sodium Dodecyl Sulfate, SDS (NaC12H25SO4, MW: 288.37) (Sigma-Aldrich, USA). 

Analytical grade. 

Sodium hexametaphosphate ((NaPO3)6, MW: 611.77) (Sigma-Aldrich, USA). Analytical 

grade. 

Sodium hydroxide, NaOH (NaOH, MW: 40.00) (ECP Ltd., New Zealand). Analytical grade. 

Sodium phosphate dibasic (Na2HPO4, MW: 141.96) (ECP Ltd., New Zealand). Analytical 

grade. 

Sodium phosphate monobasic monohydrate (NaH2PO4·H2O, MW: 137.99) (ECP Ltd., New 

Zealand). Analytical grade. 

Sodium tetraborate (Na2B4O7·10H2O, MW: 381.37) (ECP Ltd., New Zealand). Analytical 

grade. 

Sodium thiosulfate (Na2S2O3, MW: 158.11) (ECP Ltd., New Zealand). Analytical grade. 

Sulfuric acid (H2SO4, MW: 98.079) (J.T Baker®, Baker Analyzed, USA). Analytical grade.  

Tetramethylethylenediamine (TEMED, C6H16N2, MW: 116.24) (BioRad, New Zealand). 

Analytical grade. 

Toluene (C7H8, MW: 92.14) (ECP Ltd., New Zealand). Analytical grade. 

Trypsin from porcine pancreas (Sigma-Aldrich, USA). Proteomics Grade, BioReagent, 

Dimethylated 

Trichloroacetic acid (TCA, MW: 163.39) (ECP Ltd., New Zealand). Analytical grade. 

Trifluoroacetic acid (TFA, C2HF3O2, MW: 114.02) (ECP Ltd., New Zealand). Analytical grade. 

Triethylamine (TEA, C6H15N, MW: 101.19) (Sigma-Aldrich, USA). Analytical grade. 

Trimethylsilyl trifluoromethanesulfonate (TMSOTf, CF3SO3Si(CH3)3), MW:222.26) (Sigma-

Aldrich, USA). 99% grade purity. 

Tris-glycine, pH 8.3 (5x dilution, BioRad, New Zealand). Analytical grade. 

 

3.2.1 Products specification for WPI (BiPRO) and α-Lac from Davisco, Foods  

International, Inc. and β-Lg from Sigma Aldrich 

 

WPI (BiPRO JE 189-2-420)) is manufactured from fresh, sweet dairy whey that is concentrated 

and spray dried. The product is a homogeneous, free flowing, semi-hygroscopic powder with a 

clean, bland flavour. BiPRO is a unique, is lactose free, natural and pure dairy protein comprised 

of β-Lg and α-Lac functional protein groups that have valuable gelling, water binding, 

emulsification and aeration properties. BiPRO replaces larger quantities of other functional 

ingredients providing improved flavour and mix efficiency. BiPRO is not denatured and is fully 

soluble over the pH range of 2.0 to 9.0.  Acording to the manufacturer this WPI comprises on a 
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dry basis 97.8% protein; 0.3% fat, 1.9% fat and 4.6 % moisture. 10% of this WPI in aqueous 

solution at 20ºC has a pH of 6.9. α-Lac (JE 024-2-410) is isolated from fresh, sweet dairy whey, 

using ion-exchange technology. The product is a homogeneous, free-flowing and semi-

hygroscopic white to light cream coloured powder. The flavour of the product is clean, and 

bland. The protein is in its native and undenatured form, and is fully soluble at wide pH ranges. 

This product contains 97.2% protein, 0.2% fat, 2.5% ash, and 5% moisture. 10% of this α-Lac in 

aqueous solution at 20ºC has a pH of 7.3. Both BiPRO and α-Lac are packaged in foil pouches, 

and were obtained from the Davisco manufacturing facility (Minnesota, USA), JEROME 

CHEESE COMPANY (Idaho, USA), Jeromy ID (Idaho, USA). Several analyses and 

microbiological profiles for WPIs (BiPRO) and α-Lac are described in Appendix 1.2. Nutrient 

information and amino acid profiles for WPIs (BiPRO) and α-Lac are also described in 

Appendix 1.3. While for β-Lg protein, it was obtained from Sigma-Aldrich company. It was in 

the form of lyophilised powder from bovine milk with 90% purity. 

 

 

3.3 Syntheses preparation of LP 

 

Two different general strategies were used for LP preparation. The first strategy involved 

phosphorylation without protecting any hydroxyl group in the lactose. The second strategy used 

selective protection of hydroxyl groups in lactose to cause regiospecific phosphorylation of 

lactose. Three methods for regiospecific phosphorylation of lactose are described in this chapter.  

 

3.3.1 LP Preparation via phosphorylation of unprotected lactose 

 

The preparation of LP via phosphorylation of lactose with hexametaphosphate was based on the 

method reported by Tarelli and Wheeler (1995). Lactose (2.0 g) was dissolved in aqueous 

sodium hexametaphosphate (20 mL, 1 M (based on NaPO3), pH 5.5) in a glass flask, then the 

solution was frozen at -80°C and lyophilized in a vacuum freeze dryer for 20 h. The flask was 

then covered with aluminium foil and heated at 80°C for five days. The resulting solid 

containing LP and unreacted material was sealed and stored in a dessicator prior to purification. 

 

3.3.1.1 Purification using anion exchange chromatography 

 

An anion exchange column containing about 80 g of AG1 x 8 (Dowex, Cl
-
 form) was first 

washed and then converted to the acetate form. The resin was initially washed with water, and 
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then with 500 mL 1.0 M NaOH, water, 500 mL 1.0 M acetic acid (HOAc) followed by washing 

with Type 1 water until the eluate was at pH 7.  For subsequent regenerations, this same protocol 

was used except it was preceded by washes with 500 mL 2 M HCl and then water. Initial 

attempts using potassium acetate (KOAc) solutions as eluent followed by evaporation and 

selective solution of the KOAc were unsuccessful, so we switched to ammonium acetate solution 

as the eluent. Ammonium acetate solutions evaporate completely during lyophilisation, although 

repeated wetting and re-lyophilisation may be required (Tarelli and Wheeler, 1997). 

 

For small scale purification of impure LP, about 2 g of impure LP powder was dissolved 

in 500 mL Milli-Q water and the pH was adjusted to 7. A 100 mL aliquot of this solution was 

slowly loaded onto the column and the column was washed with 500 mL of Milli-Q water to 

elute off the unphosphorylated lactose. The phosphorylated lactose was then eluted with slowly 

increasing ammonium acetate concentrations (200 mL of 0.1 M, 200 mL of 0.2 M, and 200 mL 

of 0.3 M). Hence, for large scale preparation, volume and mass of materials or solutions 

prepared two-times the amount of small scale preparation (except for Milli-Q washed that used 

the same volume of 500 mL).  

 

All fractions collected were tested with the p-hydroxybenzoic acid hydrazide (PAHBAH) 

assay for reducing sugars in a 96-well microplate format using the absorbance at 410 nm. 

Fractions were also analysed using thin layer chromatography (TLC) on cellulose as described in 

Section 3.3.1.3. Selected fractions that contained LP were pooled together and the pH was 

adjusted to 7, then the solution was frozen at -80°C and lyophilized in a vacuum freeze dryer for 

4-5 days for complete dryness. For the small scale purifications, the chromatography was 

replicated three times.  

 

Subsequently a large scale batch purification using 4 g of impure LP powder dissolved in 

1 L  Mili-Q water with the pH adjusted to 7 was performed. A 200 mL aliquot of this solution 

was slowly loaded onto the anion exchange column and the column was washed with 1 L of 

Milli-Q water to elute off the unphosphorylated lactose. The phosphorylated lactose was then 

eluted with slowly increasing ammonium acetate concentrations (400 mL of 0.1 M, 400 mL of 

0.2 M, and 400 mL of 0.3 M). Hence, for the large scale purification, the volumes and masses of 

materials or solutions were two-times those of the small scale purification (except for the Milli-Q 

wash). All fractions collected were tested the same way as for the small scale purification. The 

large scale purification was replicated nine times.  
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The resulting solid material containing LP was further purified using extraction with 95% 

ethanol. The undissolved solid was separated using centrifugation and dried under vacuum. A 

portion of the supernatant was analysed using Ion Chromatography (IC) to determine the major 

anionic impurities in the LP mixtures obtained from the ion exchange step (data shown in 

Appendix 2.1). The mass of the final LP product was recorded and the material was stored in 

desiccators. This product is referred to as unprotected LP (compound 2; see Appendix 1.1). This 

material was characterised using attenuated total reflectance-fourier transform infrared (ATR-

FTIR), electrospray ionisation-mass spectrometry (ESI-MS) and both 1D and 2D Nuclear 

Magnetic Resonance (NMR) spectroscopies.  

 

3.3.1.2 p-hydroxybenzoic acid hydrazide PAHBAH assay 

 

The positive PAHBAH test gives a light yellowish solution indicating the presence of reducing 

sugars, with a more intense yellow or orange colour indicating a higher concentration of reducing 

sugar. Thus, the PAHBAH assay reported by Lever (1972) provided a quick semi-quantitative 

method for monitoring the lactose and LPs eluting from the column. 

 

This method was modified from Lever (1972). PAHBAH solution 5% (w/v) was prepared 

in 0.5 M HCl. This solution is stable for at least a month. This PAHBAH solution was then 

mixed with 0.5 M NaOH in the ratio 9:1 vol/vol PAHBAH: NaOH. This solution should be 

prepared right before use and is only stable through a normal working day. Different 

concentrations of lactose solution were prepared as standards, in the range of 0 to 0.5 mg/mL. 

Lactose or LP standard or sample fractions (10 μ) was mixed with 200 μL PAHBAH solution 

mixture and heated for 5 min in a water bath at 100°C. Both standards and samples were 

measured in duplicate. The standards and samples were cooled to room temperature and the 

absorbances at 410 nm were determined using a 96-well plate reader (EnSpire® Multimode Plate 

Reader, Finland). 

 

3.3.1.3 Determination of sugar phosphates by TLC  

 

Sugar phosphates were separated on cellulose plates (Merck, Merck Millipore, Darmstadt, 

Germany) with isobutyric acid-ammonia-water (66:1:33) as a mobile phase. Plates were dipped 

in ammonium thiocyanate (1% in acetone), dried for 5 min in hot air using heat gun, and dipped 

in iron (III) chloride solution (50 mg in 100 ml of acetone). Sugar phosphates appear as light 

spots on a dark red surface (Labes & Schonheit, 2007). 
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3.3.2   Regiospecific synthesis of LP 

 

LP preparation via acetonation-dimethoxyisopropylation   

 

Lactose (5.00 g, dried under vacuum) and p-toluenesulfonic acid (0.209 g, dried under vacuum) 

were placed in an oven-dried 100 mL one-necked flask with a reflux condenser and after 

flushing with Ar, 2,2-dimethoxypropane (40 mL) was added and the suspension was stirred and 

heated at reflux for 3 h with an Ar-filled balloon placed on the condenser. The progress of the 

reaction was monitored by TLC on silica gel using toluene-ethyl acetate 1:1. Then, the condenser 

was arranged for distillation and about 10 mL of solvent was distilled then the suspension was 

left refluxing for another 1 h under Ar, then allowed to cool to room temperature. Triethylamine 

(0.5 mL) was added and the solution was evaporated to a thick oil (Rotavap), which was placed 

under high vacuum (3 x 10
-2

 mbar) overnight.  Then 80 mL of 10:1 vol/vol methanol: Type 1 

water was added and the solution was refluxed with stirring for 2 h then allowed to cool to room 

temperature. The solution was evaporated to an oil (Rotavap), then 30 mL of toluene was added 

and evaporated three times. The remaining oil was placed under high vacuum to give a viscous 

oil of compound 3. 

 

About 25 g of silica gel was slurried in dichloromethane (DCM) and loaded into a 

column. About 5 g of compound 3 crude product was dissolved in 100 mL of DCM solvent. The 

crude compound 3 solution was divided into about 20 mL portions for column chromatography.  

Each 20 mL was diluted with 80 mL 2:3 (vol:vol) of DCM:Hex and 0.1 % triethylamine (TEA) 

prior to loading on the column. The column was first washed with 200 mL of 2:3vol:vol 

(DCM:Hex) and 0.1 % TEA, then the compounds were eluted with 200 mL of 1:1 ratio of 

DCM:Hex and 0.1 % TEA and then with DCM and 0.1 % TEA. The presence of compound 3 in 

the fractions was determined using TLC with 2:3 ratio of Hex:EtOAc + 0.1 % TEA, with 

visualisation by dipping the plate in 10% H2SO4 in ethanol followed by strong heating as 

described by Yoshino et al. (1986). Selected fractions were pooled together and evaporated 

(rotavap) and then 50 ml of toluene was added and the sample evaporated three times. The 

sample was left overnight to crystallize to give a white solid product. Yield obtained were 

characterised and recorded using ATR-FTIR, ESI-MS and NMR. 

 



54 

 

 

 

Figure 3.1 Schematic reaction of lactose protection via acetonation (Bold numbers refer to 

compound numbers in the text). 

 

3.3.2.1 Method 1 for preparation of regioselectively-phosphorylated LP 

 

This preparation used a modification of the procedure given by Kim and Behrman (1995) for 

preparation of sucrose-6’-phosphate. Freshly-distilled POCl3 (0.40 mL) was added to ice-cold 

acetonitrile (1 mL) under N2, then 50 μL of Type 1 water and 0.39 mL pyridine were added and 

the solution was stirred with icebath cooling for 5 min under N2. Then 0.41 g compound 3 in 2 

mL acetonitrile was added and the solution was stirred in the ice-bath under nitrogen for 3 h.  

The solution was then poured on to ice-Type 1 water. This preparation was attempted several 

times.  In one attempt, after the reaction solution had been poured into ice water, the pH was 

adjusted to pH 8 with saturated barium hydroxide solution and then filtered to remove inorganic 

phosphate. The remaining solution contacting the LP product was then purified using the same 

anion exchange purification as described in Section 3.3.1.1. 

 

Thus, a 15 ml aliquot of the solution from the reaction of compound 3 with POCl3 was 

diluted to 100 mL with Type 1 water and slowly loaded into the anion exchange column. The 

column was then washed with 500 mL of Milli-Q water to elute off unphosphorylated lactose. 

The phosphorylated lactose was then eluted with slowly increasing ammonium acetate 

concentrations (500 mL of 0.1 M, 500 mL of 0.2 M, and 500 mL of 0.3 M). All fractions 

collected were tested with the PAHBAH assay for reducing sugars in a 96-well microplate 

format using the absorbance at 410 nm. Fractions were also analysed using TLC on cellulose. 

Selected LP fractions from the anion exchange purification were lyophilised and then were 

analyzed using HPLC-MS and 
1
H, 

13
C and 

31
P NMR spectroscopies. 

 

 

(1) 

(3) 
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Figure 3.2 Schematic reaction of compound 3 with phosphoryl oxychloride (POCl3) (Bold 

numbers refer to compound numbers in the text). 

 

3.3.2.2  Method 2 for preparation of regioselectively-phosphorylated LP 

 

Molecular sieves (4 Å, 0.15 g) were slightly ground in a mortar and pestle and placed in a dry 25 

mL round bottom flask under Ar. Then 4-dimethylaminopyridine (30 mg), compound 3 (0.45 g), 

and dichloromethane (10 mL) were added, followed by triethylamine (0.70 mL) and the solution 

was stirred under Ar for 10 min.  Diphenylchlorophosphate (0.25 mL) was added over 15 min 

and the solution was then stirred 1 h under Ar.  The solution was reduced in volume to an oil 

(Rotavap) and then dissolved in dichloromethane. The solution was loaded on a silica gel 

column (slurry prepared with dichloromethane) and then the column was eluted with 

dichloromethane and then 1:15 ethyl acetate: dichloromethane (200 mL), then the desired 

compound was eluted with 1:10 ethyl acetate: dichloromethane. The desired fractions were 

reduced in volume (Rotavap and then high vacuum) to give a clear oil (0.3267 g). 

 

(3) (4) 

(2) 
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Figure 3.3 Schematic reaction of compound 3 with diphenylphosphoryl chloride (POΦ2Cl) 

(Bold numbers refer to compound numbers in the text). 

 

Diphenylphosphorylated compound 5 (0.33 g) was placed in a 100 mL round bottom 

flask with platinum dioxide (PtO2) (70 mg), methanol (5 mL) and acetic acid (40 μL) flushed 

three times with N2 and then with H2 and then kept under an H2 atmosphere, using a thick-walled 

balloon.  The solution was stirred vigorously for 7 h and then another 40 mg PtO2 was added and 

the solution was stirred another 23 h.  The solution was filtered through a large bed of Celite 

with additional methanol washing to ensure all product was obtained.   

 

 

 

Figure 3.4 Schematic formation of lactose-6’-phosphate (Lact-6’P) prior to hydrogenation (Bold 

numbers refer to compound numbers in the text). 

 

The solution was evaporated to an oil (Rotavap), and then acetic acid (10 mL) and Type 

1 water (5 mL) were added and the solution was held at 65°C for 8 h under N2. The solution was 

cooled to room temperature and then evaporated (Rotavap), toluene was added and evaporated (3 

x 5 mL) and then the sample was placed under high vacuum for 2 h.  The resulting material was 

dissolved in Type 1 water (3 mL) and loaded on an IC-H SPE column (Extract Clean, prewashed 

with Type 1 water) and then washed through with 3 mL Type 1 water. Potassium hydroxide 

(3) (5) 

(5) 
(2) 
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solution (0.4 KOH in 2 mL H2O) was added dropwise until the pH was above 7. The resulting 

solution was freeze-dried to give the compound 2 dipotassium salt of Lact-6’P (0.274 g). 

 

3.3.2.3  Method 3 for preparation of regioselectively-phosphorylated LP  

 

3.3.2.3.1 Synthesis of LP via per(trimethylsilyl)lactose (per-TMS-Lact)  

 

Lactose, 1 (5 g) was dried under vacuum and placed in a two-necked 250 mL round bottom flask 

under N2. Then pyridine (75 mL) was added and the suspension was cooled in an ice bath. A 

mixture of hexamethyldisilazane (20 mL) and chlorotrimethylsilane (50 mL) was placed in a 

pressure-equalizing funnel and added slowly (over 30 min.) to the stirred suspension while an N2 

atmosphere was maintained.  There was gas evolution upon each addition, and at the end there 

was a milky white suspension in the flask.   

 

 

Figure 3.5 Schematic reaction of preparation of per-trimethylsilylated lactose (Bold numbers 

refer to compound numbers in the text). 

 

The suspension was stirred 48 h under N2, being allowed to warm slowly to room 

temperature over the first 3 h.  The solid was removed by filtration and the solution was reduced 

in volume (Rotavap).  A small volume of toluene was added and the solution evaporated, and 

this was repeated to give cloudy oil.  The oil was dissolved in a small volume of hexane, and 

washed with an equal volume of Type 1 water twice, then it was dried over anhydrous MgSO4.  

The solution was filtered using Celite and then evaporated to a colorless oil (Rotavap). On 

standing, the oil started to crystallise, and after leaving under vacuum (2 x 10
-2

 mbar) a white 

crystalline solid (9.76 g) was obtained. 

 

Pertrimethylsilylated lactose, 6 (2.826 g) was dissolved in dichloromethane (7 mL), then 

ammonium acetate (0.468 g) was dissolved in methanol (17 mL). The two solutions were mixed 

in a 50 mL round bottom flask and stirred for 4 h, by which time TLC (silica gel, hexane:ethyl 

(1) 
(6) 
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acetate 5:1) showed most of the starting material had disappeared. The solution was evaporated 

to an oil and then 30 mL hexane was added and the solution was washed with Type 1 water (30 

mL, twice), saturated aqueous NaCl (40 mL) and then dried with anhydrous MgSO4. The 

solution was filtered through Celite, loaded on a silica gel column (2.5 cm diameter x 15 cm, 

slurried in hexane) and washed with hexane and then eluted with hexane:ethyl acetate 19:1 then 

9:1. The fractions with the desired product were then evaporated to an oil (Rotavap) and placed 

under vacuum to give a white solid compound 7 (1.495 g). 

 

 

Figure 3.6 Schematic reaction of mono-deprotection of pertrimethylsilylated lactose (Bold 

numbers refer to compound numbers in the text). 

 

Molecular sieves (0.38 g, slightly ground), monodeprotected pertrimethylsilylated 

lactose, 7 (1.456 g), 4-dimethylaminopyridine (46 mg) and dichloromethane (20 mL) were 

placed in a dry 50 mL round bottom flask under Ar and then triethylamine (0.337 mL) was 

added and the solution was stirred as chlorodiphenylphosphate (0.56 mL) was added slowly over 

8 min and the solution was stirred for 22 h.  The solution was evaporated to almost dryness 

(Rotavap) and then toluene was added and the volume was again reduced.  The solution was 

loaded on a silica gel column (2.5 cm diameter x 15 cm, slurried with hexane) and then washed 

with hexane and then 1:9 ethyl acetate:dichloromethane. The top 5 cm of the column was 

removed and placed in a new column, and the column was washed with acetonitrile and then 

with 1:1 acetonitrile: Type 1 water.  The eluent from the latter eluate was reduced in volume 

(Rotavap and then high vacuum) to give a white solid compound 8 (0.602 g). 

 

(6) 

(7) 
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Figure 3.7 Diphenylphosphorylation of monodeprotected trimethylsilylated lactose (Bold 

numbers refer to compound numbers in the text). 

 

3.3.2.3.2 Hydrogenation of diphenylphosphorylated monodeprotected pertrimethylsilylated 

lactose 

 

Most of the product from the previous synthesis, 8 (0.464 g) was placed in a 50 mL RB flask 

with PtO2 (83 mg), methanol (8 mL), acetic acid (50 μL) and a stirrer bar, and the flask was 

flushed with N2. An H2-filled thick-walled balloon was attached via a three-way tap, then the 

flask was freeze-pump-thaw-degassed three times, then evacuated and filled with H2 three times. 

The solution was then stirred rapidly under an H2 atmosphere for 24 h (PtO2 was reduced to Pt 

after 1 h). After the hydrogenation, the solution was filtered through Celite, which was washed 

with methanol.  The filtrate was evaporated to an oil, toluene was added and then evaporated 

(Rotavap) to give a solid. The solid was dissolved in Type 1 water (5 mL) and loaded on an IC-H 

SPE column (pre-washed with Type 1 water) and eluted with Type 1 water.  The eluate was 

filtered (0.45 μm nylon), adjusted to pH 7.81 with KOH solution (0.44 g KOH in 2 mL) and then 

freeze-dried to give a white solid compound 2 (0.332 g). 

 

 

 

Figure 3.8 Formation of Lact-6’P from hydrogenation diphenylphosphorylation of 

monodeprotected trimethylsilylated lactose (Bold numbers refer to compound numbers in the 

text). 

(8) (2) 

(7) (8) 
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3.4 Methodology for dry conjugation method of WPI-LP  

 

In this section, the methods used in the WPI-LP preparation and also chemical analysis were all 

listed. The WPI and sugar or sugar phosphate mixtures were prepared by dissolving WPI (499.10 

mg or 49.91 mg) and sugar (189.2 mg or 18.92 mg) in 4 mL or 0.4 mL of Type 1 water (final 

ratio of sugar to protein 0.4:1 wt/wt). The solutions were then freeze-dried for 24 h to give white 

powders. The freeze-fried samples were then divided equally prior to reaction for different 

lengths of time (days).  

 

The dried mixtures were reacted in a container with a saturated solution of KBr to give a 

constant water activity (Aw) of 0.79 (Wexler, 1994) The container lids were loosened for 24 h to 

allow equilibration at the desired moisture content of 20% (Iglesies and Chirife, 1982). 

Incubation was carried out at 40°C in a temperature controlled room. Samples of dried powder 

were removed at 0, 1, 2, 3, 4, 5, 7 and 10 days for OPA assay and also mass spectral analysis. 

Once the target lactosylation level was obtained, the mixture was dissolved in 2 ml Milli-Q water 

and was spin-centrifuge filtered using a 3-kDa cut-off spin filter (2 mL protein solution). The 

filtered conjugated milk protein powder were immediately lyophilised and then stored at -20°C. 

The samples were prepared in duplicate. This method is modified from previous experiment by 

Boland et al. (2000) and Anema et al. (2005). 

 

3.4.1 Browning colour observation using measurement at absorbance 294 nm and  

420 nm 

  

About 1 mg/mL of unmodified and modified milk proteins solution were prepared and direct 

measurement were taken using two different absorbance of 294 nm and 420 nm (Kim and Lee, 

2010). Absorbance of each protein solution was determined using a UV-Vis spectrophotometer 

(UV-3600Plus, Shimadzu, Japan). 

 

3.4.2 OPA analysis to determine primary amino groups available 

 

The OPA assay was used in this study to approximately determine the number of free primary 

amino groups, before and after protein conjugation with sugar. A standard calibration of leucine 

with the appropriate range was developed for the purpose of quantitation of the absorbance that 

correlated to the number of primary amino groups available (Chevalier et al., 2001b). 
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OPA reagent preparation 

The OPA reagent is highly light and UV sensitive. First, 8 mg of OPA was dissolved in 0.2 mL 

methanol and 0.25 mL of 20% w/v sodium dodecyl sulphate (SDS), then 10 mL of 0.1 M sodium 

tetraborate adjusted to pH 9.3 was added and finally, 17.9 uL of 2-mercaptoethanol was added 

(Chevalier et al., 2001b). This reagent should be stored, covered with aluminium wrap and 

should be used within 24 h, as prolonged storage reduces the accuracy of results during 

absorbance analysis at 340 nm using 96-well plate reader (EnSpire® Multimode Plate Reader, 

Finland).  

 

Standard calibration curve with Leucine 

The analysis provides an estimate of the amount of free primary amino groups (lysines) on each 

protein, via comparison of the colour developed when the OPA test is applied to conjugated 

proteins to the colour developed when amino acid standards are used. Leucine was used for the 

calibration. A leucine stock solution of concentration 0.2 mg/ml was prepared and this was 

diluted with Type 1 water to give the required concentrations. Each standard and sample solution 

was prepared in duplicate.  

 

The solutions were pipetted into a 96-well clear plate then 200 µl of OPA reagent was 

added to each sample in each corresponding well of the plate. The reaction was allowed to 

proceed for 5 min before absorbance analysis at 340 nm. The absorbance values vs 

concentrations are given in Appendix 6. These were used to determine the percentage free 

amino groups in a given protein or protein conjugate compared to the total amino group content 

at time 0 h. 

 

3.4.3 Polyacrylamide gel electrophoresis (PAGE) 

 

Electrophoresis experiments (SDS-PAGE in reducing conditions) were performed using a Mini 

Protean II gel electrophoresis apparatus (Bio-Rad, USA) as described by Laemmli (1970). The 

chemical compositions for the preparation of 15% resolving gel and 4% stacking gel are 

indicated in Appendix 9.  

 

3.4.3.1  Preparation of SDS-PAGE gels 

 

The acrylamide solution from resolving gel was poured inside the prepared mini-protean II 

Biorad setup. About 3 cm from the top was left empty for the stacking gel later. Isopropanol was 
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used on top of the resolving gel solution to remove air bubbles while waiting for the gel to 

solidify at room temperature for about an hour. Then, isopropanol was discarded, and the top of 

the solidified resolving gel was washed with Milli-Q water to remove any unpolymerized 

acrylamide. The stacking gel was slowly poured on top of resolving gel, and a clean comb was 

immediately inserted. Again, the stacking gel was left to solidify for about 2 h or longer. (Note: 

Low-range SDS-PAGE standards (Biorad, 161-0304) marker was used, which has six significant 

bands and molecular weight range between 14-97 kDa. Low range marker was diluted to 1:20 

ratio of marker to sample buffer. Tris-glycine (pH 8.3) was used from Biorad (Auckland, New 

Zealand). Another marker used was from Broad range SDS-PAGE Precision Plus Protein-All 

Blue Prestained Protein standards (Biorad, 161-0373) that has 10 significant bands. Broad range 

marker was directly used and pipetted into the gel without dilutions. 

 

3.4.3.2  Running gel electrophoresis 

 

About 10 μL of each sample was mixed up with 10 μL of SDS sample buffer (under reducing 

condition). Method preparation of sample buffer solution is discussed in Appendix 9. Before 

loading the sample in, the wells were washed carefully to remove any excess unpolymerized 

acrylamide. The gel was setup together with the electrophoresis apparatus. The ready stock 

running buffer of Tris-glycine (pH 8.3) was added into the electrophoresis tank. In each well of 

the gel, 10 μL of mixed samples were loaded in. Before start running the gel electrophoresis, 

ensure all the current and voltage were at the appropriate condition. Electrophoresis gel was run 

at 180 V for an hour. Once finished running the gel, the electrophoresis setup was turned off. 

The glass plates were removed from the electrophoresis apparatus and placed on a paper towel. 

The plates were slowly and carefully separated using the plastic spatula from Biorad. The gel 

was fixed with any gel staining required. 

 

3.4.3.1.1 Staining for Polyacrylamide gel electrophoresis (PAGE) 

 

In this study, three different ways of staining were used in order to give more significant protein 

bands and to qualitatively show the glycoprotein interaction based on the bands formed from 

each gel after electrophoresis. These staining methods are based on modification method from 

existing protocols for gels staining. 
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3.4.3.3.1  Coomassie blue staining 

 

The Coomassie blue staining is widely used in SDS-PAGE analysis, to observe the protein 

bands’ molecular weighs (MW). This type of staining is very simple and very fast to be 

prepared. This method was modified from Laemmli (1970). Materials used and procedure for 

staining is discussed in Appendix 9. 

 

3.4.3.3.2  Silver staining 

 

The silver staining mainly was used to observe protein bands that are less sensitive, to be seen by 

Coomassie blue staining. In certain protein analysis, the amount of protein is too small, even for 

Coomasie blue gel. By using silver staining, it will make the bands more observable on the gel 

plus, only a small concentration of the protein required. The method is modified from Moller et 

al. (1995) and Goldberg and Warner (1997). Materials used and procedures for staining are 

discussed in Appendix 9. 

 

3.4.3.3.3  Periodic acid oxidation and subsequent alcian blue/silver staining of   

                       glycoproteins 

 

Different from the other two staining methods mentioned earlier, periodic acid oxidation-alcian 

blue staining was used to observe clearly the glycoprotein and non-glycoprotein bands 

interaction. This type of staining is very informative in this study since this technique could 

quickly determine how much conjugation qualitatively achieved. Although, there are many steps 

involved, this method is still worth to be done in this study. This method was modified from 

Moller et al. (1993). The materials used and procedure for staining are discussed in Appendix 9. 

 

3.4.4 Hydrolysis of protein using porcine trypsin 

 

Protein hydrolysis was done using porcine trypsin (Sigma Aldrich, Proteomics Grade, 

BioReagent, Dimethylated). Selected non-conjugated and conjugated α-Lac, β-Lg and WPI after 

3 days of incubation were hydrolysed with trypsin enzyme for different times. Five different 

incubation times were trialled: 1, 2, 5, 8 h and 18 h. About 500 μL of 1 mg/mL protein solution 

(suspended in 100 mM ammonium bicarbonate pH 8.5) was divided into five portions of 100 μL 

each then 2 μL of trypsin enzyme was added to each portion and the solutions were incubated at 

37°C. The reaction was stopped by the addition of 0.5 mol/L HCl and the sample was inactivated 
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at 100°C. OPA absorbance reading at 340 nm were recorded using an EnSpire® Multimode 

Plate Reader (Finland).  

 

Hydrolysed proteins are generally characterised by their degree of hydrolysis (DH), 

which expresses the number of peptide bonds cleaved as a percentage of the total number of 

peptide bonds available (Foegeding et al., 2002). The OPA method of analysing the DH of 

protein hydrolyses has been employed. This method is preferable since it is more accurate, is 

easier and faster to carry out, has a broader application range, and is environmentally safer than 

the trinitro-benzene-sulfonic acid (TNBS) method (Nielsen et al., 2001). In protein hydrolysis, 

the key parameter for monitoring the reaction is the DH. This DH quantity is an important index 

of protein hydrolysis and determines several properties of the hydrolysates (Adler-Nissen, 1986). 

DH is defined as the percentage of cleaved peptide bonds (Cheison et al., 2010). By definition, 

the DH is given by equation: 

 

DH = h/htot 
x
 100%    (3.1) 

 

Where h is number of peptide bonds hydrolysed and htot is the total number of peptide bonds per 

protein equivalent. htot is dependent on the amino-acid composition of the raw material, and for 

whey, the htot constant value is equivalent to 8.8 (Adler-Nissen, 1979 and 1986; Nielsen et al., 

2001). 

 

For determination of h, the calculation is as follow: 

 

h = ([ODblank/ODstandard – ODblank*0.9515 meqv/L*0.1*100/X*P] – β) / (α meqv/g protein)    (3.2) 

 

where X = g sample; P = protein % in sample; 0.1 is the sample volume in liter (L). β constant 

value for whey = 0.40 (Adler-Nissen, 1979 and 1986; Nielsen et al., 2001).  
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3.4.5 Turbidity analysis of conjugated proteins 

 

A series of 1% (wt/vol) solutions of conjugated protein were prepared by dissolving 10 mg 

protein in 1 mL of each of seven different concentrations of CaCl2 (0, 5, 10, 20, 50, 200 and 800 

mM) with pH adjusted to 7. After 1 h the absorbance of each solution at 900 nm was determined 

using a UV-Vis spectrophotometer (UV-3600Plus, Shimadzu). All samples were prepared in 

duplicate and the data shown are mean values of the two determinations. This method was 

modified from a method published by Arriaga (2011). 

 

3.4.6 Emulsifying properties of conjugated proteins 

 

This was done according to the method of Pearce and Kinsella (1978), with 1 mL of sunflower 

oil being added to 3 mL of 0.1% protein sample solution in 10 mM phosphate buffer (pH 7.4) 

before the mixture was homogenized at 12,000 rpm at 20°C for 1 min. Immediately after 

emulsion formation 50 μL of the emulsion was removed from the bottom of test tube and diluted 

with 5 mL of 0.1% SDS solution. The absorbance of the diluted emulsion was then determined at 

500 nm (UV-Vis Mini 1240, Shimadzu). All samples were measured in duplicate and the data 

shown are mean values of the two determinations.  

 

3.4.7  Statistical Analysis 

 

Statistical analysis was carried out using IBM SPSS statistics software (Version 22, IBM Corp., 

2013). The absorbance value for browning intensity analysis at 294 nm and 420 nm, degree of 

hydrolysis (DH), temperature values and heat capacity for DSC analysis and absorbance values 

for emulsification measurements at 500 nm were analysed using one-way analysis of variance 

(ANOVA). ANOVA was also carried out for comparison of mean values, which were further 

separated using Duncan significant difference test. 
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3.5 Instrumentation 

 

The instruments used in this study are listed in this section. Sample preparations, solvent 

preparations and instrumental conditions are stated where appropriate.  

 

3.5.1 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) 

spectroscopy 

 

A small amount of freeze-dried material (~2mg) was placed on the ATR attachment with 

diamond crystal of ATR-FTIR (Spectrum 400, Perkin Elmer, USA). Scanning was carried out in 

the 4000 to 400 cm
-1

 region with resolution 4 cm
-1

. The spectra were recorded and the data were 

analysed using OMNICS™ spectra software (Thermo Fisher Scientific, USA) and Origin 

software (OriginLab, USA). 

 

3.5.2 Mass Spectrometry (MS) Analysis 

 

3.5.2.1   Electrospray ionization mass spectrometer (ESI-MS) 

 

ESI-MS in positive ion mode (m/z 50-1000) was used for the analysis of the protected ADMP 

compounds (Bruker MicrOTOF-QII MS). The following conditions were used: capillary voltage 

4500 V, nebulizer gas (N2) set at 0.4 bar, temperature 180°C at a flow rate of 4.0 mL/min. Each 

sample was dissolved in 1 ml DCM and 2 µl of the solution mixture was diluted in 1 mL 

methanol and further diluted 50 µl in 1 mL methanol.  

 

ESI-MS in both negative and positive ion modes (m/z 50-1000) were used to determine 

different compound target in this study. The negative mode was mainly used for the detection of 

LP, and standard calibration curves of lactose-1-phosphate (Lact-1P) and lactose-6-phosphate 

(Lact-6P) were also prepared in the negative mode. Some organic compounds prepared in the 

regiospecific synthesis of LP were analysed using positive mode. Bruker compass DataAnalysis 

4.0, excel and Origins softwares were used to record and plot the data. 

 

Standard calibration curves for L-1-P and for L-6’-P using ESI-MS 

 

Duplicate standards were prepared with 0, 4, 10, and 20 g/L of Lact-1P or Lact-6’P. A 50 uL 

sample of the sample solution (1 mg/mL) was diluted to 1000 uL with 99% methanol in water. 



67 

 

For each diluted solution standard, ESI-MS intensity readings were recorded and then a 

calibration graph was plotted as shown in Appendix 2.3.  

 

3.5.2.2  Reversed Phase-High Performance Liquid Chromatography - Mass   

                       Spectrometer (RP-HPLC-MS) 

 

All the conjugated protein samples and also the solutions from the tryptic digests of milk 

proteins were analysed by on-line RP-HPLC-MS on a triple-quad TOF (Agilent Technologies, 

USA). HPLC-MS was used to determine the extent of conjugation of milk proteins and sugar 

and and also to observe the tryptic digest fragementation patterns. The milk proteins and 

peptides were separated by reversed-phase analytical column Jupiter 5 μm C4 300Å (250 mm 

length × 4.6 mm i.d., Phenomenex, USA) at a flow rate of 0.5 mL/min (40C, 5 uL injection 

volume). Ion detection was performed in positive mode, and molecular masses were determined 

from the m/z charge using the Mass Hunter Qualitative analysis B.07.00 and Deconvolution 

software B.06.00 from Agilent. The gradient program for whey proteins was set as follows:  

 

Table 3.1 Gradient condition of RP-HPLC for milk proteins. 

 

Time (min) Solvent A Solvent B 

0 67 33 

5 65 35 

22 50 50 

25 67 33 

30 67 33 

 

 

3.5.3   Nuclear Magnetic Resonance (NMR) Spectroscopy  

 

NMR spectra were recorded on a Bruker DRX-400 spectrometer operating at 400 MHz for 
1
H 

nuclei, at 100.5 MHz for 
13

C nuclei and at 161.87 MHz for 
31

P nuclei. All chemical shifts for 
1
H, 

13
C and 

31
P NMR are reported in parts per million (ppm) relative to tetramethylsilane. 

1
H NMR 

data are reported as chemical shift, multiplicity and coupling constant (J Hz). 

 

 Assignments were made with the aid of one dimensional (1D), two dimensional (2D) 
1
H 

NMR, 
13

C NMR 
31

P and DEPT-135 where required. The 2D 
1
H NMR experiments were COSY, 
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TOCSY, HSQC, HMBC, HMBC-
31

P, NOESY. Chemical shifts are in ppm from Me4Si, 

generated from the D2O lock signal at 4.79, CDCl3 lock signal at 7.26 and MeOD lock signal at 

4.79. Some 
13

C NMR were also reported in DEPT-135. Multiplicities are reports by using the 

following abbreviations: s = singlet, d doublet, t = triplet, q = quartet, dd = double of doublet, dt 

= double of triplet, td = triple of doublet, m = multiplet, J = coupling constant values in Hertz. 

About 30 mg of material(s) was (were) dissolved in 0.45 mL of NMR solvents suitable for the 

different compound types and analysis (the solvents used are mentioned in the Results and 

Discussion Section in each chapter). TopSpin and MestreNova softwares were used to process 

and analyse the NMR spectra.  

 

3.5.4   Differential Scanning Calorimetry (DSC) 

 

A Q1000 differential scanning calorimeter (DSC; TA Instruments, Newcastle, New Jersey, 

USA) was used for the calorimetric analysis of conjugated milk protein powder. The method 

used was based on that reported by Chen et al. (2015). All samples were weighed (2-3 mg) into 

aluminium DSC sample pans (Tzero pan), then about 6 μL (three times mass of milk protein 

powder) of 10 mM phosphate buffer (pH 7.4) was added slowly on to the sample inside the pan. 

The pan was hermetically sealed and left to equilibrate for about an hour. The DSC was 

calibrated for temperature and heat capacity. An empty pan was used as a reference. In the 

experiment, the sample pans were equilibrated to 25°C and held at that temperature for another 2 

min. The heating rate for the DSC scan was 5°C/min over the range 25–105°C. The DSC 

measurements were done in triplicate. DSC data were analysed with the Universal Analysis 

Software (version 3.6C) for thermal analysis, which was provided with the instrument (TA 

Instruments). Two anchor points were inserted at the start and the end of the major peak and a 

baseline was drawn between them.  

 

The following parameters were calculated:  

 

 The onset temperature, calculated from the intersection of the baseline with the 

extrapolated; 

 Tangent to the inflection point of the leading edge of the major peak; 

 The peak temperature, the highest temperature point of the major peak;  

 The area, the calculated area under the thermogram between the two anchor points.  
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3.5.5     Analysis on Circular dichroism (CD) spectroscopy measurements  

 

The secondary structures of modified proteins were determined at 25°C, using a circular 

dichroism spectropolarimeter (Applied Photophysics PiStar Spectrometer, Photophysics Ltd. 

Surrey, UK) with a spectral resolution of 2 nm. The spectrum (180–320 nm) was recorded using 

a 10 mm path length quartz cell at a scan speed of 100 nm/min and sensitivity of 20 mdeg 

(miliDegrees). The samples (WPI only, WPI-Lactose, WPI-LP 1 and WPI-LP 2) were diluted to 

0.1 mg/ml (4 mL), pH 7 using 0.1 M phosphate buffer. CD spectra were corrected for solvent 

contributions and were expressed in terms of specific ellipticities versus wavelength. The graphs 

after analysis were replotted using the PiStar V.4.4.2.0 and excel software (Wen-qiong et al., 

2013).  

 

3.5.6   Colour L*a*b* analysis  

 

The evaluation of colour of the heated protein/sugar (three days incubation time) was measured 

using a Minolta Chroma Meter, model CR-300 (Konica Minolta, Japan). Calibration was done 

by a white plate before use. The system provides the values of three colour components; L* 

(black-white component, luminosity), and the chromaticity coordinates, a* (+red to –green 

component) and b* (+yellow to –blue component) (Hunter, 1942). Samples were placed into a 5 

cm diameter glass petri dish as described by Morales and van Boekel (1998). The sample was 

illuminated with D65-artificial daylight (10° standard angle) according to the manufacturer’s 

specifications. The E index was calculated from the equation: E = (L*2 + a*2 + b*2)
1/2

 and the 

Chroma value (C) was determined using the equation: C = (a*2+ b*2)
1/2

. Each colour value 

reported is the mean of four determinations at 25°C.  
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Chapter 4 

 

Preparation of Unprotected Lactose Phosphates via 

Direct Esterification of Lactose 
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4.1  Introduction 

 

The aim of this chapter is to prepare LP via esterification of unprotected lactose with sodium 

hexametaphosphate using the method reported by Tarelli and Wheeler (1995) for preparation of 

sucrose phosphates. Although this method is relatively low yielding and requires extensive 

chromatographic purification of the product, it is worth assessing because it would allow direct 

preparation of LP. Due to the low yields expected, purification of the LP was identified as a key 

concern. Anion exchange using low concentrations of ammonium acetate to elute off the 

different reaction products was the primary purification method investigated. Ammonium acetate 

was used since it is easily removed via lyophilisation. Purification of LP at both large batch and 

small batch scale is reported.  

 

  This chapter also reports the characterisation of the synthesised LP using a combination 

of 1D and 2D Nuclear Magnetic Resonance (NMR), together with quantitation using Liquid 

Chromatography Mass Spectrometry (LCMS).  

 

 

4.2  Results and discussion 

 

This section discusses the products from the reaction between lactose and sodium 

hexametaphosphate. At the end of this section, selected pure LP fractions (named F1 Lact-P 

compound 2 in this chapter) will be further characterised and discussed. 

 

4.2.1  Reaction between lactose and sodium hexametaphosphate 

 

The method for reaction of lactose with sodium hexametaphosphate is described in Section 3.3.1 

and shown diagrammatically in Figure 4.1. The reaction was performed in 12 batches, with an 

initial mass of lactose of 2 g (small scale) or 4 g (large scale). The resulting unprotected LP 

mixture contained excess lactose and sodium hexametaphosphate. The experimental details of 

the subsequent purification steps are given in Section 3.3.1.1.  
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Figure 4.1 Schematic diagram showing the preparation of unprotected LP mixture from lactose 

and sodium hexametaphosphate. 

 

4.2.2  Purification using anion exchange column 

 

Before using ion exchange chromatography to purify the unprotected lactose phosphate mixture, 

the anion exchange column was loaded with 2 g of unmodified lactose which was then eluted 

with water to determine the volume required to completely elute this lactose from the column. 

Figure 4.2 (black line) shows that lactose was removed from the column after washing with 500 

mL water, and also shows typical results observed using the p-hydroxybenzoic acid hydrazide 

(PAHBAH) assay which determines the presence of reducible sugars in the solution. Meanwhile, 

Figure 4.2 (red line) shows the same lactose solution purification in black line, but with 10 times 

dilution of the same fractions were taken for PAHBAH assay. We want to avoid misleading of 
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absorbance reading from the lactose solution purification that can be due to more saturated 

reducing sugar as shown in black line in Figure 4.2. 

 

 

Figure 4.2 Graph showing results from the PAHBAH assay performed on 50 mL fractions () 

obtained when unmodified lactose was eluted from the ion exchange column with water, and the 

same fractions diluted 10 times (). This was used to determine the volume of water required to 

elute unmodified lactose from subsequent preparations.  

 

  A calibration curve for the PAHBAH assay based on lactose standards was used to 

determine amount of lactose eluted from the column (see Appendix 2.2). When a solution 

containing about 2 g of impure LP mixture powder was loaded on to the anion exchange column, 

the lactose was first removed with water and then most LP was eluted with 0.1 M and 0.2 M 

ammonium acetate adjusted to pH 5.5, with inorganic phosphate coming off towards the end of 

the elution with 0.2 M ammonium acetate and then with 0.3 M ammonium acetate. The collected 

fractions were tested with the PAHBAH assay (Lever, 1972) with a typical elution result as 

shown in Figure 4.3. The observed results differ from those reported by Tarelli and Wheeler 

(1995), where the sucrose phosphate isomers were eluted at higher concentrations of ammonium 

acetate salt solution (0.6 M and 0.8 M, each adjusted to pH 5.5). This is probably because the ion 
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exchange column used in this study has a lower retention than the column used in Tarelli and 

Wheeler’s work.  

 

 

 

Figure 4.3 Graph showing results of the PAHBAH assay on fractions collected during small-

scale purification of impure LP by anion exchange chromatography. 

 

  The fractions 25-30 (Figure 4.3), which correspond to elution of the LPs, were pooled 

into three portions F1 (25 and 26), F2 (27, 28), and F3 (29, 30), with the total mass after freeze-

drying of each portion being 0.10 g, 0.12 g and 0.17 g, respectively. Thus, the total mass of the 

LP fractions is around 0.39 g, which is about ~20% of the initial mass of lactose. These fractions 

still contained impurities including ammonium phosphate and ammonium chloride, even after 

two passages through the column. In particular, F3 was impure since it is collected on the 

decreasing side of the LP peak shown in Figure 4.3 but it had the highest mass. Fractions F1 and 

F2 contained higher purity LP.  

 

  Large-scale purification of LP was also performed, as shown in Figure 4.4. About 4 g of 

impure LP was dissolved in 1000 mL Milli-Q water and loaded on to the column, then excess 



75 

 

lactose was eluted with 500 mL Milli-Q water. The phosphorylated lactose was then eluted with 

increasing ammonium acetate concentrations (400 mL of 0.1 M, 400 mL of 0.2 M, and 400 mL 

of 0.3 M). Overall, the 12 batches of phosphorylation of lactose resulted in about 44 g of impure 

product which after anion exchange and lyophilisation gave a mass of 7.4 g impure LP. 

 

 

Figure 4.4 Graph showing results of the PAHBAH assay on fractions collected during large 

batch-scale purification of impure LP by ion exchange chromatography. 

 

 4.2.2.1      PAHBAH assay for reducing sugars  

 

As the LPs were eluted from the ion exchange column with increasing concentrations of 

ammonium acetate (pH 5) as described in Section 4.2.2, each fraction was assayed using 

PAHBAH (Lever, 1972). Osazones are formed in the PAHBAH test in the presence of reducing 

sugars which have either a free aldehyde or a ketone group to react with the PAHBAH. Osazone 

formation from lactose or its derivatives involves hydrazone formation at C-1 of the aldose ring, 

followed by oxidation of the C-2 alcohol group to a ketone. The new carbonyl group is then also 

converted to a hydrazone (Figure 4.5).  

 

  Initially a modified version of the PAHBAH assay reported by Lever (1973) which 

contained sodium hydroxide (NaOH) and calcium chloride (CaCl2) was used. However, this 

gave a white precipitate in the presence of phosphate-containing species, which interfered with 
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the spectrophotometric measurement of the osazone product. Therefore, the original PAHBAH 

assay solution reported in 1972 by Lever was used in this study. The total mass of LP in the 

isolated LP fractions was estimated using a standard calibration curve generated by reacting 

lactose with PAHBAH. The total value obtained (560 mg of lactose phosphate in total 12 batches 

of 44 g impure LP) will not be accurate since the PAHBAH calibration curve was generated with 

lactose rather than LP. A technique such as mass spectrometry is required for more accurate 

quantitative analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Diagram showing formation of osazone from lactose in the PAHBAH assay. 
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4.2.2.2      Purification of impure LP by selective extraction 

 

Since the LP obtained from the ion exchange column appeared to contain impurities that were 

not removed by repeated anion exchange chromatography, the use of selective solvation to 

purify the material was investigated.  This was initially performed on a small scale (about 50 mg 

lyophilised material), with 3 mL ethanol (absolute) being added to the solid, mixed, then 

centrifuged for an hour. The mass of material in the precipitate and supernatant were 40 mg and 

10 mg, respectively. A 20 mg portion of the precipitate was extracted with a larger volume of 

ethanol (absolute) (10 mL) and then the resulting precipitate was extracted with 95% ethanol (10 

mL each time, washed twice), after which 13 mg of precipitate was isolated. The other 20 mg of 

the initial precipitate was extracted with just 95% ethanol. Both the precipitate and supernatant 

fractions were separated and freeze-dried. The supernatant was analysed using Ion 

Chromatography (IC) to identify any impurity anions present (data shown in Appendix 2.1). The 

IC results presented a Cl
-
 concentration indicated that most of the removed mass being 

ammonium chloride. This presence of NH4Cl as an impurity was also supported by the 
1
H NMR 

results for the supernatant fraction which showed only signals corresponding to the ammonium 

ion at around 7 ppm (Appendix 5.3.9), although 
31

P NMR analysis of the residue from the 

supernatant also indicated a small amount of phosphate was present (Appendix 5.3.10). It is 

suspected that the Cl
-
 in those fractions came from incomplete regeneration of the anion 

exchange column to the acetate form.   

 

Selective dissolution using 95% ethanol removed much of this inorganic impurity from 

the remaining impure LP material, and the fractions were lyophilised to dryness with the final 

mass being 3.3 g, corresponding to <10% pure LP being in the initial reaction mixture, which is 

consistent with the results for sucrose phosphates reported by Tarelli and Wheeler (1995). The 

final purified LP is labelled as compound 2 (see Appendix 1.1) in this study. Further 

characterization of compound 2 is given later in this chapter. After lyophilisation, each 

supernatant and precipitate fraction was analysed using NMR (10 mg of sample powder 

dissolved in D2O). Also, each sample solution was analysed with electrospray ionisation-mass 

spectrometry (ESI-MS). Fractions were also analysed using thin layer chromatography (TLC) on 

cellulose, with visualisation using iron thiocyanate (Labes and Schonheit, 2007). Sugar 

phosphates appear as light spots on a dark red surface. However, this TLC separation and 

detection assay could not differentiate between inorganic and organic phosphates. 
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4.2.3       Characterisation of LPs (Lact-P Compound 2) 

 

Further analysis and characteristization of LP is important to determine the relative proportions 

of the different isomers of LP. The following section will discuss several instrumental techniques 

used to characterise the LP. There have only been brief descriptions of LP previously (Breg et 

al., 1988; Lifran et al., 2007). Breg et al. (1988) reported the presence of four isomers of LP in 

pharmaceutical grade lactose (PGL) and characterised them using partial high performance 

liquid chromatography (HPLC) separation and NMR spectroscopy. Later, Lifran (2007) 

developed a quantification technique for LP using capillary electrophoresis (CE) although this 

could not separate and quantify the different LP isomers.  

 

4.2.3.1      Analysis of Attenuated Transmission Reflectance Fourier Transform Infrared   

                 (ATR-FTIR) of LP (Lact-P Compound 2) 

 

The final product of pure LP or compound 2 (as mentioned in Appendix 1.1) after purification 

was adjusted to pH 7 and freeze-dried. Comparison of the FTIR spectra of unmodified lactose 

and compound 2 of LP showed a difference in the bands observed at about 3000 cm
-1

. Ohtake et 

al. (2004) reported that sugar-phosphate compounds are highly sensitive towards pH changes 

due to the different protonation states of the phosphate ions. In order to analyze the strength of 

the sugar-phosphate interaction (due to hydrogen bonding and also covalent bonding), they 

analyzed FTIR measurements of both sucrose phosphate and trehalose phosphate and determined 

changes in the frequency of the -OH stretching bands. For instance, pure dehydrated trehalose 

and sucrose show the –OH stretching band at 3600 cm
-1

, and this wavenumber is reduced by the 

addition of phosphate.  

 

  As depicted in Figure 4.6, all sugar phosphates analyzed show a decreasing frequency of 

the –OH stretching band compared to the parent sugar. Also, Ohtake et al. (2004) mention that 

when the pH of sucrose phosphates were increased from 4.5 to 9, the frequency of the –OH 

stretching band decreases by 50 cm
-1

 and 60 cm
-1 for the dehydrated trehalose- and sucrose-

phosphate mixtures, respectively. This downshift in the frequency of –OH stretching is proposed 

to correspond to increased interaction between the sugars and the phosphates at a higher pH. 

However, since biological materials tend to be most stable at neutral pH values, the current study 

only used material isolated from solutions with pH near 7. 
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Figure 4.6 ATR-FTIR spectra of LP compound 2 (Fraction 1 and Fraction 2 that were collected 

and freeze-dried after purification) and selected sugar/sugar phosphate standards, showing 

changes in the region associated with O-H and C-H stretches. 

 

4.2.3.2      Analysis of lactose phosphate (Lact-P Compound 2) by Electrospray Ionisation  

                 Quadrupole-Time of Flight Mass Spectrometry (ESI-Q-ToF-MS) 

 

In a previous study by Visser (1988), the relative mass abundance of LP was determined using 

HPLC and Gas Liquid Chromatography (GLC). HPLC with UV detection will not be able to 

definitively identify the LP isomers, and nor will HPLC-MS, however, MS can differentiate 

monophosphates from diphosphates. This section reports the application of MS for the 

determination and quantification of LP (compound 2). The nominal mass LP is 422, while that of 

lactose is 342 so the negative mode of MS detects LP and lactose as m/z 421
- 

and 341
-
, 

respectively. The difference in mass between LP and lactose is 80 corresponding to the addition 

of a phosphate group on to lactose. In this study, MS with electrospray-ionization (ESI) with 

Time-of–flight (ToF) mass analysis was used. The results of the ESI-MS analysis are 

summarized in Appendix 3 and most spectra are included in Appendix 4. Initially, the purity of 

the prepared LP (compound 2) was determined using an HPLC-MS from Thermo Scientific with 

a Thermo HyperCarb column specifically designed for sugars. However, due to the 
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unavailability of this HPLC-MS instrument later in this study, a Bruker ESI-Q-ToF-MS was 

used for most of the LP quantitation reported in this chapter. 

   

  The lactose-1-phosphate (Lact-1P) standard used to prepare calibration curves for the 

ESI-MS analysis was commercially available from Sigma-Aldrich, while once lactose-6’-

phosphate (Lact-6’P) was chemically synthesized as described in Chapter 5, it was also used to 

create a calibration curve for LP (see Appendix 2.3). The plotted calibration curves were linear 

up to 0.0025 mg/mL lactose phosphate with R
2
 values for the Lact-1P and Lact-6’P calibrations 

being 0.9906 and 0.9984 respectively. The R
2
 values indicate the strong correlation between the 

measured intensity at m/z 421 and the concentration of LP. The reported data for purity and 

concentration were calculated based on the standard calibration curves from both Lact-1P and 

Lact-6’P. The Lact-6’P standard had a lower slope than Lact-1P, which may be due to differing 

purities of the standards or differing ionization efficiencies. When these two standards of Lact-

1P and Lact-6’P were measured at the same time, plotted graph of intensity versus concentration 

is shown in Appendix 2.3.  

 

  The concentration amount on lactose phosphate present is lower when compared to the 

value calculated based on a lower slope for the Lact-6’P standard calibration curve meaning that 

a given intensity gave a higher apparent concentration. It would imply that, the Lact-6’P gave 

higher apparent purity than Lact-1P. Lact-1P used as calibration curve for LP determination. For 

instance, LP fraction-F1 of compound 2 (from the unprotected preparation) has shown 38.5% 

purity based on Lact-6’P as standard curve, while it shows 54.5% with Lact-1P (see Appendix 

2.3). However, purity of the same compound has shown much difference when analyzed with 

RP-HPLC-MS from Thermo Scientific. The value on purity somehow was observed to be higher 

when analyzed with ESI-Q-ToF-MS. This is due to different instrument used that has difference 

in MS sensitivity towards the same LP analyzed. The higher purity indicates the higher amount 

of pure LP each fraction has.  

 

The ESI-MS results confirmed that the material isolated from the anion exchange column 

was impure (e.g. the fraction corresponding to F1 in Figure 4.3 contained approximately 55% of 

LP, based on the Lact-1P calibration curve), and that the selective extraction with ethanol 

increased the purity of the LP.  
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4.2.3.3       NMRs analysis of LP (Lact-P Compound 2) 

 

LP has positional isomers and anomers, thus is it very difficult to assign peaks in the NMR 

spectra using only 1D NMR information. Therefore, Breg et al. (1988) used a combination of 1D 

and 2D NMR to characterise four LP that were purified from PGL, since 2D NMR spectra 

provide additional information that allows the dermination of the position of the phosphate 

group. We also used the 1D and 2D NMR analysis of lactose reported by Bubb (2003) to assist 

in our NMR characterisations for this current study. By combining 1D and 2D NMR and probing 

1
H, 

13
C, and 

31
P nuclei, the different LP isomers could be characterised easily. Fractions of the 

LP compound 2 from the anion exchange column identified as containing the same material were 

pooled together and lyophilised to dryness to ensure no extraneous water was present that would 

result in a large HoD peak in the 
1
H NMR spectra. All NMR data of controls, lactose and LP 

relevant to this chapter are given in a subsection of Appendix 5.  

 

4.2.3.3.1     
31

P NMR data of LP (Lact-P Compound 2) 

 

Control experiments with the lactose used as reactant for the preparations (Appendix 5.1.3) 

showed no signals in the 
31

P NMR. 
31

P NMR spectra of the commercial Lact-1P showed three 

separate peaks at 1.95, 2.31 and 2.34 ppm which appeared as doublets in the 
1
H coupled 

31
P 

NMR spectrum (see Appendix 5.2.5). 

 

  The F1 fraction of Compound 2 showed three peaks at 2.5, 2.6 and 2.9 ppm with 

intensity ratio of 1:1:2 in the 
1
H decoupled 

31
P NMR spectrum, each of which was a triplet in the 

1
H coupled 

31
P NMR spectrum (Figure 4.7). Visser (1984; 1988) and Breg et al. (1988) 

investigated both 
1
H coupled and decoupled 

31
P NMR of partially separated LP fractions. Two 

different fractions were analysed, reported in their papers as Fractions A and B. Doublet patterns 

in the 
1
H coupled 

31
P spectra are indicative of the presence of Lact-1P or of the secondary LPs 

Lact-2P/2’P, Lact-3/3’P, Lact-4/4’P or Lact-5P/5’P, since in all these isomers the phosphate is 

bound to a carbon atom with one hydrogen atom. Triplet patterns in the 
1
H coupled 

31
P NMR 

spectrum were indicative of the presence of the primary LPs Lact-6P and Lact-6’P, where the 

phosphate is bound to a carbon atom with two hydrogen atoms. Consistent with those results, our 

31
P NMR measurements confirmed the presence of Lact-6P and Lact-6’P in our F1 fraction of 

LP compound 2 (Appendix 5.35). This compound was also analysed with 2D 
31

P – 
1
H HMBC 

NMR, with results reported later in this chapter. Comparisons of these data with those from Breg 
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et al. at (1988) are given in Table 4.1. The data obtained by Breg et al. (1988) are also reported 

in the same table. 

 

Table 4.1 
31

P-
1
H and 

31
P-

13
C coupling constants (Hz) for LP (F1 Lact-P Compound 2) as 

determined from 
13

C-
31

P, 
1
H-NMR and 

1
H-

31
P spectra. 

 

 

 

  The three peaks observed here are in contrast to the results of Breg et al. (1988) who 

reported only two peaks at chemical shift (δ) 0.92 and 1.11 ppm in the 
31

P NMR spectrum (each 

a triplet in the coupled spectrum) with 
3
JPOCH of 4.5 and 6.9 Hz, respectively, and with an 

intensity ratio of 2:3. The presence of peaks within the chemical shift range of -20 to -25 ppm 

could correspond to the presence of internal 
31

P in polyphosphates, while peaks in the range -5 to 

-10 ppm could correspond to terminal 
31

P in polyphosphates. An impurity signal observed at a 

chemical shifts around 0-5 ppm, corresponded to orthophosphate. This was predicted to be the 

most likely phosphorous-containing contaminant in the LP. Prior to the extraction with 95% 

ethanol, the purity of the LP fraction is very low, as shown by additional peaks in the 
31

P-NMR. 

Also, the 
1
H NMR analysis of this fraction prior to ethanol purification showed a broad peak at 

around 7 ppm, indicating the presence of ammonium ions (Figure 4.8). The 
31

P NMR spectrum 

of pure LP of compound 2, only shows significant peaks in the 2 - 4 ppm region. Overlaid 
31

P 

NMR spectra showing the relative positions of the LP signals and those of key potential 

contaminants are shown in Figure 4.9. Note that addition of ammonium phosphate caused a 

change in pH which has altered the position of the LP signals. 
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Figure 4.7 Comparison of 
31

P NMR of LP compound 2 and Lact-1P. 

 

  As well as identifying the position of phosphate substitution, the 
31

P NMR can be used to 

identify any presence of inorganic phosphate contaminants in the LP. This was decided to be a 

better alternative than the strategy of Visser (1984), who quantified free phosphate and total 

phosphates using a conventional total phosphorus method with UV spectrophotometry. Possible 

inorganic phosphate impurities were sodium hexametaphosphate and ammonium phosphate, so 

control measurements were made with these substances. pH control is very important for the 

NMR studies since the chemical shift of phosphates is dependent on the protonation state. It has 

also been noted that chemical shifts in 
31

P NMR can depend on the concentration of the sample, 

the solvent used, and the presence of other compounds (Lara and Barron, 2013). 
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Figure 4.8 Comparison of 
1
H NMR of (a) LP (F1 Lact-P Compound 2) supernatant  

and (b) LP (F1 Lact-P Compound 2) precipitate 
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Figure 4.9 
31

P NMR Spectra showing positions of LP (F1 Lact-P Compound 2) signals and 

those of likely inorganic phosphate impurities. 

4.2.3.3.2 
13

C NMR data of LP (F1 Lact-P Compound 2) 

 

Phosphorylation can cause a downfield shift in the signal of nearby carbon atoms. Most 
13

C 

NMR signals analysed in this current study (see Table 4.2) shifted 1.7-4.8 ppm, in agreement 

with previous studies by Visser (1984) and Breg at al. (1988). The 
13

C NMR pattern for LP 

observed in this study (Figure 4.10) is almost identical to the 
13

C NMR spectra of lact-6P and 

lact-6’P (Fraction A) as reported by Breg et al. (1988). The 
13

C NMR Spectra of pure LP (F1 

Lact-P Compound 2) obtained in this study were also compared to data for lactose and Lact-1P. 

Thus, the 
13

C NMR spectrum of unsubstituted lactose was overlaid with that of LP (F1 Lact-P 

Compound 2) to observe any shift of carbon signals due to phosphorylation. The comparison 

with Lact-1P was included to determine whether the pure LP (F1 Lact-P Compound 2) 

contained the Lact-1P isomer. The 
13

C NMR data are reported in Appendix 5.3.2 and are 

summarised in Table 4.2.  

 

  The two signals at δ 61.7 and δ 62.7 in the 
13

C NMR were assigned to signals of Glc-6 

for the α and β anomers. Both signals are deshielded downfield by about 3 ppm, from the 

unsubstituted lactose signals. Similarly, about a 2 ppm downfield shift occurs in the signals at 

about δ 63.0 ppm, compared to the free lactose. These signals are ascribed to C-6 of a Glc and a 

Gal residue with a phosphate at C-6. DEPT-135 NMR spectra of LP (F1 Lact-P Compound 2) 

and unmodified lactose, Figure 4.11,  assisted in the interpretation of the 
13

C NMR data since the 

–CH2 carbons have downward signals, while –CH carbons have upward signals. Characterisation 

data for F1 Lact-P compound 2 using 
13

C NMR (D2O, 101 MHz) yields: δ 103.1, 102.7 (d, J = 

35.5 Hz; CH), 95.8, 95.7, (d, J = 12.9 Hz, CH), 91.78 (CH), 80.8 (CH), 79.3, 79.2 (d, J = 18.8 

Hz), 78.3, 78.1 (d, J = 15.6 Hz), 75.2 (CH), 74.38 (CH), 73.93 (dd, J = 30.6, 7.1 Hz), 72.67 

(CH), 72.49 (d, J = 32.9 Hz), 71.67-71.64 (m), 71.15 (dd, J = 29.5, 21.2 Hz), 70.02 (CH), 68.69 

(CH), 68.42 (d, J = 45.7 Hz, CH2), 63.02 (CH2), 62.67 (CH2), 61.03 (CH2), 60.15 (d, J =14.6 Hz, 

CH2).  See Table 4.2 below for more signals. 
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Figure 4.10 
13

C NMR spectra of LP (F1 Lact-P Compound 2), lactose, and Lact-1P, all in D2O. 
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Figure 4.11 DEPT-135 
13

C NMR spectra of LP (F1 Lact-P Compound 2), lactose, and Lact-1P, all in D2O.
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Table 4.2 
13

C NMR spectra and coupling constants (Hz) of LP (F1 Lact-P Compound 2), unsubstituted lactose, and Lact-1P.  

 

Lactosea Lactoseb 1-Phosphateb 6'-Phosphatea 6'-Phosphateb 6-Phosphatea 6-Phosphateb

Glc 1α 93.12 91.82 93.3 (+148) 93.09 (-3) 91.78 (-3.8) 93.17 (+5) 92.48 (+66.4)

2α 72.47 71.16 71.81 (+65) 72.41 (-6) 71.16 (+0.1) 72.28 (-19) 68.65 (-251)

3α 72.72 71.42 71.88 (+46) 72.75 (+3) 71.42 (+0.4) 72.69 (-3) 72.327 (+90.7)

4α 79.78 78.49 78.55 (+6) 80.73 (+95) 79.39 (+90.7) 79.1 (-68) 78.347 (-14.3)

5α 71.39 70.11 70.75 (+64) 71.33 (-36) 70.92 (+81.1) 70.51 (-88) 70.02 (-8.9)

6α 61.27 60.00 60.07 (+7) 61.42 (+15) 60.07 (+7.7) 64.66 (+339) 61.76 (+176.5)

Glc 1β 97.07 95.77 93.35 (-242) 97.00 (-7) 95.70 (-6.6) 97.13 (+6) 95.83 (+6.2)

2β 75.12 73.82 n.d 75.05 (-7) 73.74 (-7.2) 75.05 (-7) 73.81 (-1)

3β 75.63 74.37 n.d 75.70 (+2) 74.38 (+1) 75.61 (-7) 74.12 (-24.8)

4β 79.65 78.36 n.d 80.57 (+92) 79.21 (+85.1) 79.10 (-55) 78.19 (-16.9)

5β 76.09 74.79 n.d 76.02 (-7) 74.71 (-7.8) 74.87 (-122) 72.65 (-213.5)

6β 61.39 60.12 n.d 61.56 (+17) 60.22 (+10.1) 64.70 (+331) 62.66 (+254.9)

Gal 1α 104.23 102.93 103 (+7) 104.40 (+17) 103.13 (+20.1) 103.91 (-32) 102.77 (-15.2)

1β n.d n.d n.d n.d n.d 103.96 (-27) 102.77 (-15.3)

2 72.26 70.97 70.98 (+1) 72.41 (+15) 72.54 (+157) 72.17 (-9) 71.16 (+19.13)

3 73.84 72.54 72.52 (-2) 73.69 (-15) 72.32 (-21.3) 73.90 (+6) 72.65 (+11.47)

4 69.86 68.57 68.61 (+4) 69.50 (+36) 68.2 (-37) 69.94 (+8) 68.65 (+8.03)

5 76.65 75.35 75.36 (+1) 75.20 (-145) 74.04 (-130.6) 76.60 (-5) 75.25 (-9.8)

6 62.33 61.05 61.05 (0) 65.34 (+301) 63.01 (+196.7) 62.33 (0) 61.02 (-2.6)

Note: 

* n.d not determined

* value of chemical shift in brackets expressed in times 100        
a Sources from Breg et al. (1988) 
b Current experimental results 

Compound

Atom
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4.2.3.3.3 
1
H NMR data of LP (F1 Lact-P Compound 2) 

 

Phosphate attachment in monophosphorylated disaccharides is expected to induce a downfield 

shift for nearly all the protons of the monosaccharide unit to which phosphate is attached, while 

the protons of the non-phosphorylated sugar in a monophosphorylated disaccharide resonate at 

or about their chemical shifts values in the parent sugar (Tarelli and Wheeler, 1995). Tarelli and 

Wheeler (1995) easily identified each phosphorylation position due to partial separation of their 

products. Phosphorylation resulted in about 0.2 ppm downfield shifts of the 
1
H signals. Data 

from 
1
H NMR analysis of lactose, Lact-1P and also LP F1 compound 2 are given in Table 4.3. 

The 400-MHz 
1
H-NMR spectrum of compound 2 is also presented in Appendix 5.3.1. Full 

characterization of the 
1
H NMR spectra required further analysis using the 2D NMR techniques 

HSQC and HMBC as discussed in Section 4.2.3.4.4.  

 

Characterisation data for F1 Lact-P compound 2 using 
1
H NMR (D2O, 400 MHz) yields: δ 5.44 

(q, J = 4 Hz, α-1H-P), 5.38 (d, J = 4 Hz, 1H, α-1H), 5.22 (d, J = 4 Hz, 1H, α-1H), 4.87 (t, J = 8 

Hz, 1H, H-1’), 4.59 (t, J = 4 Hz, 1H, H-1β), 4.45 4.59 (d, J = 8 Hz, 1H, H-1β), 4.05-3.54 (m, 

30H, H-2α, H-3α, H-3β, H-4α, H-4β, H-5α, H-5β, H-6aα, H-6bα, H-6aβ, H-6bβ, H-2’, H-3’, H-

4’, H-5’, H-6’a, H-6’b), 3.29 (t, J = 8 Hz, 1H, H-2β); see Table 4.3 for more signals.  

 

  Breg et al. (1988) stated that the precise values of the Glc H-6 resonances in Lact-6’P are 

difficult to establish since the H-6a and H-6b signals are nearly identical and the resonances of 

their respective α and β protons have slightly different chemical shifts, giving rise to a complex 

multiplet for these signals. The 
1
H Proton NMR of LP (F1 Lact-P Compound 2) contains a 

small amount of Lact-1P as indicated by the spectrum shown in Figure 4.12, although a signal 

corresponding to Lact-1P signal was not identified in the corresponding 
31

P NMR spectrum. This 

could be due to the decreased sensitivity of the 
31

P NMR. Consistent with the 
13

C NMR analysis, 

the results obtained in the 
1
H NMR study of the LP (F1 Lact-P Compound 2) were almost 

identical to the fraction containing Lact-6P and Lact-6’P fraction reported in Breg et al. (1988). 
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Figure 4.12 Expanded region of the 
1
H NMR spectra for LP (F1 Lact-P Compound 2), Lact-1P, and unmodified lactose measured in D2O.  Slight 

changes in position of signals are due to slight differences in pH between the solutions.
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Table 4.3 
1
H NMR Chemical shifts (δ) for LP (F1 Lact-P Compound 2), its 6’ and 6 –phosphates,  Lact-1P, and lactose. 

 

 

Lactosea Lactoseb 1-Phosphateb 6'-Phosphatea 6'-Phosphateb 6-Phosphatea 6-Phosphateb

Glc 1α 5.221 5.254 5.49 (+236) 5.221 (0) 5.227 (-27) 5.224 (+3) 5.381 (+127)

2α 3.577 3.600 3.6 (0) 3.586 (+9) 3.59 (-10) 3.607 (+30) 3.614 (+14)

3α 3.832 3.813 3.921 (+108) 3.830 (-2) 3.829 (+16) 3.830 (-2) 3.805 (-8)

4α 3.646 3.652 3.675 (+23) 3.624 (-2) 3.625 (-27) 3.734 (+88) 3.738 (+86)

5α 4.950 4.710 4.963 (+253) 3.947 (0) 3.966 (-744) 4.062 (+110) 4.12 (-590)

6aα 3.878 3.890 3.946 (+56) 3.88 (0) 3.853 (-37) 4.18 (+300) 4.22 (+330)

6bα 3.852 3.858 3.867 (+9) 3.85 (0) 3.853 (-5) 4.11 (+260) 4.214 (+356)

Glc 1β 4.660 4.691 4.476 (-215) 4.662 (+2) 4.654 (-37) 4.682 (+22) 4.673 (-18)

2β 3.285 3.322 3.38 (+58) 3.314 (+29) 3.463 (+141) 3.295 (+10) 3.3021 (-19.9)

3β 3.630 3.643 3.6 (-43) 3.639 (+9) 3.635 (-8) 3.639 (+9) 3.635 (-8)

4β 3.650 3.652 3.65 (-2) 3.65 (0) 3.631 (-21) 3.65 (0) 3.631 (-21)

5β 3.595 3.609 3.59 (-19) 3.60 (0) 3.614 (+5) 3.75 (+15) 3.771 (+162)

6aβ 3.950 3.967 3.95 (-17) 3.947 (-3) 3.951 (-16) 4.18 (+23) 4.22 (+253)

6bβ 3.797 3.808 3.86 (+52) 3.787 (-10) 3.8 (-8) 4.11 (+31) 4.214 (+406)

Gal 1α 4.448 4.493 4.48 (-13) 4.469 (+21) 4.453 (-40) 4.556 (+108) 4.473 (-20)

2α 3.549 3.582 3.58 (-2) 3.554 (+5) 3.558 (-24) 3.521 (-28) 3.534 (-48)

3α 3.663 3.672 3.68 (+8) 3.686 (+23) 3.684 (+12) 3.678 (15) 3.657 (-15)

4α 3.926 3.967 3.95 (-17) 3.985 (+59) 3.926 (-41) 3.922 (-4) 3.935 (-32)

5α 3.720 3.724 3.76 (+36) 3.885 (+170) 3.87 (+146) 3.72 (0) 3.709 (-15)

6aα 3.760 3.771 3.76 (-11) 4.024 (+260) 4.092 (+321) 3.76 (0) 3.771 (0)

6bα 3.790 3.795 3.8 (+5) 4.024 (+230) 4.05 (+255) 3.79 (0) 3.8 (+5)
Gal 1β 4.448 4.474 4.478 (+4) 4.469 (+12) 4.583 (+109) 4.546 (+89) 4.603 (+129)

2β 3.540 3.564 3.581 (+17) 3.554 (+14) 3.558 (-6) 3.518 (-22) 3.52 (-44)

3β 3.660 3.687 3.7 (+13) 3.686 (+26) 3.684 (-3) 3.678 (+18) 3.657 (-30)

4β 3.926 3.958 4.051 (+93) 3.985 (+59) 3.926 (-32) 3.922 (-4) 3.935 (-23)

5β 3.720 3.724 3.72 (-4) 3.885 (+170) 3.877 (+153) 3.72 (0) 3.709 (-15)

6aβ 3.760 3.771 3.762 (-9) 4.015 (+260) 4.05 (+279) 3.76 (0) 3.771 (0)

6bβ 3.790 3.795 3.794 (-1) 4.015 (+230) 4.016 (221) 3.79 (0) 3.8 (+5)

Note: 

* value of chemical shift in brackets expressed in times 1000        
a Sources from Breg et al. (1988) 
b Current experimental results 

Compound

Proton
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4.2.3.3.4  2D-correlation NMR data of LP (F1 Lact-P Compound 2) 

 

Breg et al. (1988) reported the application of 2D-
1
H-

13
C and 

1
H-

1
H shift correlation spectroscopy 

for complete assignment of the 
1
H NMR spectra of Lact-6P and Lact-6’P in a mixture of those 

compounds. In addition, Breg et al. (1988) used the 2D NMR technique COSY and TOCSY to 

assign the position of phosphorylation on the different sugar residues.  

 

  In the present study, full 
13

C and 
1
H NMR assignments of LP F1 compound 2 were made. 

Unsubstituted lactose and Lact-1P were also analysed, to understand the carbon and proton 

correlation for each compound. Some of the characteristic 
13

C and 
1
H resonances can be readily 

assigned from the 1D NMR spectra, and as noted earlier the CH2 containing groups were further 

identified by DEPT-135. Due to the complexity of the NMR spectra of the samples, especially 

the LPs, the assignments of the resonances in the area of 3-4 ppm of proton analysis, were 

primarily based on the HSQC (
1
H-

13
C NMR) and HMBC, 

1
H-

31
P NMR results. Understanding 

the proton and carbon correlations in HSQC NMR assisted the proton determination and 

sequence in the complex spectra of 
1
H NMR. Since the main LP isomers formed using the 

method in this chapter were the 6 or 6’ substituted isomers, only the positions of the 
1
H and 

13
C 

NMR signals corresponding to atoms near these substitution sites should differ significantly 

from those of the unmodified lactose. The selected peaks are shown in Figure 4.13.  

 

  The 2D analysis of HMBC NMR with 
1
H-

31
P NMR coupling is a very useful technique to 

determine the correlation between protons bonded close to the phosphate group. The 2D HMBC 

spectrum is shown in Figure 4.14 below. No prior LP characterization studies had used HMBC 

1
H-

31
P NMR, with the previous study by Breg et al. (1988) only using correlation of 

1
H-

1
H and 

1
H-

13
C NMR, COSY and TOCSY. Our more detailed analysis using 2D NMR gave no evidence 

that the LP F1 compound 2 contained Lact-1P, since the 
1
H-

31
P NMR do not overlay in the 

HMBC spectrum. This is in contrast to the earlier 1D proton NMR analysis that indicated that 

there was a small amount of Lact-1P within the LP F1 compound 2 (Figure 4.12), but this 

inconsistency may be due to the very low concentration of this isomer in the sample. 

Understanding the proton and carbon correlation in HSQC NMR assisted the proton 

determination and sequence in the complex spectra of 
1
H NMR. All data has been recorded in 

Table 4.2 above based on the 1D and 2D correlation data analysis.  
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Figure 4.13 2D of HSQC Spectra for LP (F1 Lact-P Compound 2) and lactose. 
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Figure 4.14 2D Spectra of 
1
H-

31
P HMBC data for LP (F1 Lact-P Compound 2) and Lact-1P. 
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4.3 Conclusion 

 

This chapter demonstrated that it is possible to prepare LPs from the reaction of lactose with 

sodium metaphosphate. However, the product is obtained in relatively low yield and requires 

careful purification. It is important to determine the LP compound’s purity as purity does affect 

the reliability of instrument analysis such as NMR. Previous work reported difficulties to 

characterise the LPs due to isomeric mixtures and inorganic impurities. ESI-MS analysis in 

negative ion mode at m/z 421 was able to determine the purity of LP (F1 Lact-P Compound 2).  

Furthermore, phosphorylation also resulted in characteristic changes in the ATR-FTIR spectra, 

which could be used to analyse for LP in the presence of lactose. 

 

There are several chemical analyses that had been discussed to identify LP (F1 Lact-P 

Compound 2) in this chapter. The results indicated that a combination of NMR techniques is 

needed when identifying a substituted carbohydrate compound (e.g. LP) when reference material 

is not available. The combined use of 
31

P- and 
13

C-NMR spectroscopy afforded enough data to 

identify the constituents of the LP F1 compound. The 2D approach of HMBC that correlates the 

1
H and 

31
P signals assists proper understanding of the 

31
P- induced shifts in the 

1
H-NMR spectra. 

It is therefore a valuable method for identifying primary structures of sugars containing 

phosphate groups.  

 

The presence of both Lact-6P and Lact-6’P in the LP (F1 Lact-P Compound 2) were shown by 

the triplet patterns found in the 
31

P NMR spectrum around 2.4 ppm and 2.8 ppm, indicating the 

presence of phosphate bound to –CH2 groups.  
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Chapter 5 

 

Regiospecific Synthesis of Lactose Phosphates (LP) 
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5.1  Introduction 

 

This chapter presents results and discussion related to the regiospecific synthesis of lactose-6’-

phosphate (Lact-6’P), also termed compound 2 in this chapter. Three approaches were used to 

prepare Lact-6’P. In two approaches, a protected lactose intermediate was used to control the 

position of phosphorylation, either by reaction with POCl3 in an analogous method for that 

reported for sucrose by Kim and Behrman (1995) or by reaction with a the substituted phosphate 

diphenylphosphoryl chloride to get more controlled phosphorylation. The third approach 

involved formation of a lactose derivative in which all of the hydroxyl groups except for the 6’ 

position were protected with the trimethysilyl group prior to reaction with the phosphorylating 

agent. This third approach was based on a recently-reported synthesis of trehalose-6-phosphate 

(Liu et al., 2015). All abbreviations used for the compounds are given in Appendix 1.1. 

 

Some degree of post-processing or purification was required once the Lact-6’P was 

prepared via any of the synthetic routes, and this is also detailed in this chapter.  

 

 

5.2  Analysis and characterisation 

 

This section discusses the regioselective synthesis of lactose phosphate (LP) and reports the 

characterization of the compounds obtained using Thin Layer Chromatography (TLC), Fourier 

Transform Infrared (FTIR), Liquid Chromatography Mass Spectrometry (LCMS) and Nuclear 

Magnetic Resonance (NMR) spectroscopy. 

 

5.2.1  LP preparation via acetonated lactose, 3      

 

The key intermediate 2,3:5,6:3’,4’-tri-O-isopropylidenelactose dimethyl acetal (3) has been 

reported previously, and the synthesis reported by Yoshino et al. (1986) via reaction of lactose 

with 2,2-dimethoxypropane in the presence of p-toluenesulfonic acid was repeated in this work. 

The initial reaction gave two products which were separable by chromatography on silica gel (RF 

0.29 (hexane:ethyl acetate 4:6); identified as Compound 3 and RF 0.69 (6’-O-(2-methoxy)-

isopropyl derivative of compound 3, Compound 4) (Figure 5.1). After working up the reaction 

product and drying it under vacuum, the crude reaction product was partially hydrolysed by 

heating in methanol-water at 80°C. Analysis by TLC on silica gel revealed the complete 

transformation of compound 4 (RF 0.69) into compound 3 (RF 0.29). After purification by 
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column chromatography, compound 3 was isolated as a white solid. This key intermediate 

contains lactose with one ring in the open chain configuration, with the aldehyde protected as a 

dimethyl acetal and all the hydroxyl groups except the 2’ and 6’ positions protected as 

acetonides. This should mean that if a reagent is used that only reacts with primary hydroxyl 

groups then only the 6’ derivative will form. 

  

 

 

Figure 5.1 Formation of compound 3 via lactose acetonation (Bold numbers refer to compound 

numbers in the text). 

 

The identity of compound 3 was confirmed using ATR-FTIR, ESI-MS and NMR (
1
H and 

13
C). FTIR analysis of pure compound 3 showed a band around 3450 cm

-1 
characteristic of O-H 

stretching, and the presence of isopropylidene protected diols was confirmed with the presence 

of a band around 1371-1380 cm
-1

. These two bands are shown in Figure 5.2 and are consistent 

with the FTIR data reported by Barili et al. (1986). The 
1
H and 

13
C NMR were also similar to 

those reported previously for this compound (Barili et al., 1997). NMR results for compound 3 

are given in Table 5.1(a), Table 5.1(b) and Table 5.2. Finally, positive ion ESI-MS analysis of 

compound 3 showed a peak with m/z 508 (Appendix 4.10).  
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Figure 5.2 ATR-FTIR spectrum of 3 after purification by column chromatography (bold numbers refer to compound numbers in the text).
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Table 5.1 (a) 
1
H NMR parameters (chemical shifts) of the galactopyranosyl portion of compound 3. 

 

Compound 1
a
 H-1’ H-2’ H-3’ H-4’ H-5’ H- 6’a H- 6’b 

Results 

(Chemical shift, ppm) 
4.41 3.52 4.10 4.04 3.80 3.92 3.65 

Coupling constant, Hz 
3
JH1’-H2’ = 

8.40 

3
JH2’-H3’ = 

7.32 

3
JH3’-H4’ = 

7.04 

3
JH4’-H5’ = 

1.96 

3
JH5’-H6a’/6b’ = 

9.32/2.04 

3
JH6a’-H6b’ = 

12.2 

Pattern d t t t dd d td 

(Chemical shift, ppm) 

Barili et al. (1997) 
4.42 3.52 4.09 

 

4.06 

 

3.82 3.94 3.66 

Coupling constant, Hz 

Barili et al. (1997) 

 

3
JH1’-H2’ = 8.26 

 

 

3
JH2’-H3’ = 6.75 

 

 

3
JH3’-H4’ = n.d 

 

 

3
JH4’-H5’ = n.d 

 

 

3
JH5’-H6a’/6b’ = 

8.97/1.74 

 

 

3
JH6a’-H6b’ = 11.28 

 

       

       n.d not determined; a = in CDCl3 solvent 
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Table 5.1 (b) 
1
H NMR parameters (chemical shifts) of the glucose portion of compound 3. 

 

Compound 1
a
 H-1 H-2 H-3 H-4 H-5 H- 6a H- 6b 

Results 

(Chemical shift, ppm) 
4.35 4.58 4.00 4.04 4.20 

 

4.41 

 

4.03 

Coupling constant, Hz 

3
JH1-H2 =  

6.44 

3
JH2-H3 =  

8.00 

3
JH2-H4 =  

1.52 

3
JH4-H5 =  

2.00 

3
JH5-H6a/6b =  

5.00/8.68 

2
JH6a-H6b =  

8.44 

Pattern d t t t q d d 

(Chemical shift, ppm) 

Barili et al. (1997) 
4.37 4.60 3.92 4.02 4.34 4.21 4.03 

Coupling constant, Hz 

Barili et al. (1997) 

3
JH1-H2 = 

6.71 

 

3
JH2-H3 = 

7.95 

 

3
JH2-H4 = 

1.49 

 

3
JH4-H5 = 

2.70 

 

3
JH5-H6a/6b = 

5.05/7.03 

 

 

2
JH6a-H6b = 

8.78 

 

 

       

       n.d not determined; a = in CDCl3 solvent 
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Table 5.2 Selected 
13

C NMR signals of compound 3 (chemical shifts, δ; CDCl
3
) of lactose derivatives. 

 

Compound 1
a
 

Results 

(Chemical shift, ppm) 

(Chemical shift, ppm) 

Barili et al. (1997) 

C-1’ 
 

103.44 
103.31 

C-2’ 
 

74.14 
73.98 

C-3’ 
 

   79.44 
79.34 

C-4’ 
 

73.57 
73.43 

C-5’ 
 

74.71 
74.56 

C-6’ 
 

62.42 
62.27 

C-1 
 

107.15 
107.01 

C-2 
 

75.39 
75.21 

C-3 
 

78.19 
78.05 

C-4 
 

75.83 
75.68 

C-5 
 

77.35 
77.42 

C-6 
 

64.48 
64.38 

                                       a = in CDCl3 solvent 
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5.2.1.1 Method 1 for preparation of regioselectively-phosphorylated LP: Reaction of 

compound 3 with phosphoryl oxychloride (POCl3) 

 

Initial attempts at preparing lactose-6’-phosphate were based on the two-step conversion of 

sucrose to sucrose-6’-phosphate reported by Kim and Behrman (1995). The synthetic pathway 

for producing LP is indicated in Figure 5.3. 

 

 

Figure 5.3 Schematic formation compound 5 after reaction with phosphoryl oxychloride 

(POCl3) (Bold numbers refer to compound numbers in the text).  

 

Kim and Behrman (1995) first reacted an acetonide of sucrose with POCl3 under 

conditions (presence of water and base) that reportedly only lead to phosphorylation of primary 

hydroxyl groups. This addition of water and base is important, since otherwise POCl3 will react 

with both primary and secondary hydroxyl groups and also the HCl formed as a byproduct of 

this reaction may result in deprotection of the acetonides. Sowa and Ouchi (1975) had reported 

that the ideal molar stoichiometry for phosphorylation of only primary –OH groups was 1:1:0.5 

POCl3:base:water and that the temperature should be kept low (around 0°C).  

 

The key advantages we noted of the Kim and Behrman (1995) preparation were that the 

work-up of their reaction lead to deprotection of the acetonide groups and that the barium salt of 

the sucrose-6’-phosphate could be obtained by precipitation.  Thus, this method appeared very 

simple. However, we realized that the stoichiometry of reagents reported by Kim and Behrman 

(1995) was in disagreement with the optimal stoichiometry stated by Sowa and Ouchi (1975) 

since Kim and Behrman (1995) reported a procedure with 10 times as much water as the optimal 

stoichiometry, and indeed Sowa and Ouchi’s results predict that this much water would lead to 

little or no phosphorylation.  

(5) (3) 
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We therefore tried the analogous reaction with protected lactose using different stoichiometric 

ratios of water to the other reagents. The phosphorylation product obtained using a stoichiometry 

of 1:1:0.125 POCl3:base:water (Section 3.3.2.1) with temperature at 0°C was investigated in 

detail. The phosphorylated material was divided into two fractions to trial two different isolation 

and purification methods. We were not able to successfully isolate solid LP using precipitation 

with barium salts (ESI-MS for protected LP with barium salts reported in Appendix 4.9 and both 

1
H and 

31
P NMR in Appendix 5.6.1 and Appendix 5.6.2, respectively), although treatment with 

Ba
2+

 could be used to remove most of the inorganic phosphate resulting from the excess of 

POCl3 used in the reaction.  

 

  

 

Figure 5.4 Anion exchange purification of compound 2 monitored by p-hydroxybenzoic acid 

hydrazide (PAHBAH) assay. 

 

Instead, the phosphorylated lactose product was isolated using anion exchange chromatography 

as described in Section 3.3.1.1. First, non-ionic material such as lactose was eluted using water 
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then the anionic fractions were eluted with aqueous ammonium acetate. Eluent collected from 

the anion exchange chromatography was monitored using the PAHBAH assay, and the eluent 

containing LP was divided into two fractions, F1 and F2 (Figure 5.4). These fractions were 

reduced in volume and then lyophilized to remove the ammonium acetate. Since both F1 and F2 

fractions showed similar results for ESI-MS and NMR analysis, this section will only discuss 

ESI-MS and NMR characterisation for fraction F1.  

 

The negative mode ESI-MS spectra obtained of the lyophilized product F1 showed a 

minor peak at m/z 421, which is the expected peak for LP, see Appendix 4.11.  However, the 

major peak was at m/z 507, which is consistent with two acetonides still being on the 

lactose.  This would suggest that the work-up recommended by Kim and Behrman (1995) has 

not resulted in complete hydrolysis of the protecting groups, in contrast to what was observed for 

the analogous reaction with sucrose. The 
1
H, 

13
C and also 

31
P NMR (both proton coupled and 

proton decoupled) also showed that the major product was not the desired Lact-6’P. From 
31

P 

NMR, there is no triplet peak pattern observed for the protected LP F1 fraction. Instead, a 

multiplet pattern was observed in the 
31

P NMR spectrum. NMR spectra of fractions F1 and F2 in 

Figure 5.4 are included in Appendix 5.7 and Appendix 5.8.  

 

NMR data for protected Lactose F1 (compound 2) after anion exchange: 
1
H (D

2
O, 400 MHz): δ 

4.68 (d, J = 6 Hz, 1H, H-1β), 4.58 (t, J = 7.6 Hz,  H-1β), 4.50 (q, J = 6.8 Hz, H-1β), 4.43 (dd, J = 

7.6 Hz, 1H, H-1β), 4.11 (d, J = 4.4 Hz), 4.03-3.54 (m, 9H, H-2α, H-3α, H-3β, H-4α, H-4β, H-5α, 

H-5β, H-6aα, H-6bα, H-6aβ, H-6bβ, H-2’, H-3’, H-4’, H-5’, H-6’a, H-6’b), 3.34 (t, J = 8.4 Hz, 

1H, H-2β), 1.47 (d, J = 11.2 Hz), 1.20 (t, J = 6.8 Hz).
31

P NMR (D
2
O, 161.2 MHz): δ 2.59, 2.41, 

2.21 (m), 0.70 (s). 

 

5.2.1.2 Method 2 for preparation of regioselectively-phosphorylated LP: Reaction of  

            compound 3 with diphenylphosphoryl chloride (P(OΦ)2Cl) 

 

Since the reaction of compound 3 with POCl3 did not appear as straightforward as we had hoped, 

we decided to synthesise lactose-6’-phosphate using the more controlled phosphorylation of 

compound 3 with diphenyphosphoryl chloride, which only reacts with primary hydroxyl groups 

under standard reaction conditions. This synthesis has the disadvantages that the phosphorylating 

agent is more expensive and it requires an additional hydrogenation step to remove the phenyl 

groups, but these were balanced by the more controllable reaction conditions and the ability to 
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purify and characterize reaction intermediates. This reaction was done on a small scale, since the 

main aim was to obtain genuine lactose-6’-phosphate for comparison with the other preparative 

methods.   

 

Reaction of compound 3 with diphenylphosphoryl chloride in the presence of base 

followed by column purification gave the 6’-diphenylphosphorylated derivative, compound 6. 

This was characterized using 
1
H, 

13
C, and 

31
P NMR, which all indicated the formation of a single 

compound.  The 
1
H NMR showed resonances at around 7 ppm indicative of the phenyl groups 

on the phosphorous, while the 
31

P NMR had a single peak near -11 ppm characteristic of the 

diphenylphosphate linked to an -OH of the lactose.  This compound was also characterized using 

positive-mode ESI MS, giving a major peak at m/z 763.27, in agreement with the predicted m/z 

for the Na
+ 

adduct of the proposed product. 

 

 

Figure 5.5 Schematic showing formation of compound 6 from reaction of compound 3 with 

diphenylphosphoryl chloride (P(OΦ)2Cl) (Bold numbers refer to compound numbers in the text). 

 

NMR data for compound 6: 
1
H NMR (400 MHz, CDCl

3
) δ 4.57 (t, J = 2 Hz), 4.49 (q, J = 8 Hz), 

4.44 (t, J = 6 Hz), 4.35 (td, J = 6.8 Hz), 4.21 (t, J = 6.4 Hz), 4.15 (m, J = 6 Hz), 3.99 (m, J = 7.6 

Hz), 3.58 (t, J = 7.2 Hz, 1H), 3.43 (d, J = 6 Hz), 2.83 (s), 2.10 (d, J = 7.2 Hz), 1.54 (s), 1.37 (t, J 

= 18.4 Hz, 22 Hz). 
13

C NMR (101 MHz, CDCl
3
) δ 129.90 (d, J = 3.4 Hz), 125.58 (CH), 120.46 – 

119.84 (m), 110.33 (d, J = 17.0 Hz), 108.32 (CH), 105.08 (CH), 103.59 (CH), 78.95 (CH), 77.82 

(d, J = 5.6 Hz), 77.37 (CH), 77.05 (CH), 76.74 (CH), 76.44 (CH), 75.20 (CH), 74.07 (CH), 72.66 

(CH), 71.89 (d, J = 7.8 Hz), 67.08 (d, J = 5.7 Hz), 64.56 (CH
2
), 56.22 (CH), 53.38 (CH), 38.64 

(CH), 28.09 (CH), 27.22 (CH), 26.35 (d, J = 16.6 Hz), 25.63 (CH), 24.23 (CH).
31

P NMR: 

(CDCl
3
, 161.2 MHz); δ -11.7 (t, J = 8.6 Hz). 

(6) (3) 
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This compound had not been prepared before, so we were uncertain how to remove the phenyl 

groups by hydrogenation. We were limited to atmospheric pressure hydrogenation by the 

equipment available. We initially tried the hydrogenation for 8 h, using a single addition of 70 

mg PtO2 to 0.33 g of compound 6 in methanol with a small volume of added acetic acid.  Simple 

work-up of this reaction (removal of Pt on Celite followed by removal of solvents) was followed 

by dissolution of the product in water and passage through a short cation exchange column in the 

H
+
 form, followed by addition of KOH to neutral pH. These latter two steps were based on the 

recommendation of Liu and Mariano (2015) who prepared α,α’-trehalose-6-phosphate via a 

similar hydrogenation.   

 

Since the hydrogenation was conducted under acidic conditions we had hoped that 

simultaneous deprotection of the acetonide groups might have occurred, but clearly the 

conditions (low acetic acid concentration and room temperature) were too mild. Analysis of this 

product showed that only partial deprotection of the diphenyl phosphate groups had occurred, 

and also that the acetonide groups had not been removed. NMR and mass spectral data were 

obtained for this material, and the most characteristic observation was the 
31

P NMR peaks at -4.1 

and -4.3 ppm (Appendix 5.9.5 - 5.9.8) characteristic of loss of one of the phenyl groups, 

together with the major ESI-MS peak (negative mode) at m/z 623.22. The two peaks in the 
31

P 

NMR are probably due to loss of different acetonide groups rather than there being a difference 

due to loss of one or other phenyl group, and this is supported by the observation of two small 

peaks of similar height near 4 ppm in the 
31

P NMR spectrum, characteristic of loss of both 

phenyl groups. 

 

NMR data for of incomplete hydrogenation of compound 6: 
1
H NMR (400 MHz, D

2
O) δ 7.37 

(ddd, J = 34.1, 24.8, 11.1 Hz), 4.69 – 4.34 (m), 4.32 – 4.05 (m), 4.03 – 3.82 (m), 3.80 – 3.50 (m), 

3.47 (d, J = 5.2 Hz, 26H), 1.94 (s, 3H), 1.56 (d, J = 6.6 Hz), 1.46 (ddd, J = 21.7, 13.6, 4.5 Hz).
 

13
C NMR (101 MHz, D

2
O) δ 129.87 (CH), 124.34 (CH), 120.11 (d, J = 4.4 Hz), 110.94 (d, J = 

9.7 Hz), 110.61 (CH), 109.71 (d, J = 6.1 Hz), 104.22 (CH), 103.26 (CH), 102.65 (CH), 102.31 

(CH), 78.43 (CH), 76.79 (CH), 76.41 (CH), 76.10 – 75.41 (m), 75.18 (CH), 74.93 (CH), 73.39 

(CH), 72.92 (CH), 72.43 (CH), 71.55 (CH), 71.03 (CH), 68.05 (CH), 65.43 (CH), 64.39 (CH), 

62.10 (CH
2
), 55.83 (d, J = 15.9 Hz), 54.22 (CH), 54.00 (CH), 27.10 (CH), 26.11 (d, J = 10.6 Hz), 

25.65 (dd, J = 27.3, 16.8 Hz), 25.35 – 25.10 (m), 24.15 (CH). 
31

P NMR (161.2 MHz, D
2
O) δ 

4.36, 3.93 (dt, J = 69.2 Hz), -4.13 – -4.39 (m). 

 



108 

 

The hydrogenation was repeated with several changes: an additional 40 mg of PtO2 was added 

after 7 h, and at that time the hydrogen balloon was refilled and the reaction mixture was stirred 

vigorously in the presence of hydrogen for a total of 30 h.  In addition, after the solvents used for 

the hydrogenation were removed, water : acetic  acid (1:2 vol:vol) were added and the solution 

was heated at 80°C for 8 h, since Catelani et al. (2000) reported that other lactose acetonide 

derivatives could be deprotected under these conditions.  Following solvent removal, cation 

exchange, and addition of KOH as described above, the slightly impure dipotassium salt of 

lactose-6’-phosphate was obtained upon lyophilisation.   

 

The 
31

P NMR spectrum of the lyophilized material showed a major peak at 4.2 ppm 

characteristic of the desired product, but there was a peak at 2 ppm that could not be assigned 

and a small peak at -4 ppm indicative of a small amount of phenylphosphate derivative still 

present (see Appendix 5.9.9 – 5.9.14). Sugar phosphates can undergo cyclisations, as reported 

by Patel and Davis (2013), so it is possible that a small amount of cyclized product is present 

(see Appendix 5.9.15-5.9.18).  The major peak at 4.2 ppm appears as a triplet in the 
1
H coupled 

31
P NMR spectrum, clearly indicating that the phosphorous is coupling to –CH2, consistent with 

modification at the 6’ site. This method results in a relatively pure product without excess 

phosphate. However, the reaction involved multiple steps including a hydrogenation.  

 

 

 

Figure 5.6 Schematic formation of compound 2 (isolated as dipotassium salt) after 

hydrogenation and acid hydrolysis of compound 6  (Bold numbers refer to compound numbers in 

the text). 

 

Characterisation of compound 2 as the dipotassium salt: 
1
H NMR (400 MHz, D

2
O) δ 7.54 – 7.09 

(m, 2H), 5.24 (t, J = 3.5 Hz, 1H), 4.70 (d, J = 8 Hz, 1H, H-1’), 4.50 (d, J = 8 Hz, 1H, H-1β), 4.72 

– 4.63 (m, 3H), 4.57 – 4.28 (m, 5H), 4.23 – 4.10 (m, 2H), 4.09 – 3.78 (m, 22H, H-2α, H-3α, H-

3β, H-4α, H-4β, H-5α, H-5β, H-6aα, H-6bα, H-6aβ, H-6bβ, H-2’, H-3’, H-4’, H-5’, H-6’a, H-

(6) (2) 
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6’b), 3.76 – 3.43 (m, 17H), 3.39 – 3.25 (t, J = Hz, 1H, H-2β), 2.23 – 1.73 (m). 
13

C NMR (101 

MHz, D
2
O) δ 181.50 (CH), 129.90 (CH), 103.14 (CH), 95.76 (CH), 91.83 (CH), 79.19 (d, J = 

17.4 Hz), 74.39 (dd, J = 42.0, 23.1 Hz), 74.11 – 73.87 (m, CH), 73.80 (CH), 72.35 (CH), 71.43 

(CH), 71.07 (d, J = 12.9 Hz), 70.10 (CH), 68.20 (CH), 62.47 (CH
2
), 60.17 (d, J = 14.8 Hz, CH

2
), 

23.31 (CH). 
31

P NMR (161.2 MHz, D
2
O) δ 4.22 (t, J = 6.4 Hz), 2.23 – 1.24 (m), -4.09 (t, J = 7.6 

Hz). 

 

 
5.2.2 Method 3 for preparation of regioselectively-phosphorylated LP: Synthesis of LP via  

            per(trimethylsilyl)lactose (per-TMS-Lact)  

 

The final method for preparing lactose-6’-phosphate was initially based on a report by Joseph, 

Chang, and Wang (2013) of a simple one-pot 6’-O phosphorylation of lactose and other 

carbohydrates such as trehalose via a pertrimethylsilyated derivative.  However, before we 

attempted this preparation, Liu and Mariano (2015) reported that for trehalose the one-pot 

procedure only appeared to work on small-scale preparations. Therefore, we based our 

preparation on the multi-step strategy reported by Liu and Mariano (2015).  

 

The lactose was first fully protected as the pertrimethylsilyl derivative.  While there are 

several possible routes to this compound, we used the method reported by Ronnow, Meldal and 

Bock (1994) which uses chlorotrimethylsilane and hexamethyldisilazane in pyridine. This 

reaction proceeds in high yield, and provided the pertrimethylsilylated lactose as a white solid. 

This compound is soluble in organic solvents such as dichloromethane. The 
1
H NMR is 

dominated by the trimethylsilyl signals near 0 ppm.  The positive mode ESI MS was also 

diagnostic, with m/z 797.34. 

 

 

 

Figure 5.7 Schematic reaction of protected pertrimethylsilylated lactose to form compound 7 

(Bold numbers refer to compound numbers in the text). 

(1) (7) 
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Characterisation data for pertrimethylsilylated lactose, compound 7 were as follows: 
1
H NMR 

(400 MHz, CDCl
3
) δ 5.01 (d, J = 3.2 Hz, 1H), 4.28 (d, J = 7.6 Hz, 1H), 4.00 (dd, J = 11.2, 2.4 

Hz, 1H), 3.84 (t, J =  8.8, 2.4 Hz, 1H), 3.79 – 3.70 (m, 2H), 3.74 (t, J = 9.2, 8.8Hz), 3.70 – 3.57 

(m, 4H), 3.51 (dd, J = 11.2, 3.6 Hz, 1H), 3.43 – 3.30 (m, 3H), 2.65 – 1.84 (m, 2H), 0.21 – 0.05 

(m).
 13

C NMR (101 MHz, CDCl
3
) δ 101.98 (CH), 93.69 (CH), 76.97 (CH), 76.65 (CH), 76.33 

(CH), 75.37 (CH), 75.16 (CH), 74.34 (CH), 73.53 (CH), 71.90 (CH), 71.70 (CH), 71.34 (CH), 

70.65 (CH), 61.96 (CH
2
), 60.24 (CH

2
). 

  

The next step involved mono-deprotection of one primary hydroxyl group. Liu and 

Mariano (2015) reported this for the symmetrical disaccharide trehalose, and had found that the 

mono-deprotected compound could be isolated after about 4 h at room temperature. It was 

unclear whether lactose would react in a similarly clean manner, since it has two dissimilar 

primary hydroxyl groups at the 6 and 6’ positions. We were pleasantly surprised to find that 

lactose could also be monodeprotected under similar conditions, and that the major product was 

the pertrimethylsilylated lactose deprotected only at the 6’ position.  This compound was 

characterised using 
1
H and 

13
C NMR and mass spectrometry. The positive-mode mass spectrum 

showed a peak at m/z 869.37 characteristic of [M+Na]
+
, although the main peak was at m/z 

797.34 which is characteristic of [M-SiMe3+Na+H]
+
, suggesting some de-trimethylsilylation 

occurred during this analysis. The NMR results, however, indicate that the compound is only 

mono-deprotected. 

 

 

Figure 5.8 Reaction scheme for selective monodeprotection of pertrimethylsilylated lactose at 

the 6’ position to form compound 8 (Bold numbers refer to compound numbers in the text). 

 

We were able to successfully react this compound with diphenylphosphoryl chloride 

under similar conditions to those reported by Joseph, Chang and Wang, (2013) and Liu and 

Mariano (2015).  However, during the attempted silica gel column chromatography purification 

(7) (8) 
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step the trimethylsilyl groups were deprotected. Fortunately, we were able to elute the 

diphenylphosphorylated lactose off the silica gel with acetonitrile-water and isolate it as a white 

solid.  This compound had previously been reported from a small-scale preparation by Joseph, 

Chang, and Wang (2013) and our 
1
H, 

13
C, and 

31
P NMR spectra were consistent with their data.  

The ESI mass spectrum gave a peak at m/z 763.27, which is also consistent with 

diphenylphosphorylated lactose. 

 

 

 

Figure 5.9 Scheme showing reaction of pertrimethylsilylated 6’monodeprotected-lactose, 7 with 

diphenylphosphoryl chloride (P(OΦ)2Cl) to form compound 9 (Bold numbers refer to compound 

numbers in the text). 

 

Characterisation data for compound 9: 
1
H NMR (400 MHz, MeOD) δ 7.49 – 7.05 (m), 5.03 (d, J 

= 3.6 Hz, 1H, H-1), 4.51 – 4.20 (m, 5H), 3.97 – 3.60 (m, 8H), 3.56 – 3.30 (m, 7H), 3.26 – 3.05 

(m, J = 1.6 Hz), 3.16 (t, J = 8.8, 8.0 Hz, 1H), 2.75 (s).
 13

C NMR (101 MHz, MeOD) δ 151.77 (d, 

J = 7.5 Hz), 131.23 (CH), 127.04 (CH), 121.31 (t, J = 4.4 Hz), 105.07 (CH), 98.13 (CH), 93.78 

(CH), 81.08 (d, J = 25.9 Hz), 77.11 (CH), 76.47 (d, J = 12.9 Hz), 76.10 (CH), 74.98 (d, J = 7.8 

Hz), 74.42 (CH), 73.96 – 73.16 (CH, m), 72.63 (CH), 72.28 (CH), 71.42 (CH), 70.35 (CH), 

69.84 (CH), 69.53 (CH
2
), 62.56 (CH

2
), 61.99 (d, J = 7.8 Hz, CH

2
).  

31
P NMR (161.2 MHz, 

MeOD) δ -11.84 (t, J = 7.7 Hz). 

 

Finally, we hydrogenated the diphenylphosphorylated lactose in slightly acidic conditions 

under one atmosphere pressure of hydrogen.  The work-up again included removal of the 

solvents, dissolution in water, elution through a small cation-exchange column in the H
+
 form, 

and neutralisation with KOH, followed by lyophilisation.  The resulting compound was shown to 

be the pure dipotassium salt of lactose-6’-phosphate by 
1
H, 

13
C, and 

31
P NMR and by negative 

mode ESI MS.  The 
1
H and 

13
C NMR could be compared with NMR spectra for mixtures of 

regioisomeric lactose phosphates reported by Breg et al (1988). The NMR spectra are also 

consistent with those obtained for material isolated from the small-scale preparation of lactose-

(8) 
(9) 
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6’-phosphate by Joseph, Chang, and Wang (2013). Breg et al. (1988) had obtained their 

regioisomer mixture by column separation (including HPLC separation) of LPs from 

pharmaceutical grade lactose. They show 
1
H and 

13
C NMR for a mixture of 6- and 6’- lactose 

phosphates, and our spectral peaks coincide with those they assigned to the lactose-6’-phosphate. 

There is a single peak in the 
31

P NMR spectrum at ca. 4 ppm that appears as a triplet in the non-

decoupled spectrum. 

 

 

 

Figure 5.10 Synthesis of lactose-6’-phosphate (2) from hydrogenation of 6’-

diphenylphosphorylated lactose (Bold numbers refer to compound numbers in the text). 

 

Characterisation data for lactose-6’-phosphate (2) from hydrogenation of 6’-

diphenylphosphorylated lactose: 
1
H NMR (400 MHz, D

2
O) δ 5.24 (d, J = 3.7 Hz, 2H), 4.68 (d, J 

= 8.0 Hz, 3H), 4.48 (d, J = 7.6 Hz, 4H), 4.05 (d, J = 3.3 Hz, 3H), 3.88 (tdd, J = 26.7, 12.6, 7.7 

Hz, 20H), 3.76 – 3.51 (m, 16H), 3.37 (s), 3.40 – 3.24 (t, J = 8.4, 2H).
 13

C NMR (101 MHz, D
2
O) 

δ 103.11 (CH), 95.75 (CH), 91.82 (CH), 79.17 (d, J = 15.0 Hz, CH), 78.36 (CH), 75.37 (CH), 

74.79 (CH), 74.41 (CH), 74.24 – 73.55 (CH-, m), 72.74 – 72.63 (CH-, m), 72.44 (d, J = 20.3 Hz, 

CH), 71.73 – 71.71 (CH-, m), 71.73 – 70.72 (CH-, m), 70.11 (CH), 68.16 (CH
2
), 62.39 (CH

2
), 

61.04 (CH
2
), 60.18 (d, J = 15.2 Hz, CH

2
). 

31
P NMR (161.2 MHz, D

2
O) δ 4.23 (t, J = 6.4 Hz). 

 

 

5.3  Conclusion 

 

Three different methods to prepare lactose-6’-phosphate compound 2 were investigated in this 

chapter. Initial attempts were made to prepare Compound 2 or LP (Lact-6’P), labeled as 2 (b) 

and 2 (c) in Figure 5.11, from an acetonated dimethoxyisopropylidene intermediate (compound 

3).  These two compounds 2 (b) and 2 (c) have slightly different chemical shifts in this figure 

due to the solutions for the the 
31

P NMR having slightly different pH values. Compound 2 (c) at 

around pH 8 is more basic and deshielded than compound 2 (b) at pH 7. Both preparations did 

(9) (2) 



113 

 

not result in pure lactose phosphates compound 2 as shown by the peaks appearing in the 
31

P 

NMR spectra in addition to the major peaks around 4 ppm, Figure 5.11. Compound 2 (a), 

prepared using phosphorylation of unprotected lactose with hexametaphosphate as described in 

Chapter 4, gave more than one primary lactose phosphate compound, suggesting the presence of 

both Lact-6P and Lact-6’P. Finally, compound 2 (d) prepared via pertrimethylsilyllactose gave 

the most clean Lact-6’P material as shown by the presence of one triplet peak pattern at around 4 

ppm in the 
31

P NMR spectrum.  The LP, LP material shown as 2 (a) and 2 (d) in Figure 5.11 

used in the whey protein conjugation studies reported in Chapter 6. 
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Figure 5.11 
31

P NMR spectra of the products obtained from  different syntheses of LP compound 2 via the different routes described in Chapters 4 

(compound 2(a)) and 5 (compounds 2(b) – 2(d)
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Chapter 6 

 

Lactose Phosphate (LP) as a Potential Compound for 

Alpha-Lactalbumin (α-Lac), Beta-Lactoglobulin (β-

Lg) and Whey Protein Isolates (WPI) Conjugation via 

a Dry Method 
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6.1  Introduction 

 

The overall objective of this study is to determine the optimal conditions, using incubation time, 

for whey proteins (whey protein isolate, WPI; beta-lactoglobulin, β-Lg and alpha-lactalbumin, α-

Lac) to conjugate most efficiently with lactose and lactose-6’-phosphate (Lact-6’P). Incubation 

time (e.g. from 0 to 10 days), temperature (e.g. 40°C), and humidity (or water activity, e,g. Aw = 

0.79), are highly important in the food industry to control the extent of Maillard browning 

between whey proteins (WPs) and sugars as they can offer functional property enhancements 

such as tolerance to heat treatment and better emulsification, and can therefore offer better use as 

a food ingredient. In this study, the functional properties of modified milk protein are also 

compared with unmodified milk protein and with similar conjugates made with unmodified 

sugars. 

 

This chapter will present the results of conjugation between whey proteins and the 

sugars: glucose (Glu), glucose-1-phosphate (Glu-1P), glucose-6-phopshate (Glu-6P), lactose 

(Lact) and lactose-1-phosphate (Lact-1P). The Lact-6’P material from 2 (a) and 2 (d) in Chapter 

5 were used in this current conjugation work, and they are referred in this chapter as Lactose 

phosphate 1 (LP 1) and Lactose phosphate 2 (LP 2), respectively. Intuitively, it is expected that 

the sugar phosphate compound could enhance the milk protein functionalities as compared to the 

conjugation with sugar. Phosphorylation has been shown to be a useful method for altering the 

functional properties of proteins (Li et al., 2005). Lactose phosphate (LP) is a sugar phosphate 

with negatively charged lactose ester that has the potential to have good solubility and to be an 

emulsifying agent, as reported for protein-sugar conjugation with Glu-6P (Aoki et al., 1997). 

Since lactose is a readily-available starting material, the conjugation of protein with LP might be 

a good method to improve milk proteins functionality.  

 

The chemical schematic of the conjugation of primary amino groups of WPs and LP are 

depicted in Figure 6.1. LP 1 and LP 2 mentioned above are pure compound of Lact-6’P that is 

shown to be the most favourable for the phosphate attachment. Conjugation via Maillard reaction 

(MR) is only possible for LP molecule with vacant position 1-OH, for the primary amino groups 

proteins interaction. Meanwhile, protein-sugar conjugation is impossible for Lact-1P isomer 

since it will block the conjugation.  
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Figure 6.1 Schematic of the conjugation between whey proteins and LP via MR. 
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6.2  Alpha-lactalbumin (α-Lac), beta-lactoglobulin (β-Lg) and whey protein isolates  

         (WPI) conjugation via heated dry method  

 

In this study, a dry heating method for the conjugation of a protein and saccharide under 

controlled temperature and relative humidity conditions has been applied. It has been shown that 

lactosylation of WPs occurs at temperatures as low as 25-45ºC (Broersen et al., 2004; French et 

al., 2001; Guyomarc’h et al., 2000; Lund et al., 2005). For the dry-state lactosylation, the water 

activity is a major determinant for the reaction, the rate of reaction being maximal at 

intermediate water activities (0.4-0.8) due to the dual effect of water acting as a reaction product 

(mass-law retardation) and increasing the mobility of the reactants (van Boekel, 2001; Labuza & 

Baisier, 1992; Morgan et al., 2005 and Saltmarch et al., 1981). Optimized conditions including 

time, are required to produce the desired level of glycation without causing denaturation of the 

whey protein and also to control the browning effect. All potential reactive amino groups have 

been shown to react with lactose in a dry system during storage, however, with varying reactivity 

as a function of time (Fenaille et al., 2004; Morgan et al., 1999b).  

 

The dry conjugation method was modified from previous experiment (Boland et al., 

2000; Anema et al., 2005). At the beginning of the protein conjugation study, initial experiments 

of up to 10 days were used to find the most suitable incubation time. The 10 days incubation 

protein conjugation samples were analysed using the o-pthaldialdehyde (OPA) method to 

measure the amount of available primary amino groups corresponding to conjugation time. 

Leucine was used to generate a standard calibration curve to quantitatively measure the amount 

of primary amino groups from each whey proteins sample. Each sample at the different 

incubation times was also analysed using reversed phased-high performance liquid 

chromatography (RP-HPLC) coupled with electrospray ionisation-mass spectrometry (ESI-MS), 

reported as mass charge (Appendix 6.6 (a)-(i)) and deconvoluted mass (Appendix 6.71-6.79) in 

this study.  

 

Results from the initial experiments showed that 3 days was the most suitable incubation 

time and has been chosen for subsequent experiments to optimise the conjugation conditions. 

After 3 days incubation time of protein conjugation, most unconjugated protein are fully 

conjugated with either lactose or LP. The following analyses were reported for the 

characterisation of the 3 days incubation samples. The browning changes with increasing time of 

incubation were measured using colorimeter, L*a*b* that measured the different intensity of 

brownness of the conjugated whey proteins powder. Additionally, analyses using absorbance at 



119 

 

294 nm and 420 nm and their correlation with the intermediate and advanced MR browning 

colour changes for each sample were investigated based on the method by Morales and Jimenez-

Perez (2001) and Dong et al. (2012). Chemical and physical analyses of selected whey proteins 

samples were also done using different methods such as OPA assay, sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE), mass spectrometry (MS) analysis, differential 

scanning calorimetry (DSC) analysis, circular dichroism (CD) spectroscopy and turbidity 

changes using a spectrophotometer at 900 nm.  

 

SDS-PAGE using different staining techniques has been used to identify changes in 

terms of molecular weight band shifting. The heat stability and protein conformation change 

were investigated using DSC and CD spectroscopy. Since solubility was very important in this 

whey proteins study, a turbidity test using a UV-spectrophotometer at 900 nm was conducted by 

adding calcium chloride, CaCl2, at various concentrations to a fixed concentration of whey 

proteins sample. Lastly, a hydrolysis experiment using trypsin enzyme was conducted to observe 

the potential tryptic peptides formed from conjugated proteins after 3 days incubation. The 

results of the 10 days incubation time of protein conjugation will be discussed first, then the 

three days incubation work will be discussed later.  

 

 

6.3   Quantitative and qualitative analysis on non-conjugated and conjugated α-Lac,  

              β-Lg and WPI 

 

Analysis of  L*a*b*, analysis of MR browning absorbance at 294 nm and 420 nm, determination 

of OPA assay for primary amino groups and also determination of molecular mass with Liquid 

Chromatography Mass Spectrometry (LCMS), provided a combination of quantitative and 

qualitative techniques to investigate the correlation between protein-sugar conjugation and 

browning colour changes. The experiments were conducted in duplicates for each sample 

preparation to ensure the accuracy and precision of the results. Areas for future research include 

further investigation on the individual proteins present within sample solutions after conjugation 

using the mass spectrometry technique.  

 

6.3.1   Visual analysis to observe browning effect 

 

Visualization through observation of the browning effect of each conjugated milk protein 

powder resulted in qualitative analysis of the whey protein-sugar conjugation. The molecules 
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causing brown pigmentation are produced during the MR, and also the formation of side 

products after the MR. Plus, caramelisation could occur, which means that the sugar reacted with 

itself and formed browning coloration, and thus did not contribute to any protein-sugar 

conjugation. Figure 6.2 shows the change in colour of different protein-sugar powders over 

different incubation times. The different types and sizes of sugar can affect the rate of reaction of 

browning formation. 

 

During the 10 days of mild heat treatment at 40ºC, an increasingly intense yellow colour 

appeared in the vials containing different types of WPs and sugar, and particularly in those 

containing glucose (Glu) and Glu-6P (Figure 6.2). WPI alone, WPI-Lact-1P and WPI-Glu-1P 

has shown no visual colour changes in the protein powders although they were incubated for 10 

days. The WPI powder is a milk protein powder comprising β-Lg and α-Lac with very little 

amount (0.4 ± 0.2%) of lactose (see Appendix 1.2). Since there is not much lactose for sugar 

conjugation, the protein powder should not experience significant browning changes. The actual 

specification for the BiPRO WPI powder and alpha-lactalbumin (α-Lac) are included in 

Appendix 1.2 and Appendix 1.3.  

 

 

 

Figure 6.2 Conjugation of unmodified WPI and modified WPI at 40°C, Aw = 0.79, (a) WPI 

only, (b) WPI-Glucose, (c) WPI-Glu-6P, (d) WPI-Glu-1P, (e) WPI-Lactose and (f) WPI-Lact-1P. 
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The other two non-reducing sugars, Glu-1P and Lact-1P, also displayed limited protein 

conjugation since no conjugation could occur as the primary amino group from WPI was unable 

to bind to the 1-OH position in the non-reducing sugar. When conjugation between WPI and 

Glu-6P was conducted, there was a very rapid colour change to dark brown after one day. 

Meanwhile, WPI-Glucose and WPI-Lactose showed light-yellow colour after 5 to 7 days. 

Glucose and lactose are less reactive sugars when compared to Glu-6P. As a new compound 

introduced in this current study, LP had a slower rate of colour changes when conjugated with 

whey proteins. The results of Figure 6.2 clearly show that different types of sugar react with WPI 

at different extent during the formation of conjugated proteins, and all protein-sugar conjugation 

displayed here act as control in this current conjugation study. There is a compromise between 

the degree of conjugation of the protein and sugar, and the subsequent MR (Kitabake et al., 

1985). In order to avoid samples becoming too brown, a possible indication of Maillard 

browning, incubation of samples was limited to 3 days based on the visual observation seen in 

Figure 6.2. Another visual comparison was made for the purified LP 1 and LP 2 (Figure 6.3). 

Both LP materials have moderate rate of reactions towards WP conjugation since it shows 

slightly yellowish/brownish colour changes for sample incubated after 3 days. 

 

 

 

Figure 6.3 Upper picture shows colour changes of unmodified WPI after conjugation for 3 days 

incubation. In the bottom picture the first row shows the conjugation of WPI-LP 2 from day 1 to 

10 and the second row shows the conjugation of WPI-LP 1 from day 1 to 10. 
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LP 1 (at 3 days) was browner than LP 2 (at 3 days) and this may be due to the different amount 

of lactose present in each LP powder due to their different impurities. LP 1 still has more lactose 

than LP 2 even after purification. The slightly yellowish colour change for samples LP 2 and LP 

2 after three days suggested that these was a moderate degree of WP-sugar (LP) conjugation. 

Based on visual observation of the browning colour, the reactivity of the sugars are as follows; 

Glu-6P > Glucose > LP 1 > LP 2 > Lactose > Lact-1P and Glu-1P (this later did not seem to be 

reactive). 

 

6.3.2   Change of browning intensity at 294 nm and 420 nm 

 

Brown colour development is commonly applied as an indicator to detect the MR which takes 

place in foods, since it is easily measurable (Sun et al., 2011). It also indicates the appearance of 

intermediate stage (at absorbance 294 nm) and advanced stage (at absorbance 420 nm) in MR 

(Ajondouz et al., 2001; Dong et al., 2012). In Figure 6.4 there was no significant change in the 

absorbance at 294 nm for the WPI samples. However, there were significant change for the 

conjugated samples: WPI-Glucose, WPI-Lactose,  WPI-Glu-1P, WPI-Glu-6P, WPI-Lact-1P, 

WPI-LP 1 and WPI-LP 2 (p < 0.05). Conjugated  WPI-Glu-6P day 7 and WPI-LP 1 day 10 have 

shown significant increase liely due to the formation of intermediate MR products as conjugation 

proceed with increasing incubation time. There was also a gradual increase over incubation time 

for the WPI-Glucose and WPI-Lactose sample. One of conjugated sample, WPI-Lact-1P showed 

a consistent linear decrease in absorbance with time, with a linear regression of y = -0.0068x + 

1.1209 (R
2
= 0.7683). This observation was in agreement with previous finding by Dong et al. 

(2012), who reported that the hydrolyzed β-Lg (LH) alone did not show any significant increase 

at absorbance 294 nm, but the intensity at the same absorbance for heated LH–glucose increased 

over heating time.  

 

However, the intensity increment at 294 nm with the presence of glucose could also be 

affected by sugar caramelisation. The caramelisation reaction for glucose heated alone as the 

control was found to account for 10–23% of browning intensity of heated LH-glucose (Dong et 

al., 2012). Meanwhile, it was predicted that the higher absorbance observed for WPI-Glu-6P 

could potentially be affected by sugar caramelisation. Unfortunately, we cannot be sure since the 

sugar-protein conjugation condition applied in this current study did not include the pH effects 

study and was conducted at mild temperature. Generally, caramelisation mainly occurs at very 

high temperatures and at alkaline pH values (Ajandouz et al., 2001). 
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The development of browning, based on the absorbance at 420 nm, represents the production of 

advanced stage polymeric compounds, and is also often used as an indicator of MR progression 

(Kim & Lee, 2009; Aoki et al., 1997). There are many studies conducted on the conjugated 

protein-sugar brown colour formation at 420 nm (Kato et al., 1995; Aoki et al., 1996, 1997 and 

1999). The brown colour formation and the intermolecular covalent cross-linking are due to MR 

of proteins with sugars (Aoki et al., 1996). The brown colour development depends on the 

species of both sugars and proteins during conjugation (Aoki et al., 1994).  

 

Other studies also reported that other compounds when conjugated to protein, could 

enhance browning intensity at 420 nm. According to the study by Aoki et al. (1999), the 

browning development of ovalbumin (OVA) with glucoronic acid (GlcUA) was greater than that 

that of OVA incubated with glucose, suggesting that the carboxyl group of GlcUA markedly 

promoted the advanced stage of the MR. Sun et al. (2011) have also reported significant increase 

of browning intensity of WPI–dextran conjugates at absorbance 420 nm, from approximately 

0.032 to 0.217 and 0.389 as the pulsed electric field (PEF) intensity increased from 0 to 15 and 

30 kV/cm, respectively (Sun et al., 2011). Meanwhile, formation of some intermediate products 

might tend to polymerize and form brown pigments in MR (Lertittikul et al., 2007).  

 

 Based on the results in Figure 6.5, the development of browning observed at absorbance 

420 nm was not significantly different for samples of WPI only, WPI-Glucose, WPI-Glu-1P, 

WPI-Lact-1P, WPI-LP 1 and WPI-LP 2; but significantly different for WPI-Lactose and WPI-

Glu-6P (p < 0.05). Higher browning intensity for protein-Glu-6P conjugated at longer time has 

been reported in many studies. Aoki et al. (1997) have reported that the brown color of β-Lg 

with Glu-6P developed markedly, especially at the later stage after 3 days incubation, and this 

intensity was 2.2 times stronger than that of ovalbumin with Glu-6P reported previously by Kato 

et al. (1995). The absorbance at 420 nm of the β-Lg-Glu-6P system incubated for three days was 

2.2 times that of the OVA-Glu-6P system (Aoki et al., 1996 and 1997). The brown colour 

development of the WPI-Glu-6P system was faster than that of egg white protein (EWP)-Glu-6P 

system (Aoki et al., 1994). The preferable incubation time was considered to be less than 1 day 

because modification of amino group proceeded quickly through one day of incubation and then 

slowed down; the brown colour development and polymerization of β-Lg proceeded steadily 

from day 1. It is impossible to correlate the browning development at 420 nm with the visual 

observations displayed in Figure 6.2 (a) and Figure 6.2 (b), since the absorbance resulted in very 

small changes. Further, the absorbance results in both Figure 6.4 and 6.5 are not consistent 

throughout different incubation times and the 10 day values are often less than that of the 7 day.  
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Figure 6.4 Intermediate MR changes measured by absorbance at 294 nm in different protein-sugar conjugated mixtures as function of time (days). 

Data values with standard deviations included in Appendix 6.1. Error bars represent standard errors, n=2. Bars caped with different letters are 

significantly different at p < 0.05, ANOVA, Duncan test. 
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Figure 6.5 Development of browning (as measured by absorbance at 420 nm) in different protein-sugar conjugated mixtures as function of time 

(days). Data values with standard deviations are included in Appendix 6.1. Error bars represent standard errors, n=2. Bars caped with different 

letters are significantly different at p < 0.05, ANOVA, Duncan test. 
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6.3.3  Analysis with colorimeter L*a*b* values 

 

It is not reliable to describe visual colour changes in terms of visual properties of the coloured 

compounds (MacDougall & Granov, 1998). Browning colour analysis was therefore further 

quantified using the L*a*b* test. The colorimeter was used to measure the lightness, L*; red or 

green value, a* and yellow or blue value, b*. L*a*b* analysis is different to other methods as it 

can quantify the colour changes of protein-sugar powders.  

 

Several authors (Giangiacomo & Messina, 1988) have postulated equations to relate 

visual colour with browning by applying the colour parameters provided by a tristimulus 

colorimeter. The colour index (E) is mainly influenced by the colour lightness (L*) and a 

decrease in E index is related to a loss of lightness in the sample. The E index describes how far 

apart two colours are in the colour space (Morales & Jimenez-Perez, 2001).  

 

The L*a*b* results are shown in Figure 6.6 (a), (b) and (c). The L*a*b* analysis can 

determine the level of browning of each conjugated protein-sugar sample. There were 18 

samples measured and samples were incubated for 3 days. There are six conjugated protein-

sugar samples that were mentioned for the first time in this section, α-Lac-Lact-LP 1, α-Lac-

Lact-LP, β-Lg-Lact-LP 1, β-Lg-Lact-LP 2, WPI-Lact-LP 1, and WPI-Lact-LP 2. These 

conjugated protein sugar mixture were prepared using a 1:0.2:0.2 ratio of protein: Lact: LP, and 

with similar conjugation condition as mentioned earlier in Section 6.1. These mixtures were 

prepared to observe the reactivity effect of each sugar, lactose and LP when conjugated to 

protein, α-Lac, β-Lg and WPI. 

 

The lightness, L* reading gave slight differences in values for each sample. The 

conjugated α-Lac, β-Lg and WPI have a lower L* compared to the non-conjugated α-Lac, β-Lg 

and WPI. The visual observation of 3 days incubation samples in Figure 6.3, also clearly showed 

that WPI-LP 1 had a darker colour than LP 2. For the b* value which denotes yellow or blue 

colour, WPI-LP 1 gave more significant yellow colour changes followed by WPI-LP 2 and WPI-

Lactose. As mentioned in Section 6.2.1, LP 1 has a more brown intensity when compared to the 

LP 2 compound due to purity of LP, which is still contaminated with lactose. Meanwhile, the a* 

and b* values were lower for the individual whey proteins, indicating that no conjugation and 

browning changes had occurred.  
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α-Lac-Lactose 93.60 0.02 2.83 

α-Lac-LP 1 78.41 5.81 17.33 

α-Lac-LP 2 89.15 1.51 10.33 

α-Lac-Lactose-LP 1 89.20 2.33 14.66 
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Figure 6.6 Average L*a*b values obtained using Hunter colorimeter from different non-

conjugated and conjugated at Aw 0.79, 40°C for 3 days; (a) α-Lac, (b) β-Lg, and (c) WPI. Error 

bars correspond to standard deviations. Data on each graph with standard deviation values are 

included in Appendix 7.1 (a), (b) and (c). 

 

6.3.4   Qualitative analysis with OPA test 

 

The OPA method was used to determine the free amino groups within the protein-lactose or 

protein-lactose phosphate conjugates at different incubation times, and this indicates the extent 

of lactosylation. The dry-method conjugation experiments showed that lactosylation was most 

optimal and efficient at 40°C, Aw = 0.79 and at three days of incubation. Under these condition, 

it is expected that there was no protein denaturation, undesirable browning was minimised, and 

the lactosylation rate was higher compared to less extreme incubation conditions. 

 

6.3.4.1  Standard calibration curve with leucine 

 

A standard curve was used for determining the number of free amino groups for all samples. The 

calibration curve of leucine is shown in Appendix 8.1. The trend line shows a very good linear 

correlation between leucine concentration (from 0 to 2.25 mmol/L) and absorbance with an R
2  

value of 0.9997.  
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0.1 

1 

10 

100 

H
u

n
te

r 
c
o
lo

ri
m

e
te

r 
v
a
lu

e
s
 (c)	(c) 



129 

 

6.3.4.2  Available free amino groups in WPI, α-Lac and β-Lg using OPA method 

 

Protein-sugar conjugates were analysed for available primary amino groups using the OPA assay 

method to give an indication of the degree of conjugation. This assay has benefits in terms of its 

simplicity and sensitivity and is useful for routine analyses to quantify available lysine. Lysine 

(Lys) residues in proteins can be in the free (available) form and also be modified (Ferrer et al., 

2003). The ε-amino group of Lys is known to be most reactive and, thus, the first that conjugates 

with sugars in the course of the MR (Oliver et al., 2006). Conjugation occurs by covalent 

attachment of carbonyl group in reducing sugars with free amino groups in proteins to form 

Schiff base (Singh, 1991). The number of free amino groups are expressed as a percentage of 

proteins of the total free amino groups from the 0 day incubation (100%).  

 

Figure 6.7 (a), (b) and (c) shows that there was very little decline in free amino groups 

through the 10 day incubation time for the WPI only, β-Lg only and α-Lac only samples. A 

slight decrease in the whiteness and also on the OPA absorbance as incubation time of the WPI 

only, α-Lac and β-Lg only proceeds implied that a small amount of lactosylation of the whey 

proteins in these samples had taken place likely due to the small amount of lactose present in the 

products.  
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Figure 6.7 OPA assay expressed as percentage free amino groups of non-conjugated and 

conjugated (a)  α-Lac, (b)  β-Lg and (c) WPI with lactose and LP as a function of incubation 

time (days) at 40ºC. 
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Figure 6.7 (a) and (b) show that over 10 days of incubation, the OPA values for α-Lac only and 

β-Lg only are close to 100%, but those for WPI dropped to ~84%. This was probably because 

the WPI BiPRO product contains a very small amount of lactose (see Appendix 1.2, a maximum 

of 1% in WPI and 0.2% in α-Lac). This also explains the very minor changes of unreacted α-Lac. 

Since, there was minimal change in the absorbance during the whole incubation time (up to 10 

days), these samples could act as controls. 

 

For the other samples, the amount of free amino groups appeared to level off at different 

incubation times, depending on the total amino groups available for the different whey proteins 

and the sugar type. Chevalier et al. (2001a) have also reported on the glycation site specificity 

that occurs according to the nature of six different sugars used for modification of β-Lg using 

wet method conjugation at 60°C, for three days. Among the six different sugars, β-Lg was 

reacted with glucose and lactose, and results have shown that glucose is more reactive compared 

to lactose, with the OPA values of 47.1% and 52.6% for glucose and lactose, respectively. 

Approximately 6.6% of β-Lg-Glu was modified with glucose attachment against about 5.5% for 

β-Lg-Lactose with lactose attachment (Chevalier et al. 2001a).  

 

In the case of the current study, the dry conjugation method applied for WPI-lactose and 

WPI-glucose at 40°C and Aw 0.79 also have shown a similar pattern, where glucose is more 

reactive than lactose. From the graph shown in Figure 6.7 (c), the OPA value for WPI-lactose 

decreased to ~88% after one day of incubation while for WPI-glucose, the OPA value decreased 

to ~44% after day one. After three days of incubation, WPI-lactose conjugation increased with 

OPA value reducing to ~63%, and an even higher reduction in WPI-glucose with an OPA value 

of ~39%. After 10 days of incubation, about 50% lactose was conjugated to WPI and almost all 

glucose was conjugated to WPI, with only ~18% OPA value remaining. This pattern of OPA 

value for WPI-lactose and WPI-glucose that decreased with incubation time, is also observed for 

α-Lac-lactose, α-Lac-glucose, β-Lg-lactose and β-Lg-glucose as indicated in Figure 6.7 (a) and 

Figure 6.7 (b), respectively.  

 

Lact-1P and Glu-1P sugars were also conjugated to the whey proteins investigated in the 

current study. Both Lact-1P and Glu-1P are not reactive because the phosphate group was 

blocking the reactive –OH at position 1 (Figure 6.1). However, the OPA values decreased to 

80% after one day suggesting that some aggregation of proteins did occur. During OPA 

analysis, the protein solution conjugated with Lact-1P and Glu-1P showed some turbidity and 

formed some precipitates before the OPA reading was taken. In addition, there is no evidence of 
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conjugation since the WPI-Lact-1P and WPI-Glu-1P powders had the same level of whiteness 

after10 days of incubation (Figure 6.2). One of the drawbacks of the OPA method is that if there 

is protein aggregation, the OPA value may not be accurate due to some of the free amino sites of 

proteins overlapping each other, reducing the OPA readings. The same explanation can be 

offered for α-Lac-Lact-1P, α-Lac-Glu-1P, β-Lg-Lact-1P and β-Lg-Glu-1P, conjugates in Figure 

6.7 (a) and (b), respectively. 

 

WPI, when conjugated with Glu-6P, showed a higher decrease in the percentage of free 

amino groups after one day of incubation, and the OPA value of 40% was constant over the 

incubation time from 1 to 7 days, and then was further reduced to less than 10% after 10 days 

incubation in Figure 6.7 (c). Similar behaviour was observed for β-Lg-Glu-6P in Figure 6.7 (b) 

as a function of incubation time. However, conjugation between α-Lac and Glu-6P did show a 

significant loss in OPA value at day 2 (40%) down to 20% after 10 days of incubation in 

Figure 6.7 (c). Glu-6P is different from the other sugar phosphates tested in this study, i.e Lact-

1P and Glu-1P, due to the phosphate group at the -6 position not interfering with the protein 

conjugation at position 1 of –OH group mentioned earlier (Figure 6.1). In this current study, 

there are two different LP sugars, LP 1 and LP 2, introduced earlier in Section 6.2.1. α-Lac, β-Lg 

and WPI when conjugated with both sugars, showed reasonably good reactivity.  

 

WPI-LP 1 had 69% OPA value after 3 days of incubation and was almost constant 

during further incubation time, then decreased to 44% after day 10. While WPI-LP 2, had a 

slightly lower OPA value, 66% after 3 days incubation, and decreased to only 44% after 10 

days of incubation (Figure 6.7 (c)). For β-Lg-LP 1 and β-Lg-LP 2, their OPA value were 45% 

and 56%, respectively, and their values are almost constant with the incubation time up to 10 

days incubation (see Figure 6.7 (b)), with only a slight decrease to 43% and 41%  for  β-Lg-

LP 1 and β-Lg-LP 2, respectively. Meanwhile, for α-Lac-LP 1, it has a 58% OPA value, almost 

similar to α-Lac-LP 2 with 51%. Both α-Lac conjugated with LP 1 and LP 2 showed constant 

OPA values changes as the incubation time increased, then decreased to 37% and 38%, 

respectively, after 10 days of incubation, as shown in Figure 6.7 (a). According to the OPA 

method, LP 2 has slightly more reactivity than LP 1.  

 

LP 2 has higher Lact-6’P purity since it was prepared using a regiospecific preparation 

with good control, while LP 1 was prepared with unprotected lactose, and where phosphate binds 

(1-P and 6-P positions) it could not be controlled, in addition to the presence of some lactose. 
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That might also explain the observation that a browner powder formed for protein conjugated 

with LP 1 compared to the one conjugated with LP 2. In order to investigate the effect of lactose 

on protein-LP mixtures, other experiments were conducted on α-Lac-Lact-LP 1, α-Lac-Lact-LP 

2, β-Lg-Lact-LP 1, β-Lg-Lact-LP 2, WPI-Lact-LP 1 and WPI-Lact-LP 2 mixtures as described 

earlier in Section 6.2.3. All mixtures of protein-Lact-LP 1 or protein-Lact-LP 2 have shown no 

significant effect of lactose when conjugated with protein-lactose phosphate. About 50-60 % of 

the OPA value was obtained after 3 days incubation, when α-Lac, β-Lg and WPI were 

conjugated to both lactose and LP, see Figure 6.8. These OPA values correspond to the 

conjugated protein-LP without the presence of lactose. Free amino group levels can be used to 

measure the progress of glycosylation reactions (Higgs, 2000). The greater the extent of 

conjugation of carbohydrates to the amino groups Lys residues in the proteins; the lower the 

available amino level will be, due to the consumption of amino groups during the MR. For all 

conjugated protein-sugar samples there were decreases in free amino groups as the incubation 

time increased, as can be seen in all graphs in Figure 6.7 and 6.8. A large decrease in the free 

amino groups level is apparent after only 3 days of incubation and this remains almost constant 

up to 10 days of incubation. 

 

 

 

Figure 6.8 OPA assay expressed as percentage free amino groups of conjugated α-Lac,  β-Lg 

and WPI with equal ratio of lactose and LP, as a function of incubation time (days) at 40ºC. 
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Figure 6.7 (a-c) reports the OPA values of conjugated protein-sugar mixtures after 3 days 

incubation. For the α-Lac only, β-Lg only and WPI only samples, a value of 100% free amino 

groups is reported, since conjugation did not occur. Lactose conjugated to α-Lac after 3 days of 

incubation, had a high OPA value of 76%, indicating that lactose had a low reactivity towards 

the free amino sites of α-Lac. In contrast, when α-Lac was conjugated with LP 1 and LP 2 for 3 

days incubation, lower OPA values of 59% and 52%, respectively, were measured in Figure 

6.7 (a). Almost 50% of the free amino sites of α-Lac were modified with LP 1 and LP 2. The 

addition of lactose to α-Lac-LP 1 and α-Lac-LP 2 (Figure 6.8) did not affect protein conjugation 

and the OPA values remained constant with 57% and 43% of OPA values, for α-Lac-Lact-LP 

1 and α-Lac-lact-LP 2, respectively.  

 

Meanwhile, after 3 days incubation, the OPA value for β-Lg-Lactose, β-Lg-LP 1 and β-

Lg-LP 2 decreased to 56%, 60% and 48% (Figure 6.7 (b)), respectively, and no significant 

OPA value changes was observed for β-Lg-Lact-LP 1 (66%) and β-Lg-Lact-LP 2 (46%) (Figure 

6.8). At 3 days incubation, WPI-Lactose had similar OPA values as WPI-LP 1, 78%, higher 

than WPI-LP 2 with 69%. This indicated that more LP 2 compound has been conjugated to 

WPI when compared to LP 1 and lactose, due to the slightly higher reactivity of LP 2 (see Figure 

6.7 (c)). The addition of lactose to WPI-LP 1 or WPI-LP 2 mixtures (Figure 6.8), had very little 

effect on the conjugation with only an additional 18% of OPA decrease. 

 

 All the powders (Figures 6.2 and 6.3) displayed a decrease in lightness as the incubation 

time increased. Focusing only on protein-sugar after 3 days of incubation, there was a decrease 

of free amino group content (Figure 6.9 (a)) that was coincidental with the increase of browning 

intensity measured as lightness L* in Figure 6.6 (b). No colour change was observed for the 

protein only samples even after incubation of 3 days, as indicated with the higher lightness in 

Figure 6.9 (b) with values of 97, 96 and 95 for WPI only, β-Lg only and α-Lac only, 

respectively. In addition, the OPA value (100%) did not change since there was no conjugation. 

WPI and α-Lac conjugated with lactose had less browning and higher lightness intensity, 94 

(Figure 6.9 (b)) and a corresponding 78% OPA value (Figure 6.9 (a)). On the contrary, a very 

low OPA value was observed for β-Lg conjugated with lactose (56%), indicating the higher 

reactivity of lactose towards β-Lg protein. The lower OPA value did not correlate linearly with 

the lightness value since very low browning was observed with reasonably higher lightness 

(93.07) shown in Figure 6.9 (b). 
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Figure 6.9 Decrease of (a) % OPA and (b) lightness for WPI, α-Lac, β-Lg , and for these whey 

proteins in the presence of lactose, LP and mixture of lactose and LP, as a function of time at Aw 

0.79 and 40ºC. Data values with standard deviations are included in Appendix 8.2-8.5 

 

The largest decrease in lightness was in the α-Lac, β-Lg and WPI powders incubated with 

LP 1 as shown in Figure 6.9 (b). The lower value of lightness was an indication of a high degree 
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of Maillard browning and, hence, that conjugation of the whey proteins had taken place. 

However, the OPA measurements have shown that α-Lac-LP 1, β-Lg-LP 1 and WPI-LP 1 still 

have more free amino groups available as shown in Figure 6.9 (a). The lower OPA values also 

showed that less conjugation between protein-sugar had occurred. In contrast, lower lightness 

intensity was observed for α-Lac-LP 2, β-Lg-LP 2 and WPI-LP 2, when compared to protein 

conjugated to LP 1, giving higher OPA values (see Figure 6.9 (a) and (b)). Based on OPA 

measurements, conjugation of LP 1 and LP 2 with α-Lac, β-Lg and WPI powders have shown 

that LP 2 had slightly higher reactivity, compared to LP 1. 

 

From Figure 6.9 (a), mixtures of either protein (α-Lac, β-Lg and WPI powders), with 

both lactose and lactose phosphate, have only a slight effect on OPA values, with less than 20% 

OPA values observed for protein-lactose-LP 2 mixture; α-Lac-Lact-LP 2, β-Lg-Lact-LP 2 and 

WPI-Lact-LP 2 have OPA values of 43%, 46% and 57%, respectively, compared to α-Lac, β-Lg 

and WPI conjugated with lactose phosphate without any lactose that have OPA values of 69%, 

52% and 48%, respectively. Hence, lactose also had no significant OPA changes for protein-

lactose-LP 1: α-Lac-Lact-LP 1, β-Lg-Lact-LP 1 and WPI-Lact-LP 1, with OPA values of 59%, 

60% and 78%, respectively, compared to α-Lac, β-Lg and WPI conjugated with lactose 

phosphate without any lactose that have OPA values of 57%, 66% and 60%, respectively (see 

Figure 6.9 (a)). However, a more accurate method such as mass spectrometry could be used to 

confirm these findings. Note that the higher intensity of browning colour formation for each 

conjugated protein-sugar powder does not represent higher OPA values or occurrence of more 

conjugation. 

 

6.3.4.3 Degree of hydrolysis (DH) analysis on peptides using OPA method 

 

In this current study, there are variations in the DH for the whey proteins, whether non-

conjugated whey protein or conjugated protein-sugar, as shown in Figure 6.10. Data values and 

standard deviation on each hydrolysed proteins are also included in Appendix 8.6. In Figure 

6.10 (a), hydrolysed α-Lac only, hydrolysed α-Lac-Lactose and hydrolysed α-Lac-LP 1 have 

maximum DH of 11.1 %, 8.5 % and 10.5 %, after 8 h, 5 h and 1 h, respectively. From the degree 

of hydrolysis in Figure 6.10 (a), an increased in DH after 5 h can be seen, except for α-Lac-LP 1 

where DH increase after 1 h and remained constant (within experimental errors) after that. The 

DH for hydrolysed α-Lac only and hydrolysed α-Lac-Lactose became constant after 18 h.  

 

Tryptic hydrolyzates also did not precipitate owing probably to the higher pH used (pH 
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8.5). Hydrolysis of α-La was slower at lower concentration of enzymes and it has been reported 

that this substrate protein is fully hydrolysed after 6 h by trypsin (Pintado & Malcata, 1996). Our 

results agree with those reported by Schmidt and Poll (1991) where α-Lac was slowly and 

partially hydrolyzed by trypsin. However, the behavior of the tryptic activity on α-Lac-sugar 

might be different than for its activity on α-Lac alone. The theoretical maximum degree of 

hydrolysis for β-Lg is ~10.6% (Cheison et al., 2010). This DH was not reached for hydrolysed β-

Lg in this current study, with a DH value of only 8.3% after 8 h of tryptic digestion as shown in 

Figure 6.10 (b). Trypsin seems to have a limited ability to hydrolyse β-Lg, perhaps due to the 

high enzyme specificity, inhibition of trypsin by peptides (Adler-Nissen, 1986) and/or peptide–

peptide interactions.  

 

However, the DH reached a highest percentage for both hydrolysed β-Lg-Lactose 

(10.3%) and hydrolysed β-Lg-LP 1 (12.7%), after 8 h and5 h digestion, for β-Lg-Lactose and β-

Lg-LP 1, respectively. Cheison and Kulozik (2015) had reported that the identified peptide 

bonds in β-Lg, was able to predict the degree of hydrolysis, DH. In β-Lg, therefore, if the 18 

peptide bonds were hydrolysed by trypsin, it would be expected that DHtrypsin-max would be 18 out 

of 161, which gives a value of 11.18%. However, since one peptide (Lys
57

-Pro
48

) bond is 

expected to resist trypsin hydrolysis, it is predicted that only 17 out of 161 peptide bonds would 

be scissile, resulting in a DHtrypsin-max of 10.56%. However, this DH was found difficult to reach 

when whey proteins were hydrolysed with trypsin, with values in the region of 9.5% being 

reported in the literature (Amiot et al., 2004, Asselin et al., 1988, Cheison et al., 2010) that 

translates to about 90% trypsin hydrolysis. 
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Figure 6.10 Degree of Hydrolysis (DH) bar chart for non-conjugated and conjugated (a) α-Lac, 

(b) β-Lg and (c) WPI at different trypsin digestion times. Error bars represent standard errors, 

n=2. Bars caped with different letters are significantly different at p < 0.05, ANOVA, Duncan 

test. Data values and standard deviations are reported in Appendix 8.6. 
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Cheison et al. (2010) have also performed experiments with WPI at an enzyme trypsin-to-

substrate ratio of >1% and reported that a DH >10% was very hard to achieve. It was reported 

that trypsin enzymatic activity selectively digested β-Lg while α-Lac remains more or less in its 

native state (Schmidt & Poll, 1991; Galvão et al., 2001; Custodio et al., 2005; Konrad & 

Kleinschmidt, 2008; Cheison et al., 2010). Whey protein hydrolysis seemed to generally proceed 

with β-Lg being hydrolysed more favourably than α-Lac (Cheison & Kulozik, 2015). The protein 

hydrolysis patterns were altered with resistance detected for trypsin with glycosylated whey 

proteins (Adamberg et al., 2005). From Figure 6.10 (c), hydrolysed WPI only, hydrolysed WPI-

Lactose and also hydrolysed WPI-LP 1 have attained the maximum % DH of 10.8%, 9.2% and 

10.7%, after 2 h, 5 h and 8 h, respectively. Figure 6.10 (c) shows that the DH tend to increase 

consistently after 2 h and becomes constant by 18 h of hydrolysis. Hydrogen bonding between 

the N-H of lysine residues with water and with the C=O of other amino acids in the polypeptide 

may partially protect lysines against glycation (Baynes et al., 1989). This may explain why 

attempts to correlate the exposure of the lysine residues in the β-Lg structure with their 

lactosylation have revealed no obvious relationship (Oliver, 2011).  

 

 When sugar is conjugated to protein (e.g. WPI conjugated to lactose or LP), the Lys 

residue is well protected with sugar at the carboxyl end. Increasing the protein-sugar conjugation 

and will reduce the degree of hydrolysis (DH). The new bond formed between Lys and lactose 

would be resistant to enzymatic hydrolysis due to the narrow specificity of trypsin for the 

peptide bonds linking the carboxyl group of Lys to the amino group of any other amino acid 

(Hansen and Millington, 1979). Since the enzyme attack patterns are dramatically altered after 

glycosylation, and since trypsin specificity limits the attack on lysyl and arginyl residues, it is 

evident that glycosylation at lysyl residues has potential to alter trypsinolytic hydrolysis of 

proteins, and might result in different peptide composition (Cheison & Kulozik, 2015). 

 

 

6.4       Physico-chemical characterisation of non-conjugated and conjugated α-Lac, β-Lg  

            and WPI 

 

6.4.1     Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

 

Besides quantitative and qualitative analysis of the unmodified and modified whey proteins, 

chemical and physical analyses can explain the chemistry behind each conjugation state and also 

compare the unmodified and modified whey proteins. SDS-PAGE analysis under reducing 
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conditions can determine each molecular weight band existing within each modified whey 

proteins, since the gel band shifts in comparison to the unmodified proteins. The SDS-PAGE 

analysis can be also used in conjugation with Liquid Chromatography Mass Spectrometry 

(LCMS) analysis which will be used later in this chapter to investigate the presence of 

conjugation.  

 

 SDS-PAGE showed changes in band migration upon conjugation. However, the degree of 

conjugation could not be confirmed accurately by this method. SDS-PAGE has been used to 

determine the presence of monomeric, dimeric, trimeric and also any aggregates present in the 

protein system (Chevalier et al., 2001). Under reducing SDS-PAGE conditions, hydrophobic 

interactions and disulphide bonds are disrupted, but covalent bonds, such as those formed during 

conjugation, are not affected. In the current study, three different SDS-PAGE staining techniques 

were employed. Coomassie blue staining is a conventional stain for protein band detection 

(Laemmli, 1970). For proteins present at levels too low to be detected using Coomassie blue 

staining, silver staining (Moller et al., 1995 and Goldberg & Warner, 1997) a more sensitive 

method, has been used. A modified glycoprotein stain based on periodic acid oxidation and 

subsequent Alcian blue/silver staining (Moller et al., 1993) has been used to observe bands 

containing glycoproteins. 

 

6.4.1.1 Coomassie blue staining for protein detection  

 

The current study investigated conjugation of whey proteins after 3 days incubation. All 

unmodified and modified whey proteins powder were analysed with SDS-PAGE Coomassie blue 

staining to identify any significant difference within the whey protein electrophoretic pattern.  

 

Six marker standards are used as reference in the SDS-PAGE analysis. The WPI only 

sample is shown in lane 1 in Figure 6.11 (a) and (b) and consisted of two significant bands at 

about 14 kDa and 18 kDa, corresponding to α-Lac and β-Lg, respectively. This sample was used 

as a control. The WPI sample was from Davisco and contained a mixture of both α-Lac and β-Lg 

with an approximate composition of 72.5% β-Lg and 25.3% (percentage of concentration for 

each protein composition calculated based on LCMS analysis, and mass spectra of WPI shown 

in Figure 6.20. SDS-PAGE analysis using Coomassie Blue staining has been used as the control 

to identify whether conjugation did occur or not, and to what extent. The SDS-PAGE analysis of 

non-conjugated and conjugated protein samples are shown in Figure 6.11 (a) and (b).  
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 Figure 6.11 Coomassie blue staining SDS-PAGE profile of dry heated non-conjugated 

and conjugated α-Lac, β-Lg and WPI for 3 days incubation under non-reducing condition. 

Protein markers with a molecular range of 14.4-97.4 kDa were used as standards. (a) SDS-PAGE 

gel 1 (lanes M, 1 to 8) and (b) SDS-PAGE gel 1 (lanes M, 1 to 4, and 9 to 12) with protein bands 

in lanes M, 1, 2, 3 and 4 are the same protein sample for both gels. 

 

A broad protein band was observed for β-Lg band at around 18 kDa in lane 1 for both 

gels in Figure 6.11 (a) and (b). Protein band in lane 2 from both Figure 6.11 (a) and (b) was from 

the 3 days incubation of conjugated WPI-lactose sample. The band intensity formed was similar 

to the β-Lg protein band in lane 1, although this protein band slightly shifted upward due to the 

increase in molecular weight to around 20 kDa, as a consequence of lactose conjugation to β-Lg. 

Also this protein band is more diffuse than the β-Lg band, most likely due to different levels of 

conjugation of the β-Lg. The α-Lac in the WPI sample (lane 1) migrated as a sharp band. The α-

Lac band (~14 kDa) in lanes 2, 3 and 4 (Figure 6.11 (a) and (b)) occurred as very faint bands, 

which did not migrate as far down gel on α-Lac (Lane 1). This indicated that, when conjugation 

occurred, the protein band shifted to a higher molecular weight protein band similar to the band 

observed in lane 3 (Figure 6.11 (a) and (b)), for conjugated WPI-LP 1 sample. However, protein 

bands on conjugated WPI-LP 2 in lane 4 (Figure 6.11 (a) and (b)) was a lot fainter than the 

protein bands WPI-LP 1 in lane 3 in both gels. The faint band observed have been mentioned by 
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Zhu et al. (2008) who indicated no polymerization occurred in WPI in the presence of dextran 

without heat treatment of the mixture. Meanwhile, a faint band also suggests that the polymers 

were reduced into small molecules due to the presence of 2-mercaptoethanol. 

 

Protein bands for lanes 5 to 8 in Figure 6.11 (a), i.e., the non-conjugated and conjugated 

α-Lac protein, were very distinct compared to the α-Lac in the WPI. Meanwhile, lanes 9 to 12 in 

Figure 6.11 (b), of the non-conjugated and conjugated β-Lg, show similar bands pattern to lanes 

1 to 4 in both gels. When LP 2 was conjugated to either α-Lac, β-Lg and WPI fainter bands 

compared to other conjugated protein bands are observed. Smearing of bands points toward 

different states of protein association and possibly conjugation as glycated samples are 

heterogeneous protein species with a different number of attached sugar moieties (Chavelier et 

al., 2002). For instance, when α-Lac, β-Lg and WPI are conjugated to Glu-6P, smeared and faint 

bands are observed (Sample E in Appendix 9.2). When conjugation occurred between whey 

proteins and sugars, the bands shifted upwards compared to the native proteins. This observation 

was clearly seen in WPI-glucose and WPI-lactose, as the incubation time proceed to 10 days 

(Sample B and C in Appendix 9.2). However, when conjugation occurs between α-Lac, β-Lg 

and WPI and non-reducing sugars such as Glu-1P and Lact-1P, no significant band shift was 

observed, even after 10 days of incubation (Sample D and F, see Appendix 9.2).  

 

6.4.1.2 Silver staining for more sensitive protein detection 

 

Silver staining is one of the procedures, in addition to Coomassie Blue (Neuhoff et al., 1988), 

and fluorescent dyes (Steinberg at al., 1996; Patton, 2002) that is available for detecting proteins 

separated by gel electrophoresis. Switzer et al. (1979) introduced silver staining, a technique that 

today provides a very sensitive tool for protein visualisation with a detection level down to the 

0.3-10 ng. This type of SDS-PAGE staining could confirm the presence of proteins that could 

not be observed clearly by Coomasie blue staining. This more sensitive staining method was 

modified by the previous works of Moller et al. (1995) and Goldberg & Warner (1997).  

 

In Figure 6.12 (a) and (b), the protein bands in lane 1 confirm that WPI consisting mainly 

of β-Lg at around 18 kDa and α-Lac at around 14 kDa. For lanes 2 to 4, in gel (a) both α-Lac and 

β-Lg were stained; whereas in gel (b), only β-Lg was stained. Again, α-Lac was not stained upon 

conjugation due to the absence of polymerization as mentioned in Section 6.4.1.1 earlier, in 

which a lot more fainter band was observed. The upward shift in the bands indicated that sugar 

conjugation has occurred, due to the increase in the molecular weights of different conjugated 
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proteins (Figure 6.12 (a) and (b)). For the α-Lac protein bands observed in lanes 5 to 8 in Figure 

6.12 (a), more clearer protein bands with darker brown were observed, especially for the protein 

band in lane 8, that used to be very faint  in the Coomassie blue staining (band at lane 8 in Figure 

6.11 (a)). For α-Lac bands in lanes 6 to 8, all conjugated α-Lac-lactose, α-Lac-LP 1 and α-Lac-

LP 2 samples have a similar conjugation pattern, although the broad protein bands, did not make 

it possible to differentiate the various levels of conjugation. For the β-Lg protein bands in lanes 9 

to 12 in Figure 6.12 (b), the conjugated and non-conjugated β-Lg protein displayed different 

migration patterns. Based on migration distance, the samples β-Lg-Lactose and β-Lg-LP 2 had 

higher molecular weights, and hence were more conjugated than β-Lg and β-Lg-LP 1.   

 

 

 

Figure 6.12 Silver staining of SDS-PAGE profile of dry heated non-conjugated and conjugated 

α-Lac, β-Lg and WPI for 3 days incubation sample. Protein markers with a molecular range of 

14.4-97.4 kDa were used as standards. (a) SDS-PAGE gel 1 (lanes M, 1 to 8) and (b) SDS-

PAGE gel 1 (lanes M, 1 to 4, and 9 to 12) with protein bands in lanes M, 1, 2, 3 and 4 are the 

same protein sample for both gels. 
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6.4.1.3 Alcian blue-periodic acid staining for glycoprotein detection  

      

A method for the detection of glycoproteins in SDS gels was developed by a combination of 

initial periodic acid oxidation/Alcian blue staining. The procedure allows detection of as little as 

1.6 ng of α1-acid glycoprotein. The method is very useful for the assessment of sample purity 

and detection of glycoproteins in dilute mixed samples (Moller & Poulsen, 1995). The presence 

of conjugated whey proteins can be observed with yellowish and brownish bands using periodic 

acid oxidation and subsequent Alcian blue/silver staining. Non-conjugated protein can be 

observed as white ‘negative’ bands while the presence of conjugated proteins are observed as 

yellowish and brownish colour.  

 

Control on the glycoprotein detection as brownish/yellowish band colour on horseradish 

peroxidase standard can show glycoproteins, as shown in Appendix 9.3. Horseradish peroxidase 

(HRP) is the type of enzyme found in the roots of horseradish, a 44,173.9 Da glycoprotein with 6 

Lys residues which can be conjugated to a labelled molecule. From this staining, glycoprotein 

are clearly observed when whey proteins are conjugated with lactose and lactose phosphate. 

Figure 6.13 (a) and (b) below showed the presence of browning and yellowish bands 

corresponding to glycoprotein within each modified whey proteins. The bands of the protein 

markers are seen as light white bands, indicating that these markers are non-conjugated protein. 

The same result was observed for lane 1 in Figure 6.13 (a) and (b), in which only non-conjugated 

WPI protein was present. Conjugated WPI-Lactose protein bands in lane 2 for both gels at 

around 18 kDa and 14 kDa are brown, indicating the presence of glycoprotein. In lane 3 and lane 

4 of both gels, the protein bands of WPI-LP 1 and WPI-LP 2, are turned into dark yellow bands. 

Lanes 5 to 8 had prominent α-Lac protein bands, with the α-Lac only protein band in lane 5 

showing a white band, indicating no protein conjugation.  

 

However, protein bands for α-Lac-Lactose (lane 6), α-Lac-LP 1 (lane 7) and α-Lac-LP 2 

(lane 8) have brown protein bands. Non-conjugated and conjugated β-Lg protein bands are 

shown in lanes 9 to 12 in Figure 6.13 (b). These bands, although with lower intensity, are similar 

to the ones observed in lanes 1 to 4 for non-conjugated and conjugated WPI. Glycoproteins are 

detected through the presence of darker yellow and brownish bands, while light yellow indicates 

the presence of non-conjugated protein. Another staining called Schiff’s reagent (Fuchsin-Sulfite 

Reagent) for glycoprotein detection (data not shown) was also investigated. However, this 

staining is less sensitive and produced unclear pink/red bands. This staining also required higher 

concentration of proteins, compared to alcian blue staining of glycoprotein used in this work. 
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The three different staining methods are compared in Figure 6.14 (a), (b) and (c) for non-

conjugated and conjugated α-Lac, β-Lg and WPI at 3 days incubation. Bands mobility increased 

for whey proteins that are conjugated especially for whey proteins that conjugated with LP in 

lane 3 (Figure 6.14 (b)), lane 6 (Figure 6.14 (c)) and lane 9 (Figure 6.14 (d)), with different types 

of SDS-PAGE staining. This was possibly due to the high number of negatively charged 

phosphate groups on phosphorylated lactose conjugated to the whey proteins.  

 

 

 

Figure 6.13 Periodic acid oxidation and subsequent alcian blue/silver staining SDS-PAGE 

profile of dry heated non-conjugated and conjugated α-Lac, β-Lg and WPI for 3 days incubation 

sample. Protein markers with a molecular range of 14.4-97.4 kDa were used as a standards. (a) 

SDS-PAGE gel 1 (lanes M, 1 to 8) and (b) SDS-PAGE gel 1 (lanes M, 1 to 4, and 9 to 12) with 

protein bands in lanes M, 1, 2, 3 and 4 are the same protein sample for both gels. 
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Figure 6.14 SDS-PAGE profile analysis of three different staining types of gel electrophoresis for optimised days incubation of dry heated non-

conjugated and conjugated α-Lac, β-Lg and WPI; Protein markers with a molecular range of 14.4-97.4 kDa were used as standards. (a) Coomasie 

blue staining; (b) silver staining; (c) periodic acid oxidation and subsequent alcian blue/silver staining with lane M: Marker, Lane 1: WPI standard 

(Davisco Ltd.) 1 mg/mL, Lane 2: WPI-Lactose, Lane 3: WPI-LP 1, Lane 4: α-Lac standard (Sigma Aldrich) 1 mg/mL, Lane 5: α-Lac-lactose, 

Lane 6: α-Lac-LP 1, Lane 7: β-Lg standard (Sigma Aldrich) 1mg/mL, Lane 8: β-Lg-Lactose and Lane 9: β-Lg-LP 1. 
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6.4.2 Analysis of α-Lac, β-Lg and WPI using Electrospray Ionisation (ESI)-Liquid  

         Chromatography Mass Spectrometry (LCMS) 

 

LCMS was used to characterise the whey proteins and monitor their conjugation to either lactose 

or LP. Initially, HPLC using RP was used to separate α-Lac and the two genetic variants of β-Lg 

(variants A and B) into discrete peaks and then MS, using electrospray ionisation (ESI), was 

used to characterise the individual proteins and their degrees of conjugation. Different samples 

were taken at eight incubation times (0, 1, 2, 3, 4, 5, 7 and 10 days). Incubation at 40°C was used 

to ensure adequate lactosylation while protein denaturation was minimised. All non-conjugated 

and conjugated protein samples were analysed by LCMS combining gradient-elution reversed 

phase chromatography with ESI-MS. This technique allows for analytes to be separated based on 

polarity then analysed by their ionisation number. The presence of significant amounts of 

conjugation of the three proteins and their increase with time of incubation was assessed from 

the MS data. The charge number of the multi-charged ions, the deconvoluted mass spectra, and 

the protein Mr determinations were automatically obtained using Mass Hunter software. 

 

6.4.2.1 LCMS analysis on non-conjugated and conjugated α-Lac, β-Lg and WPI 

 

All mass spectra were reported as total ion chromatograms (TIC), mass charge ratio (m/z ratio) 

and deconvolution mass spectra. The positive ESI-MS spectrum of a protein generally consists 

of a series of multiply charged ions, appearing at m/z = (Mr + nX)/n, with a Gaussian-like 

intensity distribution, where n is the number of charges, with each ion in the series differing by 

plus or minus one charge unit, and X is the mass of a cation (H+ is more frequent). The positive 

charge mostly arises from the protonation of the basic amino acid residues (Arg, Lys and His) 

and of the free α-amino terminal end of the protein (Leonil et al., 1995).  

 

RP-HPLC coupled to ESI-MS was used to determine the number of sugars attached to 

the proteins. The degree of lactosylation can be accurately determined by deconvolution of the 

extracted ion chromatograms of the main multi-charged ion of each form. Variations in retention 

times, shape of the chromatographic peaks within the extracted ion chromatograms, and the 

protein charge state distribution were observed upon conjugation and were related to a reduction 

of the protein hydrophobicity and to conformational changes induced by lactosylation 

(Czerwenka et al., 2006). Losito et al., (2007) also reported that a decrease of protein charge 

state distribution in lactosylated β-Lg could be due to the ability of the sugar moiety to mask the 

protonatable sites of the protein. The total extent of conjugation on the protein under a given set 
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of conditions is dependent on the reactivity of the available sites (Morgan et al., 1998).  

 

6.4.2.2 LCMS analysis on non-conjugated α-Lac, β-Lg and WPI 

 

Initially, pure samples of α-Lac, β-Lg and WPI were analysed by LCMS, to determine elution 

times and the charge state of each protein. The total ion chromatogram showed almost complete 

baseline separation between α-Lac and β-Lg (Figure 6.15). The two variants of β-Lg differ from 

each other by two amino acid residues; variant A variant B: Asp64  Gly8, Val118  Ala8 

(Catlin, 2012). Although there was incomplete baseline separation of β-Lg, the two variants had 

distinguishable peaks. Purified α-Lac, β-Lg and WPI were used as controls and eluted at about 

19.38 min, 21.72 min and 22.47 min, respectively (Figure 6.15). The charge state distribution for 

α-Lac was +8 to 12+ and for β-Lg was 10+ to 18+ as observed in the mass spectra (Figure 6.16). 

The two variants of β-Lg have been reported to show similarity in their behaviour despite 

differences in their stability and structure (Fenaille et al., 2003; Losito et al., 2007; Monaci & 

van Hengel, 2007; Dong et al., 1996; Gough & Jenness, 1962; Hillier et al., 1979 and Huang et 

al., 1994).  

 

 

 

Figure 6.15 Total ion chromatograms (TIC) from LCMS of non-conjugated whey proteins: 

Extracted ion chromatogram of (a) α-Lac only, (b) β-Lg only and (c) WPI only, at 0 day 

incubation time. 
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Figure 6.16 Total ion current chromatogram of the separation of the whey proteins α-Lac and β-

Lg. (Insets) Mass spectra of the protein peaks with annotated charge states. 

 

The different deconvolution patterns of non-conjugated and conjugated whey proteins are 

shown in Figure 6.17. The deconvoluted spectra for non-conjugated protein at 0 day incubation 

show no additional Mr spectra, with only two protein variants, β-Lg (A and B) present as shown 

in Figure 6.17 (a). In addition to the two β-Lg variants observed at 18273.3 and 18359.5 a.m.u 

there were also a number of smaller peaks. There are related to the main β-Lg peaks as either 

adducts or oxidation adducts formed during electrospray ionisation. These additional peaks have 

not been identified and will not be discussed further in this section.  

 

However, when β-Lg was conjugated with lactose for 1 day, there was a series of Mr 

mass shifts of +325, with the addition of one or more lactose units until 5 lactose molecules were 

attached to the β-Lg protein (Figure 6.17b). After one day, almost no unconjugated β-Lg was 

observed. A similar pattern was observed when β-Lg was conjugated with LP. In this case, after 

3 days incubation, there was a series of Mr mass shifts of +404, up to the addition of 5 LP units 

onto the β-Lg (Figure 6.17c). Also, there was an almost complete lack of non-conjugated β-Lg.  
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Figure 6.17 Deconvoluted mass spectra of β-Lg. The spectrum of β-Lg alone at 0 day and at β-

Lg incubated with lactose or lactose phosphate (LP) at 1 day and 3 days, respectively. (a) The 

spectra of β-Lg alone at 0 day presented peaks for only non-conjugated protein (both variants A 

and B). (b) The spectra of β-Lg-Lactose at 1 day of incubation presented peaks that corresponded 

to small peak of non-conjugated peak left and +1, +2, +3, +4 and +5 lactosylated β-Lg. (c) The 

spectra of β-Lg-LP at 3 days of incubation presented peaks that corresponded to none non-

conjugated protein peak left and +1, +2, +3, +4 and +5 phosphorylated β-Lg. 

 

The m/z values, ESI-MS spectra, deconvoluted spectra and observed Mr values of each 

whey protein are shown in Figures 6.18-6.20. The ESI-MS mass spectra of α-Lac were compared 

and the observed ion species range was from 8+ to 12+, with the most abundant ion at m/z 

=1576 (n=9) (Figure 6.18a). The ion series for lower charge states were probably formed upon 

electrospray ionization, but they were not seen as they would arise at m/z values greater than 

2400, beyond the high limit of detection of the instrument (Leonil et al., 1995). Mass spectra of 

unmodified whey proteins contained no traces of lactosylated proteins, although there were a 

number of adduct/oxidation products observed.  

 

 

Deconvoluted Mass (a.m.u)
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Figure 6.18 LC/ESI-MS mass spectra of α-Lac after incubation at 0 day as control. (a) Observed 

ion species range, (b) Deconvoluted mass spectra with table of different Mr values insets. 
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For β-Lg the observed ion species range was from 10+ to 18+, with the most abundant ion at m/z 

= 1219 (n = 15) (Figure 6.19a). β-Lg has been shown to ionise more readily than α-Lac. It is 

believed that α-Lac bound strongly to one Ca
2+

 atom at a specific site, but it also contains at least 

two other possible cation binding sites (Berliner & Johnson, 1988). It was mentioned in a 

previous study that calcium binding was disrupted at low pH (ca 2.0 instead of 4.5 when using 

0.05% formic acid) (Czerwenka et al., 2006). The ESI-MS spectra of β-Lg, contains 

contributions from the two variants A and B. For β-Lg B (Mr 18273.32 Da) and β-Lg A (Mr 

18359.52 Da), and the ratio of β-Lg B: β-Lg A was approximately 2:1 based on the peak heights 

of the mass spectra in Figure 6.19b.  

 

 

 

Figure 6.19 LC/ESI-MS mass spectra of β-Lg after incubation at 0 day as control. (a) Observed 

ion species range, (b) Deconvoluted mass spectra with table of different Mr values insets. 
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For WPI, the ESI-MS mass spectra consist of three significant ion species, β-Lg A, β-Lg B and 

α-Lac. The observed ion species range for β-Lg A, and β-Lg B was from 10+ to 18+, with the 

most abundant ion at m/z =1225.00 (n=15) (Figure 6.20a). From the same spectra, the α-Lac ion 

species was clearly observed at m/z 1576.10 (n=9) and at m/z 1772.90 (n=8), with the n=10 ion 

at 1418.6 m/z, overlapping the β-Lg A and B n=13 ions at 1413.3 and 1406.6 m/z, respectively. 

 

 

 

 

Figure 6.20 LC/ESI-MS mass spectra of WPI after incubation at 0 day as control. (a) Observed 

ion species range, (b) Deconvoluted mass spectra with table of different Mr values insets. 
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The identified mass charge and observed mass, Mr of each whey protein are presented in Table 

6.1 below and the Mr values were compared with some previous literature values. Data for mass 

charge ratio and deconvoluted mass of α-Lac and β-Lg obtained from this current study are very 

similar to those reported in other studies. 

 

Table 6.1 Molecular mass, Mr determination of major whey proteins by LC/ESI-MS. 

 

 

 

6.4.2.3  LCMS analysis of conjugated α-Lac, β-Lg and WPI 

 

The conjugation reaction can be followed in detail using mass spectroscopy. High mass 

resolution spectra combined with deconvolution have enabled the detection of lactose and 

lactose phosphate conjugation to α-Lac, β-Lg and WPI. There are 9 different protein sugar 

conjugation types discussed in this section, α-Lac-Lactose, α-Lac-LP 1, α-Lac-LP 2, β-Lg-

Lactose, β-Lg-LP 1, β-Lg-LP 2, WPI-Lactose, WPI-LP 1 and WPI-LP 2, at different incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days.  

 

6.4.2.3.1    Analysis of total ion chromatogram (TIC) of conjugated α-Lac, β-Lg and WPI 

 

There was a reduction of peak intensity with incubation time for each protein sugar conjugate. 

This decrease was also evident in the extracted ion chromatograms of the individual conjugated 

forms, and was accompanied by peak broadening. The variations in retention times, shapes of the 
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chromatographic peaks within the extracted ion chromatograms, and the protein charge state 

distribution have been related to a reduction of the protein hydrophobicity and to conformational 

changes induced by lactosylation (Czerwenka et al., 2006). These authors observed a trend of 

decreasing retention time for both α-Lac and β-Lg as the number of lactose units bound 

increased. The time difference between the protein with the most lactose units bound and the 

unmodified protein was approximately 0.5 min, with the more lactosylated species eluting first. 

The shift in retention time was due to an increase in protein hydrophilicity as more lactose units 

were bound to the protein at the lysine residues. 

 

When using a reversed phase column, which has greater interaction with more 

hydrophobic molecules causing them to elute last, the decreased hydrophobicity diminishes the 

interaction of the conjugated protein with the surface of the column material. The broad, and in 

some cases asymmetric, shape of the chromatographic peaks of the highly lactosylated protein 

species (e.g., α-Lac + 2 lactose) possibly results from the variety of individual protein species 

with different lactose binding sites which may differ subtly in their retention characteristics 

(Czerwenka et al., 2006). Figure 6.21 shows the total ion chromatogram spectra of the 

conjugates of (a) α-Lac-Lactose, (b) α-Lac-LP 1 and (c) α-Lac-LP 2. The time difference 

increased for α-Lac-Lactose as more lactose units were bound with increasing incubation time. 

This is in agreement with Czerwenka et al. (2006) where the more lactosylated species eluted 

first. Specifically, in our study the elution time decreased by 2.5 min between the 0 and 10 day 

incubation samples. Different results were observed however when α-Lac was conjugated with 

LP (Figure 6.21b and Figure 6.21c).  

 

Due to the presence of charged phosphate groups the LP compound in general has greater 

hydrophilic characteristics compared to the lactose conjugate, and it is more electronegative than 

lactose. Overall, there was no significant difference in the retention time of the proteins as the 

incubation time with LP increased. Also, LP had a slower rate of conjugation due to its higher 

electronegativity caused by the presence of highly negative phosphate groups that can create 

electrostatic repulsion forces (Li et al., 2003; 2010). There were similar changes in elution 

patterns with the conjugated β-Lg and WPI samples (Figure 6.22 and 6.23). As more lactose was 

conjugated to these samples the elution times from the reversed phase column decreased by up to 

2.5 min. When LP was used for the conjugation there was no significant change in the retention 

time. 
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6.4.2.3.2    Analysis of mass spectra and deconvoluted data of conjugated α-Lac, β-Lg and  

                  WPI 

 

The mass spectra for the LC-MS analysis of the conjugation products of α-Lac, β-Lg and WPI, to 

lactose, LP 1 and LP 2 for different incubation times (0 to 10 days), are reported in Appendix 

6.6(a)-6.6 (i) for averaged mass spectrum and Appendix 6.71-6.79 for LCMS deconvoluted 

mass spectra. The maximum number of sugar residues conjugated to the different proteins are 

summarised in Table 6.2. In general, longer incubation times resulted in greater conjugation of 

the WPs, although this was limited by the availability of conjugation sites, steric hindrance of the 

sites by prior conjugation, slower rates of conjugation and the chemistry of the conjugating 

sugar. At longer incubation times the ability to analyse for the conjugation became compromised 

due to modifications to the proteins either during the incubation period, or during MS ionisation 

(e.g. formation of adducts or oxidation of the amino acids). This resulted in a loss of MS signal, 

poor ionisation and lack of usable mass spectra.  

 

             Conjugation with lactose resulted in higher levels of addition (up to 8 and 11 lactose for 

α-Lac and β-Lg, respectively). LP 1 and LP 2 appeared to be more resistant to conjugation to the 

WPs. The addition of lactose and LP to WP, referred to here as lactosylation and 

phosphorylation, resulted in observed mass differences of n x 324 mass units (0 < n < 12) for 

lactosylated protein samples and n x 404 mass units (0 < n < 5) for phosphorylated protein 

samples. Well defined spectra with ions from +8 to +12 for 0 day incubation of α-Lac-lactose, α-

Lac-LP 1 and α-Lac-LP 2 can be seen in Appendix 6.6(a), 6.6(b) and 6.6(c), respectively.  

 

            As the incubation time proceeded for α-Lac-lactose, α-Lac-LP 1 and α-Lac-LP 2 

conjugation, more ions in the envelope were observed with 3 separate “mini envelopes” of +8, 

+9, +10 formed towards the higher range of molar ratio, m/z values. As summarised in Table 

6.2, different types of conjugated protein-sugar gave different extents of conjugation. For α-Lac 

conjugated with lactose or LP (both LP 1 and LP 2), the best incubation time using the dry 

method conditions was 3 days. A maximum 3 LP molecules were attached to α-Lac protein 

while for lactose, the maximum attachment was up to 8 lactose molecules, after 10 days 

incubation. However, after 4 days incubation time, the conjugated α-Lac-lactose powder 

underwent considerable browning. Three days incubation was selected as the optimum time for 

α-Lac conjugation with either lactose, LP 1 and LP 2 for this study. The deconvoluted spectra for 

α-Lac-lactose, α-Lac-LP 1 and α-Lac-LP 2 conjugation at different incubation times are recorded 

in Appendix 6.71 (a-h), Appendix 6.72 (a-h), and Appendix 6.73 (a-d). The mass spectra of α-
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Lac-LP 2 could not be deconvoluted after 4 days incubation, most probably due to unfavourable 

LP charge conditions and to more advanced Maillard browning reactions (Chen et al., 2013). For 

β-Lg-Lactose, β-Lg-LP 1 and β-Lg-LP 2 samples, mass spectra with ions from +10 to +18 were 

observed in the control 0 day incubation samples (Appendix 6.6 (d), 6.6 (e) and 6.6 (f), 

respectively). As the incubation time proceeded, more ions in the envelope were observed with 5 

separate “mini envelopes” of +13, +14, +15, +16, and +17 formed towards the higher range of 

molar ratio, m/z values. With the β-Lg protein, a maximum of 11 lactose moieties were attached 

to β-Lg after 7 days incubation (Table 6.2). However, for this study when also considering the 

browning effect colour changes in the powder, a 3 day conjugation time which resulted in less 

browning and an optimum lactose (8 molecules) attachment was chosen. A similar reaction time 

was used for β-Lg conjugated to LP 1, although here only 5 LP molecules were attached after 3 

days incubation. In contrast, for the LP 2 sugar, when conjugated to β-Lg, a maximum of only 3 

LP molecules attached after 2 days incubation. After 3 days incubation, of β-Lg-LP 2, no clear 

mass spectra was observed. The deconvoluted mass spectra for β-Lg-Lactose, β-Lg-LP 1 and β-

Lg-LP 2 conjugation for different incubation times are recorded in Appendix 6.74 (a-h), 

Appendix 6.75 (a-g) and Appendix 6.76 (a-c), respectively. Deconvoluted data of β-Lg-LP 1 

and β-Lg-LP 2 could not be obtained at 10 days incubation and after 3 days incubation for β-Lg-

LP 1, most probably due to the effect of excess LP molecules after further conjugation with heat 

treatment, and advanced Maillard browning. This was similar to the conjugated α-Lac results.  

 

Although α-Lac did not appear to be as susceptible to conjugation as β-Lg, this may be 

because α-Lac does not ionise as readily as β-Lg and was, thus, more difficult to analyse by MS 

(Chen et al., 2013). LP appeared to be a less reactive reducing sugar for conjugation compared to 

lactose. This could be due to the more electronegativity character of LP. Haar et al. (2011) 

observed that a negative charge state would reduce the glycation speed in the initial stage. This 

was probably due to electrostatic repulsion limiting the approach of negatively charged sugar to 

β-Lg. The proportion of the carbonyl form was traditionally considered as an important 

explanation for the glycation reactivity of different sugars (Chen et al., 2013). In order to get an 

accurate average degree of conjugation for each protein-sugar in this study, we will discuss and 

report the data calculated based on percentage degree of conjugation in Section 6.4.2.3.3. The 

Maillard reaction consists of' the formation of a Schiff base between the amino acids in a protein 

and a reducing sugar, in which a lysine residue of the protein extends out from the base of' the 

protein and reacts with a lactose molecule. The nitrogen on the R group of the lysine residue acts 

as a nucleophile on the partially positive carbonyl of the lactose. 
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Table 6.2 Summary of the number of available lysine and reacted lysines with conjugated α-Lac, β-Lg and WPI with either lactose or lactose 

phosphate (LP) molecules. 

 

 

 

 

0 1 2 3 4 5 7 10

α-Lac-Lactose 12 1 3 5 6 6 7 7 8

α-lac-LP 1 12 0 1 1 3 3 2 2 2

α-Lac-LP 2 12 0 2 2 3 n.i n.i n.i n.i

β-Lg-Lactose 15 1 5 7 8 9 10 11 11

β-Lg-LP 1 15 0 2 2 5 5 4 4 n.i

β-Lg-LP 2 15 0 3 3 n.i n.i n.i n.i n.i

WPI-Lactose 14 1 4 9 10 10 9 10 11

WPI-LP 1 14 0 1 2 5 5 4 4 n.i

WPI-LP2 14 0 3 3 n.i n.i n.i n.i n.i

Maximum lactose or lactose phosphate moieties detected by mass spectrometry 
Available lysine residuesProtein-sugar conjugation type At different time of incubation (days)
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Due to favorable entropy, a dehydration reaction occurs to form a double bond between the 

nitrogen atom of the lysine residue and the carbon atom of the original carbonyl of the lactose 

(Catlin, 2012). After the formation of the Schiff base, the compound isomerises to produce an 

Amadori compound, the final product after the rearrangement of the Schiff base. This final 

compound, which has the additional lactose molecule attached, is said to be a lactosylated 

protein. The lactose conjugated with WPs more readily than LP. Thus, the phosphate groups on 

LP affects its reactivity, and its higher electronegativity results in repulsion and less reactivity of 

LP with the WPs.  

 

When WPI was conjugated with lactose, LP 1 and LP 2 (Appendix 6.6 (g), 6.6 (h) and 

6.6 (i), respectively) the mass spectra were more complicated as the α-Lac and β-Lg A and B are 

present at different concentrations. Mass spectra with ions from +10 to +18 for WPI-Lactose, 

WPI-LP 1 and WPI-LP 2 at 0 day incubation were observed. Ions in the envelopes formed about 

7 separate “mini envelopes” of +11, +12, +13, +14, +15, +16, and +17 towards the higher range 

of molar ratio, m/z values, although they are not very distinct. For WPI-Lactose, the optimal 

conjugation was after 3 days incubation, with 3 and 7 lactose molecules bound to α-Lac and β-

Lg, respectively (Table 6.2), and little browning effect was observed. At the same incubation 

time of 3 days, WPI-LP 1 showed a maximum LP conjugation of 5 LP molecules. For WPI-LP 

2, 5 LP molecules were attached after 2 days incubation, the maximum conjugation observed, 

since when conjugation proceed from 3 to 10 days, no clear mass spectra was obtained for WPI-

LP 2. The deconvoluted mass spectra for WPI-Lactose, WPI-LP 1 and WPI-LP 2 conjugation at 

different incubation times are shown in Appendix 6.77 (a-h), 6.78 (a-g) and 6.79 (a-c), 

respectively. Deconvoluted data for WPI-Lactose, WPI-LP 1 and WPI-LP 2 could not be 

obtained after 3 days incubation. Mass spectra could not be deconvoluted due to the presence of 

a large number of small peaks.  

 

The other characteristic of the conjugated protein-sugar samples that was evaluated was 

their charge state distribution (CSD). The CSD of a protein depends on the number of accessible 

ionization sites, that later will be influenced by the protein’s conformation (Czerwenka et al., 

2006). Modification of the CSD can provide information on conformational changes induced by 

structural modifications and relative intensities of each single charge state that were determined 

for the protein species for having different numbers of attached lactose or lactose phosphate units 

(representing again the sum of species with different lysine binding sites). Although the 

maximum of the CSD was the same for the non-conjugated α-Lac, β-Lg, and for  both α-Lac and 

β-Lg in WPI, as well as for each protein species carrying one or more lactose/lactose phosphate 
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units (namely, the 15+ charge state for β-Lg and 9+ charge state for α-Lac), the shape of the 

CSDs varied. The CSD of the non-conjugated α-Lac, β-Lg, and for both α-Lac and β-Lg in WPI 

exhibited a bell-shaped curve, whereas for the conjugated protein-sugar species after 1 to 10 days 

incubation time species showed a “tail” of constant relative intensities from the 10+ to the 12+ 

charge state for β-Lg and +8 to +10 charge state for α-Lac. Further analysis on CSD by 

Czerwenka et al. (2006) have found that the relative intensities of the 12+ and 11+ charge states 

increase by factors of 3 and 6, respectively, between the non-conjugated and the doubly 

lactosylated β-Lg species, whereas the relative differences are below 50% for the higher charge 

states (14+ to 17+). Similar results were obtained in the same study for β-Lg A, although, no 

significant changes of lactosylation were to be seen for the CSD of α-Lac.  

 

6.4.2.3.3 Average degree of conjugation on conjugated α-Lac, β-Lg and WPI  

  

The proportion of α-Lac, β-Lg (A and B) and α-Lac and β-Lg (A and B) in WPI, conjugated to 

differing amounts of either lactose, LP 1 or LP 2, is shown in Table 6.3, 6.4 and 6.5. The average 

degree of substitution per protein molecule was then calculated based on the method by 

Czerwenka et al. (2006), Thomsen et al. (2012) and Chen et al. (2012, 2015).  

  (6.1)     

 

where I is the peak intensity of protein (α-Lac or one variant of β-Lg for variants glycated forms) 

and i is the number of attached reducing sugars. The degree of conjugation value was then 

converted into a percentage degree of conjugation value, in %, by multiplying the degree of 

conjugation (equation 6.1) by 100. Table 6.3 showed that for the α-Lac-Lactose, the degree of 

conjugation increased with incubation time from 0 to 10 days incubation time. No unreacted α-

Lac was observed after 3 days of incubation. The maximum degree of conjugation was +8 

lactose after 7 days with an average degree of conjugation of 5.9 lactose/α-Lac. This value 

remained unchanged after 10 days of incubation. α-Lac-Lactose at 3 days incubation time was 

selected as the optimal conjugation time as it also resulted in less browning of the powder. Both 

α-Lac-LP 1 (Table 6.3 (b)) and α-Lac-LP 2 (Table 6.3 (c)) also showed the maximum degree of 

conjugation at 3 days incubation time, of +3 LP molecules. However, unreacted α-Lac was still 

detected for both α-Lac-LP 1 (22.5%) and α-Lac-LP 2 (29.8%). For both LP 1 and LP 2 the 

average degree of conjugation was just over 1 LP/α-Lac.  



 

164 

 

Table 6.3 Percentage degree of conjugation for (a) α-Lac-Lactose, (b) α-Lac-LP 1 and (c) α-Lac-LP 2 at 0, 1, 2, 3, 4, 5, 7 and 10 days incubation 

time. 
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Percentage (%) degree of conjugation for β-Lg-Lactose at 0, 1, 2, 3, 4, 5, 7 and 10 days 

incubation time were all recorded in Table 6.4 (a). Maximum lactose attachment were observed 

at 10 days incubation time, with up to 11 lactose molecules attached to β-Lg A and B. However, 

10 days incubation of β-Lg-Lactose resulted in a dark brown colour which was undesirable. The 

optimum incubation time for lactose conjugation with limited browning was selected to be 3 

days. This corresponded to an average degree of conjugation of 5.5 lactose/β, with no unreacted 

β-Lg present. The average degree of conjugation for β-Lg-LP 1 after 3 days incubation was 2.2 

lactose/β-Lg. This only increased slightly to 2.6 lactose/ β-Lg after 7 days incubation (Table 6.4 

(b)). For β-Lg-LP 2, a similar degree of conjugation (2.6 lactose/ β-Lg) was observed after 2 

days incubation (Table 6.4 (c)). No unreacted β-Lg was detected for both β-Lg-LP 1 and β-Lg-

LP 2 at 3 days and 2 days incubation time, respectively. Both of these times are suitable for 

conjugation as the powder had little Maillard browning. After 2 days incubation the mass spectra 

for β-Lg-LP 2 was not distinct enough to permit deconvolution. 

 

 

The lower extent of lactosylation for α-Lac compared to β-Lg can partly be explained by 

the different number of lysine residues, which amount to 15 for β-Lg (both variants) and to 12 

for α-Lac. However, even if this difference is taken into consideration the average number of 

lactose units bound per lysine residue is still consistently lower for α-Lac compared with β-Lg. 

Previous authors have explained this observation by suggesting that on average the lysine 

residues in α-Lac are less accessible for the formation of a Schiff base with lactose than those in 

β-Lg. In contrast, the degrees of lactosylation between variants A and B of β-Lg are generally 

comparable, although it was noted that β-Lg B exhibited slightly higher values in the majority of 

mass spectra peak data around 18277 Da (Czerwenka et al., 2006 and Fenaille et al., 2003).  

 

By investigating the mass spectra, and deconvolution data of WPI-Lactose, WPI-LP 1 

and WPI-LP 2 at different incubation times from 0 to 10 days, the degree of conjugation were 

calculated. Although WPI consisted of two main proteins (α-Lac and β-Lg A and B), the α-Lac 

spectra was not distinct in the mass spectra data. This was most probably because the 

concentration of the α-Lac was 3-5 times lower than β-Lg and also because α-Lac has been 

shown to not ionise by mass spectrometry as efficiently as β-Lg. The average degree of 

conjugation of lactose to WPI at 3 and 7 days incubation was similar to that observed for β-Lg 

alone (5.0 of 5.5 and 8.5 of 7.9 respectively) (Table 6.5(a)). Moreover, no unreacted β-Lg was 

detected at 3 days incubation time of WPI-Lactose. A 3 day incubation was selected for other 

studies as the powder had not undergone extensive Maillard browning in that time.  
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Table 6.4 Percentage degree of conjugation for (a) β-Lg-Lactose, (b) β-Lg-LP 1 and (c) β-Lg-LP 2 at 0, 1, 2, 3, 4, 5, 7 and 10 days incubation time. 
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Table 6.5 Percentage degree of conjugation for (a) WPI-Lactose, (b) WPI-LP 1 and (c) WPI-LP 2 at 0, 1, 2, 3, 4, 5, 7 and 10 days incubation time. 
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For WPI-LP 1 after 3 days incubation there was still β-Lg A (2.8%) and β-Lg B (1.7%) 

remaining after conjugation (Table 6.5 (b)). There was less browning compared to WPI-Lactose 

(Figure 6.3). Meanwhile, for WPI-LP 2, no unreacted β-Lg was observed after 2 days of 

incubation which was also the optimum conditions for this conjugation (Table 6.5 (c)).  

 

6.5.1   Analysis of thermal stability using Differential Scanning Calorimetry (DSC) 

 

To investigate the thermodynamic and heat stability of the unmodified whey proteins and the 

modified whey proteins, measurements using a Differential Scanning Calorimetry (DSC) were 

conducted and the thermograms of the unmodified and the modified alpha-lactalbumin (α-Lac), 

beta-lactoglobulin (β-Lg) and whey protein isolate (WPI) are shown in Figure 6.25, Figure 6.26 

and Figure 6.27, respectively, and the data values included in Table 6.6. All DSC profiles in this 

study are included in Appendix 6.8 (a), (b) and (c). DSC might be able to show that conjugating 

milk proteins with LP could increase their heat stability compared to non-conjugated protein or 

compared to proteins conjugated with lactose.  Figure 6.24 (a) and (b), shows the position of the 

Td peak and Td onset as an indication for denaturation temperatures of the proteins. Study on 

heat-induced denaturation of whey proteins in dairy systems has been explained in detail by 

Mulvihill & Denovon (1987) and Jelen & Rattray (1995). 

 

 

 

Figure 6.24 DSC thermograms of WPI samples with showing (a) Td onset and (b) Td peak.
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Figure 6.25 DSC profiles of (a) α-Lac only, (b) α-Lac-Lactose, (c) α-Lac-LP 1 and (d) α-Lac-LP 2 at 3 days of incubation. 
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(c) α-Lac -LP 1 at 3 days

(d) α-Lac -LP 2 at 3 days
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Figure 6.26 DSC profiles of (a) β-Lg only, (b) β-Lg-Lactose, (c) β-Lg-LP 1 and (d) β-Lg-LP 2 at 3 days of incubation. 

(a) β-Lg only at 3 days

(b) β-Lg-Lactose at 3 days

(c) β-Lg-LP 1 at 3 days

(d) β-Lg -LP 2 at 3 days
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Figure 6.27 DSC profiles of (a) WPI only, (b) WPI-Lactose, (c) WPI-LP 1 and (d) WPI-LP 2 at 3 days of incubation. 

(a) WPI only at 3 days

(b) WPI-Lactose at 3 days

(c) WPI-LP 1 at 3 days

(d) WPI-LP 2 at 3 days
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Table 6.6 DSC parameters, heat stability range and heat capacity, for non-conjugated and 

conjugated α-Lac, β-Lg and WPI. Standard deviations represent standard errors, n=3. Data 

values annotated with different letters are significantly different at p < 0.05, ANOVA, Duncan 

test. 

 

Sample (s)  Td onset (°C) Td peak (°C) 
Heat capacity 

(J/g) 

α-Lac only 56.40 ± 0.56
a
 62.77 ± 1.01

a
 2.78 ± 0.24

a
 

α-Lac-lactose 59.17 ± 1.66
b
 64.84 ± 0.93

b
 2.82 ± 1.70

a
 

α-Lac-LP 1 58.54 ± 0.71
b
 64.98 ± 0.21

bc
 1.95 ± 0.68

a
 

α-Lac-LP 2 59.27 ± 1.04
b
 66.24 ± 0.22

c
 2.67 ± 0.19

a
 

β-Lg only 65.43 ± 0.52
a
 70.12 ± 0.07

a
 6.96 ± 0.76

b
 

β-Lg-Lactose  72.70 ± 0.55
b
 76.67 ± 0.87

b
 3.85 ± 0.48

a
 

β-Lg-LP 1 78.59 ± 0.53
c
 84.54 ± 0.48

d
 7.07 ± 0.57

b
 

β-Lg-LP 2 72.58 ± 0.69
b
 81.25 ± 0.46

c
 4.22 ± 0.58

a
 

WPI only 69.61 ± 0.35
a
 73.20 ± 0.16

a
 4.97 ± 0.40

a
 

WPI-Lactose  72.74 ± 0.41
c
 77.66 ± 0.83

b
 5.37 ± 0.85

ab
 

WPI-LP 1 79.45 ± 0.38
d
 84.68 ± 0.43

d
 7.04 ± 1.34

b
 

WPI- LP 2 71.56 ± 1.06
b
 80.85 ± 0.69

c
 4.39 ± 1.51

a
 

 

 

 In this current study, the denaturation temperature Td peak for WPI-LP 1 (84.68C ± 0.43) 

and WPI-LP 2 (80.85C ± 0.69) increased to more than 80°C compared to WPI-lactose (77.66°C 

± 0.83) and WPI alone (73.20°C ± 0.16). Meanwhile, the same trend of for Td was observed for 

β-Lg non-conjugated and conjugated, with β-Lg-LP 1 (84.54°C ± 0.48) and β-Lg-LP 2 (81.25°C 

± 0.46) showing a higher denaturation temperature compared to β-Lg-Lactose (76.67°C ± 0.87) 

and β-Lg alone (70.12°C ± 0.07). Results of non-conjugated and conjugated -Lac, β-Lg and 

WPI are shown in Table 6.6 with the DSC profile shown in Figure 6.25, Figure 6.26 and Figure 

6.27, respectively. From Table 6.6, it can be seen that the heat stability of WPI and β-Lg was 

improved when WPI and β-Lg were conjugated with LP 1, with WPI-LP 1 being the most heat 

resistant as shown (Figure 6.27 (c) and Table 6.6). The heat-denaturation temperature, Td, of α-

Lac alone (62.77°C ± 1.01)  increases by about ~2 to 4ºC when conjugated to LP 1 (64.98°C ± 

0.21), LP 2 (66.24°C ± 0.22), or lactose (64.84°C ± 0.93). This heat-stability of α-Lac might be 

due to the presence of calcium binding sites (Barman, 1970; Kamau et al., 2010). In this current 

study, the DSC results show that conjugated and non-conjugated α-Lac has a lower denaturation 

temperature than β-Lg as reported by a previous work (de Wit & Klarenbeek, 1984). 

Denaturation temperatures of α-Lac, determined by DSC studies, have been reported as ranging 
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from 61.2 to 68°C (Bemal & Jelen, 1984; de Wit & Klarenbeek, 1984; Paulsson et al., 1985), in 

agreement with  Td of α-Lac alone (62.77°C ± 1.01) reported here.  

 

 This current study shows that conjugation with LP could improve the heat-stability of α-

Lac, β-Lg and WPI, compared to non-conjugated protein or protein conjugated with lactose. The 

significant effects on increasing the denaturation temperature of protein for protein conjugated to 

LP is due to the phosphate groups that has negative charge effect or ionic strength (Haug et al., 

2009; Chen et al., 2015). Previous work on β-Lg glycosylated with Glu-6P reported an improved 

heat stability (Aoki et al., 1997). The improved heat stability observed in α-Lac, β-Lg and WPI 

conjugated with LP may be partly due to a protection against precipitation of the denatured 

proteins induced by the electrostatic-repulsive force of the introduced phosphate groups (Li et 

al., 2010). On the other hand, lactose also has a protective effect on the thermal denaturation of 

whey proteins (Hillier et al., 1979; de Wit, 1981; de Wit & Klarenbeek, 1981). Lactose was also 

reported to maintain or increases the hydration of the protein molecule, thus contributing to its 

stability (Bemal & Jelen, 1985). The denaturation temperature measured by DSC increases in the 

presence of lactose, with a further slight increase obtained when this sugar is replaced by glucose 

or galactose (Bemal & Jelen, 1985).  

 

Chen et al. (2015) also reported that conjugation significantly improved  β-Lg (Td onset = 

66.2°C ± 0.2 and Td peak = 76.1C ± 0.0) when glycated with ribose (Td onset = 74C ± 0.3  and 

Td peak = 78C± 0.0), glucose (Td onset = 75.2C ± 0.1 and Td peak = 79.5C ± 0.0), maltose (Td 

onset = 76.3C ± 0.0 and Td peak = 82.2C ± 0.2), maltotriose (Td onset = 76.8C ± 0.1 and Td 

peak = 82.9C ± 0.0) , fructose (Td onset = 75.1C ± 0.6 and Td peak = 80.5C ± 0.2) and 

galacturonic acid (Td onset = 78.5C ± 0.2 and Td peak = 86.2C ± 0.1). They suggested that this 

is due to the increase in in molecular size, ketose and negative charges. For instance, when β-Lg 

is glycated with galacturonic acid with negatively charge compound, its denaturation 

temperature increased up to 86.2C. To summarise the DSC results, the heat stability for the 

different proteins can be ranked as follow: 

Non-conjugated and conjugated α-Lac:   α-Lac -LP 2 = α-Lac-Lactose > α-Lac-LP 1 > α-Lac 

alone;  

Non-conjugated and conjugated β-Lg:     β-Lg -LP 1 > β-Lg-Lactose = β-Lg-LP 2 > β-Lg alone; 

Non-conjugated and conjugated WPI:     WPI-LP 1 > WPI-LP 2 = WPI-Lactose > WPI alone. 
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There are significant differences in the denaturation behaviour of the individual whey proteins, 

and the resistance of whey proteins to heat denaturation in milk follows the order; α-Lac> β-Lg 

B> β-Lg A> BSA> Ig as determined using protein precipitation methods (Dannenberg & 

Kessler, 1988; Singh & Creamer, 1991). However, DSC showed that α-Lac is the least stable 

whey protein (de Wit & Klarenbeek, 1984).  

 

6.5.2  Circular dichroism (CD) spectroscopy 

 

CD spectra are used to show the change in the secondary and tertiary structures of milk proteins. 

The effect of phosphorylation and conjugation of whey proteins were previously investigated 

using this method. Enomoto et al. (2009) previously used of CD to determine the impact of 

phosphorylation during glycation on the structural properties of the protein at a secondary 

folding level. Figure 6.28 below shows the CD spectra of the unmodified and modified WPI 

samples. The CD spectrum of all WPI samples showed a negative maximum around 216 nm, 

confirming the existence of β-sheet structures, whereas that of whey proteins was slightly 

reduced by conjugation and phosphorylation. These results and observation suggests that the 

secondary structure of WPI was not significantly affected by conjugation with lactose or with 

phosphorylated lactose.  

 

Figure 6.28 Circular dichroism spectra of WPI only, WPI-Lactose, WPI-LP 1 and WPI-LP 2 at 

3 days incubation. 

!

!

!
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CD spectroscopy was used in this study to determine the impact of either lactose or LP 

conjugation, on the structure of the protein (α-helix structure in WPI) at the secondary folding 

level. Typical α-helical structures show two negative bands at 222 nm and 208 nm, while β-sheet 

structures appear as a positive absorption peak at 198 nm (Greenfield, 1996). As the temperature 

increased molar ellipticity of the two negative peaks was significantly decreased, indicating the 

loss of α-helical structure and the possible formation of other secondary structures (Liu et al., 

2008). The current results of CD measurement of WPI only, WPI-Lactose, WPI-LP 1 and WPI-

LP 2 after 3 days incubation are shown in Figure 6.28 and Appendix 6.9. At 20C, in the range 

of 190 to 320 nm wavelength, one significant negative peak appeared at 213 nm, which indicated 

typically high α-helical content (Liu et al., 2008). The minima slightly increased for WPI-

Lactose and were further increased for WPI-LP 1 and WPI-LP 2, likely due to phosphorylation. 

This slight increase suggests that the secondary structure of β-Lg was not affected significantly 

by lactosylation or phosphorylation (Enomoto et al., 2010; Enomoto et al., 2009).  

 

6.5.3   Emulsification property of conjugated milk proteins  

 

Whey protein is an excellent emulsifier, and in previous study, its emulsifying activity was 

barely affected by glycation and phosphorylation (Li et al. 2005). Although the emulsion 

stability of WPI increased by its conjugation to lactose phosphate through dry heating. The 

improved stability of emulsions made with WPI-LP, may be due to the prevention of coalescence 

of the oil droplets due to electrostatic repulsion forces through the negatively charged phosphate 

groups, in addition to the steric repulsion due to lactose (Li et al. 2005). Aoki et al. (1997) 

reported that glucose-6-phosphate conjugated to β-Lg has the ability to improve the 

emulsification property of emulsions when compared to glucose conjugated to β-Lg. 

 

Emulsification has been conducted using the Pearce and Kinsella (1978) method (see 

Section 3.4.6) and the results are indicated in Figure 6.29. All samples are made with the 

unmodified Whey Protein Isolates (WPI), as control, and the other samples are made with WPI-

Lactose, WPI-LP 1 and WPI-LP 2. These last three samples showed significant changes in 

absorbance with time (p < 0.05). All the conjugates were obtained by incubation for 3 days at 

40ºC with a relative humidity Aw = 0.79. The results show that the emulsification property of 

samples made with WPI alone and WPI-lactose decreased with time, with a the absorbance 

0.835 and 0.673 at 160 s decreasing from an initial value of 1.103 and 0.987 at 0 s (Figure 6.29, 

Appendix 6.10). Five out of the  eight time intervals showed that WPI only has a higher value 

than WPI-LP 1. For samples made with WPI-LP 1 and WPI-LP 2, the value of the absorbance 
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follow a linear regression curve given by y = -0.001x + 1.039 (R² = 0.9769) and y = -0.0013x + 

1.1655 (R² = 0.8915), for WPI-LP 1 and WPI-LP 2, respectively. These experiments indicate that 

the emulsions made with WPI-LP are more stable than those made with WPI alone or WPI-

Lactose.  
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Figure 6.29 Emulsification properties (measured as absorbance as a function of time) of emulsions made with unmodified or conjugated WPI after 

3 days incubation. Error bars represent standard errors, n=2. Bars caped with different letters are significantly different at p < 0.05, ANOVA, 

Duncan test.

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 40 80 120 160 200 240 280

A
b

s
o

rb
a

n
c
e

 a
t 
5

0
0

 n
m

Time, sec

WPI only WPI-Lactose WPI-LP 1 WPI-LP 2

*All samples tested are from 
3 days incubation milk proteins powder

e e
e

de

c

d

b

a

d

e
de

d

c bc

b

a

d
cd

c
c c

b

ab
a

e de
e

cd
c

b

a a



 

181 

 

6.5.4       Turbidity changes for non-conjugated and conjugated α-lac, β-Lg and WPI with  

               lactose or LP in the presence of CaCl2. 

 

The addition of CaCl2 allows the manipulation of cation-protein interactions and promote the 

formation of aggregates, predominantly by non-covalent association during heating. Protein 

aggregation increases in the presence of salt (e.g., divalent salts such as calcium chloride cause 

increased protein aggregation when compared to monovalent salts such as sodium chloride) 

(Arriaga, 2009). The turbidity test was performed initially using 7 different WPI concentrations 

(0.1, 1, 2, 2.5, 3, 4, and 5 mM concentration of CaCl2, all at pH 7). Based on the results shown in 

Figure 6.30 (a), 1% WPI aqueous solution experiences significant turbidity change when the 

concentration of CaCl2 used increase from 0 to 50 mM. At pH 7, the net charge of the protein is 

negative, resulting in repulsive forces between the protein. WPI at a concentration of 1% was 

chosen to further investigate the modified WPI systems (namely, WPI-Lactose, WPI-LP 1 and 

WPI-LP 2; all obtained after after 3 days of incubation at 40°C and Aw = 0.79). Seven different 

salt CaCl2 concentrations (0, 5, 10, 20, 50, 200 and 800 mM) were investigated and the data are 

reported in Figure 6.30 (b) and Appendix 6.11. Conjugated WPI with lactose improved the 

turbidity of the protein solutions as shown on Figure 6.30 (b) where the turbidity of the 

conjugated WPI is lower compared to WPI alone. Turbidity decreased in the order, WPI only > 

WPI-LP 1 = WPI-LP 2 > WPI-Lactose.  

 

 

Figure 6.30 (a) Turbidity as a function of CaCl2 concentrations for WPI aqueous solutions at 

different concentrations.
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Figure 6.30 (b) Turbidity as a function of CaCl2 concentrations for WPI alone or conjugated WPI in solutions at 1%.  
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6.6  Summary to Chapter 

 

Visual observation shows that increasing incubation times from 0 to 10 days for the conjugation 

of α-Lac, β-Lg and WPI to lactose, LP 1 or LP 2 , at 40C and Aw = 0.79, resulted in a more 

brown colour, reflecting increasing Maillard browning. The change in colour was also measured 

using L*a*b analysis to determine the lightness, redness and yellowness of sample throughout 

the conjugation. From the absorbance measured at 294 nm and 420 nm, conjugated α-Lac, β-Lg 

and WPI with either lactose or LP, did not have significant absorbance changes. 

 

The overall extent of lactosylation between the whey proteins (α-Lac, β-Lg and WPI) and 

lactose or LP was determined using the OPA method which measured the available lysine 

residues.  As the number of sugar molecules conjugated to an individual protein can vary, the 

extent of conjugation cannot be determined accurately, however the number of free amino 

groups available, before and after conjugation can be estimated.  

  

LCMS was used to further characterise the protein-sugar conjugation. After 2-3 days 

incubation there were no whey proteins that were not conjugated to at least one sugar moiety. 

Lactose resulted in both greater levels of conjugation and greater average degrees of conjugation 

than LP (a maximum of 8 lactose compared with 3 LP for α-Lac, and 10 lactose compared with 5 

LP for β-Lg and WPI). 

 

Finally, in this study, we have demonstrated through DSC, that phosphorylation can 

improve the heat stability of α-Lac, β-Lg and WPI when conjugated to LP compared to 

conjugation with lactose. This could be due to the presence of phosphate groups in LP resulting 

in electrostatic-repulsive forces which hinder the aggregation and denaturation of the whey 

proteins. The emulsifying properties as well as the turbidity of the whey protein-LP conjugates 

were better than those of the whey proteins alone or those of the whey proteins-lactose 

conjugates, although CD analysis showed that there was only a slight effect on the secondary 

structure of the whey proteins when conjugated to LP.  
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7.1  General Conclusions 

 

The major aims of this thesis were to synthesise different preparations of LP and then to 

determine the effect of conjugating these to the major types of bovine milk WPs. The intention 

was both to prepare genuine LP of known regiochemistry and also to use a method that could be 

used for large-scale preparation of LP. The main hypothesis was that conjugation with Lact-6’P 

should have more steric hindrance than lactose. A negatively charge phosphate group in Lact-6’P 

also might results in better functional properties of whey protein-LP conjugates.  

 

7.1.1  Preparation of Lactose Phosphates (LPs) 

 

Three different approaches were used for the synthesis of pure regiospecific lactose-6’-phosphate 

(Lact-6’P). This compound was chosen as the target since the phosphate is substituted on one of 

the primary hydroxyl groups, which are more reactive than the secondary groups, and 

substitution on the 6’ position is on the galactose ring far away from the hemi-acetal group of the 

glucose ring, which is where conjugation to a protein should happen. In Chapter 4, LP was 

prepared by the dry reaction of lactose with sodium metaphosphate (Tarelli & Wheeler, 1995), 

followed by purification using anion exchange chromatography. The solid obtained after 

lyophilisation of the eluate from the column still contained some inorganic impurities (about 

40%), so a 95% ethanol extraction was performed on this material. The purity of the LP obtained 

was measured using electrospray ionisation-mass spectrometry (ESI-MS), using the 

commercially-available lactose-1-phosphate (Lact-1P) as the standard for quantitation. This 

extraction improved the purity of the LP to about 90% as analysed by ESI-QToF. It was more 

difficult than expected to obtain LP free from inorganic salts, and this is also reflected in the 

studies of prior workers, who have included extra high performance liquid chromatography 

(HPLC) steps to obtain analytically-pure LP (Visser, 1984, 1988; Lifran, 2007). This additional 

chromatography step was not done in this study, since we needed larger amounts of material for 

the conjugation studies and so we decided to use a slightly impure LP. 

 

In Chapter 5, the first attempts at synthesis used the previously-reported 2,3:5,6:3,4’-tri-

O-isopropylidenelactose dimethyl acetal (3), since this is known to be a stable molecule in which 

almost all of the hydroxyl groups are protected (Yoshino et al., 1986; Barili et al., 1997). 

Furthermore, there are well-known methods for removing the protecting groups on this 

molecule. The first attempted synthesis was based on the reaction of 3 with phosphoryl chloride 

in the presence of base and water, using a reaction that had been reported for the successful 
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preparation of sucrose phosphate (Kim & Behrman, 1995). However, in contrast to that previous 

study with sucrose, in our hands LP was not deprotected during the reaction work-up. While it 

was then possible to remove the protecting groups by heating in aqueous acetic acid, this lead to 

formation of at least one impurity which was suspected to be a cyclic phosphate compound. The 

phosphorylation of (3) was also performed with diphenylphosphoryl chloride, which could then 

be partially deprotected by hydrogenation. This gave the 6-phosphorylated protected lactose as a 

compound that could be isolated and then compared to the product identified from the 

preparation using phosphoryl chloride. Once again, we could not remove the hydroxyl protecting 

groups without forming by-products. 

 

Due to the above problems, we examined the recent carbohydrate literature and realized 

that there was a potential alternative synthetic approach using silylation chemistry, and that a 

one-pot method had been reported to produce lactose-6-phosphate (Lact-6P) from lactose on a 

small scale (< 50 mg) (Joseph et al., 2013). However, we also noted a paper that stated that this 

method was not successful on larger scales, at least for the isomeric disaccharide trehalose (Liu 

& Mariano, 2015). We therefore developed a multi-step synthesis of Lact-6’P analogous to the 

trehalose phosphate synthesis. 

 

  First, per(trimethylsilyl)lactose (per-TMS-Lact) was prepared from lactose, to protect all 

the hydroxyl groups (Rannow et al., 1994; Joseph et al., 2013; Liu & Mariano, 2015). As noted 

by other authors, although this preparation uses unpleasant solvents like pyridine it gives high 

yields of pure per-TMS-Lactose. Then, in a key step, only one of the primary hydroxyl groups 

was removed by stirring with ammonium acetate (Liu & Mariano, 2015). This step potentially 

could have removed either the 6 or the 6’ silyl protecting group, but after purification it was 

observed that only the desired 6’ deprotected compound was obtained. This was then reacted 

with diphenylphosphoryl chloride, followed by hydrogenation and removal of the silyl protecting 

groups and then purification and lyophilisation to provide a pure sample of the potassium salt of 

Lact-6’P.    

 

The LP compounds and intermediates were characterised using nuclear magnetic 

resonance (NMR) and ESI-MS. The 
31

P NMR was particularly useful, both from the number and 

position of the observed resonances in the {
1
H} decoupled spectra and from the splitting patterns 

seen in the 
31

P NMR spectra without 
1
H decoupling. The Lact-6’P structure was also supported 

by the 2D-heteronuclear molecule bond correlation-nuclear magnetic resonance (HMBC-NMR) 

and 2D-heteronuclear single quantum coherence-nuclear magnetic resonance (HSQC-NMR) 
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results. It was pleasing that the NMR spectra we obtained were clearly one set of the peaks in the 

NMR spectra of the mixed pair of compounds reported by Breg et al. (1988) for their isolated 

mixture containing Lact-6P and Lact-6’P.  

 

Both the non-regioselective LP and the Lact-6’P prepared by the regioselective route 

(labelled as LP 1 and LP 2, respectively in this study) were used in the subsequent whey proteins 

conjugation study. LP 1 was prepared using phosphorylation of unprotected lactose with 

hexametaphosphate, while LP 2 was from synthesised via pertrimethylsilyllactose.  

 

7.1.2  LP conjugation of Whey Protein Isolates (WPIs)  

            

While whey proteins have many benefits due to their high nutritional value and so have 

important applications in food products, their thermal instability can present problems in food 

processing. Phosphorylation has been shown to be a useful method for altering the functional 

properties of proteins (Woo & Richardson, 1983; Matheis & Whitaker, 1984; Seguro & Motoki, 

1989; Aoki et al., 1994, 1997; Kato et al., 1995; Sitohy et al., 1995; Vojdani & Whitaker, 1996; 

Chobert, 2003), and some early studies had indicated that phosphorylation of WPs was possible 

(Aoki et al. 1997). Given the large number of studies reporting successful conjugations with 

lactose, and given the ready availability of lactose phosphate as a possible reactant, we wanted to 

investigate the use of LP conjugation as a method for phosphorylating WPs. It was expected that 

LP as a negatively charged lactose ester would have good solubility and could act as an 

emulsifying agent. There were two LP sugar used in this study, LP 1 and LP 2. LP 1 was 

obtained from the unprotected reaction of lactose and sodium metaphosphate, while LP 2 was 

synthesised with protected lactose via a pertrimethylsilyated derivative. 

 

In Chapter 6, conjugation to form modified proteins was investigated, and optimised 

conditions involving 3 days heating at 40°C were chosen. The optimisation included 

consideration of the extent of conjugation using the different methods of OPA analysis for 

determination of free amino groups, SDS-PAGE for qualitative evaluation of phosphorylation 

and ESI-MS for quantitative estimation of the extent of phosphorylation, together with 

observation of the colour of the material obtained. The conditions employed in this study for 

conjugation of lactose or LP with WPI did not lead to advanced Maillard Reaction (MR) product 

formation, based on slight increases in the absorbance at 420 nm. However, the conjugated WPI-

lactose, WPI-LP 1 and WPI-LP 2a, did show slight increases in absorbance at 294 nm after 5 

days and up to 10 days incubation, suggesting the formation of intermediate MR in this time 
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period. Dong et al. (2012) have shown the changes in absorbance at 294 nm and browning 

intensity at 420 nm of the heated hydrolyzed β-Lg-glucose that gradually increase over heating 

time. In the same study, the browning intensity changes had been related to the extent of the 

Maillard reaction that has an antioxidant activity effect in fish an oil-in-water emulsion. 

 

The results in Chapter 6 also show that a moderate browning effect was observed after 3 

days incubation of the protein-sugar samples. Instrumental measurements using L*a*b analysis 

showed that WPs (i.e. α-Lac or β-Lg alone or WPI) have higher a* and b* values when 

conjugated to LP 1, indicating a higher intensity of browning, compared to when they were 

conjugated with LP 2 or lactose. Molecules causing brown pigmentation are produced during the 

Maillard reaction so an increase in brownness will indicate an increased level of conjugation of 

either lactose or LP to the lysine residues of the α-Lac, β-Lg or WPI (and also suggest that the 

reaction has gone past the desired simple conjugation stage). All of the powders displayed a 

decrease in lightness as the incubation time increased, with α-Lac, β-Lg or WPI conjugated with 

LP 1 showing significant lightness reduction, followed by those conjugated with LP 2 and 

lactose conjugated materials. All of the powders displayed a decrease in lightness as the 

incubation time increased, with α-Lac, β-Lg or WPI conjugated with LP 1 showing significant 

lightness reduction, followed by LP 2 and lactose conjugated materials. A study by Anema et al. 

(2005) had indicated that the largest decrease in lightness with L*a*b was in the WPI powders 

incubated with lactose (at 40°C, Aw 0.8), indicating a high degree of Maillard browning as the 

incubation time increases from 0 to 14 days. 

 

When sugar was conjugated to either the α-amino group of the lysine residue or the ε-

amino group of the polypeptide chain, it was possible to determine the approximate the degree of 

conjugation by quantifying the number of lysine groups that remain at a given point during the 

reaction using OPA analysis (Chevalier et al., 2001c; Anema et al., 2005). OPA measurement 

was used to monitor the change in available amino group content of the non-conjugated and 

conjugated proteins over the incubation period from 0 to 10 days.  

 

The current study showed that there was a significant decrease in the percentage of 

available amino groups after 2 days of incubation. There was still 30% of amino groups available 

slightly higher than the 20% reported by Anema et al. (2005) for similar conjugation condition. 

Dry method conjugation by Morgan et al. (1999); Gauthier et al. (2001) and French et al. (2002) 

using 0.15mM and 15 mM lactose with pH adjusted to pH 7.2, at 50°C and incubated in relative 

humidity 65%, have shown that β-Lg was modified after 48 hours (2 days) with 7 lactose 
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conjugated to the protein and % of available amino groups calculated based on OPA value was 

56%, higher than this current stuidy which is about 30%. The lower % of available amino groups 

indicated that more lactose conjugation occur, leaving only small % of available free amino 

groups. However, different results was found by French et al. (2002)  where only 5 lactose 

moieties was found attached to β-Lg, although the same method was employed as what have 

been reported by Morgan et al. (1998) and Gauthier et al. (2001).  

 

In addition, French et al., (2002) also found that when temperature increase to 60°C, it 

has 7 to 8 lactose moieties attached to β-Lg after 3 hours, and the lactosylation could reach a 

maximum of 11 lactose moieties when temperature increase to 65°C at 3 hours. Although, in this 

current work low temperature (40°C) with higher relative humidity, Aw 0.79, we could monitor 6 

lactose moieties conjugated to β-Lg and at 3 days it shows more lactose conjugation to 8 lactose 

moieties. Number of lactose attached to β-Lg increases as incubation time proceed to 10 days 

and reached the maximum conjugation of 10 lactose moieties. Meanwhile for α-Lac, Meltretter 

et al. (2007) found that α-Lac-lactose conjugation with molar ratio 1:1565 at 60°C, pH 6.8 

incubated from 0 to 14 days have shown that at 3 days incubation, there were 3 lactose moieties 

conjugate to the α-Lac, and the number of lactose conjugation remained constant until day 7. On 

the other hand, this current study found that more lactose conjugation to α-Lac at 3 days 

incubation, with 6 lactose moieties and as incubation time proceeded to 7 days, number of 

lactose attachment increase to 7 lactose moieties.  

 

This is the first study to report on conjugated protein-LP. Therefore, we are unable to 

compare the extent of conjugation for phosphorylated lactose-protein conjugation. From the 

results in Chapter 6 on mass spectrometry, we also found that the number of LP moieties 

conjugated to either α-Lac, β-Lg or the protein in WPI were much lower compared to lactose. We 

know that LP was negatively charged and hence perhaps more unfavourable to the amino acid 

site (lysine residue) during protein conjugation. Therefore, it reduces LP access for protein 

conjugation. Lactose meanwhile is a neutrally charged compound that can easily conjugate to the 

lysine residues in protein. Meanwhile, the lower reactivity of LP as compared to lactose may be 

due to differences in stereochemical demands of the LP sugar.  

 

Hence, the above results showed that conjugation for 3 days at 40°C was a good 

compromise between the extent of conjugation and the prevention of crosslinking and advanced 

MR.  
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7.1.3  Heat stability, emulsifying properties and solubility of whey protein isolates-LP 

conjugates 

 

Conjugation with LP improved certain functional properties of the whey proteins, such as their 

heat stability, emulsifying properties and also their susceptibility to form turbid solutions. DSC 

analysis of α-Lac, β-Lg or WPI that had been incubated with LP for 3 days showed higher Td 

peak and Td onset values than when the protein was conjugated to lactose under the same 

conditions (or when it was non-conjugated). Considering the Td peak could be affected by factors 

such as sample preparation and heating rate, the Td onset value, which was more reliable for 

comparison between samples. The effect of LP conjugation suggested that the phosphate groups 

play a role in improving the stability of protein against elevated temperature (Enomoto et al., 

2009).  

To summarise the DSC measurements, the heat stability for the different proteins can be ranked 

as follow: 

α-Lac -LP 2 > α-Lac-LP 1 > α-Lac-Lactose  

β-Lg -LP 1 > β-Lg-LP 2 > β-Lg-Lactose  

WPI-LP 1 > WPI-LP 2 > WPI-Lactose  

 

The emulsifying properties of conjugated WPI with LP were also improved when 

compared to WPI with lactose and WPI alone. The improvement in the emulsifying properties 

for phosphorylated proteins was explained as being due to the presence of phosphate groups (Li 

et al., 2004; Enomoto al., 2005; Li et al., 2005), in which the negative charges on the surfaces 

can cause electrostatic repulsion between the proteins, thus reducing the emulsions flocculation 

and coalescence (Taylor, 2003).  

 

Meanwhile, WPI-lactose has shown good solubility with almost no turbidity formation at 

room temperature based on the absorbance at 900 nm, even when the concentration of CaCl2 was 

increased from 0 to 800 mM. WPI-LP showed moderate turbidity upon addition of 10 mM CaCl2 

with an absorbance around 0.3 while WPI alone showed turbidity with an absorbance as high as 

0.9, three times the absorbance of WPI-LP at the same concentration of 10 mM CaCl2. Lactose 

compound has higher hydrophilicity compared to LP. The hydrophobic interactions increase the 

protein-protein interactions and result in the decrease in solubility (Hettiarachchy et al., 2012), 

therefore the highly hydrophilic lactose improved the WPI-lactose conjugates solubility.  
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7.2  Future Works 

 

The work performed in this thesis offers several suggestions for future research works. Below 

are few possible future works: 

 

 Simple, cheap, and easily synthesised lactose phosphate (LP) production still needs to be 

investigated so that LP can be used in the milk protein industry. Optimising the purification 

and isolation method of LP, and its industrial scale-up are needed. The purification method 

can be improved using multi-step purification using different ion exchange matrices. The pure 

fraction can be analysed using HPLC and mass spectrometry (MS) analysis, Nuclear 

Magnetic Resonance (NMR) and other chemical analysis methods.   

 

 Further conjugation protein-LP work could be extended to their hydrolysis to form peptides. 

For example, LP conjugated α-Lac or β-Lg, could be hydrolysed using trypsin (or other 

enzymes) enzyme at pH 8.2, 37°C, for different digestion times. These hydrolysates can be 

studied for the identification of conjugation sites using mass spectrometry; but they can also 

be used to investigate their functional properties such as emulsion, foaming and heat stability.    

 

 While it is desirable to achieve conjugation during the early stages of the Maillard reaction, it 

is also beneficial to limit the progression of the Maillard reaction to advanced stages, as the 

latter are largely responsible for some of the less desirable aspects of the Maillard reaction. In 

addition to bringing about glycation, the Maillard reaction (through the Strecker degradation 

pathway) contributes to both colour and flavour development under conditions required to 

achieve conjugation (Van Boekel, 2006). Little information exists in the peer-reviewed 

literature on the sensorial properties of milk protein-carbohydrate conjugates, so further 

research is required to develop a better understanding of sensory properties of milk protein-

based conjugates. Bitterness in protein hydrolysates is associated with greater exposure of 

hydrophobic amino acid residues in peptides than in the intact proteins (FitzGerald & 

O'Cuinn, 2006; Newman, O'Riordan, Jacquier, & O'Sullivan, 2015). Covalent attachment of 

hydrophilic carbohydrate moieties to peptides during conjugation may present opportunities 

for reducing bitterness of the conjugated milk protein hydrolysates. 

 

  Maillard reaction products in conjugated milk protein-carbohydrate systems have been 

associated with high levels of antioxidant activity and milk protein/peptide LP conjugates 

may be of interest as antioxidants in formulated food systems (Gu et al., 2009; Jiang & 
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Brodkorb, 2012). In addition the digestibility of the milk protein/peptide-LP conjugates 

should be also studied for their digestibility using at least in-vitro models of simulated gastric 

and intestinal fluids. The conjugates should be also investigated for their potential as 

prebiotics (Corzo-Martinez et al., 2012). 
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Appendix 1.1 Structure and compound terminology in reactions 

 

 

 

 

 

 

 (1) Lactose 

(2) Lactose phosphate             

     (Lact-6’P or Lact-6P) 

(3) Acetonated dimethoxyisopropylidene 

      lactose (2,3:5,6:3,4’-tri-O-    

      isopropylidenelactose dimethyl acetal) 

(4) 6’-O-(2-methoxy)-isopropyl derivative  

      of compound 3 
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(5) Acetonated dimethoxyisopropylidene  

      phoshoryl-6’lactose  

(6) Acetonated dimethoxyisopropylidene  

      diphenylphoshoryl-6’lactose  

 

(7) Protected pertrimethylsilylated  

      lactose 

(8) Monodeprotected -6’ pertrimethylsilylated  

      lactose 
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(9) Diphenylphosphoryl -6’  

      pertrimethylsilylated lactose 
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Appendix 1.2 Several analyses and microbiological profiles for WPIs (BiPRO) and α-Lac. 
 

Analysis*  Specification            Typical Range  Test Method 

Milk protein powder types WPIs (BiPRO) α-Lac WPIs (BiPRO) α-Lac WPIs (BiPRO) α-Lac 

Moisture (%)  5.0 max 6.5 max 4.6 ± 0.3 5.1 ± 0.3 Vacuum oven 

Protein, dry basis (N x 6.25) (%)   95.0 min 97.6 ± 0.3 97.3 ± 0.3 Leco combustion 

Alpha-lactalbumin (% of protein) n/a 90.0 min n/a 92.5 ± 2.5 n/a HPLC 

Fat (%)                                                       1.0 max 0.5 max < 0.5 Majonnier 

Ash (%) 3.0 max 3.5 max 2.0 ± 0.2 2.5 ± 0.3 Residue on ignition 

Lactose (%)                                                 1.0 max 0.2 max 0.4 ± 0.2 < 0.2 By difference Enzymatic assay 

pH 6.7-7.5 6.0-7.5 7.0 ± 0.2 10% Sol. @ 20°C 

Scorched particles                         15 mg/25 g max 7.5 mg ADPI 

 

Microbiological Profile * Specification Typical Range Test method 

Milk Protein Powder Types WPIs (BiPRO) α-Lac WPIs (BiPRO) α-Lac WPIs (BiPRO) α-Lac 

Aerobic Plate Count 10, 000/g max 2, 500/g max < 2, 500 Standard methods ** 

Coliform (MPN) 10/g max 10/g max < 10 FDA/BAM 

E. coli (MPN)                       Negative/g Negative/g Negative FDA/BAM 

Yeast & Mold                                                10/g max 10/g max ≤10          < 10 Standards methods ** 

Coag. Pos. Staph (MPN)                < 10/g <10/g < 10 FDA/BAM 

Salmonella sp.              Negative/1500 g Negative/375 g Negative AOAC/ELISA 

Listeria sp.                        Negative/25 g Negative/25 g Negative AOAC/ELISA 
 

* All results are reported on the “AS IS” basis except where noted. 

** Standard Methods for the Examination of Dairy Products, 16
th

 Edition (Marshall, 1993). 
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Appendix 1.3 Nutrient information and amino acid profiles for WPIs, BiPRO and α-Lac. 

 
 

Nutrient Information/Typical Amino Acid Profile: Expressed per 100 g product, as is. 

 

Milk Protein Powder Types WPIs (BiPRO) α-Lac 
 

Milk Protein Powder 
Types 

WPIs (BiPRO) α-Lac 

Nutrient     
 

Amino acid profile     

Calories 380 370 
 

Alanine 4.9 g 2.0 g 

Calories from fat 3 0 
 

Arginine 2.4 g 1.3 g 

Total fat 0.3 g 0.1 g 

 

Aspartic 
acid/Asparagine 

11.4 g 16.5 g 

Saturated fat 0.0 g 
 

Cysteine 2.8 g 4.6 g 

Trans fat 0.0 g 

 

Glutamic 
acid/Glutamine 

16.1 g 12.5 g 

Cholesterol* 0.0 mg 
 

Glycine 1.7 g 2.7 g 

Sodium 670.0 mg 680.0 mg 
 

Histidine* 2.0 g 3.0 g 

Potassium 70.0 mg 10.0 mg 
 

Isoleucine*ǂ 5.6 g 5.9 g 

Total carbohydrates 0.0 g 
 

Leucine*ǂ 12.7 g 10.9 g 

Dietary fiber 0.0 g 
 

Lysine* 10.2 g 10.5 g 

Sugars 0.0 g 
 

Methionine* 2.3 g 1.0 g 

Protein (N x 6.28)1 or (N x 6.25)2 94.0 g 92.0 g 
 

Phenylalanine* 3.5 g 4.1 g 

Vitamin A* < 100 IU 
 

Proline 4.7 g 2.7 g 

Vitamin C* < 2 mg 
 

Serine 3.3 g 3.7 g 

Vitamin D* < 8 mg 
 

Threonine 4.7 g 4.9 g 

Iron 0.0 mg 
 

Tryptophan* 2.9 g 4.9 g 

Calcium 100.0 mg 195.0 mg 
 

Tyrosine 3.6 g 4.4 g 

Phosphorus 60.0 mg 
 

Valine*ǂ 5.4 g 4.5 g 

Magnesium 10.0 mg 5.0 mg 

 

* Essential Amino Acid 

ǂ Branched Chain Amino Acid 

 

  Chloride 80 mg 75.0 mg 
     

Nutrition and amino acid profiles are provided for informational purposes only. These results are generated using limited sample quantity and Davisco Foods International, Inc. makes no guarantee 

that these results will accurately reflect the values of individual 
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Appendix 2.1 Standard calibration curve of cloride ion using Ion Chromatography (IC) and  

quantification of contamination of chloride ion in LP reported in the table 

 

Area [µS/cm*s] 120.608

[Cl- ]/mol L-1 3.85E-04

[Cl- ]/mmol L-1 3.85E-01

mg L-1 in 40 mg L -1 13.65

mg Cl -1 of total solid 20 mg 13.65

50

T

27.2

  

22.8

Sample

mg Cl -1 of total solid in the impure lactose phosphate 34.13

From the small batch F1 supernatant 

(A)  
Total mass of impure lactose phosphate fractions  

(without 95%  ethanol extraction step) after freeze-dried, mg:  

(B)  
Total mass of  lactose phosphate fractions 

(after 95%  ethanol extraction step) after freeze-dried, mg:  

(A)-(B) 
Expected mass of supernatant that contaminate the impure 

lactose phosphate after freeze-dried, mg: 
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Appendix 2.2 Standard calibration curve of lactose solution using PAHBAH assay 
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Appendix 2.3 Standard calibration curve of Lact-1P and Lact-6’P using ESI-MS quantification 
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   Appendix 3 Summarization on unprotected LP and protected LP quantification after anion exchange purification 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

Standard 

calibration curve 

 

Lactose-1-Phosphate 

 

Lactose-6’-Phosphate 

LP analysis 

(Compound 2) 
Unprotected LP Protected LP 

 

Unprotected LP 

 

 

Protected LP 

 

Fraction 1 2 1 2 1 2 1 2 

Total amount after 
anion exchange 

purification and 

lyopahilized, mg 

 

100.0 

 

 

100.0 

 

 

103.5 

 

128.5 

 

 

100.0 

 

 

 

100.0 

 

 

103.5 

 

128.5 

PAHBAH assay 
calculated amount, 

mg 
11.4 9.7 1.7 2.1 11.4 9.7 1.7 2.1 

Mass after 95% EtOh 
solubility test, mg 

54.0 22.0 11.3 18.2 54.0 22.0 11.3 18.2 

 
ESI-Q-ToF-MS 

(Bruker) calculated 

based on standard 

curve, mg 

 

54.5 

(54.5%) 

18.9 

(18.9%) 

4.2 

(4.1%) 

4.7 

(3.7%) 

38.5 

(38.5%) 

13.8 

(13.8%) 

2.7 

(2.6%) 

3.2 

(2.5%) 

HPLC-MS (Thermo 
Scientific) based on 

standard curve, mg 

 

29.3 

(29.3%) 

38.3 

(38.3%) 
n.d n.d 

17.3 

(17.3%) 

22.6 

(22.6%) 
n.d n.d 
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Appendix 4.1 ESI-MS spectrum (negative ion mode) of 0.5 g/L Lact-1P 
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Appendix 4.2 ESI-MS spectrum (negative ion mode) of 1.0 g/L Lact-1P  
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Appendix 4.3 ESI-MS spectrum (negative ion mode) of 2.0 g/L Lact-1P  
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Appendix 4.4 ESI-MS spectrum (negative ion mode) of 0.5 g/L Lact-6’P  
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Appendix 4.5 ESI-MS spectrum (negative ion mode) of 1.0 g/L Lact-6’P  
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Appendix 4.6 ESI-MS spectrum (negative ion mode) of 2.0 g/L Lact-6’P  

 



233 

 

Appendix 4.7 ESI-MS spectrum (negative ion mode) of 0.1 mg/mL unprotected LP compound 2 (Fraction 1) 
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Appendix 4.8 ESI-MS spectrum (negative ion mode) of 0.1 mg/mL unprotected LP compound 2 (Fraction 2) 
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Appendix 4.9 ESI-MS spectrum (positive ion mode) of 0.1 mg/mL protected LP compound 2 with Ba(OH)2 
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Appendix 4.10 ESI-MS spectrum (positive ion mode) of acetonated dimethoxyisopropylidene lactose, 3 
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Appendix 4.11 ESI-MS spectrum (negative ion mode) of protected LP compound 2 (Fraction 1) after anion exchange purification 
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Appendix 4.12 ESI-MS spectrum (negative ion mode) of protected LP compound 2 (Fraction 2) after anion exchange purification 
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Appendix 4.13 ESI-MS spectrum (positive ion mode) of compound 3 
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Appendix 4.14 ESI-MS spectrum (negative ion mode) of compound 4 
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Appendix 4.15 ESI-MS spectrum (positive ion mode) of compound 4 
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Appendix 4.16 ESI-MS spectrum (positive ion mode) of compound 5 and compound 6 
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Appendix 4.17 ESI-MS spectrum (negative ion mode) of compound 7 
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Appendix 4.18 ESI-MS spectrum (negative ion mode) of compound 8 
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Appendix 5.1.1 
1
H NMR Spectra of Lactose 
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Appendix 5.1.2 13
C NMR Spectra of Lactose 
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Appendix 5.1.3 
31

P NMR Spectra of Lactose 
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Appendix 5.1.4 13
C DEPT-135

 
NMR Spectra of Lactose 
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      Appendix 5.1.5 
1
H-

1
H COSY

 
NMR Spectra of Lactose 
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Appendix 5.1.6 13
C-

1
H HMBC NMR Spectra of Lactose 
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Appendix 5.1.7 
1
H-

1
H HSQC NMR Spectra of Lactose 
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Appendix 5.1.8 
1
H-

1
H NOESY NMR Spectra of Lactose 
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Appendix 5.1.9 1
H-

1
H TOCSY NMR Spectra of Lactose 
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Appendix 5.2.1 1
H NMR Spectra of Lactose-1-Phosphate 

 

  



255 

 

Appendix 5.2.2 13
C NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.3 13
C DEPT-135 NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.4 
31

P NMR Proton Decoupled Spectra of Lactose-1-Phosphate 
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Appendix 5.2.5 
31

P NMR Proton Coupled Spectra of Lactose-1-Phosphate 
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Appendix 5.2.6 
1
H-

1
H COSY NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.7 1
H-

1
H HSQC NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.8 1
H-

13
C HMBC NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.9 31
P-

13
C HMBC NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.10 1
H-

1
H NOESY NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.2.11 1
H-

1
H TOCSY NMR Spectra of Lactose-1-Phosphate 
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Appendix 5.3.1 1
H NMR Spectra of F1 Lact-P compound 2 
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Appendix 5.3.2 13
C NMR Spectra of F1 Lact-P compound 2 
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Appendix 5.3.3 13
C DEPT NMR Spectra of F1 Lact-P compound 2 
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Appendix 5.3.4 31
P NMR Proton Decoupled Spectra of F1 Lact-P compound 2 
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Appendix 5.3.5 
31

P NMR Proton Coupled Spectra of F1 Lact-P Compound 2 
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Appendix 5.3.6 
31

P-
1
H HMBC Proton Coupled Spectra of F1 Lact-P compound 2 
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Appendix 5.3.7 
1
H-

13
C HSQC Spectra of F1 Lact-P compound 2 
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Appendix 5.3.8 
1
H-

13
C HSQC Spectra of F1 Lact-P compound 2 (Spectrum expansion) 
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Appendix 5.3.9 
1
H NMR Spectra of supernatant fraction from compound 2 
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Appendix 5.3.10 

31
P NMR Proton Decoupled spectra of supernatant fraction from compound 2 
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Appendix 5.4.1 
31

P NMR Proton Coupled spectra of sodium hexametaphosphate 
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Appendix 5.4.2 
1
H NMR Spectra of Lact-P F1 compound 2 + Ammonium Phosphate 
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Appendix 5.4.3 
31

P NMR Proton Decoupled Spectra of Lact-P F1 compound 2 + Ammonium Phosphate 
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Appendix 5.4.4 
31

P NMR Proton Coupled Spectra of Lact-P F1 compound 2 + Ammonium Phosphate 
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Appendix 5.5.1 
1
H NMR Spectra of acetonated dimethoxyisopropylidene lactose, 3 
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Appendix 5.5.2 
13

C NMR Spectra of acetonated dimethoxyisopropylidene lactose, 3 
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Appendix 5.6.1 
1
H NMR Spectra of Protected Lactose with Ba(OH)2 
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Appendix 5.6.2 
31

P NMR Spectra of Protected Lactose with Ba(OH)2 
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Appendix 5.7.1 
1
H NMR Spectra of Protected Lactose F1 (compound 2) with anion exchange 
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Appendix 5.7.2 
31

P NMR Proton Decoupled Spectra of Protected Lactose F1 (compound 2) with anion exchange 
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Appendix 5.7.3 
31

P NMR Proton Coupled Spectra of Protected Lactose F1 (compound 2) with anion exchange 
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Appendix 5.8.1 
1
H NMR Spectra of Protected Lactose F2 (compound 2) with anion exchange 
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Appendix 5.8.2 
31

P NMR Proton Decoupled Spectra of Protected Lactose F2 (compound 2) with anion exchange 

 

 



289 

 

Appendix 5.8.3 
31

P NMR Proton Coupled Spectra of Protected Lactose F2 (compound 2) with anion exchange 

 

 



290 

 

Appendix 5.9.1 
1
H NMR Spectra of compound 5 after reaction with diphenylphosphoryl chloride (POΦ2Cl) 
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Appendix 5.9.2 
13

C NMR Spectra of compound 5 after reaction with diphenylphosphoryl chloride (POΦ2Cl) 
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Appendix 5.9.3 
31

P NMR Proton Decoupled spectra of compound 5 after reaction with diphenylphosphoryl chloride (POΦ2Cl) 

 

 



293 

 

Appendix 5.9.4 
31

P NMR Proton Coupled spectra of compound 5 after reaction with diphenylphosphoryl chloride (POΦ2Cl) 
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Appendix 5.9.5 
1
H NMR spectra of incomplete hydrogenation of compound 5 
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Appendix 5.9.6 
13

C NMR spectra of incomplete hydrogenation of compound 5 
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Appendix 5.9.7 
31

P NMR Proton Decoupled spectra of incomplete hydrogenation of compound 5 
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Appendix 5.9.8 
31

P NMR Proton Coupled spectra of incomplete hydrogenation of compound 5 
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Appendix 5.9.9 
1
H NMR spectra of compound 2 with dipotassium salt 
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Appendix 5.9.10 
13

C NMR spectra of compound 2 with dipotassium salt 
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Appendix 5.9.11 
13

C DEPT NMR spectra of compound 2 with dipotassium salt  
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Appendix 5.9.12 
31

P NMR Proton Decoupled spectra of compound 2 with dipotassium salt 
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Appendix 5.9.13 
31

P NMR Proton Coupled spectra of compound 2 with dipotassium salt  
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Appendix 5.9.14 
1
H-

31
P HMBC NMR Proton Decoupled spectra of compound 2 with dipotassium salt 
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Appendix 5.9.15 
1
H NMR Spectra of Compound 3 with Cyclic Phosphate 
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Appendix 5.9.16 31
P NMR Proton Decoupled Spectra of Compound 3 with Cyclic Phosphate  
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Appendix 5.9.17 31
P NMR Proton Coupled Spectra of Compound 3 with Cyclic Phosphate 
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Appendix 5.9.18 
1
H-

31
P HMBC NMR Proton Coupled Spectra of Compound 3 with Cyclic Phosphate 
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Appendix 5.10.1 
1
H NMR spectra of protected pertrimethylsilylated lactose to form compound 6 
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Appendix 5.10.2 
13

C NMR spectra of protected pertrimethylsilylated lactose to form compound 6 
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Appendix 5.10.3 
1
H NMR spectra of reaction between pertrimethylsilylated 6’monodeprotected-lactose, 7 with diphenylphosphoryl chloride 

(POΦ2Cl) to form compound 8 
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Appendix 5.10.4 
13

C NMR spectra of reaction between pertrimethylsilylated 6’monodeprotected-lactose, 7 with diphenylphosphoryl chloride 

(POΦ2Cl) to form compound 8 
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Appendix 5.10.5 
13

C DEPT NMR spectra of reaction between pertrimethylsilylated 6’monodeprotected-lactose, 7 with diphenylphosphoryl chloride 

(POΦ
2
Cl) to form compound 8 
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Appendix 5.10.6 
31

P NMR Proton Deoupled spectra of reaction between pertrimethylsilylated 6’monodeprotected-lactose, 7 with 

diphenylphosphoryl chloride (POΦ
2
Cl) to form compound 8 
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Appendix 5.10.7 
31

P NMR Proton Coupled spectra of reaction between pertrimethylsilylated 6’monodeprotected-lactose, 7 with 

diphenylphosphoryl chloride (POΦ
2
Cl) to form compound 8 
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Appendix 5.10.8 
1
H-

31
P HMBC NMR Proton Decoupled spectra of reaction between pertrimethylsilylated 6’monodeprotected-lactose, 7 with 

diphenylphosphoryl chloride (POΦ
2
Cl) to form compound 8 
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        Appendix 5.10.9 
1
H NMR spectra of lactose-6’-phosphate (2) from hydrogenation of 6’-diphenylphosphorylated pertrimethylsilylated lactose 
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Appendix 5.10.10 
13

C NMR spectra of lactose-6’-phosphate (2) from hydrogenation of 6’-diphenylphosphorylated pertrimethylsilylated lactose 
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Appendix 5.10.11 
13

C DEPT NMR spectra of lactose-6’-phosphate (2) from hydrogenation of 6’-diphenylphosphorylated pertrimethylsilylated 

lactose 
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Appendix 5.10.12 
31

P NMR Proton Decoupled spectra of lactose-6’-phosphate (2) from hydrogenation of 6’-diphenylphosphorylated 

pertrimethylsilylated lactose 
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Appendix 5.10.13 
31

P NMR Proton Coupled spectra of lactose-6’-phosphate (2) from hydrogenation of 6’-diphenylphosphorylated 

pertrimethylsilylated lactose 
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Appendix 5.10.14 
1
H-

31
P HMBC NMR Proton Coupled spectra of lactose-6’-phosphate (2) from hydrogenation of 6’-diphenylphosphorylated 

pertrimethylsilylated lactose 
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Appendix 6.1 Data analysis for browning effect of non-conjugated and conjugated WPI with different type of sugars with statistic results using 

IBM SPSS Statistics 22, ANOVA (Duncan test). 
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Appendix 6.2 (a) Analysis of L*a*b on unmodified α-Lac and conjugated α-Lac 
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Appendix 6.2 (b) Analysis of L*a*b on unmodified β-Lg and conjugated β-Lg 
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Appendix 6.2 (c) Analysis of L*a*b on unmodified WPI and conjugated WPI 
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Appendix 6.3 Standard calibration curve of leucine using OPA assay 

 

Leucine, mmol/L Set 1 Set 2 Set 3 Abs. average Abs-blank g/L n/b site S.D 

0.00 0.133 0.131 0.139 0.134 0.000 0.000 0.00E+00 0.0042 

0.25 0.180 0.181 0.171 0.177 0.043 0.033 1.52E+16 0.0055 

0.50 0.214 0.214 0.211 0.213 0.079 0.066 3.03E+16 0.0017 

0.75 0.246 0.257 0.240 0.248 0.113 0.098 4.50E+16 0.0086 

1.00 0.280 0.297 0.281 0.286 0.152 0.131 6.02E+16 0.0095 

1.25 0.323 0.323 0.327 0.324 0.190 0.164 7.53E+16 0.0023 

1.50 0.351 0.363 0.356 0.357 0.222 0.197 9.05E+16 0.0060 

1.75 0.397 0.399 0.396 0.397 0.263 0.230 1.06E+17 0.0015 

2.00 0.422 0.453 0.426 0.434 0.299 0.262 1.20E+17 0.0169 
2.25 0.468 0.481 0.469 0.473 0.338 0.300 1.38E+17 0.0072 
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Appendix 6.4 (a) OPA assay analysis on unmodified WPI and conjugated WPI 

 

 

Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev. Sample Day (s) Abs(Average) Abs-Blank n/b site % n/b site Std. Dev.

WPI only 0 0.275 0.135 5.30E+16 100 0.0035 WPI-Glu-6P 0 0.263 0.123 4.82E+16 100 0.0106

1 0.272 0.132 5.18E+16 98 0.0078 1 0.196 0.056 2.14E+16 44 0.0014

2 0.261 0.121 4.74E+16 89 0.0042 2 0.181 0.041 1.54E+16 32 0.0057

3 0.260 0.120 4.70E+16 89 0.0042 3 0.180 0.040 1.50E+16 31 0.0022

4 0.252 0.117 4.58E+16 86 0.0021 4 0.180 0.040 1.50E+16 31 0.0032

5 0.254 0.114 4.46E+16 84 0.0028 5 0.181 0.041 1.54E+16 32 0.0035

7 0.255 0.115 4.50E+16 85 0.0021 7 0.180 0.040 1.50E+16 31 0.0014

10 0.255 0.115 4.50E+16 85 0.0042 10 0.150 0.010 3.00E+15 6 0.0000

WPI-Lactose 0 0.266 0.126 4.94E+16 100 0.0007 WPI-Glu-1P 0 0.253 0.113 4.42E+16 100 0.0071

1 0.249 0.109 4.26E+16 86 0.0024 1 0.203 0.063 2.42E+16 55 0.0092

2 0.234 0.094 3.66E+16 74 0.0021 2 0.202 0.062 2.38E+16 54 0.0021

3 0.228 0.088 3.42E+16 69 0.0028 3 0.201 0.061 2.34E+16 53 0.0015

4 0.220 0.080 3.10E+16 63 0.0113 4 0.204 0.064 2.46E+16 56 0.0033

5 0.214 0.074 2.86E+16 58 0.0000 5 0.205 0.065 2.50E+16 57 0.0127

7 0.212 0.072 2.78E+16 56 0.0021 7 0.203 0.063 2.42E+16 55 0.0120

10 0.188 0.048 1.82E+16 37 0.0035 10 0.201 0.061 2.34E+16 53 0.0092

WPI-Glucose 0 0.265 0.125 4.90E+16 100 0.0028 WPI-LP 1 0 0.269 0.129 5.06E+16 100 0.0049

1 0.197 0.057 2.18E+16 44 0.0255 1 0.263 0.123 4.82E+16 95 0.0022

2 0.194 0.054 2.06E+16 42 0.0007 2 0.233 0.093 3.62E+16 72 0.0078

3 0.190 0.050 1.90E+16 39 0.0021 3 0.230 0.090 3.50E+16 69 0.0134

4 0.185 0.045 1.70E+16 35 0.0011 4 0.228 0.088 3.42E+16 68 0.0141

5 0.180 0.040 1.50E+16 31 0.0042 5 0.227 0.087 3.38E+16 67 0.0000

7 0.168 0.028 1.02E+16 21 0.0106 7 0.224 0.084 3.26E+16 64 0.0014

10 0.165 0.025 9.00E+15 18 0.0057 10 0.198 0.058 2.22E+16 44 0.0106

WPI-Lact-1P 0 0.267 0.127 4.98E+16 100 0.0049 WPI-LP 2 0 0.416 0.094 3.65E+16 100 0.0021

1 0.236 0.096 3.74E+16 75 0.0021 1 0.387 0.065 2.51E+16 69 0.0000

2 0.227 0.087 3.38E+16 68 0.0035 2 0.381 0.047 1.77E+16 48 0.0007

3 0.225 0.085 3.30E+16 66 0.0024 3 0.369 0.058 2.23E+16 61 0.0028

4 0.226 0.086 3.34E+16 67 0.0013 4 0.367 0.065 2.49E+16 68 0.0021

5 0.226 0.086 3.34E+16 67 0.0014 5 0.370 0.048 1.83E+16 50 0.0000

7 0.214 0.074 2.86E+16 57 0.0042 7 0.366 0.044 1.67E+16 46 0.0014

10 0.208 0.068 2.62E+16 53 0.0163 10 0.354 0.041 1.55E+16 42 0.0014
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Appendix 6.4 (b) OPA assay analysis on unmodified α-Lac and conjugated α-Lac 

  

 

 

Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev. Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev.

α-Lac only 0 0.432 0.126 4.94E+16 100 0.0122 α-Lac-Glu-6P 0 0.415 0.109 4.26E+16 100 0.0036

1 0.439 0.133 5.22E+16 106 0.0022 1 0.420 0.114 4.46E+16 105 0.0080

2 0.426 0.120 4.70E+16 95 0.0034 2 0.355 0.049 1.86E+16 44 0.0220

3 0.430 0.124 4.86E+16 98 0.0122 3 0.356 0.048 1.82E+16 43 0.0065

4 0.431 0.125 4.90E+16 99 0.0240 4 0.356 0.048 1.82E+16 43 0.0800

5 0.432 0.126 4.94E+16 100 0.0013 5 0.357 0.051 1.94E+16 46 0.0111

7 0.424 0.118 4.62E+16 94 0.0041 7 0.361 0.055 2.10E+16 49 0.0222

10 0.427 0.121 4.74E+16 96 0.0060 10 0.329 0.023 8.20E+15 19 0.0080

α-Lac-Lactose 0 0.404 0.098 3.82E+16 100 0.0064 α-Lac-Glu-1P 0 0.410 0.104 4.06E+16 100 0.0090

1 0.400 0.094 3.66E+16 96 0.0012 1 0.388 0.082 3.18E+16 78 0.0222

2 0.392 0.086 3.34E+16 87 0.0113 2 0.396 0.090 3.50E+16 86 0.0012

3 0.380 0.074 2.86E+16 75 0.0007 3 0.398 0.092 3.58E+16 88 0.0220

4 0.372 0.066 2.54E+16 66 0.0042 4 0.395 0.089 3.46E+16 85 0.0333

5 0.363 0.057 2.18E+16 57 0.0092 5 0.396 0.090 3.50E+16 86 0.0556

7 0.384 0.078 3.02E+16 79 0.0022 7 0.396 0.090 3.50E+16 86 0.0012

10 0.357 0.051 1.94E+16 51 0.0122 10 0.398 0.092 3.58E+16 88 0.0007

α-Lac-Glucose 0 0.426 0.120 4.70E+16 100 0.0200 α-Lac-LP 1 0 0.467 0.176 6.92E+16 100 0.0035

1 0.385 0.079 3.06E+16 65 0.0020 1 0.402 0.111 4.34E+16 63 0.0036

2 0.361 0.055 2.10E+16 45 0.0092 2 0.548 0.108 4.20E+16 61 0.0078

3 0.362 0.056 2.14E+16 46 0.0220 3 0.544 0.103 4.00E+16 58 0.0078

4 0.360 0.054 2.06E+16 44 0.0035 4 0.542 0.100 3.90E+16 56 0.0028

5 0.363 0.057 2.18E+16 46 0.0078 5 0.368 0.077 2.96E+16 43 0.0078

7 0.351 0.045 1.70E+16 36 0.0014 7 0.368 0.077 2.98E+16 43 0.0089

10 0.332 0.026 9.40E+15 20 0.0052 10 0.358 0.067 2.58E+16 37 0.0122

α-Lac-Lact-1P 0 0.450 0.144 5.66E+16 100 0.0007 α-Lac-LP 2 0 0.438 0.116 4.55E+16 100 0.0014

1 0.420 0.114 4.46E+16 79 0.0021 1 0.378 0.056 2.15E+16 47 0.0014

2 0.439 0.133 5.22E+16 92 0.0034 2 0.383 0.061 2.35E+16 52 0.0000

3 0.438 0.132 5.18E+16 92 0.0052 3 0.383 0.061 2.33E+16 51 0.0007

4 0.437 0.131 5.14E+16 91 0.0122 4 0.379 0.057 2.17E+16 48 0.0007

5 0.437 0.131 5.14E+16 91 0.0090 5 0.379 0.057 2.17E+16 48 0.0007

7 0.424 0.118 4.62E+16 82 0.0007 7 0.369 0.047 1.77E+16 39 0.0007

10 0.420 0.114 4.46E+16 79 0.0021 10 0.368 0.046 1.74E+16 38 0.0007
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Appendix 6.4 (c) OPA assay analysis on unmodified β-Lg and conjugated β-Lg 
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Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev. Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev.

β-Lg only 0 0.439 0.133 5.22E+16 100 0.0023 β-Lg-Glu-6P 0 0.454 0.148 5.82E+16 100 0.0132

1 0.420 0.114 4.46E+16 85 0.0013 1 0.370 0.064 2.46E+16 42 0.0012

2 0.433 0.127 4.98E+16 95 0.0123 2 0.390 0.080 3.10E+16 53 0.0008

3 0.430 0.124 4.86E+16 93 0.0220 3 0.385 0.075 2.90E+16 50 0.0007

4 0.429 0.123 4.82E+16 92 0.0012 4 0.380 0.070 2.70E+16 46 0.0022

5 0.427 0.121 4.74E+16 91 0.0012 5 0.377 0.071 2.74E+16 47 0.0034

7 0.425 0.119 4.66E+16 89 0.0430 7 0.347 0.041 1.54E+16 26 0.0012

10 0.439 0.133 5.22E+16 100 0.0052 10 0.327 0.021 7.40E+15 13 0.0023

β-Lg-Lactose 0 0.494 0.188 7.42E+16 100 0.0014 β-Lg-Glu-1P 0 0.404 0.098 3.82E+16 100 0.0054

1 0.451 0.145 5.70E+16 77 0.0220 1 0.384 0.078 3.02E+16 79 0.0023

2 0.426 0.135 5.30E+16 71 0.0014 2 0.396 0.090 3.50E+16 92 0.0080

3 0.406 0.100 3.90E+16 53 0.0028 3 0.390 0.084 3.26E+16 85 0.0007

4 0.406 0.105 4.10E+16 55 0.0042 4 0.385 0.079 3.06E+16 80 0.0008

5 0.382 0.076 2.94E+16 40 0.0007 5 0.383 0.077 2.98E+16 78 0.0122

7 0.390 0.084 3.26E+16 44 0.0008 7 0.381 0.075 2.90E+16 76 0.0342

10 0.391 0.085 3.30E+16 44 0.0012 10 0.385 0.079 3.06E+16 80 0.0090

β-Lg-Glucose 0 0.428 0.122 4.78E+16 100 0.0223 β-Lg-LP 1 0 0.582 0.291 1.15E+17 100 0.0191

1 0.398 0.092 3.58E+16 75 0.0033 1 0.500 0.209 8.26E+16 72 0.0032

2 0.390 0.084 3.26E+16 68 0.0012 2 0.445 0.154 6.04E+16 52 0.0021

3 0.390 0.084 3.26E+16 68 0.0030 3 0.422 0.131 5.14E+16 45 0.0028

4 0.391 0.085 3.30E+16 69 0.0012 4 0.429 0.138 5.40E+16 47 0.0035

5 0.391 0.085 3.30E+16 69 0.0420 5 0.420 0.129 5.04E+16 44 0.0078

7 0.379 0.073 2.82E+16 59 0.0123 7 0.421 0.128 5.02E+16 44 0.0089

10 0.336 0.030 1.10E+16 23 0.0110 10 0.420 0.127 4.98E+16 43 0.0070

β-Lg-Lact-1P 0 0.596 0.290 1.15E+17 100 0.0122 β-Lg-LP 2 0 0.424 0.102 3.97E+16 100 0.0007

1 0.555 0.249 9.86E+16 86 0.0007 1 0.389 0.067 2.59E+16 65 0.0014

2 0.565 0.259 1.03E+17 89 0.0009 2 0.391 0.069 2.67E+16 67 0.0014

3 0.575 0.269 1.07E+17 93 0.0021 3 0.380 0.058 2.23E+16 56 0.0000

4 0.585 0.279 1.11E+17 96 0.0122 4 0.378 0.056 2.15E+16 54 0.0750

5 0.596 0.290 1.15E+17 100 0.0192 5 0.367 0.045 1.71E+16 43 0.0000

7 0.555 0.249 9.86E+16 86 0.0008 7 0.366 0.044 1.65E+16 42 0.0007

10 0.565 0.259 1.03E+17 89 0.0012 10 0.365 0.043 1.62E+16 41 0.0007
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Appendix 6.4 (d) OPA assay analysis on mixture of milk proteins with lactose and LP 

 

 

 

 

 

 

 

Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev. Sample Day (s) Abs (Average) Abs-Blank n/b site % n/b site Std. Dev.

WPI-Lact-LP 1 0 0.399 0.108 4.20E+16 100 0.0021 β-Lg-Lact-LP 2 0 0.410 0.095 3.69E+16 100 0.0007

1 0.299 0.080 3.10E+16 74 0.0220 1 0.390 0.075 2.91E+16 79 0.0008

2 0.515 0.073 2.80E+16 67 0.0007 2 0.382 0.060 2.29E+16 62 0.0000

3 0.501 0.058 2.22E+16 53 0.0120 3 0.364 0.042 1.57E+16 42 0.0007

4 0.470 0.048 1.80E+16 43 0.0021 4 0.376 0.054 2.05E+16 56 0.0007

5 0.460 0.048 1.82E+16 43 0.0071 5 0.375 0.053 2.02E+16 55 0.0035

7 0.450 0.038 1.42E+16 34 0.0008 7 0.374 0.052 1.98E+16 54 0.0065

10 0.451 0.039 1.46E+16 35 0.0022 10 0.363 0.041 1.54E+16 42 0.0075

WPI-Lact-LP 2 0 0.475 0.110 4.28E+16 100 0.0007 α-Lac-Lact-LP 1 0 0.496 0.205 8.10E+16 100 0.0071

1 0.411 0.099 3.85E+16 90 0.0012 1 0.456 0.165 6.50E+16 80 0.0540

2 0.384 0.062 2.37E+16 55 0.0021 2 0.427 0.136 5.32E+16 66 0.0403

3 0.378 0.056 2.15E+16 50 0.0007 3 0.407 0.116 4.54E+16 56 0.0014

4 0.360 0.038 1.41E+16 33 0.0014 4 0.358 0.067 2.56E+16 32 0.0021

5 0.375 0.053 2.02E+16 47 0.0007 5 0.398 0.107 4.18E+16 52 0.0028

7 0.370 0.048 1.82E+16 42 0.0008 7 0.380 0.089 3.46E+16 43 0.0012

10 0.360 0.038 1.42E+16 33 0.0078 10 0.380 0.089 3.46E+16 43 0.0008

β-Lg-Lact-LP 1 0 0.564 0.273 1.08E+17 100 0.0085 α-Lac-Lact-LP 2 0 0.431 0.109 4.27E+16 100 0.0014

1 0.500 0.209 8.26E+16 76 0.0011 1 0.395 0.073 2.81E+16 66 0.0090

2 0.465 0.174 6.84E+16 63 0.0163 2 0.394 0.072 2.77E+16 65 0.0007

3 0.460 0.169 6.64E+16 61 0.0191 3 0.369 0.047 1.79E+16 42 0.0021

4 0.439 0.148 5.82E+16 54 0.0085 4 0.362 0.040 1.49E+16 35 0.0014

5 0.417 0.126 4.94E+16 46 0.0042 5 0.361 0.039 1.46E+16 34 0.0007

7 0.405 0.114 4.46E+16 41 0.0122 7 0.360 0.038 1.42E+16 33 0.0009

10 0.400 0.109 4.26E+16 39 0.0111 10 0.364 0.041 1.54E+16 36 0.0222
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Appendix 6.4 (e) OPA assay analysis on degree of milk proteins hydrolysis at different time with statistic results using IBM SPSS Statistics 22, 

ANOVA (Duncan test). 
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Appendix 6.5 (a) Preparation and gel staining on SDS-PAGE  

 

Preparation of Resolving Gel (15%) for four gels (30 ml) 

 

Chemical Volume, mL 

 23% MiliQ  (w/v) 6.9 

15% Acrylamide (w/v) 15 

0.375 M Tris-HCl (pH 8.8) 7.5 

0.01% SDS (w/v) 0.3 

0.01% APS (w/v) 0.3 

0.0004% TEMED (v/v) 0.015 

Note: Resolving gel leaves for an hour at room temperature. 

 

Preparation of Stacking Gel (4%) for four gels (10 ml) 

 

Chemical Volume, mL 

 60% MiliQ  (w/v) 6 

 4% Acrylamide (w/v) 1.33 

0.125 M Tris-HCl (pH 6.8) 2.5 

0.01% SDS (w/v) 0.1 

0.005% APS (w/v) 0.05 

0.0004% TEMED (v/v) 0.010 

 

Note: Stacking gels leaves for 2 hours or longer and later keep in the fridge (overnight) prior to 

use.  

 

Preparation of 1.5 M Tris-HCl 100 mL pH 8.8 

18.171 g of Tris-base was adjusted with 2.14 mL of 37% HCl 

 

Preparation of 0.5 M Tris-HCl 100 mL pH 6.8 

6.057g of Tris-base was adjusted with 3.94 mL of 37 % HCl 

 

Preparation of 10% SDS stock solution 

Dissolved 1 g of SDS powder in 10 mL of water. Mixed up well the solution. While the stacking 

is polymerizing, samples were heated to 90-100°C for about 5 mins in sample buffer, mainly to 

denature all the protein. 

 

Preparation of sample buffer (reducing condition) 

Sample buffer without 2-mercaptoethanol can be stored at room temperature. Addition of 2-
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mercaptoethanol is for gel under reducing condition. 

 

62.5 mM Tris-HCl (pH 6.8) 

5% (v/v) 2-mercaptoethanol 

2% (w/v) SDS 

0.01% (w/v) bromophenol blue   

25% (v/v) glycerol  

5.5 mL water 

 

(A) Coomassie Blue Staining 

 

Materials: 

Staining solution Coomassie Blue 

Coomassie Brilliant Blue R250 ready stock material from Biorad was used. 

Destaining solution (1 L) 

400 mL MeOH and 500 mL of water was slowly added into 100 mL HOAc 

 

Procedure: 

Gel after electrophoresis was directly stained with Coomassie Brilliant Blue R250 staining 

solution and leave on the shaker for at least 4 hours or overnight for better staining. To observe 

the band clearly, the destaining solution was used later to remove the gel background color.  

 

Note: Do not leave the gel longer in the destaining solution, to avoid gel get shrink or the band 

get disappear.  

 

(B) Silver Staining 

 

Materials: 

Sensitizing solution 

0.02% Na2S2O3  solution to be prepared. 0.04 g Na2S2O3 is dissoved in 200 mL water. 

Silver nitrate solution  

0.4 g of AgNO3 (0.2%) is dissolved in 200 mL water. Then, 152 uL, 0.076% formalin (35% 

formaldehyde) was added in. 

 

Developer solution 
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24 g of Na2CO3 (6%) is dissolved in 392 mL water. 200 uL, 0.05% formalin (35% 

formaldehyde) and 8 mL 0.02% Na2S2O3 (0.0004%) was then added.  

 

Stop solution  

100 mL MeOH (50%) and 76 mL H2O were added into 24 mL HOAc (12%). 

 

Procedure: 

The gel after electrophoresis was first fixed in 50 % MeOH, 12% HOAc, 0.05% formalin for 

about 2 hours or overnight. Then, the gel washed with 35% EtOH three times (20 mins for each 

gel washing). Leave the gel in sensitizing solution* for 2 mins, and later washed three times 

again with water (5 mins for each gel washing). The gel was stained for 20 mins with silver 

nitrate solution prepared, and the gel washed with water twice (each washing at least a min). The 

developer solution was slowly added into the container that has the gel, and each bands of 

protein will slowly appear. Once the best resolution of bands formed, the gel staining has to be 

stopped using stop solution. Leave the gel at 4°C in 1% HOAc. 

 

Note: For coomasie blue stained gel, wash overnight in water, then start from step *  

 

 

(C) Periodic acid oxidation and subsequent alcian blue/silver staining of glycoproteins 

 

Materials: 

Fixing solution 

10% trichloroacetic acid in water. 

Washing solution 1 

25% ethanol (v/v), 10% acetic acid (v/v). 

Washing solution 2 

10% ethanol (v/v), 5% acetic acid (v/v). 

Washing solution 3 

5% (v/v) acetic acid in water. 

Oxidizing solution 

1% (w/v) periodic acid in water. 

Reducing solution 

0.5% (w/v) potassium metabisulfite in water. 

Staining solution 
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0.125% alcian blue (w/v) in washing solution 1, stir well and filter before use. 

Sensitizing solution 

5% (v/v) glutardialdehyde in water (prepare fresh). 

Silvering solution 

0.4% (x/v) silver nitrate in water (prepare fresh). 

Developer stock 

2.5% (w/v) sodium carbonate in water. 

Developer solution 

Add formaldehyde to the developer stock to a final concentration of 0.013% (v/v). i.e. 35 µl of a 

37% formaldehyde solution to 100 ml of developer stock, and stir for a few seconds (prepare 

fresh). 

Stopping solution 

10% acetic acid (v/v), 10% glycerol (v/v) in water. 

 

Procedure: 

 

After electrophoresis, transfer the gel to the development dish, and add the fixing solution for 10 

min at room temperature. Wash the gel twice for 2 min in washing solution 3 and submerge the 

gel in the oxidizing solution for 20 min at room temperature. Wash the gel twice for 2 min in 

washing solution 3 and subsequently in water twice for 2 min before adding the reducing 

solution for 12 min at room temp. 

Wash the gel with water twice for 2 min and subsequently with washing solution 1 twice for 2 

min at 50°C. 

 

 Add the staining solution and stain the gel for 15 min at 50℃. Wash the gel three times in 

washing solution 1 for 1 min, 4 min and 5 min subsequently twice in washing solution 2 for 2 

min and 4 min at 50℃. Add the sensitizing solution for 6 min at 50℃. Wash the gel twice in 

washing solution 2 for 3 and 5 min, and subsequently in water twice for 2 min at 50℃. 

Submerge the gel in the silvering solution for 6.5 min at 40℃. Wash the gel twice in water for 30 

s at room temp. Develop the gel with the freshly prepared developer at room temp for an initial 

period of 30 s and subsequently for 4-8 min, depending on the desired sensitivity, background 

staining and specificity. Stop the development and preserve the gel by adding the stopping 

solution for 5 min. 
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Appendix 6.5 (b) Analysis on SDS-PAGE 

 

 
 

Reduced SDS-PAGE of (A) WPI only (control); (B) WPI-Glucose; (C) WPI-Lactose; (D) WPI-

Glucose-1-Phosphate; (E) WPI-Glucose-6-Phosphate; and (F) WPI-Lactose-1-Phosphate with 

lane 1: Marker (Broad range MW ~250 from Bio-Rad), lane 2: WPI standard (Davisco Ltd) 1 

mg/mL, lane 3: β-Lg standard (Sigma Aldrich) 1mg/mL, lane 4: α-Lac standard (Sigma Aldrich) 

1 mg/mL, lane 5: 0 day incubation, lane 6: 1 day incubation, lane 7: 2 days incubation, lane 8: 5 

days incubation, lane 9: 7 days incubation and lane 10: 10 days incubation. 
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Appendix 6.5 (c) Horseradish peroxidase (HRP) standard for glycoprotein detection using 

periodic acid oxidation and subsequent alcian blue/silver staining 
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Appendix 6.6 (a) Averaged mass spectrum over the α-Lac region from the α-Lac-lactose sample at 40ºC for different incubation times of 0, 1, 2, 3, 

4, 5, 7 and 10 days. 
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Appendix 6.6 (b) Averaged mass spectrum over the α-Lac region from the α-Lac-lactose phosphate (LP 1) sample at 40ºC for different incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days.  
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Appendix 6.6 (c) Averaged mass spectrum over the α-Lac region from the α-Lac-lactose phosphate (LP 2) sample at 40ºC for different incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days.  
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Appendix 6.6 (d) Averaged mass spectrum over the β-Lg region from the β-Lg-lactose sample at 40ºC for different incubation times of 0, 1, 2, 3, 4, 

5, 7 and 10 days.  
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Appendix 6.6 (e) Averaged mass spectrum over the β-Lg region from the β-Lg-lactose phosphate (LP 1) sample at 40ºC for different incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days. 
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Appendix 6.6 (f) Averaged mass spectrum over the β-Lg region from the β-Lg-lactose phosphate (LP 2) sample at 40ºC for different incubation 

times of 0, 1, 2, 3, 4, 5, 7 and 10 days.  
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Appendix 6.6 (g) Averaged mass spectrum over the α-Lac and β-Lg region from the WPI-Lactose sample at 40ºC for different incubation times of 

0, 1, 2, 3, 4, 5, 7 and 10 days.  
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 Appendix 6.6 (h) Averaged mass spectrum over the α-Lac and β-Lg region from the WPI-LP 1 sample at 40ºC for different incubation times 

of 0, 1, 2, 3, 4, 5, 7 and 10 days.  
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Appendix 6.6 (i) Averaged mass spectrum over the α-Lac and β-Lg region from the WPI-LP 2 sample at 40ºC for different incubation times of 0, 1, 

2, 3, 4, 5, 7 and 10 days.  
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Appendix 6.71 (a) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 0 day. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14175.4 α-Lac 

B 14191.9 16 

C 14209.6 34(+2) + 2 

D 14223.7 48 + 3 

E 14239.6 64 + 4 

F 14272.1 97(+1) + 6 

G 14499.9 α-Lac + 1Lact 

 

 

 

 

 

 

 

 

 

 

 

 

 



379 

 

Appendix 6.71 (b) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 1 day. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14175.9 α-Lac 

B 14192.1 16 

C 14208.6 33(+1) + 2 

D 14223.6 48 + 3 

E 14240.1 64 + 4 

F 14500.0 α-Lac + 1Lact 

G 14516.4 16 

H 14532.6 33(+1) + 2 

I 14547.8 48 + 3 

J 14564.1 64 + 4 

K 14580.0 80 + 5 

L 14596.3 96 + 6 

M 14613.9 114(+2) + 7 

N 14824.3 α-Lac + 2Lact 

O 14840.0 16 

P 14858.4 34(+2) + 2 

Q 14872.9 49(+1) + 3 

R 14889.0 65(+1) + 4 

S 15148.7 α-Lac + 3 Lact 

T 15164.0 16 

U 15180.7 32 + 2 

V 15196.4 48 + 3 

W 15213.2 65(+1) + 4 
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Appendix 6.71 (c) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 2 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14175.0 α-Lac 

B 14192.2 17(+1) 

C 14500.2 α-Lac + 1Lact 

D 14516.0 16 

E 14548.2 48 + 3 

F 14564.9 65(+1) + 4 

G 14824.6 α-Lac + 2Lact 

H 14840.0 16 

I 14859.4 35(+3) + 2 

J 14872.8 48 + 3 

K 14888.4 64 + 4 

L 15148.7 α-Lac + 3Lact 

M 15164.0 16 

N 15182.6 34(+2) + 2 

O 15197.0 48 + 3 

P 15213.2 64 + 4 

Q 15245.5 97(+1) + 6 

R 15473.4 α-Lac + 4Lact 

S 15489.0 16 

T 15520.9 48 + 3 

U 15537.9 65(+1) + 4 

V 15797.2 α-Lac + 5Lact 
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Appendix 6.71 (d) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 3 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14500.4 α-Lac + 1Lact 

B 14515.7 15(-1) 

C 14824.0 α-Lac + 2Lact 

D 14840.8 17(+1) 

E 14872.8 49(+1) + 3 

F 14888.3 64 + 4 

G 15148.7 α-Lac + 3Lact 

H 15164.8 16 

I 15196.3 48 + 3  

J 15213.1 64 + 4 

K 15245.5 97(+1) + 5 

L 15263.2 114(+2) + 6 

M 15472.9 α-Lac + 4Lact 

N 15489.4 17(+1) 

O 15520.9 48 + 3 

P 15536.5 64 + 4 

Q 15797.3 α-Lac + 5Lact 

R 15813.0 16 

S 15845.3 48 + 3 

T 16123.2 α-Lac + 6Lact 
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Appendix 6.71 (e) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 4 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14500.2 α-Lac + 1Lact 

B 14516.1 16 

C 14824.0 α-Lac + 2Lact 

D 14840.8 17(+1) 

E 14873.5 50(+2) + 3 

F 14889.4 65(+1) + 4 

G 15148.8 α-Lac + 3Lact 

H 15165.1 16 

I 15197.0 48 + 3 

J 15212.0 63(-1) + 4 

K 15212.7 64 + 4 

L 15472.8 α-Lac + 4Lact 

M 15489.4 17(+1) 

N 15520.9 48 + 3 

O 15536.3 64 + 4 

P 15797.2 α-Lac + 5Lact 

Q 15813.5 16 

R 15845.7 49(-1) + 3 

S 16122.1 α-Lac + 6Lact 

T 16137.1 15(-1) 
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Appendix 6.71 (f) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 5 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

  

Components  Mass values (Da) Molecular species 

A 14841.5 18 

B 15149.1 α-Lac + 3Lact 

C 15164.9 16 

D 15197.3 48 + 3 

E 15210.6 62(-2) + 4 

F 15472.9 α-Lac + 4Lact 

G 15489.3 16 

H 15507.7 35(+3) + 2 

I 15520.2 47(-1) + 3 

J 15535.9 63(-1) + 4 

K 15547.3 74 

L 15797.6 α-Lac + 5Lact 

M 15813.5 16 

N 15846.0 48 + 3 

0 15961.0 163(+3) + 10 

P 16122.0 α-Lac + 6Lact 

Q 16138.1 16 

R 16445.9 α-Lac + 7Lact 
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Appendix 6.71 (g) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 7 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 15148.8 α-Lac + 3Lact 

B 15164.0 16 

C 15472.9 α-Lac + 4Lact 

D 15489.0 16 

E 15521.6 48 + 3 

F 15536.4 64 + 4 

G 15797.3 α-Lac + 5Lact 

H 15813.5 16 

I 15846.4 49(+1) + 3 

J 15860.9 64 + 4 

K 15870.6 73 

L 16121.8 α-Lac + 6Lact 

M 16137.6 16 

N 16171.1 49(+1) + 3 

O 16187.0 65(+1) + 4 

P 16446.4 α-Lac + 7Lact 

Q 16462.3 16 
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Appendix 6.71 (h) Deconvoluted LCMS on α-Lac-lactose at 40ºC incubation time at 10 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 15488.9 16 

B 15797.3 α-Lac + 5Lact 

C 15813.4 16 

D 15863.0 66(+2) + 4 

E 16121.8 α-Lac + 6Lact 

F 16137.8 16 

G 16170.9 49(+1) + 3 

H 16185.1 63(-1) + 4 

I 16194.6 73 

J 16446.3 α-Lac + 7Lact 

K 16462.3 16 

L 16492.5 46(-2) + 3 

M 16509.1 63(-1) + 4 

N 16770.7 α-Lac + 8Lact 

O 16786.1 16 

P 16819.3 49(-1) + 3 

Q 16834.3 64 + 4 
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Appendix 6.72 (a) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 0 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.4 α-Lac 

B 14193.0 17(+1) 

C 14211.0 35(+3) + 2 

D 14224.3 48 + 3 
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Appendix 6.72 (b) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 1 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.5 α-Lac  

B 14192.9 16 

C 14210.2 34(+2) + 2 

D 14224.5 48 + 3 

E 14240.4 64 + 4 

F 14501.7 α-Lac + 1Lact 

G 14517.3 16 

H 14533.7 32 + 2 

I 14550.0 48 + 3 

J 14564.7 63(-1) + 4 

K 14580.4 α-Lac + 1LP 

L 14596.8 16 

M 14628.3 48 + 3 

N 14905.3 α-Lac + 1LP + 1Lact 

O 14921.5 16 
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Appendix 6.72 (c) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 2 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.4 α-Lac  

B 14192.7 16 

C 14224.2 48 + 3 

D 14240.6 64 + 4 

E 14501.8 α-Lac + 1Lact 

F 14517.2 15(-1) 

G 14533.3 32 + 2 

H 14549.8 48 + 3 

I  14564.3 63(-1) + 4 

J 14580.1 α-Lac + 1LP 

K 14596.5 17(+1) 

L 14614.0 34(+2) + 2 

M 14628.4 48 + 3 

N 14644.7 65(+1) + 4 
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Appendix 6.72 (d) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 3 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.8 α-Lac 

B 14192.3 16 

C 14580.5 α-Lac + 1LP 

D 14597.1 17(+1) 

E 14628.6 48 + 3 

F 14984.5 α-Lac + 2LP  

G 15001.3 17(+1) 

H 15033.0 49(+1) + 3 

I 15388.3 α-Lac + 3LP  

J 15404.8 17(+1) 
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Appendix 6.72 (e) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 4 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.4 α-Lac  

B 14192.4 16 

C 14517.7 α-Lac + 1Lact + 16 

D 14532.4 32 + 2 

E 14580.5 α-Lac + 1LP 

F 14597.1 17(+1) 

G 14629.8 49(+1) + 3 

H 14644.6 64 + 4 

I 14872.2 α-Lac + 1Lact + 48 

J 14888.2 64 + 4 

K 14920.8 80 + 5 

L 14984.6 α-Lac + 2LP 

M 15001.6 17(+1) 

N 15291.8 α-Lac + 3Lact  

O 15339.8 α-Lac + 3LP 
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Appendix 6.72 (f) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 5 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.5 α-Lac  

B 14192.7 16 

C 14224.2 48 + 3 

D 14240.6 64 + 4 

E 14518.0 α-Lac + 1Lact + 16 

F 14533.1 32 + 2 

G 14581.0 α-Lac + 1LP 

H 14597.1 16 

I 14628.7 48 + 2 

J 14644.9 64 + 3 

K 14873.2 α-Lac + 1Lact + 48 

L 14907.4 34(+2) + 2 

M 14922.4 49(+1) + 3 

N 14937.5 64 + 4 

O 14982.3 α-Lac + 2LP 

P 15001.3 19(+3) 
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Appendix 6.72 (g) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 7 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

  

Components  Mass values (Da) Molecular species 

A 14176.6 α-Lac 

B 14192.0 15(-1) 

C 14224.2 48 + 3  

D 14240.9 64 + 4 

E 14533.5 α-Lac + 1Lact + 32 

F 14579.9 α-Lac + 1LP 

G 14597.1 17(+1) 

H 14628.6 49(+1) + 3 

I 14644.8 65(+1) + 4 

J 14935.8 α-Lac +1LP+ 1Lact + 32 

K 14963.9 α-Lac + 2LP 

L 15001.3 37 
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Appendix 6.72 (h) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 1) at 40ºC incubation 

time at 10 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14192.4 16 

B 14241.2 49(+1) + 3 

C 14532.9 α-Lac + 1Lact + 32 

D 14579.8 α-Lac + 1LP 

E 14596.5 17(+1) 

F 14628.6 49(+1) + 3 

G 14645.5 66(+2) + 4 

H 14921.0 
α-Lac + 1LP + 1Lact + 

16 

I 14936.6 32 + 2 

J 14982.6 α-Lac + 2LP 

K 15000.8 18(+2) 
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Appendix 6.73 (a) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 2) at 40ºC incubation 

time at 0 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14175.5 α-Lac 

B 14273.2 98(+2) + 6 

C 14371.1 196(+4) + 12 
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Appendix 6.73 (b) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 2) at 40ºC incubation 

time at 1 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14175.4 α-Lac 

B 14273.2 98(+2) + 6 

C 14370.5 195(+5)  + 12 

D 14499.4 α-Lac + 1Lact 

E 14578.2 α-Lac + 1LP 

F 14596.6 18(+2) 

G 14676.8 99(+3) + 6 

H 14903.7 α-Lac + 1LP + 1Lact 

I 15001.4 α-Lac + 2LP + 16 
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Appendix 6.73 (c) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 2) at 40ºC incubation 

time at 2 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14175.5 α-Lac 

B 14273.0 98(+2) + 6 

C 14371.5 196(+4) + 12 

D 14499.2 α-Lac + 1Lact 

E 14579.1 α-Lac + 1LP 

F 14596.6 17(+1) 

G 14676.8 98(+2) + 6 

H 14693.4 114(+2) + 7 

I 14903.1 α-Lac + 1LP + 1Lact 

J 14999.6 α-Lac + 2LP + 16 
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Appendix 6.73 (d) Deconvoluted LCMS on α-Lac-lactose phosphate (LP 2) at 40ºC incubation 

time at 3 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14174.0 α-Lac 

B 14580.3 α-Lac + 1LP 

C 14596.1 16 
D 14680.4 84 + 5 
E 14788.5 108 + 6 

F 14902.6 114 + 7 

G 14984.9 α-Lac + 2LP  

H 14998.2 13 
I 15022.2 37 
J 15057.8 73 
K 15097.1 112 
L 15110.3 125 

M 15193.5 209 

N 15305.6 α-Lac + 2Lact  

O 15374.9 69 

P 15403.9 α-Lac + 3LP +16 

Q 15751.7 α-Lac + 1Lact + 16  

R 15801.6 50 
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Appendix 6.74 (a) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 0 day. Each 

data annotated as alphabets or numbers in the spectra are presented in the table. 

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 18274.9 β-Lg (Var B) 

B 18322.1 47(-1) + 3 

C 18361.1 β-Lg (Var A) 

D 18407.6 47(-1) + 3 

E 18599.6 β-Lg (Var B) +1Lact 

F 18615.3 16 

G 18685.0 β-Lg (Var A) +1Lact 

H 18702.1 17 (+1) 

 

 

 

 

 

 

 

 

 

 

 

 



399 

 

Appendix 6.74 (b) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 1 day. Each 

data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 18273.9 β-Lg (Var B) 

B 18598.8 β-Lg (Var B) +1Lact 

C 18646.2 47 (-1) + 3 

D 18685.1 β-Lg (Var A) +1Lact 

E 18923.2 β-Lg (Var B) +2Lact 

F 18941.2 18(+2) 

G 18969.7 46(-2) + 3 

H 19009.3 β-Lg (Var A) + 2Lact 

I 19026.9 18 

J 19057.4 48 + 3 

K 19247.7 β-Lg (Var B) +3Lact 

L 19265.4 18 

M 19294.5 47 (-1) + 3 

N 19333.6 β-Lg (Var A) +3Lact 

O 19351.3 18 

P 19381.4 48 + 3 

Q 19572.0 β-Lg (Var B) + 4Lact 

R 19588.7 17(-1) 

S 19657.6 β-Lg (Var A) + 4Lact 

T 19675.5 18(+2) 

U 19705.8 30(-2) + 2 

V 19895.7 β-Lg (Var B) + 5Lact 

W 19982.3 β-Lg (Var A) + 5Lact 
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Appendix 6.74 (c) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 2 days. Each 

data annotated as alphabets or numbers in the spectra are presented in the table. 

 

Components  Mass values (Da) Molecular species 

A 18922.9 β-Lg (Var B) +2Lact 

B 19247.5 β-Lg (Var B) +3Lact 

C 19265.8 18 
D 19295.0 48 + 3 

E 19333.3 β-Lg (Var A) +3Lact 

F 19350.7 17(-1) 
G 19381.4 48 + 3 

H 19571.8 β-Lg (Var B) + 4Lact 

I 19589.1 17(-1) 
J 19618.6 47(-1) + 3 
K 19633.7 62(-2) + 4 

L 19657.7 β-Lg (Var A) + 4Lact 

M 19676.6 19(+3) 
N 19704.4 48 + 3 
O 19718.8 61(-3) + 4 

P 19895.5 β-Lg (Var B) + 5Lact 

Q 19912.9 17(-1) 
R 19943.6 48 + 3 
S 19958.1 63(-1) + 4 

T 19982.0 β-Lg (Var A) + 5Lact 

U 19999.9 18(+2) 
V 20029.3 47(-1) + 3 
W 20044.6 63(-1) + 4 

X 20220.1 β-Lg (Var B) + 6Lact 

Y 20237.0 17(-1) 
Z 20269.4 49(+1) + 3 

1 20305.6 β-Lg (Var A) + 6Lact 

2 20323.3 18(+2) 
3 20354.7 49(+1) + 3 

4 20628.9 β-Lg (Var A) + 7Lact  
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Appendix 6.74 (d) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 3 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table. 

 

Components  Mass values (Da) Molecular species 

A 19247.7 β-Lg (Var B) + 3Lact 

B 19332.9 β-Lg (Var A) + 3Lact 

C 19572.1 β-Lg (Var B) + 4Lact 

D 19587.2 15(-1)  

E 19619.1 47(-1) + 3 

F 19658.1 β-Lg (Var A) + 4Lact 

G 19670.0 12 

H 19705.9 48 + 3 

I 19895.4 β-Lg (Var B) + 5Lact 

J 19912.0 17(+1)  

K 19942.4 47(-1) + 3 

L 19957.4 62(-2) + 4 

M 19982.0 β-Lg (Var A) + 5Lact 

N 19999.3 17(-1) 

O 20029.1 47(-1) + 3 

P 20044.5 63(-1) + 4 

Q 20219.6 β-Lg (Var B) + 6Lact 

R 20238.0 18 

S 20271.7 52 

T 20305.3 β-Lg (Var A) + 6Lact 

U 20324.3 19(+3)  

V 20354.1 49(+1) + 3 

W 20544.9 β-Lg (Var B) + 7Lact 

X 20560.3 15(-1) 

Y 20590.3 45(-3) + 3 

Z 20629.3 β-Lg (Var A) + 7Lact 

1 20648.2 19(+3) 

2 20677.7 48 + 3 

3 20871.5 β-Lg (Var B) + 8Lact 

4 20953.8 β-Lg (Var A) + 8Lact 
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Appendix 6.74 (e) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 4 days. Each 

data annotated as alphabets or numbers in the spectra are presented in the table. 

 

 

Components  Mass values (Da) Molecular species 

A 19245.4 β-Lg (Var B) + 3Lact 

B 19571.3 β-Lg (Var B) + 4Lact 

C 19657.3 β-Lg (Var A) + 4Lact 

D 19895.4 β-Lg (Var B) + 5Lact 

E 19981.5 β-Lg (Var A) + 5Lact 

F 20000.6 19(+3) 

G 20029.3 48 + 3 

H 20220.1 β-Lg (Var B) + 6Lact 

I 20238.5 18(+2)  

J 20269.2 49(+1) + 3 

K 20305.8 β-Lg (Var A) + 6Lact 

L 20323.4 18(+2) 

M 20354.2 49(+1) + 3 

N 20379.5 74 

O 20543.7 β-Lg (Var B) + 7Lact 

P 20562.1 18(+2) 

Q 20630.1 β-Lg (Var A) + 7Lact 

R 20649.2 19(+3) 

S 20676.5 46(-2) + 3 

T 20705.7 76 

U 20868.7 β-Lg (Var B) + 8Lact 

V 20885.9 17(+1)  

W 20955.2 β-Lg (Var A) + 8Lact 

X 20971.6 16 

Y 20990.8 36 

Z 21192.1 β-Lg (Var B) + 9Lact 

1 21277.3 β-Lg (Var A) + 9Lact 
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Appendix 6.74 (f) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 5 days. Each 

data annotated as alphabets or numbers in the spectra are presented in the table. 

 

 

Components  Mass values (Da) Molecular species 

A 19895.3 β-Lg (Var B) + 5Lact 

B 19981.8 β-Lg (Var A) + 5Lact 

C 20219.9 β-Lg (Var B) + 6Lact 

D 20273.6 54 

E 20306.3 β-Lg (Var A) + 6Lact 

F 20324.1 18 
G 20355.5 49(+1) + 3 
H 20380.7 74 

I 20544.2 β-Lg (Var B) + 7Lact 

J 20561.5 17(+1)  
K 20601.2 57 

L 20629.8 β-Lg (Var A) + 7Lact 

M 20647.6 18(+2)  
N 20680.0 50(+2) + 3 
O 20705.6 76 
P 20729.7 100 

Q 20869.0 β-Lg (Var B) + 8Lact 

R 20885.4 16 
S 20920.0 51(+3) + 3 

T 20955.1 β-Lg (Var A) + 8Lact 

U 20973.6 19(+3)  
V 20988.3 33(+1) + 2 
W 21006.4 51(+3) + 3 
X 21018.6 64 + 4 
Y 21048.0 93(-3) + 6 

Z 21192.4 β-Lg (Var B) + 9Lact 

1 21278.9 β-Lg (Var A) + 9Lact 

2 21297.2 18(+2)  
3 21314.8 36 
4 21334.8 56 

5 21600.3 β-Lg (Var B) + 10Lact 

6 21655.3 β-Lg (Var A) + 10Lact 



404 

 

Appendix 6.74 (g) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 7 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table. 

 

 

 

Components  Mass values (Da) Molecular species 

A 19578.7 β-Lg (Var B) + 4Lact 

B 19628.9 β-Lg (Var A) + 4Lact 

C 19895.9 β-Lg (Var B) + 5Lact 

D 20218.7 β-Lg (Var B) + 6Lact 

E 20305.0 β-Lg (Var A) + 6Lact 

F 20543.6 β-Lg (Var B) + 7Lact 

G 20629.8 β-Lg (Var A) + 7Lact 

H 20648.2 18(+2)  
I 20684.6 55 

J 20869.3 β-Lg (Var B) + 8Lact 

K 20885.1 16 
L 20924.6 55 

M 20954.3 β-Lg (Var A) + 8Lact 

N 20969.5 15(-1) 
O 20977.5 23 
P 21004.8 51(+3) + 3 
Q 21015.7 61(-3) + 4 
R 21027.1 73 
S 21048.0 94(-2) + 5 

T 21192.3 β-Lg (Var B) + 9Lact 

U 21211.1 19(+3)  
V 21241.5 49(+1) + 3 

W 21278.4 β-Lg (Var A) + 9Lact 

X 21294.2 16 
Y 21305.8 27 
Z 21325.1 47(-1) + 3 
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1 21333.3 55 
2 21346.0 68 
3 21358.5 80 + 5 
4 21379.3 101 

5 21518.1 β-Lg (Var B) + 10Lact 

6 21604.2 β-Lg (Var A) + 10Lact 

7 21624.4 20 
8 21645.0 41 
9 21656.4 52 

10 21678.8 75 
11 21699.4 95(-1) + 6 

12 21840.6 β-Lg (Var B) + 11Lact 

13 21927.5 β-Lg (Var A) + 11Lact 
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Appendix 6.74 (h) Deconvoluted LCMS on β-Lg-lactose at 40ºC incubation time at 10 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 19503.5 256(-1) + 16 
B 19613.9 281 

C 20630.1 β-Lg (Var A) + 7Lact 

D 20677.8 48 + 3 
E 20706.8 77 

F 20868.7 β-Lg (Var B) + 8Lact 

G 20953.9 β-Lg (Var A) + 8Lact 

H 21031.5 78(-2) + 5 
I 21117.6 164 

J 21193.5 β-Lg (Var B) + 9Lact 

K 21208.5 15(-1)  
L 21239.8 46(-2) + 3 

M 21275.9 β-Lg (Var A) + 9Lact 

N 21296.5 21 
O 21326.3 50(+2) + 3 
P 21349.7 74 
Q 21363.4 88 
R 21392.3 116 
S 21442.4 167 

T 21517.7 β-Lg (Var B) + 10Lact 

U 21547.3 30(-2) + 2 

V 21581.0 63(-1) + 4 

W 21600.3 β-Lg (Var A) + 10Lact 

X 21621.4 21 
Y 21639.5 39 
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Z 21657.5 57 
1 21673.0 73 
2 21694.3 94(-2) + 6 
3 21713.0 113(+1) + 7 

4 21841.2 β-Lg (Var B) + 11Lact 

5 21859.3 18(+2)  

6 21924.1 β-Lg (Var A) + 11Lact 

7 21936.4 12 
8 21945.5 21 
9 21978.3 54 
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Appendix 6.75 (a) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 0 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 18275.0 β-Lg (Var B) 

B 18295.5 21 

C 18322.5 47(-1) + 3 

D 18340.7 66(2) + 4 

E 18361.3 β-Lg (Var A)  

F 18380.3 19(+3)  

G 18408.1 47(-1) + 3 

H 18600.3 β-Lg (Var B) +1Lact 

I 18615.2 15(-1)  

J 18684.4 β-Lg (Var A) +1Lact 

K 18701.4 17(+1) 
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Appendix 6.75 (b) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 1 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 18274.6 β-Lg (Var B) 

B 18292.9 18(+2) 

C 18322.3 48 + 3 

D 18340.0 66 

E 18369.6 95(-1) + 6 

F 18615.1 β-Lg (Var B) + 1Lact + 16 

G 18678.8 β-Lg (Var B) +1LP 

H 18696.2 18(+2)  

I 18712.5 34(+2) + 2 

J 18726.5 48 + 3 

K 18764.1 β-Lg (Var A) + 1LP 

L 18810.5 46(-2) + 3 

M 19004.0 239(-1) + 15 

N 19020.3 256 + 16 

O 19053.9 290(+2) + 18 

P 19068.4 304 + 19  

Q 19083.1 β-Lg (Var B) + 2LP 

R 19102.6 20 

S 19128.1 45(-3) + 3 
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Appendix 6.75 (c) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 2 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 18274.8 β-Lg (Var B) 

B 18321.5 47(-1) + 3 

C 18360.7 β-Lg (Var A) 

D 18408.7 48 + 3 

E 18678.6 β-Lg (Var B) +1LP 

F 18697.4 19(+3)  

G 18726.9 48 + 3 

H 18765.2 β-Lg (Var A) +1LP 

I 18780.1 15(-1) 

J 18813.1 48 + 3 

K 18862.6 97(+1) + 6 

L 19083.2 β-Lg (Var B) + 2LP 

M 19169.0 β-Lg (Var A) + 2LP 
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Appendix 6.75 (d) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 3 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 18677.9 β-Lg (Var B) +1LP 

B 18765.1 β-Lg (Var A) +1LP 

C 18779.2 14(-2)  

D 18813.3 48 + 3 

E 19084.3 β-Lg (Var B) + 2LP 

F 19101.2 17(+1) 

G 19129.4 45(-3) + 3 

H 19170.1 β-Lg (Var A) + 2LP 

I 19215.1 45(-3) 

J 19228.8 59 

K 19488.6 β-Lg (Var B) + 3LP 

L 19505.6 17(+1) 

M 19520.1 32 + 2 

N 19532.1 44 

O 19542.6 54 

P 19557.3 69 

Q 19571.2 β-Lg (Var A) + 3LP 

R 19586.1 15(-1) 

S 19599.1 28 

T 19894.9 β-Lg (Var B) + 4LP 

U 19912.4 18(+2) 

V 19927.6 33(+1) + 2 

W 19943.1 48 + 3 

X 19974.1 β-Lg (Var A) + 4LP 

Y 20025.0 51(+3) + 3 

Z 20302.1 β-Lg (Var B) + 5LP 
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Appendix 6.75 (e) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 4 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table. 

 

 

 

Components  Mass values (Da) Molecular species 

A 18678.1 β-Lg (Var B) +1LP 

B 18764.0 β-Lg (Var A) +1LP 

C 19083.0 β-Lg (Var B) + 2LP 

D 19168.7 β-Lg (Var A) + 2LP 

E 19217.5 49(+1) + 3 

F 19487.6 β-Lg (Var B) + 3LP 

G 19505.9 18(+2) 

H 19535.7 48 + 3 

I 19573.5 β-Lg (Var A) + 3LP 

J 19589.1 16 

K 19619.5 46(-2) + 3 

L 19651.2 78(-2) + 5 

M 19892.4 β-Lg (Var B) + 4LP 

N 19910.5 18(+2) 

O 19923.7 31(-1) + 2 

P 19935.0 43 

Q 19958.0 66(+2) + 4 

R 19977.9 β-Lg (Var A) + 4LP 

S 19992.5 15(-1) 

T 20028.8 51(+3) + 3 

U 20293.3 β-Lg (Var B) + 5LP 

V 20381.0 β-Lg (Var A) + 5LP 
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Appendix 6.75 (f) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 5 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 18679.1 β-Lg (Var B) +1LP 

B 18723.7 45(-3) + 3 

C 18741.0 62(-2) + 4 

D 18765.8 β-Lg (Var A) +1LP 

E 18781.7 16 

F 18792.9 27 

G 18812.0 46(-2) + 3 

H 18827.3 62(-2) + 4 

I 19084.9 β-Lg (Var B) + 2LP 

J 19104.7 20 

K 19133.0 48 + 3 

L 19170.2 β-Lg (Var A) + 2LP 

M 19185.2 15(-1) 

N 19493.5 β-Lg (Var B) + 3LP 

O 19508.1 15(-1) 

P 19543.5 50(+2) + 3 

Q 19578.5 β-Lg (Var A) + 3LP 

R 19890.0 β-Lg (Var B) + 4LP 
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Appendix 6.75 (g) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 1) at 40ºC incubation 

time at 7 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 19002.2 236 

B 19022.8 257(+1) + 16 

C 19051.6 285(-3) + 18 

D 19063.2 297 

E 19086.8 β-Lg (Var B) + 2LP 

F 19094.9 8 

G 19112.6 26 

H 19119.8 33(+1) + 2 

I 19136.5 50(+2) + 3 

J 19157.6 71 

K 19168.6 β-Lg (Var A) + 2LP 

L 19185.5 17(+1) 

M 19230.9 62(-2) + 4 

N 19496.3 β-Lg (Var B) + 3LP 

O 19512.0 16 

P 19540.9 45(-3) + 3 

Q 19889.1 β-Lg (Var B) + 4LP 
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Appendix 6.76 (a) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 2) at 40ºC incubation 

time at 0 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table. 

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 18273.2 β-Lg (Var B) 

B 18320.6 47(-1) + 3 

C 18371.3 98(+2) + 6 

D 18469.0 196 
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Appendix 6.76 (b) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 2) at 40ºC incubation 

time at 1 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 18273.0 β-Lg (Var B) 

B 18359.0 β-Lg (Var A) 

C 18457.0 98(+2) + 6 

D 18678.6 β-Lg (Var B) + 1LP 

E 18762.8 β-Lg (Var A) + 1LP 

F 18860.7 98(+2) + 6 

G 19084.0 β-Lg (Var B) + 2LP 

H 19101.9 18(+2)  

I 19168.5 β-Lg (Var A) + 2LP 

J 19181.6 13 

K 19197.1 29 

L 19265.0 97(+1) + 6 

M 19489.0 β-Lg (Var B) + 3LP 

N 19585.0 β-Lg (Var A) + 3LP 
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Appendix 6.76 (c) Deconvoluted LCMS on β-Lg-lactose phosphate (LP 2) at 40ºC incubation 

time at 2 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 18776.3 98(+2) + 6 

B 18823.9 145(+1) + 9 

C 19083.9 β-Lg (Var B) + 2LP 

D 19167.5 β-Lg (Var A) + 2LP 

E 19184.1 17(+1)  

F 19199.9 32 

G 19219.9 52 

H 19230.9 63(-1) + 4 

I 19486.9 β-Lg (Var B) + 3LP 

J 19501.6 15(-1) 

K 19535.8 49(+1) + 3 

L 19549.0 62(-2) + 4 

M 19574.2 β-Lg (Var A) + 3LP 

N 19586.6 12 

O 19636.0 62(-2) + 4 

P 19666.9 93(-3) + 6 

Q 19731.6 157(-3) +10 
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Appendix 6.77 (a) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 0 day. Each 

data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Components	 Mass	values	(Da) Molecular	species

A 14176.1 α-Lac

B 18273.9 β-Lg	(Var	B)

C 18293.4 20

D 18321.4 48	+	3
E 18360.3 β-Lg	(Var	A)

F 18376.2 16

G 18408.0 48	+	3
H 18425.3 65(+1)	+	4

I 18457.5 97(+1)	+	6

J 18597.7 β-Lg	(Var	B)	+1Lact

K 18683.9 β-Lg	(Var	A)	+1Lact
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Appendix 6.77 (b) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 1 day. Each 

data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

 

 

 

 

 

  

 

Components	 Mass	values	(Da) Molecular	species

A 14176.3 α-Lac

B 18274.0 β-Lg	(Var	B)
C 18360.2 β-Lg	(Var	A)
D 18597.9 β-Lg	(Var	B)	+1Lact

E 18683.9 β-Lg	(Var	A)	+1Lact

F 18698.8 15(-1)	

G 18732.6 49(+1)	+	3
H 18781.6 98(+2)	+	6
I 18922.5 β-Lg	(Var	B)	+2Lact
J 19008.6 β-Lg	(Var	A)	+	2Lact

K 19022.9 14(-2)
L 19056.4 48	+	3

M 19105.5 97(+1)	+	6
N 19246.4 β-Lg	(Var	B)	+3Lact
O 19332.8 β-Lg	(Var	A)	+3Lact
P 19347.8 15(-1)	
Q 19380.6 48	+	3
R 19570.1 β-Lg	(Var	B)	+	4Lact
S 19656.9 β-Lg	(Var	A)	+	4Lact
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Appendix 6.77 (c) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 2 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14501.9 α-Lac + 1 Lact 

B 14825.0 α-Lac + 2 Lact 

C 15148.0 α-Lac + 3 Lact 

D 18596.4 β-Lg (Var B) +1Lact 

E 18923.0 β-Lg (Var B) +2Lact 

F 19247.1 β-Lg (Var B) +3Lact 

G 19269.6 23 

H 19292.3 45(-3)+ 3 

I 19332.9 β-Lg (Var A) +3Lact 

J 19354.5 22 

K 19380.0 47(-1) + 3 

L 19401.9 69 

M 19571.1 β-Lg (Var B) + 4Lact 

N 19592.7 22 

O 19616.1 45(-3)+ 3 

P 19657.6 β-Lg (Var A) + 4Lact 

Q 19679.8 22 

R 19702.4 45(-3)+ 3 

S 19724.9 67(+3) + 4 

T 19895.0 β-Lg (Var B) + 5Lact 

U 19981.3 β-Lg (Var A) + 5Lact 

V 20004.3 23 

W 20027.1 46(-2) + 3 

X 20219.8 β-Lg (Var B) + 6Lact 

Y 20305.4 β-Lg (Var A) + 6Lact 

Z 20327.8 22 
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Appendix 6.77 (d) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 3 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table. 

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14501.9 α-Lac + 1 Lact 

B 14826.4 α-Lac + 2 Lact 

C 15148.0 α-Lac + 3 Lact 

D 19246.1 β-Lg (Var B) +3Lact 

E 19336.4 β-Lg (Var A) +3Lact 

F 19570.6 β-Lg (Var B) + 4Lact 

G 19617.4 47(-1) + 3 

H 19656.8 β-Lg (Var A) + 4Lact 

I 19671.5 15(-1)  

J 19705.1 48 + 3 

K 19894.8 β-Lg (Var B) + 5Lact 

L 19943.4 49(+1) + 3 

M 19981.8 β-Lg (Var A) + 5Lact 

N 20027.7 46(-2) + 3 

O 20078.8 97(+1) + 6 

P 20218.9 β-Lg (Var B) + 6Lact 

Q 20267.8 49(+1) + 3 

R 20306.0 β-Lg (Var A) + 6Lact 

S 20354.4 48 + 3 

T 20542.5 β-Lg (Var B) + 7Lact 

U 20629.0 β-Lg (Var A) + 7Lact 
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Appendix 6.77 (e) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 4 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

Components  
Mass values 

(Da) 
Molecular species 

A 14501.9 α-Lac + 1 Lact 

B 14826.4 α-Lac + 2 Lact 

C 19246.7 β-Lg (Var B) +3Lact 

D 19332.6 β-Lg (Var A) +3Lact 

E 19571.2 β-Lg (Var B) + 4Lact 

F 19657.4 β-Lg (Var A) + 4Lact 

G 19707.2 49(+1) + 3 

H 19754.0 97(+1) + 6 

I 19895.1 β-Lg (Var B) + 5Lact 

J 19981.9 β-Lg (Var A) + 5Lact 

K 20029.8 48 + 3 

L 20078.9 97(+1) + 6 

M 20219.4 β-Lg (Var B) + 6Lact 

N 20305.5 β-Lg (Var A) + 6Lact 

O 20352.3 47(-1) + 3 

P 20543.3 β-Lg (Var B) + 7Lact 

Q 20630.3 β-Lg (Var A) + 7Lact 

R 20953.7 β-Lg (Var A) + 8Lact 
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Appendix 6.77 (f) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 5 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

 

 

 

 

 

 

 

 

No peak mass found around 

14000 kDa for 5 days 

incubation WPI-Lactose 
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Components  Mass values (Da) Molecular species 

A 19571.3 β-Lg (Var B) + 4Lact 

B 19656.2 β-Lg (Var A) + 4Lact 

C 19674.0 18(+2) 

D 19706.6 50(+2) + 3 

E 19719.4 63(-1) + 4 

F 19775.2 119 

G 19896.0 β-Lg (Var B) + 5Lact 

H 19912.1 16 

I 19942.8 47(-1) + 3 

J 19980.7 β-Lg (Var A) + 5Lact 

K 19998.2 17(+1)  

L 20031.8 51 

M 20046.7 66(+2) + 4 

N 20078.9 98(+2) + 6 

O 20218.9 β-Lg (Var B) + 6Lact 

P 20270.4 51(+3) + 3 

Q 20305.6 β-Lg (Var A) + 6Lact 

R 20321.1 16 

S 20353.6 48 + 3 

T 20383.3 78 

U 20402.6 97(+1) + 6 

V 20543.4 β-Lg (Var B) + 7Lact 

W 20589.6 46(-2) + 3 

X 20630.8 β-Lg (Var A) + 7Lact 

Y 20647.4 17(+1)  

Z 20678.2 47(-1) + 3 

1 20695.3 65(+1) + 4 

2 20727.8 97(+1) + 6 

3 20741.7 111(-1) + 7 

4 20868.6 β-Lg (Var B) + 8Lact 

5 20953.1 β-Lg (Var A) + 8Lact 

6 20969.3 16 

7 20983.5 30(-2) + 2 

8 21190.7 β-Lg (Var B) + 9Lact 
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Appendix 6.77 (g) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 7 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

 

 

 

 

 

 

 

 

No peak mass found around 

14000 kDa for 7 days 

incubation WPI-Lactose 
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Components  Mass values (Da) Molecular species 

A 19657.5 β-Lg (Var A) + 4Lact 

B 19894.8 β-Lg (Var B) + 5Lact 

C 19981.3 β-Lg (Var A) + 5Lact 

D 20219.2 β-Lg (Var B) + 6Lact 

E 20305.8 β-Lg (Var A) + 6Lact 

F 20323.0 17(+1)  

G 20357.9 52 

H 20404.0 98(+2) + 6 

I 20466.5 161(+1) + 10 

J 20543.0 β-Lg (Var B) + 7Lact 

K 20629.1 β-Lg (Var A + 7Lact 

L 20643.2 100 

M 20679.1 136 

N 20702.2 159(-1) + 10 

O 20750.9 208 + 13 

P 20867.8 β-Lg (Var B) + 8Lact 

Q 20953.4 β-Lg (Var A) + 8Lact 

R 20967.9 100 

S 21000.8 133 

T 21028.9 161(+1) + 10 

U 21052.1 184 

V 21077.4 210(+2) + 16 

W 21114.0 246 

X 21191.2 β-Lg (Var B) + 9Lact 

Y 21277.5 β-Lg (Var A) + 9Lact 

Z 21516.5 β-Lg (Var B) + 10Lact 

1 21602.3 β-Lg (Var A) + 10Lact 
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Appendix 6.77 (h) Deconvoluted LCMS on WPI-Lactose at 40ºC incubation time at 10 days. 

Each data annotated as alphabets or numbers in the spectra are presented in the table.  

 

 

 

 

 

 

Components  Mass values (Da) Molecular species 

A 19573.9 β-Lg (Var B) + 4Lact 

B 20305.8 β-Lg (Var A) + 6Lact 

C 20542.9 β-Lg (Var B) + 7Lact 

D 20598.5 293 

E 20629.0 β-Lg (Var A) + 7Lact 

F 20648.4 19(+3)  

G 20688.8 58 

H 20705.0 76 

No peak mass found around 

14000 kDa for 10 days 

incubation WPI-lactose 

 



428 

 

I 20726.2 97(+1) + 6 

J 20764.4 135 

K 20791.2 162(+2) + 10 

L 20867.5 β-Lg (Var B) + 8Lact 

M 20884.7 17(+1)  

N 20921.3 54 

O 20954.3 β-Lg (Var A) + 8Lact 

P 20971.0 17(+1)  

Q 21015.4 61(-3) + 4 

R 21029.9 76 

S 21053.7 99(+3) + 5 

T 21115.4 161(+1) + 10 

U 21191.6 β-Lg (Var B) + 9Lact 

V 21205.7 14(-2) 

W 21218.9 27 

X 21248.8 57 

Y 21277.1 β-Lg (Var A) + 9Lact 

Z 21296.3 19(+3)  

1 21312.5 36 

2 21327.3 50(+2) + 3 

3 21338.5 61(-3) + 4 

4 21353.3 76 

5 21516.5 β-Lg (Var B) + 10Lact 

6 21572.9 56 

7 21602.3 β-Lg (Var A) + 10Lact 

8 21619.0 17(+1)  

9 21627.9 26 

10 21662.2 60 

11 21679.3 77(-3) + 5 

12 21699.7 97(+1) + 6 

13 21724.5 122 

14 21764.6 162(+2) + 10 

15 21839.0 β-Lg (Var B) + 11Lact 

16 21926.6 β-Lg (Var A) + 11Lact 

17 21976.5 138 

18 22184.8 β-Lg (Var B) + 12Lact + 16 
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Appendix 6.78 (a) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 0 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14176.2 α-Lac 

B 18274.1 β-Lg (Var B) 

C 18322.2 48 + 3 

D 18372.0 98(+2) + 6 
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Appendix 6.78 (b) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 1 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

Components  Mass values (Da) Molecular species 

A 14175.6 α-Lac 

B 14224.4 49(+1) + 3 

C 14272.5 97(+1) + 6 

D 18273.7 β-Lg (Var B) 

E 18289.0 15(-1)  

F 18322.2 49(+1) + 3 

G 18339.6 66(+2) + 4 

H 18371.0 97(+1) + 6 

I 18386.9 113(+1) + 7 

J  18414.5 141(-3) + 9 

K 18679.0 β-Lg (Var B) + 1LP 

L 18696.0 17(+1) 

M 18742.8 64 + 4 

N 18761.8 β-Lg (Var A) + 1LP 

O 18774.8 13(-3) 

P 18793.2 31(-1) + 2 

Q 18813.9 52 

R 18824.6 63(-1) + 4 

S 18842.5 81(+1) + 5 

T 18860.0 98(+2) + 6 

U 18874.4 113(+1) + 7 
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Appendix 6.78 (c) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 2 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa for 2 

days incubation WPI-LP 1 
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Components  Mass values (Da) Molecular species 

A 18274.3 β-Lg (Var B) 

B 18289.0 15(-1)  

C 18322.2 48 + 3 

D 18360.6 β-Lg (Var A) 

E 18371.0 10 

F 18386.9 26 

G 18458.1 98(+2) + 6 

H 18678.6 β-Lg (Var B) + 1LP 

I 18696.0 17(+1) 

J 18726.2 48 + 3 

K 18765.2 β-Lg (Var A) + 1LP 

L 18782.8 18 

M 18810.5 45(-3) + 3 

N 18862.6 97(+1) + 6 

O 19083.2 β-Lg (Var B) + 2LP 

P 19168.8 β-Lg (Var A) + 2LP 
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Appendix 6.78 (d) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 3 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa 

for 3 days incubation 

WPI-LP 1 
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Components  Mass values (Da) Molecular species 

A 18678.7 β-Lg (Var B) + 1LP 

B 18765.0 β-Lg (Var A) + 1LP 

C 18781.3 16 

D 18813.7 49(+1) + 3 

E 19083.0 β-Lg (Var B) + 2LP 

F 19131.7 49(+1) + 3 

G 19168.9 β-Lg (Var A) + 2LP 

H 19185.9 17(+1) 

I 19217.9 49(+1) + 3 

J 19268.7 100 

K 19487.9 β-Lg (Var B) + 3LP 

L 19538.4 50(+2) + 3 

M 19573.4 β-Lg (Var A) + 3LP 

N 19589.0 16 

O 19623.6 50(+2) + 3 

P 19672.7 99(+3) + 6 

Q 19892.5 β-Lg (Var B) + 4LP 

R 19977.2 β-Lg (Var A) + 4LP 
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Appendix 6.78 (e) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 4 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa for 

4 days incubation 

WPI-LP 1 
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Components  Mass values (Da) Molecular species 

A 18678.4 β-Lg (Var B) + 1LP 

B 18764.0 β-Lg (Var A) + 1LP 

C 18814.8 51 

D 19083.2 β-Lg (Var B) + 2LP 

E 19168.8 β-Lg (Var A) + 2LP 

F 19185.1 16 

G 19200.2 31(-1) + 2 

H 19222.0 53 

I 19247.1 78(-2) + 5 

J 19267.2 99(+3) + 6 

K 19487.0 β-Lg (Var B) + 3LP 

L 19573.4 β-Lg (Var A) + 3LP 

M 19589.1 16 

N 19620.2 47(-1) + 3 

O 19671.2 98(+2) + 6 

P 19892.6 β-Lg (Var B) + 4LP 

Q 19977.2 β-Lg (Var A) + 4LP 
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Appendix 6.78 (f) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 5 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa for 

5 days incubation 

WPI-LP 1 
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Components  Mass values (Da) Molecular species 

A 18274.2 β-Lg (Var B) 

B 18360.5 β-Lg (Var B) 

C 18678.7 β-Lg (Var B) + 1LP 

D 18697.0 18(+2)  

E 18728.0 49(+1) + 3 

F 18764.8 β-Lg (Var A) + 1LP 

G 18780.2 15(-1)  

H 18812.9 48 + 3 

I 18862.5 98(+2) + 6 

J 19083.2 β-Lg (Var B) + 2LP 

K 19101.8 19(+3) 

L 19169.5 β-Lg (Var A) + 2LP 

M 19186.0 16 

N 19216.0 46(-2) + 3 

O 19266.6 97(+1) + 6 

P 19488.2 β-Lg (Var B) + 3LP 

Q 19574.4 β-Lg (Var A) + 3LP 
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Appendix 6.78 (g) Deconvoluted LCMS on WPI-lactose phosphate (LP 1) at 40ºC incubation 

time at 7 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa for 

7 days incubation 

WPI-LP 1 
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Components  Mass values (Da) Molecular species 

A 18274.2 β-Lg (Var B) 

B 18360.5 β-Lg (Var B) 

C 18678.6 β-Lg (Var B) + 1LP 

D 18697.2 19(+3) 

E 18734.2 56 

F 18765.0 β-Lg (Var A) + 1LP 

G 18780.3 15(-1)  

H 18821.8 57 

I 18861.1 96 + 6 

J 18924.1 159(-1) + 10 

K 19083.2 β-Lg (Var B) + 2LP 

L 19168.9 β-Lg (Var A) + 2LP 

M 19185.3 16 

N 19224.4 56 

O 19265.8 97(+1) + 6 

P 19487.9 β-Lg (Var B) + 3LP 

Q 19573.8 β-Lg (Var A) + 3LP 
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Appendix 6.79 (a) Deconvoluted LCMS on WPI-lactose phosphate (LP 2) at 40ºC incubation 

time at 0 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

Components  Mass values (Da) Molecular species 

A 14174.0 α-Lac 

B 14221.9 48 + 3 

C 14271.9 98(+2) + 5 

D 14319.8 146(+2) + 9 

E 14369.9 196 

F 18271.6 β-Lg (Var B) 

G 18292.6 β-Lg (Var A) 
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Appendix 6.79 (b) Deconvoluted LCMS on WPI-lactose phosphate (LP 2) at 40ºC incubation 

time at 1 day. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa 

for 1 day incubation 

WPI-LP 2 
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Components  Mass values (Da) Molecular species 

A 18272.3 β-Lg (Var B) 

B 18358.1 β-Lg (Var A) 

C 18455.6 98(+2) + 5 

D 18677.2 β-Lg (Var B) + 1LP 

E 18695.2 18(+2) 

F 18762.1 β-Lg (Var A) +1LP 

G 18776.3 14(-2) 

H 18795.5 34(+2) + 2 

I 18810.7 49(+1) + 3 

J 18860.5 98(+2) + 5 

K 19083.1 β-Lg (Var B) + 2LP 

L 19166.7 84 

M 19262.9 180 

N 19488.5 β-Lg (Var B) + 3LP 
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Appendix 6.79 (c) Deconvoluted LCMS on WPI-lactose phosphate (LP 2) at 40ºC incubation 

time at 2 days. Each data annotated as alphabets or numbers in the spectra are presented in the 

table.  

 

 

 

 

 

 

 

 

 

No peak mass found 

around 14000 kDa for 

2 days incubation 

WPI-LP 2 
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Components  Mass values (Da) Molecular species 

A 18679.9 β-Lg (Var B) + 1LP 

B 18699.3 19(+3) 

C 18771.6 92 

D 19082.1 β-Lg (Var B) + 2LP 

E 19095.1 13(-3) 

F 19129.0 47(-1) + 3 

G 19179.5 97(+1) + 5 

H 19195.7 114(+2) + 7 

I 19485.7 β-Lg (Var B) + 3LP 

J 19499.5 14(-2) 
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Appendix 6.8 (a) DSC analysis measurement for non-conjugated and conjugated α-Lac during 3 days 

incubation with statistic results using IBM SPSS Statistics 22, ANOVA (Duncan test). 
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Appendix 6.8 (b) DSC analysis measurement for non-conjugated and conjugated β-Lg during 3 days 

incubation with statistic results using IBM SPSS Statistics 22, ANOVA (Duncan test). 
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Appendix 6.8 (c) DSC analysis measurement for non-conjugated and conjugated WPI during 3 days 

incubation with statistic results using IBM SPSS Statistics 22, ANOVA (Duncan test). 
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Appendix 6.9 Circular Dichroism (CD) spectroscopy data analysis 

Wavelength, nm  WPI only  
WPI-

Lactose  WPI-LP 1 WPI-LP 2 
      

320 -0.0002 -0.0002 -0.0002 -0.0003 
 

249 -0.0001 -0.0001 -0.0002 -0.0002 

319 -0.0002 -0.0002 -0.0002 -0.0003 
 

248 -0.0001 -0.0001 -0.0002 -0.0002 

318 -0.0002 -0.0002 -0.0002 -0.0003 
 

247 -0.0001 -0.0001 -0.0002 -0.0002 

317 -0.0002 -0.0002 -0.0002 -0.0003 
 

246 -0.0001 -0.0001 -0.0002 -0.0002 

316 -0.0002 -0.0002 -0.0002 -0.0003 
 

245 -0.0001 -0.0001 -0.0002 -0.0002 

315 -0.0002 -0.0002 -0.0002 -0.0003 
 

244 -0.0001 -0.0001 -0.0002 -0.0002 

314 -0.0002 -0.0002 -0.0002 -0.0003 
 

243 -0.0001 -0.0001 -0.0002 -0.0003 

Remarks: 
       User: pistar_user 

       User: pistar_user 
       #HV (CDDC channel): 0 v 

      #Time per point: 1 s 
      #Description:  Sample 1 

     #Concentration: 0 M 
      #Pathlength: 10 mm 

     Time Stamp : 2015/10/09 11:29:51 
     The data was saved to file: 

C:\Users\pistar_user\Desktop\Spectra0002.csv. 
       

Available Dimensions:  
    Wavelength 

Repeat 
       Available 

Properties:  
       CircularDichroism 

       Data: 
   

 2 Step Size: 1nm 

Wavelength: 180nm - 
320nm 

      

 
5 repeats in set. 
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313 -0.0002 -0.0002 -0.0002 -0.0003 
 

242 -0.0001 -0.0002 -0.0002 -0.0003 

312 -0.0002 -0.0002 -0.0002 -0.0003 
 

241 -0.0001 -0.0002 -0.0002 -0.0003 

311 -0.0002 -0.0002 -0.0002 -0.0003 
 

240 -0.0002 -0.0002 -0.0002 -0.0003 

310 -0.0002 -0.0002 -0.0002 -0.0003 
 

239 -0.0002 -0.0002 -0.0002 -0.0003 

309 -0.0002 -0.0002 -0.0002 -0.0003 
 

238 -0.0002 -0.0002 -0.0003 -0.0003 

308 -0.0002 -0.0002 -0.0002 -0.0003 
 

237 -0.0002 -0.0002 -0.0003 -0.0003 

307 -0.0002 -0.0002 -0.0002 -0.0003 
 

236 -0.0002 -0.0002 -0.0003 -0.0003 

306 -0.0002 -0.0002 -0.0002 -0.0003 
 

235 -0.0002 -0.0003 -0.0003 -0.0003 

305 -0.0002 -0.0002 -0.0002 -0.0003 
 

234 -0.0002 -0.0003 -0.0003 -0.0004 

304 -0.0002 -0.0002 -0.0002 -0.0003 
 

233 -0.0003 -0.0003 -0.0003 -0.0004 

303 -0.0002 -0.0002 -0.0002 -0.0003 
 

232 -0.0003 -0.0003 -0.0003 -0.0004 

302 -0.0002 -0.0002 -0.0002 -0.0003 
 

231 -0.0003 -0.0004 -0.0004 -0.0004 

301 -0.0002 -0.0002 -0.0002 -0.0003 
 

230 -0.0003 -0.0004 -0.0004 -0.0004 

300 -0.0002 -0.0002 -0.0002 -0.0003 
 

229 -0.0003 -0.0004 -0.0004 -0.0005 

299 -0.0002 -0.0002 -0.0002 -0.0003 
 

228 -0.0003 -0.0004 -0.0004 -0.0005 

298 -0.0002 -0.0002 -0.0002 -0.0003 
 

227 -0.0004 -0.0004 -0.0004 -0.0005 

297 -0.0002 -0.0002 -0.0002 -0.0003 
 

226 -0.0004 -0.0004 -0.0004 -0.0005 

296 -0.0002 -0.0002 -0.0002 -0.0003 
 

225 -0.0004 -0.0005 -0.0005 -0.0005 

295 -0.0002 -0.0002 -0.0002 -0.0003 
 

224 -0.0004 -0.0005 -0.0005 -0.0005 

294 -0.0002 -0.0002 -0.0002 -0.0003 
 

223 -0.0004 -0.0005 -0.0005 -0.0005 

293 -0.0002 -0.0002 -0.0002 -0.0003 
 

222 -0.0004 -0.0005 -0.0005 -0.0005 

292 -0.0002 -0.0002 -0.0002 -0.0003 
 

221 -0.0004 -0.0005 -0.0005 -0.0006 

291 -0.0002 -0.0002 -0.0002 -0.0003 
 

220 -0.0005 -0.0005 -0.0005 -0.0006 

290 -0.0002 -0.0002 -0.0002 -0.0003 
 

219 -0.0005 -0.0005 -0.0005 -0.0006 

289 -0.0002 -0.0002 -0.0002 -0.0003 
 

218 -0.0005 -0.0006 -0.0005 -0.0006 

288 -0.0002 -0.0002 -0.0002 -0.0003 
 

217 -0.0005 -0.0006 -0.0005 -0.0006 

287 -0.0002 -0.0002 -0.0002 -0.0003 
 

216 -0.0005 -0.0006 -0.0005 -0.0006 

286 -0.0002 -0.0002 -0.0002 -0.0003 
 

215 -0.0005 -0.0006 -0.0005 -0.0006 

285 -0.0002 -0.0002 -0.0002 -0.0003 
 

214 -0.0005 -0.0006 -0.0006 -0.0006 

284 -0.0002 -0.0002 -0.0002 -0.0003 
 

213 -0.0005 -0.0006 -0.0006 -0.0006 

283 -0.0002 -0.0002 -0.0002 -0.0003 
 

212 -0.0005 -0.0006 -0.0006 -0.0006 

282 -0.0002 -0.0001 -0.0002 -0.0003 
 

211 -0.0005 -0.0006 -0.0006 -0.0006 
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281 -0.0002 -0.0001 -0.0002 -0.0003 
 

210 -0.0005 -0.0006 -0.0006 -0.0006 

280 -0.0001 -0.0001 -0.0002 -0.0003 
 

209 -0.0005 -0.0006 -0.0006 -0.0006 

279 -0.0001 -0.0001 -0.0002 -0.0003 
 

208 -0.0005 -0.0006 -0.0006 -0.0006 

278 -0.0001 -0.0001 -0.0002 -0.0003 
 

207 -0.0005 -0.0006 -0.0005 -0.0006 

277 -0.0001 -0.0001 -0.0002 -0.0003 
 

206 -0.0004 -0.0005 -0.0005 -0.0006 

276 -0.0001 -0.0001 -0.0002 -0.0003 
 

205 -0.0004 -0.0005 -0.0005 -0.0005 

275 -0.0001 -0.0001 -0.0002 -0.0003 
 

204 -0.0004 -0.0004 -0.0004 -0.0005 

274 -0.0001 -0.0001 -0.0002 -0.0003 
 

203 -0.0003 -0.0004 -0.0004 -0.0004 

273 -0.0001 -0.0001 -0.0002 -0.0002 
 

202 -0.0003 -0.0003 -0.0004 -0.0004 

272 -0.0001 -0.0001 -0.0002 -0.0002 
 

201 -0.0002 -0.0002 -0.0003 -0.0003 

271 -0.0001 -0.0001 -0.0002 -0.0002 
 

200 -0.0002 -0.0002 -0.0003 -0.0003 

270 -0.0001 -0.0001 -0.0002 -0.0002 
 

199 -0.0001 -0.0001 -0.0002 -0.0003 

269 -0.0001 -0.0001 -0.0002 -0.0002 
 

198 -0.0001 -0.0002 -0.0002 -0.0003 

268 -0.0001 -0.0001 -0.0002 -0.0002 
 

197 -0.0001 0.0000 -0.0002 -0.0002 

267 -0.0001 -0.0001 -0.0002 -0.0002 
 

196 -0.0002 -0.0002 -0.0002 -0.0003 

266 -0.0001 -0.0001 -0.0002 -0.0002 
 

195 0.0000 -0.0001 0.0000 -0.0001 

265 -0.0001 -0.0001 -0.0002 -0.0002 
 

194 0.0000 0.0000 -0.0001 -0.0001 

264 -0.0001 -0.0001 -0.0002 -0.0002 
 

193 0.0001 0.0001 0.0000 -0.0001 

263 -0.0001 -0.0001 -0.0002 -0.0002 
 

192 -0.0001 -0.0001 -0.0001 -0.0002 

262 -0.0001 -0.0001 -0.0002 -0.0002 
 

191 0.0001 0.0002 0.0001 0.0000 

261 -0.0001 -0.0001 -0.0002 -0.0002 
 

190 0.0001 0.0002 0.0001 0.0000 

260 -0.0001 -0.0001 -0.0002 -0.0002 
 

189 0.0004 0.0005 0.0003 0.0003 

259 -0.0001 -0.0001 -0.0002 -0.0002 
 

188 0.0003 0.0003 0.0002 0.0001 

258 -0.0001 -0.0001 -0.0002 -0.0002 
 

187 0.0003 0.0002 0.0002 0.0002 

257 -0.0001 -0.0001 -0.0002 -0.0002 
 

186 0.0002 0.0002 0.0002 0.0001 

256 -0.0001 -0.0001 -0.0002 -0.0002 
 

185 0.0003 0.0005 0.0003 0.0002 

255 -0.0001 -0.0001 -0.0002 -0.0002 
 

184 0.0006 0.0005 0.0005 0.0005 

254 -0.0001 -0.0001 -0.0002 -0.0002 
 

183 0.0004 0.0004 0.0004 0.0003 

253 -0.0001 -0.0001 -0.0002 -0.0002 
 

182 0.0006 0.0009 0.0005 0.0004 

252 -0.0001 -0.0001 -0.0002 -0.0002 
 

181 0.0007 0.0008 0.0007 0.0006 
251 -0.0001 -0.0001 -0.0002 -0.0002 

 
180 0.0008 0.0008 0.0008 0.0007 

250 -0.0001 -0.0001 -0.0002 -0.0002 
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Appendix 6.10 Data analysis on emulsifying properties of non-conjugated WPI and conjugated WPI with statistic results using IBM SPSS Statistics 

22, ANOVA (Duncan test). 
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Appendix 6.11 Data analysis on turbidity changes for non-conjugated WPI and conjugated WPI after 3 days of incubation 

 

Concentration of calcium chloride, mM  0 5 10 20 50 200 800 

WPI only at 3 days incubation (with water as reference) 0.0210 0.5600 0.7480 0.6750 0.8020 0.4650 0.4090 

  0.0190 0.4800 0.7400 0.6200 0.7770 0.5320 0.3960 

Average 0.0200 0.5200 0.7440 0.6475 0.7895 0.4985 0.4025 

Standard deviation 0.0014 0.0566 0.0057 0.0389 0.0177 0.0474 0.0092 

WPI only at 3 days incubation (with each CaCl2 solution as reference) 0.0150 0.5200 0.7420 0.7000 0.8620 0.5750 0.5060 

  0.0100 0.4470 0.7700 0.7730 0.8470 0.5860 0.4680 

Average 0.0125 0.4835 0.7560 0.7365 0.8545 0.5805 0.4870 

Standard deviation 0.0035 0.0516 0.0198 0.0516 0.0106 0.0078 0.0269 

WPI-Lactose at 3 days incubation (with water as reference) 0.0080 0.0080 0.0100 0.0140 0.0140 0.0110 0.0110 

  0.0070 0.0090 0.0090 0.0150 0.0160 0.0120 0.0120 

Average 0.0075 0.0085 0.0095 0.0145 0.0150 0.0115 0.0115 

Standard deviation 0.0007 0.0007 0.0007 0.0007 0.0014 0.0007 0.0007 

WPI-Lactose at 3 days incubation (with each CaCl2 solution as 
reference) 0.0060 0.0090 0.0090 0.0100 0.0150 0.0090 0.0100 

  0.0050 0.0070 0.0080 0.0120 0.0130 0.0100 0.0090 

Average 0.0055 0.0080 0.0085 0.0110 0.0140 0.0095 0.0095 

Standard deviation 0.0007 0.0014 0.0007 0.0014 0.0014 0.0007 0.0007 

WPI-LP 1 at 3 days incubation (with water as reference) 0.0200 0.1740 0.2180 0.1500 0.1220 0.1070 0.0860 

  0.0180 0.1690 0.3510 0.1540 0.1120 0.1040 0.0870 

Average 0.0190 0.1715 0.2845 0.1520 0.1170 0.1055 0.0865 

Standard deviation 0.0014 0.0035 0.0940 0.0028 0.0071 0.0021 0.0007 

WPI-LP 1 at 3 days incubation (with each CaCl2 solution as reference) 0.0150 0.1520 0.4200 0.1700 0.1862 0.1575 0.0506 

  0.0100 0.1447 0.2700 0.1773 0.1847 0.1386 0.0680 

Average 0.0125 0.1484 0.3450 0.1737 0.1855 0.1481 0.0593 

Standard deviation 0.0035 0.0052 0.1061 0.0052 0.0011 0.0134 0.0123 

WPI-LP 2 at 3 days incubation (with water as reference) 0.0110 0.1600 0.2480 0.1675 0.1802 0.1065 0.0841 

  0.0190 0.1480 0.3000 0.1620 0.1777 0.1132 0.0796 

Average 0.0150 0.1540 0.2740 0.1648 0.1790 0.1099 0.0818 

Standard deviation 0.0057 0.0085 0.0368 0.0039 0.0018 0.0047 0.0032 

WPI-LP 2 at 3 days incubation (with each CaCl2 solution as reference) 0.0120 0.1520 0.1720 0.1550 0.1110 0.0990 0.0760 

  0.0130 0.1620 0.3000 0.1560 0.1210 0.0880 0.0890 

Average 0.0125 0.1570 0.2360 0.1555 0.1160 0.0935 0.0825 
Standard deviation 0.0007 0.0071 0.0905 0.0007 0.0071 0.0078 0.0092 
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Julmohammad, N., Miskelly, G., Hemar, Y., Otter, D. (2014), Protected synthesis preparation for 
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